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ABSTRACT
3D Printing for Microfluidics

Hua Gong
Department of Electrical and Computer Engineering, BYU
Doctor of Philosophy

This dissertation focuses on developing 3D printing as a fabrication method for microflu-
idic devices. Specifically, I concentrate on the 3D printing approach known as Digital Light Pro-
cessing stereolithography (DLP-SLA) in which serially projected images are used to sequentially
photopolymerize layers to build a microfluidic device. The motivation for this work is to explore
a much faster alternative to cleanroom-based microfabrication that additionally offers the opportu-
nity to densely integrate microfluidic elements in compact 3D layouts for dramatic device volume
reduction. In the course of my research, an optical approach was used to guide custom resin for-
mulation to help create the interconnected hollow regions that form a microfluidic device. This
was based on a new a mathematical model to calculate the optical dose delivered throughout a 3D
printed part, which also explains the effect of voids. The model was verified by a series of 3D
printed chips fabricated with a commercial 3D printer and a custom resin. Channels as small as
108 um x 60 um were repeatably fabricated. Next, highly compact active fluidic components,
including valves, pumps, and multiplexers, were fabricated with the same 3D printer and resin.
The valves achieved a 10x size reduction compared with previous results, and were the smallest
3D printed valves at the time. Moreover, by adding thermal initiator to thermally cure devices after
3D printing, the durability of 3D printed valves was improved and up to 1 million actuations were
demonstrated.

To further decrease the 3D printed feature size, I built a custom 3D printer with a 385 nm
LED light source and a 7.56 um pixel pitch in the plane of the projected image. A custom resin was
also developed to take advantage of the new 3D printer’s features, which necessitated developing
a UV absorber screening process which I applied to 20 candidate absorbers. In addition, a new
mathematical model was developed to use only the absorber’s molar absorptivity measurement
to predict the resin optical penetration depth, which is important for determining the z-resolution
that can be achieved with a given resin. The final resin formulation uses 2-nitrophenyl phenyl
sulfide (NPS) as the UV absorber. With this resin, along with a new channel narrowing technique,
I successfully created flow channel cross sections as small as 18 um x 20 pm.

With the custom 3D printer, smaller valves and pumps become possible, which led to the
invention of a new method of creating large numbers of high density chip-to-chip microfluidic
interconnects based on either simple integrated microgaskets (SIMs) or controlled-compression
integrated microgaskets (CCIMs). Since these structures are directly 3D printed as part of a device,
they require no additional materials or fabrication steps. As a demonstration of the efficacy of this
approach, 121 chip-to-chip interconnects in an 11 x 11 array for both SIMs and CCIMs with an
areal density of 53 interconnects per mm? were demonstrated, and tested up to 50 psi without
leaking. Finally, these interconnects were used in the development of 3D printed chips with valves
having 30x smaller volume than the valves we previously demonstrated. These valves served as a
building block for demonstrating the miniaturization potential of an active fluid mixer using our 3D



printing tools, materials, and methods. The mixer provided a set of selectable mixing ratios, and
was designed in 2 configurations, a linear dilution mixer-pump (LDMP) and a parallelized dilution
mixer-pump (PDMP), which occupy volumes of only 1.5 mm? and 2.6 mm?, respectively.

Keywords: 3D printing, microfluidics, digital light processing, stereolithography, lab on a chip,
resin formulation, valve, pump, mixer, interconnect
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CHAPTER 1. INTRODUCTION

Microfluidic lab-on-a-chip technology [3] has been widely touted as a flexible tool for di-
agnostic assays in a range of biomedical applications, such as drug discovery [4]; tissue engineer-
ing [5], [6]; pathogen diagnostics [7]-[10]; cancer screening based on rare cell detection [11] and
the presence of relevant biomarkers such as protein [12]-[15], DNA [16], and micro-RNA [17],
[18] analytes, among a myriad of other potential uses. Notably, the small size and self-contained
assay components provided by microfluidic devices make this technology highly attractive for
point-of-care applications. However, despite numerous proof of concept publications with bio-
logical relevance, and two and a half decades of microfluidics research [19], the high potential of
this technology for biomedical sciences has not yet been realized. This achievement gap largely
results from the difficulty of microfluidic device fabrication. Traditionally, microfluidic devices
have been constructed of glass or silicon [20], embossed or injection molded plastics [3], [21],
or polydimethylsiloxane (PDMS) [22], [23]. While largely effective, the fabrication methods are
cumbersome and time consuming; fabrication typically requires access to cleanroom equipment
and includes photolithographic microfabrication of molds for each individual layer, molding and
release of each layer, and then careful layer alignment and bonding of the individual layers to
form a completed device. Not surprisingly, these fabrication methods place practical limits on the
number of layers (~2-5) that can be incorporated into a traditional microfluidic device, which ef-
fectively constrains microfluidic device geometry to two dimensions and correspondingly increases
device footprint and limits its effectiveness.

As an alternative to existing technologies, we here focus on development of 3D printing
technology which has the potential to overcome the key limitations of conventional microfluidics
fabrication that have hindered its broad adoption in biology. To elaborate, as we observed in Ref.
24, 3D printing offers a true rapid-prototyping capability for microfluidics in which a “fail fast and

often” strategy can be employed to positively disrupt the microfluidic device development process



by using early and rapid empirical feedback to iteratively guide and accelerate device development.
A key enabler of rapid iteration is fast 3D printing and post-processing such that one or more it-
erations of fabrication — test — adjust design can be performed in a single day. In addition to
a vastly streamlined fabrication process, 3D printing avoids the significant startup and operational
costs of a cleanroom, thereby making microfluidic device development available to a much broader
audience. Moreover, use of standardized elements and functional blocks in the design and layout
of a device can permit non-specialists to apply microfluidics to research, prototyping, and product
development in many fields. For these reasons, the advantages of 3D printing for microfluidic de-
vice fabrication are increasingly being recognized [25]—[35]. A particularly promising 3D printing
method for fluidics, thus the focus of this dissertation, is stereolithography (SLA) based on Digital
Light Processing (DLP). In this approach a micromirror array is used to optically define the pat-
tern for an individual layer by selective photopolymerization of a photo-sensitive resin. Successive
layers of resin are exposed with appropriate optical patterns to fabricate an entire device [32], [34],
[36], [37].

For successful 3D printing, the critical aspect of fluidic devices is that they consist primarily
of a series of small (micro) voids inside the polymerized material. These voids form a variety of
structures including passive components [38]-[40] such as flow channels, splitters, mixers, reaction
chambers, and droplet generators, and active components such as valves [24], [41] and pumps [41].
Note that this emphasis on small voids is in direct contrast to many typical 3D printing applications
in which external features [42], [43] or sparse structures [37] are important. During DLP-SLA
fabrication, such voids are regions of unpolymerized resin that must be flushed after 3D printing,
which is an easier process than trying to remove a solid sacrificial support as required by other
3D printer technologies such as polyjet [44], [45]. Unfortunately, as shown in Ref. 46, current
commercial 3D printing tools and materials are unable to fabricate truly microfluidic voids (< 100
um), and hence 3D printed devices are at best in the large microfluidic regime (100-500 um), [24],
[39], [45], [47]-[50] but more often in the millifluidic (> 1 mm) [44], [51]-[53] or sub-millifluidic
(0.5-1.0 mm) [38], [54]-[59] regimes (see Ref. 60 for a review of 3D printed microfluidics in
terms of these size categories). Therefore, a critical need exists to advance 3D printing such that it

becomes suitable for microfluidics.



1.1 Overview

This dissertation focuses on developing materials, tooling, and methods to enable 3D print-
ing to successfully fabricate microfluidic devices with features in the truly microfluidic, as opposed
to millifluidic, regime [60] for both passive and active components [46], [61], [62].

Chapter 2 introduces the background of 3D printing. We discuss three types of 3D print-
ing techniques commonly used to fabricate fluidic systems, which are fused deposition modeling
(FDM), polyjet (PJ), and stereolithography (SLA).

Chapter 3 details an optical approach used to guide custom formulation of resins to min-
imize the cross sectional size of fabricated flow channels. We focus on SLA 3D printing with
Digital Light Processing (DLP) based on a micromirror array and use a commercially available 3D
printer. We develop a mathematical model for the optical dose delivered through the thickness of
a 3D printed part, including the effect of voids.

Chapter 4 demonstrates that DLP-SLA 3D printer can be used to create highly compact
microfluidic devices with active components such as valves and pumps. Leveraging the work on
optical formulation of inexpensive resins in Chapter 3, the smallest 3D printed valves to date are
demonstrated.

Chapter 5 shows that a custom DLP-SLA 3D printer and a specifically-designed, low cost,
custom resin can readily achieve flow channel cross sections as small as 18 ym x 20 um. We
demonstrate the evaluation criteria and process flow required to develop a high-resolution resin. In
doing so, a new mathematical model is introduced for characterizing the resin optical penetration
depth based only on measurement of the absorber’s molar absorptivity. We also develop a novel
channel narrowing technique that, together with the new resin and 3D printer resolution, enables
small flow channel fabrication.

Chapter 6 introduces 3D printed simple integrated microgaskets (SIMs) and controlled-
compression integrated microgaskets (CCIMs) to connect a small device chip to a larger interface
chip that implements world-to-chip connections.

Chapter 7 explores the miniaturization potential of a common class of microfluidic com-
ponent, an active fluid mixer, but with the additional ability of directly selecting the desired mix-

ing ratio. The motivation is to illustrate how the flexibility of 3D printing in combination with



unrestricted 3D layout of individual device elements and routing of fluid channels enables the

realization of extremely small, complex microfluidic components.
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CHAPTER 2. BACKGROUND

The invention of 3D printing, also known as additive manufacturing, dates back to the
early 1980s when Charles Hull filed his patent for a stereolithography (SLA) fabrication system.
Since then many other types of 3D printing techniques have been developed as well, such as laser
sintering, laminated object manufacturing (LOM), fused deposition modeling (FDM), Polyjet (PJ,
also know as inkjet), etc. Also, these 3D printing techniques have been applied to a wide variety
of areas. In aerospace industry 3D printing is used to fabricate light weight and energy efficient
structures. In space exploration there are rocket engines that are entirely 3D printed. Automotive
manufacturer are attempting to adopt 3D printing for making replacement parts as needed. People
in architecture and construction use 3D printing as a modeling tool. In education, now students
can easily create a custom designed product. 3D printing has also found its applications in food
and fashion industry.

Even though all 3D printing techniques have their own unique way to fabricate a 3D object,
the general principle is basically the same. It starts with computer-aided design (CAD) where
a 3D structure is created in a computer program. The computer program exports an STL file
which describes the 3D structure and is widely accepted as the standard format via which 3D
printer communicates with computer. After a 3D printer receives the STL file, it begins printing
accordingly. When the print is finished, normally some post processing is required.

In microfluidics, 3D printed devices are usually fabricated with FDM, PJ, or SLA, so here
I only focus on them instead of the entire 3D printing field, therefore allowing me to discuss them

in greater depth.

2.1 Fused Deposition Modeling (FDM)

FDM printers (Fig. 2.1) are the most commonly seen 3D printers. It uses a heated nozzle

to melt the thermoplastic filament that is fed to it. The molten plastic is forced through the small



tip on the nozzle and deposits on the build platform or the already built part. Immediately after
deposition, the plastic cools down and solidifies. Since this is a layer-by-layer process, once a layer
is printed, the build platform moves down for the next layer.

The advantages of FDM are that it is safe and simple, and requires no chemical post-
processing; there is no liquid resin to cure in the process, making it nice and clean; both the 3D
printing machine and consumable materials are very affordable [63]-[65]; also, it can process a
wide range of materials including almost any thermoplastic, which enables flexible multi-material
printing [66], [67]. These benefits have inspired researchers to apply it to microfluidics. Symes
et al. created a 3D printed bespoke, low-cost reactionware with reagents directly printed into 3D
matrix [68]. Moore et al. investigated the behavior of 3D printed capillary valves in centrifugal
microfluidic disc [69]. He et al. converted a desktop 3D printer to a sugar printer to build water
soluble sugar cast for making PDMS devices [70]. Because the nature of FDM, Yuen were able
to insert integrated glass cover slips or polystyrene films with and without an embedded porous
membrane, and optical devices with embedded Corning® Fibrance™ Light-Diffusing Fiber into
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Figure 2.1: Illustration of FDM. [1] (Copyright () 2008 CustomPartNet)




various 3D printed fluidic devices [71]. Li ef al. even took advantage of the extruded filament
orientation to assist fluid mixing [72]. Furthermore, FDM is used to print hydrogels and other
biocompatible structure [73], [74].

Despite numerous advantages, FDM suffers from several weaknesses, such as low reso-
lution, [75] poor surface finish, and slow fabrication, among which the low resolution is most
problematic. It is determined by the translation mechanism, physical geometry of the nozzle, and
3D printing material properties. The translation mechanism can be upgraded to obtain more pre-
cise positioning of the nozzle, but the other two factors are difficult to control. As a result, FDM is

only capable of fabricating features that are at least hundreds of microns [60].

2.2 Polyjet (PJ)

PJ is very similar to the 2D inkjet printing, and it can be categorized into 2 categories,
photopolymer-based or powder-based [29]. Here, I mainly discuss the former, because despite
the fact that both of them share the problem of rough surface that would scatter light, making mi-
croscopy unable to perform, the latter forms an object by using a binding material to glue particles
together, which leads to a weaker print than photopolymer.

In photopolymer-based PJ illustrated in Fig. 2.2, small droplets of UV curable resin are
dispensed by an inkjet nozzle and cured on the fly as each layer is printed. Voids are defined
by jetting a second, wax-like support material that must be removed after fabrication. PJ usually
has a large print area, typically 30 cm x 30 cm, which allows a very large part to be built. It
can also build multiple devices in one job, 20-1000 in 1-2 hours depending on device size [29].
Using PJ, printing with multiple material is easy to achieve. It has been reported that there are
PJ 3D printers capable of printing 14 different materials simultaneously, including colors [29],
[76], [77]. Unlike FDM, PJ mostly targets the high-end market, and normally cost 10 (even 50)
times more, for which reason it provides the most commercially ready 3D printing solution for
microfluidics. Therefore in as early as 2002, PJ became the first 3D printing technique utilized to
attempt to fabricate “microfluidic” devices by making templates for soft lithography [78]. Later,
Bonyér et al. had 1 mm x 2 mm trenches built directly on the 3D printed devices which are

later sealed to form channels [79]. Sochol ef al. demonstrated 3D printed millifluidic capacitors,
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Figure 2.3: Test design for 3D printing service bureaus. The base is 12 mm X 4 mm and the height
is 3.8 mm at the back wall.

diodes, and transistors [44]. Fluidic components built with PJ were used to detect alpha-fetoprotein
biomarker [51], and monitor drug transport with cells [52].

However, PJ still has not overcome the dimension barrier to enter truly microfluidic regime.
To better describe the problem, in September 2015 we evaluated the minimum flow channel size
that can be fabricated using PJ and SLA from four commercial 3D print service bureaus using
state-of-the-art 3D printing tools. In every case the highest resolution resin and fabrication option

were chosen (42 um in x-y and 16 um in z for PJ and 75 yum in x-y and 25 pm in z for SLA).



Table 2.1: Microscope photographs of channels fabricated with commercial 3D printing ser-
vice bureaus. PJ = Polyjet, SL-SLA = scanned laser stereolithography.
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The same test design was sent to each bureau (Fig. 2.3), which included a series of 1.08 mm long
channels with varying cross sectional size. Channels were deliberately designed to be short to
minimize problems with removal of uncured resin or support material so that void size limitations
inherent to the fabrication processes could be unambiguously determined. Results are shown in

Table 2.1, where PJ processes (Invent-A-Part and Stratasys) are far from successful.

2.3 Stereolithography (SLA)

In SLA a vector scanned laser (Fig. 2.4) or a stationary image pattern from a projector
(Fig. 2.5) is used to photopolymerize an appropriate photosensitive resin layer-by-layer until a full
device is completed.

Because scanned laser stereolithography (SL-SLA) is a linear process, the larger the print
area, the longer it takes. Therefore, in most setups, such as Fig. 2.4, the laser remains immobile,
and the laser beam rasters the region that needs to be polymerized by tuning the scanning mirror

to achieve higher build speed. But lasers commonly generate a Gaussian beam, which makes the
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Figure 2.4: Illustration of SL-SLA. [1] (Copyright (©) 2008 CustomPartNet)
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Figure 2.5: Illustration of DLP-SLA. Reproduced with permission [2].

spot size a function of working distance. Specifically, long working distance required to rapidly
scan a large region would result in a large spot size, lowering the resolution. Since microfluidics
is not the market pull on SL-SLA 3D printers, their resolution is compromised for speed. As
we can see in Table 2.1, both 3D Systems and Fineline SL-SLA processes print channels down
to 350 um x 350 pum, which is approximately 5 and 14 times larger than the printer resolution
specifications in width (x-y) and height (z), respectively. By far the sharpest, smoothest, and most
optically clear part is the one from Fineline, which offers a 500 ym x 500 gm minimum interior
dimension specification, but has pricing much higher than the rest. The bottom line is that at this
time commercial 3D print service bureaus cannot generate truly microfluidic structures.

An alternate approach is based on SLA 3D printers with Digital Light Processing (DLP)
micromirror arrays such as from Asiga, B9 Creations, Miicraft, or Full Spectrum Laser. With this
method, each layer is exposed in one shot, so users do not need to make the trade-off between
resolution and speed. Moreover, if the individual device size can be scaled down by both making
them small and folding them in 3D, it opens the possibility of using 3D printing for scalable

manufacturing as well as prototyping.
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CHAPTER 3. OPTICAL APPROACH TO RESIN FORMULATION FOR 3D PRINTED
MICROFLUIDICS

Commercial resins tend to be formulated for general 3D printing applications rather than
focused specifically on the needs of microfluidic devices, [3], [80] i.e., small voids. Hence the
smallest flow channel cross sectional dimensions reported to date are 250 um x 250 um, [39]
400 um x 400 um, [40] and 500 um x 500 um [38]. In this chapter we focus on custom for-
mulation of resins that enable much smaller flow channels to be realized. Specifically, I discuss
our mathematical model for the total optical dose delivered as a function of depth through a 3D
printed device, including void regions, and use it to guide the formulation of custom resins. I also
discuss the guidelines we developed for minimum achievable flow channel size given a resin’s op-
tical properties, and demonstrate reliable fabrication of flow channels as small as 60 um x 108
um. This analysis indicates how to achieve even smaller dimensions. In addition, we apply our
results to an open source and several commercial resins and find good agreement with our model’s

predictions. The work in this chapter is reported in Ref. 46.

3.1 Experimental

3.1.1 3D Printer

We use an Asiga Pico Plus 27 3D printer to fabricate devices and test our resins. It has 27
pm resolution in the X-Y plane and the Z-axis layer thickness can be set in 1 ym increments (i.e.,
9 um, 10 um, 11 pum, etc.). The optical engine appears to be based on a Texas Instruments (TI)
DLP4500 module, which has a 9121140 micromirror array in a diamond pixel orientation. Each
test part is rotated 45° on the build platform so that it aligns with the diamond orientation of the
pixels (see Fig. 3.1). This ensures that flow channel widths can be sized as an integer number of

pixels to unambiguously determine the minimum channel width that can be successfully fabricated.
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Figure 3.1: Schematic illustration of device orientation and imaged DLP pixels on 3D printer build
platform.

3.1.2 Materials

Resins for DLP-SLA 3D printing generally consist of one or more monomer materials,
a photoinitiator, and an absorber, where the latter is used to control the penetration depth of
the incident light. For our resins, the monomer, photoinitiator, and absorber are, respectively,
poly(ethylene glycol) diacrylate (PEGDA, MW 258), phenylbis (2,4,6-trimethylbenzoyl) phos-
phine oxide (Irgacure 819), and Sudan I. We have previously shown [81] that polymers formed
from this molecular weight PEGDA result in a microfluidic material that is long-term stable in wa-
ter. PEGDA and Sudan I were purchased from Sigma-Aldrich (St. Louis, MO), while Irgacure 819
was procured from BASF (Vandalia, Illinois). All materials were used as received. Resins were
prepared by mixing 1% (w/w) Irgacure 819 in PEGDA along with a variable amount of Sudan I
(0.05%, 0.1%, 0.15%, 0.2%, 0.4% or 0.6% w/w), and sonicating for 30 min. Resin containers were
wrapped in aluminum foil to protect the resin from light.

For comparison, two commercial resins were acquired and tested: PlasClear (made by
Asiga and sold by Proto Products, Fairview, TN) and FSL Clear (Full Spectrum Laser, Las Ve-
gas, NV). We also mixed and tested an open source resin, PR48, from Autodesk’s Ember 3D
printing project [82]. For this resin, di(trimethylolpropane) tetraacrylate (DTPTA), trimethylol-
propane ethoxylate triacrylate (TPET), 2-[[(butylamino)carbonyl]oxy]ethyl acrylate (BACA), and
2,5-bis(5-tert-butyl-benzoxazol-2-yl)thiophene (TBT) were purchased from Sigma-Aldrich and
ethyl (2,4,6-trimethylbenzoyl) phenylphosphinate (TPO), was purchased from Combi-Blocks (San
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Table 3.1: Resin viscosities.

Resin Viscosity (cP) Reference
PEGDA 57 83
PlasClear 1262 82
FSL Clear 700 84
PR48 286 82
1.2 ¢
1.50 A PEGDA 2
* 1% Irgacure L 1.0 0
1.25 1 0.1% Sudan | g
o —— 0.4%Sudanl| 0.8
% 1.00 A Commercial g
£ | —— PlasClear 0.6 2
g 075 —— FSL Clear A
< 0.50 1 — PR48 F0.4 g
0.25 1 F0.2 2
== 3D Printer | )
0.00 0.0=2

200 300 400 500 600 700
Wavelength (nm)

Figure 3.2: Measured resin absorbance compared with Asiga 3D printer LED emission spectrum
for several commercial and custom PEGDA resins. The 1% Irgacure curve is the absorbance of
PEGDA mixed with 1% (w/w) Irgacure 819 photoinitiator. The Sudan I resins contain both Sudan
Iand 1% (w/w) Irgacure 819.

Diego, CA). PR48 resin was prepared with 24g each of DTPTA and TPET and 12g of BACA along
with 96mg (0.16% w/w) of the optical absorber, TBT, and 0.24g (0.4% w/w) of the photoinitiator,
TPO. This mixture was sonicated in an amber glass container for at least 20 minutes to ensure
thorough mixing, following which the container was wrapped in aluminum foil. Resin viscosities

are given in Table 3.1.

3.1.3 Resin Optical Absorbance

Successful DLP-SLA 3D printing requires that the absorption spectrum of both the pho-
toinitiator and absorber be matched with the emission spectrum of the 3D printer optical source.

We used a QE65000 spectrometer from Ocean Optics (Dunedin, FL) to measure the absorbance of
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each resin and the 3D printer optical source spectrum. Resin absorbance measurements were made
with 80 um thick cells filled with liquid resin illuminated by attenuated light from an XCITE-
120Q source (Lumen Dynamics, Ontario, Canada). The optical dose for each measurement was
low enough that resin polymerization was not observed post-measurement.

Fig. 3.2 shows the emission spectrum of the 3D printer LED (dashed line). It has a peak
at 412 nm and a FWHM of 25 nm. The figure also shows the absorbance of various resins. The
dotted line is for PEGDA with 1% Irgacure 819 and no Sudan I, such that it is essentially the
absorbance of Irgacure 819. Note that it has some overlap with the 3D printer source spectrum,
which indicates that the LED light can activate the photoinitiator. The 0.1% and 0.4% Sudan I
curves show the absorbance when different amounts of Sudan I are added to 1% Irgacure 819 in
PEGDA. The Sudan I absorption dominates the resin absorbance in the wavelength range of the
LED.

For the commercial resins, the PlasClear absorbance spectrum partially overlaps the 3D
printer source spectrum. The PlasClear spectrum is likely dominated by the absorber in its resin
formulation so it is not clear how much spectral overlap there is with its photoinitiator and the
LED. The PR48 spectrum is very similar to the PlasClear spectrum, so it is likely that they use
the same or closely related absorbers. The spectrum of the FSL Clear resin has the least overlap
with the 3D printer source spectrum and would likely work better with a source that has a shorter

wavelength.

3.1.4 Flow Channel Flushing

Immediately after 3D printing, un-solidified resin must be flushed from flow channels in the
fabricated part. The process we use is to first rinse the part with isopropyl alcohol (IPA), followed
by a ~5 min soak in IPA, and then blow dry with nitrogen. Care is taken to blow nitrogen through

both sides of the flow channels.

3.2 Resin Optical Analysis

In this section we develop a simple mathematical model for the optical dose delivered to a

photopolymerizable resin during a single exposure to introduce the concepts, notation, and material
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parameters that will be used in the more extensive model developed in Sect. 3.3. We discuss our
experimental method to obtain material parameters for each of the resins introduced in Sect. 3.1

and our results.

3.2.1 Mathematical Model

As illustrated in Fig. 3.3, consider a photopolymerizable resin that occupies the half-space
z > 0 and has absorption coefficient o with units of um~!. Assume light is incident from z < 0
and propagates in the +z direction. Just inside the resin at z = 0 the optical irradiance is Iy. The
irradiance for z > 0, I(z), in units of W/cm? is given by the well-known Beer’s law [85] where we

define the characteristic penetration depth as h, = 1 /o

I(Z) =Jpe ¥

= Jye %/ha, (3.1)
The corresponding dose, D(z,t), in units of J/cm? for an exposure time of # is

D(z,t) =tl(z)

= tlye ¥/ "a, (3.2)
lo e
1
1
—> 1
> ;
AN
(®)]
5 —> -
—> 1
—> :
1
1
0 h, z

Figure 3.3: Schematic illustration of Beers Law and definition of /,. See text for details.
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For a photopolymerization process, we define the critical dose, D, as the dose at which
polymerization of the resin has proceeded far enough to result in a solid or nearly solid material.
Its particular value is specific to a given resin and the spectral properties of the optical source. We

can express the critical dose at some distance z = z,, as
— ha
D = tylpe~»/ha, (3.3)

where 1, is the time it takes to reach the critical dose at the depth z;,. Therefore z,, represents the
polymerization depth for an exposure time of 7,. Note that in general 7, and z,, represent a family
of paired values for which the above equation is true (i.e., picking the exposure time 7, sets the
polymerization depth z,, and vice versa). We can define the critical time, T, as the time it takes to

reach the critical dose for an optical irradiance of Iy, which can be expressed as

T.=—. 4
I (3.4)

Using this definition, we solve Eq. 3.3 for the polymerization depth, z,, as

t
@Z%mf, (3.5)

or, in unitless parameters, { = z/h, and T =1 /T,
$p=1nT,. (3.6)

The polymerization depth, z,, is shown for a variety of A, values in Fig. 3.4a. Note that
when 7, = 1, z, = {, = 0 regardless of A,. In other words, when the exposure time is T, the resin
at z = 0 receives just enough dose to become solidified, but resin at z > 0 does not. Moreover,
when the resin is exposed for some 7, > 1, the resin at z = 0 receives a dose that is 7, times larger
than the critical dose, 7. For example, if 7, =5, then Cp = In5 = 1.6 such that z;, = 1.6A, and at

z = 0 the resin receives 5 times the critical dose.
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Figure 3.4: (a) Polymerization depth, z,,, of resins with different 4, as a function of the normalized
layer exposure time, T, (Eq. 3.5). (b) Normalized dose as a function of depth, z, for different values
of h, and the normalized exposure time, .

From Egs. 3.2 and 3.4 the normalized dose, (z,7), can be expressed as

Q(z,t) = D(z,t)/D, (3.7
. i —Z//’lu
= Tce ) (3.8)
or in unitless parameters
Q1) =1 C. (3.9)

When Q 2 1, the resin receives enough dose to be solidified. Again, when { = 0 the normalized
dose is 7.

In Fig. 3.4b we plot the normalized dose as a function of z for several values of A, and
7. For h, = 100 um and 7 = 2, the polymerization depth, z,, (at which the normalized dose is
1) is 68 um. For h, = 50 um the normalized exposure time must be twice as long to obtain the
same polymerization depth, and the corresponding dose at z = 0 is of course twice as large. The
obvious point is that a longer exposure time is required to reach a given polymerization depth as A,
is reduced, and the inhomogeneity of the dose in the polymerized layer is increased. On the other
hand, while larger h, values need shorter exposure times, the material beyond the poymerization

depth receives a larger dose than for smaller values of h,, even with the shorter exposure times.
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This fundamental tradeoff has significant consequences for minimizing flow channel height in a

3D printed microfluidic device, which we explore in Sect. 3.3.

3.2.2 Measurement of /1, and T,

According to our model, the optical properties of a particular resin are determined by 4,
and T,. Fortunately, these are straightforward to obtain experimentally by simply measuring the
thickness of a polymerized layer as a function of exposure time and fitting the results to Eq. 3.5.
The device design we use to determine 4, and 7. is shown in Fig. 3.5a. There are 6 single layer
membranes along the forward edge of the device, each supported by 4 pillars. A typical 3D printed
device is shown in Fig. 3.5b, and a membrane in Fig. 3.6. As expected, the membrane is thicker
than the build layers visible in the adjacent posts since the layer exposure time must be as long or
longer than the time it takes the polymerization front to reach the previously built layer (so that the
new layer attaches to the previous layer).

For each resin, a series of samples are 3D printed with different layer exposure times, and
the thicknesses of the 6 membranes on each sample are measured and averaged. The average mem-
brane thicknesses and associated curve fits are shown in Fig. 3.7a as a function of layer exposure
time. Values of h, and T, are given in Table 3.2. Note that 4, is the slope of the fitted line whereas

T, is the line’s intercept with the x-axis.

(a) (b)

Figure 3.5: (a) CAD design and (b) photo of 3D printed sample for determining 4, and T..
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Figure 3.6: Microscope photograph of membrane for 0.2% Sudan I resin with 2 s layer exposure
time and 50 um build layer thickness. The posts on which the membrane layer is fabricated are 5

layers tall.
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Figure 3.7: (a) Measured membrane thicknesses for different resins along with curve fits of Eq. 3.5.
Corresponding values of s, and T, are in Table 3.2. Error bars are present for individual mea-
surements but are generally too small to see. (b) i, of Sudan I resins as a function of Sudan I
concentration.

FSL Clear has by far the largest h,, which is due to the small overlap of its absorbance

spectrum with the 3D printer source spectrum (Fig. 3.2). The A, for PlasClear and 0.05% Sudan I

are comparable, as is i, for PR48 and 0.1% Sudan I. Increasing the Sudan I concentration decreases

the penetration depth, A4,. The functional relationship between the two is given by
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Table 3.2: h, and T, from membrane mea-

surements.
Resin hg (Um) T. (sec)
0.05% Sudan I 119.2 0.298
0.1% Sudan I 80.8 0.379
0.15% Sudan I 57.5 0.395
0.2% Sudan I 334 0.336
0.4% Sudan I 17.5 0.604
PlasClear 123.0 0.428
FSL Clear 322.1 0.459
PR48 80.2 0.656

Figure 3.8: Microscope photograph of membrane of 0.2% Sudan I resin with 0.45 s exposure time
and 10 um build layer thickness. The measured membrane thickness is 10 yum.

where € is absorptivity and C is concentration since, according to Beer’s law, oo = €C. Fig. 3.7b
shows h, as a function of Sudan I concentration along with a fit to Eq. 3.10.

Knowledge of h, and T, for a particular resin allows one to use the mathematical model
to calculate a reasonable starting point for exposure parameters to create a specific structure. For
example, to fabricate a 10 um thick membrane using 0.2% Sudan I resin the model predicts a 0.45
s exposure time. The fabricated result is shown in Fig. 3.8 in which the membrane thickness is

indeed 10 um.
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3.3 Resin Optical Properties and Flow Channel Formation

Consider the layer-by-layer fabrication of a simple 3D printed microfluidic device with a
single flow channel as schematically illustrated in Fig. 3.9. In A-C the part is shown being built
upside down with light incident from the bottom through a window in the resin tray to expose each
layer. The final part is shown right side up in Fig. 3.9d. The interfaces between build layers are
indicated by dashed lines, and the layer indices are shown to the left in each drawing. Note in
Fig. 3.9b that when Layer 5 is formed, the flow channel region of the layer is unexposed, leaving
the resin in that region in a liquid state. Likewise, exposure of Layer 6 leaves the same region
unexposed. Exposure of Layer 7 creates the top of the flow channel, and also traps liquid resin in
the flow channel (which must be flushed after fabrication). In general, the trapped resin receives
some optical dose during Layer 7°s exposure because Layer 7 does not absorb all of the incident
light. Similarly, the trapped resin receives further optical doses as subsequent layers are exposed.
If the sum of these doses is = D,, the trapped resin can solidify and block the channel. A flow
channel must therefore be tall enough to avoid this situation, which sets the optical constraint for

the minimum flow channel height that can be fabricated for a given resin.

Printed Next y x
Device (@  Layer "?Z ayer O (b) y X
ey 2 2 .
1T 4 _ . T _
2 5 .. E=E=E=E°Z=
Iayer(1)__
2 = 2 — — (d)
6 5 EEEE— anne
7 - i = | ==
o T = — — = === S z
== g ====° L

I e

Figure 3.9: Layer-by-layer fabrication process for a simplified device. The device is rotated 180
degrees in (d) relative to (a-c). See text for details.
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In this section we develop a mathematical model to determine the total optical dose deliv-
ered within each layer. We use the model to examine the dose when fabricating a flow channel,

and analyze the effects of /4, and changing the build layer thickness.

3.3.1 Mathematical Model - Multiple Exposures

Let z = 0 be the plane that defines the bottom of the device being printed (see Fig. 3.9d).

Let z; be the build layer thickness and 7,,(z) the irradiance during exposure of layer n. We can write
I,(z) as

Iy(z) = Ipe~ [TV =l/ha, G.11)

where (n+ 1)z is the position of the top of the n” layer, and n € [0, N — 1] with N being the total
number of layers in the device. The corresponding dose, D,(z,t), for a layer exposure time of #

(assumed to be the same for all layers) is

Dy(z,t1) = ti1u(2)

= tlpe mta—2/ha, (3.12)
The normalized dose is

Qn<Z, tl) — l_le*[(’H‘l)Z[*Z]/ha

c

= ge [t D—2/alG (3.13)

where {; is the normalized layer thickness, z;/h,. If we define y = z/z; (i.e., normalize z by the

layer thickness) we can rewrite the normalized dose in layer n as

Q,(y,7) = e[t H=14, (3.14)
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Note that this is only valid for

(n+1)—y>0
—y<ntl (3.15)

(i.e., z < top of current build layer), so we write the normalized dose for layer n as

ge [t )=1G  if y<n+1.
Qu(y,7) = (3.16)

0, otherwise.

The dose for layer n only affects layer n and earlier layers, but not subsequent (as-yet unbuilt)
layers.
Note that the normalized dose for a given layer at the back (Y = n) and front (y =n+1) of

a layer are

Qpack = 1€~ (3.17)
-eront =T
= Qpacre®, (3.18)

respectively. To have a successful 3D print, the entire layer must be polymerized, i.e., Qper > 1.
The minimal requirement is

'Q'back = 17 (319)

in which case the normalized dose at the front of the layer is
Qfrom = . (3.20)

The total dose throughout the thickness of the 3D printed part, €, is just the sum of the individual

layer doses,

Q(r.u) =Y Qu(r.w), (3.21)

where Q, (¥, ;) is given by Eq. 3.16.
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Figure 3.10: Normalized dose as a function of depth, z, for five 3D printed layers. Each layer
receives a single exposure. Solid line indicates total dose. See text for details.

To illustrate the main features of Eq. 3.21, consider the 5-layer case shown in Fig. 3.10 in
which §; = 0.69 and the normalized layer exposure time, 7;, is 2.0 such that Q. = 1.0 (which
satisfies the condition in Eq. 3.19) and Q,,,; = 7, = 2.0. Note that the total dose in Layers 0-3 is
affected by the exposure of subsequent layers. For example, the normalized dose at the back (z =
0 um) and front (z = 50 um) of Layer O is 2.0 and 3.9, respectively, while the dose at the back (z
=200 pum) and front (z =250 um) of the last layer (Layer 4) is 1.0 and 2.0 since it receives only
one exposure. Also note that in each of the layers there is significant dose inhomogeneity, which

will likely affect the internal stress of an actual 3D printed part.

3.3.2 Total Dose with an Embedded Channel

The total normalized dose in Eq. 3.21 is a function of depth, ¥, in the 3D printed part.
So far we have assumed that every layer receives an exposure. However, when a flow channel is
formed, there is no exposure in the region of each layer in which the flow channel is situated. We

can account for this by defining a parameter for each layer, n,

0, 1ifnisina flow channel
Op = (3.22)

1, otherwise,
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such that the total normalized dose, €2, becomes
N—1
Q. m) =Y, 8:Qu. (3.23)
n=0

We can now substitute Eq. 3.16 for Q, by recognizing that for a layer with index m, exposures of

layers with index < m have no effect. This is equivalent to starting the sum at
m = floor(y) = |y, (3.24)

which is the largest integer value less than or equal to y. The total normalized dose can therefore

be written as

N—1
Q(')/,Tl): Z 5,1/[167[("4’1)77451
n=y|
N—1
— e 8 Y e NG
n=|v|
N—1
= Qpoer Y, Se” VG (3.25)
n=|y|

Equivalently, we can change the summation index to n’ = n — | ¥/, such that

(V=Lr)-1) ,
Q1. 7) = Dack Y, Sy " THVG

n'=0
(N—=Lyl-1)

= Qe V)G 5(n'+m)e_"/(§’

n'=0
=Qi(v—LvDxy
=Q(Y)xyy) (3.26)
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with

Y =y—1v], (3.27)
(Y) =Qu(r—17]) = Qacre "7V, (3.28)
(N=|y]-1) /
Xly) = Z S|y " b, (3.29)
n'=0

Note that ¥’ is in the range [0,1) and is the normalized depth within a layer, with 0 being the back
of a layer and 1 the front of a layer. This coordinate is the same for every layer. Q;(Y) is the
normalized dose as a function of depth in a layer for a single exposure of that layer, and is in the
range [Qpack, Qfrone). It is also the same for every layer. X|7] is the contribution to the dose of
the layer with index |y| from the current and all subsequent layer exposures. Note that Xy 18
governed by &, since J, specifies which layers are actually exposed.

To illustrate the implications of Eq. 3.26 for flow channel fabrication, consider a 3D printed
device that has 12 layers and §; = 0.69. We assume that all layers are exposed except Layers 5
and 6, which represent a flow channel. The exposure time is the same as for Fig. 3.10. The total
normalized dose for the structure is shown in Fig. 3.11. The normalized dose in the first 5 layers

is similar to what we observe in Fig. 3.10 (the differences are due to the additional dose from

6 T T T T T T T T T T
R T T T R T T T
s]0}1121314}5})6])71}8}9]10}11]Singlelayer parameters
[ T T | [ T T | ¢, =0.69
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1 1 1 1 1 pack = 1.0
I I I
I I
I I
I

Normalized Dose, Q(y, 1))
w
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]l lo_L_Jd__1
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Figure 3.11: Normalized dose as a function of normalized depth, 7, for a 12-layer case with a flow
channel in Layers 5 and 6 (red and black layer index numbers along the top indicate exposure or
no exposure in that layer, respectively).
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subsequent layer exposures). The normalized dose in the last 5 layers is identical to Fig. 3.10.
The resin in the unexposed Layers 5 and 6 receives some dose from the exposures of the overlying
Layers 6-11. The dose is high enough to polymerize the resin in Layer 6, and even in Layer 5 the
normalized dose is a significant fraction of 1. According to the discussion of Fig. 3.4b, an obvious
way to avoid this situation is to increase the absorbance of the resin, i.e., make /4, smaller, which
increases {; and the layer exposure time, 7;. Once A, is set, however, successful fabrication of flow
channels requires that the flow channel height is large enough that exposure of the overlying layers

does not overly polymerize resin in the flow channel region.

3.3.3 Effect of Build Layer Thickness

For a given resin which has a particular value for 4,, changing the build layer thickness, z;,
changes (;. Larger {; results in less light getting through the current build layer to further expose
underlying layers. However, a larger {; has some negative consequences as illustrated below.

As an example, consider a 200 um tall flow channel in 0.2% Sudan I (h, = 33.4 um)
with build layer thicknesses of 10, 25, and 50 um. The corresponding number of build layers
spanned by the flow channel is 20, 8, and 4, respectively. In all cases we set Qp,r = 1. As shown

in Fig. 3.12, the 50 pum build layer case ({; = 1.5) has minimal penetration of the critical dose

6 T
hs = 33.4 um :
= 54|L=200.0um :
N L/h, = 5.99 I / / / / 2/ =50.00 um
f} 4 - — C/ = 150
g T =4.47
g 34 z=25.00 um
5 g =0.75
= 2 7, =211
€ z;=10.00 um
S 1- — ¢ =0.30
T = 1.35
0 T T T T
0 100 200 300 400 500

z (um)

Figure 3.12: Effect of layer thickness on total normalized dose. The first 200 um represents a flow
channel such that layers in this region are not exposed.
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(Q = 1) into the flow channel region. However, the variation of dose within individual layers is
large (> 400%), which can result in significant internal stress. Moreover, the front of each layer is
so exposed (L fon = 4.47) that there are not as many available sites for polymer in the next layer to
crosslink with, which reduces layer-to-layer adhesion. When the build layer thickness is decreased
to 25 um (& = 0.75), the dose variation within individual layers is reduced to ~100% at the cost
of a little more penetration into the flow channel. A build layer thickness of 10 um (§; = 0.3)
results in greater penetration of the polymerization front into the flow channel (~50 um) but with
only ~25% dose variation within each exposed layer. Moreover, the average dose in each layer is
nearly twice as large as for the 25 and 50 um build layer cases, which results in a greater degree
of crosslinking and likely greater internal strength.

As illustrated by this example, there is a trade-off between dose inhomogeneity within
individual build layers and penetration of the polymerization front into the flow channel region. In
the next section we experimentally evaluate different layer thicknesses with resins having a variety

of h, values to determine practical limits to flow channel miniaturization.

3.4 Experimental Results and Discussion

To evaluate the practical limits of flow channel size as a function of A, and build layer
thickness, we fabricate a series of channels through the 1.08 mm thick rectangular block that
comprises the back of the device in Fig. 3.5a. The length of the channels is deliberately kept
short to minimize the effect of flushing un-solidified resin from the channels after fabrication.
Any difficulty in flushing this resin would obscure limitations to flow channel size imposed by the
optical properties of the resin, which is the focus of this chapter.

We first consider fabrication of flow channels for the 200 um high channel modeled in
Fig. 3.12 in 0.2% Sudan I PEGDA resin. The results are shown in the microscope photos of
Fig. 3.13. For the 50 um build layer case, the vertical edges of the flow channel are serrated with
the top of each layer jutting into the channel more than the bottom. This is due to the top of a layer
receiving a much larger dose than the back of the layer such that polymerization does not extend
all the way to the back of the layer at the edge. Moreover, somewhat counter-intuitively, channels

built with this layer thickness are sometimes clogged. The 25 pum build layer case in Fig. 3.13b
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(@) (b) ©

Figure 3.13: Flow channels 200 tm high by 5 pixels (135 um) wide with 0.2% Sudan I resin for
build layer thicknesses of (a) 50 um, (b) 25 um, and (c) 10 um. Layer exposure times, #;, are 1.5
s, 0.71 s, and 0.45 s, respectively.

shows much less edge serration and no channels showed signs of clogging. Likewise, 10 ym build
layers (Fig. 3.13c) improve the sidewall smoothness still further and all channels are open.

The top of each flow channel is the back surface of an exposed layer. In Fig. 3.13a and
3.13b these surfaces are visibly rough, whereas in Fig. 3.13c it is much smoother. Evidently,
smaller ; results in smoother surfaces over the top of voids. In addition, in Fig. 3.13b and more
so in Fig. 3.13c there are vertical lines on the face of the 3D printed surface. These are due to
wear of the teflon film on the bottom of the resin tray that is induced by the 3D printer’s slider.
This wear is a major reason for periodically needing to use a fresh tray. Finally, in each photo
the horizontal build layers above and below each channel are visibly bowed, as are the vertical
channel boundaries. This bowing is due to stress in the 3D printed part being relieved as the
channel terminates at the part’s exterior surface.

Table 3.3 shows similar microscope photos for flow channels with 5 pixel (135 pm) widths
and channel heights of 100, 150, 200, and 250 um and 10, 25, and 50 pm build layers for PEGDA
resins with Sudan I concentrations of 0.1%, 0.15%, 0.2%, and 0.4%. Multiple 3D printed parts
were made, each with multiple flow channel sizes. The number of both unclogged and total at-
tempted fabricated channels for each combination of geometry and resin are shown on the photos
to give an informal measure of yield for each channel size. The exposure parameters and normal-
ized layer thicknesses are given in Table 3.4. In each case the layer exposure time is initially set
such that the calculated Q,ck is 1, and then adjusted as needed until parts are successfully printed.

In several cases larger channel heights were made, but the results are not included in Table 3.3.
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Table 3.3: Results for different channel heights and layer thicknesses for PEGDA
resins with varying concentrations of Sudan I. See text for details.

Sudan I concentration
Channel  Layer 0.4% 0.2% 0.15% 0.1%

10 um

100um 25 um

50 um

10 um

I150um 25 um

50 um

10 um

200um 25 um

50 um

10 um

250um 25 um

50 um
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Table 3.4: Normalized layer thicknesses, {;, and exposure times, f;, for the results in Table 3.3.

Sudan I concentration
0.4% 0.2% 0.15% 0.1%

7y (um) 10 25 50 10 25 50 10 25 50 10 25 50
& 0.57 142 285 030 075 150 0.17 043 0.87 0.08 031 0.62
() 08 2 85 045 071 15 047 061 1 0.52 0.75

The minimum flow channel heights, H,,;,, fabricated with 100% yield for the resins are 100, 200,
200, and 300 um, respectively, for the cases shown in Table 3.3.

From Table 3.3, the resin with the smallest 4, clearly leads to the smallest channel height.
To explore this further for 0.4% Sudan I resin, consider Table 3.5, which shows fabricated channels
as a function of channel height and width. Channel width is given in pixels (i.e., number of mi-
cromirrors in the DLP micromirror array). A pixel in the plane of the build layer is 27 um square.
Unsurprisingly, a width of 2 pixels never results in open flow channels, whereas a 3 pixel width is
sometimes successful. We expect this is due to the fidelity of the image formed in the build plane
by the projection optics. The minimum pixel width to guarantee 100% yield is 4 pixels (108 pum).
We find this to be true for all Sudan I PEGDA resins that were tested except those with larger A,
in which case a width of 5 pixels is needed. From Table 3.5 the minimum flow channel height for
100% yield for 0.4% Sudan I is 90 um.

To decrease the flow channel height still further we created a 0.6% Sudan I PEGDA resin.
Since the absorption is very high we found it problematic to accurately measure £, using the
method described in Sect. 3.2.2. Instead, we used the curve fit in Fig. 3.7b to estimate A, as 11
um. Results are shown in Table 3.6. As with 0.4% resin, the minimum channel width is 4 pixels.
For 100% yield the minimum channel height is 60 yum. The corresponding cross sectional area is
20 times smaller than the results for commercial 3D printing service bureaus.

From the trends observed in our flow channel results, there is a clear path to fabricate even
smaller flow channels. To reduce flow channel height, the resin absorbance must be increased to
obtain smaller /,. The build layer thickness also needs to be reduced accordingly. To decrease
the channel width, the x-y pixel size must be smaller so that a 4 pixel feature is commensurately

reduced in size while maintaining high image fidelity. This means the DLP micromirror array
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Table 3.5: Channels in 0.4% Sudan I resin as a function
of width and height for ;= 0.8 s and z; = 10 um ({; =
0.57).

Channel height
Width 70 um 80 um 90 um

2 pixels

3 pixels
4 pixels
5 pixels
6 pixels
7 pixels
8 pixels

9 pixels

must be imaged with smaller magnification optics, which in turn reduces the x-y build area. To
compensate, larger pixel count DLPs need to be used such as the 1920x 1080 pixel DLP6500 or
2560 1600 pixel DLP9000.

The yield as a function of flow channel height is plotted in Fig. 3.14a for the various Su-
dan I PEGDA resins used in this study, and for the build layer thicknesses that gave the smallest

flow channels results. Note that the normalized layer thickness, {;, for each case is between ~0.4
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Table 3.6: Channels in 0.6% Sudan I resin as a function of width and height for ;= 1.55
sand z; = 10 um (§; = 0.91).

Channel height

and ~0.9. Other than the 0.15% and 0.2% Sudan I resins, increasing absorber concentration (de-
creasing h,) leads to smaller flow channel heights, with the smallest being 60 um. Alternatively,
yield data from all of the Sudan I PEGDA resins can be plotted as a function of the normalized
channel height, H,,;,/h,, and normalized layer thickness as shown in Fig. 3.14b. The data can be
summarized with the following observations. Minimum flow channel heights occur for 0.3 < §; <
1. In resins with A, 2 50um the minimum flow channel height is ~3.5k,, while for resins with
hg < 40um it is ~5.5h,. At this point it is unclear why these are different and further investigation

is warranted.
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Figure 3.14: (a)Minimum flow channel height with 100% yield for PEGDA resins with different
Sudan I concentrations. (b) Experimental results of yield (green: 100%, yellow: partial, red: none)

(b)

for normalized channel height and normalized layer thickness.

Results for commercial and open source resins are shown in Fig. 3.15. The minimum flow
channel height for PlasClear is 8.1h,. The reason it is so large is that PlasClear’s high viscosity
(Table 3.1) prevents uncured resin from being fully flushed from smaller flow channels. This is an
example of something other than a resin’s optical properties being the limiting factor in determining
the minimum flow channel height. The designed minimum flow channel height for FSL Clear that
was reliably open is ~3.4h,. However, since much of the channel is blocked by polymerized

resin, the actual size of the opening is substantially less than the design height. For this resin we
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Figure 3.15: Smallest consistently open channels printed with commercial and open source resins.
Microscope photos (a), (c), and (d) are taken with a 5x objective while (b) uses a 10x objective.
The build layer thickness for (a) and (b) is 50 um, and 100 um for (c) and (d).

found considerable variation in the fraction of the flow channel height that is blocked. For PR48
the minimum flow channel height is 5.0A,, which is similar to higher absorption Sudan I PEGDA

resins.

3.5 Conclusions

In summary, we have investigated the effect of resin optical properties on the minimum flow
channel size that can be fabricated with DLP-SLA 3D printing. We have developed a mathematical
model of the optical dose delivered to a 3D printed part as a function of depth for multiple exposed
layers in the presence of flow channels (voids). The model shows that there is a fundamental trade-
off between the homogeneity of the dose within an individual layer and how far the polymerization

front extends into an underlying flow channel during fabrication. We experimentally tested the
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minimum flow channel size that can be fabricated by formulating custom PEGDA resins with
1% Irgacure 819 photoinitiator and a variety of Sudan I concentrations to vary the penetration
depth, h,, over an order of magnitude, 11 um to 119 um (which is dependent on the 3D printer
source spectrum). We find that the minimum flow channel height for a particular resin is typically
~3.5-5.5h,. The minimum channel width that can be fabricated with 100% yield is 4 pixels for
our 3D printer, which is likely to be as good as or perhaps better than other DLP-SLA 3D printers.
We experimentally determined 4, for an open source and two commercial resins and found that
their minimum flow channel size is consistent with our findings for the custom resins as long
as the resin is not too viscous such that flow channels can be adequately flushed after fabrication.
Further reductions in flow channel size should be readily achievable by increasing resin absorbance
(i.e., reducing h,) and increasing the x-y plane resolution of the projected image from the DLP
micromirror array. These advances should facilitate broad usage of 3D printing methods for the

construction of truly microfluidic (rather than millifluidic) devices.
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CHAPTER 4. HIGH DENSITY 3D PRINTED MICROFLUIDIC VALVES, PUMPS,
AND MULTIPLEXERS

In this chapter we show significant miniaturization of 3D printed microfluidic devices with
integrated valves and pumps based on the resin formulation work in Chapter 3 and our demon-
stration of the first reported 3D printed valves [24]. Specifically, we show how to use a DLP-SLA
3D printer with our inexpensive custom resin formulation to fabricate robust membrane valves 40
pixels in diameter (1.08 mm) with a minimum chamber height of 60 um. These valves are only
10% the volume of our previous 3D printed valves, [24] and we have improved their durability
from 800 actuations to 1 million actuations. To achieve such durability, we modify the resin com-
position by adding a thermal initiator such that a post-printing 30 minute oven cure drives further
polymerization of the material to create a greater degree of cross linking and mechanical tough-
ness. We then demonstrate a simple pump structure consisting of two valves and one displacement
chamber (DC), and experimentally characterize its maximum back pressure and maximum flow
rate. Finally, we combine 5 valves and one DC into a compact 3-to-2 multiplexer with integrated
pump, utilizing the flexibility of 3D printing to densely arrange device elements within the 3D
volume of the device. We also show that the multiplexer can be used as a mixer and that its mixing
efficiency can be improved by increasing the number of inlets in the DC. The work in this chapter

is reported in Ref. 61.

4.1 Experimental

4.1.1 Materials

Our resin formulations consist of monomer, photoinitiator, and absorber, which for this
work are poly(ethylene glycol) diacrylate (PEGDA, MW 258), Sudan I, and Irgracure 819, respec-
tively [24], [81], [86]. We also include a thermal initiator, azobisisobutyronitrile (AIBN), for post-

print thermal curing, the details of which are discussed in Sect. 4.2.1. It is important to note that
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use of a low molecular weight PEGDA results in excellent water stability for fabricated parts, [81]
with no swelling or degradation in mechanical strength. PEGDA, Sudan I, and AIBN are obtained
from Sigma-Aldrich (St. Louis, MO), and Irgacure 819 from BASF (Vandalia, Illinois). Each is
used as received.

The specific resin formulation employed for the work reported in this chapter is the 0.4%
Sudan I resin discussed in Chapter 3. It is prepared by mixing 0.4% (w/w) Sudan I, 1% (w/w)
Irgacure 819, and 0.01% (w/w) AIBN with PEGDA, and sonicating for 30 minutes. The resin is

stored in an amber glass bottle wrapped in aluminum foil to protect it from light exposure.

4.1.2 3D Printer

We use an Asiga Pico Plus 27 DLP-SLA 3D printer as described in Chapter 3, which has an
LED peak wavelength of 412 nm and an in-plane resolution (pixel pitch) of 27 um. Microfluidic
devices in an individual print run are fabricated on a glass slide (25 mm x 37.5 mm x 1.2 mm)
which is attached to the printer build table with double-sided tape. We experienced no issues with
the slide damaging the teflon film comprising the bottom of the resin tray as long as we followed
the 3D printer manufacturer’s build table alignment procedure. Each slide is prepared by cleaning
with acetone and isopropyl alcohol (IPA), followed by immersion in 2% 3-(trimethoxysilyl) propyl
methacrylate in toluene for 2 hours. After silane deposition slides are kept in toluene until use.

There are two reasons we use glass slides. The first is that they avoid the need to fabricate
the first device layer on the rough (anodized Al) surface of the 3D printer build table, which,
especially for resins with high optical absorbance, requires a significantly longer exposure time for
the first layer to attach to the build table. Long exposure times deplete the available binding sites
on the surface of the layer, making attachment of the next layer problematic. The second reason
is that the smooth surfaces of the glass slide offer convenient optical access to observe the interior

components of the microfluidic device.
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4.1.3 Device Fabrication

Our build layer thickness, /, is 10 wm, which results in a normalized layer thickness, { =
1/hg, of 0.57 for the 0.4% Sudan I resin. This is well within the optimal build thickness range we
established in Chapter 3.

The key active component in our devices is a membrane valve, the structure of which
is shown in Fig. 4.1a [24]. The valve consists of a 20 um thick membrane (i.e., 2 build layers)
sandwiched between two cylindrical voids which comprise a control chamber (100 ttm high) and a
fluid chamber (60 um high), each 40 pixels (1.08 mm) in diameter. The corresponding dimensions
of Rogers’ 3D printed valves are 50 ym membrane thickness, with 250 um control chamber and
250 pm fluid chamber heights, both of which are 2 mm in diameter [24]. The valves in this chapter

3 compared to 1.73 mm?).

are only 10% of the volume of the valves in Rogers’ paper (0.165 mm
The valves in Rogers’ paper were fabricated with a different DLP-SLA 3D printer (B9 Creator)
prior to developing our quantitative approach to resin formulation.

When no pressure is applied to the control chamber (as illustrated in Fig. 4.1b), the valve is
open and fluid can flow between the two channels at the bottom of the fluid chamber. A photomi-
crograph of an open valve is shown in Fig. 4.1d. The lighting makes it easy to see the pixelation of
the bottom surface of the fluid chamber. The measured surface roughness for horizontal surfaces
fabricated with 0.4% Sudan I resin is 0.5 yum with a length scale the size of the pixel pitch. As
shown in Fig. 4.1c, when pressure is applied to the control chamber the membrane deflects down-
ward and seals the fluid channels. The central circular region in which the membrane contacts the
bottom of the fluid chamber can be clearly seen in Fig. 4.1e.

In our devices valves are connected with flow channels that are 150 ym high and 6 pixels
(162 pum) wide. Although smaller channels can be fabricated with 0.4% Sudan I resin, we chose
this somewhat larger size to ensure easy, high yield fabrication, even for flow channels as long
as 118 mm. Consequently, we never had a problem with flow channel fabrication for the devices
discussed in subsequent sections.

After 3D printing, unpolymerized resin must be flushed from the interiors of microfluidic
structures. An advantage of our PEGDA resin formulations is that they are low viscosity (57
cP), making flushing much easier than for many commercial resins that have significantly higher

viscosity. As shown in Chapter 3, the difficulty of flushing unpolymerized resin can be the limiting
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Figure 4.1: CAD design of (a) for a 3D printed membrane valve. Schematic illustration and
microscope photos of (b), (d) open and (c), (e) closed valves. The microscope photos show the
bottom of the valve. See text for details.
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factor in determining the minimum achievable void size for commercial resins, rather than the
actual optical properties of the resin.

Immediately after 3D printing is completed, the sample is removed from the build table
and soaked in IPA for 2-3 minutes to dissolve much of the unpolymerized resin. The control and
fluid chambers are then carefully flushed with IPA, following which vacuum is applied to extract
residual IPA from microfluidic structures. Note that the control chamber design in Fig. 4.1a has a
second channel specifically to permit flushing unpolymerized resin.

Next, we bake the device at 80°C for 30 minutes to activate the thermal initiator to drive
further polymerization. It should be noted that a blanket UV exposure is completely ineffective at
curing our 3D printed devices because the UV light only penetrates a small fraction of a millimeter

even after many hours of exposure due to the high absorption of the resin.

Tubing o

Connections

S |

Figure 4.2: Complete 3D printed valve CAD design includes cylindrical holes in which to connect
PTFE tubing.

After baking, a device is prepared for testing by inserting Microbore PTFE tubing (0.022”ID
x 0.042”0D) into corresponding cylindrical holes in the device (Fig. 4.2), and gluing the tubing in
place (Loctite Instant Mix 5 Minute Epoxy). The epoxy is also used to plug the flushing channels
for all control chambers.

Total device build and preparation time is approximately 4 hours, and consists of (1) 3D
printing (<1 hour), (2) flushing unpolymerized resin (5-7 minutes for all of the devices in a single
print run), (3) oven bake (30 minutes), and (4) inserting tubing followed by mixing and applying

epoxy to the junction between the tubing and device and letting the epoxy cure for 2 hours. Despite
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being labelled as 5 minute epoxy, we found that a 2 hour cure time was needed for the epoxy to
achieve a hardness that facilitated leak-tight seals and good tubing strain relief. The epoxy cure
step is by far the most time-consuming aspect of our current device fabrication and preparation
process. This time can be dramatically reduced to just a few minutes by substituting a UV curable
adhesive for the 5 minute epoxy, thereby reducing the total device fabrication and preparation time
to under 2 hours.

CAD and .stl design files for the valve, pump, and multiplexer reported in this chapter are

freely available online [87].

4.2 Results and Discussion

4.2.1 3D Printed Valves

To evaluate the performance of 3D printed valves, we first measured the maximum fluid
pressure, Pquiq, at which the valve stays closed for a given control pressure, Peoneol, applied to the
membrane to close the valve. A schematic of the test setup is shown in the inset of Fig. 4.3a.
The valve fluid inlet is connected to a syringe pump, the control chamber is pressurized to deflect
the membrane and close the valve, and the syringe pump is set to inject deionized (DI) water into
the valve at 20 uL/min. Two pressure sensors, G1 and G2, (Honeywell 24CFFA6G) are used to
continuously measure the fluid and control pressure, respectively. Fig. 4.3a shows the result of a
typical valve pressure measurement. The fluid pressure initially rises monotonically, peaks, and
then drops to a steady state which is lower than the control pressure. The pressure difference, AP =
Prontrol — Pruid» 1s measured as the average pressure difference over a 2 second interval centered at
20 seconds after the peak fluid pressure occurs, which can be interpreted as the minimum pressure
required to deflect the membrane enough to just barely close the valve. We therefore expect that AP
should increase as the fluid chamber height increases or the membrane thickness increases because
either change makes it more difficult to deflect the membrane enough to close the valve. This is
confirmed in Fig. 4.3b and 4.3c which show the corresponding experimental measurements. In
Fig. 4.3b, an increase in AP from a little over 2 psi to 4 psi is observed as the fluid chamber height
increases from 50 um to 80 um because the membrane has to deflect more to close the valve.

We experimentally determined that the fabrication yield for valves with a 50 um chamber height is
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Figure 4.3: (a) Typical valve pressure measurement and (inset) schematic illustration of test setup.
The fluid and control pressures are measured with pressure sensors G1 and G2. (b) AP as a function
of fluid chamber height and (c) membrane thickness. Each data point in (b) and (c) consists of an
average of at least 10 valves, with most being an average of over 20 valves. Error bars indicate +1
standard deviation. h,;: control chamber height; D: diameter; 7,,¢,,5: membrane thickness; /7,4
fluid chamber height.

substantially less than for a 60 um chamber height, which is nearly 100%. We therefore chose a 60
um fluid chamber height for the devices reported in this chapter. Similarly, as shown in Fig. 4.3c,
the membrane becomes stiffer and requires more pressure to close as its thickness increases from
2 layers (20 um) to 4 layers (40 um).

An important criterion for an active fluidic device is its durability. In Rogers’ demonstra-
tion of 3D printed valves, [24] the valves typically lasted 800 actuations before the membranes

broke. However, he had previously tested similar cleanroom-fabricated valves to 115,000 actua-
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Figure 4.4: Valve maximum fluid pressure as a function of control pressure for different baking
times. The number of valves tested for each baking time are O min: 3, 20 min: 8, 30 min: 9, 60
min: 8, 90 min: 7.

tions with no sign of breakage or degradation in their properties [86]. Following 3D printing and
prior to thermal curing, valve membranes in the present study typically lasted only one or two ac-
tuations before breaking. We hypothesized that additional polymerization was needed to increase
the mechanical robustness of the membranes. However, as detailed in Chapter 3, other constraints
prevent trying to achieve this with longer layer exposure times during 3D printing. Hence we
added a thermal initiator with a post-print oven bake to drive further polymerization. We tested
a variety of bake times at 80°C, and found that they had no effect on pump properties as shown
in Fig. 4.4. A bake time of 30 minutes seemed to offer the best trade-off between mechanically
robust membranes, short bake time, and yield.

In our largest yield test, we began with 54 fabricated valves, one of which was found to
leak between the flow channels during its first actuation. We later established that such as-built
leaks can be avoided by simply increasing the separation between the channels in the bottom of
the valve from 4 pixels to 6 pixels. Of the 53 remaining valves, all but one continued working after
10,000 actuations. The one that failed had its membrane break during the first 1,000 actuations.
Of the 53 that survived, we tested one to 1 million actuations, after which it still worked. The flow

channels and fluid chamber were filled with water during the entire 30 hours it took to run the test.
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Figure 4.5: (a) CAD design of 3D printed pump. C1-C3 connect to external pressure sources. The
partially transparent channels are flushing channels for the valve control chambers, which are later
sealed with epoxy. (c) Side view of a 3D printed pump. See text for details. (c) Bottom view
photograph of 3D printed pump in (b).

4.2.2 3D Printed Pumps

As shown in Fig. 4.5a, a pump consists of two valves (V1 and V2) with a valve-like dis-
placement chamber (DC) in between. The difference between a DC and a valve is that the inlet
and outlet channels are placed on the edge of the fluid chamber for a DC rather than in the center
as for a valve. This prevents the DC from being able to stop flow when actuated. Note also that
the DC is oriented upside down compared to the valves. In a valve the fluid chamber is under the

membrane whereas in the DC it is on top of the membrane.
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Table 4.1: Pump timing logic. Red: actuated
(pressure applied; valves closed); green:
not actuated (valves open).

to 5] 5] i3 iy

Vi1 ° ° ° °
DC ° °
V2 ° ° °

Valve actuation is controlled by applying pressure to C1 and C2, whereas DC actuation is
controlled with C3. A photo of a pump looking from underneath is shown in Fig. 4.5c. The DC
appears to partially overlap V1 and V2 since they are placed at different heights in the 3D build
volume. The undersides of cylindrical holes are also visible for PTFE tubing to connect C1, C2,
and C3 to pressure sources, and the inlet and outlet channels to an off-chip fluid source and sink.
Fig. 4.5b is a side view photo of a pump showing the fabricated spatial arrangement of the DC and
valves, along with their corresponding flow and control channels.

The pump uses a 5-phase cycle as shown in Table 4.1. At ty, both valves are closed and
pressure is applied to the DC. The DC fluid chamber is therefore in a state of minimum volume.
At t;, V1 opens and the DC pressure is released so the membrane returns to equilibrium thereby
pulling fluid through V1 into the DC fluid chamber. At ty, V1 closes to isolate fluid in the DC
from the inlet flow channel, followed by V2 opening at t3 in preparation for expelling fluid from
the DC into the outlet channel, which occurs by actuating the DC at t4. The cycle then repeats by
going back to tg in which V1 is closed. The time difference between any two sequential phases is
At =t; - t;_1, which we call the phase interval. Unless otherwise noted, the valve and DC actuation
pressure is ~9 psi.

A pump’s maximum flow rate, Q,,.y, for a given set of operating parameters is defined as
the flow rate when there is zero back pressure (such as when the fluid source, pump, and fluid
outlet are all at the same height). We evaluated Q,,,, as a function of At under two conditions for
the unactuated DC control chamber: (1) an applied vacuum of 10 psi (520 mmHg) and (2) vent
to atmosphere. In the latter case the restoring force on the membrane is just the elastic strain of
the stretched membrane. In the former, an applied vacuum at first assists the elastic strain until the

membrane is undeflected and then pulls the membrane up into the control chamber.
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Figure 4.6: (a) Maximum flow rate (zero back pressure) as a function of the phase interval, At. (b)
Fluid volume expelled by pump for a single pump cycle calculated from the data in (a). 9 pumps
were tested with vacuum and 5 without. The large error bars for vacuum at 20 ms are due to 2
pumps having significantly smaller flow rates than the others.

The measured maximum flow rate, Q,.y, 1S shown as a function of At in Fig. 4.6a. The
maximum flow rate increases as At decreases, reaching a peak of 40 uL/min for At = 15 ms when
vacuum is applied to the DC. The flow rate then drops rapidly as At continues to decrease. Note that
for At > 15 ms, the maximum flow rate with vacuum is approximately twice as large as without
vacuum. Calculating the displaced fluid volume as a function of At (Fig. 4.6b), it is apparent
that the vacuum pulls the membrane up into the control volume enough to essentially double the
volume expelled by the DC for t3 — t4 as compared to the no vacuum case. We arbitrarily chose 50
ms (maximum expelled volume) as the phase interval for all subsequent measurements, and used
vacuum with the DC.

A pump’s maximum back pressure is defined as the maximum pressure the pump can work
against such that the flow rate just goes to zero. The inset in Fig. 4.7a shows the experimental
setup we used to measure the maximum back pressure of a 3D printed pump. The pump operates
to push fluid into a closed channel in which the pressure is monitored with pressure sensor G1.
The control pressure actuating the valves and DC is measured with G2. A typical measurement is
shown in Fig. 4.7a. The back pressure is calculated by averaging data in the last 10 s. In Fig. 4.7b,
we compare the measured maximum back pressure for control pressures of approximately 6, 9,

and 11 psi. A linear curve fit shows an x-intercept of ~4.5 psi, which is the minimum control
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pressure needed for the pump to be able to push fluid into a zero back pressure outlet. According
to Fig. 4.7b, a control pressure of 9 psi is sufficient to generate a back pressure of approximately 4
psi, whereas a control pressure of 11 psi generates a back pressure of ~8 psi.

In Fig. 4.8 we measure the flow rate as a function of the height of the outlet above the fluid
source and pump. As expected, the flow rate slowly decreases with outlet height. An outlet height
of 120 cm corresponds to 1.7 psi of back pressure, in which case the average flow rate decreases

from 19.3 puL/min to 17.2 yuL/min.

4.2.3 3D Printed Multiplexers and Mixers

We now use the example of a 3-to-2 multiplexer to illustrate how 3D printing enables high
density 3D layout of microfluidic components in a single device. The simplest function of a 3-to-2
multiplexer is to pump fluid from any of three inputs to any of 2 outputs. As discussed in Section
3.2, a pump can be constructed with a DC placed between two valves. Therefore, the smallest
component count for a 3-to-2 multiplexer is shown in Fig. 4.9a where a DC is placed between
three input valves (V1, V2, V3) and two outlet valves (V4, V5). Pumping, for example, from
Buffer to Outlet 1 uses V1-DC-V4 with all other valves closed. Similarly, pumping from Red to
Outlet 2 uses V2-DC-V5. Fluid can be pumped from any of the inlets to any of the outlets by using

the associated inlet and outlet valves in conjunction with the DC while keeping all other valves
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Figure 4.7: (a) Typical maximum back pressure measurement and (inset) experimental setup. (b)
Maximum back pressure as a function of control pressure (average and standard deviation for 7

pumps).

49



25

< 20
3 15-
()
T 10
z
S 5
L
0 T T T T
0 30 60 90 120

Outlet Height (cm)

Figure 4.8: Flow rate as a function of the outlet height for a control pressure of 9 psi (average and
standard deviation for 6 pumps). Different pumps were used in all tests.

closed. (As a side note, the configuration in Fig. 4.9a can actually pump fluid from any inlet or
outlet to any other inlet or outlet by using the corresponding valves with the DC and appropriate
phasing of their actuations.)

One possible 3D layout of the components in Fig. 4.9a is shown in Fig. 4.9b in which V1,
V2, and V3 are located directly above V4, DC, and V5, respectively. Flow channels and control
channels are easily routed through 3D space to form the connections indicated in the schematic
diagram in Fig. 4.9a. The valve, DC, and flow channel dimensions are the same as discussed in
previous sections.

A fabricated device is shown in Fig. 4.9c, looking from below through the glass slide
substrate. The valves V1, V2, and V3 are occluded (indicated by dashed white lines) behind
V4, DC, and V5 (indicated by solid white lines). PTFE tubing is epoxied in the inlets on the left,
and the outlet flow channels are on the right. The three inlet tubes contain buffer (Buffer), diluted
red dye in water (Red), and diluted black dye in water (Black), respectively. Both Red and Black
have previously been pumped through the device, followed by Buffer. This is the reason the flow
channels from the Red and Black inlets to the DC are filled with Red and Black, respectively.

Fig. 4.9d-1 show an example set of operations conducted with the multiplexer that exer-
cise the various combinations of inlets to outlets. It begins with Red being pumped to Outlet 1
(Fig. 4.9d), followed by Black to Outlet 2 (Fig. 4.9¢), Buffer to Outlet 2 (Fig. 4.9f), Buffer to
Outlet 1 (Fig. 4.9g), Red to Outlet 2 (Fig. 4.9h), and Black to Outlet 1 (Fig. 4.91). Its dynamic op-
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Figure 4.9: (a) Multiplexer schematic diagram. (b) CAD design taking advantage of stacked layout
flexibility enabled by 3D printing. Valve labeling is the same as (a) with corresponding control
lines labeled C1, C2, etc. (c) Bottom view of multiplexer fabricated according to the CAD design
in (b). (d)-(1) Demonstration of arbitrary 3-to-2 multiplexing. See text for details. Arrows indicate
active flow direction.

eration is shown in the ESI Movie S1 of Ref. 61. During each inlet/outlet combination, the pump
is typically run for 50 periods to more than fully flush the previous fluid in the large (500 um x
500 um x 2.5 mm) outlet channels. The large outlet channel size is chosen solely to make it easy
to see the colored fluids. As a further note, it takes approximately 3 pump periods to flush fluid
from the DC when switching from one fluid to another.

The multiplexer can also be used as a mixer by, for example, operating two of the inlet
valves simultaneously during pumping, in which case the fluids from the two inlets will be drawn
together through the pump and expelled into an outlet. Prior to initiating pump action, we first
opened V2, V3, DC, and V5 while raising the reservoirs from which red and black fluid are drawn
about 15 cm above the microfluidic device. All of the other valves are closed. Fig. 4.10a illustrates

the gravity-induced flow of Red and Black through the device. The upper right inset shows Black
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Figure 4.10: (a) Flow generated only by gravity. Note lack of Red/Black mixing. (b, ¢) Bottom
view of DC channel layout in (b) Mixer 1 and (c) Mixer 2. Red channels, R1 in (b) and R1 and
R2 in (c), connect the Red inlet valve (V2 in Fig. 4.9a) to the DC, while the black channels, B1
in (b) and B1 and B2 in (c), connect the Black inlet valve (V3) to the DC. Buffer is the channel
that connects the Buffer inlet to the DC through valve V1. O1 and O2 connect the DC to Outlets 1
and 2, respectively, through valves V4 and V5. (d) and (e) compare the mixing performance of the
designs in (b) and (c). See text for details.
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Table 4.2: Mixer timing logic. Red: actuated
(pressure applied; valves closed); green:
not actuated (valves open). Valves not
listed in the table are closed.

to t t 3 t4

V2 °® ° ° °
V3 °® ° ° °
DC °® °
V5 °® ° °

entering the DC from below and Red from above, corresponding to the physical locations of their
inlets into the DC. The upper left inset shows the segregated Red/Black flow stream through the
DC outlet channel, which maintains its segregation through V5 and Outlet 2 (lower right inset
image). Clearly, the only mixing that occurs is due to diffusion across the boundary between the
two fluids.

Now consider simultaneous pumping from Red and Black into Outlet 2 according to the
timing logic in Table 4.2. The results are shown in Fig. 4.10d in which each image shows the device
state for the corresponding timing logic in Table 4.2 (note that t5 is the same state as ty). Prior to
taking these images, the device was operated long enough such that it had reached a steady-state
condition. At t; fluid is draw into the DC through open valves V2 and V3, both of which are
closed at tp. The inset for t; shows the spatial segregation of fresh Red and Black just drawn into
the DC. At t3 the valve to Outlet 2, V5, is opened, following which fluid is expelled from the DC
through V5 into Outlet 2 at t4. The inset at t4 shows similar Red/Black segregation in the DC outlet
channel, but by the time it makes it through V5 and into Outlet 2 there is much more mixing than
in Fig. 4.10a. However, there is still a discernible red streak near the middle of Outlet 2 (see inset
at ts).

As soon as we had this result we realized that mixing could be improved by increasing the
degree to which Red and Black are interleaved in the DC, which is easily accomplished with a
change in geometry. Consider for example the bottom view of the DC in Fig. 4.10b in which Red
is introduced into the DC through flow channel R1, and Black through B1. By splitting each Red
and Black inlet into two inlets and interleaving them as shown in Fig. 4.10c (labeled as R1, R2,

B1, and B2), additional mixing can be created in the DC. The mixing properties of the resultant
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device are shown in Fig. 4.10e using the same sequence of steps as Fig. 4.10d. The inset image
for t; shows red and black regions localized around their respective DC inlets, while the inset at
t4 shows more Red/Black streams in the DC outlet channel, resulting in better mixing in Outlet 2
as seen in the inset at ts. The rapid iteration time enabled by 3D printing allowed us to redesign,
fabricate, and test this new DC inlet design within a day.

As a final comment, the 3-to-2 multiplexer in Fig. 4.9 can be readily scaled to larger num-
bers of inlets and outlets. At this point it is unclear what the practical scaling limit is, but it will
likely be determined by the fabrication yield of the valves, in which case our fabrication techniques

would need to be further refined to increase the valve yield.

4.3 Conclusions

In this chapter we have demonstrated the potential of 3D printing to enable both rapid
fabrication iteration and high density integration of microfluidic components. We have reported the
smallest yet 3D printed valves and characterized valve performance and durability. Incorporation
of a thermal initiator in the resin together with a post-print bake dramatically improves durability.
Fifty two out of 54 valves were successfully tested up to 10,000 actuations, at which point we
stopped the tests because of how long they took. One valve was tested to 1 million actuations, after
which it still performed well. We have used these valves to create compact pumps and characterized
their maximum back pressure and maximum flow rate. Flow rates as high as 40 uL./min have been
demonstrated. We have also demonstrated a 3-to-2 multiplexer with integrated pump, and shown
that it can also be used as a mixer. Moreover, we have shown the ability to implement and test
a new idea to improve mixing within only a day, thereby illustrating the power of 3D printing to

enable a “fail fast and often” iterative device development strategy.
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CHAPTERS. CUSTOM 3D PRINTER AND RESIN FOR 18 ym x 20 um MICROFLU-
IDIC FLOW CHANNELS

Previously in Chapter 3 we showed that custom resin formulation in conjunction with a
relatively high resolution DLP-SLA 3D printer (27 um pixel pitch in the image plane) enabled
us to 3D print microfluidic flow channels with cross sectional area (108 um x 60 pum) near the
boundary between the microfluidic and large microfluidic regimes. In this chapter, we show how
3D printing can be further extended to fabricate microfluidic flow channels with cross sectional
area small enough to truly be in the microfluidic regime. Our approach is to construct our own
high resolution 3D printer (7.56 um pixel pitch in the image plane) and develop a custom resin
specifically tailored to take advantage of the 385 nm LED spectrum of the 3D printer. Moreover,
we introduce a new channel narrowing technique that results in reliably printing flow channels as
small as 18 um x 20 um, which is 18 times smaller than our previous results in Chapter 3. To
demonstrate the efficacy of our approach, we fabricate 41 mm long 3D serpentine flow channels in
a volume of only 1.56 mm x 0.38 mm x 0.21 mm = 0.12 mm?>. We also demonstrate high aspect
ratio channels <25 yum wide and 3 mm tall. In short, we show that when appropriately applied,
DLP-SLA is an effective method to 3D print truly microfluidic voids, which lays the foundation
for 3D printing to challenge the dominance of conventional methods of microfluidic prototyping
and development such as soft lithography and hot embossing. The work in this chapter is reported

in Ref. 62.

5.1 Materials and Methods

5.1.1 Custom 3D Printer

Our two most important design criteria for constructing a custom 3D printer for microflu-
idics are a high resolution light engine and a UV LED light source. The former is critical to

achieve small in-plane (x-y) void size, while the latter enables a wider selection of materials for
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Figure 5.1: 3D CAD model of our custom 3D printer.
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Figure 5.2: Schematic illustration of 3D printer.

custom resin formulation than the 405 nm sources we have previously worked with in Chapter 3.
As we show in Sect. 5.2.1, creating a resin with the correct optical properties relative to the light
source is critical to achieve small out-of-plane (z dimension) void size.

Our custom 3D printer design is shown in Fig. 5.1. A schematic illustration of its layout

is included in Fig. 5.2. The custom 3D printer comprises a light engine, a 45° turning mirror
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with 3 axes of adjustment, a 3D printing mechanism, and custom-made mounts. The light engine
and turning mirror are attached to a common base, which in turn is mounted to a rail so that the
assembly can be conveniently shifted between the 3D printing mechanism on the left and a resin
dose calibration set up (detailed in Sect. 5.1.4) on the right.

The light engine (Visitech, Lier, Norway) is based on a TI DLP9000 (Texas Instruments)
containing a 2560 x 1600 micromirror array. With a 1:1 imaging system, the image plane res-
olution is 7.56 um and the projected area is 19.35 mm x 12.10 mm. The optical source in the
light engine is a 385 nm LED. We measure the peak wavelength and full-width at half-maximum
(FWHM) of the source to be 383.4 nm and 12.6 nm, respectively. The 45° turning mirror re-
flects light from the horizontally mounted light engine such that projected patterns can be focused
through the transparent bottom of a resin tray. A Solus 3D printing mechanism (Junction3D, Santa
Clarita, CA) is heavily modified to serve as a platform for the 3D printing process. The bottom
of the resin tray is a replaceable teflon film that is tensioned on an underlying quartz window to
guarantee flatness.

In its current configuration, the ultimate build size of our custom 3D printer is 19.35 mm X
12.10 mm x 80 mm, where the XY size and the Z size are determined by the projected image from
the light engine and the Solus mechanism, respectively. Note that we have deliberately traded-off
XY size in favor of higher XY resolution, which is required to obtain small in-plane void size. If
desired, the XY build size can be increased without compromising resolution by exposing multiple
images side-by-side for each layer. This can be accomplished, for example, by translating the light
engine in XY. In this chapter we use a single image position for each layer, and defer translating
the light engine to future work.

We have developed custom Python software to operate our custom 3D printer. The soft-
ware controls the 3D printing mechanism over a serial channel using G-code and the light engine
over I’C to a low-level hardware interface. Images are sent with a graphics card through HDMI.
All synchronization of 3D printer functions is performed in the Python code. The code gives us
absolute control over all aspects of the 3D printer, including arbitrary exposure times for arbitrary
layers during a 3D print, multiple independent exposures per layer, variable layer thicknesses, and,

most importantly, single pixel precision in the projected images.

57



Absorbers —

D\ c D\ c
Avobenzone Octocrylene Soluble Absorption
/ 3 > ha T
Benetex OB+ Phenazine 9 Y ot V.ol ar Il C
Benetex OB-M1  POPOP [ in PEGDA ) L Spectrum ) L
BLS 99-2 Quinoline Yellow -M1 POPOP .
Coumarin 102 Quercetin !?/lenr?r:elzl( ct)ilr3 te | Quinoline Yellow Avobenzone | Phenazine Benetex OB+
Martius Yellow  Salicylaldehyde _o ydrate X BLS 99-2 Salicylaldehyde UVS-1101
Morin Hydrate ~ Sudan| Nitrofurazone | Triamterene Octocrylene
Nitrofurazone ~ Triamterene NTAQ Y UV386A Y Y
NPS UV386A ( Reject ]
NTAQ UVS-1101
. J A A A
Quercetin Coumarin 102 Martius Yellow
Sudan |

NO,
Fluorescent at Material
[@S@ NPS] ‘ small Channel ’ E ‘Source Spectrum Strength ’ E

Figure 5.3: UV absorber evaluation criteria and process flow. 20 absorbers are initially considered.
Rejected absorbers are indicated at each step in the process where they do no pass the evaluation
criterion.

5.1.2 Materials

The focus of our resin formulation efforts is finding one or more UV absorbers that will
give the optical properties needed to achieve small void size in the z dimension. Similar to our
previous work in Ref. 24 and Chapter 3 and 4, we use poly(ethylene glycol) diacrylate (PEGDA,
MW258) as the monomer and phenylbis(2,4,6-trimethylbenzoyl)phos-phine oxide (Irgacure 819)
as the photoinitiator. They are obtained from Sigma-Aldrich (St. Louis, MO) and BASF (Vandalia,
[llinois), respectively.

Part of the motivation for use of a PEGDA-based resin is that it has low non-specific ad-
sorption and is suitable for electrophoretic separations [81]. Moreover, Urrios et al. showed that
their PEGDA resin formulation could be made biocompatible with a specific post-processing treat-
ment [55]. Regarding solvent compatibility, we have found 3D printed PEGDA resins to be com-
patible with some solvents such as isopropyl alcohol and ethanol, but not others such as acetone
and toluene.

As indicated in Fig. 5.3, we evaluate 20 potential UV absorbers. Their molecular struc-
tures are shown in Fig. 5.4. Nearly all are inexpensive and readily available. These absorbers are

organized in Table 5.1 as well as their vendors. Each chemical is used as received.
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Figure 5.4: Molecular structures for monomer, photoinitiator, and UV absorbers used in this study
(except for UV386A, which is proprietary).

Resins studied for 3D printing are prepared by mixing 1% (w/w) Irgacure 819 and the
desired concentration of UV absorber with PEGDA, and sonicating for 30 min. All photoinitiator-

containing resins are stored in amber glass bottles after mixing.

5.1.3 Molar Absorptivity Measurement

The absorption spectrum of each UV absorber is measured by mixing the absorber at a
specific concentration with PEGDA and placing a drop of resin in the gap between a glass slide
and a coverslip separated by 65 um spacers. The resin is illuminated through the glass slide

with attenuated light from a broadband XCITE-120Q source (Lumen Dynamics, Ontario, Canada).
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The transmitted light is captured by a fiber with 100 um diameter core connected to a QE65000
spectrometer (Ocean Optics, Dunedin, FL). The molar absorptivity is calculated from the measured

absorption spectra of resins with and without an absorber, and from the known resin thickness.

5.1.4 Dose Calibration

Polymerization thickness as a function of optical dose is measured with the set up on the
right in Fig. 5.1, which consists of a custom resin container with a 75 mm x 50 mm glass window
in the bottom. When the light engine is shifted on the rail to this calibration station, the height
of the resin container is adjusted so that the projected image is focused on the top surface of the
window. A layer of resin ~1 mm thick is applied to the window and exposed to a series of 1 mm?
square patterns with different exposure times, which results in different polymerization depths.

After rinsing unpolymerized resin with isopropyl alcohol (IPA), we measured the thickness of the

polymerized regions using a Zeta-20 3D optical profilometer (Zeta Instruments, San Jose, CA).

5.1.5 3D Printing

3D prints are fabricated on diced and silanized glass slides. The silanization procedure is
given in Chapter 4, except that here we use a silane concentration of 10% rather than 2%. All 3D

prints are exposed with a measured optical irradiance of 21.2 mW/cm? in the image plane.

5.1.6 Material Mechanical Properties

As discussed in Sect. 5.2.2, we experimentally observe that some UV absorbers appear
to hinder the photopolymerization process such that a given dose results in noticeably different
material strengths for different absorbers. To illustrate this phenomenon, we measure the hardness
and Young’s modulus of two resins containing different UV absorbers. Measurements are made
with 19.35 mm x 12.10 mm x 5 mm 3D printed blocks of polymerized resin printed with a 5
um layer thickness. Their Shore hardness is measured with a Rex Gauge Model 1600 durometer
(Buffalo Grove, IL) for both ASTM D2240 Type A and Type D scales. The Young’s Modulus is

measured in compression with an Instron 3455 (Instron, Norwood, MA).
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Figure 5.5: Measured molar absorptivity and LED source spectrum.

5.1.7 Post-Print Curing

In Chapter 4 0.01% w/w azobisisobutyronitrile (AIBN) was added to the resin to enable
post-print thermal curing to drive further polymerization and obtain improved mechanical proper-
ties. However, we find that the 385 nm source of our new 3D printer activates AIBN such that it is
consumed during 3D printing, and is therefore unavailable for post-print thermal curing. We tried
an alternate thermal initiator, benzoyl peroxide, but found that it was likewise activated during 3D
printing. Therefore, we employ an optical curing approach in this chapter. The key is to use a
photoinitiator with absorbance that extends to longer wavelengths than the long wavelength cut
off of the UV absorber such that light in this region penetrates through the device. For example,
in Fig. 5.5, the Irgacure 819 absorption spectrum extends to ~460 nm, while NPS and Martius
Yellow drop off at ~440 nm. For post-print optical curing we use an inexpensive consumer UV

nail curer (54 Watt Professional UV Nail Dryer, Royal Nails) that emits a broad spectrum.
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5.2 Results and Discussion

In this section we begin by stepping through the process of developing a custom resin to
fabricate truly microfluidic void sizes based on our new 3D printer, taking into account the source
and UV absorber spectra. A mathematical model is developed, from which the optical penetration
depth for a resin, &,, can be calculated directly from its measured molar absorptivity and desired
absorber concentration, and also determine A, and the critical exposure time, T¢, (see Chapter 3
for the model details) from experimental measurement of polymerization thickness as a function
of exposure time. Our assessment leads to the selection of NPS as the UV absorber for our custom
resins. Next, we evaluate the minimum achievable void size as a function of layer thickness and
layer exposure time for 2% w/w NPS concentration. Using calculated dose as a function of z,
we develop a model for the minimum achievable void size, and demonstrate that the model is
predictive by applying it to 3% NPS resin to obtain flow channels with a design height of 18 um.
We then introduce a new channel narrowing technique that reduces channel width from ~38 um
to ~20 um. Finally, we demonstrate the utility of our methods by fabricating 41 mm long 3D

serpentine flow channels and high aspect ratio flow channels.

5.2.1 Absorber Selection

Criteria

Our approach to evaluating UV absorber candidates is illustrated in Fig. 5.3, which we
apply to 20 candidate absorbers. These candidates were primarily found by examining chemical
manufacturer websites and manually assessing absorption spectra in the 20 volumes of Ref. 88.

Most UV absorbers are powders that must be mixed with PEGDA, a liquid. The first test
criterion is therefore whether the absorber is soluble. Table 5.2 shows the results of our solubility
measurements. Seven of the 20 candidate absorbers are found to be insoluble in PEGDA and an
eighth, nitrofurazone, has such a low solubility (0.07%) that it is unusable.

The next criterion is whether the absorber’s absorption spectrum fully overlaps the emis-
sion spectrum of the light engine optical source. Fig. 5.5 shows the measured molar absorptivity
as a function of wavelength for the remaining absorber candidates. It also shows the molar ab-

sorptivity of the photoinitiator, Irgacure 819, and the light engine source spectrum. As is evident
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Table 5.2: Solubility in PEGDA and fluorescence with
385 nm excitation. Dash indicates insolubility.

Material Solubility (%) Fluorescent
Avobenzone >5

Benetex OB+ 0.25 Yes
Benetex OB-M1 — Yes
BLS 99-2 >5

Coumarin 102 0.8 Yes
Irgacure 819 >5

Martius Yellow 3

Morin Hydrate —

Nitrofurazone 0.07

NPS >5

NTAQ —

Octocrylene >5

Phenazine 1.8

POPOP — Yes
Quercetin 0.8

Quinoline Yellow —

Salicylaldehyde >5

Sudan I 2.7

Triamterene — Yes
UV386A —

UVS-1101 0.5 Yes

from the figure, 5 absorber candidates have poor spectral overlap with the source. In each case, the
absorber’s long wavelength tail is insufficient to cover the full source spectrum. The result is that
some of the source spectrum will penetrate deeper into the device during 3D printing, causing un-
polymerized resin in what should be voids to polymerize and thereby fill the voids. Such absorbers

are therefore incapable of being used to fabricate small voids, as we show below.

Mathematical Model

In Chapter 3 we noted that the polymerization depth, z,, for an exposure time of ¢, is

t
@:mm%, (5.1

C
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where h, = 1/a and « is the resin’s absorption coefficient. This result assumes monochromatic
illumination, which is valid if the absorption coefficient is relatively constant over the source spec-
trum. However, in this chapter we consider wavelength-dependent absorption such that a more
refined model needs to be developed.

Consider a photopolymerizable resin with absorption coefficient &¢(A) occupying the half
space z > 0 and illuminated by a polychromatic light source, Ip(A ), from the -z direction. The dose
(J/cm?) at z for exposure time # can be expressed as (see Table 5.3 for a comprehensive comparison

of the monochromatic and polychromatic cases)
D(z,t) =1 / Io(A)e *HMzgp. (5.2)
0

Normalizing by the dose at z = 0 we obtain,

_ D(z,1)
Dy(z) = D(0.1) (5.3)
I Ip(A)e=*PMzdy,
— S 5.4
JIo()dx G4

The normalized dose, D,(z), indicates how rapidly the relative dose decreases as a function of

a(d)

z, and has the functional form of a weighted average of e~ **)% over A with weighting function

Ip(A). Based on calculations with measured spectra for numerous absorbers, we have found that

this weighted average can be approximated as

Dy(z) =~ ae /b 1 (5.5)

=1—a(l—e¥b), (5.6)

where we have used ¢ = 1 —a in Eq. 5.6, which can be derived from D, (0) = 1. When there is
good spectral overlap between an absorber and the source spectrum, @ = 1 and the approximation

for D, (z) reduces to

Dy(z) m e %/ha, (5.7)
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where we have recognized that b = h,. We refer to Eq. 5.7 as Model 1 and Eq. 5.6 as Model 2.
Both depend solely on the spectral properties of the absorber and the source. Given the molar

absorptivity, £(A), from Fig. 5.5, the absorption coefficient, a(1), is
a(A) =1og(10)e(A)C, (5.8)

where the molar concentration, C, can be calculated from the w/w absorber concentration, C,, Jws

in percent as

Cw/w np
C= T.OE (5.9

in which 1p is the density of PEGDA and M, is the absorber molar mass.

Fig. 5.6a and 5.6b show example calculations of D,(z) using Eqs. 5.4 and 5.8 for three
resins based on their measured absorption spectra and the light engine source spectrum. As seen in
Fig. 5.5, both Irgacure 819 and NPS have good spectral overlap with the source spectrum, such that
fitting Model 2 to the calculated D,(z) yields a very close to 1, in which case b from Model 2 and
h, from Model 1 agree to within 5%. On the other hand, avobenzone does not have good spectral
overlap with the source such that a < 0.9, and b and h,, differ by 60%. Note that for Irgacure 819

and NPS, D, (z) — 0 as z — oo, whereas for avobenzone D,(z) —~ 0.1. Hence at depths beyond

1.0 1.0
1% Irgacure 819 0.5% Avobenzone
0.8 - fit: y = a*exp(-z/b) + (1-a) 0.8 - fit: a=0.867, b=19.34
- a=0.984, b=208.47 fit: h,=33.96
| fit: y = exp(-z/h,) i o
—~ 0.6 e —~ 0.6 2% NPS
= h,=218.85 = —- fit: a=0.983, b=11.79
0 0.4 0 0.4 ceen fit: hy=12.41
0.2 0.2
0.0 T T — T 0.0 T T f
0 250 500 750 1000 1250 1500 0 50 100 150 200
z (um) z (um)
(a) (b)

Figure 5.6: (a) Dy(z) calculated from molar absorptivity for 1% Irgacure 819 resin. (b) Same as
(a) except for 1% Avobenzone and 2% NPS resins.
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several h,, NPS resin will remain largely unexposed, whereas avobenzone resin will continue to

photopolymerize, making it unusable to fabricate small voids.

Polymerization as a Function of Dose

The critical dose, D., on Line 4 in Table 5.3 is the dose required to just polymerize a resin
for a given irradiance. This dose occurs at the leading edge of the polymerization thickness, z,,
which corresponds to a specific polymerization time, z,. For the monochromatic case we can solve

Line 4 for the polymerization time (using Line 5) as

t
%:&W, (5.10)

c

which leads to Eq. 5.1 for z,, referred to as Model 3, which is also on Line 6.
For the polychromatic case we cannot obtain an analytic expression for the polymerization

depth, z;,. Instead, we must solve for 7,,. Beginning with Line 5,

D,

T, = o, 5.11
() 1D
and substituting for D, (Line 4), we obtain
o0 —a(d)z
T _ Jolo(A)e "7 dd (5.12)
tp Jo Ib(A)dA
= Dy(zp) (5.13)
~ (1 —a)+aexp(—z,/b), (5.14)

where D, (z) is the normalized dose defined in Eq. 5.3 and Eq. 5.14 is from Eq. 5.6. Solving for 7,

we obtain

T,
" =1 —a) taexp(—zp/b) G-19)

In Chapter 3 we utilized a resin characterization method in which the polymerization thick-

ness is measured for a series of exposure times, followed by fitting the data to Eq. 5.1 to determine

68



0.5% Avobenzone , £
250 - 0.25% Benetex OB+ .' 3 150
E 2% BLS 99-2 9 o
S 0.4% Coumarin 102 é © 125 7
- 200 - 1% Irgacure 819 " g 100 4
8 1.0% Martius Yellow J [=
< 2% NPS * s 71
= 1% Octocrylene .f © 50 4
c i . N
[ 150 0.5% Phenazine ’f b
c 0.5% Quercetin / E 25+
o ) b >
e 2% Salicylaldehyde ¢ o 0
F _
N 100 ¢ 0.6%Sudan| 4 —_—
= 05% UVS-1101 * 0 250 500 750 1000 1250 1500
g )" Exposure Time (ms)
> 4 -
S 50- P B R
/'0 (Y 4——'.—""* g“&hw
# ,.—,—::;g:'a:c**‘*"”
0 -3 ¥ AP~ ¢ il —
102 103 10*

Exposure Time (ms)

Figure 5.7: Measured polymerization thickness as a function of exposure time for 13 resins. Each
resin contains 1% Irgacure 819 in addition to the specified UV absorber. Dashed lines indicate fit
to Model 3. Inset shows that Model 4 (solid lines) is a better fit for some resins.

h, and T.. We employ a similar method in this chapter, except that when there is poor spectral
overlap between the absorber and the source spectrum, the polymerization behavior is better mod-
eled by Eq. 5.15. We refer to Eq. 5.15 as Model 4. The fit parameters of Model 3 and 4 are based
solely on measured polymerization thickness as a function of optical exposure time.

Fig. 5.7 shows the measured polymerization thickness as a function of exposure time for a
wide selection of custom resins. In each case, the corresponding dashed line shows the fit to Model
3. The inset graph also shows the fit to Model 4 as solid lines for the three resins that have the
poorest fit to Model 3 (1.0% avobenzone, 2% BLS 99-2, and 0.5% Coumarin 102).

The fits to Models 1 — 4 for all of the resins are shown in Table 5.4. When the fit for
a in Models 2 or 4 is ~ 1, the absorber has good spectral overlap with the source. In this case
Models 1 and 3 are valid and typically show good agreement with each other even though they
are generated from completely different measurements, thereby indicating the consistency of our
analysis methods.

In addition to good spectral overlap, we also require that /s, be suitably small in order

to realize 3D printed channels with small vertical void size. We therefore restrict our choice of
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absorbers to those that can achieve the smallest 4,, which, in conjunction with previous criteria,

limits the possible absorbers to Coumarin 102, Martius Yellow, NPS, Quercetin, and Sudan L.

5.2.2 Material Properties and Layer Dose

For a given irradiance and build layer thickness, the layer exposure time determines the
dose and hence the degree of crosslinking in a layer. Smaller layer exposure times result in less
crosslinking and hence less overall hardness and smaller Young’s modulus. On the other hand,
longer exposure time yields greater hardness and Young’s modulus, but increases the exposure of
resin in regions intended to be voids, thereby limiting the minimum vertical void size that can be
achieved. There is thus a layer exposure time trade-off between material properties and minimum
vertical void size. A resin that achieves adequate material properties with a smaller layer exposure
time will yield a smaller vertical void size than a resin that requires a longer layer exposure time
to obtain the same material properties.

As an example of the effect of two absorbers on material properties as a function of layer
exposure time, consider 2% NPS and 1.2% Martius Yellow resins, which have &, values of 11.2
and 9.8 um, respectively. Table 5.5 shows the results of Young’s Modulus and Type A and D

Shore durometer measurements. For 2% NPS, a layer exposure time of 280 ms yields a somewhat

Table 5.5: Comparison of Young’s modulus and durometer measurements
for NPS and Martius Yellow resins. Durometer measurements are unit-
less and Young’s Modulus, E, is in MPa.

2% NPS 1.2% Martius Yellow

fexp (MS) A D E fexp(mS) A D E
280 86 21 3.5 500 84 — 2.7
400 94 52 6.6 1000 93 70 6.7

280 cured 97 75 7.7 500 cured 94 47 5.5
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harder and stiffer material than a 500 ms layer exposure time for 1.2% Martius Yellow. When
the materials undergo the same length post-print cure, the NPS resin still has greater hardness and
Young’s modulus. We therefore expect to achieve significantly smaller vertical void size with the
NPS resin, which is consistent with my experimental observations.

In my experience making 3D printed valves and pumps in Chapter 4, post-print curing is
necessary for long valve and pump operational lifetime. Since optical curing is necessary for the
reasons discussed in Sect. 5.1.7, Sudan I is eliminated from consideration because its absorption
spectrum extends far beyond the long wavelength limit of Irgacure 819 such that it cannot be

optically cured to achieve good material properties.

5.2.3 Small Cross Section Channels

Our ultimate criterion for absorber selection is which absorber(s) result in the smallest
cross section channels. Experimentally we find that Coumarin 102 can yield small channels only
when they are close to the last exposed layer; deeper channels are always closed. We ascribe
this to the fact that Coumarin 102 is fluorescent at 385 nm. Since fluorescent light is emitted at
longer wavelengths than the excitation light, and much of it is beyond the long wavelength cutoff
of Coumarin 102 absorption, the fluorescent light can penetrate deeper during printing such that
resin in underlying channels is exposed and polymerized. Resin in channels near the surface do
not receive enough dose from fluorescence in subsequent layers to become polymerized.

In the case of Quercetin, we found that small channel sizes could be fabricated, but they
exhibited internal delamination. While it may be possible to find conditions in which this does not

occur, we chose to focus our efforts on the remaining absorber, NPS.

Channel Height

Extensive testing with 2% NPS reveals a set of conditions that repeatably result in the
smallest possible channel height with essentially 100% yield. This can be illustrated with Fig. 5.8,
in which scanning electron microscope (SEM) images of channel cross sections are shown for
the smallest achievable channel height (30 um) for layer thicknesses, z;, of 5, 7.5, and 10 um.

For 8.3 um layers, the smallest channel height is 25 um. A plot of normalized dose as defined
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(@) hayer = 5 UM, Nminlayer = 6, (b) Nayer = 7.5 um, Nmintayer = 4,
Nehannel = 30 Hm hchannel = 30 um

(¢) fayer = 8.3 Um, Nmintayer =3, (d) fayer = 10 tm, Nmintayer = 3,
hehannel = 25 um hehannel = 30 um

Figure 5.8: SEM images of flow channel cross sections for 2% NPS. See text for details. All
channels are designed to be 4 pixels wide. Larger layer thickness results in larger vertical wall
surface relief. fjayer 1s layer thickness, Npinlayer 18 the minimum number of layers for open channel,
and Achanner 18 channel height.

in Chapter 3 (Q = D(z)/D,)) is shown as a function of z/z; for a generic case in Fig. 5.9 for
the layers surrounding a flow channel intended to occupy layers 8-10. The normalized dose at
the top of the channel is Q. ;, which exponentially decays through the thickness of the channel.
Successful channel formation requires that this exponential tail is small enough to avoid significant
polymerization of resin in the channel.

Fig. 5.10 shows the calculated normalized dose for the actual experimental conditions of
Fig. 5.8. An additional example case is shown for a 25 um channel made with 5 um layers, which
never successfully forms clear channels. It is representative of many other parameter combinations
that also fail. Experimentally, I find that the minimum height channel for a given layer thickness
fufills the following conditions: (1) the normalized dose at the back of the channel, Q. is less
than or equal to ~0.1 and (2) the dose at the front of the channel, €., , is such that it decays to

less than or equal to ~1 at a distance of L,,;, above the bottom of the channel, where L,,;, is given
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Figure 5.9: Normalized dose as a function of normalized depth.
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Figure 5.10: Calculated dose as a function of depth for the cases in Fig. 5.8.

Careful examination of the first 4 cases shown in Fig. 5.10 shows that these condition are fulfilled

(2.3h, =25 pum for 2% NPS), whereas for the last case the second condition is not fulfilled (€2 is

~1.7 at 25 pum).

=2.3h,.
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(a) Hayer = 6 um, Nlayer =3, (b) Nayer = 7 pm, Nlayer = 3, (© Nayer = 8 um, Nlayer = 3,
hdesign =18 um hdesign =21 um hdesign =24 um

(d Nayer = 6 um, Nlayer =4, (¢ Nayer = 7 um, Nlayer =4, (® Hayer = 8 um, Nlayer =4,
hdesign =24 um hdesign =28 um hdesign =32 um

Figure 5.11: Same as Fig. 5.8 except for 3% NPS. fj,ye; is layer thickness, Nj,y,, is number of
layers, and g, 18 the designed channel height.

— 6 um layers
— 7 um layers
g 1.5 A — 8 um layers
o
)
2 / /
~N 1.0
2 ava
£
2 0.5 A <— 24 um channel
Q=0.1 < 21 um channel
< 18 um channel
0-0 T T T T
120 140 160 180 200 220

Z (um)

Figure 5.12: Calculated normalized dose as a function of depth for the 3 layer cases in Fig. 5.11

The smallest possible channel height is realized when the designed channel is 3 layers thick

with a height L,,;,, in which case the normalized layer thickness, {;, is

G =z/ha (5.18)
~0.77. (5.19)
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Channels larger than this are possible with other layer thicknesses as long as conditions (1) and (2)
are fulfilled.
To test whether this model is predictive, consider 3% NPS resin for which s, = 8 um, in

which case

Lupin = 2.3hg = 18 um (5.20)
2 = Lipin/3 =6 um (5.21)
& =2z/ha=0.75. (5.22)

Fig. 5.11 shows the corresponding results where the 3 layer 18 um channel is clearly open, as are
3 layer channels with 7 and 8 um layers. The calculated normalized dose as a function of z in
Fig. 5.12 clearly fulfills the model’s conditions for all cases. As seen in the second row of SEM
images in Fig. 5.11, increasing the channel height by adding more layers always results in open

channels.

Channel Width

The designed channel width for all of the cases presented so far is 4 pixels (30 um). Con-
sistent with our results in Chapter 3, we found this to be the minimum channel width that gives
100% yield. However, the physical width of the channels in Figs. 5.8 and 5.11 is wider than the
designed width by the equivalent of 1 to 2 pixels. This can be explained by noting that the teflon
film at the bottom of the resin tray is slightly cloudy. It therefore causes scattering of the light im-
aged through it, which broadens the effective exposure region of each pixel that is turned on. Lack
of exposure for the pixels in the channel reduces the dose received at the edges of the channels to
below the polymerization threshold.

We have developed a channel narrowing method that compensates for this lack of sufficient
dose at channel edges. The left image in Fig. 5.13a shows a typical primary exposure pattern for a
single layer containing a flow channel where white and black regions correspond to full exposure
and no exposure, respectively. The right image is a second exposure of the same layer where only
the 1 or 2 pixels adjacent to the channel are exposed. Fig. 5.13b and 5.13c show the effect of 1

and 2 pixel edge exposures for different exposure times for 2% and 3% NPS resin, respectively.
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Figure 5.13: (a) Primary and additional edge exposure patterns for a single layer containing a flow
channel. (b) Channel narrowing for 2% NPS resin for additional edge exposure. The build layer
size 1s 8.3 um layers and the designed flow channel height is 25 um. (c) Same as (b) except for
3% NPS resin with 6 um layers and a designed flow channel height of 18 um. (d), (e) Measured
channel width and height, respectively, as a function of edge exposure time.
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This strategy is clearly very effective in narrowing the channel width, which is further illustrated
in Fig. 5.13d where the measured channel width is plotted as a function of the edge exposure time.
The width can be reduced from nearly 40 um to 20 um. As shown in Fig. 5.13e, the edge dose
has no effect on the channel height (as expected). The final result is that 18 um x 20 pm channels

can be consistently fabricated with 3% NPS resin.

5.2.4 Long Channels

As an illustration of the efficacy of our approach, consider the fabrication of serpentine
channels in Fig. 5.14 in 3% NPS resin with a 1 pixel 400 ms edge exposure. A microscope image
of a single layer serpentine channel is shown in Fig. 5.14a. Note the excellent optical clarity of

imaging through the microscope slide substrate into the interior of the 3D printed device. A 3D

Tubing holes

Figure 5.14: (a) Microscope photograph of single layer serpentine channel. (b) Schematic illus-
tration of 3D stacked serpentine channel design. Each layer is shown as a different color. (c)
Photograph of 3D printed device with 24 3D serpentine channels. The photo is taken through the
glass slide on which the device is 3D printed. (d) SEM image of 3D serpentine channel cross
section.
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serpentine channel design is shown in Fig. 5.14b, with a photograph of a device containing 24 3D
channels in Fig. 5.14c. An SEM cross section is shown in Fig. 5.14d. The channel is 41 mm long

and occupies a volume of only 1.56 mm x 0.38 mm x 0.21 mm = 0.12 mm>.

5.2.5 Tall High Aspect Ratio Channel

As a further demonstration, consider the high aspect ratio channel shown in Fig. 5.15,
fabricated with 5 um layers, 4 pixels wide in 2% NPS with 2 pixel 400 ms edge exposure. Since
we are not going for the minimum channel height, we can use a smaller layer thickness to decrease

the sidewall surface relief that naturally occurs due to the layered nature of the 3D printing process.

Figure 5.15: Photograph and SEM images of 3D printed high aspect ratio flow channel.
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The channel width is <25 pum and its height is 3 mm (its length is 12 mm). Such channels are

useful in nanoscale liposome synthesis for drug delivery as discussed in Ref. 89.

5.3 Conclusions

In summary, we have shown that DLP-SLA is fully capable of 3D printing truly microflu-
idic flow channels with designed cross sectional areas as small as 18 um x 20 um. The out-
of-plane void size is dependent on formulating a resin that adequately limits optical penetration
during each layer exposure, which requires that the absorber’s absorption spectrum fully cover the
source spectrum. Small in-plane (x-y) void size is a function of the projected image resolution
with a minimum width of 4 pixels. We have also shown that an additional edge dose for each layer
containing a flow channel is an effective method of narrowing flow channel width. Taken together,
these advances open the door for 3D printing to displace conventional microfluidic fabrication

methods such as soft lithography.
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CHAPTER 6. 3D PRINTED HIGH DENSITY, REVERSIBLE, CHIP-TO-CHIP MI-
CROFLUIDIC INTERCONNECTS

Previously in Chapter 3 and 4, we demonstrated that our earlier custom resin and commer-
cial 3D printer work (60 um x 108 pum cross section flow channels) enabled dense 3D layout of
devices that included integrated valves and pumps. We are now applying our custom 3D printer
and resin from Chapter 5 to realize even smaller valves and pumps, in which we see a 30 x reduc-
tion in valve volume compared to the work in Chapter 4. Our expectation is that fully using all 3
spatial dimensions for component layout in conjunction with our new materials and methods will
routinely result in 3D printed microfluidic devices with volumes on the order of 10 mm? or less.
With such small size (only a few mm on a side), we anticipate that many devices (tens to ~100) can
be simultaneously printed in a single one hour 3D print run, thereby launching the possibility of
using 3D printing for not only device prototyping, but also device manufacturing. This would have
a profound impact on the microfluidics development process by eliminating the current separation
between prototyping and manufacturing, which typically rely on entirely different processes and
materials resulting in two independent and expensive development cycles, and instead consolidate
them to use the same tools and materials.

A critical aspect of realizing this vision is being able to make tens to possibly hundreds
of interconnections to such small chips in order to provide the necessary fluid and pneumatic
i/0’s. However, current world-to-chip interconnect methods achieve an areal density of at best
1/mm?, [90]-[100] and are therefore unsuitable for this purpose. In this chapter we propose that
the world-to-chip interface be delegated to a separate, larger interface chip that in turn is connected
through a new high density chip-to-chip interconnect to a much smaller device chip. This chip-to-
chip interconnect method is designed to meet the following criteria: (1) support large numbers of
interconnects at (2) high density (10’s/mm?) while (3) withstanding pneumatic and fluid pressures
typical for 3D printed microfluidic valves and pumps (at least 20 psi) and that are (4) reusable

and (5) easy to align and connect. We show that these objectives can be achieved with a Simple
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Integrated Microgasket (SIM) that is directly 3D printed as part of a device chip. Moreover, we
show that a more refined Controlled-Compression Integrated Microgasket (CCIM) can be directly
integrated with no increase in fabrication time or complexity because of the ease of 3D printing.
In both cases we demonstrate 11 x 11 arrays of interconnects in an area of 1.5 mm x 1.5 mm
(53 interconnects/mm?) that withstand 100 separations and re-connections with no degradation
in performance for an applied pressure up to 50 psi. We then investigate the scaling properties
of CCIMs by demonstrating a 20 x 20 array of interconnects in an area of 3.0 mm x 3.0 mm,
and by showing that the areal density can be increased to 88 interconnects/mm?. In short, using
our approach, large numbers of high density chip-to-chip interconnects can be readily formed as
part of a 3D printed microfluidic device (including alignment structures) with no requirement for
additional materials or separately fabricated parts, thereby facilitating the vision outlined above
[101].

Finally, to illustrate the utility of CCIM interconnects to accommodate a large number of
world-to-chip connections, we use a spatially distributed set of discrete CCIMs as part of testing
our new, miniaturized 3D printed pneumatic membrane valves that are only 300 um in diameter.
We demonstrate 28 world-to-chip connections in an interface chip with 28 chip-to-chip CCIMs to
do lifetime testing of 45 valves arranged in a 9 x 5 array in a device chip.

The work in this chapter is reported in Ref. 102.

6.1 Materials and Methods

6.1.1 3D Printer and Materials

The 3D printer used in this work is the custom 3D printer we describe in Chapter 5 with
a 385 nm LED light source and a pixel pitch of 7.56 um in the plane of the projected image.
The photopolymerizable resin is poly(ethylene glycol) diacrylate (PEGDA, MW258) resin with
1% (w/w) phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (Irgacure 819) photoinitiator and 2%
(w/w) 2-nitrophenyl phenyl sulfide (NPS) UV absorber described in the same chapter, which also

details the suppliers we use for these materials.
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6.1.2 3D Printing

3D prints are fabricated on diced and silanized glass slides, as detailed in Chapter 5. Each
slide is prepared by cleaning with acetone and isopropyl alcohol (IPA), followed by immersion in
10% 3-(trimethoxysilyl) propyl methacrylate in toluene for 2 hours. After silane deposition slides
are kept in toluene until use. The build layer thickness is 10 um, and each build layer is exposed
with a measured optical irradiance of 21.2 mW c¢cm ™2 in the image plane. Unless otherwise noted,
the layer exposure time is 600 ms. After printing, unpolymerized resin in interior regions is gently
flushed with IPA, followed by device UV curing in an inexpensive consumer UV nail curer (54

Watt Professional UV Nail Dryer, Royal Nails) that emits a broad spectrum [62].

6.1.3 Surface Roughness Measurement

Surface roughness measurements are made with a 3D printed rectangular block comprised
of 4 adjacent equal-area regions, each of which has a different layer exposure time (600, 800, 1000,
and 1200 ms). After fabrication, the surface roughness is measured in three different ~0.1 mm?
areas in each exposure region and the average root-mean-square (RMS) roughness is calculated

based on these measurements. Measurements are made with a Zeta-20 3D optical profiler (Zeta

Instruments, San Jose, California) using a 10x objective lens.

6.1.4 Pressure and Reusability Measurements

For pressure testing, an interface chip and test chip are aligned and clamped together with
a custom aluminum clamp as shown in Figs. 6.1a and 6.1b. The test chip and interface chip are
first fitted together using the matching 3D printed alignment features on each chip. These are then
placed between machined aluminum pieces that have central cut-outs to facilitate optical access to
the test and interface chips. O-rings are used on the interior lips of the aluminum pieces to avoid
direct contact between the metal and glass slides on which the chips are 3D printed. The only tool
required is a hex key which is used to gently (using two fingers) torque the four screws that hold
the aluminum pieces together.

To test the performance of a single microgasket, a syringe pump is used to pressurize a

given interconnect through its specific chip-to-world interface as shown in Fig. 6.1c. Pressure

83



Pressure
Gauge

—

—=

Interface chip

(©)

Figure 6.1: (a) Clamping mechanism for interface and test chips. (b) Photo of clamped interface
and test chips ready for pressure testing. (c) Schematic illustration of pressure test set up. Syringe
pump is connected sequentially to individual tubes to pressure test each associated interconnection
port microgasket (see text for details).

is monitored with an electronic pressure transducer as the syringe pump pushes deionized (DI)
water into the test chip at a flow rate of 50 uL/min. Any compromise in the seal integrity of the
microgasket manifests itself as a drop in pressure, which is readily measured with the pressure
transducer.

The same basic process is used to test the 11 x 11 interconnection arrays in Sections 6.2.2
and 6.2.3 except that a parallel technique is applied in which 120 (out of 121) interconnects on the
interface chip are routed to a single PTFE tube such that they can all be pressurized simultaneously
using a syringe pump. (See Chapter 4 for details on PTFE tubing and our attachment method.) If
there is any leakage between the microgaskets and the interface chip, the pressure is released
through the 121% interconnect which is deliberately fabricated with an incomplete microgasket,
and which is connected to a second PTFE tube. Microgasket leakage therefore manifests itself as
not only a drop in pressure, but also the appearance of DI water in the second PTFE tube. To test

the reusability of the interconnections between the interface and test chips, the clamp mechanism
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and interface and test chips for the 11 x 11 interconnection arrays in Sections 6.2.2 and 6.2.3
are disassembled after a pressure test, followed by re-assembly and another pressure test. This is

repeated 100 times.

6.2 Results and Discussion

6.2.1 Concept

The basic idea of using an interface chip to act as a chip-to-world intermediary for a small

device chip is shown in Fig. 6.2a, where, as an example, 9 cylindrical recesses for PTFE tubing are

Interface Chip
e0ceeeeeee

(a)

Device Chip

(b) (c)

Figure 6.2: (a) Schematic illustration of a 3.4 mm x 3.4 mm x 1 mm device chip connected to
an interface chip (clamping mechanism not shown). The interface chip supplies a world-to-chip
interface with an array of cylindrical recesses into which PTFE tubing is epoxied. (b) Schematic
illustration of the interior of the interface chip showing how channels are routed from the cylindri-
cal recesses to an array of interconnects on the device chip. Alignment blocks on the top of the
device chip are also visible. (c) Underside of interface chip. Close-up shows that interconnects
consist of an array of flow channels that terminate on the flat bottom surface of the chip, and that
the device chip alignment blocks fit into recesses on the interface chip.

85



100

80 A

60

Average RMS Roughness (nm)

600 700 800 900 1000 1100 1200
Layer Exposure Time (ms)

Figure 6.3: Measured average surface roughness as a function of layer exposure time. The error
bars indicate the standard deviation of the three measurements for each exposure time that are
described in Sect. 6.1.3. Inset: microscope photo of device with adjacent regions having 600 and
800 ms layer exposure times. Faint pixelation is more observable for the former than the latter.

shown as the world interface on one edge of the chip, and on the bottom of the chip is a small 3 x
3 array of vertical channels (Figs. 6.2b and 6.2c) that interface with a matching set of channels on
the device chip.

Alignment of the two chips is achieved with four rectangular recesses in the bottom of the
interface chip (Fig. 6.2¢) into which fit matching rectangular blocks on the device chip (Fig. 6.2b.
We typically design the width of the rectangular blocks to be 2 pixels wider than the recesses to
account for slight material shrinkage and to ensure a snug fit. With this approach we generally see
an alignment accuracy of approximately one pixel between the vertical channels on the interface
and device chips. Also, the recesses are designed to be deeper than the height of the blocks so that
the lower surface of the interface chip contacts the upper surface of the device chip when they are
clamped together as in Fig. 6.1.

Fortunately, horizontal surfaces as fabricated in our custom 3D printer are exceptionally
smooth. As seen in Fig. 6.3, the average RMS surface roughness is 87 nm for a layer exposure
time of 600 ms. The roughness is primarily due to slightly depressed pixel edges as seen in the in-

set Zeta-20 microscope image as a barely visible square pattern of lines. This in turn is presumably
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due to the slightly lower optical dose along the projected pixel edges compared to the interior of
each pixel region. Lower dose means less crosslinking in the polymer matrix such that some of the
material may be marginally soluble in the isopropyl alcohol rinse that follows 3D printing. Note
that as the layer dose increases, the average RMS roughness decreases until it asymptotes to ~55
nm. Compared to the 600 ms layer exposure time, an increase of 33% to 800 ms results in a no-
ticeably decreased square pattern in the inset image, indicating that more of the photopolymerized
material at the pixel edges remains as part of the final print after rinsing. Since the RMS rough-
ness is already very small at 600 ms exposure time, we choose to use this exposure in our tests
since longer exposure times involve a tradeoff with the minimum achievable channel height [46],
[61], [62]. We believe that the smooth as-printed horizontal surfaces in conjunction with the mod-
est flexibility of our 3D printed material (Young’s modulus ~7-8 MPa) [62] are the fundamental

reasons that our high density interconnects work so well.

6.2.2 Simple Integrated Microgasket (SIM) Approach

A simple approach to forming leak-free interconnects is shown in Fig. 6.4a in which a
square microgasket is printed around each vertical channel on the device chip. We find that tall

microgaskets (D = 100 um) typically do not survive more than one clamping event in that many
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Figure 6.4: SIM design. (a) Integrated square microgaskets printed around each vertical channel
on the top surface of a device chip. The top surface is in the XY plane with the Z direction being
out of the plane. (b) Schematic illustration of the cross section of the vertical plane indicated in
(a). The microgaskets have height D above the surrounding planar surface of the chip.
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of the microgaskets become crushed. However, if the microgasket is only 10 pum thick (i.e., one
build layer), it survives a clamping event without noticeable damage.

A schematic cross sectional profile of the microgaskets and channels is shown in Fig. 6.4b.
A channel is N, pixels wide surrounded by a microgasket with a N; pixel wide sealing surface and

a gap of N, pixels with the next microgasket. The period is

Nper:2N5+Nc+Ng (6.1)

pixels, with a physical period of 7.56 ym times Np,,.

Table 6.1: Experimentally tested interconnect array sizes and periods.

Leak-free? Array N, Ny N, Period (pixels) Period (um) Density (mm?)
Y 3x3 6 6 6 24 182.4 30.0
Y 11x11 6 5 4 20 152 433

11x11
Y 20%20 6 5 2 18 136.8 534
Y I11x11 6 4 1 15 114 76.9
Y I11x11 6 3 2 14 106.4 88.3
N 11x11 6 3 1 13 98.8 102.4
N I1ixi1 6 2 2 12 91.2 120.2
N I11x11 6 2 1 11 83.6 143.1
— SIM1
50 A SIM 2
E 40 —
L3014
-]
v
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Figure 6.5: Using the device and interface chips in Fig. 6.2 for each of the 9 SIM in Fig. 6.4.
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We fabricated the interface and device chips shown in Fig. 6.2 (the latter with SIM micro-
gaskets having a microgasket height of D = 10 um) with an interconnection period of 24 pixels
(182.4 um) in both X and Y for an areal density of 30 interconnects/mm? (see Table 6.1 for geom-
etry details). Pressure test results for each of the 9 interconnects are shown in Fig. 6.5, in which the
pressure that builds up during syringe pump operation is shown as a function of time for each of the
tests. In all cases, the pressure rises monotonically to ~50 psi, at which point the test is terminated
because leaks develop in the testing setup itself (i.e., the syringe gasket and various PTFE tube-to-
tube connections). For each test, there is no evidence of leakage in the corresponding interconnect
port, indicating that the ports maintain their integrity to at least 50 psi.

To test a larger number of interconnects at higher density, we designed an 11 x 11 array
of interconnects as shown in Fig. 6.6 with a period of 18 pixels (136.8 um) in both X and Y for
an areal density of 53 interconnects/mm? (third row in Table 6.1), and a microgasket height of D

= 10 um. Note that the fidelity and uniformity of the microgasket and vertical channel features is

Pressure
Gauge

Interface chip

(b)

Figure 6.6: (a) 11 x 11 interconnect array test set up. (b) Composite image from four Zeta-20
microscope images of fabricated 11 x 11 array of SIMs. Close up shows details of SIMs, including
slight pixelation of the sealing surface.
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excellent, which is typical for the many SIM and CCIM devices we have 3D printed over several

months.
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Figure 6.7: Pressure as a function of time for the test set up in Fig. 6.6a repeated 100 times.

The results of pressure testing for 100 repeated tests are shown in Fig. 6.7. The pressure
that builds up during syringe pump operation is shown as a function of time for each of the runs. In
all cases, there is no evidence of leakage in the interconnect ports, indicating that the ports maintain
their integrity to at least 50 psi. As before, testing is terminated at 50 psi due to leaks in the testing

apparatus.

6.2.3 Controlled-Compression Integrated Microgasket (CCIM) Approach

After 100 pressure tests, the planar surface of the interface chip for the SIM case begins
to show slight signs of wear when observed in the Zeta-20. We therefore investigated an alternate
microgasket design in which the compression of the microgasket is controlled by the geometry
of the design (CCIM), as shown in Figs. 6.8a and 6.8b. The design features square microgaskets
in a recessed region. The microgasket height, L, is 100 um and the recess is 90 um such that
D = 10 um as for the SIM case. When the CCIMs on a device chip are clamped to an interface
chip, the microgaskets compress 10 pum (i.e., 10% of their height) because the planar surface of

the interface chip lands on the surrounding planar surface of the device chip, preventing further
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Figure 6.8: CCIM design. (a) Integrated microgaskets printed around each vertical channel in
a square recess. (b) Schematic illustration of the cross section of the vertical plane in (a). The
microgaskets have height D above the surrounding planar surface of the chip. (c) Composite
image from four Zeta-20 microscope images of fabricated 11 x 11 array of CCIMs. Close up
shows details of CCIMs. (d) Pressure as a function of time for the test set up in Fig. 6.6a repeated
100 times.

compression of the microgaskets. This therefore limits the amount of force the microgaskets exert
on the corresponding planar surface of the interface chip.

A fabricated 11 x 11 CCIM device chip is shown in Fig. 6.8c with the same XY dimensions
as the SIM device chip in Fig. 6.5 (i.e., third row in Table 6.1). Corresponding pressure tests are
shown in Fig. 6.8d. Similar to the SIM device results, the CCIM tests show no evidence of leakage
in the interconnect ports. Microscope observation of the interface chip interconnect surface shows
less evidence of wear than for the SIM interconnect case. We have therefore focused on the CCIM
design as our standard high density interconnect method. Note that with 3D printing there is
no additional time, cost, or process complexity to fabricate the more complicated CCIM design
compared to the SIM design. Nonetheless, the SIM design appears to be suitable for situations in

which relatively few repeated sealings are required.
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Figure 6.9: (a) Schematic illustration of geometry to test 400 CCIM interconnects in a 20 x 20
array using two independent sets of flow channels (red and blue) that cross up and down between
the chips. The plane shows the separation between device (upper) and interface (lower) chips. (b)

Photograph of assembled device and interface chips. The two separate flow channels are filled with
water containing red and blue food coloring. (Close-up) Microscope image of flow channels.

6.2.4 Scaling

We investigated the potential to scale the CCIM design of Sect. 6.2.3 to larger numbers of
interconnects. Keeping the same XY dimensions, we find that arrays of 20 x 20 interconnects are
easily achieved. An example is shown in Fig. 6.9 in which two independent microfluidic channels
are vertically routed up and down across the chip-to-chip interface in an area of only 3 mm X
3 mm. One channel is filled with red food coloring and the other with blue food coloring. The
close-up microscope image in Fig. 6.9b is focused on the highest horizontal channels in the device

chip, and shows the very good fidelity and uniformity of the channels and interconnects.
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Continuing to scale up the array size with the same CCIM XY dimensions, we found lim-
itations when we reached 1,024 interconnects (32 x 32 array). A small amount of differential
shrinkage between the interface and device chips caused the outer interconnection ports to have
enough misalignment that they would not seal. This can be overcome by increasing the size of the
microgaskets and therefore the period of the interconnects. However, we chose not to pursue this
approach because of the concomitant decrease in interconnection density.

Instead, we evaluated whether the interconnect density can be increased for 11 x 11 arrays,
the results of which are summarized in Table 6.1. For a vertical channel width, N., of 6 pixels, we
found that the seal width, N, could be decreased from 5 pixels to 3 pixels, such that, keeping
the gap width, N,, the same at 2 pixels, the period is reduced to 14 pixels (106.4 pum) for an
areal density of 88 interconnects/mm?. With these dimensions, the interconnects still withstand an
internal fluid pressure of 50 psi.

Decreasing the period any further results in interconnect arrays that do not fully seal. This
appears to be due to shrinkage of the interface chip port geometry which is exacerbated by the

relatively small volume of polymerized material that results from the high vertical channel density.

6.3 Demonstration: Valve Testing

In our group we now use CCIM interconnects for nearly all of our 3D printed microfluidic
device development efforts because of how convenient it is to separate the chip-to-world interface
from the actual device chip. As an example, consider the miniaturization of pneumatic membrane
valves enabled by our custom 3D printer and NPS resin. Rogers originally demonstrated membrane
valves with a PEGDA material in 2014 using a conventional cleanroom fabrication process [86].
These valves had a diameter of 700 um. He reported the first 3D printed membrane valves in 2015
using a B9 Creator 3D printer with a custom PEGDA resin [24]. Because of the limited resolution
(50 um pixel pitch) of the B9 Creator, the minimum demonstrated valve diameter was 2 mm. In
Chapter 4 we showed 1.08 mm diameter valves with a similar custom resin and an Asiga Pico Plus
3D printer having a 27 um pixel pitch. Since our custom 3D printer has a 7.56 um pixel pitch, this
suggests that it should be able to fabricate 300 um diameter valves (i.e., 1.08 mm x (7.56 um/27

um)), which we demonstrate in this section.
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Fluid CCIMs

Figure 6.10: Schematic diagrams of 3D printed pneumatically actuated membrane valve in (a)
open and (b) closed states. (c) Single 300 um diameter valve with fluid and control channels
connected to individual CCIMs. (d) (upper) Microscope image of 45-valve array chip assembled
with corresponding interface chip in clamping fixture as shown in (e). (d) (lower) Close-up of
45-valve array with each row of valves having their control ports connected in series to a pair of
CCIMs, and each column of valves having their fluid ports connected in series to a pair of CCIMs.
Each valve is 300 um in diameter.
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Fig. 6.10a and 6.10b show the geometry of a 3D printed membrane valve. Fig. 6.10c shows
a 300 um diameter 3D printed valve with its two fluid channels and two control channels connected
to CCIMs such that the PTFE tubing chip-to-world connections are made with a separate interface
chip. The valve membrane consists of two stacked 5 um layers, each exposed for 300 ms, and
fluid and control chambers (i.e., the regions below and above the membrane in Fig. 6.10a) that are
20 um and 30 um tall, respectively. A control pressure of 9 psi works well to close such valves.

To test the valves we constructed an array of 45 valves arranged in 9 rows and 5 columns
as shown in Fig. 6.10d. The control chambers of each row of valves are connected in series to a
pair of CCIMs, and the fluid chambers of each column of valves are likewise connected in series
to a pair of CCIMs such that there are a total of 28 CCIMs. The CCIMs are arranged around the
periphery of the valve array, rather than concentrated in a small area as in Sect. 6.2. An interface
chip connects these CCIMs through fluid channels to a set of 28 PTFE tubes as shown in Fig. 6.10e,
in which the interface and valve array chips are clamped together. The photograph in Fig. 6.10d
is taken through the glass substrate of the valve array chip and focused on the valve array, which
means the CCIMs and channels in the interface chip are somewhat out of focus since they are
outside the depth of focus of the camera’s imaging system.

After 3D printing, unpolymerized resin is flushed from the channels and the fluid and con-
trol chambers of the valves by first clamping together the valve array and interface chips, after
which vacuum and IPA is applied to a pair of tubes connected to one of the rows or columns of
valves. This is repeated for each row and each column of valves until all of the unpolymerized
resin is flushed. (Note that flushing unpolymerized resin from a valve’s control chamber neces-
sitates two connections to the control chamber.) After thorough flushing, the valve array chip is
separated from the interface chip and optically cured.

To test the valves, the valve array and interface chips are again clamped with the aluminum
fixture. One set of PTFE tubes connected to the control chambers is blocked by inserting small
pieces of wire into their ends (the left set of tubes in Fig. 6.10¢), while the other control chamber
PTFE tubes are connected to their own solenoid valves and a pressure source. This allows each
row of valves to be actuated with a single solenoid valve connected to a manifold pressurized at 9
psi. A water source suspended ~30 cm above the valve chip (and therefore pressurized by gravity)

is connected to each column of valves through the top PTFE tubes, and flow is observed through
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the bottom PTFE tubes as a function of whether any row of valves is actuated or not. The top 8
rows of valves were actuated 10,000 times and the bottom row was actuated 1,000,000 times, after
which all of the valves still function normally. A video of valve operation after this lifetime testing
is shown in the ESI Video S1 of Ref. 102, where they are actuated with a 50 ms scrolling cycle.
Finally, we note that we have re-used the interface chip and its 28 world-to-chip connections
to test a variety of 3D printed test chips containing different sized valves, displacement chambers,

[61] and pumps. Interconnect chip re-use has proven to be an extremely convenient laboratory

benefit of CCIMs.

6.4 Conclusions

We have shown that high density chip-to-chip interconnections are feasible between two 3D
printed chips using only 3D printed structures on the chips themselves, i.e., no additional materials
or parts are needed to effect a seal between the chips other than a mechanism to press the chips
together. We have also shown that passive integrated alignment structures are sufficient to attain
the necessary alignment accuracy between the two chips. We have introduced both SIM and CCIM
geometries for integrated microgaskets, and have shown that both approaches withstand internal
fluid pressures up to at least 50 psi in 11 x 11 arrays of interconnections with an areal density of
53 interconnects/mm?, and can do so with no degradation in performance for 100 repeated tests.
CCIM interconnections have been demonstrated for up to 400 interconnects (20 x 20), and up to
an areal density of 88 interconnects/mm?. SIM and CCIM interconnections therefore fulfill the
5 chip-to-chip interconnect criteria set forth at the beginning of this Chapter, namely, (1) support
large numbers of interconnects at (2) high density while (3) withstanding pneumatic and fluid
pressures typical for 3D printed microfluidic valves and pumps and that are (4) reusable and (5)
easy to align and connect.

In addition, we have shown an application of spatially distributed CCIMs in which they
are used to simplify testing a 45 valve array with 28 world-to-chip interconnects, in the course of
which we have demonstrated the smallest 3D printed valves to date (300 um diameter).

In this chapter we have focused on connecting a single device chip to an interface chip. We
should note that it is also possible to connect multiple device chips to the same interface chip and

either drive them all in parallel, or create some combination of parallel and independent fluid and
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pneumatic connections. As a further observation, device chips could also be stacked vertically,
one underneath another, with high density interconnections on both their top and bottom surfaces
to chain them together. Finally, the 3D printed interface chip need not be only a passive device to

route world connections to device chips; it could also incorporate active functions.
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CHAPTER 7. 3D PRINTED SELECTABLE DILUTION MIXER PUMPS

Microfluidic mixing is a critical operation in many chemical and biological applications
[103] such as chemical synthesis, [104]-[109] polymerization, [110]-[112] extraction, [113]-[117]
DNA analysis, [118]-[122] enzyme assays, [121], [123]-[125] and protein folding [126]-[129].
However, mixing is a challenge at the low Reynolds numbers typical of microfludic device opera-
tion since fluid flow is laminar [130], [131]. Over several decades, a wide variety of both passive
and active mixing strategies have been demonstrated. Comprehensive reviews of such strategies
can be found in Refs. [130]-[132]. While demonstrating a 3-to-2 3D printed multiplexer with an
earlier, larger version of our technology in Chapter 4, we show that a 3D printed valve and dis-
placement chamber (DC) has the potential to achieve mixing in a compact device volume. Our
purpose here is to use our current capabilities to explore the implementation of an active mixer
with a selectable mixing ratio in the minimum possible volume that accomplishes mixing in mini-
mum time for small (~20 nL) fluid volumes. We call such devices selectable dilution mixer pumps
(SDMPs).

In this chapter, we first establish a low-cost video approach for absorption-based measure-
ment of the local dye concentration in an outlet channel to determine mixing effectiveness. This
simplifies data acquisition for SDMP characterization such that the only tools needed beyond pneu-
matic valve and pump controls are a smartphone for slow motion video capture and a microscope
operating in transmission mode. We also test 3D printed pumps with varying DC dimensions to
measure fluid volume expelled per pumping period, which increases with larger pump DCs. Then,
having established pump operational parameters and a direct relative concentration measurement
method, we implement and characterize two possible SDMP configurations: (1) a linear dilution
mixer pump (LDMP) and (2) a parallelized dilution mixer pump (PDMP). Each configuration con-
tains a number of pumps to inject variable amounts of fluid from two sources into their active

mixing units to realize selectable mixing ratios. The volume occupied by the LDMP is only 1.5
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mm?, and its mixing effectiveness is compared to diffusion-driven mixing and optimized by exper-
imenting with different mixing operation sequences. In contrast to a LDMP, a PDMP (2.6 mm?)
is designed to obtain a denser set of dilution ratios and shorten the overall mixing process. The
shorter mixing process is achieved by minimizing pump idle time and synchronizing all pump
operations. It also contains a 4-to-1 valve that controls 4 valve inlet channels to reduce the total
number of required valves.

The work in this chapter is reported in Ref. 133.

7.1 Materials and Methods

7.1.1 3D Printer and Materials

The 3D printer used in this chapter is described in Chapter 5. It has a 385 nm LED light
source and a pixel pitch of 7.56 um in the projected image plane. We use a custom photopolymer-
izable resin which consists of poly(ethylene glycol) diacrylate (PEGDA, MW258) with a 1% (w/w)
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (Irgacure 819) photoinitiator and a 2% (w/w)
2-nitrophenyl phenyl sulfide (NPS) UV absorber, details of which are provided in the Chapter 5.

7.1.2 3D Printing and Sample Preparation

We use 25 mm square silanized glass slides as 3D printing substrates. Slides are first
rinsed with acetone and isopropyl alcohol (IPA), and then immersed in toluene mixed with 10%
3-(trimethoxysilyl)propyl methacrylate for 2 hours. After silanization, we store the glass slides in
fresh toluene inside a closed container until use, which ranges from under an hour to several weeks.
All 3D prints reported in this chapter are fabricated with a layer thickness of 10 um. Except where
otherwise noted, each layer has an exposure time of 550 ms. The image plane irradiance is 21.2

mW-cm~2 with an LED source spectrum as included in Chapter 5 with a peak at 383 nm.
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Figure 7.1: Microfluidic 3D printing fabrication process flow.
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The fabrication process steps are illustrated in Fig. 7.1. After printing, unpolymerized
resin must be flushed from all interior voids with IPA prior to optical curing. The flushing process
requires that all voids have two means of access so the IPA can flow through each void region
(channel, valve chamber, etc.), i.e., there must not be any dead ends in the printed structure since
they generally cannot be flushed of unpolymerized resin, which would then become polymerized
during optical curing. After flushing, a device is optically cured for 30 minutes in a custom curing
station using a 430 nm LED (Thorlabs, Newton, New Jersey) having a measured irradiance of 11.3
mW-cm ™2 in the curing plane.

Unless otherwise noted for the DCs used in pumps, the fluid and control chamber heights
are both 50 um, and the membrane thickness is 20 um (2 layers). Also, the actuation pressure and
the vacuum pressure used to deflect valve and DC membranes are 20 psi and approximately -10

psi, respectively.

7.1.3 Concentration Measurement

There are two commonly used approaches in the literature to measure concentration at the
outlet of a mixer, fluorescence-based [134]-[150] and absorption-based [151]-[157]. Both take
advantage of the fact that the pixel gray level for any pixel in a digital image of the fluid in an
outlet channel is a function of the local concentration of the fluorescent or absorbent species in the
small fluid region imaged to that pixel. In a fluorescence-based system, pixel gray level is linearly
proportional to the concentration of fluorescent material, making data processing to directly obtain
local concentration straightforward and intuitive. The downside is that working with a fluorescent
material demands a relatively complicated and expensive setup which includes an excitation source
and an optical filter in addition to a microscope and digital imager. In contrast, an absorption-based
method requires only a digital imager with a microscope operated in transmission mode, and is
therefore simpler and less expensive. However, in the literature numerous papers do not directly
measure the local concentration based on pixel gray level using the absorption-based approach.
Instead, the variance of the pixel gray level is calculated and interpreted as an indirect indicator of
the degree of mixing, [151]-[155] rather than connecting measurements directly to local absorber

concentration as in Refs. 158 and 159.
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In this chapter, we develop a low-cost video approach to directly measure relative concen-
tration as a function of time for the absorption-based method. For data collection, we mount an
iPhone 8 Plus on a microscope (Olympus BX60) eyepiece to record slow motion (1920 x 1080
@ 240fps) video as raw output. The two different fluids are DI water (Water) and red-dyed water
(Red) consisting of a few drops of Red 40 food coloring in DI water. The outlet of each type
of mixer pump is a wide (~210 um), shallow (50 pum unless otherwise noted) 3D printed outlet
channel in which the spatially-varying fluid concentration is observed with the iPhone video.

According to Beer’s law the transmitted light irradiance as a function of pixel location,
(x,), is

I(x,y) = Io(x,y)exp ™ “)%, (7.1)

where Ip(x,y) is the incident light irradiance, o (x,y) is the spatially-dependent absorption coeffi-
cient based on local concentration, and z. is the thickness of the material the light travels through
(in our case, the height of the channel). We can solve for the absorbance, A(x,y) = o(x,y)z. in

terms of the irradiance as

A(x,y) = —log ( 110 ((’;yy >)) , (7.2)

where Ip(x,y) is the irradiance when there is no red dye in a channel (i.e., only water in a channel).
We therefore re-label I(x,y) as Lyger(x,y). I(x,y) is an individual video frame (i.e., image) from
any point in the experiment video, typically during operation when dye is introduced to the outlet
channel by the mixer pump. Likewise, I,qer(x,y) is an individual video frame near the start of a
video when all channels are filled with water and Red has not yet been introduced into the mixer.
Note that in general the absorbance can be written in terms of dye concentration, C(x,y),

as

A(x,y) = z¢(x,y)log(10)eC(x,y), (7.3)

where € is the absorptivity (in suitable units given the units of the concentration, C) and z.(x,y) is
the channel thickness at pixel position (x,y). Clearly, the absorbance, A, is linearly dependent on
the concentration, C. This concentration can be thought of as the integrated concentration through
the height of the outlet channel at a given pixel position. As long as the channel height is relatively

small, we expect it to be a reasonable approximation of the local concentration.
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The condition of maximum absorbance, A4 (x,y), is when the full red dye concentration

is in the outlet channel such that the irradiance is 1.4 (x,y):

Ired<x7y) > ] (74)

Amax(x,y) = —log <Iwater(x7y>
In each experiment video we fill the outlet channel with Red near the end of the video, while at the
beginning of each experiment video the outlet channel is filled with Water. Each video therefore
contains the calibration frames needed to determine I,,4(x,y) and I,,4¢r(x,y), and hence A, (x,y).
The frames in the middle of the video track the progress of the mixer pump in creating the desired

mixing ratio of the output fluid.

We can define the relative absorbance, A,,;(x,y) in reference to A4 (x,y) as

A
Aper(x,y) = f#(’xy)y) (7.5)

_ _ze(x,y)log(10)eC(x,y) 7.6)
2e(x,)10g(10)€Crax (x, y) '
C(x,y)

_ WY 7.7
Cmax(xa)’> @7

- rel(xay)- (78)

Cre(x,y) is therefore the relative concentration at pixel position (x,y). The mean of C,;(x,y) over
some region R, C,,, is the average relative concentration and the standard deviation of C,;(x,y),
o, over the same region is a direct measure of how well the solution is mixed, with, in the ideal
case, 0 = 0 being fully mixed. As we show in Sect. 7.2, noise in the measurement process results
in the fully mixed condition being manifested instead by a small o value that does not change

systematically in time.

7.2 Results and Discussion

7.2.1 Pumps

As shown schematically in Fig. 7.2(a), a 3D printed pump comprises an inlet valve, a DC,

and an outlet valve [61]. The valves and the DC each have 2 vertically stacked circular chambers,
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Figure 7.2: (a) Functional illustration of a 3D printed pump. (b) and (c) 3D printed valve in open
and closed states. See text for details.

a control chamber and a fluid chamber, separated by a membrane which can be deflected according
to the control chamber pressure [24]. For valves, fluid channels are located at the center and edge
of the fluid chamber, respectively. As shown in Fig. 7.2(c) lower right, when the control chamber
is pressurized the membrane (denoted by a reddish color even though it is the same material as the
rest of the 3D print) deflects into the fluid chamber and blocks the central fluid channel, thereby
closing the valve. When the control chamber pressure is released (Fig. 7.2(b)), the membrane
returns to its equilibrium position, opening the valve. Alternatively, vacuum can be applied to
open the valve, which pulls the membrane up into the control chamber.

A DC has both fluid channels located at the edges of the fluid chamber such that neither is
blocked when the membrane deflects. Instead, the DC membrane movement pulls in or pushes out
fluid depending on whether the control chamber is exposed to atmosphere or pressure. Alterna-
tively, vacuum can be applied instead of atmosphere, in which case the volume of fluid pumped per
pumping period increases to the degree that the membrane is pulled up into the control chamber
by the vacuum. The pump fluid direction is determined by which of the inlet and outlet valves are
open and closed during DC pressurization and de-pressurization.

The pump operates using a 5-phase cycle as detailed in Chapter 4. We call each phase time
a clock cycle, 7.,k and one 5-phase pump cycle a pumping period, Tpump, Which equals 5T¢;qck.

In this chapter, T joc¢ 1s 100 ms.
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We typically fabricate valve and DC membranes that are only 10-20 um thick. We find
that without enough polymer cross-linking during 3D printing, the membrane may not be tough
enough to avoid tearing during operation, limiting valve durability. In the past when we used
commercial 3D printers (and therefore created larger structures), we were forced to use the same
exposure time for every layer in a 3D print, and for every pixel within each layer. This lack of
flexibility exposes a fundamental trade-off with such printers when trying to print both valves and
small channels in the same 3D print. The trade-off is that higher doses are required to improve the
mechanical toughness of valve membranes, but higher doses preclude fabricating small channels,
for which a smaller dose is required [62]. Since we have full control over all aspects of our custom
3D printer, in this chapter we increase the membrane exposure independent of other build layers,
and other regions within the same build layer, such that we can achieve both strong membranes and
small minimum channel size. Our approach is that for build layers that contain membranes, after
the normal layer exposure and before moving the build platform to get ready for the next layer,
we expose a secondary image which only illuminates the membrane areas, thereby giving them a
greater dose than the rest of the layer and selectively toughening the membranes while maintaining
a lower dose everywhere else in the layer, consistent with reliably fabricating small channels. In
this manner we are able to achieve excellent membrane durability without sacrificing minimum

channel size. Membrane exposure times are given in Table 7.1.

Table 7.1: Details on the thickness and exposure of different fluidic component membranes.

Device Membrane Layer  Thickness  Exposure Time  Secondary Exposure
(fm) (ms) (ms)
I -
a1 0
pre 1 o -
were 1 B o 233
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Figure 7.3: CAD drawing of a pump with a serpentine outlet channel.

To determine the expelled volume per pumping period, V,,p, we connect the pump outlet
to a 3D printed serpentine channel as shown in Fig. 7.3. This serpentine channel has a well-defined
cross-section area, and is integrated with the pump, which makes measuring the fluid volume
pumped as a function of time as convenient as simply measuring the length of channel the fluid
has traveled as captured in a video of pump operation. Specifically, we observe the progress of the
fluid-air meniscus of black-dyed water during pump operation.

An example set of video frames are shown in Fig. 7.4a-7.4d. During pump operation, the
outlet valve must be opened before the DC expels fluid, which results in the meniscus initially mov-
ing backward as fluid is drawn into the outlet valve fluid chamber. This can be seen by comparing
Fig. 7.4a with Fig. 7.4b. The volume drawn into the valve is V.. Next, the meniscus moves
forward according to how much fluid volume is expelled by the DC, Vp¢ (Fig. 7.4b — 7.4c). Fi-
nally, the outlet valve is closed, which pushes fluid into the outlet channel and further moves the
meniscus forward by V.. (Fig. 7.4c — 7.4d). This process generates a pulsatile flow with one
step back (V,41,¢) and two steps forward (Vpc and V). This is clearly seen in ESI Videos 1a and
1b of our recently submitted paper [133] for pumps with 40-pixel (304 um) diameter valves and
40-pixel and 60-pixel (456 um) diameter DCs, respectively. Note that the net forward motion of
the meniscus for one pumping period corresponds to the displaced volume, Vpc, since the volume

drawn in and expelled by the outlet valve during a pumping period is the same. Therefore the pump
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Figure 7.4: (a)-(d) Microscope photos of a pump at various stages in its operation. The DC has the
same diameter as the valves, which is 40 pixels. (a)—(b): Outlet valve opens, and the meniscus
moves back by the volume of the valve upward membrane displacement, V,;,.; (b)—(c): DC is
actuated, and the meniscus moves forward by the volume of the DC downward membrane dis-
placement, Vpc; (c)—(d): outlet valve is actuated, and the meniscus moves further forward by the
volume of the valve downward membrane displacement, which is the same as its upward mem-
brane displacement, V..

volume per pumping period, V,mp is just

Vpump =Vbc. (7.9)

The specific approach we use to measure V), is counting dark pixels over the region of
the serpentine channel, which is directly proportional to the area filled by the fluid. Based on our
previous work in Chapter 5, the channel height is very consistent in our 3D prints. We can therefore
calculate

Vpump = k(Nn+1— Nu)ze, (7.10)

where k is outlet channel area per image pixel, and N4 and N,, are the dark pixel counts after
pump periods n+ 1 and n, respectively, and z. is the channel height. Fig. 7.5 shows measured

Vpump as a function of DC diameter. We would normally expect V), to increase as the square of
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Figure 7.5: Measured pumping volume for DCs with different diameters and 50 um height for
both the fluid and control chambers. The unit of the x-axis dimension, pixel, is the DLP image
plane pixel pitch, 7.56 um.

the diameter, which is clearly not the case in the data. The reason is that the actual volume that
is pumped is not just a function of the physical DC fluid chamber volume, but it is also affected
by the membrane diameter in relation to its thickness and stiffness. Error bars in the figure refer
to the standard deviation over numerous pumping periods. We also apply vacuum to the DC such
that when it is not pressurized, the membrane is pulled up into the control chamber, creating more

space for fluid, and therefore resulting in larger V), compared to just using atmospheric pressure.

7.2.2 Linear Dilution Mixer Pump (LDMP)

Concept and Design

Fig. 7.6a depicts the basic idea of a linear dilution mixer pump (LDMP). It utilizes two
pumps, Pump 1 (top) and Pump 2 (bottom), to inject fluids A and B, respectively, from their
individual inlets into the mixer. These two pumps are designed to be identical so that the mixer
receives an equal amount of fluid from either pump for one pumping period. We also design the
mixer fluid capacity, Vyyixer, t0 be NV, where N is an integer, so Pumps 1 and 2 need to operate
a total of N pumping periods to fill the mixer. In our case, N = 6. We design the pumps with DCs
that are 60 pixels in diameter with 50 um tall fluid and control chambers, and operate the pumps

with vacuum. From Fig. 7.5, V},,;m, = 3.3 nL such that V,;x., is 19.8 nL.
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Figure 7.6: (a) Schematic of LDMP. It contains 2 pumps which are connected to a fluid reser-
voir. They can selectively pump fluid to the mixer which performs mixing. (b) 3D layout of (a).
Pumps are stacked on top of the mixer, and the mixer has 2 large DCs connected to each other via
cone-shaped channels. (c) Photograph of a 3D printed device designed for characterization of 4
LDMPs on a single chip. (d) Microscope photo of an LDMP which uses microgaskets developed
in Chapter 6.

A CAD design of an LDMP is shown in Fig. 7.6b, in which the two pumps and the flush and
outlet valves are located on top of a coupled pair of larger DCs that function as an active mixer.
Note the tight 3D layout of valves, pumps, channels, and active mixer, which illustrates a key
advantage of 3D printing, namely, arbitrary component placement and channel routing for efficient

volume utilization. The LDMP volume is only 1.5 mm?>, not including the connections through the
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microgasket channels since these are specific to this particular implementation for testing a single
LDMP. In general, an LDMP would be connected to other microfluidic components in the same
3D print to comprise a functional device for a particular application.

The mixer side view in Fig. 7.6b shows that the two vertically stacked mixer DCs are
connected with 2 oppositely-oriented cone-shaped channels. When the top DC is activated (pres-
surized) and the bottom DC is deactivated (switched to atmosphere or vacuum), most of the fluid
in the mixer is forced from the top DC through these channels into the bottom DC, and vice versa.
The mixing effect is achieved by repeatedly activating one mixer DC and releasing the other, and
then reversing the process, thereby causing fluid to move back and forth between the mixer DCs.
The opposite cone shapes of the connecting channels are intended to provide spatial asymmetry as
fluid flows back and forth to aid in the mixing effect. Here, we define actuating each mixer DC

once as a mixing period, denoted as 7,,;, such that

Tmix = 2Tclock- (7-11)

Fluid mixing is accomplished by actuating the mixer some number of mixing periods, N, which
requires a time Ny,ixTpix. The value of N, needed to achieve good mixing is experimentally

determined later in this section.

Mixer Pump Cycle

A complete mixer pump cycle is illustrated in Fig. 7.7 consisting first of two clock cycles,
Telock» One to close the outlet valve and one to deactivate both mixer DCs, followed by Npump
sequential pumping periods and N,,;, mixing periods, and, finally, two additional clock cycles, one
to open the outlet valve and the other to activate both mixer DCs to expel the mixed fluid through
the outlet valve. At this point the mixer pump cycle repeats. The time for a complete mixer pump

cycle, Ty/p, can be written as

TMp = 2Tclock + Npumpfpump + Noix Tmix + 2Tclock (7. 12)

= (4 + 5vaump + 2Nmix)fclock~ (7.13)
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Figure 7.7: A complete mixer-pump cycle, denoted as Tysp. At the beginning, the outlet valve is
closed. Then, both mixer DCs are released to be prepared for the fluid injected by pumps during
the subsequent Ny, pumping periods, Npymp Tpump. After the mixer is filled, it mixes fluid for
Npix mixing periods for a time of N, Tir. Finally, the outlet valve opens, and both mixer DCs are
actuated to expel the mixture.

Interface Chips

As discussed in Chapter 6, we use PTFE tubing as world-to-chip connections in 3D printed
interface chips. With this approach, individual tubes are epoxied in cylindrical receptacles fabri-
cated as part of the 3D printed interface chip, and the interface chip has internal channels that route
each tube to a specific chip-to-chip interconnect.

Two such interface chips are required for an LDMP, one to facilitate flushing the device
immediately after 3D printing and before optical curing, and the other for actual LDMP operation.
As explained in Sect. 7.1.2, during flushing there must be a path to flow IPA into and out of
every channel and fluid and control chamber to remove unmpolymerized resin. For an LDMP,
this requires a total of 24 chip-to-chip interconnects and corresponding PTFE tubes. A fabricated
interface chip with attached PTFE tubes is shown in Fig. 7.8a, and clamped to an LDMP device
chip in Fig. 7.8c.

During operation, valve and DC control chambers only need one connection to control the
pressure in these chambers (and therefore the associated membrane deflection), rather than two
as for flushing. Hence, only 14 connections are needed, 10 pneumatic and 4 fluidic. However,

there are still 24 chip-to-chip interconnects on the device chip. We use a simple approach to block
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Figure 7.8: (a) LDMP flushing chip. (b) LDMP operation chip. (c) LDMP device chip assembled
with flushing chip. (d) LDMP device chip assembled with operation chip.
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Figure 7.9: (a) Chip-to-chip interconnect surface of the LDMP flushing chip. Each channel
matches to a microgasket interconnect on the LDMP device chip. (b) Chip-to-chip interconnect
surface of the LDMP operation chip. The channels in black dashed boxes in (a) are removed,
leaving a blank surface to seal the corresponding device chip microgasket channel. Because these
chips are used for numerous designs, there is an extra channel which is not used in the LDMP,
shown in the white dashed box.
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the 2nd access channel to each valve and DC control chamber, illustrated in Fig. 7.9 and which
consists of replacing an unneeded interface chip channel with a blank surface to seal that particular
interconnect channel on the device chip. An operational interface chip is shown in Fig. 7.8b, and

clamped to a device chip in Fig. 7.8d.

Diffusion-driven Mixing

Next, we determine a baseline for LDMP mixing performance by using gravity to freely
flow Water and Red through the device while observing the degree of mixing in the output channel.
The fluid reservoirs for Water and Red are placed at the same height, ~30 cm higher than the
LDMP device, while all of the valves except the flushing valve are opened so Water and Red can
flow through the device, i.e., in through their respective inlet ports and out through the outlet port.
After the flow stabilizes, the segregation between Water and Red in the region of interest (ROI)
in the outlet channel in Fig. 7.10a indicates an unsurprising lack of mixing. Next, we close the
outlet valve, and observe the mixing process in the outlet channel driven only by diffusion. Using
the method developed in Sect. 7.1.3, we calculate ¢ in the ROI for each individual frame for the
entire process, which is shown in Fig. 7.10b. After starting gravity-driven flow around Frame 800
to 900, it stabilizes near Frame 1000, and the flow is allowed to proceed uninterrupted until near
Frame 5000, over which time o is relatively constant at ~0.175. Near Frame 5000 the outlet valve

is closed, after which o starts to drop exponentially as diffusion mixes the fluid that is now static

e e T 0200
- © c 0175 «—Outlet valve closes
hd | _Red 2 < 015011\
v ©
utlet ROI S X 0.125 - Flow starts
| el 8 T 0.100 to stablize
' @) 4
o 2 0075
| ~ £ © 0.050
L | c .
AWEY 5 o
i. ! L‘ ’ wn 0.000 T T T T T T
ik Ilis! = 0 2000 4000 6000 8000 100001200014000
A Frames
(a) (b)

Figure 7.10: (a) Water and Red flow induced only by gravity. The fluid in the ROI encompassed
by the dashed box is segregated, as expected. (b) Standard deviation, &, of relative concentration,
Crei(x,y), in the ROI as a function of frames in recorded video.
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(no flow) in the outlet channel. It takes approximately 7,000 frames (~29 s) for ¢ to asymptote
to the noise floor of ~0.05. This experiment confirms the expected problem with diffusion-driven
passive mixing of a confined volume of fluid (in this case the 6 nL in the outlet channel), i.e., slow
mixing. For a diffusion coefficient of D ~ 4 x 10710 m?/s [158], [159] for Red 40 dye and 1D
diffusion over the width of the outlet channel, w (since the concentration is relatively constant over
the length of the channel), the estimated diffusion time is w?/(2D) = 28 s, which agrees well with
the measured value.

As noted in Sect. 7.2.2, the pumps inject ~20 nL of fluid into the mixer during LDMP oper-
ation. The mixer is ~1 mm in diameter so if the fluid was to sit in the mixer until it was mixed solely
by diffusion, the diffusion time would be approximately (10~3m)?/(4D) = 700 s. Alternatively, if
the 20 nL was injected into a cubic volume, it would take (20nL x 10~'2 m3/nL)?/3/(6D) ~ 30 s
to mix by diffusion. One figure of merit for a mixer is how much faster it mixes a given volume of

fluid compared to diffusion-only mixing.

Active Mixing

Using our new concentration-based analysis method from Sect. 7.1.3, we first investi-
gate how many mixing periods, Ny, guarantee thorough mixing. In a full mixer pump cycle
(Sect. 7.2.2), we sequentially operate Pumps 1 and 2, each for three pumping periods, to achieve
1-to-2 dilution, and examine the degree of mixing as a function of N;,. The results are shown in
Fig. 7.11a-d for N,,; values of 1, 2, 6, and 8, respectively.

In each plot, the mean relative concentration, C,,; (blue curve), in the ROI of the outlet
channel is plotted on the left vertical axis as a function of the video frame number. For the first
1,000 frames, only Water is in the outlet channel so C,,; ~ 0. For the last 10,000 frames, only
Red is in the channel so C,,; ~ 1. In between, the LDMP executes a series of mixer pump cycles.
Each cycle can be tracked by the red curve, which indicates the state of the outlet valve as shown
in Fig. 7.12. An upward pulse of the red curve shows when the outlet valve is open, which happens
during one 7., per mixer pump cycle. It can therefore be used to visualize each mixer pump cycle
on a plot. As expected, the period between peaks in the red curves increases as N,,;, increases since
Typ becomes correspondingly longer. Also note that during the first few mixer pump cycles, C,,;

jumps up when the outlet valve opens, indicating that fluid containing at an increasing amount of
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Figure 7.11: The mean and standard deviation of relative concentration C,,;(x,y) in the ROI as a
function of the frame number. The state (open/closed) of the outlet valve is plotted as the red curve
where a pulse corresponds to open. The outlet is initially filled with Water. Near Frame 26,000
(~108 s) the outlet channel is flushed with Red. (a) Ny,ix = 1. (D) Nyix = 2. (¢) Nyix = 6. (d) Ny =
8. See text for mixing details.

Red is injected into the outlet channel during that cycle. After ~6 mixer pump cycles C,,; stabilizes
at a value of just over 0.5, the desired relative concentration, which indicates that ~6 mixer pump
cycles are required to flush the dead volume from the mixer and outlet channels to reach a stable
relative concentration.

The standard deviation of C,(x,y), o, over the ROI is shown as a green curve (right

vertical axis) in each plot in Fig. 7.11. It gives a direct measure of the homogeneity (mixing) of
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Figure 7.12: Microscope photos of the outlet valve in a mixer-pump in closed state (a) and open
state (c). We average the pixel gray level inside the dashed box, and compare the results between
closed and open state. (b) Direct comparison of the boxed region in closed and open state. The
boxed region is darker in closed state.

the fluid for each frame in the video. For example, consider Fig. 7.11a (N,;;, = 1) after Frame
6,000. Every time the outlet valve opens (red curve pulse) the green curve jumps up to about the
same level for each mixer pump cycle and then exponentially decays until the outlet valve opens
for the next cycle. This indicates that the fluid that enters the outlet channel when the valve opens
is not well mixed, and that as it sits statically in the outlet channel after the valve closes, diffusion
continues the mixing process until the next time the outlet valve opens and new, not-well-mixed
fluid is injected by the mixer. Nonetheless, the peak value of o (~0.07) is significantly less than
0.175 in Fig. 7.10b for gravity-induced continuous flow, which demonstrates that even N, = 1
gives better mixing than diffusion in continuous flow. For mixer pump cycles prior to Frame 6,000,
o is more a measure of poorly mixed fluid due to flushing the dead volume of the mixer.

Note that in Fig. 7.11b (Nuix = 2) o jumps to a lower value when the outlet valve opens
than in Fig. 7.11a. This means that the fluid entering the outlet channel is better mixed, but still not
thoroughly mixed. Examining o in Figs. 7.11c (N,,;ix = 6) and (d) (N,ix = 8) shows no evidence of a
rapid increase in o when the outlet valve opens, meaning that the fluid entering the outlet channel
from the mixer is well mixed. For the case of N, = 5 (not shown) there is still a noticeable
increase in ¢ when new fluid is expelled from the mixer into the outlet channel. We therefore

choose Ny = 6 for normal LDMP operation to ensure good mixing, and avoid larger values of
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Figure 7.13: Experimental data for C,,; and o for different Red concentrations using Ny, =
mixing periods. The Red concentration for (a)-(e) are i/6 where i € [1,2,3,4,5].

Frames (x1000)

116

(7.14)

(7.15)

Standard Deviation (o) of Cr(x, y) over ROI

6



c
°

= 1.0

s @® 6 mixing periods

S 0.8 1 8 mixing periods

2 A 10 mixing periods | o
o

“ 0.6 -

0]

=

)

£ 0.4 A

[0]

o

T 0.2 -

9 0.

5 (]

0.0

@ 0.

=

0.0 0.2 0.4 0.6 0.8 1.0
Ideal Relative Concentration

Figure 7.14: Plot of measured relative concentration vs. ideal relative concentration with 6, 8,
and 10 mixing periods. The measured relative concentration is averaged over frames in 3 full
consecutive mixer pump cycles starting from frame 20,000.

Therefore a mixer pump cycle with 6 mixing cycles takes Typ = 4.6 s, which is 6.5 times faster
than diffusion alone for a 20 nL cubic volume, and 150 times faster than if the fluid just sat in the
mixer.

Having determined how many mixing periods are needed to ensure good mixing, we now
examine the fidelity of obtaining desired dilution ratios with an LDMP. Since the volume, V,ixer, 1S
6V pump, the possible Red dilution ratios are i/6 where i € [1,2,3,4,5]. Fig. 7.13a-e, contains exper-
imental data for each of these cases with N,,;;; = 6. From these, the average relative concentration
is calculated and plotted in Fig. 7.14. We find that the dilution fidelity is reasonably good, with the
variation from ideal concentration for individual dilutions ranging from 4% to 15%. We also plot
the same results for 8 and 10 mixing periods, which shows the same results as for 6 mixing peri-
ods and further demonstrates that increasing N,,;x beyond 6 does not provide a noticeably greater

degree of mixing.

7.2.3 4-to-1 Valve

The 3D printed valves we have discussed so far possess only 1 inlet channel. To simultane-
ously control 4 inlet channels, 4 such valves would be needed. Alternatively, we can create a 4-to-1

valve that performs the same function. In Fig. 7.15a, we show a CAD design of a 4-to-1 valve,
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Figure 7.15: (a) CAD design of a 3D printed 4-to-1 valve that contains 4 inlet channels and 1
outlet channel. (b) Microscope photo of a fabricated 4-to-1 valve under pressure. The membrane
is deflected such that it is in contact with the central area of the bottom of the valve, covering all 4
inlet channels and therefore closing the valve.

which we use in Sect. 7.2.4. By placing 4 inlets at the center of the valve, the deflected membrane
is designed to seal all of them, simultaneously closing the fluidic pathway between these inlets and
the outlet, as shown in Fig. 7.15b. To enable the membrane to seal over all four inlet channels, we
have increased the valve diameter to 80 pixels (608 pm). This 4-to-1 valve is not only is smaller
than four 40-pixel-diameter valves, but also notably reduces the structural complexity resulting
from channel routing. Additionally, combining 4 valves into 1 means only 1 control chamber must

be flushed after 3D printing, which simplifies the flushing operation.

7.2.4 Parallelized Dilution Mixer Pump (PDMP)

In an LDMP, inlets A and B are each connected to their own pump. During routine oper-
ation if only one pump runs at a time, it takes 67y, to fill the mixer. If we operate the 2 pumps
simultaneously as much as possible, in the best case for a concentration of 3/6, 37, are needed
to fill the mixer. In the worst case, (for example, a concentration of 1/6) the Red pump is idle for
4T pyump out of 5Ty, in every mixer pump cycle. To solve this problem, we consider a parallelized
dilution mixer pump (PDMP) that exploits its pumps as much as possible to shorten the mixer

pump cycle.
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Figure 7.16: (a)-(c) Schematic of PDMPs with 1, 2, and 4 DIPs, respectively. A DIP has 2 inlet
valves to enable pumping from either fluid source. The 1-to-1 valve is a normal valve, but a n-to-1
valve controls connecting n inlets to 1 outlet. (d, ) Different perspectives of a PDMP CAD design
with 4 pumps and a 4-to-1 valve. The green vertical channels are fluidic channels, and the rest are
control (pneumatic) channels. The outlet channel consists of two sections with heights of 50 um
(ROI1) and 100 um (ROI2), respectively. (f) Microscope photo of a 3D printed device based on
(d, e). Inside the white dashed box are 2 inlet valves and a DC.

In Fig. 7.16a-c, we consider several possible configurations for a PDMP. In the extreme
case (Fig. 7.16a), there is only 1 pump in the PDMP. However, the pump has a pair of inlet valves,
each connected to an individual fluid source such that the pump can be used to pump either fluid.
We call this type of pump a dual inlet pump (DIP). If we want its DC to draw fluid from inlet A, we
ensure that the inlet B valve is closed. Then the inlet A valve, DC, and 1-to-1 outlet valve together
form a regular pump. Since there is only 1 pump, and because Vyyixer = NVpump, the single DIP
must operate N mixing periods to fill the mixer.

In Fig. 7.16b, we double the number of DIPs and consolidate two 1-to-1 outlet valves into
one 2-to-1 outlet valve. Because all of the DIPs in a PDMP are operated in parallel, the time to
fill the mixer is cut in half, assuming that N is even. The same principle applies to the PDMP in

Fig. 7.16c in which 4 DIPs and one 4-to-1 outlet valve are used.
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Table 7.2: Comparison of LDMP and PDMPs with different DIP count.
Here, we assume the pump DC dimensions are the same for LDMP
and PDMPs, and that Vyyixer = N X Viyymp.

Inlet DCs Outlet Pneumatic Shortest time to
valves valves Lines fill up mixer
LDMP 2 2 2 10 N/2 X Tpump
PDMP (1 DIP) 2 1 1 8 N X Tpump
PDMP (2 DIPs) 4 2 1 10 N/2 X Tpump
PDMP (4 DIPs) 8 4 1 14 N/4 X Toump

Table 7.3: Available serial dilution ratios with various dilution
factors for the fabricated PDMP design. A dilution factor
of 4 is a subset of a dilution factor of 2.

Dilution Concentration
factor (actual pumped fluid volume ratios)

2 1/2 (8/16)  1/4 (4/16) 1/8 (2/16) 1/16 (1/16)
3 173 (5/15)  1/9 (2/18) — —
4 1/4 (4/16) 1/16 (1/16) — —
5 1/5 (3/15) — — —

In Table 7.2 we compare the number of valves, DCs, pneumatic lines, and time to fill the
mixer for the best case LDMP with PDMPs having various DIP counts. As more DIPs are added
to a PDMP, it takes less time to fill the mixer to its maximum capacity Vipixer = NVpump if N is
evenly divisible by the number of DIPs. However, more DIPs increases the complexity of the
PDMP 3D layout (for both the PDMP and the interface chips), occupies more volume, and can
increase the difficulty of flushing. Therefore, we implement the 4 DIP configuration in Fig. 7.16¢
as a compromise between faster filling of the mixer and increasing complexity. Our CAD design
is shown from two different perspectives in Fig. 7.16d and e, and Fig. 7.16f shows a fabricated
device, which occupies a volume of only 2.6 mm? not counting the various external channels. In
the flushing interface chip, we use 41 PTFE tubes, 32 to flush control chambers and 9 to flush fluid
chambers and channels. In the operating interface chip, there are 16 tubes, 13 pneumatic and 3

fluidic.
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To evaluate this PDMP design, we conduct serial dilutions for the dilution factors listed
in Table. 7.3. The mixer in the PDMP is the same as in the LDMP, but we shrink the pump DC
diameter from 60 pixels to 50 pixels and the fluid and control chamber heights from 50 um to
40 um to achieve a smaller pump volume, which we can estimate as 80% of V;,, = 1.31 nL
(vacuum) from Fig. 7.5¢, or 1.05 nL. We reduce the pump volume so that more pump volumes can
fit in the mixer, which gives us a wider range of possible dilution ratios. We experimentally find
that Vipiver = 20Vpump = 21 nL. We choose the denominators in the actual pumped fluid volume
ratios in Table 7.3 to be as close to 20 as possible for two reasons. First, it allows more fluid to
be mixed per mixer pump cycle, and, second, if there is too little fluid in the mixer, the membrane
cannot be fully restored to its undeflected state or fully pulled into the control chamber, which
limits how much the membrane can move. Limited membrane movement tends to be less effective
for active mixing.

An N, of 6 is used for testing all of the dilution concentrations in Table 7.3. For serial
dilution with a dilution factor of 2, a PDMP with 4 DIPs requires 4 pumping periods such that

Vinixer = 16Vpump, leading to

™Mp — 2Tclock + 4Tpump + 6Tmix + 2‘L-clock (7. 16)

= 3.6 seconds, (7.17)

which is 8.3 times faster than diffusion alone for a 20 nL cubic volume, and 190 times faster than
if the fluid sat statically in the mixer.

In contrast, an LDMP with the same DC size for the pumps would require 8 pumping
periods at minimum for the best case 1/2 dilution ratio, making its Ty;p 5.6 s, which is over 50%
longer than for the PDMP, and 15 pumping periods in the worst case for 1/16 dilution (7Typ = 9.1
s). Another noteworthy aspect of the PDMP design is that the outlet channel in Fig. 7.16e and f
is divided into 2 sections, the first of which is 50 pum tall, followed by a 100 um tall section. The
taller section increases the measurement dynamic range for lower concentration ratios. As shown
in Fig. 7.17, the measured relative concentrations are close to the designed values. For a dilution

factor of 2, we test 3 different PDMPs, the results of which are plotted in red in Fig. 7.17. The
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error bars for these points represent the standard deviation of the measurements for the 3 different

PDMPs, which indicates good repeatability between different fabricated PDMPs.

7.3 Conclusions

We have taken advantage of our custom 3D printer and resin to demonstrate highly compact
active microfluidic components with tight 3D layouts in only a few cubic millimeters. We have
further shown that offloading world-to-chip connections to a separate 3D printed interface chip is
an important facilitator of such miniaturization. We first examined 3D printed pumps, which can be
realized with two valves and a displacement chamber, and demonstrated the relationship between
displacement chamber size and the volume pumped per pumping cycle using a simple video-based
analysis method in conjunction with a serpentine channel 3D printed as the pump outlet.

We then integrated 2 pumps with an active mixer to realize a selectable ratio linear dilution
mixer pump (LDMP) in only 1.5 mm?>. It is designed to mix 20 nL of fluid in each mixer pump
cycle. We have shown that 6 mixer periods are sufficient to fully mix the fluid as evidenced by our
new video absorption-based measurement method that uses only a smartphone with a microscope
operating in transmission mode. Using this new method, we am able to process the recorded

slow motion videos and obtain the relative dye concentration and its spatial variation in the outlet
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Figure 7.17: Measured relative concentration vs ideal for different dilution factors using PDMPs.
Three PDMPs are tested for a dilution factor of 2 to obtain the error bars.
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channel observation region. The measured linear set of concentrations the device can produce are
close to the designed dilutions that range from 1/6 to 5/6. Each mixer pump cycle takes 4.6 s.

To speed up the mixing process and achieve a denser set of dilution ratios, we created a
parallelized dilution mixer pump (PDMP) which utilizes a new 4-to-1 valve that controls 4 inlets
with only 1 pneumatic line. The PDMP shows that we can sacrifice structural simplicity to a gain
shorter mixer pump cycle of 3.6 s using 4 dual input pumps. By reducing the pump DC size we
also gain a greater range of dilution possibilities, and demonstrate serial dilutions with dilution
factors of 2, 3, and 4, with the highest dilution ratio being 1/16. All measured concentrations are

close to the designed values.
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CHAPTERS8. CONCLUSIONS

8.1 Summary

8.1.1 Optical Approach to Resin Formulation for 3D Printed Microfluidics

In Chapter 3, we formulated custom resins for a commercial Digital Light Processor stere-
olithographic (DLP-SLA) 3D printer based on an optical approach to minimize the void sizes it can
fabricate. A mathematical model was developed for optical dose delivered through the thickness
of a 3D printed part, including the effect of voids. There was a fundamental trade-off between the
homogeneity of the optical dose within individual layers and how far the critical dose penetrated
into a flow channel during fabrication. We presented an experimental investigation of the practical
limits of flow channel miniaturization given the optical properties of a resin and found that the
minimum flow channel height is ~3.5-5.5h, where h, was the optical penetration depth of the
resin, and that the minimum width was 4 pixels in the build plane. We also showed that the ratio of
the build layer thickness to 4, should be in the range 0.3—1.0 to obtain the minimum flow channel
height for a given resin. The minimum flow channel size that we demonstrated for a custom resin

is 60 um x 108 um for a 10 um build layer thickness.

8.1.2 High Density 3D Printed Microfluidic Valves, Pumps, and Multiplexers

In Chapter 4, we demonstrated that 3D printing with a DLP-SLA 3D printer can be used to
create high density microfluidic devices with active components such as valves and pumps. Based
on the work in Chapter 3 on optical formulation of inexpensive resins, we demonstrated valves
with only 10% of the volume of Rogers’ original 3D printed valves [24], which were already
the smallest that had been reported. Moreover, incorporation of a thermal initiator in the resin
formulation along with a post-print bake could dramatically improve the durability of 3D printed

valves up to 1 million actuations. Using two valves and a valve-like displacement chamber (DC),
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we also created compact 3D printed pumps. With 5-phase actuation and a 15 ms phase interval,
we obtained pump flow rates as high as 40 uL/min. We also characterized maximum pump back
pressure (i.e., maximum pressure the pump can work against), maximum flow rate (flow rate when
there was zero back pressure), and flow rate as a function of the height of the pump outlet. We
further demonstrated combining 5 valves and one DC to create a 3-to-2 multiplexer with integrated
pump. In addition to serial multiplexing, the device could operate as a mixer. Importantly, we
illustrated the rapid fabrication and test cycles that 3D printing made possible by implementing a

new multiplexer design to improve mixing, and fabricate and test it within one day.

8.1.3 Custom 3D Printer and Resin for 18 ym x 20 um Microfluidic Flow Channels

In Chapter 5, a custom DLP-SLA 3D printer was constructed and a specifically-designed,
low cost, custom resin was formulated to readily achieve flow channel cross sections as small as 18
um x 20 um. This custom 3D printer had a projected image plane resolution of 7.56 um and used
a 385 nm LED, which significantly increased the available selection of UV absorbers for resin for-
mulation compared to 3D printers with 405 nm LEDs. Beginning with 20 candidate absorbers, we
stepped through evaluation criteria and process flow required to develop a high-resolution resin. In
doing so, we discussed a new mathematical model for characterizing the resin optical penetration
depth based only on measurement of the absorber’s molar absorptivity. The final resin formulation
used 2-nitrophenyl phenyl sulfide (NPS) as the UV absorber. A novel channel narrowing technique
was developed so that, together with the new resin and 3D printer resolution, it enabled small flow
channel fabrication. The efficacy of this technique was demonstrated by fabricating 3D serpentine
flow channels 41 mm long in a volume of only 0.12 mm?, and by printing high aspect ratio flow
channels <25 um wide and 3 mm tall. These results indicated that 3D printing was finally posi-
tioned to challenge the pre-eminence of methods such as soft lithography for microfluidic device

prototyping and fabrication.

8.1.4 3D Printed High Density, Reversible, Chip-to-chip Microfluidic Interconnects

The development in miniaturizing 3D printed microfluidics in Chapter 4 and 5 offered the

opportunity to fabricate highly integrated chips that measure only a few mm on a side. For such
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small chips, an interconnection method was needed to provide the necessary world-to-chip reagent
and pneumatic connections.

In Chapter 6, two types of connection mechanisms, Simple Integrated Microgaskets (SIMs)
and Controlled-Compression Integrated Microgaskets (CCIMs), were introduced to connect a
small device chip to a larger interface chip that implemented world-to-chip connections. SIMs
or CCIMs were directly 3D printed as part of the device chip, and therefore no additional materials
or components were required to make the connection to the larger 3D printed interface chip. We
demonstrated 121 chip-to-chip interconnections in an 11 x 11 array for both SIMs and CCIMs
with an areal density of 53 interconnections/mm?, and showed that they withstood fluid pressures
of 50 psi. We further demonstrated their reusability by testing devices 100 times without seal
failure. Scaling experiments showed that 20 x 20 interconnection arrays were feasible, and that
CCIM areal density could be increased to 88 interconnections/mm?. We then showed the utility
of spatially distributed discrete CCIMs by using an interconnection chip with 28 chip-to-world
interconnects to test 45 3D printed valves in a 9 x 5 array. Each valve was only 300 um in diam-
eter (the smallest yet reported for 3D printed valves). Every row of 5 valves was tested to at least
10,000 actuations, with one row tested to 1,000,000 actuations. In all case there was no sign of
valve failure, and the CCIM interconnections proved an effective means of using a single interface

chip to test a series of valve array chips.

8.1.5 3D Printed Selectable Dilution Mixer Pumps

In Chapter 7, We demonstrated the ability to 3D print tightly integrated structures with
active valves, pumps, and mixers, and we used the compact chip-to-chip interconnects developed
in Chapter 5 to move bulky world-to-chip connections to separate interface chips for both post-print
flushing and post-cure device operation. As example devices, we first examined 3D printed pumps,
followed by two types of selectable ratio mixer pumps, a linear dilution mixer pump (LDMP) and a
parallelized dilution mixer pump (PDMP), which occupied volumes of only 1.5 mm? and 2.6 mm?,
respectively. The LDMP generated a selectable dilution ratio from a linear set of possibilities,
while the PDMP generated a denser set of possible dilutions with a maximum dilution ratio of
1/16. The PDMP also incorporated a new 4-to-1 valve to simultaneously control 4 inlet channels.

To characterize LDMP and PDMP operation and peformance, we presented a new, low-cost video
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method to directly measure the relative concentration of an absorptive dye on a pixel-by-pixel basis
for each video frame. Using this method, we found that 6 periods of the active mixer that formed
the core of the LDMP and PDMP were sufficient to fully mix the fluid, and that the generated
concentrations tracked the designed dilution ratios as expected. The LDMP mixed 20 nL per 4.6
s mixer pump period, while the PDMP used parallelized mixer input pumps to process the same

fluid volume with greater choice of dilution ratios in a 3.6 s period.

8.2 Future Research

While truly microfluidic channels and active components have been successfully demon-

strated, there is much work to make 3D printing widely used in microfluidics.

8.2.1 3D Printer

Despite the fact the custom 3D printer in Chapter 5 contained a pixel count of 2560 x 1600,
its small pixel pitch in the focal plane, 7.56 um, led to an entire print area of 19.35 mm x 12.10
mm. In order to gain a large print area while still maintaining high resolution, one can mount the
light engine on a XY translation stage, and stitch multiple exposed regions to form a larger build

area.

8.2.2 Resin

The current resin formulation, consisting of NPS, proves to be toxic to living cells without
post-print treatment, so it would be beneficial to formulate a biocompatible resin. This process
can be facilitated by using a 365 nm LED as DLP light source to widen the range of choices for
both absorbers and photoinitiators. Moreover, if the photoinitiator has a wider absorption spectrum
than absorber, it enables more effective optical curing. Also, more work can be done to investigate
thermal initiators that are durable under UV. Once a biocompatible resin is in place, cell-related
biomedical applications can be studied, which would hopefully speed up the adoption rate of 3D

printing for microfluidics.
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8.2.3 Other Possibilities

As this dissertation progressed, the 3D printed devices become increasingly complex, so it
takes longer and longer to design them. Similar to smart layout generation tools in many circuit
design softwares, an automated microfluidic CAD design program would greatly assist the creation
of new devices, shorten iterations, and encourage trying new ideas. Another aspect worth explor-
ing is to use patterned silicon as substrate, which offers possibilities of bridging electrical/optical

circuits with fluidic system.
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