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Optical setup for dual-wavelength, stereolithographic AM by concurrent photopoly-
merization and photoinhibition. Near UV (365 nm) is superimposed onto patterned
blue (458 nm) with a dichroic mirror and projected through a transparent window
into a photopolymerizable resin vat . . . . . . ... ... L Lo
Structures of (a) photoinitiator CQ, (b) co-initiator EDAB, and (c) photoinhibitor
0-Cl-HABI. (d) UV-visible spectra of CQ (solid blue line) and 0-Cl-HABI (dashed
violet line) in THF. The UV and blue wavelengths employed by the two-color AM
system are highlighted by the violet and blue vertical bars, respectively. (e) The
dead zone height is affected by varying intensity ratios of the incident irradia-
tion wavelengths (Iuv,o/Ibiue,0) and resin absorbance (hyv). (f) A solid block M
(left) and tug boat (model detailed in [1]) (right) printed using the two-color, pho-
topolymerization/photoinhibition stereolithography system at 500 mm/hr and 375
mm/hr, respectively. . . ...
Rapid, continuous additive manufacturing with two-color photoinitiation and pho-
toinhibition. (a) Argyle models printed using photoinhibition to enable continuous
printing, with the percentage void (¢) and volume of the printed part (V) relative
to the designed part (Vges) shown below each part. The designed void was ¢ =
57%. (b) Cured thickness versus dosage of blue light for four acrylate-based resin
formulations prepared with varying blue-absorbing dye (Epolight 5675) loadings.
(¢) Maximum vertical print speeds achievable for varying blue absorbance heights.
All printing was done with Ipjue,0 of 110 mW/ecm? and Iyv,o of 130 mW /cm? with
huy of 125 pm. The influence of varying hyy, and hence dead zone height, on the
predicted maximum achievable print speed as determined by Eq. 2.2, are shown as
solid lines. . . . . . . ..
Wavelength-selective photoinitiation and photoinhibition of radical-mediated, chain
growth photopolymerization. = Monomers examined include (a) bisphenol A
ethoxylate diacrylate (BPAEDA, n =~ 4); (b) triethylene glycol dimethacrylate
(TEGDMA); (c) bisphenol A glycerolate dimethacrylate (bisGMA); (d) triethylene
glycol divinyl ether (TEGDVE); and (e) N-propylmaleimide (NPM). Alkene conver-
sion versus time for resin formulations of (f) BPAEDA, (g) bisGMA/TEGDMA jand
(h) TEGDVE/NPM (vinyl ether and maleimide conversions denoted by solid and
dashed lines, respectively) under continuous irradiation with exclusively 470 nm
@ 100 mW /cm? (black line, squares), 470 nm @ 100 mW /cm? and 365 nm @ 30
mW /cm?, (red line, circles), and 365 nm @ 30 mW /cm? (blue line, diamonds).
Two-color photoinitiation and photoinhibition enables controllable, far-surface pat-
terning of complex 3D structures. (a) Setup used for intensity-patterned printing.
(b) Use of variable intensity images enables pixel-wise adjustment of Iyv o/ Iblue,0
producing variation in inhibition height and, therefore, printed part topography. (c)
Four-level intensity image of the University of Michigan seal. (d) Variable thickness
part produced by a single, intensity-patterned exposure. . . . . .. ... ... ...

vii

17



3.1

3.2

3.3

3.4

3.5

3.6

a) Cure-through correction is incorporated into the 3D printing workflow by compu-

tationally processing slice images. b,c) Correction applied to real models, reducing

the extent of cure-through while maintaining print speed. Scale bars are 5 mm.

b) #3DBenchy [1] printed at 800 mm h=! (h, = 1500 pum, D, = 230 mJ cm~3),

and c) hollow egg [2] printed at 800 mm h~! (h, = 2000 pm, D. = 173 mJ cm~3).

d) Vertical cross-section of printer setup showing nondimensionalized variables of

interest: (, €, and ®, are the dimensionless z-position, dose, and light intensity,

respectively. . . . . . L e
a) Test model. b) Vertical stack of uncorrected grayscale projections along the

plane indicated in (a). Note that only black and white (p = 0 and p = 1) are used

by default. ¢) Model prediction from slices in (b) showing areas with cure-through

(CT, red) and undercuring (UC, blue). Gray regions of the part are correctly cured

(CC). d) Grayscale value as a function of n and total accumulated dose as a function

of ¢ for the (x,y) position indicated by the dashed line in (a). D. = 50 mJ cm~2,

hs = 50 pm, h, = 2000 pm, and s = 1,000 mm h~!. ¢ = 0 corresponds to the top

of the part (i.e., the surface attached to the build platform). The grayscale value

p relates to the intensity of the projected pixel when {, = n (calibration curve

available in Fig. 3.6). Shaded areas indicate designed features. The dose curve

indicates the normalized total dose {21 at position ¢ on completion of the print,

with cure errors indicated in red (cure-through) or blue (undercure). (e) Evolution

of the total dose curve shown in (d) for n = 21 to = 50. The total dose is the sum

of contributions from individual slices, each labeled and represented by a color.

a) Three constraints which define the target dose region (shaded): (i) curing of

features while non-features remain uncured, (ii) exposure at the maximum dose at

the bottom of the feature, and (%) exposure at the minimum dose at the top of the

feature. b) Valid dose profiles defined by maximum dose Q.5 with corresponding

intensity profiles. Here, shading indicates the designed feature height. For a given

set of parameters, the intensity profile can be tailored to achieve either a uniform

dose or a high peak dose within features while still eliminating cure errors. . . . . .
Correction for model in Figure 3.2(a) with Q,.x = 1. a) Vertical stack of corrected

grayscale projections along the plane indicated in Figure 3.2(a). b) Model predic-

tion from slices in (a) showing no cure-through (CT, red) or undercure (UC, blue).

The full part is correctly cured (CC, gray). (c) Corrected grayscale value and dose

for the (z,y) position indicated by the dashed line in Figure 3.2(a). Note that the

correction process required additional slices beyond the original 50 to ensure the

bottom of the part was fully cured. D, = 50 mJ cm~2, hy = 50 um, h, = 2,000 pm,

and s = 1,000 mm h~!. (d) Contributions of individual slices to the accumulated

dose curve shown in (¢) forn =21ton=>53. . .. .. ... ... ... ... ..
a) Cured thickness versus exposure dose of blue light for two acrylate-based resins

(see Table 3.1) with differing concentrations of blue light absorber. b) Test model

(left), uncorrected test part (center), and corrected test part printed with D. =

5Dge1 = 65 mJ cm™? (right). Parts printed in Resin 1 at 750 mm h~!. (c) Ratio

of height errors (corrected-to-uncorrected) for a range of feature sizes and values of

D.. A ratio of zero corresponds to a perfectly corrected feature. d) Parts printed

at 750 mm hh~! using slices corrected with different values for D.. e) Corrected

and uncorrected test parts for two resins with different absorber loadings (i.e., h,)

and print speeds. All scale bars are 10 mm. . . . . . . . . ... ... .. ... ...
Measured blue intensity, Iy, as a function of the grayscale value, p, of the dis-

played image. The calibration curve is found to be a piece-wise function typical of

manufacturer color balancing encoded into projector firmware.. . . . . . . . . . ..
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4.1

4.2

4.3

4.4

4.5

4.6

Structures and absorbance spectra of resin components. Structure of (a) photoini-
tiator (CQ), (b) co-initiator (EDAB), (c) photoinitiator (o-Cl-HABI, and (d) dilu-
ent (HDDA), the chemical structures of CN991 and Epolight 5675 are proprietary
and not known. (e) Absorbance spectra of resin components diluted in tetrahy-
drofuran (THF) to concentrations, in wt.%, of 25, 6, 0.4, 0.06, and 2.3x10~* for
HDDA, CN991, CQ+EDAB, 0-CI-HABI, and Epolight 5675 respectively. The emis-
sion wavelength of the inhibition and initiating light sources used in experiments
are shown in with shaded blue and purple boxes. . . . . . ... ... ... .....
Microchannel fabrication with dual-wavelength irradiation. (a) Qualitative repre-
sentation of the possible gelation permutations achievable with different relative
initiating and inhibiting doses, with . Note the different hatches for these cases will
be consistent throughout this paper.(b) Schematicof . . . . ... ... ... . ...
Optical Setup and Initiation and Inhibition of Resin. (a) Schematic of setup used
in curing height, dead zone, and microfluidic device fabrication experiments. Note
that the initiating wavelength is patterned by a DLP projector, whereas the UV is
unpatterned. (b) Gelled height vs. Incident dose for the resin described in Table
7?7, cured at intensities shown for times ranging from 0.1 to 50 s. Values for m,
D, and hppye of 0.95, 230 (mJ/cm?)™, 1275 pm respectively are found by least
squares fitting Eq. 4.1 and (c¢) Dead zone height vs. Incident intensity ratio for the
same resin for 15 s exposures, the incident intensity ratio is varied by varying the
grayscale value of the initiating light. Values for 3, and hyy of 4.3 and 125 um
are found by least squares fitting Eq. 4.2. The dashed line denotes the maximum
intensity ratio at which material will gel. . . . . . . .. . ... 0oL
Determination of Minimum Channel Dimension. Channels dimensions which are
cleanly flushed with TPA and hand pressure are denoted with solid green circles,
poorly formed channels are shown with yellow circles, and channels which did not
allow flow without rupturing are shown with red crosses. (a) Success of fabricating
backside channels for channels of different widths and heights. Grayscale values
for channels used in exposure were p = [0.59,0.63,0.67,0.71,0.75,0.78,0.82] and
all channels were exposed for 15s. (b) Success of fabricating backside channels for
channels of different widths and heights. Grayscale values, chosen to give specific
channel heights, used in experiments were p = [0.98,0.6,0.4,0.3] with exposure
times of ¢ = [10, 20, 30, 60] s respectively and Iyyv o= 100mW /ecm?. . . ... ...
Three-dimensional multi-layer microfluidic mixer fabricated using dual-wavelength
exposure. (a) Schematic of the channel layout. (b) Channel layout using the key
from Fig. 4.4. (¢) Macroscopic photograph of the prepared device with channels
filled with blue food coloring. In this design the front and backside channels were
2000 pm wide and 400 pm deep. (d) Micrograph of region outlined in (c¢) showing
a series of bubbled moving through the channel . . . . . . ... .. ... ... ...
Multi-layer microfluidic device with crossing channels fabricated using dual-
wavelength exposure. (a) Schematic of the channel showing flows and sandwich
fabrication. (b) Channel layout using the key from Fig. 4.4. (c) Macroscopic
photograph of a device with channels filled with blue and red food dye. In this
design the front and backside channels were 2000 pm wide and 400 pm deep. (d)
Micrograph of region outlined in (d) showing showing fluid flowing through each of
the channels and overlapping without mixing. . . . . . . ... ... ... ... ...
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5.1

5.2

5.3

5.4

9.5

Al

Fabrication of variable height channels. (a) Illustration of setup used to fabricate
variable height microfluidic channels. (b) Co-ordinate system used where y. = 0 is
at the entrance of the channel. (¢) Macroscopic images showing the curvature of
the trapping region for channel widths of 1.25, 3 and 5 mm channel widths. Scale
Bar = 1 mm . (d) Variation of the etched depth, z., across the width of the channel,
Z., at various distances along the channel. (e) Resulting height profile along the
length of the channel. The experimental data are the etched depth measured at
the centre of the channel (as shown by the dashed gray line in (d)) using a 3D
interferometer (Zygo NewView 5000). The dashed line is the predicted depth of
the channel according to equation 1 using the fabrication parameters for this wafer
(R=0.34 pm/min, s=1.9 mm/min.) . . . ... ... ... ... ...
Channel height profiles obtained using different protocols for the introduction of
the wafer in the etchant solution. (a) Protocols with a constant speed resulting in
linear profiles, and (b) protocols with an acceleration resulting in quadratic profiles.
Including pauses in the displacement of the wafer can create sharp steps as depicted
in the curve with “x” in (a). . . . . . . . . ..
Separation of fluorescent particles by size in a variable height channel. (a) Macro-
scopic photograph showing three channels were fluorescent particles with three
different sizes are reproducibly trapped in different regions of the channel accord-
ing to their size. (b) Microscopic images of the three different particles with sizes
(i) 7.37 pm particles, (i) 6.20 pm, and (iii) 2.05 pm. The images show that the
trapping occurs in a u-shaped region caused by the etching process All scale bars
are 100 pum (c) Histograms showing the fraction of the particles trapped at different
channel heights. Solid lines are histograms measured at the center of the channel,
dashed lines are histograms measured in the center part of the channel, and the
shaded area are the standard deviation of the histograms calculated from the three
channels shown in (a). . . . . . . . .. o
(a) Microscopic images showing the separation of two types of fluorescent particles
with sizes of 3.358 um (cyan) and 3.272 pum (red) at 7 minutes of flow (b) Number
of particles trapped at different positions in the channel at different times for two
particles with AD, ~90 nm (c) Total number of particles trapped as a function of
time. (d) Microscopic image of particles with mean diameters of 3.272 pm (red)
and 3.246 pm (yellow) trapped in the same channels as those in (a). Images were
coloured from grayscale images using ImageJ. . . . . . . ... ... ... ... ...
Trapping of Healthy RBCs with chemically modified deformability. (a) 4x images
with a microscope of the section in the channel from 50-60 mm with heights between
3.2 and 1.6 pm. (b) 20x images of the cells trapped in the regions marked by blue
rectangles in (a). The scale is 100 pym. (c) histograms of the number of RBCs
trapped in the centre region of the channel between 50 mm and 60 mm with varying
heights between 3.2 mm and 1.7 pm. . . . . . . ... L oL oL
Wavelength selective photoinitiation and transient photoinhibition of methacrylate
polymerization. Methacrylate conversion versus time for bisGMA /TEGDMA for-
mulated with CQ/EDAB and o-Cl-HABI under continuous irradiation, starting at
0.5 minutes, with 470 nm @ 100 mW /cm? and intermittent irradiation with 365
nm @ 30 mW/cm? during the shaded periods as indicated. Rapid polymerization
proceeds upon visible light irradiation, while the accumulation of lophyl radicals
during the 30 second UV irradiation periods afford decreased polymerization rates.
Upon cessation of UV irradiation, the polymerization rates recover after induction
times of approximately 30 seconds owing to the relatively slow consumption of
lophyl radicals by recombination. . . . . . . . .. ... oL
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B.1

B.2

B.3
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B.5

Effect of incident UV and blue illumination intensities on inhibition volume thick-
ness and polymerization rate. Adjustment of Tuv o/Ibiue,0 along an isorate line al-
lows for adjustment of the inhibition volume thickness while maintaining the same
polymerization rate. Additionally, raised polymerization rates can be attained for
a given inhibition volume thickness. . . . . . . . . .. .. oo 92
UV-vis spectra of ultraviolet and blue light absorbers. The absorbance spectra
of Tinuvin 328 and Epolight 5675 (1.1x10~* M and 1x10~2 g/L, respectively) in
isopropyl alcohol reveal no absorbance by Tinuvin 328 in the visible region of the
spectrum and relatively low absorbance by Epolight 5675 in the near UV spectral
region, enabling their use to independently control resin absorbance in the blue and
near UV. . . . . . o L e 92
Influence of co-initiator on o-Cl-HABI photoinitiation. Methacrylate conversion
versus time for bisGMA/TEGDMA formulated with o-Cl-HABI and either no co-
initiator (black line, squares), EDAB (blue line, circles), or MBT (red line, dia-
monds) under continuous irradiation with 365 nm @ 30 mW/cm?. Whereas in-
clusion of MBT in the resin formulation results in rapid photopolymerization, the
formulated methacrylate resin in the absence of a co-initiator exhibits negligible
conversion upon UV irradiation. Similarly, no polymerization is observed during
the irradiation of the resin formulated to include EDAB, indicating that the lophyl
radicals are unable to generate polymerization-initiating radicals by hydrogen ab-
straction from the tertiary amine which can thus be employed as a CQ-selective
co-initiator. . . . . ..o e 93
Effect of print speed on the gel fraction of printed part. Gel fraction versus printing
speed determined using Soxhlet extraction for printing resins with hpjye = 4500 pm
and hyy = 100 um. Model used was a solid (¢ = 0) ASTM D638 Type V dog bone. 93
Dose constraint curves (i)—(iii) and target dose region. (y and ¢, are the positions
of the top and bottom of the feature, respectively. . . . . . . . ... ... ... ... 99
Effect of increasing (yellow curves) and decreasing (blue curves) parameters by
50%: (a) Base case. hg = 50 ym, Az = 1 mm, h, = 2,000 ym, s = 1,000 mm h~1,
and Iyax = 100 mW ecm=2. (b) Decreasing feature height. (c) Increasing feature
height. (d) Varying absorbance height. (e) Varying print speed. From Equation
B.1, varying the critical dose has an identical effect. (f) Varying the maximum
projector intensity. . . . . . . .. L oL 102
Maximum dose as a function of én = (21, — zu)h; *. As the feature height increases,
the maximum dose approaches the limit €., described in Appendix B.3. Param-
eters: hy = 50 pm, h, = 2,000 ym, s = 1,000 mm h~', Ipae = 120 mW cm™2,
Toin =2mW cmn™2. . . . . 103
Maximum dose limits for our presented optimization (Resin 1, s = 750 mm h~! |
Inax ~ 75 mW cm~2 ). a) Exposure height to reach the critical dose starting from
zero dose. Printing at a constant speed, larger height ranges must be exposed to
reach higher doses. b) The maximum possible dose for a feature of a given height, as
determined by the dose constraint equations (Eq. B.15) in Appendix B.3). When
the correction is applied, the maximum dose within a feature is the minimum of
D* and the chosen Dpax. - - -« o o o o o o e 103
Varying Diax with D; = 5D a) Ratio of height errors (corrected-to-uncorrected)
for a range of feature sizes and values of D,«. A ratio of zero corresponds to a
perfectly corrected feature. Error bars indicate standard error. b) Parts printed at
750 mm h~! using slices corrected with D, = 5Dgc1 and different values for Dpay. . 104
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C.1

C.2

D.1

D.2

D.3

D.4

D.5

Calibration data for blue and UV intensities measured at the front edge of the
liquid resin for experimental setup shown in 4.2. It is important to once again
note that pixel-level Ij p1ue control is possible through grayscale PWM modulation
of the DMD mirrors but pixel-level control of Iy yv is not possible in the current
system (a) Incident blue intensity, Ip piue, versus grayscale value, p. The grayscale
value for a given pixel is defined as the [R,G,B]/255 where R=G=B. (b) Incident
UV intensity, Ip uv, versus analog control voltage, Vyy. . . .. ... ... ... ..
Dead zone height versus Iy piwe/lo,uv (where Iy yy is maintained constant and
Iy biue is varied) plotted for different exposure times. The presence of a dead zone
is predicated by the gelation of material at some point beyond the dead zone,
therefore for a given exposure time as Iy piue/lo,uv increases (i.e. Iopiue decreases)
there comes a point beyond which no material is gelled and no dead zone appears,
the position of this point logically moves to higher Iy bive/Io,uv as the exposure time
increases. As t — oo the unsteady state model tends to the previously described
steady state case. . . . . . .. L e e
Diagram of modifications to centrifuge tube for delivering sample to variable height
channels. The flow rate of the sample out is controlled by adjusting the pressure
input with a pressure controller. . . . . . . . . .. ... Lo Lo
Influence of image analysis on measured distribution of particles. a) Image of
channel with 250 pm grid overlaid and typical areas for particle counting shown
with green and red boxes. The green box encompasses the middle 500 pm of the
channel and the red box the whole channel. b) The fraction of particles trapped
at different positions within the channel shows is not significantly affected by the
image analysis method, however particle counting with the full channel width shifts
the measured distributions down the channels slightly due to the particles at the
edge moving further down the channel for reasons discussed elsewhere . . . . . ..
Theoretical effect of fabrication parameters on the channel height. a) For wafers
moving into the liquid with constant velocity, the ratio of etch rate to lowering veloc-
ity (R/s) determines the slope of the channel. Increasing R/s either by decreasing
the velocity the wafer is lowered at or increasing the etch rate of the solution will
result in deeper channels with higher slopes. b) Wafers which are accelerated into
the etchant can obtain curved height profiles. The curvature of the height profile is
dependent on the acceleration, a. As a decreases (i.e. approaches zero) the height
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ABSTRACT

Additive manufacturing (AM), aided by enhanced computing, unprecedented connec-
tivity, and monumental advances in material science, has been hailed as the ”fourth
industrial revolution”. Despite this prestigious accolade, AM-manufactured prod-
ucts still only represent a tiny fraction of total production. Uncompetitive fabrication
speeds and directionally-dependent material properties have historically plagued AM
- hindering its adoption to only a few limited applications in niche markets. Contin-
uous stereolithographic (SL) AM offers significant improvements in fabrication speed
while delivering parts with uniform material properties. This work focuses on the de-
velopment of a dual-wavelength initiation and inhibition system for continuous AM.
Using a visible light initiator and novel UV-active photo-inhibitor molecule we are
able to generate photo-inhibited dead zones and enable continuous AM. Dead zones
created in this way are large, easy-to-control and enable the fastest reported verti-
cal print speeds for continuous SL-AM. Dual-wavelength AM methods may, through
increases in fabrication rates, make AM a viable alternative manufacturing tech-
nology. A challenge in continuous AM methods is a trade-off that exists between
vertical 'resolution’ and speed. In order to more accurately reproduce parts, verti-
cal resolution is typically improved (at the expense of print speed) by addition of
absorbing dyes. We develop a dose-based model and correction algorithm to modify
exposures in continuous AM. The algorithm uses physical properties of the system
and chemical properties of the resin to calculate the cumulative dose and, through

a series of constraints, optimizes the projection images used during printing to im-

XV



prove the resolution of the printed part. This method is verified experimentally in a
number of test models and actual parts and found to achieve up to 85% reduction
in unwanted gelation while maintaining high print speeds up to 750 mm/hr. Mul-
tilayer microfluidic devices are useful in a wide range of applications. Fabrication
of these devices, however, is often a tedious, time-consuming and expensive pro-
cess. We develop a protocol for multilayer microfluidic device fabrication using our
dual-wavelength initiation and inhibition system. Using grayscale patterning of the
initiating light we are able to pattern microfluidic channels in a two to three short
(< 30 s) exposures. This protocol is demonstrated in multilayer microfluidic device
fabrication with channels of sub-millimeter height in less than a minute compared
with hours or days previous methods require. Fabrication in this way may lower the
barrier-to-entry of microfluidic technology for research and commercial applications.
Finally we investigate a technique for fabricating variable height microfluidic chan-
nels. The fabrication technique uses controlled non-uniform exposure to an etchant
solution to create channels of arbitrary height that vary from the inlet to the out-
let. Channels that vary in height are shown to effectively and reproducibly separate
particles by size and red blood cells by their deformability. The macroscopic visual-
ization of microparticle separation in these devices in addition to their ease of use,
simple fabrication, low cost, and small size suggest the viability of such a device in

point-of-care diagnosis with multiplexed microparticle assays.

Xvi



CHAPTER I

Introduction

1.1 Motivation

Additive manufacturing (AM) (or 3D printing) was born in the late 1980s from
advances in computing, optics and photopolymerization chemistry. The first com-
mercial device, the SLA-1, developed by 3D Systems used an ultraviolet laser to
solidify thin layers of photo-sensitive resin to build up three dimensional objects in
a process called stereolithography (SL). In the following years, other AM technolo-
gies, such as selective laser sintering (SLS), fused deposition modelling (FDM), and
laminated object manufacturing (LOM) were introduced. The expiration of key AM
patents in the 2010s released the monopolistic control over key processes held by
the original pioneers - allowing numerous players into the market and subsequently
lowering costs, increasing accessibility and driving innovation. While the advantages
of additive manufacturing (e.g. rapid time from design to device, high customiza-
tion, few geometric limitations, and low equipment cost) are widely accepted they
have not translated to significant displacement of traditional manufacturing meth-
ods (such as injection molding and polymer casting). Ultimately the low-production
speed, anisotropic material properties and high per-part cost relegated additive man-

ufacturing to application in only a few niche markets (e.g. manufacturing of dental



and jewellery products). For additive manufacturing to truly be disruptive in the
manufacturing space advances in production speed, part isotropy and materials prop-

erties are essential.

1.2 Prevalent Methods and Recent Advances in Additive Manufacturing

AM of 3D objects is achieved by successive addition of 2D’ layers. These layers
represent cross-sections or ’slices’ of the original design. The way in which these
layers are formed ultimately underpins the differences between AM methods. The
three most commonly used techniques are fused deposition modelling (FDM), se-
lective laser sintering (SLS), and stereolithography (SL). FDM, originally developed
by Stratasys and bolstered by the RepRap movement of the early 2000s [3], is ar-
guably the most popular and accessible 3D printing method (particularly among
hobbyists and 'makers’). This method melts and extrudes thermoplastic filament
from a numerically-controlled heated nozzle to form layers. Low-cost commercial
FDM devices can print with a wide range of thermoplastics (e.g. polylactic acid
(PLA), acrylonitrile butadiene styrene (ABS), polyethylene terephthalate (PET),
and nylon), giving users access to a vast palette of material properties. Selective
laser sintering (SLS) uses a high power laser to sinter layers of powdered material
(typically metals, ceramics or plastic).

Of particular interest to this work, however, is stereolithography (SL). Historically,
layers in stereolithography were created by curing the surface of a photo-sensitive
resin vat with a UV laser beam [4]. The part was then moved into the vat and
another layer created at the surface. This method required large resin baths, and
the vertical fabrication speed was limited by the use of a point curing laser. Modern

devices increase speed by curing entire layers with patterned light from liquid crystal



displays (LCDs) [5] or digital light projection (DLP) [6] using proprietary digital
micromirror devices (DMDs) from Texas Instruments. Additionally, newer devices
project light from below the resin vat through a transparent projection window
(typically constructed of glass-backed polydimethylsiloxane (PDMS) or thin polymer
films). While decreasing the overall size of the device and the amount of resin needed,
inclusion of a projection window results in unwanted adhesion of the newly-cured
layer to the window. The part thus needs to be separated and fresh resin introduced
before additional layers can be added. These separation and recoating steps increase
the time required for each layer, resulting in achievable print speeds of only a few
millimeters per hour. Furthermore, layer-by-layer addition of material introduces
directionally-dependent material properties [7].

Continuous liquid interface production (CLIP) is a major advance in stereolithog-
raphy [8]. In this method, the projection window is replaced with an oxygen-
permeable membrane. Oxygen, a well-known radical photopolymerization inhibitor,
diffuses through the projection window and dissolves in the photopolymer resin. This
results in a thin region, or dead zone, at the window where polymerization does not
occur. The dead zone eliminates adhesion and enables material to be added in a con-
tinuous, or layerless, printing at unprecedented speeds and elimination of layering
creates parts with isotropic material properties [9]. Liquid resin reflow into the dead
zone during printing imposes a force on the growing part, the magnitude of this force
is dependent on the size of the part, viscosity of the resin and height of the dead
zone, and ultimately imposes a maximum size (i.e. cross sectional area) achievable
with CLIP - limiting parts to sparse lattices or thin-walled structures. More recently,
continuous printing was enabled through the use of a high-density fluorinated oil in

place of an inhibited layer [10]. This method, unimaginatively named high area rapid



printing (HARP), claims to remove heat (which arises from the exothermic polymer-
ization reaction) enabling large area printing (although printing of large area parts
is not demonstrated). While ancillary to the discussion of continuous printing, a
recently published method termed computed axial lithography (CAL) could be de-
scribed as the first true 3D printing method. This method eliminates the need for
cross-sectional layers altogether, instead generating a dynamically evolving light field
from computed tomography which, when projected into a revolving vat of resin, cures
the desired regions forming the 3D part [11]. Since parts are formed free-floating in
the resin vat, parts have isotropic material properties and aren’t limited by resin

reflow allowing larger parts with a wider palette of material properties.

1.3 Additive Manufacturing in Microfluidic Device Construction

Microfluidic device fabrication is a tedious and time-consuming process. The
prevalent fabrication method is replica molding by soft lithography [12]. This process
creates microchannels and features by curing an elastomeric polymer (polydimethyl
siloxane or PDMS) over a microfabricated master, typically SU-8 [13]. This process
involves numerous time-consuming steps, making it poorly suited to mass production
or rapid prototyping of devices. Additionally, any adjustments to the device design
are impossible without fabrication of a new master. Multi-layered devices, which give
microfluidic devices improved functionality [14], require one iteration of the entire
soft lithography process for each layer (and additional steps aligning, bonding and
interfacing between layers) - increasing the time, complexity and graduate student
frustration of fabricating complex devices. Additive manufacturing of microfluidic
devices is therefore extremely attractive due to the flexibility, short design-to-device

times and ability to fabricate complex three-dimensional structures with little to no



additional effort [15, 16]. FDM and SL additive manufacturing have both demon-
strated application in device [17, 18, 19, 20, 21| and mold [22, 23, 24] fabrication.
As mentioned above, SL uses patterned light to cure layers of material from a liquid
photopolymer resin. Typical commercial SL printers can fabricate enclosed chan-
nels of 200-300 pm [25, 20], but much smaller channels (<100 pm) are possible with

custom setups and optimised resin formulations [26, 27, 28].

1.4 Organization of this Dissertation

This dissertation outlines advances in continuous additive manufacturing and mi-
crofluidic device fabrication. In chapter II, we introduce a new method for contin-
uous additive manufacturing. This method uses complementary, orthogonal, photo-
initiation and photo-inhibition chemistries individually activated by irradiation with
ultraviolet and visible light. We demonstrate that this dual-wavelength chemistry
is able to generate dead zones an order of magnitude larger than previously re-
ported methods. We develop a steady-state model which accurately describes the
static dead zone height under concurrent irradiation. The applicability of this new
photo-initiation and photo-inhibition chemistry in a number of radical polymeriza-
tion chemistries is validated. Finally, the usefulness of this chemistry in rapid additive
manufacturing and topographical surface patterning is shown.

In chapter III we demonstrate a method for improving vertical print resolution, or
print fidelity, in continuous additive manufacturing. We develop a model to calculate
the accumulated dose from a series of image exposures during continuous AM and
demonstrate its ability to gelation and the appearance of unwanted curing. We
define the desirable dose profile over a given feature and fundamental constraints

to achieving a particular profile in terms of physical and chemical parameters of the



system. We develop a image slice modification algorithm to computationally generate
slices to correct cure errors in the continuous additive manufacturing process. Finally
we experimentally demonstrate cure-through correction in a variety of continuously
printed test parts and models. We discuss the benefits of slice optimization as a viable
method for improving part quality while maintaining high vertical print speeds.

The application of the dual-wavelength system to in-situ fabrication of microflu-
idic devices is explored in chapter IV. We develop a transient model for gelation
height under initiating and inhibiting irradiation. The conditions required, and the-
ory of, microfluidic device fabrication with dual-wavelength photoinitiation and pho-
toinhibition is described. A model acrylate resin is formulated, characterized, and
used to demonstrate our microfabrication process. Exemplary microfluidic devices
are demonstrated and the benefits of this method over conventional microfluidic
device fabrication (i.e. lithography) are discussed.

In chaper V we present a new simple fabrication procedure for microfluidic chan-
nels with sloping, variable height. The usefulness of these devices in separating large
numbers of microparticles and cells by differences in size and deformability is demon-
strated experimentally. The potential for these devices in multi-analyte bead-based
assays in point-of-care devices is discussed.

Chapter VI summarizes the conclusions and presents possible future directions

for this work.



CHAPTER II

Rapid, Continuous Additive Manufacturing by Volumetric
Polymerization Inhibition Patterning

This work was done in collaboration with Dr. Harry van der Laan. My contribu-
tions to this work were in the conception of a dual-wavelength system for continuous
additive manufacturing, experimental work, modelling, and data analysis. Dr. van
der Laan’s contribution was in the FT-IR work validating the activity of o-CI-HABI

as a photo-inhibitor in various radical polymerizations.

2.1 Introduction

Additive manufacturing (AM) methods enable facile fabrication of exceptionally
complex objects with internal features unobtainable by conventional methods [29].
Commonly called 3D printing, these technologies typically produce three-dimensional
structures by successive addition of thin layers of material. The simple operation and
near limitless design choice have made AM very attractive for producing custom and
prototype parts [30] finding utility in applications ranging from the fabrication of be-
spoke medical devices [31, 32, 33| and athletic equipment tailored to an individual’s
anatomy [34], to the low volume production of automotive and aerospace compo-
nents [35]. A wide variety of materials, including thermoplastics, polymeric resins

and inorganic powders, have been employed as AM media for methods ranging from



material extrusion [36, 37, 38] to powder bed fusion [39] and binder jetting [40].
A particular method of interest, stereolithographic AM (SL or SLA) [40, 5], uses
photopolymerizable resin and a patterned illumination source to cure cross-sectional
layers of the desired geometry. The speed of many layer-by-layer SLA devices is,
depending on the build platform translation direction, limited either by adhesion
of cured polymer to the projection window or by resin surface disturbances, ne-
cessitating time-consuming separation or recoating steps between successive layers.
Consequently, the print speeds in these systems range from only a few millimeters
to several centimeters per hour. The recently-described continuous liquid interface
production (CLIP) technique [8, 9, 41] addresses this deficiency by employing an
oxygen-permeable projection window to create a thin, polymerization-free resin layer
adjacent to the projection window, enabling continuous part production at transla-
tion speeds of several hundred millimeters per hour. Nevertheless, contemporary
AM systems are ill-suited for the production of arbitrary 3D objects without move-
ment of the build platform. We have developed an additive manufacturing system
that can print continuously at relatively high linear velocities in addition to printing
three-dimensional structures using a single exposure. Our process, shown in Fig.
2.1 uses a build head that is drawn upwards out of a photopolymerizable resin and
two illumination sources at different wavelengths. Patterned illumination through
a transparent glass window initiates polymerization of the resin while illumination
at a second wavelength inhibits the polymerization reaction immediately adjacent
to the glass window, eliminating adhesion and enabling continuous operation. Print
speeds of approximately two meters per hour have been achieved, and the process
is compatible with a wide variety of resins including acrylates, methacrylates, and

vinyl ethers. In addition, by varying the intensity of the light source on a per-pixel
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Figure 2.1:
1B Optical setup for dual-wavelength, stereolithographic AM by concurrent photopolymer-

ization and photoinhibition. Near UV (365 nm) is superimposed onto patterned blue
(458 nm) with a dichroic mirror and projected through a transparent window into a
photopolymerizable resin vat

basis, the system can perform surface topographical patterning in a single exposure

with no stage translation.

2.2 Results

2.2.1 Dual-Wavelength Volumetric Photopolymerization Confinement

A unique aspect of our system is the use of multi-color irradiation to achieve volu-
metric patterning by the photochemical generation of both polymerization-initiating
and polymerization-inhibiting species. Common amongst all contemporary SLA
devices is the use of a single wavelength of light to initiate polymerization pat-
terned in a plane. In contrast, we use one wavelength to photochemically activate
polymerization and a second wavelength to inhibit that reaction. Here, photopoly-
merizable resins are formulated with camphorquinone (CQ, Fig. 2.2(a)) and ethyl-
4-(dimethylamino)benzoate (EDAB, Fig. 2.2(b)), as a visible light photoinitiator
and co-initiator, respectively [42], and bis[2-(o-chlorophenyl)-4,5-diphenylimidazole]

(0-CI-HABI, Fig. 2.2(c)) as a photoinhibitor. Whereas HABIs are well known as
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effective photoinitiators in the presence of complementary, hydrogen-donating co-
initiators [43], in the absence of co-initiators, the lophyl radicals transiently generated
upon HABI photolysis efficiently inhibit radical-mediated, chain-growth polymeriza-
tion (Fig. A.1) by rapidly recombining with propagating, carbon-centered radicals

and thus can be used to prevent polymerization adjacent to the illumination window.

Independently controlling initiation and inhibition necessitates that photoinitiat-
ing and photoinhibiting species have complementary absorbance spectra. As shown
in Fig. 2.2(d), o-CI-HABI exhibits very weak absorbance in the blue region of the
spectrum and moderate absorbance in the near UV, complementing the absorbance
spectrum of CQ which absorbs blue light (Ap.x = 470 nm) but absorbs poorly in
the near-UV. This minimal overlap in the absorbance spectra of CQ and o-Cl-HABI
in the near-UV to blue region of the spectrum enables polymerization to be selec-
tively initiated with blue light and inhibited with UV light. The dead zone height
can be controlled by varying the ratio of the intensities of the two illuminating light
sources. When both UV and blue light are supplied to the resin, a dead zone with
no polymerization is generated adjacent to the window. Above this region, polymer-
ization occurs allowing the continuous printing of objects, such as those shown in
Fig. 2.2(f), without deleterious window adhesion. Importantly, the dead zone height
(i.e., the vertical distance into the resin from the transparent window in which no
polymerization occurs) is dependent on the incident initiating and inhibiting light

intensities, (Ipweo and Iyy o, respectively) such that:

I
| log ()
Dead Zone Thickness = ————— (2.1)

huv hblue

Here, the inhibition coefficient () is a constant for a given resin composition,
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and incorporates the ratio of inhibitor to initiator absorbance cross sections, quantum
yield, and reaction rate constants (20). The absorption height of a material, hyy and
huiue, is defined as the inverse of the sum of the concentrations of all absorbing species

(¢;) multiplied by their wavelength-specific absorptivity (e) (i.e., hy = Zlec‘) and is

equal to the depth into an absorbing medium at which the light is 90% attenuated.
Fig. 2.2(e) shows that dead zone height, calculated using a subtractive technique
8], is controlled by varying both the ratios of the incident radiation and the con-
centration of the UV absorber. Adjustment of Iyy o/ lpieo changes the relative rates
of initiating and inhibiting radical generation within the resin (trimethylolpropane
triacrylate (TMPTA)) and can be used to control the inhibition thickness. Alterna-
tively, the UV absorber concentration (Tinuvin 328, see Fig. A.3) can be changed
to achieve a similar control over the dead zone height. Increasing the UV absorber
concentration to decrease hyy selectively confines UV light, and hence generation of
inhibiting radicals, to progressively thinner regions above the projection window. It
is important to note that a minimum intensity ratio at which initiation and inhi-
bition rates are balanced is required to generate a dead zone and can be shown to
equal (Iyv/Ive)erit = 1/5 (see Appendix A.1). In this TMPTA-based system, 1/ is
found to be approximately one; nevertheless, this value is dependent on resin compo-
sition, necessitating experimental determination for specific resin formulations. The
dead zone height is a critical parameter for continuous stereolithographic fabrication.
Previously reported dead zones resulting from oxygen inhibition are typically only
tens of micrometers thick [8, 9]. Although this inhibition layer eliminates adhesion to
the window, its small thickness curtails resin reflow underneath the emergent object,
especially in objects with large cross-sectional areas [44], and necessitates the use

of low viscosity resins or fabrication of objects with small cross-sections. Here, the
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dead zone height can be modulated by altering the UV absorbance of the resin or by
varying the intensities of the initiating and inhibiting light sources such that dead
zone heights in the hundreds of microns are readily obtained. These thick dead zones
are particularly desirable when using viscous resin formulations, further expanding
the monomer palette, or to allow resin reflow into the print area for objects with
large cross-sectional areas. Nevertheless, increases in the dead zone heights are typi-
cally accompanied by decreased polymerization rates, and hence slower print speeds,
owing to attenuation of the initiation wavelength intensity within the resin bath.
Notably, the system described here can negate this limitation and achieve equivalent
polymerization rates for different dead zone height by accompanying any variation
in the inhibition wavelength intensity with a corresponding initiation wavelength

intensity change (see Fig. A.2).

2.2.2 Continuous Additive Manufacturing

The large dead zones, in conjunction with high photoinitiation rates, facilitate
continuous and rapid part production. Notably, the high photoinitiation wavelength
intensities that effect rapid polymerization rates also exacerbate separation and resin
reflow issues in conventional and diffusion-reliant methods [8, 45]. These high rates,
though, can be used in this system since the inhibiting intensity can be adjusted to
maintain a constant dead zone. The maximum print speed for continuous printing
in this system is a function of the absorption heights at the inhibiting and initiating
wavelengths, hyy and hpe, the intensity of the initiating and inhibiting wavelength
(Ibiue,o and Iyy o here respectively), and the amount of energy required to cure the

resin, E., such that (see Appendix A.2):

Lyiue,0hbiee — Bluvohuv (2.2)

Max. Print Speed =
ax. Print Spee o
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Structures of (a) photoinitiator CQ, (b) co-initiator EDAB, and (c) photoinhibitor o-
CI-HABI. (d) UV-visible spectra of CQ (solid blue line) and o-Cl-HABI (dashed violet
line) in THF. The UV and blue wavelengths employed by the two-color AM system are
highlighted by the violet and blue vertical bars, respectively. (e) The dead zone height is
affected by varying intensity ratios of the incident irradiation wavelengths (Iuv,0/Ibiue,0)
and resin absorbance (hyy). (f) A solid block M (left) and tug boat (model detailed
in [1]) (right) printed using the two-color, photopolymerization/photoinhibition stere-
olithography system at 500 mm/hr and 375 mm/hr, respectively.
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Rapid, continuous additive manufacturing with two-color photoinitiation and photoin-
hibition. (a) Argyle models printed using photoinhibition to enable continuous printing,
with the percentage void (¢) and volume of the printed part (V},) relative to the de-
signed part (Vies) shown below each part. The designed void was ¢ = 57%. (b) Cured
thickness versus dosage of blue light for four acrylate-based resin formulations prepared
with varying blue-absorbing dye (Epolight 5675) loadings. (¢) Maximum vertical print
speeds achievable for varying blue absorbance heights. All printing was done with Iyjue 0
of 110 mW /cm? and Iyv o of 130 mW /em? with hyy of 125 um. The influence of vary-
ing hyv, and hence dead zone height, on the predicted maximum achievable print speed
as determined by Eq. 2.2, are shown as solid lines.
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Reducing the dead zone height by decreasing hyy at constant irradiation intensity
is predicted to increase print speeds as polymerization proceeds closer to the projec-
tion window where limited blue light attenuation affords high initiation wavelength
intensity. Practically, the theoretical maximum print speed is difficult to achieve
owing to lingering inhibiting radicals, mechanical properties of the cured resin, and
reflow limitations dictated by the resin viscosity. Nevertheless, we are able to print
parts at speeds up to approximately 2 meters per hour for the argyle structures
shown in Fig. 2.3(a).

In this system, the depth to which light penetrates and ultimately cures resin is
controlled by modulating the resin’s blue absorbance (Fig. 2.3(b)) with the cured
thickness for a given irradiation dose of initiating light given by:

Tpiue ot
Cured Thickness = hbluelog(%) (2.3)

where Ipeot [46] is the product of the irradiation intensity and time, or the
incident dose. At the slowest print speed, the apparent void percentage of the
printed argyle structure exceeded that of the design (Fig. 2.3(a)), attributable to
polymerization-induced shrinkage [47]; however, deviation of the printed part vol-
umes from their design increased with raised print speed, due to unwanted polymer-
ization beyond the designed feature (known as “cure-through”). Although adding
blue-absorbing dyes (e.g., Epolight 5675, see Fig. A.3) can rectify cure-through to
improve the fidelity of printed parts to their design, a compromise between vertical
resolution and print speed exists in continuous AM systems (Fig. 2.3(c)), as has
been previously reported (15). Print fidelity can also be improved by using resin for-
mulations that exhibit inherently low polymerization shrinkage or by modifying the

projected images to correct for shrinkage. Nevertheless, increasing the print speed at
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a constant dye loading results in decreased gel fractions of the completed part (see

Fig. A.5) owing to lower light doses for faster-printed parts.

2.2.3 Hexaarylbiimidazoles as Radical Polymerization Photoinhibitors

The concurrent photoinitiation and photoinhibition described here can be ap-
plied to a range of monomer classes for use in this AM system. HABIs exhibit
several attributes favoring their potential as universal photoinhibitors of radical-
mediated, chain-growth polymerizations, including their favorable absorbance spec-
tra and the inability of HABI-derived lophyl radicals to directly initiate polymer-
ization of (meth)acrylates [48], greatly expanding the compatible monomer palette.
To demonstrate the broad applicability of our photoinitiator /photoinhibitor system,
acrylate, methacrylate, and vinyl ether /maleimide (i.e., electron donor and electron
acceptor monomers) resins (see Fig. 2.4(a)-(e)) formulated with CQ, EDAB, and o-
CIl-HABI displayed rapid curing upon blue irradiation, suggesting that the HABI did
not produce polymerization rate-retarding chain transfer reactions, and, while under
exclusive near UV irradiation, very limited to no curing was observed. Upon con-
current blue and near-UV irradiation, polymerization rates decreased precipitously
relative to those observed under exclusively blue irradiation for all resin formula-
tions examined, approaching zero for the (meth)acrylates (Fig. 2.4(f)-(h)). Note
that other two-color irradiation schemes have been demonstrated previously for sub-
diffraction, direct-write photolithography [49, 50, 51]. These systems used CQ and
EDAB as a blue light photoinitiator system and tetraethylthiuram disulfide (TETD)
as a UV-active photoinhibitor. Unfortunately, the utility of TETD in rapid additive
manufacturing is hindered by its participation in chain transfer reactions with prop-
agating radical species [52], resulting in significantly reduced photopolymerization

rates at raised TETD concentrations even under exclusively photoinitiating irradia-
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tion, while co-irradiation at the photoinhibition wavelength yields reduced polymer-
ization rates but does not completely cease polymerization [49]. Moreover, TETD
has only been shown to effectively inhibit methacrylate resins, limiting the palette

of compatible monomers.
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Figure 2.4:
& Wavelength-selective photoinitiation and photoinhibition of radical-mediated, chain

growth photopolymerization. Monomers examined include (a) bisphenol A ethoxylate
diacrylate (BPAEDA, n =~ 4); (b) triethylene glycol dimethacrylate (TEGDMA); (c)
bisphenol A glycerolate dimethacrylate (bisGMA); (d) triethylene glycol divinyl ether
(TEGDVE); and (e) N-propylmaleimide (NPM). Alkene conversion versus time for resin
formulations of (f) BPAEDA, (g) bisGMA/TEGDMA and (h) TEGDVE/NPM (vinyl
ether and maleimide conversions denoted by solid and dashed lines, respectively) under
continuous irradiation with exclusively 470 nm @ 100 mW /cm? (black line, squares),
470 nm @ 100 mW /cm? and 365 nm @ 30 mW /cm?, (red line, circles), and 365 nm @
30 mW/cm? (blue line, diamonds).
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2.2.4 Single Exposure Surface Topographical Patterning

A significant and unique attribute of our system is that, by employing the con-
current photoinitiation and photoinhibition in conjunction with spatial variation in
light intensity, our system has the ability to produce complex, three-dimensional
surface features with a single, two-color exposure. Projecting blue images of variable
intensities (i.e., varying the intensity on a pixel-by-pixel basis) against a constant
UV background affords spatial variation of Iyvo/lpmeo, consequently varying the
dead zone height according to Equation 2.1. This modulation creates a complex,
three-dimensionally patterned dead zone and enables localized surface patterning of
features, both of which are unattainable by current methods. Fig. 2.5(a) shows a
schematic of this procedure where the single-exposure topographical patterning was
demonstrated with resin formulated with CQ/EDAB and o-ClI-HABI contained be-
tween two glass slides. The resin was exposed to a blue image of varying intensity,
and this image was superimposed on a uniform, collimated UV light source (Fig
2.5(a)). A single ten second exposure yields cured features with a thickness variation
of up to 700 pm and height differences as small as 125 ym (Fig. 2.5(b)); however,
these magnitudes can be readily varied by adjusting the UV- and blue-absorbing
dye loadings to refine the wavelength-dependent absorption characteristics of the
resin (i.e., by adjusting hyy and hpe). The ability to use this technique to produce
patterned features with three-dimensional structures is demonstrated with a four
intensity-level image (Fig. 2.5(c)). The cured resin resulting from exposure to the
image in Fig. 2.4(c) shows the expected variation in thickness (Fig. 2.5(d)), with

the 200 pum text features able to be easily resolved.
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Figure 2.5:
& Two-color photoinitiation and photoinhibition enables controllable, far-surface pattern-

ing of complex 3D structures. (a) Setup used for intensity-patterned printing. (b) Use
of variable intensity images enables pixel-wise adjustment of Iyv,o/Ibiue0 , producing
variation in inhibition height and, therefore, printed part topography. (c¢) Four-level in-
tensity image of the University of Michigan seal. (d) Variable thickness part produced
by a single, intensity-patterned exposure.

2.3 Discussion

The controllable, concurrent photoinitiation and photoinhibition used in this fab-
rication system has, in addition to high vertical print speeds, considerable advantages
over contemporary approaches. By eliminating the need for thin, Os-permeable pro-
jection windows this process has the potential to be scaled for rapid production

of very large objects. Moreover, by dynamically controlling inhibition using this
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method, reflow into the dead zone during printing can be optimized to ameliorate
reflow problems associated with production of large cross-sectional area parts, sig-
nificantly broadening the applicability of AM for mass production. Using variable-
intensity irradiation with concurrent photoinitiation and photoinhibition allows sin-
gle step fabrication of cured materials with intricate surface topographies, enabling
rapid generation of personalized products or overcoming numerous time-consuming
steps currently used in microfabrication. The application of multi-wavelength sys-
tems to SLA is a new direction in additive manufacturing where, in addition to the
volumetric polymerization control described here, two-color systems designed to ef-
fect orthogonal reactions may enable fabrication of parts with localized variation of

material and chemical properties [53].

2.4 Materials and Methods

Triethylene glycol dimethacrylate (TEGDMA, Esstech Inc., Essington, PA, USA)
and bisphenol A glycidyl methacrylate (bisGMA, Esstech) were formulated as a mix-
ture consisting of 50 wt.% TEGDMA and 50 wt.% bisGMA. N-(n-propyl)maleimide
(NPM, Alfa Aesar, Haverhill, MA, USA) and triethylene glycol divinyl ether
(TEGDVE, Sigma-Aldrich, St. Louis, MO, USA) were formulated as a mixture
such that the maleimide and vinyl ether functional groups were present at a 1:1 sto-
ichiometric ratio. Bisphenol A ethoxylate diacrylate, EO/phenol 4.0 (BPAEDA,
Sigma-Aldrich) was used without comonomers. (£)-Camphorquinone (CQ, Es-
stech) was used as a blue light-active photoinitiator in conjunction with ethyl-4-
dimethylaminobenzoate (EDAB, Esstech) as a co-initiator at the concentrations in-
dicated. 2,2’-Bis(2-chlorophenyl)-4,4’ 5 5-tetraphenyl-1,2’-biimidazole (0-Cl-HABI,

TCI America, Portland, OR, USA) was used as a photoinhibitor at the concen-
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trations indicated. Owing to poor solubility of o-CI-HABI in the monomers, o-Cl-
HABI was dissolved in tetrahydrofuran (THF, containing 0.025% butylated hydroxy-
toluene as preservative, Fisher Scientific, Hampton, NH, USA) as a 30 wt.% solution
prior to formulating the resins. The bisGMA/TEGDMA monomer mixture was for-
mulated with 0.2 wt.% CQ, 0.5 wt.% EDAB, and 3 wt.% 0-CI-HABI. BPAEDA
was formulated with 0.2 wt.% CQ, 0.5 wt.% EDAB, and 2 wt.% o-CI-HABI. The
TEGDVE/NPM monomer mixture was formulated with 1.0 wt.% CQ, 0.5 wt.%
EDAB, and 5 wt.% o0-CI-HABI. All monomer quantities were adjusted to account
for the THF in which o-ClI-HABI was dissolved. For the o-Cl-HABI photoinitiation
testing, bisGMA /TEGDMA was formulated with 1 wt.% o-CI-HABI and either no
co-initiator or 0.5 wt.% of either EDAB or 2-mercaptobenzothiazole (MBT, Sigma-
Aldrich). Photopolymerizable resins for 3D printing were prepared with a 1/0.5/3
wt.% mixture of CQ, EDAB, and 0-CI-HABI, respectively. Dead zone height tests
were conducted with exclusively trimethylolpropane triacrylate (TMPTA, Alfa Ae-
sar) as monomer. Resins used for continuous 3D printing and varying intensity print-
ing were mixtures of monomers, oligomers and reactive diluents, including TMPTA,
TEGDMA, 1,6-hexandiol diacrylate (HDDA, TCI America, Portland, OR, USA),
Sartomer CN2920 (Sartomer, Exton, PA, USA), Sartomer CN981 (Sartomer), and
isobornyl acrylate (TCI America). Tinuvin 328 (BASF, Florham Park, NJ, USA)
was used as a UV absorber and Epolight 5675 (Epolin, Newark, NJ, USA) was used
as a blue light absorber. All chemicals were used as received. All polymerizations

were conducted at room temperature.

2.4.1 UV-Vis Spectrophotometry

UV-visible spectrophotometry was performed on 1 wt.% solutions of o-Cl-HABI

and CQ in tetrahydrofuran, and 1.1x10™* M Tinuvin 328 and 1x1072 g/L Epolight
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5675 in isopropyl alcohol using an Agilent Technologies Cary 60 UV-Vis spectropho-
tometer. Spectra were collected from 200 to 800 nm with 1 nm spacing on solutions

using a 1 mm path length quartz cuvette in the dark.

2.4.2 FT-IR Spectroscopy

Blue light was provided by a collimated, LED-based illumination source (Thor-
labs M470L3-C1) with an emittance centered at 470 nm (FWHM 25 nm), used in
combination with a current-adjustable LED driver (Thorlabs LEDDI1B) for inten-
sity control. UV light was provided by a UV spot curing system (Omnicure LX500,
Excelitas Technologies) equipped with an Omnicure LED MAX head with an emit-
tance centered at 365 nm. Irradiation intensities were measured with an International
Light IL1400A radiometer equipped with a GaAsP Detector (model SEL005), a 10x
attenuation neutral density filter (model QNDS1), and a quartz diffuser (model W).
Resin formulations were introduced between NaCl crystal windows (International
Crystal Laboratories) separated by spacers (26 pum thick for bisGMA/TEGDMA, 51
pum thick for BPAEDA, and 13 pm NPM/TEGDVE to maintain constant sample
thickness during polymerization. Each sample was placed in a Thermo Scientific
Nicolet 6700 FTIR spectrometer equipped with a horizontal transmission accessory,

L at

as described previously [54], and spectra were collected from 650 to 4000 cm™
a rate of 2 Hz. The functional group conversion upon irradiation was determined
by monitoring the disappearance of the peak area centered at 1635 cm™! for the
methacrylate stretch, 1636 cm™! for the acrylate stretch, 1618 cm™! for the vinyl
ether stretch, and 829 cm~! for the maleimide C=C double bond stretch. The
respective sample thicknesses for the formulations were chosen to ensure that the

functional group peaks remained within the linear regime of the instrument detector

while affording good signal to noise and maintaining optically thin and isothermal
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polymerization conditions. All experiments were performed in triplicate, and the
photoinitiator and photoinhibitor concentrations and irradiation intensities were as

indicated in the materials section and figure captions.

2.4.3 Dead zone thickness measurements

UV light from a high powered light emitting diode (LED) (Apax = 365 nm, 1400
mA, Thorlabs #M365LP1) was collimated using an aspheric condenser lens (¢p=2
in., =32 mm, NA=0.76, Thorlabs #ACL50832U) and focused with an adjustable
collimation adapter (Thorlabs #SM2F). Optical components were held in place with
a 60 mm cage cube system (Thorlabs #LC6W). A high powered blue LED (Apax
= 458 nm, [r=1400 mA, Osram LE B Q7WP-5C8C-24) was retrofitted into a com-
mercial DLP projector (Optoma ML750). Light from the blue projection system
passed through a bi-convex (¢=2 in., f{=100 mm, NA=0.76, Thorlabs L.B1630) lens
to reduce the focal distance and superimposed with the UV light using a longpass
dichroic mirror (¢2”, 425 nm cutoff, Thorlabs DMLP425L). The UV LED was driven
by a BuckPuck LED driver (/=1000 mA, LEDdynamics Inc. 3023-D-E-1000) and
the blue LED was driven by a constant current power supply (10000 mA, Mean
Well HLG-120H-12B). The intensity of the LEDs were controlled using a custom
LabVIEW virtual instrument (VI) which output a 0-5 V analog signal to adjust the
current from the LED driver. Light intensity at a given voltage was calibrated by
using an International Light IL1400A radiometer. 800 pm thick, 3D printed (Mark-
forged Mark II, Nylon) spacers were affixed to a glass slide using epoxy adhesive to
create a well for the photopolymer. Resin was pipetted into the well and sealed with
another glass slide. The resin was then cured for 10 s at I, = 78.5 mW /cm? under
varying UV irradiation intensities to give 0 < Iyyv/Ipme < 2. The cured resin was

rinsed using isopropanol and re-exposed to blue light for an additional minute to
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complete curing. The thickness of the cured part was measured with a micrometer.
The height of the dead zone was then calculated from hyy = hg — h, where hyy, hs,

and h. are the heights of the dead zone, spacer, and cured plug, respectively.

2.4.4 Continuous 3D Printing

A custom build head was designed using Autodesk Fusion 360 and fabricated with
nylon using 3D printing (Markforged Mark IT). A metal base plate was attached
at the base of the build head using two wingnuts. The build head was attached
to a commercially available linear screw actuator (Rattmmotor CBX1605-300A) to
enable vertical motion. Motion was controlled using an on/off digital signal from a
custom LabVIEW VI to start/stop a signal from a signal generator (Agilent 33220A).
Models were designed using DesignSpark Mechanical 2.0 or Autodesk Fusion 360
and exported as STL files. Image slices were created from STL files using the slicing
feature in Autodesk Netfabb 2017. All models were sliced using a slice height of 25
pm to ensure a short slicing time while maintaining good feature resolution. During
printing, image slices were displayed concurrently with movement of the build head
using a LabVIEW VI. Parts were rinsed with isopropanol after printing to remove

uncured resin.

2.4.5 Gas Pycnometry

A gas pycnometer (MVP-60C, Quantachrome Instruments) was used to measure
the volume of 3D printed parts. Each sample mass was placed in a cylindrical sample
cell and pressurized with helium gas. The release of pressure resulted in the volume

expansion of helium gas, which was converted to volume of the sample.
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2.4.6 Determination of Gel Fraction

Samples prepared through continuous 3D printing were dried in the dark at 60°C
for 24 hours and weighed. The samples were then extracted with THF for 24 hours
using a Soxhlet apparatus, dried again at 60°C for 24 hours and weighed to determine

lost mass.



CHAPTER III

Modelling and Correcting Cure-Through in Continuous
Stereolithographic 3D Printing

This work was done in close collaboration with Mr. Zachary Pritchard. My
contributions to this work were in the formulation of the project, discussions with

Mr. Pritchard, experimental validation of the model and data analysis.

3.1 Introduction

Additive manufacturing (AM), commonly called 3D printing, refers to a num-
ber of technologies through which objects are created by progressive addition of
material.[55, 56] With its simplicity and nearly unlimited design choice, AM is at-
tractive for producing custom, limited-quantity, and prototype parts. AM has found
numerous applications in fields including biomedical engineering,[57, 58, 59, 60, 61]
bio-inspired materials,[62, 63, 64] functional materials,[65, 66, 67, 68, 69, 70, 71]
and the DIY “maker” industry.[72] In projection stereolithography, a widely-used
AM method, photopolymerizable resin is exposed to patterned light to cure cross-
sections of a desired 3D part. Typically, stereolithography produces parts in discrete
layers. Exposed areas are cured through the full layer height, whereupon the part
is repositioned and recoated with resin before the next layer is exposed. Recently,

continuous stereolithographic technologies have been developed which increase print

26
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speeds by eliminating the time-consuming repositioning and recoating steps.[8, 73]
Print speed in continuous stereolithography is dependent on the resin absorbance
height, with low-absorbance resins allowing extremely high print speeds of up to
2,000 mm h~! at the cost of part fidelity.

In stereolithography, the penetration depth of light in the resin limits accuracy
along the vertical axis: unaccounted-for light propagation can cause undesired cur-
ing, known as cure-through, overcure,[74, 75] the back-side effect,[20] or print-through
error.[8, 76] This phenomenon can also contribute to cross-linking heterogeneity, in-
troducing internal stresses which can deform the part and further reduce fidelity.[28]
The prevalent strategy to mitigate cure-through is to add nonreactive light ab-
sorbers to the resin formulation.[74, 27, 77, 78, 28] Highly-absorbing resins have
been widely adopted despite the slower print speeds needed to ensure fully cured
layers. Alternatively, cure-through can be mitigated without sacrificing speed by
modifying the projected images (slices) based on modelling of the curing process.
Optimization-based methods to eliminate cure-through by adjusting model dimen-
sions have been developed for external surfaces and internal voids in traditional
stereolithography.[75, 76, 79] Manual adjustments to account for cure-through have
also been reported.[80]

Nevertheless, slice correction has not been described for continuous stereolithog-
raphy, where cure-through is a more significant and complex problem. Further-
more, existing models of continuous stereolithography are not tailored to this
application.[81, 82, 83]

Here, we present a curing model and a slice correction algorithm for continuous
stereolithography. Previous non-continuous approaches used iterative and heuristic

processes to find optimal corrections and were restricted to black and white pix-
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els; our correction method uses grayscale, which has previously only been used to
improve lateral resolution,[84] along with an exact mathematical solution to pre-
cisely set the dose profile within a part. We also present experimental validation of
our model and correction approach using a recently-developed two-color continuous
stereolithographic 3D printer.[73]

Figure 3.1(a) shows how our correction process fits into the existing 3D printing
workflow. To demonstrate the applicability of the slice correction method to typi-
cal parts, we printed corrected and uncorrected versions of two open-source models
(Figure 3.1(b — ¢)).[85, 2] In both cases, parts printed with uncorrected slices signifi-
cantly deviate from the design as a result of cure-through. Applying slice correction
to these parts significantly reduces the occurrence of cure-through, with corrected

parts showing increased accuracy in the z-direction.
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Figure 3.1:

a) Cure-through correction is incorporated into the 3D printing workflow by compu-
tationally processing slice images. b,c) Correction applied to real models, reducing
the extent of cure-through while maintaining print speed. Scale bars are 5 mm. b)
#3DBenchy [1] printed at 800 mm h~! (h, = 1500 ym, D, = 230 mJ cm~3), and c)
hollow egg [2] printed at 800 mm h~! (h, = 2000 pm, D. = 173 mJ cm~3). d) Vertical
cross-section of printer setup showing nondimensionalized variables of interest: (, Q,
and &, are the dimensionless z-position, dose, and light intensity, respectively.
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3.2 Results and Discussion

3.2.1 Dose-Based Correction for Continuous 3D-Printing

A schematic of the printer and coordinate system is shown in Figure 3.1(d). The
coordinate system is defined with respect to the build platform, with z = 0 at the
platform and increasing towards the projection window (i.e., downward). The coor-
dinates x and y are omitted from our notation for simplicity; however, the presented
equations must be applied at fixed (z, y) positions since the projected slices are
patterned. The build platform begins in contact with the window and continuously
moves upward while printing. The curing model, then, includes simultaneous con-
tinuous and discrete processes: as the build platform continuously ascends, exposure
patterns change at discrete intervals with each slice projected in sequence. To ac-
count for the discrete projection of slices, the total accumulated dose at a point is a
sum of contributions from each slice projected. D(z) is the total dose delivered to
position z in the final part, and the contribution of slice n to the total dose is Dy (z).
Thus, Dr(2) = 32N, Du(z) where slices are numbered from zero to N in order of
exposure. From Beer’s Law, the time-derivative of dose as a slice is projected is

d -1
7 Du(2,1) = I, 107 B Ol (3.1)

where I,, , is the light intensity at the window, zy(¢) is the time-varying position of
the window, and h, is the resin absorbance height (i.e., the inverse of the absorption
coefficient). With the build platform continuously ascending, D, (z) is determined for
each slice by integrating over the time period when the slice is projected. Since the
coordinate system is fixed with respect to the build platform, time-dependence can
be incorporated via the continuously increasing value of zy(t) and the print speed

s = dzy/dt. Integrating Equation 3.1 over the exposure of slice n yields Equation
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3.2:

o In,wha

=2 (10—(nhs—z)h;1 _ 10—[(n+1)hs—th;1) (3.2)
sin

Dn(2)

where hg is the slicing height. Equation 3.2 applies if the cross-section at height z is
exposed to slice n (i.e., when z < nhy); otherwise, D, (2) = 0. The total accumulated
dose at a point, Dt(z), is obtained by summing Equation 3.2 over all slices to which

z is exposed:

N
[n,wha —(nhs—2z)ht —I(n o pt
Dr(z)= Y ST R L (3.3)
n=zhg
or, in dimensionless form,
N
Qr(¢) = Z q)n(l()—(n—é)n — 10—[(n+1)—C)]n) (3.4)
n=C

with dimensionless variables Q = DD ! (where D, is the experimentally determined
critical dose), ¢ = zh !, ® = [,I;' (where I. is the minimum intensity needed to
reach D.), and = hsha™!. Equation 3.4 allows calculation of Q1 for any integer
value of ( in the final printed part. Equation 3.4 can be simplified to quickly perform

dose calculations and slice corrections by writing Q1(¢) as a function of Qp(¢ + 1):

Qr(¢) = Qe(1 — 107" + Qp(¢ 4+ 1)1077 (3.5)

Starting at the bottom of the part (i.e., ( = N) and moving upwards, the total dose
may be calculated for each integer value of ( by considering only the current layer
and the preceding layer. Expressions for Q1 at several values of (, along with a full
derivation, are available in Appendix B.1. The above mathematical model allows
calculation of the accumulated optical dose at any position in the part and any
time in the printing process. Since D, defines the threshold for curing, an accurate

dose profile has Q0 > 1 within designed features and Q1 < 1 outside features. At
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points where these conditions are not met, the printed part will exhibit undercure

or cure-through artifacts.
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Figure 3.2:

a) Test model. b) Vertical stack of uncorrected grayscale projections along the plane
indicated in (a). Note that only black and white (p = 0 and p = 1) are used by
default. c¢) Model prediction from slices in (b) showing areas with cure-through (CT,
red) and undercuring (UC, blue). Gray regions of the part are correctly cured (CC). d)
Grayscale value as a function of n and total accumulated dose as a function of ¢ for the
(x,y) position indicated by the dashed line in (a). D, = 50 mJ cm~2, hy = 50 pum, h,
= 2000 pm, and s = 1,000 mm h=!. ¢ = 0 corresponds to the top of the part (i.e., the
surface attached to the build platform). The grayscale value p relates to the intensity of
the projected pixel when ¢, = n (calibration curve available in Fig. 3.6). Shaded areas
indicate designed features. The dose curve indicates the normalized total dose Q1 at
position ¢ on completion of the print, with cure errors indicated in red (cure-through)
or blue (undercure). (e) Evolution of the total dose curve shown in (d) for n = 21 to
= 50. The total dose is the sum of contributions from individual slices, each labeled
and represented by a color.
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Figure 3.2 shows modeled results for a ladder-like digital twin of a part printed
using the default slicing approach, in which the maximum intensity is projected
whenever an intended feature is adjacent to the window. There is significant cure-
through into the gaps, and the bottom of the second feature is undercured. Rather
than producing the desired two features, the conventional approach yields a single,
large feature.

The total dose profile shown in Figure 3.2(d) is the result of contributions from
all slices projected, as expressed in Equation 3.4. A closer look at the bottom fea-
ture highlights the causes of cure-through and undercure: Figure 3.2(e) shows the
contribution of each slice to the total dose for this feature and, thus, the evolution
of the dose curve during the continuous printing process. The uncorrected slices use
only the maximum and minimum projector intensities (p = 1 and p = 0, respec-
tively). While the maximum intensity is projected (n = 31 to 40), the accumulated
dose rapidly increases for all ( < n. The nonzero minimum intensity results from
light scatter in the projection system and is related to the projector contrast ratio
(see Appendix B.2). Dose contributions while the minimum intensity is projected
(n = 21 to 30 and n = 41 to 50) are relatively small. In the gap from ¢ = 21 to
30, the small contributions from minimum-intensity slices are overwhelmed by the
contributions from maximum-intensity slices, resulting in cure-through. The feature
is correctly cured from ¢ = 31 to ~ 38 then undercured through its designed bottom
edge at ¢ = 41, highlighting that a point must be exposed over several slices to
fully cure—even when projecting the maximum intensity. Finally, the gap below the
feature correctly remains uncured. From this simple example, it is apparent that
cure-through and undercure are inevitable when using unmodified slices with low-

absorbance resins. This analysis also suggests that carefully designed slice images



34

could achieve the desired geometry.

The primary requirement for correcting cure-through and undercure is that the
full height of each feature is cured without gelling non-features. However, as has been
recently discussed with respect to tomographic printing, it is not possible to deliver
exactly the critical dose within features and exactly zero dose outside features: to
do so requires the ability to effectively “subtract” dose using negative intensities.[11]
Clearly, not all dose profiles are achievable. Physically attainable dose profiles must
be continuous and are limited by resin properties and printing parameters. These
considerations define a set of three constraints, illustrated in Figure 3.3 and derived

in Appendix B.3:

i. For all points within a feature, 0t > 1; for all other points, 0t < 1. Since Qr
varies continuously with (, features will only be reproduced accurately if Q1 = 1

along edges.

ii. The maximum projector intensity, print speed, and resin absorbance height de-
termine the maximum rate at which the dose can increase. With Q1 = 1 fixed at
the bottom edge of the feature, these parameters define a maximum dose within

the feature and a minimum dose below the feature.

iii. From Equation 3.4, the minimum dose at point ( is limited by the minimum
projector intensity, the print speed, the resin absorbance height, and the dose
at point ¢ + 1. With the dose at the top edge set at the critical dose, these
parameters define a maximum dose within the feature and a minimum dose

above the feature.
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Figure 3.3:

a) Three constraints which define the target dose region (shaded): (i) curing of features
while non-features remain uncured, (%) exposure at the maximum dose at the bottom
of the feature, and (%i) exposure at the minimum dose at the top of the feature. b)
Valid dose profiles defined by maximum dose ,,x with corresponding intensity profiles.
Here, shading indicates the designed feature height. For a given set of parameters, the
intensity profile can be tailored to achieve either a uniform dose or a high peak dose
within features while still eliminating cure errors.

If any of these constraints are violated, the feature’s edges will shift from their
designed positions. The three constraints define target dose regions, indicated by
shading in Figure 3.3(a). These regions are demonstrated here for a particular fea-
ture, but they can be generated for any feature height by shifting curves (ii) and (iii)
along the (-axis such that the edges of the feature remain at the critical dose. Since
the doses at adjacent points are interrelated, it is not possible to generate arbitrary
dose profiles within the regions. However, there are an infinite number of achiev-

able profiles which fall entirely within the target dose regions and thus produce an

accurate part.
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Figure 3.4: . . . . .
Correction for model in Figure 3.2(a) with Qp.x = 1. a) Vertical stack of corrected

grayscale projections along the plane indicated in Figure 3.2(a). b) Model prediction
from slices in (a) showing no cure-through (CT, red) or undercure (UC, blue). The full
part is correctly cured (CC, gray). (c) Corrected grayscale value and dose for the (x,y)
position indicated by the dashed line in Figure 3.2(a). Note that the correction process
required additional slices beyond the original 50 to ensure the bottom of the part was
fully cured. D, = 50 mJ cm™2, hy = 50 pm, h, = 2,000 um, and s = 1,000 mm h~!.
(d) Contributions of individual slices to the accumulated dose curve shown in (c) for
n =21 ton = 53.
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For the important case of Q.. = 1, the critical dose is uniformly delivered
throughout the feature. We applied this correction to the model in Figure 3.2(a),
with results illustrated in Figure 3.4. A comparison of Figure 3.4(a) and 3.2(b) shows
how the correction process modifies slices. For the rung-like inner features, the inten-
sity is reduced through most of the feature and a high-intensity burst is delivered at
the bottom. Since there is no possibility of cure-through for the outer features, they
are exposed at the maximum intensity. Figure 3.4(b) indicates that the correction
has completely eliminated cure-through and undercure in our modeled result. Fig-
ure 3.4(c—d) show how the corrected slices achieve the desired dose profile. The high
intensity burst at the bottom of the feature ensures all layers reach the critical dose.
From the bottom-up perspective of the correction calculations, a constant intensity
maintains the dose from one layer to the next after the critical dose is achieved at the
bottom of the feature. From Equation 3.5, the intensity required to maintain a dose
between two layers is ®, = Q1. Thus, to maintain the critical dose ¢, = Q. = 1.

To achieve higher maximum doses, features must be exposed at higher intensities
for shorter periods, as shown in Figure 3.3(b); a smaller fraction of the feature is
exposed so that constraint (iii) is not violated. Though the edges of the feature are at
the critical dose for each intensity profile, the interior dose varies considerably. As a
result, it is important to optimize .« = 1 as well as D, to ensure good part quality:
high doses drive additional cross-linking, improving the part’s green strength (i.e., its
tensile strength before post-processing) to ensure a rigid and printable structure but
also introducing heterogeneous internal stresses that can deform the part. Conversely,
low maximum doses with long exposure times might not sufficiently cure the part
since flow is not perfectly uniaxial and the resin bath is not infinitely deep. The

optimal correction parameters depend in some degree on the irradiation system,
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the geometry of the part, the flow profile in the resin bath, and the chemical and

mechanical properties of the resin.

3.2.2 Experimental Validation

To test the correction algorithm and optimize its parameters, low-absorbance pho-
topolymer resins were prepared (Table 3.1) for use with a previously-described two-
color continuous stereolithographic 3D printer.[20] Experimental results are shown
in Figure 3.5. The absorbance height h, and gelation dose Dy were determined
from the resin working curves Figure 3.5(a)), and the test geometry in Figure 3.5(b)
was used to investigate the effect of the critical dose parameter on print fidelity. We
printed test parts using several values of D. and an unconstrained maximum dose
(Qumax = 00), with results shown in Figure 3.5(b—d). Supplying exactly the measured
gelation dose (i.e., D, = Dy ) results in missing features and poor fidelity; feature
sizes increase as D, increases, and at higher values of D. cure-through is observed
(Figure 3.5(c)). As discussed above, a critical dose higher than the gelation dose is
likely required due to the simplifying assumptions used in the correction algorithm
and the need for a part of sufficient green strength. For the geometry, resin, and
print conditions considered, D. = 5Dge = 65 mJ cm™? is the optimal critical dose,
achieving a marked improvement in fidelity without reducing print speed (see Figure
3.5(b)). Additional optimization details are available in Appendix B.4.

To further improve fidelity, the traditional approach of adding dyes or pigments
to reduce light propagation can be used in conjunction with slice correction (Fig-
ure 3.5(e)). As previously reported, the addition of dyes necessitates slower print
speeds.[8, 73] Regardless, applying slice correction at any dye loading or print speed
improves the resolution, with higher dye loadings enabling printing of small features

with less cure-through.
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Figure 3.5:

a) Cured thickness versus exposure dose of blue light for two acrylate-based resins (see

Table 3.1) with differing concentrations of blue light absorber. b) Test model (left),
uncorrected test part (center), and corrected test part printed with D, = 5Dge1 = 65
mJ cm~2 (right). Parts printed in Resin 1 at 750 mm h~!. (c) Ratio of height errors
(corrected-to-uncorrected) for a range of feature sizes and values of D.. A ratio of zero
corresponds to a perfectly corrected feature. d) Parts printed at 750 mm hh~! using
slices corrected with different values for D.. e) Corrected and uncorrected test parts
for two resins with different absorber loadings (i.e., h,) and print speeds. All scale bars

are 10 mm.
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3.3 Conclusion

In summary, we have demonstrated a method for improving print fidelity on a
two-color continuous stereolithographic 3D printer using resins with moderate to
high absorbance heights. The approach analyzes and modifies the slice images for a
model, using grayscale to precisely tune the dose profile throughout the final printed
part. Though not demonstrated here, this technique is applicable to other contin-
uous stereolithographic technologies such as CLIP and, with minor adjustments, to
non-continuous stereolithography. Furthermore, this approach allows control over
the dose delivered within features, enabling continuous 3D printing of parts with
dose-dependent functionality.[86] Practically, this approach is limited by the resin
green strength and the fluid dynamics of resin flow. Models that consider these ef-
fects or that vary critical dose with feature height might further improve fidelity.
Nevertheless, this approach has afforded significant improvement in print quality for
our system while maintaining high print speeds. Slice correction opens the door for
the use of less-absorbing resins in stereolithographic systems, enabling faster print

speeds and expanding the range of applications for additive manufacturing.

3.4 Materials and Methods

3.4.1 Modeling and Correction

Computational models and slice correction algorithms were implemented in MAT-
LAB R2018b (MathWorks) and run on a desktop computer (Intel Xeon E5-1660 v4
@ 3.2 GHz, 32 GB RAM). Simulations and corrections completed within several
minutes for all models.

Dose Modeling: Slice images are initially read into the program and stored as a

three-dimensional array. The dimensions of this array correspond to the number of
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slices and their dimensions in pixels. A typical slice image is 1,280 by 800 pixels and
the number of slices is equal to the height of the designed part divided by the slicing
height, hs. In cases where the model does not utilize the full slice resolution (e.g.,
a 200-pixel-wide model in the center of a 1,280-pixel-wide image), the excess pixels
outside the model volume are trimmed from the matrix to improve computational
performance. The values in this matrix are grayscale pixel values (p) ranging from
zero to one and correspond to the light intensities that will be projected at each
pixel during each slice; zero and one represent the minimum and maximum blue-light
intensities, respectively. The relationship between pixel value and light intensity is
not linear, and pixel values are converted into intensities using a calibration curve
(Figure 3.6) generated with a radiometer (International Light IL1400A).

Dose calculation begins at the bottom of the part, where the final slice is projected,
and proceeds upward. The top cross-section of the part is exposed to every slice and
each successive layer is exposed to fewer and fewer slices. By starting at the bottom
of the part, we consider the cross-sections of the part exposed only to the final slice,
then those exposed to the final two slices, then those exposed to the final three slices,
and so on. As shown in Equation 3.5 and Table B.1, the total dose at ( is the sum
of the dose contribution from slice n = ¢ and the total dose at { + 1 multiplied by a
factor of 1077.

Slice Correction: The unedited images from the slicing software are taken to
represent the “true” model and are converted into matrix form as above. Each
feature within the part is identified. As with dose modeling, slice correction begins
at the bottom of the part and works upward. Pixel values at the backside of the
feature are set to reach D, as quickly as possible (i.e., using the maximum intensity),

and pixel values inside the feature are set to match a desired internal dose profile
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using Equation 3.5. All pixel values are assumed to be zero (minimum intensity)
unless specifically set otherwise. Finally, the matrix of corrected pixel values is

converted back to a series of image files to be sent to the 3D printer.

3.4.2 3D Printing

Part Design: Test parts were designed in DesignSpark Mechanical 2.0 (Space-
Claim Corp.) and exported as STL files. Models were sliced using Autodesk Netfabb
Standard 2018 (Autodesk) with default settings for the Ember 3D Printer (Autodesk)
and 10 pm slice height. Slices from Netfabb are used with the MATLAB code to
model final printed parts and produce corrected slices.

3D Printer: We printed test parts on a previously-described dual-color continuous
stereolithographic 3D printer.[20] The DLP LED projector (Optoma ML750) was
modified by removing power to the green and red LEDs and powering the blue LED
by an external 0-5A LED driver circuit controlled by a custom LabVIEW virtual
instrument.

Resin Formulations: Polymer resin was formulated as a mixture of oligomer, re-
active diluent, photoinitiators, photoinhibitor, and light absorbers. For this work,
the oligomer Sartomer CN991 (Sartomer) was used with 1,6-hexanediol diacrylate
(HDDA, TCI America) as a reactive diluent. (4)-Camphorquinone (CQ, Esstech)
was used as a blue-light photoinitiator and ethyl-4-dimethylaminobenzoate (EDAB,
Esstech) was used as a co-initiator. 2,2’-Bis(2-chlorophenyl)-4,4’,5,5’-tetraphenyl-
1,2’-biimidazole (0-Cl-HABI, TCI America) was used as a UV-activated photoin-
hibitor. Epolight 5675 (Epolin) was used as the blue light absorber and Tinuvin 328
(BASF) was used as the UV absorber. Commercial blue epoxy pigment (Makerjuice
Labs) was also used as a light absorber. The compositions of resins used are given

in Table 3.1.
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Table 3.1: Resin Formulations

Concentration (wt.%)

Component Function

Resin 1 Resin 2 Resin 3
0-C1 HABI Photoinhibitor 2.8 2.8 2.8
Camphorquinone Photoinitiator 1.9 1.9 1.9
EDAB Co-initiator 0.95 0.95 0.95
Tinuvin 328 UV absorber 0.47 0.47 0.47
Epolight 5675 Blue light absorber 0.001 0.003 -
CN991 Oligomer 56.3 56.3 56.3
HDDA Reactive diluent 56.3 56.3 56.3
Blue pigment lightabsorber - - 0.002

3.4.3 Measurement of Dge and h,

The two resin properties required for input into the correction algorithm are the
absorbance height ha and the gelation dose Dgel. These properties are fitted using
the least-squares method with a cured height vs. dose working curve similar to that

developed by Jacobs|[87]]:

Iot
Zet = halog ( Dzel) (3.6)

Liquid photopolymer is cured into plugs by exposing to curing light of intensity
Iy for varying lengths of time ¢. The height of the cured plug is measured using
a digital micrometer with an accuracy of 10 mum. Light intensities used in these
experiments were measured using an International Light IL1400A radiometer with
a GaAsP detector (model SEL005), a 10x attenuation neutral density filter (model

QNDS1), and a quartz diffuser (model W).
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& Measured blue intensity, Iy, as a function of the grayscale value, p, of the displayed

image. The calibration curve is found to be a piece-wise function typical of manufacturer
color balancing encoded into projector firmware.



CHAPTER IV

Dual-Wavelength Fabrication of Multilayered Microfluidic
Devices

4.1 Introduction

Microfluidic devices, with length scales typically on the order of tens to hundreds
of micrometers, offer researchers predictable, precise fluid flow while utilising small
reagent quantities. As such, applications of microfluidics in analytical chemistry[88],
cell-based assays[89], and molecular biology[90] are widespread. The most ubiqui-
tous fabrication technique for microfluidic devices is replica molding by soft lithog-
raphy[12]. The most widely used embodiment of this technique creates channels
by curing polydimethylsiloxane (PDMS), an elastomeric polymer, over a microfab-
ricated SU-8 master[13]. The number of steps involved in PDMS soft lithography
make this process unsuited for rapid production or prototyping of microfluidic de-
vices. Furthermore, adjustment of device design is impossible without fabrication of
a new master and multilayered PDMS devices[91, 92, 93] require one iteration of this
process for each individual layer (and additional steps to bond and interface between
layers) - increasing the time, complexity, and graduate student frustration of fab-
ricating complex devices. Additive manufacturing (or 3D printing) of microfluidic
devices is attractive due to the short design-to-device times and ability to fabri-

cate complex three-dimensional structures with little to no additional effort[15, 16].

45
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Fused deposition modelling (FDM) and stereolithographic (SL) additive manufactur-
ing are the most common 3D printing methods, and have demonstrated applications
in device[17, 18, 19, 20, 21] and mold fabrication[22, 24, 23]. SLA uses patterned light
to cure layers of material from a liquid photopolymer resin bath. Typical commercial
SLA printers use near-UV polymerizing light and can fabricate enclosed channels of
200-300 pm[25, 20] although custom SLA setups with optimised resin formulations
are able to achieve much smaller features[26] and enclosed channels[27]. Continuous
SLA additive manufacturing is a recently reported method significantly improved
the production speed of additive manufacturing, while eliminating the directional
non-uniformity of material properties[8]. Continuous printing is enabled through
the creation of a ’dead zome’ (a constant liquid layer of resin chemically inhibited
from polymerizing) by incorporating an oxygen permeable projection window[8] or
light-activated photo-inhibition chemistry in a dual-wavelength system[73].

We recently reported dual-wavelength continuous additive manufacturing uses two
orthogonal radical generating reactions active at different wavelengths on the elec-
tromagnetic spectrum. In this system camphorquinone (CQ, Fig.4.1(a)) and ethyl
4-(dimethylamino) benzoate (EDAB, Fig.4.1(b)) readily generate initiating radicals
under visible light irradiation whereas o-CI-HABI (2,2’-Bis(2-chlorophenyl)-4,4",5.5-
tetraphenyl-1,2’-biimidazole, Fig.4.1(c)) when irradiated with ultraviolet (UV) light
generates stable, non-reactive radicals. These radicals have been demonstrated to
inhibit curing in a wide range of (meth)acryate resins by recombining with prop-
agating carbon-centered radicals during polymerization. Concurrent irradiation of
visible and UV light into a vat of photopolymer (formulated with CQ,EDAB, and
0-CI-HABI), results in a photo-inhibited dead zone above the incident surface. The

thickness of this dead zone is dependent on the resin properties and, more impor-
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tantly, the intensity of the incident visible and ultraviolet light. Grayscale exposures
from digital light projection (DLP) systems are able to spatially vary intensity in
a single exposure and hence control the thickness of the dead zones. Here we re-
port the development of a single-step stereolithographic method for fabrication of

multi-layered microfluidic devices using this dual-wavelength system.

4.2 Materials and Methods

4.2.1 Exposure Setup

A custom dual-wavelength exposure setup was created by modification of the
software of a previously-described two-color 3D printing setup [CITATION]. 365 nm
ultraviolet light from a 1400 mA UV light emitting diode (Thorlabs, M365LP1) is col-
limated with an adjustable collimation adapter (Thorlabs, SM2F) and an aspheric
condenser lens (Thorlabs, ACL50832U) and superimposed over 455 nm blue light
from a commercial 700 Lumen DLP projector (Optoma ML750) using a longpass
dichroic mirror (Thorlabs, DMLP425L). The red and green channels of the DLP
projector were removed. The blue projector and UV LEDs are independently con-
trolled by a 0-5V analog signals from a custom Labview VI to external LED driver
circuits. The intensity at the imaging plane was calibrated for input analog voltage
and image greyscale value using a digital radiometer (International Light Technolo-
gies, 1LT2400) with a UV-Vis GaAsP detector (International Light Technologies,

SED005/U) and a 10x attenuation filter (International Light Technologies, QNDS2).
4.2.2 Materials
DL-Camphorquinone (CQ, Fisher Scientific) and ethyl 4-

(dimethylamino)benzoate (EDAB, ACROS Organics) are used a visbile light

initiator and co-initiator respectively, 2,2’-Bis(2-chlorophenyl)-4,4’,5,5’-tetraphenyl-
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1,2’-biimidazole (0-Cl-HABI, Hampford Research Inc) was used a ultraviolet
photoinhibitor. A proprietary aliphatic polyester-based urethane diacrylate (CN991,
Sartomer Americas) was used as the oligomer and 1,6-hexanediol diacrylate (HDDA,
TCI America) was used as the reactive diluent and 3-(trimethoxysilyl)propyl
methacrylate (TMSPM, Sigma-Aldrich) was added to improve adhesion to the glass
substrate. Resins were prepared by dissolving 1/0.5/2.5 wt.% CQ/EDAB/o-Cl-
HABI in tetrahydrofuran (THF, 99+%, ACROS Organics) by dropwise addition of
THF until clear, and mixing with 1/40/55 wt.% TMSPM/CN991/HDDA, solvent
was evaporated off under flowing air. Two-part polydimethylsiloxane elastomer
(PDMS, Sylgard 184, Dow Corning) or 3D printing was used to fabricate spacers
(see below). Isopropanol (IPA, laboratory grade, Fisher-Scientific) was used as a
solvent to remove uncured material in gelation height experiments and to flush
uncured material from channels. Standard food coloring was used to color deionized
water to improve visibility of channels within the cured material. All materials were

used as received and all polymerizations were conducted at room temperature.

4.2.3 UV-Vis Spectroscopy

UV-visible spectrophotometry was performed on all resin components to deter-
mine their mass absorptivity at 365 and 460 nm using a Shimadzu Spectrophotometer
(UV 1900i). Spectra were collected from 300 to 600 nm with 0.5 nm spacing using
a 1 cm path length polystyrene cuvette. THF was used as a reference as well as a

diluent to vary the concentration of samples.

4.2.4 Resin Curing Tests

A series of images of a 5x5 grid of different exposure times was generated by

slicing of an appropriately designed solid. The grayscale of the images (and hence
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the intensity of the projections) was quickly varied using a Matlab script. A 5 mm
well for liquid resin was 3D printed and affixed to a 2x3” glass slide using standard
two part epoxy adhesive. The well was filled with resin and blue light was projected
into the resin using the aforementioned images for different times ranging from 0.1
to 25 s. Uncured liquid resin was rinsed from the gelled material using IPA and
the gelled material was further cured under a white light for 5 minutes. The height
of the gelled material is then measured with a dial caliper (Starrett, USA) with a

resolution of 12.5 ym.

4.2.5 Dead Zone Measurements

Liquid resin was sandwiched between two 2x3” glass slides spaced 800 um apart
using plastic shims. The resin is then exposed for 15 s to images with different
grayscale blue intensities and a constant UV intensity of ~50 mW /cm?. The resulting
gelled material is rinsed with IPA, dried at 60 oC for 30 min and measured with
a micrometer with an accuracy of 1 um. The dead zone height is calculated by
subtraction using the formula: 24, = 2 — Zgel, Where 2q,, 2, and zge are the dead

zone, spacer, and gelled material heights respectively.

4.2.6 Microfluidic Device Fabrication and operation

Liquid resin was sandwiched between two 2x3” glass slides spaced 2000 pm with
PDMS spacers. The PDMS spacers were prepared by the two part PDMS kit in a
10:1 monomer:crosslinker ratio, degassing and curing at 60 °C for 2 hours in between
two 1/2 in. polycarbonate sheets spaced 2 mm apart with two 1 mm thick glass
slides. The top glass slide has holes drilled for use as inlet and outlet ports. For
drilling, the slides were reversibly bonded to a backing wafer using Crystalbond 555

(Ted Pella) heated to 70°C. Drilling layouts were prepared in Autodesk Fusion 360
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and exported as gcode to a CNC mill (Tormach PCNC). A peck-drilling operation
with a 750 pm diamond micro drill (Amplex S-Series .030”) was used with a drill
speed of 10 000 RPM, peck height of 100 pm and feed rate of 5 mm/min. The
glass-resin-glass sandwich is placed at the focal plane of the projector and exposed
to grayscale images of the microfluidic device for a given amount of time. The
devices are designed on Adobe Illustrator and exported as 1280x800 .png images.
The exposure time and grayscale value required to give a particular channel height
are given by equations 4.3 & 4.4 and the calibration curves in Appendix C.1. After
exposure, the uncured resin is flushed from the channel with IPA by connecting
tubing to the drilled inlet and outlet using a magnetic microfluidic adapter (Cor-
Solutions microfluidic connectors BMP-LP-2X) and pneumatic pressure applied by
hand. Once the channels were flushed the device is fully cured under a white LED
lamp for 5 minutes. For other microfluidic experiments PTFE electrical-insulating
sleeve washers (McMaster-Carr) were bonded to the channel inlets and outlets using
UV-curable optical adhesive (Norland) to enable porting with 90 deg luer-lock syringe
tips.

4.3 Results and Discussion

4.3.1 Initiation / Inhibition Model Development

Camphorquinone (CQ, Fig.4.1(a)), ethyl 4-(dimethylamino) benzoate (EDAB,
Fig.4.1(b)) and o-CI-HABI (2,2’-Bis(2-chlorophenyl)-4,4’,5,5’-tetraphenyl-1,2’-
biimidazole, Fig.4.1(c)) enables polymerization initiation with visible light irradia-
tion and inhibition with UV (or combined) visible and UV irradiation. Initiation
and inhibition are controllable with two independent wavelengths (here we use
Ainit = 463 nm and Ay, = 365 nm) due, not only to favourable chemistry[94, 73],

but also to complementary absorbance spectra (Fig.4.1(d)). o-Cl-HABI absorbs
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strongly <400 nm and, fortuitously, CQ/EDAB has a region of exceptionally low
absorbance from 350-375 nm while absorbing strongly from 450 - 500 nm allowing
chemically orthogonal processes to be activated under irradiation with visible light
and UV light.

We developed a does-based model to describe gelation under conditions of con-
current initiation and inhibition (See C.2). The model describes the distribution of

delivered dose, D by blue and UV irradiation into a static resin sample.

D = (Iypyege /e — BIUV,oefz/hUV)mt (4.1)

where z is the height into the resin, Ij piwe and Iyv o are the incident intensities of the
initiating and inhibiting lights, hy. and hyy are the absorbance heights at the initi-
ating wavelength and inhibiting wavelengths, D, is the curing dose, t is the exposure
time, 3 is the inhibition coefficient, and m is a constant related to the molecularity
of chain growth termination. Ay is a commonly used notation in additive manufac-
turing literature and is defined as the inverse of the sum of the concentrations of all
absorbing species (¢;) multiplied by their wavelength-specific molar absorptivity (;)
(i.e. hy =1/ €c;). It is important to note ambiguity in the use of decadic (€19, base
10) and Napierian (e, base e) molar absorptivities (and hence absorbance heights),
these are used interchangeably in different disciplines (much to the frustration of
investigators). This study will use exclusively the Napierian representation.

When the dose delivered is equal to the threshold dose required for gelation (i.e.
D = D.) we arrive at an equation for the gelled height, zgel, in a dual-wavelength

system:

D, = (Iblue,0e /e _ BTV (e~ wer/huv)™ ¢ (4.2)

Under exclusively initiating light (i.e., Iyyo = 0) Eq. 4.2 simplifies to an equation
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for zge similar to the commonly used "Jacobs’ Curve’:

h/ ue ‘[mue t
o = ey (et (43)

However, under co-irradiation it must be noted that Eq.4.2 has two positive roots
(i.e. two values of z, which satisfy the equation) for all Iyvo > Iyeo/S. The
physical significance of these roots are the two gelation interfaces present in a pho-
toinhibited system. These interfaces are the positions of the incipient gelling material
on the back and frontside of the gelled plug formed under irradiation. It is important
to note that as t approaches oo the backside gelation height tends to infinity while
the frontside tends to the previously reported[73], steady-state dead zone height (see

Fig C.2) as calculated by:

n f;IUV
Zdz — T 1 bluel (44)

huv hplue

Controlling these interfaces by controlling Iyye 0, [uv,0, and exposure time, ¢, when
exposing a confined region of resin allows us to pattern uncured regions on the front

and back of the resin which, when flushed, can be used as microfluidic channels.

4.3.2 Conditions for Microfluidic Channel Fabrication

Fabrication of microfluidic channels using this method relies on two phenomena:
the progression of gelled polymer due to initiating irradiation to create backside
channels, and photo-inhibition to create frontside channels. Volumetrically confining
resin between glass slides, spaced zg, apart, enables a multiple permutations of gelled
material, and hence, channel configurations. In a single exposure there are seven
configurations. The configuration achieved upon irradiation depends on the incident
initiating and inhibiting doses (D;o = [{Bt) delivered as shown graphically in Fig.
4.2. The dose can be varied by either varying the exposure intensity or the exposure

time. The decision on which to vary is dependent on the configuration of the optical
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setup. If UV light can be patterned, it is preferable to vary the intensity maintaining
a constant exposure time. However, if UV cannot be patterned (as is the case in
our system shown in Fig. 4.2(b)) the same effect can be achieved with multiple
exposures of varying times. In this system, the channel height for the frontside is
equal to the dead zone height (i.e. z. g = 24,) and the channel height for the backside
is the difference between the spacer height and the gelled height from Eq. 4.3 (i.e.
Zebs = Zsp — Zgel)-

4.3.3 Resin Initiation and Inhibition Characterization

We prepared photo-polymerizable resin to demonstrate the applicability of photo-
inhibition in microfluidic device fabrication. The identity, concentration and function
of the different resin components is summarized in Table 4.1.

As previously mentioned CQ/EDAB + 0-CI-HABI is applicable to a wide range
of (meth)acrylate monomers. That being said, monomer choice is not arbitrary and
properties such as viscosity, reactivity, 'inhibitability’ and optical transparency must
be carefully considered when choosing a monomer. The viscosity of CN991 (660 cP @
60 °C) makes working with it difficult, necessitating the addition of reactive diluent
to decrease the viscosity. 1,6-hexanediol diacrylate (HDDA) is added to reduce the
viscosity. HDDA was found to be particularly susceptible to photo-inhibition with

0-CI-HABI (5 =~ 25) while having high reactivity (as evidenced by relatively low D)

Table 4.1: Resin components used in microfluidic device fabrication

Component Function Concentration
(wt.%)

CcQ Visible photo-initiator 1

EDAB Co-initiator 0.5
0-CI-HABI UV photoinhibitor 2.5

CNO991 Oligomer 40

HDDA Reactive diluent 55

TMSPM Promote SiO2 adhesion 1

Epolight 5675 Visible dye 0.01
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when compared with other diluents tested (see Table C.1). Furthermore, polymeriza-
tion shrinkage - a well known problem in (meth)acrylate photopolymerizations[95]
- needs to be considered and was found to be particularly problematic in highly
functionalized diluents (e.g. trimethylolpropane triacrylate (TMPTA)). Monomers
typically don’t have meaningful absorbance in the visible range, as is often desirable
in a large variety of coating applications, but may have significant UV absorbance
which effects hyy and zg,. The high optical transparency of CN991/HDDA in the
UV and visible region, as seen by the low absorbances in Fig 4.1(b), are therefore
desirable in this application.

To determine the reactivity, absorbance height, and intensity dependence of
the resin we conducted gelled height experiments whereby photopolymer resin was
irradiated with visible light (Amax = 458 nm) of various intensities (/o plue
210, 144, 86,44,16] mW /cm?) for different times and the gelled height measured.
This experiment yields a cured height curve analogous to the working curve typically
used in stereolithography[96, 87] which allows a ’calibration’ for gelled height and
intensity /exposure time as shown in Fig. ??(a). An assumption in the conventional
stereolithography working curve, however, is that of uniform intensity irradiation
which is reasonable when considering the mechanism of conventional stereolithogra-
phy but ill-suited to this method which spatially varies intensity using digital light
projection (DLP). By fitting Eq. 4.3 to experimental data at different intensities,
we obtain the resin parameters: D. = 240 (mW/cm™2)™s, hye = 1630 pm, and
m = 1.02. It is prudent to note that while it is possible to determine hy,e (and
hyy) from UV-Vis spectroscopy, the value obtained differs slightly to that from a
gelation height experiment. This difference is most likely attributed to the broad

emission spectrum of the LEDs used in gelation height experiments. Intensity varia-
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tion (i.e. grayscale) in this system (as with all DLP projection systems) is achieved
by pulse width modulation (PWM) of a digital micromirror device (DMD). While
not strictly an ’intensity variation’ any difference between grayscale modulation and
a strict intensity variation were not observed in this system.

As previously mentioned co-irradiation of this resin with visible and UV light re-
sults in photo-inhibition and a dead zone at the incident surface of the resin bath.
To determine the effect of UV light on this particular resin composition we ex-
perimentally calculated z4, at different ratios of inhibiting to initiating intensities
({uv,o/Ibeo) as shown in Fig. 4.3(b) using a previously described method.[73, 8].
In these experiments, Iyv o/ Ibeo is varied by adjusting Ipue o through the grayscale
value of the exposure image. Decreases in Ipeo result in higher Iuy,o/Ipeo and
subsequently thicker dead zones due to the higher relative rate of inhibition to poly-
merization. Since these experiments are done on a relatively short time scale (¢ = 15
s), the experimental data is fitted to the unsteady-state model (Eq. 4.2 by varying
huv and 8. The values which minimized the objective function were found to be
huv =~ 132 um and 8 ~ 4.3. An important aspect of the unsteady state model for a
given exposure time there exists a cut-off Iyy o/ Ipiueo ratio above which no polymer

will cure, for this experiment this is shown with a dashed line in Fig. 4.3(b).

4.4 Fabrication of Microfluidic Channels

4.4.1 Minimum Channel Size

Microfluidic channels in this method are created by patterning gelation in a pho-
topolymerizable resin confined between two glass slides. Once channels are patterned,
the uncured liquid resin needs to be flushed from the channel in order to realize a
usable channel. The ability to fabricate channels and successfully flush uncured resin

is affected by a number of system variables such as channel dimensions, resin vis-
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cosity, gelled green strength and glass adhesion strength. To evaluate which channel
dimensions are achievable with our resin in our system, we fabricated a number of
channels on the front- and backside of the confined resin. The channel width was
varied by varying the pixel width in the image of the channel design. Widths from
650 to 3900 pum (which corresponded to a variation of 5 to 30 pixels, since 1 px =
130 pm in our system). The exposure intensities (and hence channel heights) were
varied by varying the grayscale value of the projected image. The channel heights for
a given exposure are calculated from Eq. 4.3 and Eq. 4.4. Uncured resin was flushed
from these channels and the channels were characterized based on the ability to flush
uncured resin from them as shown in Fig. 4.4. From this experiment we found that
channels with sub-millimeter heights are easily fabricated on the front- and backside
of the resin, however as both the height and width of the channels decreased it be-
came increasingly difficult to fabricate channels. The difficulty to fabricate narrow
channels is most likely due to the optical setup, diffusion of light within the resin and
resin viscosity effects. Improvements by varying these factors were not explored in
this proof-of-concept study, smaller channels are certainly achievable with changes
to these factors. One interesting aspect of the backside channels, however, is that it
seems possible to create channels with 'negative’ height (i.e., which are cured past
the back surface) which still allowed flow to be forced through. This is due to the
relatively shallow intensity decay (resulting from the high blue absorbance height in
this resin) resulting in gelled material at the back gelation interface with insufficient
material strength to resist fluid piercing through. This is not as pronounced in the
frontside channels due to the much smaller absorbance height of UV. Decreasing
hpe, by the addition of blue absorbing dye or increasing the concentration of CQ

will improve the properties of the partially gelled material at the gelation interface.
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4.4.2 Multi-layer Microfluidic Channel Fabrication

To demonstrate the utility of this fabrication technique we designed two multi-
height microfluidic devices. The first design we used to demonstrate this method is
that of a three-dimensional mixer similar to the design developed by Liu et al[97]
as shown in Fig. 4.5(a). This design has numerous serpentine 'C-shaped’ mixing
segments moving in and out any given horizonal plane and typically requires multiple
lithography steps to fabricate. Realizable channel heights and widths are chosen
based on 4.4, in this case, zcps ~ 300 um, zcps = 2000 pm, 2. ~ 200 pm, and
Tegs = 2500. 2z, in these experiments was chosen to be 2000 pm. Since we do
not have pixel-level control over the ultraviolet intensity, the backside and frontside
channels need to be patterned with two separate exposures (shown in 4.5(b)). The
first ten second exposure uses blue light only to gel the area around the channels and
form the backside channels (leaving the area where frontside channels will be created
empty). The second twenty second exposure uses simultaneous exposure of blue
and UV to form the frontside channels. After exposure, the uncured resin is rinsed
from around the device and flushed from the channel. Since the material is only
partially cured at this point, care must be taken while flushing to not rupture the
channels. A particular problem was 'tunneling’ along the interface between material
cured on the first and second exposure whereby IPA essentially splits the interface
creating an undesigned and undesirable channel. This is most likely due to differing
degrees of curing (and hence levels of polymerization shrinkage) causing a stress
fracture at the interface. Use of resins commercial resins designed specifically for
this purpose will certainly improve the performance of this system. Note that any
commercial resins will need to be supplied without photo-initiators and CQ/EDAB

and 0-Cl-HABI added. That being said we were able to fabricate the desired three-
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dimensional microfluidic channel (see Fig. 4.5(c)) with the current resin and setup.
To illustrate the three-dimensionality of this channel we introduced a bubble into the
flowing stream. The movement of the bubble into and out of the focal plane, as can
be seen in Fig. 4.5(d) clearly indicates a three-dimensional structure. The second
design incorporates two overlapping channels with cured material between them (see
Fig. 4.6). This is a particularly useful structure in microfluidics, particularly with the
objective of developing compact devices, and incorporating functional structures such
as 'Quake’ valves[98]. As previously mentioned the lack of controllable ultraviolet
in this system necessitates multiple exposures, for this device three exposures are
necessary (see Fig. 4.6(b)). Similar to the first example device, the first ten second
exposure uses blue light only and to gel the material around the channels, and
form the backside channels. The second 13 s blue and UV exposure, forms the
frontside channels and the overlapping region between the two channels, and the third
seven second UV and blue exposure completes the curing of the frontside channels.
It needs to be stressed that the material present in the overlap is exceptionally
fragile, and the channels are extremely difficult to flush without piercing this material.
Nevertheless, with extreme care overlapping channels are able to be fabricated as
shown in Fig. 4.6(c), with overlapping flows with no mixing between channels able to
be achieved (Fig. 4.6(d)). To improve the yield of overlapping channels fabricated by
this method, alternative methods for removing uncured resin (such as centrifugation)
should be explored. Additionally, decreasing the resin absorbance height by the
addition of photoinitiator or absorbing dyes will improve the material properties of

the weakly gelled material.
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4.5 Conclusions

In conclusion, we have developed a method to fabricate three dimensional mi-
crofluidic devices using a dual-wavelength initiation and inhibition system. This
method fabricates polymeric devices in place between glass slides in less than a
minute using exposures from a simple two-color optical setup. Multilayer devices are
easily designed using simple design software (e.g. Adobe Illustrator, MS Paint, etc.)
and fabricated within seconds. This represents a significant advance in functional-
ity over traditional lithography-based fabrication techniques which may lower the
barrier-to-entry of microfluidics for a wide cross-section of users. Furthermore, the
use of elastomeric resins with this method may enable fabrication of highly functional

multilayer devices at unprecedented speed.
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Multi-layer microfluidic device with crossing channels fabricated using dual-wavelength

exposure. (a) Schematic of the channel showing flows and sandwich fabrication. (b)
Channel layout using the key from Fig. 4.4. (c) Macroscopic photograph of a device
with channels filled with blue and red food dye. In this design the front and backside
channels were 2000 pm wide and 400 pm deep. (d) Micrograph of region outlined in (d)
showing showing fluid flowing through each of the channels and overlapping without

mixing.



CHAPTER V

Variable-Height Channels for Microparticle Separation and
Display

This work was done in collaboration with Dr. Sarah Mena. My contributions
were in the conception of the project, model development, device preparation and

experimental data analysis.

5.1 Introduction

Separating cells and particles into distinct populations in microfluidic devices is
a critical operation in many biomedical assays.[99, 100] Current methods for sepa-
rating cells and particles can be categorized into active and passive methods. Active
methods use external fields, such as magnetic,[101] electric,[102] or acoustic[103]
forces, to exact separations. Passive methods rely on the interactions between
the microchannel geometry and flow field,[104] and current methods include, flow
fractionation,[105, 106] deterministic lateral displacement (DLD),[107] and filtra-
tion. Filtration is one of the most widely used passive techniques with separation
achieved by size-exclusion using micro-structures such as weirs, pillars, or mem-
branes incorporated into devices.[108] These devices are typically fabricated using
conventional PDMS-glass microfabrication techniques[109] or silicon deep reactive

ion etching (DRIE),[108] and are designed with openings or obstacles of targeted

66



67

size to achieve the desired separation. The conventional method of glass microfluidic
device fabrication is wet etching with hydrofluoric acid (HF). Wet etching of glass
produces channels of uniform height and has found limited applicability in fabrica-
tion of size-based p-particle filters due its isotropic nature, which hinders fabrication
of small aspect-ratio microstructures. In this work, we present a new wet etch-
ing protocol for fabricating variable-height glass microfluidic channels. We achieve
variable height etching by using a linear stage to slowly lower wafers into an HF
etchant solution. Etching in this way spatially controls exposure to the etchant and
reproducibly creates channels with height variation along the length of the chan-
nel. Astute choice of this height variation allows p-particles mixtures of discrete
size distributions to be easily separated, trapped, and displayed. Since size frac-
tionation is achieved by changes in the channel depth, relatively wide channels can
be used for high-capacity trapping of large numbers of u-particles before clogging.
Microstructures with varying heights have previously been fabricated by grayscale
photolithography[110, 111], and additive manufacturing[112], however channels pre-
pared by these methods have not demonstrated height variation appropriate for
p-particle separation. Additionally, these methods require special equipment,[113]
careful tuning of the properties of the photoresist,[114] and (in the case of addi-
tive manufacturing) are limited to accuracies in the z-direction on the order of 10
pm([15]. In addition to size-based separations, the devices can be used to measure
the deformability of particles such as red blood cells (RBCs) These cells, typically
7.5-8.7 pm in diameter, routinely navigate 2-3 um blood vessels in the microcircu-
latory system.[115] Diseases such as malaria, sickle cell disease, and diabetes are
known to reduce RBC deformability.[116, 117, 118] Furthermore, the deformability

of circulating tumor cells (CTCs) has been correlated to invasiveness with highly-
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invasive CTCs having increased deformability.[119] Currently, there are no readily-
available techniques for the assessment of RBC deformability in the clinical setting.
Ektacytometry, which is used widely for RBC deformability measurements in re-
search settings,[120] has not been widely implemented due to high equipment costs.
Other notoriously cumbersome techniques[121] routinely used to study single RBCs
include pipette aspiration,[117] atomic force microscopy (AFM),[117] and optical
tweezers.[122] In recent decades, many innovative microfluidic devices have been
proposed to measure RBC deformability based on a variety of direct and indirect
methods including cell displacement measurements,[123, 124, 125] measurements of
threshold pressure to drive cells through small constrictions,[126] observations of
the cell shape under different flow fields,[127] changes in electrical signals,[128] and
levitation in magnetic mediums.[129] . In our variable-height devices, the stopping
distance (at constant pressure) can be used as a metric for RBC deformability. The
ease-of-fabrication, simple operation, and macroscopically visible results make the
devices described here a viable method of easily extracting qualitative results for
both multiplexed p-particle assays and as a measuring tool for cell deformability

studies.

5.2 Materials and Methods

5.2.1 Wafer Preparation

Borofloat wafers (Precision Glass & Optics) were annealed for one hour in a fur-
nace at 560 °C (Tempress S6T1) and piranha cleaned. A 200/2000 A Cr/Au metal
mask was evaporated onto the clean wafers with an electron beam evaporator (DV-
502A, Denton Vacuum). Subsequently, a 3 pum layer of S1827 positive photoresist
(MicroChem) was spin coated following the manufacturers specification and exposed

for 15 s with 365 nm at 20 mW/cm? using a low-cost photomask sheet (Fineline



69

Imaging). Exposed wafers were developed for 60 s in AZ 726 (MicroChem). Au/Cr
layers were removed by etching for 45 s in TFA gold etchant (Transene) and 10 s
in CR- 1020 chrome etchant (Transene). To further protect from pinholes during
etching, the photoresist was left on during the HF etching step. Inlet and outlet
ports were drilled in a second glass wafer (Precision Glass & Optics) which was re-
versibly bonded to a backing wafer using Crystalbond 555 (Ted Pella) heated to 70
°C. Drilling layouts were prepared in Autodesk Fusion 360 and exported as gcode to
a CNC router (Tormach PCNC). A peck-drilling operation with a 750 gm diamond
micro drill (Amplex S-Series .030”) was used with a drill speed of 10 000 RPM, peck

height of 100 pm and feed rate of 5 mm/min.

5.2.2 Variable Height Etching

To create variable height devices, the masked wafers were gradually introduced
into the HF etchant solution using the linear screw mechanism of a syringe pump
(Harvard Apparatus, PHD 2000) modified with a 3D-printed Nylon adapter designed
to hold wafers (Fig. 5.1(a)) The concentration of the etchant solution used in exper-
iments ranged from 20 to 49% w/w (Note: HF is an extremely hazardous chemical
and specific safety protocols should be followed including proper use of containers,
engineering controls, and personal protective equipment). The 49% w/w HF was
used as received from the manufacturer, and lower concentrations were prepared by
diluting the stock HF solution with deionized water. The movement of the wafer into
the HF was controlled by manually varying the flow rate of the syringe pump. After
the channel were etched, the wafer was lifted out of the beaker and rinsed with deion-
ized water for at least 5 min. After the etching step, the photoresist was removed
with acetone, isopropyl alcohol, and hot PRS 2000 (J. T. Baker), and the Au/Cr lay-

ers were removed with their corresponding etchants (described above). The resulting
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etched channels were measured using either a surface profilometer (Alpha Step 500,

KLA-Tencor) or interferometer (Zygo NewView 5000).

5.2.3 Sized-Based p-Particle Separation Experiments

Microparticles were purchased from Spherotech in different sizes and fluorescence
such that only one type of particles is visible using the different optical filters in
the microscope (Nikon inverted microscope Ti-S) as shown in Appendix D.1. The
as-received particles were diluted with a phosphate buffered saline (PBS) (1x, 5%
bovine serum albumin (BSA)) for those with mean diameters of 2.054+0.303 pum
(goat anti-mouse IgG sky blue, MFP-2070-5), 6.20+1.15 um (biotin coated pink,
TFP-5058-5), and 7.37£0.591 mm (biotin coated yellow, TFP-705205) or a 0.05%
v/v solution of Tween 20 in DI water for those with diameters of 3.36+£0.662 pum
(sky blue, FP-3010-2), 3.27£0.506 pm (nile red, FP-3056-2), and 3.254+0.554 pm
(yellow, FP-3052). Channels were primed for one hour with the same PBS solution
prior to experiments with non-FP-type particles, channels were not primed for the

experiments with the FP-type particles.

5.2.4 Deformability-Based RBC Separation Experiments

Packed RBCs, purchased from the University of Michigan Blood Bank, were used
in all RBC experiments. The cells were stored at 4 °C until testing. 40 ul of packed
RBCs was diluted in 1000 pl of PBS (1x, 5% BSA, pH = 7.4). Glass channels
were primed with the PBS/BSA solution for one hour prior to testing to prevent
interactions between the cells and the device walls. To modify the deformability
of the packed RBCs, 600 ul of RBCs was diluted with a 39.4 ml mixture of 0.02%
v/v glutaraldehyde in PBS (1x, pH = 7.4) and incubated for one hour using gen-

tle rotation at room temperature ( 20°C). After incubation, the cells were washed
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three times with PBS (1x, pH=7.4). For microfluidic flow experiments, 40 pl of the
modified RBCs was suspended in 1000 pl of PBS (1x, 5% w/w BSA, pH=7.4). Ap-
proximately 0.25 ul of diluted unmodified and GA-modified RBCs (3.8% v/v) was
flowed into PBS-primed channels. After introduction of the cells, PBS (1x, 5% w/w
BSA, pH=7.4) was flowed for 15 min to drive cells through the device. To account
for variations in the channel height due to fabrication, fluorescent particles (mean
diameters of 2.05+0.303 pm, 6.204+1.15 pm, and 7.37£0.591 pm) were introduced
into the channel as a reference. Prior to the introduction of the fluorescent particles,
RBCs were removed from the channel by applying backflow with PBS or vacuum
applied directly into the inlet. The position of the band of fluorescent particles was

noted and used to calculate the height of each individual channel.

5.2.5 Flow Experiment Protocol

The sample of suspended particles or cells was placed into a modified centrifuge
tube. The centrifuge tube was adapted by drilling two holes to accommodate the
pressure input (McMaster Carr, stainless steel dispensing needles with luer lock
connection) and the tube to deliver the sample to the device (0.51-mm ID tubing
(McMaster Carr, ETFE Tubing, 1.59 OD)) (see Fig. D.1). Tubing was connected
to the inlet of the channel using a magnetic microfluidic adapter (Cor-Solutions
microfluidic connectors BMP-LP-2X) and pneumatic pressure applied to drive flow

into the channel.

5.2.6 Image Analysis Method

The threshold values of microscopy images (2048x1536 or 1920x1200 px) were
adjusted in ImageJ to eliminate background noise and improve the visibility of par-

ticles. A grid with 250x250 pum squares was centered and overlaid on the image. The
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Analyze Particles feature in ImageJ was used to count particles present in each 250
pm vertical slice of channel, the vertical box encompassed either the entire channel
or the middle 40% (see Fig. D.2). This was repeated for all 250 pm vertical sec-
tions of the channel to give the distribution of particles along the channel length.
To compensate particle agglomeration, the measured size of particles was divided by
an average particle size (determined manually every 5 mm along the channel) and

rounded to the nearest whole number.
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Figure 5.1:

Fabrication of variable height channels. (a) Illustration of setup used to fabricate vari-
able height microfluidic channels. (b) Co-ordinate system used where y. = 0 is at the
entrance of the channel. (¢) Macroscopic images showing the curvature of the trapping
region for channel widths of 1.25, 3 and 5 mm channel widths. Scale Bar = 1 mm .
(d) Variation of the etched depth, z., across the width of the channel, z., at various
distances along the channel. (e) Resulting height profile along the length of the channel.
The experimental data are the etched depth measured at the centre of the channel (as
shown by the dashed gray line in (d)) using a 3D interferometer (Zygo NewView 5000).
The dashed line is the predicted depth of the channel according to equation 1 using the
fabrication parameters for this wafer (R= 0.34 pym/min, s=1.9 mm/min.)

5.3 Results & Discussion

5.3.1 Variable Height Channels

Variable height channels can be fabricated by a simple procedure using non-

uniform exposure to HF etchant. In the procedure, a wafer with a Cr/Au/photoresist
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etch mask, patterned by conventional photolithography, is lowered into an HF' solu-
tion by a linear screw actuator at an arbitrary but controlled speed (Fig. 5.1(a)).
A schematic view (with coordinate system) of the resulting etched channel is shown
in Fig. 5.1(b). For a wafer lowered at constant velocity, s, the etched-depth of the

channel, z., is described by the straight-line equation (see Appendix D.4.1):

R
Ze = g(yc,f - yc)u(yc,f - yc) (51)

Where R is the etch rate of the wet etchant, y. ¢ is the distance along the channel
at which movement stops, y. is the channel position, and "u(x)” is the unit step
function. Practically, it is difficult to achieve very small final heights (i.e. channel
exit heights) using only this method due to residual etching from the HF before
the post-etch rinse and vapour-phase HF etching that is observed above the liquid
level. Instead, for these cases, specific channel exit heights were obtained by a two-
step etching process. The first step involved constant-speed lowering of the wafer
partway into the etchant solution, removing, and washing. The second step was a
conventional whole-wafer etch for the appropriate time to achieve the desired height,
teten. This two-step approach gives more controllable and consistent channel exit

heights. For this case Equation 1 is modified to give:

R
2o = g(yc’f — yc)u(yc,f - yc) + Rtetch (52)

As an example, for an experimentally determined etch rate of 7.8 pm/min using a
49% w/w HF solution on annealed borosilicate glass, the residual etching occurring
during the post-etch rinse step with this relatively high etch rate prevents fabricat-
ing channels with exit heights below 3 pum. Dilution of the 49% w/w HF to 20%

w/w decreased the etch rate to approximately 0.3 pm/min, significantly reducing the
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residual etch and providing better accuracy when etching shallow channels. Specifi-
cally, lowering wafers at 1.8 mm /min into 20% w/w HF to a depth of 55 mm, followed
by 2.25 min of uniform etching forms channels with a height varying linearly along
the length of the channel from 15 to 2 pum (Fig. 5.1(e)). The ratio of the etch rate to
the wafer velocity (R/s) ultimately determines the slope of the channel. Therefore,
for a fixed etch rate, adjusting the speed allows any desired slope to be obtained (see
Fig. D.3). The etched depth is found to vary across the width of the channel, z., as
seen by the trapping of particles in Fig. 1c and the interferometry measurements in
Fig. 5.1(d). The depth at the center of the channel is found to be lower than at the
edges by 250-500 nm. We suspect that this is due to surface tension effects during
the etching process that cause HF to creep up along the channel edges (see Fig.
D.4) and, as a result, etch the edges longer. Fabricating channels of larger widths,
as shown in Fig. 5.1(c), diminished the lateral channel height variation. Note that
the curvature of the trapped particles is caused by the height variation across the
channel and not the parabolic flow profile within the channel.

Using a programmable linear screw, it is possible to program arbitrary velocity
profiles for the wafers movement into the HF. The analytical solutions for constant
and changing acceleration are derived in Appendix D.4.1 (more complex velocity
profiles may yield interesting results but will need to be modelled numerically). To
probe the different profiles that can be achieved, we varied a number of parameters
in the variable height etching procedure. The varied parameters were (1) the speed
of the immersion of the wafer into the etchant; (2) the acceleration of the immersion
of the wafer into the solution; (3) the concentration of the etchant solution; and (4)
the inclusion of pauses in the protocol. Table 5.1 gives the details for the different

conditions used for Fig. 5.2 (a) and (b). Accelerating the wafer into the etchant
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Figure 5.2:

Channel height profiles obtained using different protocols for the introduction of the
wafer in the etchant solution. (a) Protocols with a constant speed resulting in linear
profiles, and (b) protocols with an acceleration resulting in quadratic profiles. Including
pauses in the displacement of the wafer can create sharp steps as depicted in the curve
with “x” in (a).

results in curved height profiles (see Fig. 5.2(b)). The amount of curvature is depen-
dent on the degree of acceleration with velocity profiles with low acceleration tending

towards straight lines.

Table 5.1: Parameters used in the fabrication of the different profiles in Figure 5.2

Protocol  HF (w/w %) Initial Acceleration  Pause Uniform etch
Speed (mm/min?) (min) time (min)
(cm/min)

C1 35 3.76 0 - 19

C2 20 1.88 0 - 2.25

C3 20 1.88 0 - 2.25

Al 20 1.54 0.01 - 0

A2 20 1.71 1.03 - 20

A3 20 1.71 0.21 - 2.25
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5.3.2 Sized-Based Particle Separation

The ability of variable height channels to separate particles based on size was in-
vestigated. Three types of suspended fluorescent particles with mean diameters, D,,
of 2.05 pum, 6.20 pum, and 7.37 pum, and concentrations in an aqueous buffer solution
of 0.1, 3.8, and 6.1% w/v, respectively, were simultaneously introduced using 86.9
kPa pressure into a single 1.25 mm wide channel with measured inlet and outlet
heights of 15.7 pm and 1.4 pum, respectively. After flowing the solution for 10 min
followed by a 5-10 min rinse with the PBS-BSA solution, the beads are trapped in
three distinct positions in the channel according to their size. The regions where
particles are trapped are clearly distinguishable by the naked eye, as shown by the
macroscopic image in Fig. 5.3(a), and form the above-mentioned parabolic profile
due to the height variation across the channel. The images in Fig. 5.3(b) were anal-
ysed with ImagelJ using the above-described method (see Fig. D.2). The fraction of
particles of each size in the center of the channel as a function of the distance along
the channel, y., is plotted in Fig. 5.3(c). The distribution of particles along the
length of the channels form sharp peaks with widths related to the size distributions
of the supplied particles. The larger particles trapped across a wider distance (i.e.
the 7.37 and 6.2 pum) had wider manufacturer-specified size distributions with stan-
dard deviations of 0.59 and 1.15 pm, respectively, compared to the 2.05 pum particles
with a standard deviation of 0.3 um. Analysis of the entire channel width is qualita-
tively similar but with a wider spread in the distributions due to the variation of the
etch near the channel edges (see Fig. D.2). Variability between channels fabricated
on the same wafer is quantified by the standard error between the size distributions
for three experiments (as shown in by the shaded gray-region in Fig. 5.3(c)). The

repeatability of particle capturing is consistent with particles being trapped within
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Figure 5.3:
8 Separation of fluorescent particles by size in a variable height channel. (a) Macroscopic

photograph showing three channels were fluorescent particles with three different sizes
are reproducibly trapped in different regions of the channel according to their size.
(b) Microscopic images of the three different particles with sizes (i) 7.37 pum particles,
(ii) 6.20 pm, and (iii) 2.05 pm. The images show that the trapping occurs in a u-
shaped region caused by the etching process All scale bars are 100 pum (c) Histograms
showing the fraction of the particles trapped at different channel heights. Solid lines are
histograms measured at the center of the channel, dashed lines are histograms measured
in the center part of the channel, and the shaded area are the standard deviation of the
histograms calculated from the three channels shown in (a).

0.5 mm across all three channels. The variability in the trapping position is most
likely due to small misalignments of the wafer to the HF etchant liquid level during
the fabrication process. The minimum size difference between particles required for
separation in these devices is an important quantity. To investigate this, separations
were attempted on sets of particles with close size distributions. Simultaneously
introducing 3.3584+0.662 pum (sky blue) and 3.27240.506 pum (Nile red) , with con-
centrations of 0.005% w /v for both sizes resulted in particles being separated into two
distinct bands after only a few minutes of flow (Fig. 5.4(a)). Quantitative analysis
of the trapped particles in Fig. 5.4(a) reveals a clear difference (~1 mm) between
the trapping positions for these sizes (Fig. 5.4(b)). Flowing the particles for longer

resulted in a linear increase in the number of particles being trapped (Fig. 5.4(b)),
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resulting in bright, more-easily discernible bands. Furthermore it is seen that, as
time progresses and the channels become more clogged with particles, the small par-
ticles begin to be trapped among the large particles. Experiments with particles of
3.272£0.506 pm and 3.246+0.554 pm in the same channel did not result in distinct
bands at any point in time (Fig. 5.4(d)). Whether sets of particles of particular size
distributions will separate into distinct, discernible bands depends on the slope of the
channel (assuming appropriate channel height for trapping) and the size difference
between the particles. Assuming 0.5 mm is required to visually distinguish bands of
particles, the minimum difference in particle size, Ad, required to be separated in a

channel of slope, m, is given by:

AD, = 0.5m = 0.5(R/s) (5.3)

For the channel used in these experiments, with R = 0.37 m/min and s = 1.75
mm/min, the required difference AD, is approximately 100 nm. This supports the
experimental observation that particles with AD, ~ 90 nm are distinguishable how-
ever those with AD, ~ 26 nm are not. It is important to note that the slope of the

channel can be adjusted to better separate narrow size distribution particles.

5.3.3 Deformability-Based Separation

At a set pressure, deformable particles should flow into smaller heights in the
channel than more rigid particles.[119] To investigate whether the variable height
channels could separate cells with different deformabilities, we used healthy RBCs
and RBCs whose deformability had been chemically modified with glutaralde-
hyde (GA). GA has been extensively used in several studies to decrease RBC
deformability.[121, 123, 125, 126, 130, 119] Note that, at the concentration of GA

used in our experiments (0.02 wt.%) there was no change in the size of the cells, and



80

(@) zc(um)—
3.50 325

515 52 525 51 515 52 525

(b) Channel Height, z, (pm) (C)
3.75 3.50 3.25 3.00

1500 1 1 1 1 - 1 1 : 1 1 1 1 1 1 1
i — Dy =3.36+0.662 um

— Dp=3.28+0.506 m

1500

]| — D»=3.36+0.662 pm
]| — Dp=3.28+0.506 ym

10001

[9]
o
o

T
o
PR T S

Number of Particles Trapped

o

50 51 52 53 54 1 2 3 4 5 6 7
Distance Along Channel,y,(mm) Time (min)

Figure 5.4: . o . ) .
(a) Microscopic images showing the separation of two types of fluorescent particles

with sizes of 3.358 um (cyan) and 3.272 pm (red) at 7 minutes of flow (b) Number
of particles trapped at different positions in the channel at different times for two
particles with AD,, ~90 nm (c) Total number of particles trapped as a function of time.
(d) Microscopic image of particles with mean diameters of 3.272 ym (red) and 3.246
um (yellow) trapped in the same channels as those in (a). Images were coloured from
grayscale images using ImagelJ.

the inlet pressure (37.2 kPa) used is suitably low for application in portable, manual
injection, point-of-care systems. The cells were injected into channels with an inlet
height of 13.9 um and an exit height of 1.3 um. Fig. 5.5(a) shows that healthy cells
are able to progress much further down the channel and squeeze into shallower chan-
nel heights than the GA-modified RBCs. Fig. 5.5(b) shows pictures images of the
different regions in the channel taken with a 20x objective. Note that healthy RBCs
are present in areas of the channel where the height is <2 pum, whereas there are
almost no GA-modified RBCs past a channel height of ~2.25 ym. Fig. 5.5(c) shows

the quantitative analysis of the number of trapped cells using the method described
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above. The difference in stopping points between the healthy and GA-modified RBCs
is clearly apparent and found to be ~4 mm. The same experiments were conducted

on RBCs from two additional donors, and these experiments produced similar results

(Fig. D.5).

5.4 Conclusions

We present a novel and simple fabrication procedure to create channels of variable
height. Channel height profiles that are curved, linear, or have discontinuous steps
can be formed by simply modifying the velocity of the wafer into the etchant solu-
tion. Experiments with particles and cells in these channels demonstrated that both
size-based and deformability-based separations can be performed. The ability of
these channels to separation different sized particles is dependent on the slope of the
channel, which can be easily modified by adjusting the fabrication procedure. Appli-
cation of for these devices in multi-analyte bead-based assays are plentiful and the
macroscopic nature of the results, the simple operation, and the ease-of-fabrication

make these devices a excellent candidate for use as point-of-care devices.
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Figure 5.5:

Trapping of Healthy RBCs with chemically modified deformability. (a) 4x images with
a microscope of the section in the channel from 50-60 mm with heights between 3.2 and
1.6 pum. (b) 20x images of the cells trapped in the regions marked by blue rectangles in
(a). The scale is 100 pm. (c) histograms of the number of RBCs trapped in the centre
region of the channel between 50 mm and 60 mm with varying heights between 3.2 mm
and 1.7 pm.



CHAPTER VI

CONCLUSIONS AND CONTINUING WORK

6.1 Conclusions

The aim of this dissertation work was to develop an alternative to oxygen-
inhibition to facilitate rapid continuous additive manufacturing. Our investigation
of photo-inhibition chemistry led us to discover o-CI-HABI as a unreported photo-
inhibitor molecule. 0-Cl-HABI, when paired with a visible light photoinitiator (such
as CQ), allowed controllable photo-inhibition and photo-initiation at two different
positions in the absorbance spectrum (A, = 458 nm and Ajypip, = 365 nm. This
light-controllable inhibition enabled dead zones orders of magnitude larger than those
achievable with oxygen in a wide range of radical polymerization chemistries. The
ability of these 'photo-inhibited” dead zones to facilitate continuous additive man-
ufacturing was demonstrated by the development of the first ever dual-wavelength
continuous additive manufacturing device. This device was able to continuously fab-
ricate parts at speeds in excess of 2000 mm/hr - the fastest vertical print speed
reported for continuous additive manufacturing at the time.

We found that high print speeds comes at the expense of unwanted curing beyond
the desired geometry. In an attempt to achieve good part fidelity while maintaining

high print speed we developed a model for the total accumulated dose within features
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resulting from a given set of exposure projections. This allows us to define constraints
and elucidated the form of achievable accumulated dose profiles within features in
continuous AM. By algorithmically modifying the projected images we are able to
match desired dose profile experimentally and reduce the appearance of cure-through
by almost 90% in test models. This framework can be extended to deliver desired
dose profiles in resins with dose-specific material properties, potentially increasing
the functionality and application-space of additive manufacturing.

The ability of photo-inhibition to be easily controlled using projected light led
us investigate its use in microfluidic device fabrication. Grayscale projection en-
ables microfluidic channels of sub-millimeter heights to be fabricated in less than
a minute from a single exposure. Additionally, multi-layer microfluidic devices can
be fabricated in this process with no significant increase in fabrication time. This
work reduces the skill associated with microfluidic device fabrication, lowering the
financial and technical barrier-to-entry of this technology and potentially providing
an avenue for wider-adoption of this technology.

Finally, the variable height fabrication procedure enables any arbitrary channel
height profile by modifying the velocity of the wafer into the etchant solution. These
channels are able to separate cells and particles based on their size or deformability.
Since the slope of these channels are easily modified by adjusting the parameters
used during fabrication this technique is applicable to any size distribution of mi-
croparticle. Possible application of these devices in multi-analyte bead-based assays
are plentiful and the macroscopic nature of the results, the simple operation, and the
ease-of-fabrication make these devices an excellent candidate for use as point-of-care

devices.
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6.2 Continuing Work

6.2.1 Investigation of Alternative Photoinhibitors

As previously mentioned, o-CI-HABI forms exceptionally stable radicals upon
ultraviolet irradiation. This stability gives o-CI-HABI the ability to photo-inhibit
polymerization in the presence of a suitable reducing basem, but also imparts the
lophyl radicals generated upon photo-cleavage with extremely long solution half lives
(on the order of 45 s). These long-lived, polymerization-inhibiting radicals have a
significant effect on the printing process. These radicals are entrained in the resin
flowing to replace the polymerizing resin in the growing part. This ultimately results
in inhibition within the part, poor polymerization and hollow features. We hypothe-
size that decreasing the half life of the inhibiting radicals will decrease this effect and
improve the printing process. Previous work shows a significant effect of substitution
on the rate of radical disappearance [94]. An exploratory study into the inhibition
activity of commercial and synthesized HABIs with different radical recombination

rates may identify photoinhibitors with improved performance for continuous AM.

6.2.2 Flow Modelling for Slice Optimization

Another possible direction to address the poor curing within parts due to linger-
ing inhibition of the lophyl radicals may be flow modelling coupled with slice mod-
ification. Finite element modelling can be used to model the flow within the dead
zone beneath the growing part. Coupling the flow model with radical conservation
equations allows us to describe the location and concentration of inhibiting radicals
during the printing process (i.e. during exposure). Varying the images projected
during printing effects the generation of radicals and we hypothesize can be used

to obtain the desired lateral distribution of inhibiting radicals - enabling continuous
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printing while minimizing adverse lingering inhibition.

6.2.3 Multi-Analyte Assays in Variable Height Microchannels

We have shown the ability of variable height devices to separate microparticles
based on their size and/or deformability. If we incorporate functionality into these
microparticles, such as a bead-based fluorescence assay, we can achieve an extremely
simple, easy-to-use point-of-care device. The height of the channel can be tailored
to exact clear separations between particles, and because only small distances are
required to detect different size particles in theory the results from tens or hundreds

of assays can be gleaned on a single device.
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APPENDIX A

Rapid, Continuous Additive Manufacturing by Volumetric
Polymerization Inhibition Patterning

A.1 Derivation of Equation 2.1

The intensity of a beam of light of a given wavelength at any distance (x in
an absorbing medium is given by the Beer-Lambert Law and is dependent on the
incident intensity (1), the wavelength specific molar absorptivity of the absorbing

species (€), the molar concentration of the absorbing species (c), such that:
I(z) = 10~ (A1)

The reaction rate for photopolymerization in the present of a photoinhibitor has pre-
viously been shown to be dependent on the intensity of the initiating and inhibiting
wavelengths, in this case blue and UV respectively, (Ipne and Iyy), the inhibition
coefficient (5)—a constant that encompasses the ratio of inhibitor to initiator ab-
sorption cross section, quantum yields, and reaction rate constants—and the reaction

rate constant (k). The reaction rate is thus:

Rpoly == k<[blue - 5[UV)0.5 (A2>
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Combining the above equations yields an equation for the reaction rate as a function

of the distance into the absorbing media, where:

~€blueCblue® —eyveyuve 0.5
Rpoly = k<Iblue,010 blueCblue® __ ﬁ[UV,()lO uvceuv )

(A.3)

In the inhibition volume (IV), the rate of polymerization is zero since there is by

definition no reaction, such that:
0= k([blueyolo_ebluecbluem _ BIUV’Olo_EUVCUV$)0~5
0= ([blue7010_51)1uecbluex _ 5IUV7010_5UVCUV93>

Iblue Olo_ebluecbluex — B-ZUV 010_6UVCUVJ7

We can define the absorbance height at a given wavelength, h;, as:

€;C; = 1/hz
Substitution yields:
Iblue,OloigEDZ/hblue = BIUV’[)lO*mDZ/hUV

Rearrangement:

10_xDZ/hblue+xDZ/hUV — /B( IUV,O )

Iblue,(]
Solving for zpy yields:
Bluy,
logo(41052)
Ipz = —1 1

huv hplue

(A4)

(A.5)

(A.6)

For the dead zone thickness to be identically zero, the numerator of this equation

needs to equal zero, such that:

6[UV,O

]blue,O

o BIUV,O
Iblue,O

0= 10%10( )

1

1/ = IIUV,O
blue,0

This gives the minimum Iyy/Ipe ratio which results in an inhibition volume.

(A7)
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A.2 Derivation of Equation 2.2

In a bottom-up 3D-printing application, the intensity of initiating light from the

projection window is given by the Beer-Lambert Law, where:
[blue(x) = Iblue,l)lo_gc/hblue (A8)

Integrating this for all exposure times gives the total applied dosage for any vertical

position, such that:

Eblue = / [blue’oloix/hbluedt (Ag)
0

Since the build head is translating at speed, s, the position relative to the print

window is given by:

x(t) =z + st (A.10)
Integrating over distance yields:
S [ e 10_-73/hblue
Eppe = / blue dx (A.11)
0 s

Since the inhibition is generated by another wavelength of light we can define a
new critical dose which is required to cure the polymer and overcome the inhibition,

where:

* Blyy,107*/Mov
Ef=E.+ / Pluve da (A.12)
0

S

When the dose delivered by the blue light equals the critical dose the speed is at
a maximum, since any additional dose is effectively wasted (i.e. Epne = E¥), such

that:

* Il 10~/ hblue © 2T 10—2/huv
/ blue,0 dv = E. + Bluvyo de
0

Smax 0 Smax

Combining the integrals, integrating and solving yields:

e 10~/ hblue o 2T 10—2/huv
/ blue,0 _ Bluv,o v = E.
0

Smax 0 Smax
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R Totue.0Pblue — Bluvohuv
max FE.In10

(A.13)

This maximum rate is difficult to achieve owing to lingering lophyl radicals, mechan-
ical properties of the curing resin, and liquid resin reflow into the inhibition volume.

We can define an achievable maximum print speed, S* which is what is observed

max ?

experimentally, as:

n(Iblue,Ohblue - 5[Uv,0hUV)

S E.In10

max nSmaX =

(A.14)

A.3 Supplementary Figures
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Figure A.1:
& Wavelength selective photoinitiation and transient photoinhibition of methacrylate

polymerization. Methacrylate conversion versus time for bisGMA/TEGDMA formu-
lated with CQ/EDAB and o-CI-HABI under continuous irradiation, starting at 0.5
minutes, with 470 nm @ 100 mW /cm? and intermittent irradiation with 365 nm @ 30
mW /cm? during the shaded periods as indicated. Rapid polymerization proceeds upon
visible light irradiation, while the accumulation of lophyl radicals during the 30 second
UV irradiation periods afford decreased polymerization rates. Upon cessation of UV
irradiation, the polymerization rates recover after induction times of approximately 30
seconds owing to the relatively slow consumption of lophyl radicals by recombination.
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UV-vis spectra of ultraviolet and blue light absorbers. The absorbance spectra of
Tinuvin 328 and Epolight 5675 (1.1x10~* M and 1x 102 g/L, respectively) in isopropyl
alcohol reveal no absorbance by Tinuvin 328 in the visible region of the spectrum and
relatively low absorbance by Epolight 5675 in the near UV spectral region, enabling
their use to independently control resin absorbance in the blue and near UV.



Figure A 4:

Figure A.5:

93

1.0

0.8 - -
0.6 -

0.4 -

Conversion

0.2 -

00 Ui T T T T T B
00 05 10 15 20 25 3.0 35
Time (min)

Influence of co-initiator on 0-Cl-HABI photoinitiation. Methacrylate conversion ver-
sus time for bisGMA /TEGDMA formulated with o-Cl-HABI and either no co-initiator
(black line, squares), EDAB (blue line, circles), or MBT (red line, diamonds) under
continuous irradiation with 365 nm @ 30 mW /cm?. Whereas inclusion of MBT in the
resin formulation results in rapid photopolymerization, the formulated methacrylate
resin in the absence of a co-initiator exhibits negligible conversion upon UV irradi-
ation. Similarly, no polymerization is observed during the irradiation of the resin
formulated to include EDAB, indicating that the lophyl radicals are unable to gener-
ate polymerization-initiating radicals by hydrogen abstraction from the tertiary amine
which can thus be employed as a CQ-selective co-initiator.
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Effect of print speed on the gel fraction of printed part. Gel fraction versus printing
speed determined using Soxhlet extraction for printing resins with hpje = 4500 pm
and hyy = 100 um. Model used was a solid (¢ = 0) ASTM D638 Type V dog bone.
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APPENDIX B

Modelling and Correcting Cure-Through in Continuous
Stereolithographic 3D Printing

B.1 Derivation of Dose Equations

The build platform begins in contact with the window and moves upward as the
print proceeds. The coordinate system is defined with respect to the build platform,
with z = 0 at the platform and increasing in the direction of the window (down-
ward). Since the projected slices are patterned and intensity degrades as the light
propagates, dose and intensity are functions of z, y, and z; however, for simplicity
our notation will only include z with the understanding that each equation applies
at a particular (x, y) position. Printing consists of both continuous and discrete
processes: as the build platform continuously ascends, exposure patterns change at
discrete intervals with each slice projected in sequence. To account for the discrete
projection of slices, the total accumulated dose at a point is a sum of contributions
from each slice projected. Dy(z) is the total dose delivered to position z in the final

part; the contribution of slice n to the total dose is denoted as D,(z). Thus,

Dy(z) =) Du(z) (B.1)

where slices are numbered from 0 to N in the order of exposure. To determine the

dose contribution from each slice as the build platform continuously ascends, we
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integrate over the time period when the slice is projected. The change in dose at a

point is given by:

d
EDn(z,t) = Iy(z,1) (B.2)

where t is time and [, is the light intensity for slice n. The light intensity at any
depth in the resin bath, I,(z), is given by Beer’s Law. Recalling that z = 0 at the
build platform, z, — 2z gives the distance from the position of the window (zy) to the

position of interest (z). From Beer’s Law,

—1

Li(2,t) = I, 107 Fwi=2lha (B.3)

where I, = I,,(2y) is the incident intensity and h, is the resin absorbance height (the
inverse of the absorption coefficient). Movement of the build platform is included
via the print speed. Since the coordinate system is defined with respect to the build

platform, the print speed s is represented in terms of the ever-increasing value of

Zy(1):
dzy
=" B.4
s=— (B.4)
Substituting Equation (B.4) and (B.3) into Equation (B.2),
d I —1
——Dy(z, 2y) = =210Vl B.5
LDz = 2 (85

To calculate the dose contribution from slice n, Equation (B.5) is integrated with
respect to zy,. The limits of integration are the values of z, when slice n is first
projected and when the next slice, n+1, is projected: nhg and (n+1)hs, respectively,
where hg is the slicing height. Thus,

(n+Lhs | o Lyh _ _
Dy(2) = / Inw -lew(®)—zlha ! _ ?W a (10—(nhs—z>hal _ 10—<<n+1>hs—z>hal>
nhe S sIn10

(B.6)
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If the cross-section at height z is exposed to slice n (i.e., z < nhg), Equation B.6
gives the contribution of slice n to the total dose at that point. If the cross-section
is not exposed to slice n (i.e., z > (n + 1)hs), the dose contribution is zero. As a
simplification, we will consider only values of z which are multiples of hy (i.e., z-
values of simulated slices). For a treatment of all real values of z, see Appendix B.2
below. Note that this model implicitly assumes that a packet of resin tends to stay
in the same (x,y, z)-position as the print progresses.

Combining Equation B.1 and B.6,

N
I, wh —1 1
D _ n,w'a <10—(nhs—z)ha _ 10—((7’L-|—1)hs—z)ha ) B.7

r(2) nz% sln10 (B.7)
Equation B.7 allows calculation of the total accumulated dose at any point in the
final printed part. For convenience we may define several dimensionless variables.

The dimensionless dose, €2, is normalized by the critical dose, D.:

Qy

Du

D

The critical dose is experimentally determined for each resin formulation and is
related to the dose at which the resin becomes insoluble in the rinse solvent, ITPA
(i.e., reaches the gelation point). A resin packet with Qr < 1 is considered uncured,
while resin with €y > 1 is considered cured. The dimensionless light intensity at
the window, ®, is normalized by a critical intensity; I. is the minimum intensity at

which it is possible to reach D, for h, and s (for additional discussion, see Appendix

B.2 below).
Liw  TLywha
I.  Dgslnl0

Py

The dimensionless z-position, (, is normalized by the slice height:

¢

z
hs
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Table B.1: Total dose by layer (from Equation B.9)

¢ Qr(¢)

N By (1 —1077)

N-1 Byp(1—1077) + Qp(N)L0~7
0 Bo(1 — 1077) + Qp(N)10~7

With this normalization, slice n is first projected when (;, = n. Finally, the dimen-

sionless constant 7 is the ratio of the slicing height to the absorbance height:

3
I
Sl

Rewriting Equation B.7 in dimensionless terms,

N
Qp(Q) =Y @, (10707 — 1ot =dln) (B.8)
n=(

This can be simplified such that Qr(() is a function of Q(¢ + 1):
Qr(¢) =P:(1—-107n) + Q¢+ 1)107" (B.9)

In Equation B.9, we find the relationship that will allow quick dose calculation and
slice correction. Starting at the end of the part (i.e., ( = N), we may calculate the
total dose in each layer sequentially by considering only the current layer and the

preceding layer. Table B.1 gives expressions for {21 at several values of (.

B.2 Effect of Finite Contrast Ratio

A deeper examination of behavior while black pixels are projected will highlight
the significance of the projector contrast ratio. The contrast ratio of a display system
is defined as the ratio of intensities for white and black; this is a finite quantity since

pure black (i.e., an irradiance of zero) is unachievable. Consider a point ( in the part
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envelope with a corresponding grayscale pixel value—that is, the pixel value for slice
n = (—is zero. From Equation B.9, the total dose at this position depends on the

minimum intensity and the total dose of the layer below:
Q1(¢) = Ppin(1 — 1077) + Qp(¢ +1)107"

When the dose contribution from the minimum intensity matches the exponential

decay from the dose at ( 4+ 1, a constant dose is maintained:
Qmin(C) = q)min(l - 10_77) + QminlO_T7 - (I)min

This dose, Qui, acts as an effective minimum dose: if Qp > Q.. at position
(%0, Yo, 20), then Qp > Qi for all points (zg,yo, 2 < 2p). The minimum dose is
determined by the resin properties and the print speed as well as the contrast ratio
of the projection system. For our printer, we have measured a minimum intensity

2

of 1 mW e¢m™2, resulting in a minimum dose of approximately 5 mJ cm™2 (varying

with other parameters).

B.3 Equations for Target Dose Region Constraints

In a region of constant-intensity exposure, the dose at any point can be calculated
if the dose at one point is known. If (y and 2y are the known position and dose and

® is the constant intensity,
Q(() = Q1077 4 P (1 — 10~ (C0=0m) (B.10)

For the constraint curves defining target dose regions, each curve has a constant
intensity exposure (®,., for constraint (ii) and P, for constraint (iii)), and the
dose at the top and bottom edges are known (€2.). If the upper and lower edges of

the feature are located at (y and (, (see Figure B.1),
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Figure B.1: . N . o
Dose constraint curves (i)—(iii) and target dose region. (y and (7, are the positions of

the top and bottom of the feature, respectively.

Q:i(¢) = Q1077 4 P (1— 107797 (B.11)

Qiii(O _ ch()—(CU—C)n + ®in (1 _ 10—(CU—C)77) (B.12)

The constraint curves, and thus the target dose region, are dependent on several
system parameters. The relative effect of a change in each parameter is shown
below in Figure B.2. In Figure 3.3, we compare dose profiles with varying maximum
doses; however, the chosen maximum dose may not be reached for some features.
As is evident from Figure B.2, several factors determine the shape of the target
dose region for a feature. While most parameters are constant throughout the print
(Imax, S, and h,), the feature size may vary considerably. For a constant set of system
parameters, each feature has a maximum achievable 2., as a function of its height.
To determine this value, Equations B.11 and B.12 are first equated to determine the

point at which the curves meet.

¢max - ¢min
Qo — i) 10707 — (Q — By ) 1017

1
= Elog10 ( (B.13)
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Using Equation B.13, we can write the maximum dose (assuming the edges are at

the critical dose) as a function of feature height:

0=(, —(u
C* 11 q)max - q)min
= —lo
n 1o (Qe — Ppin) 107507 — (Qp — Py ) 10~ CUH0)7
C* ]-1 q)max — (I)mln 1
= —10
n B10 (e — Ppin) 107507 — (Q — Py ) 10791 10~ Cun
1 Prax — Do 1
¥ __ max min 4 —¢un
C = nloglo |:(QC _ (I)min)l()*CUn — (QC _ (I)max)10577:| nlogm(lo U )
(bmax - (I)min

= %log10 { } + (v (B.14)

(Qe — Do) 1007 — (e — By ) 1007

Substituting Equation B.14 into Equation B.12,

(Qc - q)min>(q)max - (I)min>

Q* = Q(C*) - (Qc - q)min) - (Qc - q)max)loién

+ Pin (B.15)

Figure B.3 shows Q* as a function of feature height.

B.4 Optimizing D. and Q,ax

Effective slice correction requires that correction parameters are optimized for the
resin being used. Figure B.4 illustrates two limits on the maximum achievable dose
for printing with Resin 1 at 750 mm h~!; these limits exist independently from the
chosen value of 2,... As discussed in Appendix B.3, an infinitely long exposure at
¢ asymptotically approaches the dose Q. (®). Thus, the maximum intensity defines
a maximum possible dose in the model: Qo (Ppax) = Pmax. Figure B.4(a) shows the
distance that must be exposed at the maximum intensity before the critical dose is
reached. This relationship suggests than certain feature-dense geometries may not
be amenable to correction with these print settings; however, slower print speeds or
higher light intensities may be used to compress the curve downward (for a constant

exposure height, D oc Is™1).
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For individual features, the maximum dose is the lesser of the prescribed 2.«
and Q* as defined in Appendix B.3. Analogous to Figure B.3, Figure B.4(b) shows
D* /Dy as a function of feature height for Resin 1 at 750 mm h™! and several values
of D..

In addition to optimizing the critical dose parameter D., we also conducted ex-
periments investigating the effect of the maximum dose parameter .., with results
shown in Figure B.5. Setting higher values of D,,., makes the fidelity less sensitive
to feature size, though the effect is minor. Based on this result and the desire to
maximize green strength, we chose to operate the correction with an unconstrained

maximum dose (Qpax = 00).
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Figure B.2:

Effect of increasing (yellow curves) and decreasing (blue curves) parameters by 50%:
(a) Base case. hg = 50 pm, Az = 1 mm, h, = 2,000 um, s = 1,000 mm h~!, and
(b) Decreasing feature height. (c) Increasing feature height.

Tax = 100 mW cm—2.

(d) Varying absorbance height. (e) Varying print speed. From Equation B.1, varying
the critical dose has an identical effect. (f) Varying the maximum projector intensity.
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Maximum dose as a function of 617 = (2, — zuy)h,;'. As the feature height increases,

the maximum dose approaches the limit Q,, described in Appendix B.3. Parameters:

hs = 50 pm, h, = 2,000 yum, s = 1,000 mm A, L. = 120 mW ecm ™2, L = 2 mW
-2
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Figure B.4:
Maximum dose limits for our presented optimization (Resin 1, s = 750 mm h~! |

Inax = 75 mW cm™2 ). a) Exposure height to reach the critical dose starting from zero
dose. Printing at a constant speed, larger height ranges must be exposed to reach higher
doses. b) The maximum possible dose for a feature of a given height, as determined
by the dose constraint equations (Eq. B.15) in Appendix B.3). When the correction
is applied, the maximum dose within a feature is the minimum of D* and the chosen
Diax-



104

(a)

Aza larger than designed = e - =

— O 500 um - dEdE e8s BAR e 4 J

N O 1000 um
< 05 O 1500 um i IERAY NP ma s xd I 3% PP B

I Y27 x 2000 um ‘ u

§ sy 1K s 23 Py "\'i 'S e & AR 2 BF = !

5 »

%‘ o e = { Qe 2 t= o= = R
N ®
> 0 S - : - - ‘: e e aRLEB. P AL 2y _rdstaml

] ® ]

N Dinax = 5Dger Dinax = 5.5Dger Dinax = 6.5Dgel Dinax = 7Dger
< g ? -

| ; L] ' L} N

¥ -0.5 5 : ;

smaller than designed
-1 T T T

Ll
5 5.5 6 6.5 7 Dy /Dye Dy /Dyy Dy /Dye Dz /Dy Dr/Dga
Dmax / Dgel

Figure B.5: . . . .
Varying Dmax with D, = 5Dy a) Ratio of height errors (corrected-to-uncorrected) for

a range of feature sizes and values of Dy,,,. A ratio of zero corresponds to a perfectly
corrected feature. Error bars indicate standard error. b) Parts printed at 750 mm h~!
using slices corrected with D, = 5Dy and different values for Diyax.
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APPENDIX C

Dual-Wavelength Fabrication of Multilayered Microfluidic
Devices

C.1 Calibration Data for Blue and UV Intensities
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2
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o
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Figure C.1:

® Exp.Data
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Calibration data for blue and UV intensities measured at the front edge of the liquid
resin for experimental setup shown in 4.2. It is important to once again note that
pixel-level I pbiye control is possible through grayscale PWM modulation of the DMD
mirrors but pixel-level control of Iy yy is not possible in the current system (a) Incident
blue intensity, Iy piue, versus grayscale value, p. The grayscale value for a given pixel
is defined as the [R,G,B]/255 where R=G=B. (b) Incident UV intensity, Iy yv, versus

analog control voltage, Vyv.

5
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C.2 Derivation of Unsteady State Dose Model

C.2.1 Blue-only exposure

For blue light exposure with no UV, there is no inhibition. The following simplified

reaction scheme is used:

photolysis PI 25 R®
chain initiation R*+M — RM®*
chain propagation RM? + M BN RM;
chain termination RM; + RM?, AN RM, M,,

The rate of initiator photolysis is proportional to the rate of photon absorption:

0I(z)
0z

T = —@

where ¢ is the quantum yield and I(z) is the light intensity as a function of depth

into the resin. From Beer’s Law,

where hy = (¢[PI])~! and I, is the light intensity at the window. Thus,
ro = hy LLe™*/M (C.1)

In this model, all radicals are lumped into a single term, X®. Since chain initiation and
chain propagation result in no net generation or consumption of radicals, Equation
C.1 gives the rate of radical generation.

Under the steady state approximation, there is assumed to be no net accumulation

of radicals. That is, radical generation is matched by radical consumption:

Te =Tg
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Radical consumption occurs only in the termination step. Thus,
re = 2k X°]?

th [X.]2 =Tq

X7 = (La)m - (e "b)l/Q (€2)
2k, 2k hy,
which gives the steady-state concentration of radicals while the resin is exposed to
blue light.
Our ultimate aim is to derive a relationship between degree of curing and energy
input (i.e., exposure at intensity Ipiueo over time period t). The threshold for curing
is generally set at the gelation point, which is assumed to occur at a certain double-

bond conversion. & = [M]/[My] gives the fraction of double bonds which remain

unreacted and can be written from the rate of chain propagation.

oM

o = —klXIM]
23 .
ot - _kp[x ]f

Substituting from Equation C.2,

0§ plye "\ "
o (4)

ot 2k¢hy,
Rearranging and solving. The dose analogue D’ = —In{/K can be defined with
units (mW cm~2)1/2s.
o 1/2
K=k
(ae)
23
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D' = [I,(2)]"* (C.3)

With Equation C.3, we have an analogue to the standard dose equation D = I(z)t.

For cure depth experiments, resin is exposed at a constant intensity for varying
times. Measuring the depth to which the resin has cured allows fitting of the parame-
ters hy and D’.. Assuming that the gelation point occurs at some critical double-bond

conversion and solving for the cure depth,

D, = (Le /™)
B_ZC/hb — D_‘?
It?
1%t
2. = 2hy In ( ;), > (C.4)

Equation (C.4) can be linearized to simplify fitting of h, and D.:
1/2 /
ze = 2hyIn (1,"t) — 2hy In D, (C.5)

A linear fit of z. vs. In (];/275) data thus has a slope of 2h;, and a y-intercept of
—th In Dé

C.2.2 Blue and UV exposure

Under concurrent exposure from blue and UV light, inhibitor photolysis and chain

inhibition are added to the reaction scheme.

initiator photolysis PI - R
inhibitor photolysis Pz 5 70
chain initiation R*+M — RM*®
chain propagation RM; + M LN RM;
chain termination RM; + RM?, SN RM,M,,

chain inhibition RM; + Z°* LN RM,,Z
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The dual wavelength derivation will follow the same pattern as the blue-only
derivation above. Beginning with radical and inhibitor generation,
TexX = gobhb_llbe_z/hb
Faz = Cuvhigy Lue™ /"
The steady state approximation is applied to both X* and Z°.
rax = 2k [X*)? + k. [X*][2°)
Taz = k. [X*][Z°]
Subtracting and solving for [X°],

Tax — Taz = 2k [X*)?

TeX — Taz 1/2
X.: a. a
x| (—%t )

B Spbhb_ljbeiz/hb N quvh;vl[uveiz/huv 1/2
N 2k,

As above, we will solve the differential equation for £ = [M]/[M,] and define a

dose analogue.

o8

— = —k,[X*
85 = —k bh Ibe =/hs (puvh 1]uv6 s 1/2§
ot 7 2k,
1/2 1
©b (puvh
K=k =
P (thhb) = wphy ophy T

af _ —z/hb —z/hm, 1/2
ot K (I Bl )¢

5 = exp |:—K ([be—Z/hb _ 5Iu1,€_z/h“”)1/2 t]
D = —% = (]b@—Z/hb _ ﬂ_fuye—z/huv)l/?t
D' = [Iy(2) = Bl ()] (C.6)

D’ again has units of (mW cm~2)'/2s,
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C.3 Effect of Exposure Time on Dead Zone Thickness
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Figure C.2: . . L .
Dead zone height versus Iy piue/lo,uv (Where Iy yv is maintained constant and Iy piye 1S

varied) plotted for different exposure times. The presence of a dead zone is predicated
by the gelation of material at some point beyond the dead zone, therefore for a given
exposure time as Ig piue/lo,uv increases (i.e. Ippiwe decreases) there comes a point
beyond which no material is gelled and no dead zone appears, the position of this point
logically moves to higher Iy biwe/Io.uv as the exposure time increases. As t — oo the
unsteady state model tends to the previously described steady state case.

C.4 Reactive Diluent Characterization

Table C.1: Comparison of reactive diluent curing dose and inhibition coefficient

Diluent Curing Dose, D. Inhibition Coeffi-
(mJ/cm?) cient, 8 (- )

Trimethylolpropane 70 4

Triacrylate

(TMPTA)

1,6-Hexanediol = di- 138 25

acrylate (HDDA)

Isobornyl  acrylate 276 42

(IBOA)

Sartomer SC531 15900 -

Triethyleneglycol 1660 10

dimethacrylate

(TEGDMA)
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APPENDIX D

Variable-Height Channels for Microparticle Separation and
Display

D.1 Properties of Fluorescent Particles

Particle Name Mfr. Part Mean S.D. (um)  Excitation  Dichroic Barrier
number (pm) Filter Cutoff Filter
(nm) (nm) (nm)
Gt anti-Ms IgG  MFP-2070-5 2.05 0.303 590-650 660 663-738
(H&L)
Biotin pink TFP-5058-5 6.201 1.153 528-553 565 590-650
Biotin yellow TFP-7052-5 7.368 0.591 490-510 515 520-550
Fluorescent yellow FP-3052-2 3.246 0.554 465-495 505 515-555
Fluorescent nile Red  FP-3056 3.272 0.506 528-553 565 590-650
Fluorescent sky blue  FP-3070-2 3.358 0.662 590-950 660 663-738

D.2 Pneumatic Sample Vials

(see Figure D.1)

D.3 Image Analysis

(see Figure D.2)



Figure D.1:
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i) Middle 500 um
ii) Full Width

Figure D.2:
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Diagram of modifications to centrifuge tube for delivering sample to variable height
channels. The flow rate of the sample out is controlled by adjusting the pressure input

with a pressure controller.
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Influence of image analysis on measured distribution of particles. a) Image of channel
with 250 pm grid overlaid and typical areas for particle counting shown with green
and red boxes. The green box encompasses the middle 500 ym of the channel and the
red box the whole channel. b) The fraction of particles trapped at different positions
within the channel shows is not significantly affected by the image analysis method,
however particle counting with the full channel width shifts the measured distributions
down the channels slightly due to the particles at the edge moving further down the

channel for reasons discussed elsewhere
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D.4 Derivation of Equations for Channel Height

D.4.1 Constant Velocity

The change in the height of the channel over time (i.e. the etch rate) can be

defined as:

dz.
=R
dt

The speed of the wafer moving into the etchant can be expressed as a function of
position (note this speed is negative with respect to the co-ordinate system chosen

in Fig. 5.1b), with the speed being the rate of change of position over time:

dy.
s = dt - S(yC)
dt — _dyC
s(Ye)

Substituting this equation into the definition of the etch rate gives an equation
relating the change in the channel height to the position in the channel:

—R
dzc = —dyc
5(Ye)

Evaluating the indefinite integral gives the general form for the channel height for

ZC — _R/ dyc
5(Ye)

This equation can be used to evaluate the etching profile for any arbitrary velocity

any arbitrary speed profile, s(y.:

function input. For the case where the velocity is constant for the entire wafers

movement into the etchant (i.e. s(y.) = s ):

%:_5/@0
S

Evaluating the indefinite integral:

—R
Zc = Tyc + C'1
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We define the boundary conditions for this as the channel height being zero at the
final position (i.e. the wafer is not etched at any position which was not submerged
in etchant solution):

ZCZO@yc:yc,f

Substituting and solving yields the equation for the channel height as a function of

position along the channel:

R
Ze = ;(yc,f - yc)

Since this equation results in negative values for y. > y.¢ we incorporate the unit

step function such that the etch depth is always greater than or equal to zero:

L

o= (Ve — Yer1(Ye — Yerr)

Taking into account the second etch step we can add the height for a conventional

etching process, Rtein globally to this:

R
Ze = ;(yc - yqfu(yc - yc,f) + Rtetch

D.4.2 Non-Constant Velocity
For the case of a uniformly accelerating velocity profile, i.e. s(y.) = ay. + So.

Substitution of this velocity function into the general form, integrating with the

same boundary conditions (i.e. z. = 0Qy. = y.r), and rearranging yields:

R ( aye + So )
2. = ——log | ——

a aYef+ So

Similarly for a parabolic velocity profile, i.e. s(y.) = ay? + by. + o, the channel

height as a function of position is given by:

Ze = —2R (tan_1 (—ayc to ) — —tan~! (—ayc’f th ))
© Vdasy — b2 Viasy — b2 V4dasy — b?
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D.5 Effect of Etch Parameters on Channel Profile
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Figure D.3: . L . .
Theoretical effect of fabrication parameters on the channel height. a) For wafers moving

into the liquid with constant velocity, the ratio of etch rate to lowering velocity (R/s)
determines the slope of the channel. Increasing R/s either by decreasing the velocity
the wafer is lowered at or increasing the etch rate of the solution will result in deeper
channels with higher slopes. b) Wafers which are accelerated into the etchant can
obtain curved height profiles. The curvature of the height profile is dependent on the
acceleration, a. As a decreases (i.e. approaches zero) the height profile tends towards
the constant velocity case shown in (a).

D.6 Effect of Surface Tension on Etch Profile

(see Figure D.4)

D.7 Additional RBC Deformability on Patient Blood Samples

(see Figure D.5)
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Hydrophilic Glass Surface

Hydrophobic PR Mask

Etchant Liquid Level

Diagram highlighting the surface tension effects observed during etching. Adhesive
forced between the hydrophilic glass substrate and liquid HF etchant cause the etchant
to be drawn slightly upward during etching. This causes the edges of the channels to
be exposed to the etchant for slightly longer, resulting in visible height variation across
the width of the channel.
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Figure D.5:
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Diagram highlighting the surface tension effects observed during etching. Adhesive
forced between the hydrophilic glass substrate and liquid HF etchant cause the etchant
to be drawn slightly upward during etching. This causes the edges of the channels to
be exposed to the etchant for slightly longer, resulting in visible height variation across
the width of the channel.
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