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three independent devices + 1 standard deviation. The gre
represents the range of pressures where the syringe\wauld
regularly stall

i Microfluidic devices generated by the wax printing f
prototyping technique. (a) A microfluidicradient generator
(b) A T-droplet generator

I Schematic of fabrication process

i Characterization of cut straighbannel tape molds ar
resulting devices(a) Nominal channel widths compared wi
sticker cut channel widths cut on the horizontal axis of the c
plotter. (b) Nominal channel widths compared with sticker ¢
channel wilths cut on the vertical axis of the cutter plottey.
Comparison of tape mold height transfer to PDMS for tt
tape varieties(d) Evaluation of multilayer Kapton tape mol
and height transfer to PD®M Values for channel widt
measurements represehetaverage of 5 measurements :
standard deviation. Values for height measurements repr
the average of 3 measurements + 1 standard deviation

i Micrographs for prirlandpeel xurography method with
mold nominal channel widtbf 400 um. (a) 3M Platinum Blue
tape mold. (b) PDMS channel casted on 3M Platinum Blue
mold. (c) PVC tape mold. (d) PDMS channel casted on |
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Figure5-4

Figure5-5

Figure5-6

Figure5-7

Figure6-1

Figure6-2

Figure6-3

tape mold. (e) Kapton tape mold. (f) PDMS channel caste
Kapton tape mold. Scale bars are 200 pm.

i Spiral dielectophoretic focuser imagafsA) the tapedesign
cut by the sticker printer on a CATF and B) the final PD
device filled with 5mM methylene blue.

i Images of particle motion in a spiral dielectrophort&teuser
in (a) inlet well and entrance to the chann(@l) first loop, (c)
second loop(d) third loop,(e) fourth loop, andf) fifth loop.

i Electrophoretic focuser images (@) the tape design cut b
the sticker priter on a CATF andb) the final PDMS device
filled with 5mM methylene blue

i Still-frames from videos of electrophoretic flow focusing
two different sheath flow ratios and flow switching with 2
nm polystyrene latex particlega) 1:1 sheath flow/ sample rati
with top output selectedb) 1:1 skeath flow/ sample ratio witl
middle output selected selectioft) 1:1 sheath flow/ sampl
ratio with bottom output selecte@l) 1.3:1 sheath flow/ sampl
ratio with top output selectede) 1.3:1 sheath flow/ sampl
ratio with middle output selecte() 1.3:1 sheath flow/ sampl
ratio with bottom output selected. Blue dotted lines are sh
to help visualize channel wall€olor variation is due to imag
stitching from video still frames with different saturation lev
automatically compensated for thetvideo recording softwart

i Stepby-step &brication of PDM&based microfluidic device
using watersoluble glue scaffolding: (a) watepluble glue
deposition on a flat substrate with isopropanol wetting
substrate surface, (b) spioating of the substrate with wate
soluble glue, (c) curinglue in an oven, (d) pattern cutting usi
a laser cutter, (e) degassed PDMS pouring on the molc
PDMS curing in microwave oven, (g) individual devices cutt
and hole punching, (h) glue doremoval and (i) final
functional device

i Confocal micrographs of glue molds on PDMS cut i
crosses with a laser cutter. Channéalth designed to (a) 100
um, (b) 900 um, (c) 80 pum, (d) 700 um, (e) 600 pum, (f) 5C
pum, (g) 400 pm, (h) 300 pm, and (i) 200 pum. The microgr:
of the cross with 100 um channel width is depicteBigure D
16, Appendix D.

i Characterization of glue molds. Designed channel wi
correlated with cut channel widths in (a) vertical cut orienta
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Figure6-4

Figure6-5

Figure6-6

and (b)horizontal cut orientation. (c) Film thickness of gl
molds spun on glass substrates at different speeds in th
coater. (d) Film thickness for multiple glue applications o
glass substrate (all applications were performed at 2100
and height @nsfer to PDMS. The values in all plots repres
the average of 3 measurements + 1 standard deviation.

i Characterization of glue mold thickness after ra
engraving. (a) Glue mold etch#dckness as a function of las
speed. For each 10% decrease in laser speed the glue n
etched ~16 um further, accordingly to the best fit regres¢
The red line represents the linear regression of the data, a
dashed line represents the filitmckness before etching. (I
Glue film surface roughness in terms of romtansquare of
lase confocal profiles. The values in all plots represent
average of 3 measurements + 1 standard deviation. Glue |
were prepared using 3 layers of tape.drasitter settings wer
as follows: 12.5% laser power and 1000 PPI resolution,
variable speds. (c) Laser confocal micrograph of a mt
height glue channel etched at different laser speeds in diff
positions. Laser speeds are showed in the @cial) Surface
plot of the multiheight glue channel presented in (c). Fi
thicknesses thickehan 65 um are due to optical aberration:
the laser measurement

i Characterization of glue mold reusability. The laser conft
micrograph used for each measurement is depicted in the
of each plot. After each measurement, fresh PDMS was pc
over the same mold and cured in a micresvaven. The
average height and surface roughness of the features are
cast: mold height =22 + 2 um, mold rms =1.9+ 0.2 um; PC
channel depth = 21.2 + 0.7 pm, PDMS rms = 2.22 + 0.04
Second cast: mold height = 21.4 + 0.7 um, mold rms = 1.i
0.04 um; PDMS channel depth =21 + 2 ym, PDMS rms = .
+ 0.04 pum. Third cast: mold height = 21 + 2 um, mold rm
2.0 £ 0.2 um; PDMS channel depth =20 + 1 ym, PDMS rn
2.2 £ 0.1 pym. The values represent the average ¢
measurements + 1 standard déwvia.

i Glue mold fabricatedbn a PDMS substrate. (a) Confoc
micrograph ofthe glue channel cut on PDMS. (b) La:
confocal micrograph of a crosection of a channel that wi
fabricated wusing the scaffoldirrgmoval method. (c
Highlighted in yellow, PDMS ablated during the moldtmg

process. (d) Interfacial zone betweenREMS slab containing
the glue mold and the PDMS that was cured over the mold
interface is marked with a red dotted line to ease visualiza
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Figure6-7

Figure6-8

Figure6-9

Figure7-1

Figure7-2

(e) Profile of the glue mold. The red arrows indicate
indentation on the PDMS generated during therlasgting
process

i Prootfof-concept microfluidic devices. (a)}&hannel laminai
flow generator. On the left, a PDMS device cast on a8<
mold. On the right, a PDMS device cast on a glue mold.
devices fabricated by both methods exhibit itzan flow,

evidenced by the lack of ming at the interfacial regior
Depicted in the figure are the flow rates of the solutions inft
in each inlet using syringe pumps. Solid numbers represel
flow rate of a black dye solution, and outlined numk
represent the flow rate of DI wateb) (T-droplet generator. O
the top left, a black dye solution in DI water pumped with a
of 22 pL min1. On the bottom left, soybean oil pumped wit
rate of 25 pL minl. Red lines are a visual aid to show char
wall positions

I 3-valve normallyopen pneumatic pump. (a) Tinpse
images of pumping cycles using different wait times. (b) Plc
pumping rate vs. valve wait time. Error bars represent
standard deviation of 3 replicate measuremdifits.red dashe:
line is a guide for the eyes and does not represent a b
curve

I 2x2 microfluidic process used to perform a mixingutine.
A blue dye solution and a yellow dye solution are transpoil
mixed and routed towards an outlet reservoir, generatil
green mixture

I Microfluidic manifold to house rapigrototyped microfluidic
devices. (a) Manifold modular components in exploded
view. (b) Solid model of assembled modular system (s
view). (c) Photograph of assembled modular system {
view). (d) Solid model of assembled modular system
view). (e) Solid model of assembled modular system (bor
view).

i Electronic circuitand its housing to operate theleswid
valves. (a) Top view of the housing with the protoboards
the solenoid valves. (b) Isometric view of the housing, \
emphasis on the bottom, which stores the Ardt
microcontroller board. (c) Isometric view dhe housing,
showing holes for amections of the solenoid manifolds
vacuum tubing.
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Figure7-3

Figure7-4

Figure7-5

Figure7-6

Figure A1

Figure A2

Figure A3

i Fluidic Manipulation App inital screen, at the Routine ta
(a) Input reservoirs and the number of valves used. (b) O
reservoir. (c) Valves to be avoided (if any). (d) Wait time in
(e) OCW Viewer option

i Acrylic connectors with different designs. (a) Connector fi
2x2 PMA in which pneumatic connections were divided
quadrants. (bfConnector for a 2x2 A in which pneumatic
connections were equally spaced

i Fluidic Manipulation App iftial screen for Programmabl
Microfluidic Arrays in a (a) 2x2 configuration, (b) 2x
configuration with only one inlet per processor valve, (c) .
configuration, and (d) 4x4 configuration

I A 2x2 Programmable Microfluidic Array fabricated using 1
GLUE method, tested using the modulaount and operate
by solenoids controlled by an Arduino, automated by
Automatic Fluidic Manipulation App. Black and Red dyes w
mixed and transportedwards an outlet

i Irreversible methods for layer assembly. (a) Layers assen
using tape and cellulose powder. Adapted with permission
ref. [26]. Copyright (2008) National Academy of Sciences.
Layers glued together using adhesive spray. Adapted fron
[25] with permission of The Royal Society Ghemistry. (c)
Layers assembled together using toner and lamination. Adi
from ref. [46] with permission  The Royal Society o
Chemistry

i Reversible methods for layer assembly in origami pa
based devices. (a) Layers held together using an ext
devicefolder. Adapted from ref[23] with permission of The
Royal Society of Chemistry. (b) Layengld together using a
external aluminum housing and screws. Adapted
permssion from ref. [29]. Copyright (2011) Americal
Chemical Society.

i Distinct designs of 32 PADs and t heidia
dispersion patterns on the bottom layer. For the first Desi¢
(4 layergotal), dyes were spotted on layer no. 3. For the De
B (6 layers total) dyes were spotted on layer no. 4. Fol
Design C (9 layers total) dyes were spotted on layer ni
Adapted from ref[25] with permisgon of The Royal Societ
of Chemistry.
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Figure A4

Figure A5

Figure A6

Figure A7

Figure A8

Figure A9

Figure A10

Figure A11

Figure A12

Figure A13

Figure A14

i Specifications of the designs used in this work. (a) F
evaluated design. (b) Second evaddiatdesign. (c) Thirc
evaluated design. (d) Fourth evaluated design. (a) Ogtar
design

i Folding instructions for the origami papeased microchif
devices. (a) The edges of the first and second layers are bt
into contact, being aligned and folded. (b) The edges of the
andsecond layers (together) are brought into contact witr
edges of the third layer, being aligned and folded. (c) The €
of the first, second and third layers (together) are brburgo
contact with the edges of the forth layer, being aligned
folded. (d) Origami papedpased microchip device complete
folded (25 x 25 mm)

i Hydrodynamic resistance in each layer of dhiginal model
design [25]. The path to the ceratl spots presents a small
hydrodynamic resistance than the path to the peripheral ¢
explaining the observed bias.

i Original digitalzation of the first papdbased microchif
design evaluated in this stu@hef. [25]).

i Exploded view of the second pagmsed microchip desig
evaluated in this study. Thchip design presents an extra la
in comparison with the original model (r§25]).

I Original digitalization of the second pageised microchif
design evaluated ithis study. This chip design presents
extra layer in comparison with the original model ([28]).

i Exploded view of the third evaluated pajs@sed microchiy
design.

i Original digitalization of the third evaluated pajiesed
microchip design

i Exploded view of the fourth evaluated pajiised microchiy
design

i Original digitalization of the fourth evaluated pajbased
microchip design

i Original digitalization & the Optimized papéebased
microchip design
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Figure A15

Figure A16

Figure A17

Figure A18

Figure A19

Figure A20

Figure A21

i Digitalized outputs of the coloriniéic glucose assay withot
change in contrast. (a) Original design. (b) Optimized desi

I Example of digitalized assay showing the spot numbers

i Box-andwhisker plot for the peripheral and central spots
the original and optimized designs. This plot depicts

difference between the medians of central and peripheral

in the original design (statistlly significant {-test C.l. 95%))
and between the medians of central and peripheral spots
optimized design (difference not statistically significartiest

C.1. 95%)). There is a larger variance in the colorimetric out
of the optimized degn, indicating that the reaction did n
proceed to completion. The circle at the central spots o
original design depicts an outlier

i Digitalized outputs of the colorimetric glucose assay witr
change in contrast for the optimized design. The a
conditions (volume and reactional times) ardicated in the
figure. The glucose standard solution concentration was
mmol L-1.

I Schematics of theoncentration process when an exces:
sample is introduced to the 3IPADs. (a) When just enoug
sample is introduced in the device, the sample will perm
through the structure, so all layers will present the si
concentration of analyte (because réhds no interactior
between cellulose and the analyte, as demonstrakedgure A
21). (b) When an excess of sample is introduced irdéwce,
the sample will permeéa through the device as well, and
layers will contain the same concentration of analyte. Howe
the bottom layer of the device is open, in contact with
enabling solvent evaporation. Then, more sample
thereforemore analyte) is transportéaivards the bottom laye
which already contains analyte, explaining the hig
concentration of analyte at the bottom layer

i Signal stability test for the colorimetric glucose gssa 6
of a 2 mmol l:1 glucose standard was applied at the top of
optimized design device, and the reaction proceeded for 2C
Digitalization of the devices were performed after: 30 min
h, 48 h and 72.h

i Paper chromatogray of glucose with a retention factor of
(Rf = 1), showing that there is no adsorption of the analyt
the paper support. The glucose solution was spotted &
bottom line and dried in air before the elution was perfori
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Figure A22

Figure B1

Figure B2

Figure B3

Figure B4

with deionized water (solveérdine marked with the top line
The paper plate was revealed by spraying a solution conta
glucose oxidase, peroxidase and potassium iodide, to
further elution of the glucose. There is no partition
mechanism betweehé glucose in the aquedmatrix (mobile
phase) and in the water adsorbed on the cellulose (stati
phase), because both mobile and stationary phases are
Adapted from ref[44] with permission.

i Representation of 3[PPADs with the optimized (left) an
original (right) designs, using doubiape layer forassembly
[26]. The original design requires 2 more layers than
optimized design, which showkat the rational design of tF
layers benefit 3BUPADsIn general, independent of the layt
assembly method

I Photograph of the experimental setup for chip work
pressure testing(a) Syringe pump. (b) PDM@&ass hybrid
microchip (tcm long, nominal width: 400 pm). (c) Fluidi
pressure sensor (d) Madtuidic automation system

I Evaluation of printeresolution. (a) 1 pixel wide vertical line
no spacing between vertical pixels (b) Pixels separated
pixel of distance horizontalland 1 pixel of distance verticall’
(b) Pixels separated by 2 pixels of distance horizontally a
pixel of distance wically. (c) Pixels separated by 2 pixels
distance horizontally and 2 pixels of distance vertically. (c
single pixelwide box sirrounds the patterned pixels. Scale k
are 50 pm

I Evaluation of horizontally printed features (nominal size: .
pum) (a) before and (b) after thermal treatment and vertic
printed features (c) before and (d) after thdrmeatment (10C
°C 45 s). (e) Details of rastenarks on wax patterns befo
thermal treatment. (f) Smooth wax patterns after ther
treatment. Scale bars are 50.um

i Characerization of the wax printed molds. (a) Nominaldli
widths compared with printed line widths in a verti
orientation. (a) Nominal line widths compared with printed |
widths in a horizontal orientation. (c) Nominal line widt
compared with printed nie widths before thermal reflo
treatment. (d) Nomal line widths compared with printed lir
widths after thermal reflow treatment. The values represer
average of three measurements + 1 standard deviation
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Figure B5

Figure B6

Figure B7

Figure B8

Figure B-9

Figure B10

i Nominal line widths compared with printed liheights in a
vertical orientation before thermal reflow treatment, us
photo printing quality. The red line between experime
points is a guide to the eyes and does not represent a b
curve. The vales represent the average of three measurer
+ 1 standard deviation

i Characterization of the wax printed molds. (a) Aspect rati
molds printed in a vertical orientation. (b) Aspect ratio of mc
printed in a horizontal orientation. (c) Aspect ratio wlx
molds before thermal reflow treatment. (d) Aspect ratio of
molds after thermal reflow treatment. The values represer
average of three measurements + 1 standard deviation

I Charaterization of the waxmolds printed with differen
printing qualities. (a) Nominal line widths compared w
printed line widths in a vertical orientation. (b) Nominal li
widths compared with printed line heights in a verti
orientation. The values peesent the average odfhree
measurements = 1 standard deviation

I Vertically printed features (nominal size: 250 um) printec
shades of gray in the CMYK color space (a) K 10, (l20K(c)
K 30, (d) K40, (e) K 50, (f) K 60, (g) K 70, (h) K 80, (i) K9
and (j) K 100. Scale bars are 50 yum

i Design of microfluidic devices useas Proofof-Concept
devices. (a) Microfluidic gradient generator. (b)dibplet
generator. (c) ¥tchannel

i Comparison between the perforncanof Y-channel PDMS
microchips to achieve laminar floya) PDMS microchip cas
on a mold fabricated using sdithography, filled with greer
dye by both inlets, and (b) with DI water in the upper inlet
green dye in the bottom inlet. (c) PDMS micrigcbased on a
mold fabricated using wagrinting, filled with green dye b
both inlets, and (d) with DI water in the upper inlet and gr
dye in the bottom inlet. Both devices present laminar f
(noticed by the lack of mixing at the interface of thieigons),

demonstrating the versatility of the fgsbtotyping method
Flow provided by a syringe pump (flow: 20 pL/min). Sc
lithography mold specifications: 70 um tall, 500 pm wide. E:
channel was 1 cm long. Waptinted mold specifications: 9 +
um tall, 490 + 20 um wide. Each channel was 1 cm long. |
l ines in the micrographs a
position. Color differences between (a) and (b); and (c) an
are due to contrast differences. Color differences between
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Figure G1

Figure G2

Figure G3

Figure G4

Figure G5

Figure G6

Figure G7

Figure G8

Figure D1

printed and sft-lithography cast PDMS chips are due
differences between the height of the channel (taller chat
present a higher optical density)

i Number of indexed publications in microfluidics, retriev
from Web of Science 05/18/2018. Indic&CHFEXPANDED,
SSCI, A&HCI, CPCIS, CPCISSH, BKCIS, BKCIFSSH,
ESCI, CCREXPANDED, IC. In black:
TOPIC{(microfluidic*). In red: TOPIC:(microfluidic*) Refinec
by: TOPIC: (PDMS). Timespaull years

i Schematic of applied potentials for the spi
dielectrophoretic focuser

i Schematic of applied potentials for #lectrophoretic focuse
that yield a wided) and narrowlf) sheath flonstream focusec
to the middle outlet

I Experimental setup that enables curing of PDMS is
minutes

I Proofof-concept microdevice fabricated within 5 minu
using the substrate sandwich 1.5 min PDMS curing me
with a Kapton tape mold

i Prootof-concept microdevice fabricated using the silic
wafer curing method (3 mute PDMS curing) with Kapton tag
mold.

I Proofof-concept microdevice fabricated using thenih
PDMS curing glas method (5 minute PDMS curing) wi
Kapton tape mold

i Proofof-concept microdevice fabricated using the 5 mir
PDMS on glass curing method with a PVC tape mold and s¢
using only surface adhesion (h@gia prareatment)

I Stepby-step fabrication dPDMS-based microfluidic device
using he blade coating method. (a) PVC tape adhesion
glass backing substrate. (b) Rectangle cutting on tape us
cutting plotter to create a glue reservoir. (c) Remove of
i nternal & r ect aorder en, the Ibackiny
substrate. (d) Wat-soluble glue deposition on the edges of
tape of the mold. (e) Glue spreading onto the mold using :
edge tool. (f) Glue curing in an oven. (g) Tape remova
expose the glue film. (h) CAD designs cuttingtbe glue film
using a cutting plotter(i) Glue mold
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Figure D2

Figure D3

Figure D4

Figure D5

Figure D6

Figure D7

Figure D8

Figure D9

Figure D10

Figure D11

Figure D12

Figure D13

i Proofof-concept devices fabricated using the glue met
and cut using the cutter plotter. (a) Glue mold &f-ahannel
laminar flow generator (17.7 + 0.4 piall, 415 + 3 um wide).
(b) Glue mold of a Tdroplet generator (18.3 £ 0.4 um tall, 5
+ 20 um wide). (c) PDMSylass device of a Xhannel laminai
flow generator filled with red dye. (d) PDM@ass device o&
T-droplet generator filled with red dye

i Design of a 3valve normally open pneumatic pump. |
Pneumatic layer design and dimensions. (b) Fluidic layer de
and dimensions. (c) Layers aligned. All dimensions are in |

i Fabrication steps of a-valve normally operpneumatic
pump

I Design of a pneumatic lifting gateicrofluidic processor. (a
Pneumatic layer design and dimensions. (b) Fluidic layer de
and dimensions. (c)dyers aligned. All dimensions are in mi

i Fabrication steps of a pneumatic lifting gate microflui
processar

i Photograph of the experimental setup for microchip worl
pressure testing. (a) Syge pump (kd Scientific, Legatd 80,
Holliston, MA). (b) Fluidc pressure sensor (LabSmith, 08
uPS Pressure Sensor, Livermore, CA). (c) PBDRIBMS
microchip. (d) Microfluidic automation system (LabSmi
uProcessE System, Li v.er mor

i Valve opening and oking routine of the -8alve normally
open pneumatic pump

i Schematics of the dye mixing routine used in thdic
processar

i Schematics of the opening and closing valve sequence
for the mixing routine depicted fRigure D9.

i Schematics of thecleaning routine used in the fluid
processar

i Schematics of the opening and closing valve sequence
for the cleaning routine depictedkiigure D11

i 2x2 microfluidic processor used to perform a clear
routine, after mixing the dyes. Water in a fourth inlet is pum
through all theprocessor valves, cleaning the residues of
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Figure D14

Figure D15

Figure D16

present from the mixing protocol. After 10 cycles, thecpssor
valves are clean, and can be used for other protocols

i ESForbitrap mass spectrum of white glue. (a) Mass spec
with m/z ranging from 150 to 2000 Th. (b) Expanded regio
the mass spectrum (m/z from 400 to 800 Th). The differe
between peaks is annotated with red arrovascamresponds t
the mass of a vinyl alcohol monomer (44 Da). (c) Expar
region of the mass spectrum (m/z from 600 to 800 Th).

difference betwen peaks (16 Da) is annotated with gold arr:
and corresponds to the mass difference between sodium )z
and potassium (39 Da) adducts of polymers with the same
size. (d) The loss of acetic acid (60 Da) from PVAc polym
chains is annotated thi maroon arrows between peaks.

Expanded region of the mass spectrum (m/z from 800 to

Th). The diference between peaks is annotated with |
arrows and corresponds to the mass of a vinyl acetate mor
(86 Da). (f) Same region from (e), withgles annotated witl
their degree of polymerization (denotated asA®aks in all
spectra are marked with them/z values, if not state
otherwise. Sample preparation: a white glue sample (0.5 g
dissolved in 1 mL of a solution of 20 : Acetonitrile (®:50
wvvy) with 0.1% vy of formic acid, and subsequently dilut
with methanol (10dold). Analysis wasperformed using ¢
Thermo Scientific LTQ Orbitrap XL mass spectrometer, v
an electrospray ion source. Analysis conditions: Positive
mode; Diret infusion with methanol, syringe pump flow rate
8 uL min-1; ESI source: Spray Voltage = 5 kV, Capille
Voltage = 80.03 V, Capillary Temperature = 235.06 °C

I ATR-FTIR spectrum of a dried glue film. The polymeric fil
is composed of poly (vinyl acetate), evidenced by the C=0
(C=0)0 stretches, and poly (vinyl alcohol), evidenced by
H-bonded GH stretch and @4 bend. Analysis was performe
using a Thermo Nicolet &kus 4700 FAIR spectrometer with i
diamond crystal horizontal ATR cell in the reflectance mc
Scan settings are: resolution 1.0-&n64 scans, range: 400
4000 cml.

i Confocal laser micrograph of a glue mold cut into a er
shape with a laser cutter. Channel width was designed tc
um. The glue was totally ablated from the substrate in
vertical orientation (horizontal belt mechanjstre@use the
nominal width was designed with a size smaller than the
cutter offset
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Figure D17

Figure D18

Figure D19

Figure D20

Figure D21

Figure D22

Figure D23

i Characterization of glue molds. (a) Glue mold fi
thicknesses spuat different speeds in the spin coater on g
substrates. (b) Glue mold filrthicknesses spun at differe
speeds in the spin coater on PDMS substrates. The values
plots represent the average of 3 measurements + 1 sta
deviation

i Characterization of glue molds fabricated using the

methods. (a) Film thickness of glue molds created u
multiple layers of tape via the blade method aradmultiple
depositions using the spin coating method. (b) Ghue film

surface roughness (renteansquare of laser confocal profile
of films made via both methods. The values in all p
represent the average of 3 measurements + 1 standard de\

i Variation of glte mold thickness with the number of layers
tape used in the blade coating method. For each additional
of tape added, the height of the glue mold increases 18.4
um, accordingly tdhe best fit regression

i Film thickness of glue molds fabricated using the bl
coating method on dass substrate and on a PDBgbstrate

i Stepby-step fabrication of PDM®ased microfluidic device
using the inverse xurography method. (a) PVC tape adhesi
a glass backing substrate. (b) CAD designs cutting on tape
a cutting plotter. (c) Removal of thiei nt er nal 6
the excess of tape on the backing substrate. (d) \Askible
glue deposition on the cut parts of the mold. (e) Glue spre:
onto the mold using a flat edge tool. (f) Glue curing in an o
(g) Tape removal. (h) Glue mold

i Characterization of glue molds fabricated using the inv
xurography method. (a) Profile of a glue mold fabricated u:
1 layer of tape. (b) Laser confocal migraph of the 1 layer o
tape gle mold. (c) Profile of a glue mold fabricated usinc
layers of tape. (d) Laser confocal micrograph of the 2 laye
tape glue mold. (e) Profile of a glue mold fabricated usir
layers of tape. (f) Laser confocal microgheof the 3 layers o
tape gluemold. The arrows in the micrographs indicate
bubbles entrapped in the glue mold at the tape walls

i Pressure testing of scaffolded PDMS devices. (a)

maximum woking pressure registered for this device was 1«
+ 0.4 kPa (@ 14.2 mL mit). (b) This deviceregistered &
maximum working pressure of 156.7 + 0.6 kPa (@ 14.2
min-1). (c) This device registered a maximum working pres:

XXXi

285

287

288

290

2901

292

299



Figure D24

Figure E1

Figure E2

Figure E3

Figure E4

Figure E5

Figure E6

Figure E7

Figure E8

of 196.1 + 0.9 kPa (@ 14.2 nthin-1). The region around 30
s in each plot displays noise because the syringe was

refilled with fluid to test the device at the maximum flow of
syringe pump.

i Double chamber pumping roe in a 3valve normally oper
pneumatic pump. The valve opening acldsing routine is
depicted inFigure D8.

i Design of the base of the manifold. All dimensions are in 1
if not denoted otherwise.

i Design of thedp ofthe manifold. All dimensions are in mr
if not denoted otherwise

i Design of the connector. The connector design depends ¢
pneumatic connections of the microfluidic chip, so
dimensions presented leeareused to demonstrate the ou
dimensions needed to connect this module to the rest ¢
manifold. Two connectors might be present in the sys
sandwiching the microdevice, if the dimensions of the de
are smaller than the lip of the top maidfobody. All
dimensions are in mm, if not denoted otherwise

i Designof a 2x2 pneumatic lifting gate microfluidic process
(a) Pneumatic layer design with dimensions. (b) Fluidic e
design with dimensions. (c) Layers aligned. (d) Photograg
the final device. All dimensions are in mm, if not deno
otherwise

i Diagram of the electronic circuit used to operate a sole
valve.

i Diagram of the protoboard used to connect the sole
valves to the Arduino board

i Photograph of the experimental setup for the tes
apparatus. (a) Pump. (Iicroscope. (c) Modular manifol
assembled with the microfluidic device. (d) Electronic circ
to operate the solenoid valves, controlled by the Arduino bc
(e) Four 12V pumps. (f) Computer to operate the microscc
(g) Computer to operate the Ardoiboard

i Variable assignment used in the code that autonflaiels
manipulation orchip, for a 2x2 fluidic processor
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Figure E9

Figure E10

Figure E11

Figure E12

Figure E13

Figure E14

Figure E15

i Variable assignment and cartesian coordinates for a
fluidic processor.

iNeighborsdé coordinates <ca
8 (x=4,y=3) are: valve 2 (x=4, y=B), valve 32 (x=41, y=3),
valve 6 (x=4+1y=3) and valve 1€x=4, y=3+1). Valve 8 is
marked with a red dotted box, neighbors are highlighte
green

i Examples of paths calculated by the algorithm, from A i
to L outlet, both marked with redotted boxes. The lowesbst
path (6points distance) is marked with green dotsA 29 A
28A 26 A 22A 20A 19A L. An example of a higltost
path (12points distance) is marked with red dotsAA29 A
28A 30A 2A 4A 6A 10A 12A 14A 18A 20A 19A
L. The lowestcost path when valve 22 is marked unavaile
(8-points distance) is marked with green dot#y 29A 28 A
26A 32A 24A 18A 20A 19A L.

i Examples of paths calculated by the aiifyon, from A inlet
to L outlet, both marked with reditted boxes. The algorithi
calculates the complete route from the inlet to the udled
when fewer valves are required (2, in the representation),
program removes valves, starting from the outlétmore
valves are required (5, in the representation), the algorithm
them to the list of valves used

i Representation of fluidic transfer from A to L and P tc
(marked with red deed boxes). 2 valves worth of fluid from
reservoir are in therocessor (marked with green dots), an
valves worth of fluid from P reservoir are added in the proce
(marked with orange dots)

I Representation of fluidic transfer from A to L (marked w
red dotted boxes). Two valves worth of fluid from A resen
are in the processor (marked with green dots). To gatisém
to L, the algorithm uses,

starting from the outlet to the first valve being used in
processar

i Representation of fluidic transfer towards L outlet (mar
with a red dotted box). The proper closinger of open valve:
(represented with purple dots) follows the orderA3@8A 26
A 22A 20A 19A L. If valve 28 closes before valve @
(marked with ared dotted box), valve 30 would have flL
trapped inside
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Figure E16 1 Fluidic Manipulation App at the Method development tab 318

Figure E17 1 Fluidic Manipulation App screen at the Arduino .tab 319
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SUMMARY

Microfluidics uses the manipulation of fluids in microchannels to accomplish
innumerous goals, and is attractive to analytical chemistry because it can reduce the scale
of larger analytical processes. The benefits of the use of microfluidicnsysie
comparison with conventionabrocesses include efficient sample and reagent
consumption, low power usage and portability. Most microfluidic applications require a
development process based on iterative design and testing of multiple prototype
microdevices. Typical microfabrication protocols, however, can require over a week of
specialist time in higimaintenance cleanroom facilities, making the iterative process
resourcentensive and prohibitive in many locations. Rapid prototyping techniques can
aleviatethesassues, enabling faster development of microfluidic structures at lower costs.
Printandpeel technique@AP), including wax printing and xurography, are lowast fast
prototyping tools used to create master molds for polydimethylsilox&mRM$)

miniaturized systems.

In this work, three different methods were created to improve the papidtyping
of PDMS-based microfluidic deviceklsing the wax printing methoBDMSmicrodevices
can now be fabricated from design to testing in less tHaour, at the cost of $0.01 per
mold, being one of the fastest and cheapest methods to date. If extensive fluidic
manipulation is required, xurography becomes the method of choice. The xurography
technique presented here is the most rapid tool to fabfa1S-based microdevices to
date, presenting turnaround times as fast as 5 minthedirsthybrid techniquehat can

be used either as PAP or a scaffolding method is also presented here, using the same

XXXiX



materials and fabrication proce3$ie green, la-cost, useffriendly elastomeric (GLUE)
rapid prototyping method to fabricate PDMNd&sed devicesises white glue as the
patterning material, and is capable of fabricating rhéight molds in a single step,

improving even further the development of PD&rofluidic devices.

Device fabrication is onlpne of thestefs in the iterative process of designing a
fully -functional microfluidic tool.The design of the microdevice itself plays a crucial role
in its performance, whichdirectlyimpactsprocesses ewucted in miniaturized deviceln
this work, the influence of hydrodynamic resistaimceample dispersion onmaicrofluidic
multiplexerwas studied using papbased analytical microfluidic devices (UPADstlas
testbed. When microfluididevices are @t rationally designed, and when the influence of
fluidic resistance is not takinto account, sample dispersion can be biaéeliascan
influence the output of colorimetric enzymatic assays supportétese micostructures
which are thanost commorapplicatiors of UPADs demonstrating the need for rational

design of microdevices.

The third essential component of developing microfluidic devg#sar effective
testing especially whenncorporatingactive pumping elements ceohip. To overcome
isstesin the manual operatioor coding for operationf microvalves a program that can
automaticallygenerate sequences faridic manipulation in microfluidic processors was
written in Pythonwith the only inputs equired from the usdyeingreservoir paitions,
mixing ratio and thealesired input and output reservoif® further improve testingnd
avoid the use of fixed mounta modular system was created to aid the testing of devices
with different designsanoher advance in the arebhis researchrables better design and

testing of microfluidic devices in sherttimes and at lower costsnablingimprovements
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in the interfacing between different unit operationschip, a challenge in the microfluidics
area. More than that, it also makes this gregaditionally confined into expensive

cleanroom facilities, available to more research groups worldwide
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CHAPTER 1. INTRODUCTION

1.1 Background

In 1990, Manzt al.[1] first proposed the concept of micro total analytical systems
(UTAS). Thesesystems wouldbe capable of performing all steps of an analytical process
in an integrated miniaturized platfof] with comparable or better performance than their
maaoscale analogs. Now, 30 years after the first proposition of such systems, we are able
to miniaturize anchautomatamultiple laboratory analytical processiy, includingclinical
[3] and drug discovery researf], anda diverse array ah situandysis. Theseanalyses
can range fronfield-deployable autonomous analysis in challenging locat[dhgo
environmental monitorin§g],asenvis oned by resear cHlgihesei n t he
advancements were only made possible by the development of the microfluidi¢g]field

and improvement of microfabrication techniques.

Microfluidics is the study and manipulation of fluids in channels of reduced
dimensionsi(e.in the order of umj)7], with flow ratesin the order of mL mif to nL mirt
1 Microfluidics presentsintrinsic characteristics such as low sample and reagent
consumption, low power usage, and portability9], in comparison with conventional
macroscale mcessesyhich is attractive to both analytical chemistry and uTAS fields

(Figurel-1).



Low reagent Low waste
consumption generation

Low sample

usage High-throughput

Portability Automation

Figure 1-17 Intrinsic c haracteristics of microfluidicsthat are attractive to analytical
chemistry.

When fluids are confined ia microchannelsthey behave differently thaat the
macroscalgegiving microfluidicsunique physical and chemical characteristidss s due
to the different contributions of the dominamthysical propertiesat the microscale,

includingviscosity, fluidic resistancanddensity[10].

The most welknown parameteused to characterize microfluidic systems is the

Reynolds number, a dimensionless number defined byt

~
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Re is theReynolds number
is thespecific mass of the fluitkg n3);
u is theaveragevelocity of the fluid(m sb);
Le is thehydraulic diametefm);

" is the dynamic viscosity of the fluid (Pa s)

The Reynolds number & estimate ahe ratio of convective forces over diffusional
forces, used to characterizeflow as laminar Re < 2100) or turbulent(Re > 4000),

exemplified inFigure1-2 [10].

(a) (b)

Figure 1-27 (a) Laminar and (b) turbulent flow depiction.

The flow can be described by timeompressibl&avierStokes Equations (Equation
2), which are a set of equatiodsrived from the balancd torces (gravity, pressure, and
viscosity) and conservation of momentum considering an infinitesimal volume of fluid

[10],
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p is the drivingpressure (Pa);
is the speific mass of the fluid (kg m);
u,v,w arethevelocity vectordm s?);
t is thetime(s);
' is the dynamic viscosity of the fluid (Pa s)

g is the gravitational acceleration (M)s

For low Reynolds numbeii.¢. Re << 1), the inertial forces aregligible when
comparedto the viscous forcesand the NavieStokes Equatiorf{Equation2) can be
simplified to the Sikes Equation(Equation3), which does not contain the ndinear
inertial terms, and, therefore, is much simpler to solve. For its simplicity, the Stokes
equation is useful tdescribdluidsbehavior in microfluict systensthat satisfy the Re <<

1 condition
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Forthe low Reynolds number conditidaminar flow profiles arebservegmeaning
that for two (or more) separate streams of fluids meeting afidwing in a microchannel,
mixing will happen due to diffusiort ¢he interface of the streams, rather thmmtial shear
stress due to turbuleng0]. This characteristic is a bleisg or a cursedepending on the
intended application. For example, the creation of a Ag electraigeirofa 200 um
microchanne[11] is made possible by the laminar nature of the flow of the reagents, but
the @mbination of sample and reagents to perform an assay in a microfluidic device is
difficult due tothe lackof turbulent mixing. In order to promote better mixing in

microdevices, several design strategies have been developed over thg3jears

Fluidic resistance is anothemportant @mrameterto be consideredduring
microfluidic systemdevelopmentwhich can be estimated hlifie HagenPoiseuille law

(Equationd).

Y 0 - (4)



Ry is the fluidc resistance of thehannel (Pa ms);

d is the dynamic viscosity of the fluid (Pa s);

Le is the length of the channel (m);

Ar is the crossectional area (m?);

Cgeo is the geometric constant of the channel.

Fluidic resistance is important whdasigning pressurériven microfluidic devices,
such as sample multiplexers, in which an undesired unbalance of hydrodynamic resistance
can impact the output of an assay conducted on such d&8ic& he fluidic resistance is
also important because it is directly proportional to the pressure drop within a
microchannel, which means that for a-fol decrease in the radius of a microfluidic
channel there is a 160ld increase in the pressure within the device for the same flow rate
[10], which can | i mi[8]. Itdeelevant eoGtsessahptphparametdr i o n
only provides an approximatiaf the real increase in pressure experienced by the device,
because it does not account for other relevant physical properties like fluid interactions
with the channel (surface tension, for example). This makésriadachoice and surface
chemistry alsoelevant, and these factors must be accounted for when envisioning the end
application of the device§.he need to control fluidic resistance by controlling channel
geometry and surface chemistry, therefore, alsdatis the choice of fabrication

technique

The first microfluidic devices were fabricated in hard substrates such as glass and
oxidized silicon (Si/Si@), using methods borrowed from the microelectronics industry,

such as micromachining and photolithodrgl10]. Using these techques, the iterative



process of microfluidi device development (design, fabrication and testing) becomes
expensive and time consuming, requiring specialists operating expensive equipment inside
a highmaintenance cleanroom environment. These requiremexkis tine development of

microfluidic device costprohibitive to researchers worldwigt].

To reduce time and cost associated with the development of microfluidic structures,
rapid-prototypng tools were createfB,9,14 18], with different levels of investment,
complexity and feature resolution. The use of the ubiquitous P[2})Sn conjunction
with these fasprototyping techniques havwmosted research in microfluidics: theseal
(conservative) estimate that approximately 10% of all research in microfluidics has been
conducted in PDM%$ased devicd®]. This estimate demonstrates that the creation of new
rapid-prototyping tods for PDMSbased microfluidic devices caeach many research

groups, improving even further the development of uTAS.

The creation of rapighrototyping microfabrication tools, besides the critical
evaluation of these techniques, become necessary to bribedmicrofluidics userbase,
by eliminatng the need for expensive cleanroom environments and highly trained
personne]9,19]. Low-cost, useifriendly, greener methods put this technology at the hands
of resarchers in irdevelopmentcountries, studets and hobbyists everywhef@,19],

making microfluidics an inclusive research area



1.2 Thesis Organization

This thesis is organized as it follows: Chapter 2 presents the importance of the
rational design ofmicrofluidic devices, and how sample dispersimased on fluidic
resistancempacts the colorimetric output of enzymatic assays conducted in microfluidic
platforms. This study was conducted on microfluidic devices fabricated in a paper matrix
with wax prirting technology, owing to the simplicity of fabricationtbksedevices and
short turnaround times. Despite fundamental differemctigid transportationn a porous
matrix versus open channels, these findingsrelevant to the rational design of othe
devicescreated using other fabrication methpdach as the ubiquitous PDMBDMS
devices account for ~10% of all studies, so a more widely appliagieach to study the
influence of the design of microfluidic devicesjuires fabrication of microstctures with
this elastomer.However, historically,device fabrication with PDMShas had long
turnaround times using conventional microfabrication proce3sesalleviate this issue,
rapid-prototyping techniques can be used to fabricatdds for PDMS miarfluidic

devices.

In Chapter 3, | critically review the current literatiassociatedvith prototyping
tools available to fabricate PDMS&ased microdevices,comparing advantages,
disadvantages and feature resolution of each method. In this chaptepreaksat insights
towards each one of the steps of the iterative microfabrication process (Design, Fabrication

and Testing).

In Chapter 4, Idemonstratenow wax printing can be used not only to fabricate

microfluidic papefbased analytical devices, but alsm fabricate master molds for



miniaturized PDMS systems. The biggest advantage of this methioel shorttime for
prototypingrelief molds (< 1 min); hoaver, most of thalevicefabrication using this
method isdedicated to curinthe elastomer (3 h &0 °C) on the mold. This relatively low
curing temperature of PDMS is required to avoid deformations of the wax molds, at the
cost of increasethbrication times. To alleviate this issue, | coupled wax printing mold
fabrication with microwave thermal trea¢nt of PDMS, reducing curing times from 3 h

to 25 min an ~86% improvement in processing time was achieved, while preserving wax
mold featuresThis method significantlglecreases the time associated vpitbtotyping
microdevices, from design to testingane hour, while reducing the costs associated with
the development of microfluidic tools. In addition to these improvements, another
innovatian brought by this method is the microwave annealing processing of RIIAdS
bondng to irreversibly seal hybridevices after UVO exposure, posing as an alternative
to conventional thermal annealing processes (2 h in a conventional oven x 30 min

microwavetreatment).

The full potential of microwave treatment of PDMS could not be reached using wax
printing as the p#erning method, due to thermal restrictions imposed by the mold.
Moreover, channels fabricated by wax printarglow aspect ratio (height /idth), which
is useful for applications such as capillary electrophoresis, but increase the fluidic
resistance fothe microdevicen largerdevicefootprints. If extensive fluidic manipulation
is required in a microdevice, a method that can generate tadiiels is preferred. In
Chapter 5, | discuss how xurography, coupled with the microwave processing of PDMS
gives rise to one of the fastest prototyping methods in literature for PD&4s8d

microdevices to date. This priahdpeel patterning method enabldgse fabrication of



molds with different heights, depending on the tape substrate used, or even the fabrication
of multi-height molds, by the stacking of layers of tapke greatestadvantage of this
method, however, is the circumvention of temperaturetsi imposed by wax molds.
Depending on the tape substrate used to fabricate the molds, microfluidic devibes can

fabricated in as fast as 5 mifnom design to testing.

Chapter 6 presents an innovative PDMS microdevice fabrication method, which uses
water-soluble white glue as the patterning material to fabricate relief molds for elastomer
based microfluidics: # Green, Lowcost, Useifriendly, Elastomeric (GLUE) method.

This method is the first of its kind, becausesithe first method thatan be ued either as

a printandpeel technique or as a scaffoldirgmoval tool, using the same process and
patterningmaterial. Another advantage of this innovative tool is the albditreatenulti-
height master molds in a single step, avoiding the multipieknalignment steps required

in conventional photolithography.

Device fabrication is only one of the steps le fterative process of designing a
fully -functional microfluidic tool. After fabrication, it is necessary to test microdevice
capabilities, bubften the testing system does not match modified versions of devices nor
allow for rapid modifications of theestbed apparatus. This, in turn, limits alterations in
the design of the microfluidic device. Modifications in the design of microdevices should
not have to beonstrainedo the testing system. In Chapter 7, | explore the improvement
of the testing of thé&erative design process of microfluidic devices. An automated low
cost modular system was developed to operate pneuatdtiated microfluidicchips,
compatible with PDM&ased microdevices fabricated using the methods presented in

Chapters 4, 5 and 6.
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Chapter 8 presentssummary otonclusioms of this body of work, anduggestions
for prospective studies that can be derived from the findlegsribedibove | also present

future directions and perspectives that | envision for the microfluidics field.

1.3 Contributions to the Field

The research projects described in this thesis represent a significant contribution to
the microfluidics field. Morehan that, this work gives researchers, hobbyists and students
worldwide the opportunity to study and use tigishnology, which has been traditionally

developed by resourg&h research groups with access to cleanroom environments.

| first proved how th design of devices impadhe readout of colorimetric assays
performed in threelimensional microfluidic papdrased analytical devices. This study
demonstrated the need for a rational design of microfluidic structures, and it is a step
towards the adofun of these devices as poinift-care diagnostic tools, by reducing the
bias generated bundesired unevefiluidic dispersion. This work on device design

(Chapter 2waspublishedn Analytical Chemistry13].

Second,l presenta critical evaluationof the rapidprototyping tools available in
literature to fabricate PDM8ased microfluidic devices preseninsights about each step
of the development process of microfluidic devices (Design, Fabrication, Testing); the
costs associated with each fahtion technique; the resolution of features that can be
achieved by each tool; and leswst options to each o the techniques, to facilitate the

access to this technology by researchers in resdionted sites. A manuscript was
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prepared (Chapter 3and it was submitted for publicatiorio Analytica Chimica Acta

(05/16/2020).

Third, | improved wax printing tdmology to fabricate PDM®ased microfluidic
deviceqd17] by coupling it with microwave treatment to cure PDM8]. The combination
of these technologies created one of the fagtegotyping methods ithe PDMS-based
microfluidics field,reducingthe processing time 1 hdesignto-device[17]. The work on
wax printing and miawave treatment (Chapter waspublishedin Sensors & Actuators

B [8], and a povisional patent applicationasfiled.

Fourth, the full potential of microwave curing of PDMS was exploredhanging
the patterning method from wax printif§;17] to xurography[18]. Without the thermal
limitations imposed by wax molds, PDMS curing times were reduced from 25 rBin to
min, a remarkable 80% improvement in processing tim&/hen compared with
conventional softithography, the mprovement in processing time is even more
astonishing from 24 h to 5 min, a 99.7% improvemewtlso, the low startup costs
(~$300.00) associadewith the acquisition of a cutter plotter, a conventional microwave
oven and tape as consumable materiak phis technologyin the hands of anyone
interested in microfluidigsfrom hobbyists to preollege labs The work on xurography
and microwave trément (Chapter 5yvas published in Sensors & Actuator§®, and a

provisional patent applicatiomasfiled.

Fifth, to the best of our knowledge, we created a unique microfabrication method
thatcan be used either in a PramddPeel approachras a scaffolding tool (Chapter 6).

Using nontoxic white schol glue as the patterning agent, we createdeargfabrication

12



tool that does not require organic solvents and does not generate toxic waste. This
innovative method can create mihiight relef molds for PDMSbased microfluidics in
a single step, without requiring any mask alignment steps. Thiswazkublished in ACS

Applied Polymer Materialfl9], and a provisional patent applicatiasfiled.

In Chapter 7 | discuss the testing of microfluidic devices, and how this important step
of microfluidic device development has been neglected. A modular approach has been
proposed to alleviate the issues with fixed testbeds, and a Python code has lbheemowrit
automate fluidic manipulations in fluidic processors. To lower the costs associated with
research on complex fluidic processing, an Ardtbased system was built, @ntrasto
the standarduse of conventional commercidata Acquisition system@AQs). The use
of an automated lowgost modular system improved the testing of microfluidic devices,
which will both speed up research in the area, while also giving the opportunity to
researchers and microfluidics enthusiasts around the world to expisrdigid. A

manuscript is in preparatidar submission to Lalon-a-Chip by July 2020.
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CHAPTER 2. RATIONAL DESIGN OF MI CROFLUIDIC

DEVICES

Reprinted (dapted with permission fromii | mpr ovi ng Sampl e Di strib
in ThreeDimensional Microfluidic PapeBased Analytical Devices by Rational Device
Designo by Giorgi o Gi aNascimentoMuis AparezitoiMjlan,T hi a g
Amanda M. Stockton and Emanuel Carrilho (2PJAnalytical Chemistry,v. 89,

4 7 8 6 1.€apwight 2017American Chemical Society.

2.1 Abstract

Paperbased devices are a portable, tfsendly and affordable technology that is
one of the best analytical tools for inexpensive diagnostic devices.-dimeasional
microfluidic pgerbased analytical devices (3DPADs) ar e an evoluti o
devices and they permit effective sample dispersion, individual layer treatment, and
multiplex analytical assays. Here, we present the rational design ok-aringed 3D
¢ PAD tahles morehomogeneouspeation of fluids along the cellulose matrix than
other existing designs in the literature. Moreover, we show the importance of the rational
design of channels on these devices using glucose oxidasedpseyxand 2,24zincbis
(3-ethylbenzothiazoling-sulphonic acid) (ABTS) reactions. We present an alternative
method for layer stacking using a magnetic apparatus, which facilitates fluidic dispersion
and improves the reproducibility of tests performed3®-€ P AD s . We deathes o pr o

optimized designs for printing, facilitating further studies usinge3B A D s
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2.2 Introduction

Microfluidic papersb ased anal yti cal ecestvanatytcal todlss P AD s )
that are easily manufactured, manipulated, tranegoaind stored21], which makes
e PADs at t r anodtid apmicatiors rand dneets ghe requirements of the World
Health Organization in the ASSURED Challenge (Affordable, Sensitive, Specific; User
friendly, Rapid and robust, Equipmeinée and Deliverable)22]. Threedimensional
microfluidic papetbased analytical devices (3DPADs) consi st of a st e
e P A28 29], and are a natural evolution of single layer systg@@$41] due to:i)
individual treatment of layers or the use of diéfgrmaterials in different layef42], which
can demand independent and sometimes incompatéatenints;ii) sample dispersion
from ten to thousantbld, which favors multiplexed assa)j6]; iii) enclosing of
intermediate layers, which protects the reagents stored on the device without the need for
an additional toner layé43] andiv) integrationof sample preparation steps into the device,

which includes separation and washj2g,44].

In order to allow fluid permeation through the device it is necessary to maintain
intimate contact betweetdjacent hydrophilic zones, which can be done either irreversibly
(Figure A1, Appendix A), in which the layers cannot be separated after assemblyuwitho
damaging the devici5,26,45,46] or reversibly(Figure A2, Appendix A) where it is
possible to separate layers after asserity28,29,44] Among these methods of layer
assembly, the use of tape and cellulose mywalthe most laborious one, requiring precise
alignment and addition of cellulose powder in each spot, which hinders noalsston
[26]. The use of adhesive spray, on the other hand, may be theappospriate method

for mass production of irreversiblyound papebased devicef25]. Reversiblybound
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ori gami ¢ PADs are advantageous in comparis
they eliminate the needrfextra layers of tapi26] or coating stepg5], and they are more

useful br stepby-step studief23] or in fluidic dispersion studies due to the ease ofpost

testing analysi$44]. The designs arrived at via revers
into irreversiblee PADs via multiple methods including hybrid origami / doublded tape

glued systempa7].

Patterns of fluidic diribution on the device depend on the design of the dagesed
microchip(Figure A3, Appendix A)[25]. However, it is releviat to note how the design
ofthe3De PAD coul d aspefsiencon thef ckllulasid natrix ahd, therefore, the
use of the device itsef44]. Fluidic dispersion on papdrased devices is especially
relevant in emymatic assays supported on the cellulosic matrix, because these reactions
are timesensitive: the longer the enzymatic reaction proceeds, the higher amount of
product is generated, enhanciing tdetected signal in those areabkgether colorimetric
[21], electrochemica[27] or fluorescen29]. If there is a preferential path of fluidic
dispersion favoring some reaction zones, then a positive bias will be observed in those
zones, impacting the figures of merit of the analytioathod. Therefore, the design of

paperbased microfluidic deges is critical for their successful applicat{dd].

In this paper we present a ng@aperbased microchannel design and demonstrate
how channel design ilfences fluidic permeation of the cellulosic matrix and the-cedad
measurements of the assay. We use colorimetric glucose determination by the glucose
oxidase enzymatic assay as a mpdes this system has been consistently used in
conjunct i o msincevthd first repéttAdtes technolofB], and permits a rapid

comparison between systerf&/’]. Moreover, we also present a new method of layer
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assembly using an external magnetic apparatus, facilitating fluidic dispersion shdlies a
improving the reproducibility of tests performed on80P ADs. We al so demon
an excess of sample and an increase in reaction time improve the colorimetric response

using our model enzymatic assay

2.3 Materials & Methods

2.3.1 Reagents

Glucose oxidaseadm Aspergillus nigefEnzyme Commission Number (E.C.) 232
601-0), peroxidase from horseradish (E.C. &8B6), 2,2-azincbis(3
ethylbenzothiazoling-sulfonic acid) diammonium salt (ABTSand D(+)-trehalose
dehydrate fronSaccharomyces cerevisiaere pirchased from SigmaAldrich (St. Louis,

MO). D-(+)-glucose was purchased from VWR (Solon, OH), red fountain pen ink was
purchased from Waterman (Paris, France) and sodium hydrogen phosphate anhydrous
(ACS, 99.0% min.) was purchased from Alfa Aesar (Wari] MiA). All reagents were

used as received

2.3.2 PaperBasedDevicesFabrication

Origami papetbased microchip devices were designed using Corel®Drdw
software Figure2-14d), and printed on Whatman No. 1 chromatography paper (&t

using a Xerox Phaser8580 wax priter (Figure 2-1b). The patterned sheets were
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submitted to thermal treatment in an oven (3G0@or 2 min,Figure2-1c) to melt the wax
through the mtire thickness of the paper in order to create hydrophobic baf8g}sThe
designfiles (Figure 2-1d) and specifications are available in the Electronic Supporting
Information(Figure A4, Appendix A) The origami papebbased microchip devices were
folded along the white linesligning the edges of adjacent layers and superimposing one
layer onto anotherHgure 2-1€), obtaining a final device with 25 x 25 mm dimensions.

Folding instructions are presented in Am@pendix A Figure A5).

(a) (b)

)} (i) (h)

(@( Hc<  <[I)W

S

Figure 2-17 Stepby-st ep f abri cation and use of a ¢&PAI
Microdevice design. (b) Wax printing. (c) Melting and permeation of wax on paper.

(d) Cut microchip. (e) Folding of the device. (f) Insertion into the magnetic apparatus.

(g) Sample ntroduction. (h) Bottom of the device after the assay. (i) Device
digitalization. (j) Image analysis

2.3.3 Magnetic External Apparatus

Two flat magnetic stainless steel sheets were recovered from machine shop scrap

and were cut in the following dimensions:*898 mm, as presentedfigure2-1f. Flatness
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was assessed by visual inspection. The top sheet was perforated in the center, and a cut
pipette tip was glued onto iFigure2-1f). The bottom part was perfated16 times, in a 4

x 4 configuration, according to the bottom layer of the p#psed microdevices. The
paperbased devices were introduced between the top and bottom metal sheets, aligning
the holes of the apparatus with the pattern of the pagueel device Figure2-1g). To keep

the whole apparatus together a pair of neodymium magnets were used (curved pieces in

Figure2-1f) [49].

2.3.4 Incremental Permeation Study

A red ink solution (0.5 mL ink: 10 mL deionized (DI) water) vagplied at the top
of the magnetic apparatus containingone papars ed devi c e, i n 5 L i
e L) . expdriment was performed at least in triplicate for each of the volumes and for

each of the 5 studied designs.

2.3.5 Permeation StudRecording

A Logitec® HD Pro Webcam C920 was fixed in the base of a universal support to
record the bottom of the device dugirfluid permeation. The magnetic apparatus
containingthepapdsased device was positioned above
ink solution was applied at the top of the magnetic apparatus, recording each device for 15
min. At least 15 devices for eaohthe 5 studied designs were recorded. Video recordings

of the fluid permeation on each studied design are availaliie publ s her 6 s websit
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2.3.6 Enzymatic Assay

A volume of 1 pL of a 25 mmol ! ABTS redox indicator in water was pipetted
onto each one dhe 16 spots in the bottom layer of thee80P AD. Af ter compl et
of the spots (=30 min), 1 pL of a solution containingcgle oxidase (120 U rht),
horseradish peroxidase (300 U mjLand trehalose (0.6 mol 1) in phosphate buffer (0.1
mol L'%; pH 6.0) was added to each spot in the bottom layer ofthe BDAD, and al | o
to dry ~30 min for complete dryness of the sg8#. The stadard of complete dryness
minimized differences in color due to variation in reaction time and facilitates the analysis
by yidding a more robust quantitative readout. TheeB3P AD cont ai ni ng r ea
folded and placed in the external magnetic apparats 65 pL of a 2 mmol'E glucose
standard solution diluted in water was applied at the top of the magnetic apparatus. After
10 min the papebased device was removed from the magnetic apparatus and after
complete dryness (~30 min) the device reffdvas digitalized in a flatbed scanner. This
experiment was performed at least in triplicate for the original and optimized sl€Eigs
experiment was repeated with a longer reaction time (20 min), and with an increased
sample volume (80 pL of a 2 mmoliglucose standard solution and 20 min of reaction
time). The average color intensity in the RGB channel was obtained using Adobe
Photoshop CC 2015 software (but another open source software could be also used, such

as ImageJhttp://imagej.nih.gov/.
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2.4 Results & Discussion

2.4.1 Layer Assembling Method

The reversible method for layer assembly using an aluminum housing with screws
[29] can be problematic, as the torque applied to each one of the 4 sarews$roduce a
force imbalance into the system that can heterogeneously compress the device and induce
a bias in fluidic dispersion in the 3D P A D . U s istairgess&eelpldtes mited by
strong Nd magnets alleviates this issue, as the force dpplieep the layers of the paper
based device together is more uniform. As this method minimizes variation in fluidic
permeation, improvement in the figures of merit for the analytieahod should also be

expected44].

2.4.2 Permeation Study

As seen irFigure2-2 and in the video recordings of ink permeation on the devices
with different designsavailablei n  t he p u b |,ithe use of thesoriginal besignt e )
presented in literatuf@5] creates a preferentiphth for fluidic permeation to the central
spots in the bottom layers of the device. This bias can influence the results of énzymat
assays, which aréme dependentThis behavior is due to the smaller hydrodynamic

resistance of the path traveled by tlwed (Figure A6, Appendix A)[50].
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Figure 2-271 Incremental fluid dispersion study using a design provided in literatire

[25]. Volume s o f test dye solution were applied
increments) and permeated from top to bottom. Each device was unfolded and the

image digitalized after 30 min. There is a prefegntial dispersion through the central
spots, as observedi n devices housing 5 to 20 eL. The
exploded view to ease visualization, and represent experimental data. Original
digitalization of the experimental results is availablen the Appendix A (Figure A-7).

In the first iteration of device optimization, an additional layer was added to the
original desigri25] to ameliorate preferential fluidic dispersi@ffigure A8 andFigure A
9). The dispersion of fluid was more homogeneous in this design, with no apparent
preferential paths. However, an extra layer was introduced in the device, which adds a

minor additional degree of fabrication compleXp].

Two other optimization designs were testedjure A10to Figure A-13) that have
the same number of layers as the original design. The combination of these ldesigns
the fully optimized designFigure 2-3), which incorporates just 4 layers and displays

homogeneous fluidic dispersi¢ad]. This design presents a longer hydrophilic path for
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each channel in the second layer, which in turn led to the same hydrodynamic resistance
for all fluidic connections ahhomogeneous fluidic dispersion in this device. These longer
hydrophilic paths increse the overall hydrodynamic resistance of the device (83.6 mm of
total length, 1.9 mm of width) as compared to the original design (63.3 mm of total length,
1.9 mm of widh) (Figure 2-2), but have been rationally designed such tte

hydrodynamic resistances of all pathways are equivalent.
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Figure 2-3 7 Optimized paper-based microchip design. This design contains only 4

layers, and permits a more homogeneous dispersion of fluid ithe device. It can
comport 100 €L of sample without | eaking. T
view to ease visualization, and represent experimental data. Original digitalization of

the experimental results is available irthe Appendix A (Figure A-14).

23



As can be seen iRigure2-3, v ol umes as smal l as 40 €L
the bottom | ayer of the optimized device.
provides betterasults with the enzymatic assay. The improved performance is due to the
prolonged hydration of the bottom spots, where the sample can interact with enzymes and
redox indicator, which enables the enzymatic reactions to proceed furtt@npdetion.

In orde to evaluate the volumetric liquid capacity of the devices we have added an excess
of fluid (up to 100 L) at the top of the
when excess fluid was applied to the devices, indicatingthieasystem can b larger
volumes of fluid. This characteristic can be exploited further to improve the limit of

detection and limit of quantification of enzymatic assays supported on these devices

2.4.3 Enzymatic Assay

When the original design is used iongunction with theenzymatic assay there is a
difference in the mean pixel intensity of the 4 central spots and the 12 peripheral ones
(Figure 2-4a, oiginal data inTable A1, Appendix A. This difference is statistically
significant (-test, C.I. 95%,Table A2 and Figure A17, Appendix A), supportingour
initial hypothesis that different hydrodynamic resistascentroduce a bias in the
colorimetric output. The optimized design with equal hydrodynaesistancesHigure
2-4b), howeveyr shows no statistical difference betwabe spotstftest, C.I. 95% T able
A-2 andFigure A17, Appendix A. Thereis a slight color intensity decrease observed in
the optimized design in comparison with the original deskigufe A15), because the

increased hydrodynamic resistance in the optimized design has reduced rate of fluid flow
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resulting in a reduced reaction time in comparison with thggrad design4vailablein the

publ i s he)lthghemeceldration intensity is deed, more sample can be added to

the device. An increase in sample volume and in reaction time result in a statistically
significant increase in the colorimetric sa, with a decrease in the variance of data
(Figure A18, Table A3andTable A4, Appendix A) These results prove that assays can
be wunbiased or bi ased based on the ¢€PAD

presented here eassapsl es unbi ased e¢PAD
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Figure 2-47 Statistical comparison betwen colorimetric enzymatic assay for glucose
determination. (a) Original design[25]. There is a higher signal developed in the 4
central spots (inside the green square) than in the peripheral spots. (b) Optimized
design. There is no significant statistical difference between the central and
peripheral spots cobration. Original digitalized images are provided in the
Supporting Information ( Figure A-15, Appendix A).
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Limits of detection andjuantification of enzymatiassays can be improved with
an excess of sample volume. This increase is because an increase in sample volume results
in a statistically significant increase in the colorimetric signal for solutions with the same
concentration(Figure A18, Table A3and Table A4, Appendix A) There is a more
intense color in the detection zone becayitbe enzymatic reaction can proceed longer
andii) because of the copntration power of the paper that allows fapid evaporation
of solvent(Figure A19, Appendix A) More analyte reaches the bottom layer, which
contains the enzymatic assay reagents, so more colored produches (rgure A19,
Appendix A) The colored products formed in the detection zones are stable, and the device
digitalization can be performed even 72 h after the assayoban performed, without

signal lossesHigure A20, Appendix A)

2.4.4 Practical Guidelines to Design Unbiased Devices

When designing microfluidic devices, it is importamtfollow some ground rules
to avoid biasing the outputs. The first insight is that the rational design of each layer is
critical. The demgn rule is to ensure that channels have the same hydrodynamic resistance
for every branch in a single layer (for exple, the second layer Figure2-3) [51]. While
this design rule is inherently for a 2D system, a 3D device is made of 2D structures layered
together: an uneven fluidic hydrodynamic resistance in one 2D layer will affect the final

output of the entire 3D structure.

The second insight ispecific to 3De PADSs . | f two hydrophil

brought into contact in adjacent layers, this will create a path of smaller hydrodynamic
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resistance, as observedhigure 2-2, analogous to a shectrcuit in an electrical cinait
[50]. Hydrophilic channels of adjacent layers should be connected just when the fluid has
fully-completed the firslayer, as shown ifigure 2-3 (with obvious exalsions for cases

in which this is desirable, such as in a flow dividég).

The third insight is also specific to 3DP AD s . Each | ayer of t
maximize usage of the material, such as the secord t¢dythe device depicted Figure
2-3. This is due to the fact that the effectiveness of lageembling is layedlependent: A
higher number of layers diminishes the efficacy of the layer assembling method, resulting
in a fewer number ofunctional deviceg25], or requires more steps in assembly of
irreversibly-bound 3De P A OQBEigure A22, Appendix A)[26]. The layer assembly
method itself also can influence the output, as discuashe Layer Assembling Method

Section, so we suggest magnetic apparatus to avoid biasinganFBB D s

2.5 Conclusion

The3De PAD systems provide mul tedigribtionadv ant
multiplexed assays, and individualized treattr@niayers. Hee, we have shown that the
method of assembling layers and thdi®ensional design of papbased devices play a
critical role in assay performance. It is critical that all dlai paths in the sample
distribution layer present the same hydrodynamic taste to avoid the creation of
preferential fluidic paths, which are responsible for output differences. Moreover, the layer
assembly method should ensure evenly distribute@ fxcoss the entire 3D P AD sy st em

to avoid preferential fluidic paths, whide more facile when the microfluidic device
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contains fewer layers. We have introduced a device that optimizes the production of 3D

e PADs and assay per f ozinmahis device arduthesehdesign wo r k
principles with other assays and on relevearnples is warranted and encouraged. This

work furthers the development of lesost diagnostic tools, improving reproducibility and

other figures of merit using a 3D pagmsedlatform
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CHAPTER 3. RAPID-PROTOTYPING OF PDMS-BASED

MICROFL UIDIC DEVICES

Reprinted (dapted with permission fromiA practical guide to rapigrototyping of
PDMS-based microfluidic devices: A Tutoral by Gi or gi o Gi asC.ni Mo r
Speller and Amanda M. Stockton (2028ubmitted toAnalyticaChimica ActaCopyright

2020 Elsevier.

3.1 Abstract

Micro total analytical systems (UTAS) are attractive to multiple fields that include
chemistry, medicine and engineering due to theirghdlity, low power usage, potential
for automation, and low sampl&d reagent consumption, which in turn results in low
waste generation. The development of fidlipctional uTAS is an iterative process, based
on the design, fabrication and testing of tiplé prototype microdevices. Typically,
microfabrication protocolsequire a week or more of highskilled personnel time in high
maintenance cleanroom facilities, which makes this iterative procesprobdbitive in
many locations worldwide. Rapid patyping tools, in conjunction with the use of
polydimethylsiloxane(PDMS), enable rapid development of microfluidic structures at
lower costs, circumventing these issues in conventional microfabrication techniques.
Multiple rapidprototyping methods to feicate PDMSbased microfluidic devices have
been demonstrated irtdrature since the advent of sbfhography in 1998; each method

has its unique advantages and drawbacks. Here, we present a tutorial discussing current
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rapid prototyping techniques talricate PDM$&ased microdevices, including soft
lithography, printandpeel and scaffolding techniques, among other methods specifically
comparing resolution of the features, fabrication processes and associated costs for each
technique. We also presertiouights and insights towards each step of the iterative
microfabricdion process, from design to testing, to improve the development of fully

functional PDMSbased microfluidic devices at faster rates and lower costs

3.2 Introduction

Micro total analytical gstems (UTAS) are structures that can perform tasks of large
macroscale analytical tools in an integrated small footprint dg¢¥#le Thesechemical
sensing systems, envisaged by Maizal. in 1990 [1], became attainable with the
development of the microfluidics fie[d], and are attractive to diverse areas, including
situ environmental monitoringg], off-site autonomous analysis in challenging locations
[5], bioanalytical chemistr{s3], separations scien¢&4,55], epigenomic studig$6,57],

drug discovery4] and clinical chemistry resear{3j.

Microfluidic tools are appealing for use in multiple arenas owing to their intrinsic
characteristics, namely) lightweight and small volme [54], which enables portability;
i) low consumption of power, reagent and sample, which resulig) imlow waste
generation54]; iv) capability of integrating sample pretreatment steps on a small unit,
reducing sample handling and minimizing sources of contamingfid@#], and v)
enhanceanalytical performancé) terms of separation performance and medtnponent

analysiq1].
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The development process of microfluidic devices, like all analytical tools, is based
on iterative design, fabrication and testing of multiptetotypes Figure 3-1). Typical
microfabrication protocols, such as photolithography and micromachining of glass or
oxidized silicon (Si/SiQ substrates, canrequiree e Kk or | onger of a sp
a highmaintenance cleanroom facility. These requirememake the iterative process
resourcentensive and cogtrohibitive in many locations[8]. Rapid prototyping

techniques can alleviate such issues, enabling more efficient development diewvizzs.

Rapidprototyping methods are essential components of iterative design processes

[58], because these methods reduce the time required to fabricate testable devices and
streamline production chaif8,59]. Softlithography developed in the late 1990s by the
Whitesides group at Harvard University, was the first method to -fapidtype
microfluidic devices using polydimetigiloxane (PDMS) sofelastomers[14]. This
pioneering work boosted research in microfluidics because it enabledodiarsh
manufacturef microdevices within 24 h. However, the primary limitation of this method

is use of SLB mold fabication, which uses conventional photolithography and- wet
etching processdd4] that continue to require cleanroom facilities and skilledspnnel.

Since this first rapigrototyping method to achieve microfluidic devices, alternative
processes were created to fabricate relief molds forefsftomerbased microfluidic

devices.
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Figure 3-17 Iterative design process diagram

In this stepby-step tutorial review we discuss different rapidtotyping
approaches to fabricate PDMfased microfluidt devices. Although there are alternatives
to this material, such as poly (methyl methacrylate) W1 [60], cyclicolefin copolymer
(COC)[61], thermoset polyester (TPE2] and polyurethane (PU§3], to cite afew, we
focus this tutorial on techniques these PDMS as the fabrication material of choice, due
to its readily available nature, ease of use and applicatioromarity, and abundance of
information in literaturd64]. We initially discuss general techniques that can be used to
decrease time and complexity of each step of the iteraticeofabrication process. A
discussion on the cxent rapid prototyping methods available in literature is provided, and
we critically evaluate each method in terms of cost, ease of fabrication and feature

resolution. We also include a perspective on thelioation of techniques and methods
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that can met the needs of the user in terms of cost, resolution and fabrication time. Finally,
we include thoughts and insights for future research on microfabrication, which will enable
the use of this technology by ezschers, hobbyists, and schools worldwideeduced

costs and faster rates.

3.3 Elastomeric microfluidics - PDMS

Conventional materials used in microfabrication such as silicon andgfdst® not
allow for the fast turnaround times required to develop new microfluidic tools, are cost
prohibitive and require high startup cof®. Elastomeric materials have surpassed the
limitations imposed by convepnnal microfabrication process¢2] due to their easeni
processing. Styrenic thermoplastic elastomers (TBE), polyurethane rubbers (PU)
[63,67] and siliconeg14,68] are a few examples of elastomeric materials available for
fabrication of microfluidic devices. From these elastomers, it is undeniable that PDMS is
the most populaf69]. It is esimated that more than 10% of studies on nflardics

employ PDMS as the substrate of chd&je

PDMS is a very versatile material, but it has some-Wmdwn limitations, including
swelling in the presence of organic solvefit8], the absorption of molecules into the
polymer matrix[71], and its intrinsic hydrophobicity72]. It is therefore necessary to
considerPDMS properties when designing a microfluidic device for an intended final

application[69].
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3.3.1 PDMS Properties

PolydimethylsiloxaneRigure3-2) has been the workhorse of exploratagaarch
in the microfluidics field 7], owing to its intrinsic progrties such as: optical transparency
[73], flexibility [5], biocompatibility [74], thermal stability[75], surface modification

potential[76i 78], and commercial availability.

H,C H,C CHs CHj4
Oy Si s'i:/CH3
0 0
H3C CH,

_ 4n

Figure 3-27 Polydimethylsiloxane (PDMS) structure

Sylgard 182 is a twopart silicone commercial elastomer from Dow Corning that
has been extensively used in ddftography[14i 16,75,79]) with the closest competitor
being RT\+615®° from Momentive[80]. The curing agenis mostly composed of vinyl
terminated poly(dimethylsiloxane) and surfanedified silica filers [75] that act as elastic
reinforcers [81]. The elastomer baseis mostly composed of poly(dimethyl,
methylhydrogen siloxane) and a platirdnased catalyq75]. When mixed, a platinum
catalyzed a#fin hydrosilylation reaction takes place through a Clividkrod mechanism
(Figure 3-3): i) oxidative addition of the hydrosilane into the platinum cataliist;

coordination of the olefin to the metallic centi#); migratory insertion of the olefin into
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the platinumhydrogen bond (ratkmiting step) andiv) reductive elimination of the

alkylated silane, restoring then the platinum catdB2L

RPN AN NP
/\/\/\/\/\ H/ AN

/\/\

[Pt]

o > (iv) (i) < o
\ / \ /N N
N

(iii)

/\ / N /\ A /0\ /\
/ \ / \ Si Si
SN /SN
Figure 3-3 T Proposed ChalkHarrod mechanism for platinum-catalyzed

hydrosilylation of PDMS. (i) Oxidative addition of the hydrosilane into the Pt catalyst.
(i) Coordination of the olefin to the Pt catalyst. (iii) Migratory insertion of the defin
into the platinum-hydrogen bond (ratelimiting step). (iv) Redudive elimination of
the alkylated silane. Eventually the Pt catalyst is reduced towards Phanoparticles.

Reprinted (adapted) with permission from ref. [82]. Copyright 2016, American
Chemical Society.

The Dow Corning recommended ratio of PDMS elastomer base prepolymer to
curing agent is 10:183], which is the most utilized and characterized ratio in the field
[5,8,14,17,54,56]The concentration of curing agent changes the crosslinking density of
the final material, and can be used to tune PDMS mechanical prof@li€Sompression

testing performed by Wargg al.[84] showed that the elastic modulus of PDMS polymeric
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networks increases linearly with the amount of curing agent, for the range fromu.9%
to 16.7%uww). However, higher concentrations of curing agent cause a decrease in the
elastic modulu®f the final maerial [85], due to the disruption of the polymeric network
[84] and the formation of voids introduced by the unbalanced stoichiometry between the
crosslinker and base polyar [84,85] The use of PDMS materials fabricated with
different curing agent ratios can be advantageous during some fabrication steps of

microfluidic devices, namely the bonding st&e¢tion3.5.1Layer bonding

The curing of PDMS might be liibited by the presence of some organometallic
compounds, organotin catalysts, polysulfides, polysulfones, amines, urethanes, sulfur and
amire-containing material§83]. This becomes important during the selection of the
fabrication method to rapidrototype PDM$based microfluidic deviceg§Section 3.6
Rapidprototyping techniqugsbecause these components might be present in the mold

materials, such as 3D printer thermoplastic re@6s87], inhibiting the cure of PDMS.

3.3.2 Degassing

Soft elastomers are molded against a master mold beforgg@mdassume the
shape of the master after curing which creates the channels necessary for fluidic transport
[14]. To ensure reproducibility beden devices fabricated with the same mold, it is
essential that the mold design is transferred consistently to the elastomer. Inconsistent
patterning can lead to increased surface roughness of the PDMS channels, which are
detrimental for applications suds capillary electrophoresid7]. The most common

problem during patterning is trapping of air bubbles in the elastomeric matrix in proximity
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to chanmels or other important features. These cavities can entrap sample, reagents and

solvents, and can interfere with fluid transport, separafibfisanddetection.

When PDMS is poured over a mold and cured using a conventional convection
oven, the bubbles within the PDMS layer will rise to the top of the elastomer and disappear
if the thickness of the elastomer film is <5 mm. This is due to an increpsessiire inside
the bubble (consequently reducing the density of the bubble) and the difference in densities
of the materials (air, mold, and el astomer
effort, but drawbacks includé: some bubbles canmain on the final cured polymeir)
due to the high viscosity of PDMS, there is not enough time for the air bubbles to escape
the polymer matrix of thicker PDMS layers, which leads to trapped bubblesj)afot
higher temperatures, curing of PDMS cacwr prior to the elimination of entrapped air

bubbles.

The most common method for degassing PDMS involves the use of a vacuum
chamber[8,14,17,18,86]where the prepolymesuring agent mixture is placed into a
vacuum chamber antde differential pressure between the internal pressure of an air bubble
and the pressure of the vacuum chamber make the bubbles coalesce, rise to the surface and
escpe the mixture. This method requires a vacuum chamber and a container at least 3
times lager than the volume of material being degassed, and its major disadvantage is the
time required to complete the process (~ 30 min, depending on the amount of PDYIS bei
degassed and the vacuum pump used). Depending on the size of the mold, it is &l possi
to pour the elastomer mixture on the mold and then place the mold inside the vacuum
chamber, which can speed up the degassing process due to the potentiadly [satiall

travelled by bubbles.
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The fastest method to degas PDMS requires a centrifugergpitr3200 rpm, and
can be completed in 2 mif88]. To overcomethe need for a centrifuge, a levost
alternative was presented by Soe and Nahavi|@®jj where tightly capped centuifje
tubes containing the mixture to be degassed were attached to the stirrer attactanent of
electric hand mixer, degassing the elastomer in 5 min. It should be stressed that the

centrifuge tubes were balanced in the attachment to avoid acd@&hts

Other common strategies are the extraction of bubbles entrapdedprfeatures
of the mold with a plastic probe and the removal of superficial bubblescoitipressed

air, from a distance, to avoid PDMS spilld§8].

3.3.3 Curing

At room temperatu, the curing reaction of PDM&i§ure3-3) requires 48 i83],
and is the simplest and lowest cost approach to cure theretasat the cost of increased
fabrication time. A heat cure in a conventional oven can decrease curing time to within
hours, and is the most common approfith17,91,92] This method only requirea
laboratory oven or a hot plate. Higher temperatures (abovéC)(fromote faster curing
of PDMS and are often used in conjunction with conventiona8®ublds, without having

an adverse effect on the master mold or on the PDMS channels.

When alternatie nold fabrication methods are used, thermal limitations of the
mold can limit curing temperatures. For example, when wax printing is used as the

patterning method for the mold, high temperatures negatively impact the integrity of
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positive relief featuresf the mold. Therefore, mild temperatures are best suited for curing
PDMS on wax molds in a conventional oven, which results in longer processing periods (3

h at 60°C) [17].

The use of microwave radiation is an alternative to PDMS thermal di@;,2@].
Microwave processing can enhance the curing rates of thermosetting pol@3grs
improving turraround times for fabrication of PDM$ased microdevice§8]. This
enhancement is due to the intrinsic properties of microwave processing, in which the
energy of the microwave electromagnetic radiation is converted into heat throughout the
volume of the material in microwave active materj@/93]. This mode of heating is unlike
transfer viahermal gradients utilized in purely convectibased thermal processes. For a

complete discussion on the topic, we refer the reader to refd@jnce

When there are no restrictions impogsdthe patterning method, with regard to
the temperature stability of the mold, microwave processing of PDMS gives rise to the
fastest curing method, as demonstrated by Speller and cowf@kedsing xurography of
Kapton tape (stable to 700°@) create the molds, these authors cured PDMS in a
microwave in as little as 90 s, depending on the microveatiee substrate the Kapton
tape was adhered {6]. Aside from the speed, the use of a commercial microwave oven
makes this lowcost processing method attractive for coupling to other inexpensive
patterning tools[8,9,20] However, there are some drawbacks regarding the use of
microwave curing of PDMS, namely:this method is incompatible with conventib®J)-

8 molds patterned on Si wafers, due to cracking of th& Sahd causes the silanization
agent to bond irreversibly with the PDMS, which leads to destruction of the mold;

commercial microwave ovens have hot spots and cold zones, which can geaeiate
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cured structures, or create thermal stress at the interface of the zones with different
temperatures on the surface of the devicesjigndue to the fast curing rate, there is not
enough time to release thermal stress from the surfatieeadevice, which can cause

deformation at the top of the elastomeric device.

3.3.4 Low molecular weight oligomer extraction

After curing, low molecular weight oligomers (LMWO) and unreacted base
prepolymer remain trapped in the PDMS polymer netW}®4k95] The presence of these
species is related to the degree of citodsng in the polymef95], and ultimately, with
the ratio of prepolymer to curing agent. When the conventional 104 isatised,
approximately 3%.w of PDMS remains in the material as low molecular spd@8k
which can @l e §9diB6h Wihile for some dpplicabond thHis phenomenon is
desirable, such as the fabrication of thin film transid@s} in microfluidics this oligomer
chemical leaching can potéadty interfere with the final application of the devi&#,96]
LMWO in the PDMS bulk matrix are responsible for hydrophobic recovery of PDMS
surfaces after plasma surface treatn{@ai, which can impact the fluidic transport in
microfluidic channeld97], leading to the creation of bubbles due tewdsting of the

channel surface artie change of electroosmotic flow with tinj@4].

To address this issue, a solvent extraction of the oligomers from the PDMS bulk is
usually performed94i 96] using the appropriate solvent syst¢n®]. The use of this
appro@h, however, presents 3 main problems, namgljong extraction periods are not

compatible with rapigprototyping turnaround timesi) the use of batches of organic
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solvents increases the waste generated, and is not compatible with the principles of gre
chemistry[98]; andiii) PDMS swelling upon contact with organic solvents is a-kmtiwn
effect[70]. Although it is expected that channels return to their original dilnesafter

drying, to the best of our knowledge there has been no systematic study on the impact of
solvent extraction on the final dimensions and surface roughness of PDMS channels, and
we encourage research in this field. Swelling of PDMS is probleraaitie microscale
because microfluidic channels present high surface to volume [2lti@nd dimensional

changes can be detrimental to some microfluidic applicaf®)h3].

Another strategy to minimize the impact of LMWO on hydrophobic recovery of
plasma treated PDMS is the use of thermal a¢g@8j. This method is based on the
extended curing of PDMS, which diminishtee amount of low molecular weight species
within the polymer. However, like solvent extraction, the extended thermal aging treatment
(up to 14 days) is not compatible with rajpicbtotypng tools, evidencing an opportunity
in the field. The use of micraave treatment accelerates PDMS cuf@], and it might

be used to improve thermal aging of the bulk material intshed times.

3.3.5 PDMS surface modification

A more definitive approachotrender hydrophilicity to PDMS, and hinder ron
specific adsorption of hydrophobic analytes on the polymer, is the use chemical surface
modification [97]. As Zhouet al. presentedn their review on the topif97], there are
mainly three approaches in which this modification can be perfomagdely: gagphase

modification, wet chemical processing and a coratiam of both.
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3.3.5.1 Gasphase madification

The most utilized gaphase process for PDMS modification is oxidation of the
polymer using an €RF plasmdl14] to generate silanol groups on the surface of the PDMS
[100]. This material processing procedure usually has 2 purposes: it is mostly used to bond
PDMS to PDMS or PDMS to glag&4], completely sealing the microfluidic channel
(Section3.5.1.4Irreversible bonding but it also lowers # waterPDMS contact angle,

f r owdkerslns= 110 to 58 [94], allowing for fluidic manipulation on chip. Although the
PDMS surface recovers its hydrophobicity over time, this method can be complitied wi
minutes[14], which is ideal for coupling with rapigrototyping tools for exploratory
studies. When used in conjunction with the LMWO extraction protocol, plasma oxidation
of PDMS lowers the wattP DMS c ont ac twaeaoug=l1@5, to 30 [94]nior d

longer period$97].

Another common gaphase approach to modifyDRIS is the use of ultraviolet
ozone (UVO) treatmeni81,100] which also creates pol ar
surface and lowers the wateDMS contact angle, fromvaterroms = 110 to 52, after 30
min of exposurd81]. This treatment requires a processing time longer than the plasma
surface treatm (over an order of magnitudg®1], but it is still complete within 30
minutes, compatible with rapiprototyping ideals. The UVO treaemt is also used to bond
PDMS to glass (SectioB.5.1.4Irreversible bondinpin the fabrication of hybrid PDMS

glass deviceELO1].

Chemical vapor deposition is anothgaisphase strategy to modify the PDMS

surfacd97,102] but the need for specialized tools aeagents not commercially available
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[102] limits its use with rapigprototyping tools, becauseincreases fabrication costs and
turnaround times substantially. Also, some coatings with metal oxides, such§&0B

damae the PDMS surface, hindering microfluidic applicatif9g.

3.3.5.2 Wet chemical processing

A wet chemical approach to increase PDMS hydrophilicity is to oxidize the surface
to create fidroxyl groups using oxidizing reagents such as an acidic percabltion
[104]. Zhou et al. [97] reported that Slentet al. [76] oxidized the PDMS surface by
immersion in a 1 M solutionfdNaOH for 24 h. However, the authors of the rev[&w]
misunderstood the described protoft#], in which an oxygen plasma cleaner was used
to oxidize the PDMS surface prior to further modification, iadtef a wet chemical
treatment with a strong base. The immersion of cured PDMS in a room temperature NaOH
solution does not create silanol groups, although some sfa@iEsuggest the formation
of alcohol groups on the PDMS surface due to the oxidation of the methyl groups of PDMS

upon base treatment.

After creating siénd reactive groups on the surface of the material;gsbl
reactions can be performed to modify the PDMS surface in a more definitive way
[76,77,97,104,106]Solgel is the most common wet chemical processing to modify the
PDMS surface, Wich can be performeah situ either in channels or on open PDMS
surfaceq77,104] The use of silanbased precursors such asrdethoxysilane (TEOS)
and 3aminopropyltriethoxysilane (APTES) increase the wettability and electroosmotic

flow of PDMS channels, retaining the material hydrophilicity for up to 200 days, hindering

44



its hydrophobic recovery77]. The advantages of these modifiers uige the use of
agueous solutions rather than strong organic solvents to perform the modification, which
does not promote excessive PDMS swelling upon reafidjy and is compatible with
plasma gposure after modificatiofi7 7], which enables bonding of the modified PDMS to

either PDMS or glass to create sealed charjfhéls

The modification preerted by Beakt al.[77] does not modify the PDMS matrix
itself, due to the lack of hydroxyl groups at the surface of native PDMS. These authors did
not perform an oxidation step prior to the use of silane reagents. Tgel smocess
requires hydroxyl groups to preed, which will undergo a condensation reaction with the
silane precursors to form thei 8ii Si bonds[107]. The most probable mechanisms by
which the modification reported if¥7] occurs arei) via the hydroxyl groups of the
surfacemodified silica fillers added to PDME5], which can continuously react with
other silane precursors to form silig®8]; or ii) via the grafting of silane precursors on
the PDMS surfacf/ 7] and the subsequent condensation reactions besilapas to form

silica[108].

Another approach fom situ wet chemistry PDMS modification ithe use of
dynamic coatings[97], analogous to common procedures performed in capillary
electrophoresi§54]. The addition of modifiers into the running buffer or carrier fluid
improves the wettability of the channd®7], which also diminishes the formation of
bubbles, one of the mostrmonon issues in microfluidig4¢09]. The use of ionic surfactants
[110] or ionic liquids[111] in the buffer also dinmishes the unspecific adsorption of
analytes on PDM397], anothercommon issue when using this material to fabricate

microchips. The hydrophobic moiety of amphiphilic moleculesodus onto PDMS
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hydrophobic surface, while the hydrophilic moiety is exposed to the s¢®&tfl0,111]
changing the surface properties of PDMS. When using this strategy,rtémipo
considerations includi the ionic strength of the medium); how the modifiers affect the
sample, the reagents and the other carestis of the buffeiiji) how the modifiers impact

the detection method of choice, aml the critical micellar cocentration (CMC) of the
modifier, because concentration higher than the CMC can cause partitioning of the sample
between the micelles ancetbuffer (which is desired in some applications, such as Micellar

Electrokinetic Chromatography (MEK@)11]).

The use of dynamic coating is the most compatible method with-papidtyping
fabrication tehniques, because it is performed during the testing phase, and it does not

increase the fabrication time substantially.

3.3.5.3 Hybrid methods

Hybrid methods use a combination of gasase processes and wet chemistry to
modify the surface of PDMS permanen{§7]. First, the gaphase modification is
performed on native PDM$® toxidize its surface and generate silanol groups o],
either via an @ RF plasmg14] or a UVO exposure treatmef@1,100] After that, the
oxidized PDMSsurface can be treated withe appropriate silafj&7,97,104] or it can be
bonded to arate sealed channels and then treft@d 04] The use of hybrid methods is
also compatible withapid-prototyping microfabricaon tools, because of the short times
required to oxidize the PDMS surface using the-gjesse processd44,81,100] in

comparison with the wet chemistry oxidation metf@#].
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3.4 Practicalities in the design of microfluidic devices

For an indepth discussion on the design of microfluidic devices, we refer the reader
to excellent papers in the arfd8,50,90,112,113]in this tutorial review, we present some
general practical aspects that should be considered during the design stage,awhich ¢

impact the fabrication ofalices using rapigrototyping tools

3.4.1 General considerations

While there are no universal formulas that yield perfectly functional microfluidic
devices on the first try, there are strategies that can be employed to desagirottures
more efficiently, minimizing the number of iterations required to attain a working
microdevice. The first step involves the measurement of all equipment, tools and substrates
available in the makerspace. These dimensions define the limiits dévices that can be

fabricaed within those facilities.

It is also necessary to consider the resolution and the minimum achievable features
of the chosen fabrication method before designing the microfluidic device. Typically,
fabricated features preseam offset from the designednuensions, and this difference
depends on the fabrication method. Lithography methods achieve the highest resolution
amongst rapigprototyping tools, ranging from hundreds of nm to [i#&], and display
smaller offsets, while other lower cost options, such as-pndpeel or scaffolding
methods tend to achieve poorer resolutions, on the order of hundreds of pm

[8,9,15,16,18,86]with offsets ~100 um. These factors should be considered during the
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design phase, especially if the fabrication tool presents a bias towards the patterning
orientation (vertical vs. horizonta[P]. Another geometric onsideration when using
PDMS to rapidprototype microfluidic devices is that PDMS exhibits a shrinkage of ~1%
after curing[2,75], and this difference should be accounted for during the design step.
Some companies take this shrinkage into consideration when fabricating[ficitiand

resize masks accordingly, so it is important to know if this is the case beforehand, or if the

proper resizing should be performed by the researcher.

Multiple device positioning and orientation on a single substrate should also be
considered fooptimal usge of materialg90]. In a conventional sofithography mold,
adding as many devices as possible on a single Si wafer is important due to the costs of
materials, proessing timeand labof{14]. This requirement is not necessarily true for-ow
cost rapid prototyping tools when focusing on exploratory ssydiut théncorporation of
different modifications of the initial design on the same substrate can lead to better usage

of resources and lower processing times between fabrication clyaesg3-4).
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Figure 3-41 Four iterations of an initial design for a 2x2 fluidic processor in the same
fabrication cycle, improving material usage and decreasing fabrication costs

3.4.2 Design software

The most used software to design microfluidic devices iDdesk AutoCALY,
with the most support onlirj@0]. Other alternative software that also can be usdddimgn
devices are CorelDr&lyor the freeware Inkscapkl5]. However, it should & mentioned
that some of these software present compatibility issues with some of the patterning tools
(e.g. Inkscape incompatibility with vector data required by the ULS lasier cotierface).
Therefore the ability to prototype devices should be telséddre a major project takes

place, using a simple testing model.
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The power of design software relies on the fact that layers can (and should) be used
when designing microfluidic elices. The first layer of the project is often a geometric
shape with theithensions of the substrate that will contain the defd0gl14] providing
the boundary tthe design. A second layer of the project often contains major construction
lines for the most critical features in the design, which will be hidden during the fabrication
step. This is valuable for subsequent iterations of the design, saving time whieg mak
minor modifications i(e. change in dimensions or positioning of fewtteas), reducing
duplication of effort. Another advantage of the use of layers within a project is particularly
realized in the design of multilayer microdevices, in which alignroéfeatures across
layers plays a major role in device function. A pradtiip when designing microfluidic
devices is to check for repeated lines on the dedigi], because they will result in
multiple replications of the same feature, which may impact the final dimensions of the
mold and subsequently device performance. Aeopractical tip, when designing mullti
height masks, is to keep masks iffatent layers of the same project, using a different
color scheme for each layf&0], which facilitaes the design process by aligning critical
features. For the fabrication tfe masks, layers can be selected to include only desired

features.

3.4.3 Device features

When designing microdevices to be fabricated by replica molding using PDMS,
mechanical properties of the elastomer can place limitations on device feature sizes

[75,90] When the aspect ratio of features (height / witdcomes larger than 10:1, the
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walls may adhere to each other across the narrow gap before or during bonding, deforming
the structureKigure3-5a) [75,90] This can be prevented by washing the features with an
ionic surfactant (such as SDS), followed by a rinse with hept@be For enclosed
channels, the aspect ratio (defined as height of channel / distance between walls) cannot be
smallerthan 1:10, or the chaehcan collapse on itself due to the lack of structural support

(Figure3-5b) [75,90]

@ . (b) 10

1

PDMS

10 » '

PDMS PDMS PDMS

Figure 3-57 Geometric consideratons during the design phase of microfluidic devices

fabrication. (a) Depiction of walls adhering to each other when features are fabricated

with aspect ratio 10:1 or larger. (b) Depiction of channel collapse when features are
fabricated with aspect ratio1:10 or smaller.

3.4.4 Multi-height molds

Depending on the fabrication method of choiSedtion3.6 Rapidprototyping
techniquey multi-height molds might require the desighmultiple maskg54] which
result in features with different heights. &tpresence of alignment marks becomes
imperative in such mask90,114]to enable the correct positioning of features on the

master mold. Stanford University's Sharede8tific [114] Facilities provides template
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alignment marks, and AutoCADtemplate files ér chip design. It is important to stress
that the aspect ratio limitations of the final PDMS fluidic chanfié&s90] should be

considered when designing mtitigight molds, not only the height of individual layers.

3.4.5 Bonding and multlayered devices

Passive PDMS microfluidic devices (herein defined as microfluidic devices
comprised of only channels and resérwooperated using external equipment, such as
syringe pumps) usually can be cured on a master mold, andithely placed on another

surface and are ready to use, depending on the appli€hfipn

More complex devices with active componerdsy(active micofluidic valving
[80]) require the combination of multiple layers of elastofiéi7]. Integration between
layers is dtical for device function. For example, pneumdtid 7] or hydraulic[118]
actuation lines strategically placed over regions in thditilayer enables transfer of fluids
when sequentially actuatdd19]. However, the inadvertércrossing of actuation and
fluidic lines can interfere with fluidic transfer in the devjt&4]. Modification of features
of the actuation channel at the junction, particularly channel dimensions, can avoid the

formation of improper Maes[114] (Figure3-6c).

Additionally important for device function is how the microchip connects to the
external world. Depending on the external testing apparatus, access to the chip can be from
both sides othe chip, or from a single side. When both sides of the chip can be accessed,

thereis more flexibility in the design of the microchip, because no via holes through layers

52



are required, simplifying connectivitfrigure3-6a). Whenonly one side can keccessed,
the actuation channels (or the fluidic channels, depending on the testbed) must be
reconfigured €.g.from Figure 3-6a to Figure 3-6b), based on locations of inlets, outlets

and channels of the subsequent layer.

— Fluidic Layer

Figure 3-6 7 Chip connectivity configurations. (a) In this deggn of a 2x2 microfluidic
processor, there is some overlap between the fluidic and the actuation layer (rked

by dotted pink boxes), but if access to the external world can be achieved from both
sides of the microchip, there is no need to punch holes thrgh layers. (b) A redesign
of the microchip depicted in (a), removing overlap between layers by redesigmjrihe
actuation lines. (c) The inadvertent creation of valves (marked by dotted pink boxes)
due to intersections of features on different layers.

It is also important to consider the fabrication method which will be employed
during the design step of tdevelopment of a microfluidic device. Lithographic tools and
print-andpeel methods generate microfluidic channels that are mirror images oflttee mo
while scaffolding tools generate channels with the same absolute configuration of the mold.
Furthermore,more than one method can be used, and the assembling orientation of

different layers should be also considered.
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3.5 Device fabrication

After curing,the patterned PDMS is often assembled into a device prior to use. The
patterned surface can be brought irdatact with a flat surface, such as glgs§, to form
a reversiblysealed PDMS devic8], due to the van der Waals interactions between
surfaces upon contaf$4,120] For applications that do not require high flow rates nor
high internal pressures withithannels (< 35 kPH 20]), this approach is adequate and
requires the least number of st¢®]. The difference in pressure requirednhove fluids
through the channels in these systems is usually generated by the application of a vacuum
to the outlef121], rather than pushing fluids through via the inkeg(using a syringe
pump). For a more detailed discussion on reversible sealing methods, we refer the readers

to the reviews from Anwaet al.[121] and Temizet al.[122].

3.5.1 Layer bonding

For applicatios that require higher pressures (> 200 [R28]), reversible bonding
between PDMS and agid surface is not strong enough to sustain chip integrity, hence
delamination of devices is common. In these cases, notmgst bonding methods are
recommende{B], such as adhesive bondifi@3], sandwich bonding (SWB)24], or the

irreversible bonding dPDMS to the substrate via PDMS surface modificatiagh81]

3.5.1.1 General considerations

A functional microfluidic device must store and transport fluid, typically through

channels, without leaking. Both surfaces to be bonded must be flat and clean (both the
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patterned PDMS surface and teeking substrate) to enable conformal contact of PDMS

to the substrate surface. Regardless of the bonding method of choice, the substrates to be
bonded must be clear of dust, glass particles, and ord&dicsvhich can hinder contact
between surfaces, resulting in trapped air at the interface and/or delamination under

operation pressures or during manipulation.

To clean glass substrates to create hybrid PIlSs devices, a commotmategy
is to use a piranha solution (3:1 mixture 8@ : H2021 caution, extremely oxidizing!)
to remove all organic residues from the glass suftatle As recommended by Landess
al. [54], the use of ammonibased window cleaner can accomplish this task more easily
and moresafely. We use window cleaner andfree wipes to clean our glass substrates,
followed by a heating step in an oven to aid ammonia evaporation, increasing our chip

bonding success rate.

To clean PDMS substrates, wiping the PDMS surface wittiriet wipes and water
followed by either ethand54] or isopropanol rinses provide good results. If deeper
cleaning is required, a sonication step may improve results, although care nalgtrbe t
due to PDMS swelling in organic solver|i®)]. Complete drying prior to bonding is
imperative, as residual moisture may compromise this step. Additionally, holes, reservoirs
and features irhe device can trap liquid and thus require extra attention. After rinsing the
surfacs, a blow dry with compressed nitrogen might be performed to remove any
remaining solvent from the clean surface. Drying with a compressed air system is not
usually recomranded, as these systems often contain contaminants such as oil, which
hinders PDMS biading. Placing the devices into an oven or on a hot plate may additionally

aid in solvent removdba0].
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Another common tip in forums such as Research [3af is to use Sotct tape
to remove large dust particles attached to the PDMS or glass surfaces. The quality of the
tape used for this purpose is important: dguality adhesive tapesrd to transfer adhesive
to the PDMS surface, impacting final bonding. The tape tsm iz used to aid device
storage for short periods of time, protecting clean surfaces from dust and other particulate

deposition.

3.5.1.2 Adhesive bonding

For PDMSbased devicg the adhesive bonding technique can generate chips that
can withstand pressures metorder of 200 kPA.23]. This technique uses partiaktyred
PDMS as the glue between the pated fullycured PDMS and the flat substrate
[123,124] A flat stamping substrate is prepared beforehand by spin coatstdyfraixed
PDMS onto it Figure3-7a). The fully-cured pattered PDMS is then placed on top of the
spun PDMS Figure 3-7b), and after uncured PDMS is transferred to its surfeage
3-7¢), the patterned PDMS coated withcuned PDMS is placed on top of a clean fla

substrateKigure3-7d). The uncured PDMS is cured to form the s€are3-7¢€) [123].
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Figure 3-71 Adhesive bonding method. (a) A clean flat substrate is spicoated with
fresh PDMS. (b) A fully-cured patterned PDMS piece is placed on top of thigzesh
PDMS. (c) Fresh PDMS is transferred from the flat surface to the patters in the
patterned PDMS that is in contact with the substrate. (d) The patterned PDMS
containing the uncured PDMS is placed on top of a clean flat substrate, and (e) the

uncured PDMS is cured, forming the adhesive bonding between the patterned PDMS
and the flat substrate

Deceptively simple at first glance, this method can trap uncured PDMS into
channels, clogging them and rendering the device unudahle This method requires a
spincoater to generate the PDMS thin film, which may not be readily available. The extra
PDMS curing stp must be performed at lower temperatures to avoid channel deformation
[124] (20 min at 120C) [123], and this method does not permit realignment after initial

contact due to PDMS transfer.
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3.5.1.3 Sandwichbonding (SWB)

The Sandwich bonding (SWB) method relies on mechanically engldasia
patterned PDMS and the flat surface with a surrounding excess of RDME This
strategy allowed th researchers to obtain hybrid PD¥RBss microchips capable of
withstanding burst pressures in the order of 1.0 £ 0.1 NMP4). Technically speaking,
this method is not an irreversible bonding technique, because thd@Id4S interface is
composed of van der Waals interactidbg,120] instead of chemicihl bonded. The

sandwich bonding process is depicteFigure3-8.

(a) (b)
M’ » A

Glass slide

(d) (c) '
Figure 3-81 Sandwich bonding method. (a) A patterned PDMS device is (b) reversibly
bonded to a flat surface. ¢) Fresh PDMS is cast around the whole structure,

sandwiching the patterned PDMS and the flat surface. (d) After curing, the patterned
PDMS and the flat surface are enclosed in PDMS
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This technique does not require additional instrumentation, which niakésa-
costoption to conventional irreversible bonding techniq{ie§81] but does have the
drawback of reduced burst pressures. The biggest advantage of the SWB method is the
selfregeneration ability of microchips fabricated with this method: after a leakage is
noticed, fluids are pumped out the chips, and the device is baked again at°C2id an
oven, allowing fon) the removal of the fluid from the PDM@ass interfac§l24] andii)

a second thermal treatment that strengthens the bofit23j and reseals the channel.
Anot her advantage of this methodidisisthe 0
amenable to repositioning of the features after unsuccessful alignment attempts. The extra

PDMS curing step adds 40 min to fabricatimereasing fabrication time.

Although not tested, this method seems to be compatible with microwave curing
[8,9], which might further reduce overall fabrication times. Another featotréested, but
with potential is the use of PDMS as the base substrate, creating a-&iS8icrofluidic

device, in analogy to scaffolding techniqUi&g].

3.5.1.4 Irreversible bonding

The modification of a PDMS suida to bond it to another PDMS surface or to a
glass slide was reported in the first publication regarding the -paptdtyping of
microfluidic devices using sefithography[14]. As a result, irreversible bonding is one of
the most ubiquitous device fabrication meth¢s4]. The fundamentsa of the surface
modification d PDMS were described inethil in Section3.3.5 PDMS surface

modification
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The biggest advantage of these methods is the amount of information readily
available in literture, both theoretical and techni¢al,54,81,126] Another advantage
realized by these method is fast bonding times, when using gas phase methods to modify
the PDMS surface, such ag BF plasma[14] or ultraviolet ozone (UVO) treatment
[81,100] although extra thermannealing posprocessing[120] might increase tuen
around times for devices. The altermatio this extra thermal step is to use a microwave
assisted thermal treatmgBl, instead of the conventional oven thermal treatment, which
can be performed at a fraction of the time, Iseaising no thermal annealing method at
all. The gagphase processing of PDMS surface in conjunction with microvaasested
thermal treatment to bond microfluidic devices is the most compatible method with rapid

prototyping ideals.

The disadvantages dfis method include the need for a plasma clefibéy or
UVO cleaner[81,100] and the size limitation of devices, dictated by the size of the
equipment availablgl9]. Another disadvantage of this method is the short time available
to perform the bonding step bedothe PDMS surface recovers its hydrophobifi4],
requiring some skill from the operator, and als¢elitbom for misalignment errors, due to
irreversible bonding of layers upon contfit27]. Some authors recommend the use of a
lubricant between layers, either DI water or methgh28,129] to increase the working
time and allow for realignment during bonding. However, our group experiences bonding
issues when the relative humidity of the air is elevated, so we recainimeruse of

methanol, if needed.

Another irreversible bonding technique was developed by the Quake group in 2002

[130], called the offratio bonding metho¢b4]. In this method, individual PDMS layers
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are fabricated with different prepolyamo curing agent ratio (e.g. Layer A 5:1 ratio, Layer

B 20:1 ratio) and are piieaked. Then, these layers are put into contact and are submitted

to a second thermal treatment to bond the layers together. The proposed mechanism behind
this method is theitfusion of curing agent and prepolymer across the interface, leading to
curing the polymer at the interface during the thermal processing, thus sealing the device

[54].

A drawback tothe offratio method is the different mechanical and optical
properties of the individual layef49,127] where an ideal method would use the same
ratio for all individual layers. Lagt al.[127] demonstrated that partially cured elastomeric
layers prepared using the 10:1 ratio of PDMS elastomer base prepolymer to curing agent
can be bonded together and withl standard microfluidic operation pressures (138 kPa

to 310 kPa).

Although the offratio method to bond layers requires an extra thermal processing
step, it is compatible with rapiprototyping patterning techniques, especially scaffolding
methodg19,131,132], discussed in details Bection3.6.6 Scaffolding techniquesThis
happens because if PDMS is used as the backing substrate in the scaffolding engthod (
in a 51 ratio), the PDMS being poured over the scaffold should be mixed with a different
ratio (e.g.20:1), enabling bonding between the different layers. This combination of
patterning method (scaffolding) and bonding method-r@ib method) exhibit e
advantage of not limiting the blueprint of the chip by the size of equipment available in the

laboratory, other than the oven.
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3.5.2 Interfacing: how to plugand-play a labona-chip

As presented by Temét al.[122] in their excellent review on the topic, one of the
biggest challenges in the microfluidics field is still the interface between microdevices and
the outer world. These challenges are often neglected during the first design gesétion
devices, but become apparehiring the testing phase. Therefore, there are significant

benefits to considering the challenge of interfacing early in the design process.

3.5.2.1 Reservoir fabrication

For PDMSbased microfluidics, the first interfacing clebe arises from the
creation of he fluidic reservoirs or fluidic connections. The most common approach is to
punch holes of the desired size in the cured PDMS using a biopsy[8,@@/110] When
punching the reservoirs, it is important to keep the cutter perpendioulae surface of
the PDMY90], so fluidic connections can be made properly. The cut should be performed
from the patterned sid@0], which avoids problems with parallax misalignment. The
punch goes through the PDMS in a continuous straight motion, and the punch should not
be twisted in a corkscrew motion, to preserve the edges of thflB8]€Figure 3-9a and
b). The punch must be sharp, otherwise holes will not be cut, but ripped ifis28hdA
practical tip to prolong the sharpness of the tool is to place a satrgiece of PDMS
under the active piece during cutting. A practical tip to align holes is to use a needle to

center the tool on the desired region.
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When a clean cut is not obtained, small pieces of PDMS can be generated and fall
into fluidic channels, claging them and rendering the device inoperable. Another problem
with ripped edges of reservoirs is that fluidic connections will be compromiseddue t
imperfect sealing between the PDMS and the conngt®®], resultingin leakage. For

these reasons, it is preferable to punch reservoirs prior to bonding whenever possible.

Depending on the rapigrototyping methodfochoice, sometimes it is not possible
to punch the holes prior to bonding (eSgaffolding techniquesection3.6.6, requiring

additional care during this step. Also, the thickness of the membrane being punched should

be measured prior to the cut, to avoid damaging the ynmtgtayer.

Figure 3-91 Reservoir fabrication. Crosssection of reservoirs fabricated using a-3
mm biopsy punch, in a (a) corkscrew motion, and (b) in a straight motion. (c)
Reservoirs fabricated by casng PDMS around a pok (white piece in the picture).
Mounds generated by PDMS shrinkage around the poles are marked with red dotted
boxes
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Another alternative to create reservoirs is to place posts on top of the features of
the mold, and cure the PDMSoand these pos{d4]. A practical tip is to use a dab of
white glue to place the posts on the midfl], as this material is compatible with PDMS
and is water soluble, with the caveat that excess glue will change the shape of tbe.reserv
Also, the glue must be fullgured prior to PDMS thermal curing, otherwise water present
in the glue will generate bubbles around the posts during the cure. The use of posts to create
fluidic connections avoids the issues of punching holes in PDMStshaharacteristics
might not be compatible with some testing systems. When PDMS is cured around a pole,
the shrinkage of PDM$5] leaves a meniscus around the pélgre 3-9c), instead of
the flat surface obtained by punching the holggre 3-9b), distorting surface flatness.

The pole method is more compatible with scaffolding ragimtotyping techniques

[19,131] because it does not require a hole punching step.

3.5.2.2 Connections

With input / output reservoirs present in the device, the microfluidic chip can be
connected with peripheral equipment, includingnps, tubing and detectds22]. Often
neglected, connections are most likely to causédge in an integrated microfluidic

system[122].

The simplest connections are enabled by the insertion of tubing into the PDMS chip
[122]. If the size of the reservoir is slightlynaller than the outer diameter of the tubing,
the compression of the PDMS around tharg is enough to seal the connection, and acts

as a gaskdfi22] for pressures below 300 kiPEB3], which is within the pressures required

64



for many microfluidic application[120]. The biggest advantage of this method is that
insertion connections do not requaehesives and are reversifil&3], meaning that they

are very compatible with rapidrototyping tools and disposable des¢122], as long as

the PDMS is not torn duringpé removal / insertion of the connection and that the integrity

of the device bonding step was strong. Connectors can be made from stainless steel tubes
[134] or glass capillary tubef 22], although connectionmade from trimmed pipet tips

are not uncommof8]. The latter approach is useful for rapid tests, beedhe pipet tip

can be cut until a firm connection can be achieved between the PBdtBeapipette tip.

The use of individual interconnectors is straightforward, but they suffer from drawbacks
including:i) the mechanical stress applied to the flexed/lSat the connectiofi33] can

be enougho delaminate the device and / or crack the PDMS, causing idaleck of

control regarding the amount of tubing inserted in the chip, which may cause entrapment
of bubbles and fluids at the connection, increasing dead volumes in the device and
permitting crosscontamination[122], blocking the passage of fluids, or change the
operating pressure of the devi@é; perforation of PIMS membranes, which may cause
pieces of PDMS to fall into the channel or into the tgbicreating blockages, ai as

the chip design increases in complexity, the connections become more densely populated
[122,133] which may result in structural integrity problenmsthe device. Reversible
connectors are preferred during the development phase of microfluidic devices, due to the
need to test several iterations of a de§iddB], which is the most compatible approach for

use in conjunction with rapidrototyping tools.

An improvement in reversible connectors was achieved by Atentad [135],

using magnets around the tubing and gaskets, mounted on above and below the
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microfluidic device. The advantage of this method is the repeatability provided by the
magnets. With PDMS chips, however, special care must be taken, as the force applied by
magnets is dependent on the distance between [h&F), which may cause channel
collapse, and rapigrototyped structures may vary in size. Also, this method is not feasible

for complex geometrigld 22], because of the bulky size of magnetnnectors.

For more permanent connections, adhesives can be used to improve connection,
such as the use of epoxy adhesives around PDMS deji&€3, although this
encapsulation technique is more closely related to fixed m¢uagy than to adhesives
sticking on PDMS. The drawback to fix@dount connectors is that the design of the
microfluidic device becomes limited by the testbed, while it is often desirable to make
modifications to the design of a microfluidic device indemendf the testing system.
Improvements in versatility of fixechountconnectors remains an unresolved challenge in

rapid iterative microfluidic testing.

The lack of uniformity of connections for microfluidic devices is another shortage
in the ared122]. The standard for microfluidics tke use of Luer Locks, which may not
be compatible with fabrication methods availalpl®2], given the number of new
techniques developed every ye&ome groups have attempted to standardize fluidic
connectorg137], inspired by connectors from the microelectronic industry, such as USB
ports[122], although this alternative may be more appropriateifbeefixed testbeds or

for final products.
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3.5.2.3 Chip reusability

Rapidprototyped PDMShased microfluidic devices are intended to test device
designs, fabricate proaff-concept devices and, ultimately, to discard bad ideas faster.
These rapigprototyped deices are not intended to be used continuously nor stored for
long periods, and likely should not be due to the inherent polymer characteristics of PDMS
as it age$99]. The adsorption of analytes ®BDMS[97] and the hydrophobic recovery of
the PDMS surfacf94i 96] are the most common issues regarding extended PDMS usage.
One of the issues arising from hydrophobic recovery is the presence of bubbles in
microfluidic channels, due to the solutionraetting of the channel surfa¢@4], and in
some extreme cases, the impossibility of flowing solution through the hydrophobic

channels, for channels with low aspect ratios and high fluidic resistance.

When a PDMS device must be reused after a long period of inactivitythand
polymer has neither been treated to extractioolecular weight oligomerf®4i 96], nor
has its surface been modified permaneifil§], there is an alternative to renddwet
channels surface hydrophilic again. Flushing channels with an oxidizing acidic peroxide
solution[104] will create hydroxyl groups at the surface of the channel (Segt®h.2
Wet chemical processipgwhich will render the device hydrophilic and it will allow for
the passge of fluids. It is relevant to stress that this approach is only useful for structures
without active valving components, as the creation of hydroxyl groups on two different
surfaces in contact will inevitably result in bonding these surfacesobgensabn
reactions. This approach also might change the surface roughness of the channels, which

might impact the performance of the device.
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An easier approach to reuse a stored PEdSed microfluidic device is the use of
surfactants, described in@m®n 3.3.5.2Wet chemical processinglowever, this approach
is only usefulfithe surfactant was used during the first use of the device, otherwise results

will not be comparable.

3.6 Rapid-prototyping techniques

As van Dam stated in his excellent PhD th¢2js one of the reasons PDMS
achieved tremendous research interest is due to ityabiliinker with, once the mold is
available, because no specialized facilities are required to work with this elastomer. But
the fabrcation of molds by conventional method$4] requires resouremtensive
cleanroom facilities[8], imposing a limitation for the development of microfluidic
technology. Several alternative metlkohave been created over the years to fapid
prototype PDM$bhased microfluidic devices without the need for cleanrooms or skilled
personnel, which we discuss hefl@ble 3-1 presents a summary of ragidototyping

techniques for PDIg-based microfluidics.
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Table 3-11 Rapid-prototyping techniques for the rapid fabrication of PDMS-based microfluidic devices

Degree Fabrication
Class| Method Description Channel Specs of Time Advantages Disadvantages | Cost | Reusability| Ref
Difficulty
Designs are printed
on transparency
films with high-
resolution printers.
Conventional Requires a
Soft photqresiste{.g.sq- Minimal o gleanroom _for
Lithography 8) is spun on Si char_mel I_—||gh fldellty; hlghresolutlpn
(Gold wafer, sof{bak_ed, resolution; 20 High 24 h ngh resolution; mol_ds; quwres High Indefinitely [14]
standard) exposed to high pm; Multiple casts on  high-skilled
2 energy radiation | Channel height: the same mold. personnel;
=3 under the mask. 1to 200 pm Reduced
;m Photoresist is turnaound times
£ revealed with
- solvent, harebaked
andthe mold is
silanized.
PCB master molds Does not require
are fabric_:ated by Mold width: depositic_)n of Low quality of
PCB exposing a ~100 um: _ photoresist on | PDMS channels N
lithography photomask on top o Mold height', 16 Medium 3h PCB; Lowcost due to_ poor Low Indefinitely | [138]
the boardollowed ' of molds. resolution of
by chemical wet Hm Low initial molds
etching investment
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Table 3-1 continued

PCB master molds
are coated with
PVAc emulsion,

High resolution;

Low-cost Minimum Simplicity; Muitiple
exposed to UV o ' exposure steps;| $0.05
contact o channel width: Low-cost of -
radiation and . Low 15h Use of hazardoug per Indefinitely | [139]
PVACc . 30 pm; Height: molds. .
. revealed with water o diazo mold
lithography 30 to 140 pm Low initial L
followed by a : photoinitiators
2 investment
second radiation
exposure
Direct UV Minimum T Long _procgssmg
. : - A Simplicity; times;
Direct irradiation of cured| width: 2to 5 : .
) T ) Low 13 h Few processing| Caustic waste Low No [140]
lithograpty | PDMS, followed by| um; Heights: 3 N
: steps generation; Low
a wet etching to 10 um .
aspect ratios
Minimal line
resolutlgn: 70 a_— tively | $0.01
Deposition of toner Hm, Simplicity. Relative y large per
. Minimal Low-cost of separation
_ Laser particles on a : mold Upto5
5 L ; separation Low 15h molds. between : [15,16]
b printing flexible substrate to . . o o (75 mm times
a f distance: 400 Low initial channels; High
> orm the mold . : L : by 25
2 pum; investment fluidic resistance mm)
8 Channel height: '
£ 10 pm.
o Molds are laser Simplicity.
. printed on a Minimum Low-cost of
Shrmky— thermoplastic sheet width: 65 um; Low 22 min molds. 2 thermal Low Up 05 [141]
Dinks . L o treatment steps times
and shrunk using & Height: 50 pm Low initial
thermal processing investment
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Table 3-1 continued

Minimal line
Deposition of wax | resolution: 160
on a flexible um -before Simplicity:
substrateo form the reflowing, 1 hour plicity, : _ $0.01
. : Fast turnaround| Multiple steps;
mold; Thermal 350 um-after (microwave ; per
L S times when Low channel
Wax reflow of the wax to reflowing; processing); ; : mold
o g Low coupled with resolution. No [8,17]
printing smooth patterns. Minimal 3 hours : . - (75 mm
) ) . microwave High fluidic
PDMS pouring and separation (conventional o : by 25
: . ) . processing; Low resistance.
curing. Channels | distance: 300 curing). mm).
. _ cost of molds.
cleaning and pum;
bonding. Channel height:
13 pm.
Tape is adhered to Minimum T - .
backing substrate | width: 32 pm; LSlmpI|C|ty,f leflc_ulty n I
and cut using a Heights: , ow-cost o removing sma -
Xurography A Low 5 min molds; cut features from| Low Indefinitely | [9,18]
cutter plotter Tape Variable L .
. Low initial the mold; Lack of
excess is removed (substrate investment scalabilit
from the mold. dependent) y
PDMS is spun on
top of an adhesive
layer and cured.
PDMS thin film is
cut using a cutter Minimum Minimal material| Requires a spin
Rg_zor plotter, small W'dt.h: 1_00 um; High 3h usage (PDMS | coater; 3 thermal Low No [142]
writing features are Height: N/A; only) rocessing stend
removed from the y P g Steps
substrate, and a fla
PDMS sl is
bonded to this
structure
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Table 3-1 continued

Requires a 3D
printer (high

generation

Mold is printed in a Minimum initial
3D printing | thermoplatic resin | width: 250 pm; | Medium 2h Simplicity investment); Medium | Indefinitely | [86]
in 3 dimensions | Height: 500 pm Different
resolutions in
each axis (x,y,2)
Nylon threads &
embedded in
PDMS. After simplicity:
curing, the Nylon Width: 50 to Low-cost of Organic solvent
Template | threads are remove , _ .
. : 250 pm; Low N/A molds; waste generation| Low No [143]
embedding| from the matrix by . ) L oo )
) L Height: N/A; Low initial limited designs
immersion in :
. investment
organic solvents an
= tensionat the end of
S the thread
2 Organic solvent
(U .
O - waste generation
« 3D printing Scaffold is 3D Width: 90.to : Incorporation of | Increased surfact :
. ) . 500 pum; Medium 12 h . e . Medium No [132]
(ABS) printed in ABS resin . . functionalities roughness;
Height: NA, )
Requires a 3D
printer
Requires a
. . o ) custom 3D
3D printing Sc'affold' Is 3D W'dt.h' 2_50 “m’ Medium 48 h Su'bstr'a}te printer, Orgaré | Medium No [144]
(Wax) printed in wax Height: N/A, availability solvent waste
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Table 3-1 continued

Special handling
3D printing Scaffold is 3D Width: 59 pm; Medium 4h Watersolubility filan?(];rﬁ)t\s/ALon Medium No [131]
(PVA) printed in PVA | Height: 298 pm; of molds; | . NS TS
cleaning
Selective Cannot generate
Liquid hvdrophilization of Width: 100 to Simplicity; multi-height
qui yarop Low 2h No waste molds; Long Low No [145]
molding PDMS, followed by Height: 40 pum; eneration thermal
water application gnt. 44 pm; g processing
. Simplicity;
Molds are fabricate( D
: Water-solubility
using watersoluble I ) .
£ white glue. Can be W|ch..200 Hm, of mOIdS.’ Do not Low-resolution of Upto3
2 GLUE . Height: 10 to 60| Low 1lh require a Low : [19]
> used either as a ) . molds times
I ; bonding step
print-andpeel or a (scaffolding);
scaffolding method L ow-Cost- ’
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3.6.1 Softlithography

Given the importance of what is considered the first rapadotyping tool (and
gold standard) for the faisation of PDMSbased microfluidic devices, we start this section
briefly reviewing and discussing the conventional-sidfbgraphy procesgl4] to give the
readership a reference point for comparison with other tools, in terms of cost, turnaround

times and method resolution.

In 1996, Xiaet al. [146] used PDMS to replicate the patterns of micrometer

structures fabricated using photolithography, such as diffraction gratings, wbidth be

used as the elastomeric master for replica molding using other pslysigh as
polyurethane. Based on this work, Delamaretal.[147] built what might be considered

the first PDM5-based microfluidic device in 1997, casting the elastomer on a commercially
obtained master mold in silicon. In 1998, Dufét al. [14] took another step in the
development of microfluidic devices, and used photolitAphic techniques developed by
the Whitesides Group at Harvard Univeydi148] to rapidprototype master molds for

PDMS-based microfluidic devices.

The mask fabrication process developed by the Whitesides {frd1ip8]uses a
commercial printer that prints patterns on a transparency film. Thisdstyatterned film
is used as the contact photolithography n{adk148] which is placed on top of a silicon
surface coated with photoresist and exposed to radiation. After exposure, the photoresist is
developed wth the proper solvent system, and the photoresist goes through a second

thermal treatment. The mold is then silanized by exposure with the silanizing agent
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(Trichloro(1H,1H,2H,2Hperfluorooctyl)silane), which aids the PDMS stamp removal

from the mold90]. The mold fabrication process is depictedrigure3-10.

(a) (b) (<)

» Photoresist » -
(f)

Glass slide

N (1)
T o e . -

Figure 3-107 Conventional softlithography mold fabrication process. (a) On top of
a clean silicon wafer a (b) photoresist is spun. (c) The photoresist is sbtiked, and
(d) the photomask is placed on top of the photoresist. (e) The ptooesist is exposed
to UV radiation, and (f) the excess of phatresist is developed. (g) The mold is hard
baked and (h) silanized, being ready for use. (i) Fresh PDMS is poured onto the mold,
() cured and (k) peeled off from the mold and (l) bonded to aubstrate.
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This rapidprototyping master mold fabrication pr@seusing common printers can
yield features with widths > 20 pfd4], and this low minimum feature size is the biggest
advantage of this medd. The quality of the printer and ink used impacts the mask and
resulting deviceyuality. Ink film density and coverage are highly important to the quality
of the final device, as thin or spotty coverage can result in unwanted exposure of non
feature re@ns, increasing surface roughness and altering features themselves. The
fabrication of masks is not confined to ender printers, with some commercial polymer
mask printers achievind 49] high-quality polymer masks, with features down to 10 pum.
Further miniaturization can be achievedret expense of higher resolution chrome masks
and shorter wavelengths radiatipn5,150] which are not readily available at most
research facilitis. Mold heights vary from 1 to 200 um, depending on the photoresist used
[14,90], and multiheight molds can be fabricated with this methbd)], although the
multiple photoresist spin coating processes, alignment steps and radiation exposures make

this feature lesattractive (Sectio3.4.4Multi-height molds.

The turnaround time to fabricate microfluidic devices using this method is ca. 24 h
[14], which was a great advancement at the time (late 1990s), but not that impressive for
todaydéds standards, whi ch has Dbfelithagraghy. a di s
Another disadvantage isdt the molds fabricated with this method cannot be used in
conjunction with microwave thermal processing of PDJ83], because the cured PDMS
adheres to the silanizing agent in an igesible manner. The biggest disadvantage of this
method, however, is the need for cleanroom facilities to fabricate the master mold,

expensive silicon wafer substrates and carcinogenic photoresist and silanezitgj&§).
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Alternative methodEL38i 140]based on photolithography were created to alleviate
the issues associated with the conventional methoett lal. [138] borrowed another
technique from the electronics indiys and used a Printed Circuit Board (PCB) to
fabricate master molds for PDMS microfluidics. This strateiminates the need for
cleanroom facilities, with a turnaround time of 3 h to fabricate molds and a minimum tested
channel width of ~100 um and Igiit of 16 um. The disadvantage of this method stems
from the low quality of PDMS channels obtained. Featgeserated have increased
surface roughness, due to the roughness of the supportive material of13B8Bse. the
copper from boards could not be etched all the way down, requiringdskiperators to
perform the etch in a reproducible manner. Another issue with this method, besides the
geneation of metal ion waste, is the isotropic etching profile of the PCB, which creates
edges with lowresolution and round molds. This characterigtight be interesting for
some valvebased application§2,117] but limit the number of features that can be

paterned in a mold.

Another photolithographic technique that does not require cleanroom facilities and
also uses PCBs was presented by Ldboioret al. [139]. Instead of using photoresists
such as StB [14,90] these researchers used a polyvinyl acetate (PVAc) emulsion
combined with a photoinitiator diazo sensitizer to act as photoresist, which also can be used
on glass slides. This method has a turnaround time of 1.5 h to fabricate the relief molds,
with a minimum tested channel width of 30 um and heights ranging from 30 to 140 pum
[139]. The biggest advantages of this method are theclusts associated with it (cost of
patterning photoresist: $0.05 per mold vs. $3.33 per mold usirg) 8bd the watebasd

developing step of the photoresist, eliminating the use of organic solvents. Although the
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authors claim that their method is greener in comparison with the commercidl SU
photoresis{139], the combination of PVAC emulsion with the Diazo D plsetwsitizer
makes the mixture harmful to health, which invalidates-tesitity claims[139], and

hence becomes a disadvantage of this technique.

In 2011, Scharnwebet al.[140] created a photolithographic method to prototype
PDMSbased devices that does not require master molis.tdchnique uses direct UV
irradiation (185 nm) to break polymer chains of cured PDMS, followed by a wet etching
step using an ethanol and sodium hydroxide solution (1 M) (Ay). This method
generates PDMS channels with a minimum width in the rah@eto 5 um, and heights
ranging from 3 to 10 um, and it is capable of producing andight structure$140].
However, the disadvantages of this method include the need for chromium quartz masks,
which are typically manufactured edfte and increase fabrication time and dadf, as
well as the 13 h process to fabricate the PDMS channels (12 h irradiation followed by 1 h
wet etching), which is incongruent with the rapimnaround times of rapigrototyping

ideals, evidencing an opportunity in the area.

3.6.2 Print-and-peel techniques

Printandpeel (PAP) techniques are microfabrication methods that have been used
to rapidly prototype master molds of PDMd&sed microfluidic daees[151] outside
cleanroom facilities. This nelithographic set of tools forms relief molds by direct
substrate patterning, eithby lasefjet printing [15,16] waxprinting [8,17], xurography

[9,18] or even soliebbject printing[86]. PAP techniques enable design of microfluidic
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devices in shoer times and at lower costs, aiding improvements in the interfacing between
different unit operations eohip, a challenge in the ard8]. Moreover, PAP also makes
microfluidics, traditionfly confined into expensive cleanroom facilities, available at low

cost to research groups worldwide.

3.6.2.1 Laserjet printing

The development of nelithographic tools to rapighrototype microfluidic devices
in PDMS is almost anecdotal: In 2001, Tedral.[152] reported in a short communication
paper their method to rapidly fabricate PDM&sed microfluidic devices by photocopying
a printed pattern on a transparency film. The reasoning behind not printing the patterns
straight on the transparency film, insteaghiting and then photocopying it, was because
the resolution of the desktop printer was not good enfili@], and the pattern was then
reduced 4 times while photocopyifith3]. This method generates channel widths of 50

pum, and heights ranging from 8 to 14 |[ib%2].

It was only 4 years later, in 2005, that Bab al. [15] presented the more
straightforward method of printing the molds directly ontaasparency film. Using a HP
4050 printer, with a 1200 dpi resolution, the authors obtained channel widths of 60 um,
and heights of 10 urfi5]. Multiple printing steps increase the height of the channels (15
+ 2 um [15]) and, in theory, allow for muHneight mold fabrication16], although
alignment between multiple precision printing cycles presents a chall@6y€erhe turn
around times to fabricate molds using this techniquetisinvminutes (17 printed sheets

per minute), and is one of the biggest advantages of this method. Another advantage laser
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jet printing offers is the loweost of the molds ($0.34 per page), making this method
suitable for first iteration designs. The mdhbrication process by lasgt printing is

depicted inFigure3-11.

@ b ()

-
-~
e, * o g

Figure 3-117 Laser-jet printing fabrication of PDMS devices. (a) Clean transparency
film. (b) Horizontal line printed on the transparency ilm using a laser printer. (c)
Another horizontal line printed perpendicularly to the first one. (d) PDMS casting on
top of the toner mold. (e) Patterned PDMS peeled off from the toner mold. (f)
Patterned PDMS on top of a flatsubstrate.Reprinted from ref. [15]. Copyright 2005,
with permission from Elsevier.

The disadvantages of this method include the lack of reusability of the molds due

to mold degradation after PDMS castifig] and the dw asgct ratio of the channels
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(height/width) that increases fluidic resistance and limits extensive fluidic manipulation

[9].

To overcome the fluidic resistance issue, Grireteal.[141] replaced the backing
substrate from polyester tr ansipnakrseon cfyi Ifmsl,m
printed the features using a conventional lgseprinter. After shrinkage, mold heights
were increased 400% from the printing step (initial hieagli0 pum), creating channels 50
um tall, 65 um widg141], with the potential for creating mutieight molds by multiple
printing step$141]. The 2 extra thermal treatments required in this technique (first thermal
treatment to shrink the features, the second tatien the mold) only increase mold
fabrication turnaround times to 10 min, which is a versatile rppitbtyping tool ér the

fabrication of PDM$hased microfluidic devices.

3.6.3 Wax printing

Wax printing is one of the most wedhown manufacturing techniques for paper
based microfluidic device85,154] due to is inherent characteristics such as -owst,
simplicity and high thraghput (24 printed sheets per minyte}2]. This methods also

attractive to rapigprototype master molds for PDM&&sed ntrodeviceg8,17].

Wax printing principles relies on the same functioning mechanism ajedesric
inkjet printers[112]. Solid ink sticks are melted and transferred to the printhead, which
sprays the molten wax alets over the heated metal drum that is spinning, forming the

mirrored version of the image being printédglure 3-12a). The mirrored image on the
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drum is transferretb a sheet of paper when they are brought into contact vethidhof a

transfer roller Figure3-12b), imprinting the figure in the proper orientation.

(a) (b) Transfer roller

Solid wax

Duplex paper
Wax melter

Image transfer
Melted wax ) ] from drum to
reservoir — paper

Drum -
‘/
)
J
/
l‘ )
Wax droplets \ L

Sheet of Paper Paper preheater

Printhead

Figure 3-127 Principles of functioning of a wax printer. (a) Formation of the negative
of the image over the metal drum, using molten wax droplets. (b) Transference of the
image from the metal drum to the paper surface. Reprinted (adapted) from ref155],
with permission of IS&T: The Society for Imaging Science and Technology sole
copyright owners of www.imaging.org

Wax printing for PDMSbased microfluidics was first introduced in 2007 by
Kaigala and coworkerd.7] and advanced by our group in 2089. In its more advanck
form, microfluidic devices are first designelidure 3-13a) and printed on a polyester
trangarency film using a wax printeFigure 3-13b). The molds are then submitted to a
thermal treatment in a comstéon oven(Figure 3-13c) to reflow the wax and smooth

printed featurefl7]. Predegassed PDMS is poured on the méidiire3-13d) and rapidly
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cured in a microwave overfrigure 3-13e) [8]. Individual devices are cut and holes are
punched Figure 3-13f). Then the device is either ready for gentle use applications, or
bonded to a glass slidEigure3-13g-h), resulting in a final devicd-{gure3-13i) capable

of withstanding working pressureg to 300 kP§8].

The minimum feature size@ated by wax printing is ca. 160 um before reflowing
(350 um after thermal wax reflow), with a minimum separation between features of 200
pm (300 pm if thermal wax reflow is necessary) and a mold height of 1B}uwith low

aspect ratio channels, resulting in devices with high fluidic resisf@hce
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Figure 3-131 Device fabrication steps using wax printing. (a) Device design. (l#)ax
printing. (c) Wax reflow. (d) PDMS pouring. (e) PDMS curing. (f) Device cutting and
hole punching. (g) Surface treatment. (h) Thermal annealing. (i) Final device.
Reprinted from ref. [8]. Copyright 2019, with permission from Elsevier

The main advantages of wax printing are the-tmst of each individual mold
($0.01 per mold), the low turnover time for mold fabricatie® min) and the compatibility
with electrophoretic separatiof$,17]. Among the disadvantag of this method are the
high fluidic resistance of the chann{d$, the lack of reusability of the molds and the {ow

curing temperature restriction imposed by the wax m@Qsvhich increases curing times
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and therefore the manufare time of a testable device. The biggest disadvantage of this
method, however, is the discontinuation of the production of wax printers by Xérox
[156], restricting the use of this technology to groups that own one of these machines,
although some groups have developed their own wax prifité43, due to the potential of

the technique.

3.6.4 Xurography

Xurography, or razor writing, was introduced in 2005 by Baldmeuszt al.[18],

as an alternative to conventional photolithographic processes, and it was improved by our
group in 20199]. First, a layer of adhesive tape is adhered to a flat backing substrate,
taking care to not entrap any air bubbles inrttedd. The subtrate with the tape is then
placed into the cutting plotter, which cuts the patterned features onto the tape. The cutting
pressure of the plotter is regulated to prevent scoring the backing substrate during the
procesg18], especially when soft substrates like polyester transparency films are used as
the supporf9]. The excess tape is manually removed, leaving the mold on the substrate.

The mold fabrication process ismicted inFigure3-14.
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Time: < 30s
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Figure 3-147 PDMS device fabrication using xurography. (a) Device design. (b) Tape
adhesion to a flatbacking substrate. (c) Design cutting. (d) Peel off egss tape. (e)
PDMS pouring. (f) PDMS curing. (g) Peel off patterned PDMS device from mold. (h)

Device cutting and hole punching. (i) Device bonding. (j) Final devicReprinted from
ref. [9]. Copyright 2019, with permission from Elsevier

This method generates PDMS channels with a minimum tested width of 32 um

[18], with variable height§9,18]. The resolution of this mletd is dependent both on the

tape being used and the cutter plotter. High resolution cutter plotters can hg4Xedt

the expense of increasing the sigptcosts. The adhesive on the tape must be strong enough
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to hold the smadist features onto the substrate while peeling thesexa&ay, but cannot

be so strong to the point it hinders its removal from the substrate.

The advantage of xurography, in comparison with other-pnidipeel techniques,
is the control over mold heightDifferent channel heights can be achieved, eithehé
type of tape use[®,18], or by stacking layers of tape on top of each o@lenn the latter
case, the height of the PDMS channel is only limited by aspect ratio limgatiahe final
PDMS fluidic channel$75,90], and the minimum thickness of the tape substrate that can
be obtained. Multheightchannels can be obtained using xurography, but the positioning
of different layers of tap& specific regions of the substrate may require time and skill.
Another advantage of xurography is its compatibility with microwave curing of PDMS
[8,9], giving birth to the fastest rapprototyping method for fabrication of PDM&ased
microfluidic devices (5 min to obtain a PDMS testable devfoem design to testind®],

depending o the tape used.

The disadvantages of xurography include the difficulty in removing veslls
features from the substrate without damaging the main mold. Bartholoreeak18]
developed a-3tep process to aid in excess tape removal, by using an application tape to
remove pattemfrom a release liner, before reapplying the cut designs to the final backing
substrate. The drawbacks with this approach include the need for 2 extra stepsrdial pote
design warping during transfer, especially for malleable application tapes. Another
disadvantage of xurography is the lack of scalability, due to the difficulty in automating

excess tape removal.
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An alternative xurography technique was proposed irb 20y Cossoet al.[142].
Instead of using tape as the positive relief mold, only PDMS is used. PDMS is spun on top
of an adhesive layer and cured, to create a thin film of the elastomer. This thin film is cut
using a cutter plotter, and the small features are removed from the tylstreing behind
features cut in thin PDMS film. A flat surface (either a PDMS slab glass slide) is
plasma bonded to the PDMS, and cured for an hour &80®nce cured, the adhesive
layer is removed from the thin film of PDMS, and another flafaser is bonded to the
reverse side of the thin film, which creates enclosed PDMS chdadgls This technique
cannot reproducibly fabricate channels with features smaller than 1Ja42} and it
requires 3 thermal processing steps (1 hour each), substantially increasing turnaround times

to obtain PDM$bhased micrdevices.

3.6.5 Solidobject printing

Although solidobject printing (3D printing) has been used mainly as a scaffolding
technique to fabricate PDM&ased microfluidic devices (SectiBr6.6.23D-printing), its
first mention in literature dates back to 2002, when McDonald and cowd8&jrfirst
used a 3D printer as a PAP method, toitate positive relief master molds for PDMS

channel fabrication.

The Fused Deposition Modeling (FDM) additive manufacturgaphique is based
on the deposition of a thermoplastic material by a printer head, which has 3 actuation
directions (x,y, and z a%¢[86,144] Due to these 3 independent mechanisms, the printer

has different resolutions depending on the axis in which it is prif@@}y consequently
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this also compromises the surface roughness of the moatdghis work, found to be~9

pum, befae a reflow treatment to smooth out the features.

The advantagef this technique, as a PAP method, is the amenability to fabrication
of multi-height molds, with turnaround times of 286]. The disadvantages of scludject
printing are the lowresolution of printed molds, with chann@s0 pum wide and 500 pm
tall [86], which is a direct result of limitations imposed by 3D printing technology.
Additionally, the thermoplastic material used in 3D printing might contain amides,
urethanes andther nitrogenated moleculf6], which might interfere with the curing of

PDMS[87] (Section3.3.1PDMS Propertigs

An advancement of 3D printing as a PAP method was presented by Comina and
coworkers in 2014157], who further improved mold fabrication by using a different 3D
printing technology. The use of stereolithography (SLA) and Digital Light Processing
(DLP) techniqueq144] allow molds to be printed with better resolution (50 um wide
channeld157]), at a fracton of the cost: A 3D printer in 2002 cost $50,000&4), but

only $2,000.00 in 202[L58].

Chanet al.[87] improved the 3D stereolithography pess even further, enabling
the reuse of 3D relief mold networks by adjusting the printed mold geometry and PDMS
peeling direction. This research enabled interlock PDMS channels to be ripped off and
released from the mo[87], which can be reused. The ripped PDMS membrane is capable
of selfhealing after another curing st¢®7], meaning that channels wille sealed,
resulting in a functional PDMS device, although there is a limitation on designs that can

be achievedvith this method144].
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3.6.6 Scaffolding techniques

Scaffolding,also known as sacrificial molding, are a series of techniques in which
the molds are embedded in the structurethis case, the cured PDM&nd are dissolved
away from the matrix132]. Scaffoldingremoval methods are mulitep procedures that
requirei) the creation of the sacrificial molds, the casting of the PDMS elastomer over
the sacrificial mold andi) the removal of the mold from the cureBMS matrix by the
use of a proper solvent syst¢i®]. Sacrificial molding methods do not requireniling
steps to enclosehannels[143] (Section 3.5.1.4 Irreversible bonding which is an
advantage over PAP techniques. Many methods havedaseioped, including template
embedding,3D-printing, and the Green, Lowaost, Useiffriendly Elastomer method,

discussed here in detalil.

3.6.6.1 Template embedding

The first mention in literature regarding scaffolding for PDMS dates back to 2006,
when Vermaet d. [143] used Nlon threads embedded in a PDMS matrixfdbricate
microchannels. After curing the PDMS, the authors removed the Nylon threads from the
matrix by immersing the device in organic solvents (chloroform and triethylafdidlep
swell thePDMS, followed by a small tension at one end of the thfg48]. The polymer
block was deswelled by drying the matrix at room temperafl#3], however the authors
did not provide any information on how the immersion in organic solvents tetpéee
final microfluidic channels featas, in terms of dimensions or channel roughness. The

PDMS device fabrication process by template embedding is depidteglire 3-15.
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Figure 3-157 PDMS device fabrication by tempate embedding. (a) Nylon threads
placed on top of a thin layer of halfcured PDMS. (b) PDMS pouring on top of Nylon
threads. (c) PDMS blockimmersion in organic solvent. (d) Nylon thread removal. (e)
PDMS de-swelling by solvent evaporation at room temperare. Reprinted (adapted)

with permission from ref. [143]. Copyright 2006, American Chemical Society

The advantages of this method are the size of getkechtannels (50 to 250 pm),
the simplicity of the patterning method, and the fabrication of round micrometricaleann
in PDMS, instead of the ubiquitous rectangylb4] or trapezoidal crossections[19].
However, disadvantages include the use of organic solvents to remove the mold from the
PDMS matrix, which increases waste generafi®j; the lack of control of Nylon thread
positioning to fabricate structures withe intended design; and the possibility of thread
failure during removal, which leads to clogging of the channel and ruining the device.
Although the functionality of devices fabricated with this method are very limited, it was
the first demonstration dhe scaffoldingremoval concept, which boosted research in this

area[19,131,132]
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3.6.6.2 3D-printing

Even though 3D printing has been used as B Rwthod to rapigrototype PDMS
devi ces s i nc 486]itheeeal paentialyf thks @diidvé smanufacture process
is the ability to fabricate truly thre#imensional networks,e. crossover features that do
not touch87]. Although tke same result could be obtained by stacking 2D (planar) features
[86], this wunderuses the systembs capabiliti
to obtain the same final result. If one desires to print a 3D structure, but at gdiream
preserve the integrity of the PDMS dew[87], it is necessary to remove the mold from

within the elastomer matrix.

The current low cost of 3D printerSdction3.6.5Solid-object printing, along with
the variety of materials that can now be prif&6131,132,144]broadens the possibilities
of what can be achieved in microfluidics. Even PDMS can now be 3D piib5&q,
although the need for a photoresist modifier and a photoinitiator modify the elastomer

intrinsic properties, such as opticarsparency and gas permeabili$9].

3.6.6.2.1 Acrylonitrile Butadiene Styrene (ABS)

The first demostration of a 3D microfluidic device printed using a 3D printer was
performed g Saggiomo and Veldef432] in 2015. Usinga conventional 3D printer and
Acrylonitrile Butadiene Styrene (ABS) as the extruded scaffolding material, these
researchers fabricated PDMS channels with diameters ranging from 90 to 500 um, as well

as multidiameter channel§l32]. The biggest contribution of their method was the
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incorporation okeveral distinct functionalities in thgiroof-of-concept devices, such as a
UV LED, a resistance element for selective heating, and even a solenoidaktoiidm
perform NMR spectroscopy in sif@32]. The PDMS scaffoldingemoval process using

ABS as the scaffolding material is depictedrigure3-16.

(a) (b) (c)

external |
components g——~\
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| — \
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- 1 AN
\\‘ \-.J‘ ‘\

ABS Scaffold

scaffold Cure PDMS removal

\

Figure 3-16 1 PDMS device fabrication by scaffoldingremoval using ABS. (a) The
mold is 3D printed in ABS, and (b) PDMS is cast on top of it. Aftecuring, (c) the
ABS <affold is removed by immersion in acetone (12 hReprinted from ref. [132].

Copyright 2015, with permission from Creative CommonsWILEY VCH Verlag

GmbH & Co.

The disadvantages of this method include a high surface roughness of the channels
(mentioned by the authors, but moeasured)132], the use of organic solven(acetone)
to remo\e the scaffolding material from within the PDMS channels, which both swells the
PDMS matrix[70] and generates more wagid], andthe length of time equired to

remove the ABS polymer from the PDMS channels (170). Also, this method likely
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impacts PDMS curing near the 3D printed structure, due to the ABS composition, as
discussedn Sectim 3.3.1 PDMS PropertiesAlthoughthe 3D printing process can be
performed in a couple hours, depending on the structure,ngedaffold removal process

limits true rapd-prototyping[19], which is a drawback of this method. Also, if electronic
components are being incorporated in the PDMS structure, the curing process must be
performel at reduced temperatur@d], which substantially increases the turnaround time

of the fabrication process.

3.6.6.2.2 Wax

An alternative to using ABS as extruding material in Fused Deposition Modeling
(FDM) is the use of wax, first presented in1Z0by Liet al.[144]. Wax has been used as
a mold material for PDM®ased microfluidics since 200247] (Section 3.6.3 Wax
printing), so its use for 3D printing was a natural evolution in the application of this
material. After casting PDMS on top of the mold, and culitiragg 40°C for 24 h, the wax
was removed from withi PDMS channels by an immersion in cyclohexpttd for 10

min, followed by rinses with DI watgi44].

When usingvax as the sacrificial material, these researchers obtained channels 250
pm wide [144], with variable heights. The adwage of this method, as claimed by the
authors, relie on the availability of wax, and its characteristic of being capable of being
jetted after meltediLl44]. However, the diadvantages of this method make it impractical
for several reasong) there is a need for a custom 3D printer which requires highly skilled

personnel to design and builid, it uses cyclohexane, which generates organic solvent

94



waste[19] and swells the PDMS matr{70]; iii) the wax molds are sensitive to high
temperatures, increasing the fabrication time for PDMS devices (although it seems that
microwave processing is compatible with this methi8p); andiv) the fabrication time to
obtain a testable device using this method is 48 h, less compatible witiprauty/ping

turnaround time§l9].

3.6.6.2.3 Polyvinyl alcohol (PVA)

To alleviate some of the issues caused by the use of traditional FDM materials
[132], Dahlberget al.[131] proposed the us# poly(vinyl alcohol) (PVA) as the sacrificial
material. The advantage of this approach is the water solubility of PVA, eliminating the
need for organic solvents that swell PDI¥8], while alsoreducing the time required to
remove the sacrificial material from within the elastomeric m§i®@% Another advantage

of this method is the ability of generating miigight molds.

The average height of chags obtained by PVA 3D printing was 59 = 6 um, with
a width of 298 + 10 unil31]. Disadvantages of this method include the special handling
required for the PVA filaments, because of water uptake i4434$ and a turnaroud

time of 4 h to fabricate a testable deit&1].
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3.6.6.3 Green Low-cost, Useifriendly Elastomei GLUE method

To overcome the shortcomings of other waseluble scaffolding methods, Speller
& Morbioli et al. [19] demonstrated in 2020 a green, lowst, useifriendly, and
elastomeric (GLUE) rapigrototyping method to fabricate PDMf&sed microfluidic
devices. The GLUE method is the first method of its kind, because it can be used either as
a Prirt-andPeel method or as a scaffoldirgmoval method, using the same materials and

the same method&9].

This method uses watspluble, nortoxic white glue as the patterning agent,
eliminating the need for ganic solventd132,144] 3D printers[131,132,144]or UV
exposure stepE.39]. White glue is applied to a flat substrate, either by-spating or
blade coating, and the gluedsred into a thin film on top of the flat substrfit8]. A laser
cutter or a cutter plotter was utilized to cut patterns onto the thin film, and the excess glue
film is removed19]. If glass is used as the backing substrate, the mold can be reused after
PDMS castingand curing (PAP method); if PDMS is used as the backing substrate, after
fresh PDMS is cast and cured, the glue is washed from the channels with a wanwxAlc
solution (scaffoleremoval method)19]. The mold &brication process is depicted in

Figure3-17.
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Figure 3-177 PDMS device fabricaton using the GLUE method. (a) Glue e@position
on a flat substrate, wetted with isopropanol. (b) Glue spin coating process on top of
the flat substrate. (c) Glue curing in the oven. (d) Design cutting using a laser cutter.
(e) PDMS pouring. (f) PDMS curing (g) Device cutting and hole punchig. (h)
Removal of the glue from within the PDMS channels. (i) Final deviceReprinted
(adapted) with permission from ref. [19]. Copyright 2020, American Chemical
Society.

This met hod gener at e shands[l9]. One oimhedogged® D MS ¢
advantages of this method is the ability of generating rheight molds (from 10 to 60
e m19)), by using the etching function of thaser cutter, with the added advantage of

intrinsic low-cost [19]. Typical turnaround times to fabricate testable PDb&Sed
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microdevices using this method are withih,1thanks to the compatibility of the glue

molds with microwave thermal processii&j19,118]

Disadvantages of the GLUE method include the need for a laser cutter if the ability
to fabricate multheight molds is desired 9] and temperature control to remove the glue
from within PDMS channels, because RVdegrades and becomes insoluble at

temperatures higher than 90[19,131]

3.6.6.4 Liguid molding

Research into alternative methods to conventionallisoftgraphy[14] has led to
a multitude of tools to fabricate microfluidic devices. In 2007, Gitaad. [145] presented
an innovative scaffolding method to ragadbtotype PDMS microdevices using water
based molds. A mask contaigithe desired pattern is placed on top of a flat PDMS piece,
and the system is exposed to arRP plasmd14], turning the exposed areagdnophilic.
The PDMS slab is placed in a solution of glycerol ¢899, which will stay on the
hydrophilic areas. Fresh PDMS is then carefully poured on top of the PDMS slab and cured,

forming the channelg45].

Alternatives to this method have been proposed in literdfi§@,161] but are
based on the same liquid molding principle (term coined bgtlal.[160]). This method
iscapale o f generating PDMS channels from 100

tested hei[lgght of 40 em
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The advantages of this method include the obvious use of water as the mold,
completely eliminating the use of organic solvefit82,143] and it also eliminates
bonding steps, by casting PDMS on PDMS]. The dsadvantages of this method include
the impossibility of fabricating muHneight structures and the need for longer curing times
of PDMS (2 h at 60C). This method is also incompatible with microwave curing of PDMS
[8,9]. The turnaround fabrication time for this method is around 2 h, with most of the time

being used to cure the elastomer.

3.7 Concluding remarks

It has been over 30 years since micro total analytical systems (UTA®) wer
envisobned[1], and since its inceptidfT], the microfludics fidd has maturef4] and it
is now in its renaissance. Significant developmentdeasirredin microfluidics over this
peri od, expanding the fiel dosonzchip@dd | i ti e:c
devices. Much of this growth can be credited to the creation of-paptdtyping tools,
which accelerated the development of mikrolic devices from weeks to days4] i and
even minute$8,9]. In this tutoril, we provided significant insights regarding each step of
the development process of microfluidic devices and presented alternatives to each
fabrication technique. Depending on the final goal, these methods can be combined to
provide the desiredesults: If high-fidelity molds and reproducibility is sought, then
conventional softithography[14] is the method of choice; If speedtie regirement,

then a combination of rapigrototyping tools[8,9,15,18,19jwith microwave curing of
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PDMS[8,9] is recommaded. If resources are scarce, then the use of office prjhtgdrs

egy-beates [89] and room temperature curing of PDMS is advised.

The future of the microfluidics field relies on the universalization of this
technology, which has been traditionally confinedexpensive cleanroom fdities, but
has been experiencing development to move beyond those confines:pRepigping
tools are breaking these barriers, by lowering the costs associated with microfluidics
research, and bringing microfluidic developmentimbenchtop. We hopkdt our tutorial
review will help less experienced researchers, students, hobbyists and microfluidics
enthusiasts worldwide by providing insights and practical tips on PDMS devices

fabrication
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CHAPTER 4. RAPID AND LOW -COST DEVELOPMENT OF
MICROFLUIDIC DEVICES USING WAX PRINTING AND

MICROWAVE TREATMENT

Reprinted (adapted)ermssion fromfi Ra p i d -@st develomment of microfluidic
devices using wax printing and microwave
Nicholas C. Speller, Michael E. Cato, Thomas P. Cantrell and Amanda M. Sta2B8d®) (

Sensors and Actuators B: Chieal, v. 284, 650656. Copyright 201%lsevier.

4.1 Abstract

Wax printing is a prirndpeel rapid prototyping technique (PAP) that enables rapid
creation of master molds for miniaturized polydimethylsiloxane (PDMS) systems
circumventing the need for spel@ad microfabrication personnel and facilities. We have
demonstrated wax printed molds with microwave thermal processing to cure PDMS (25
min) and thermally anneal PDMS to glass (30 min), representing one of the fastest
lithographic methods for the acation of PDMS microfluidic structures to date. The
smallest fabricated features are on the order of 350 um wide and 5 um tall. Three devices
were fabricated using this technique, including a microfluidic gradientrggemga F
droplet generator, andYachannel microfluidic device, with performance comparable to
literature devices fabricated via traditional photolithography. Direct comparison between
Y-channel devices made with the new rapid prototyping techniquevahdstandard

photolithography shoed similar laminar flow performance, and thus the feasibility of our
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method. We have demonstrated device fabrication from design phase to testing within one
hour, thus our innovative method significantly speeds up thela@went of microfluidic

tools

4.2 Introduction

The creation and development of microfluidic tools are essential for the attainment
of micro total analytical systems (UTA$)4] as envisioned by Maret al.in 1990[1].
These UTAS are attractive in multiple arenas including clinical resgrahd bioanalysis
[53] due to their efficient sample and reagent consumption; environmental afie8A&is
and onsite analysis in challenging environmef$ due b their small power usage and
small footprint; and for the ability to conduct all sampiendling steps on a single

miniature, lightweight microdevicd4,151,163]

The fabrication of microfluidic devices using standard microedeat fabrication
techniques (photolithography and/or micromachining) with substratds &l glass or
oxidized silicon (Si/SiQ requires highly specialized personnel and cleanroom facilities,
culminating in a timeconsuming and often costly proceldst]. The advent of soft
lithography in the late 1990s and the use of polydimethylsiloxane (PDMS) substrates
[14,150]stimulated rapid development in the area of microfluidics. This method enabled
the completion of a fabrication cycle, from design to testing of microfluidic systems within
24 h[14,150] The fabrication of S8 master molds for PDMS microdevices requires
lithography and weetchirg processes (substrate cleaning, smating, baking,

photolithography, developing and surface treatment), placing a hardliaviteof several
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hours per fabrication cycle, while still requiring a cleanroom facility and trained
professional personngl51]. The development of a highly functional microdevice requires
iterative system modifications and optimizations, further increabmgjmeto-functional
device required with complex photolithograph¥64]. However, the use of rapid

prototyping techigues can enable faster development of uTAS at lower costs.

Rapid prototyping techniques are tools that can streamline the multiple parts of a
production chain by reducing the time required for fabrication cycles, and are rapidly
evolving in the field[59]. These tools have been used extensively in the aerospace and
automotive industriefl65], but due to their versatility and applicability they also have
been employed in the direct manufacture of uTA86,167] A diverse selection of
techniques have been developed to fabricate master molds for PDMS urdarafevices
[151] as an alternative to photolithography. Panidpeel (PAP) techniques like laset
printing [16], toner printing[15], solid-object printing[86] and waxprinting [17,79] do
not require cleanroom facilities, and present as a common characteristic the direct
deposition of patterning agent over a substrate surfagajrg the positive relief of the

master mold directly151].

From these PAP techniques, wax printing has not been explored tdl¢se éf its
capabilities. This fagprototyping tool was first introduced in 2007 by Kaigala and
coworkerg17], andhas been extensively used in papased microfluidic$35,154]due
to its high throughput (24 sheets per minute),-tmst and relative simplicitjl 12]. These
characteristics are also beneficial for manufacture ofpvanted master molds for PDMS
microdevices. As it was introded, the PAP wax printing fabrication cycle produces

microdevices whin hours, with most of the fabrication time used to thermally cure the
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PDMS (3 h, 60°C). A relatively low curing temperature is required to avoid deformations
of the wax patterns, whicincreases the curing time and processing time of this method.
The opimization of the curing step is essential to improve the &waund time from design

to testing with fasprototyping techniques.

Microwave processing can reduce the required curinge tof thermosetting
polymers[93] and is an alternative to conventional thermal treatméihigs.only mention
of using microwave radiation for the fabricationrofcrodevices in PDMS appears in a
conference abstract from 2008 by Gejoal. [20], and to the best of our knowledge has

never been explored in detail.

In this paper, we report a novel rapid prototyping method to ufaature
microfluidic devices in PDMS, from design to testing withihdur, using a commercially
available wax printer and a microwave oven. We first characterize the wax printed features
on transparency films, followed by an evaluation of time and pegténgs of microwave
processing on PDMS curing. We also compare theéamnealing treatments on irreversible
glassPDMS bond sealing of microdevices using a microwave and a conventional oven.
Our results demonstrate that wax printing master mold fatwicatith PDMS microwave
processing gives rise to one of the fastestirpmtotyping tools in the microfluidics field,
while also eliminating the need for cleanroom facilities and costly processes, which can

significantly speed up the development of uTAS.
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4.3 Materials & Methods
4.3.1 Reagents

Solid ink wax sticks were purchased rfroXeroX’ (Rochester, NY), Arkwright
polyester transparency films were purchased fronP$Fiskeville, RI), sulfuric acid and
isopropyl alcohol were purchased from VWR (Solon, OH), SYLGARD 184 silicone was
purchased from Dow CornifigMidland, MI), Cornig E Pl ai n Mi croscope
purchased from Fisher ScientifitAgawam, MA). Food coldéng dyes (McCormicK) and
soybean oil (Crisc®) were purchased from a local grocery store. All reagents were used

as received

4.3.2 Wax Mold Fabrication

Wax patterns wergesigned using CorelDr&wX7 software Figure 4-1a) and
printed on a polyester transparency film using a Xerox Phaser 8580 wax (Figtae(
4-1b). After printing, the vax patterns were subjected to arthal treatment (10C, 45 s)

to reflow the wax and obtain smooth featurggre4-1c) [17].
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(b)

(f) (e)

(g) (h) (i

Figure 4-1 i Step-by-step fabrication of PDMS microfluidic devices using wax
printing: (a) device design, (b) waxprinting (< 1 min), (c) wax reflow (45 s), (d) pour
degassed PDMS, (e) cure PDMS in microwave oven (25 min), (f) cut imdiual devices
and hole punching ((< 1 min), (g) PDMS and glass slide cleaning and surface
preparation in UVO cleaner (5 min), (h) chp thermal treatment after bonding (30
min) and (i) final device

4.3.3 Device Fabrication

A mixture of PDMS prepolymer and caog agent (10:1 w/w ratio) was degassed

under vacuum for 30 min and was cast against the wax rR@dré 4-1d). The PDMS
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was then cured in a commercial microwave oven (GE, model JES738WJ, 700 W) at ~140
W for 25 min Figure4-1€). Temperature measurements were taken with a Fluke 62 MAX
IR non-contact thermometer. The patterned PDMS was peeled off the transparency mold
and cleaned with isopropyl alcohol. Individual devices were cut from the PDMS and the

resevoirs werecreated using biopsy punches (1.5 or 2 miagyre4-1f).

4.3.4 Sealing and Bonding

Glass slides were cleaned with concentrated sulfuric acid, rinsed thoroughly with
deionized water and isopropyl alcohol, and dried in am@atel50°C. A clean glasslide
and PDMS chip were inserted in a UMBaner system Model No. 42 (Jelight, Irvine,
CA), followed by a 5 min UV exposure. Both parts were brought into contact to create the
irreversible glas#DMS bond to seal the microdeegi¢-igure4-1g). Bonded chips were
thermally treated either in a conventional oven (2 h, APwith an aluminum heat
spreader (~0.4 kg) over the chips, or in a commercial microwave oven at gettieg
level 2 (~140 W) for 30 nm with a glass heat spreader (~0.4 kg) over the cHigsire

4-1h), resulting in the final devicd-{gure4-1i).

4.3.5 Ultimate Working Pressure Failure Mode Testing

A red food coloring dye test solution in Rater was pumped through patterned
channels in the PDM§lass chips using a syringe pump (Rdientific, Legat® 180,

Holliston, MA) with different flow rates (50 pL mihto 14 mL mint). Fluidic connections



were made using polyetheretherketone (PEEK)ntul(i.d. 1/32 in) and cut 10 pL
Eppendorf pipette tips. A pressure sensor was placed anthef the channel (LabSmith,

0800 uPS Pressure Sensor, Livermore, CA) and was connected to a microfluidic
automation systenL(ab Smi t h, uPr oc e s sCA). g setupdsrdepicted v e r m
in Figure B1, Appendix B Flow rates were increased to the maximum settings of the
syringe pump / or until chips delaminated. PDigl&ss chips were designed with 1 cm

channel length, 4Dum design width

4.4 Results & Discussion
4.4.1 Wax Printing

4.4.1.1 Minimum Feature Size and Quality

According to the manufactur¢t68], the Xerox Phaser 8580 wax printer has a
printing resolution of 600x600 DPI (dots per inch) per color channel (combined 2400 DPI)
[23], which would suggest a certiercenter spacing, and thus a minimum feature of
appoximately ~42 um (25.4 mm / 60DPI)[169]. Through pinting testing, 490 DPI was
the highest resolution a@hed that did not introduce artifacts due to software or hardware
(theoretical ~52 pm centd¢o-center spacing and maximum dot sizerigure B2,
Appendix B. While thecenterto-center spacing is 52 um as expected, the actual printed
dot is nearly twice the size, overlapping half of the adjacent pikaare B2, Appendix
B). The lage dot size is likely due to the roller transfer step of the wantauriFurther as

seen inFigure B2a, Appendix Bwhen a designed line of 52 pum is sent to the print
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prints lines 3 times larger (163 £ 4 um, vertical; 159 + 3 um, horizontal) than the designed
size. This is due to the additial material added by overlapping adjacent dots and the

extrusion of the wax material during the roller transfer step.

Whenlines with the minimum resolution are printed using other fast prototyping
tools, such as a laser prin{éb], they do not provide a continuous printed line like those
observed in wax printing=gure4-2); instead, lines are disperse and irregalad cannot
be used to provide functional channdls]. Our findings are ingreement with the results
presented by Wanet al.[169] and demonstrate the physical limitations of wax printing,

for which the minimum feature size of printed lines is ca. 160 um.

(b)

(a)

Figure 4-2 7 Evaluation of the smallest width (10 um design, 160 pmrinted) of (a)
vertical and (b) horizontal printed lines. The red arrows point small defects in the
wax pattern. Scale bars are 50 ym

Due to the basic functioning of the wax printer, vertical lirggltto be smoother

than horizontal lines: in a vertichne, the molten wax is sprayed continuously on the
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rolling metal drum using the same nozzle, while in a horizontal line it is necessary to
actuate several nozzles simultaneoupiy], which explains the rougher walls of
horizontally printed lines in comparison to vertically printed lirfdgyre4-2, Figure B3,

Appendix B.

Channel roughness can alter pemiance in certain applications, including
electrophoretic separatiorf47]. In Figure B3d and f, Appendix B thermal reflow
treatment (100C, 45 s) of the wax molds is shown to remove the raster marks, producing
smoother and more uniform channdisg(re 4-3d). The reflow temperature was chosen
based on the melting point of the solid ink (P@) provided by the manufactur¢t 70].
Kaigala et al. [17] suggest a reflow period of 10 min, but wesektve no significant
roughness after a reflow period of 4%Fsgure B3, Appendix B. Excessive heating of
transparency films causes theéo warp, which deforms the tdsng PDMS device and

prohibits proper sealing of the chip

4.4.1.2 Evaluation of WaxPrinting Mold Fabrication

Figure4-3 shows the minimum feature spacing without refléig(re4-3a and c)
and with reflow Figure4-3b and d). Horizontally printed lines were chosen for this study

due to their lower resolution. As shownkigure4-3a, two horizontally printed parallel

lines are copletely separated when the separation distance is set to 200 um (design).

However, if thermal reflow is required, this separation distance will not be enough to

maintain separatio postreflow (Figure 4-3b). When thermal reflow isecessary, the

mi ni mum separation distance bet Aged3d! i nes
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Figure 4-37 Two horizontally printed lines (width: 250 um design, 330 um pinted)
separated by a design distance of 200 um (a) before and (b) after thermal treatment
(100 °C, 45 s). The red arrow indicates the formation of a neck between the two
printed lines after the thermal treatment. Two horizontally printed lines (250 pm,
design) separated by a design distance of 300 um (a) before and (b) after thermal
treatment (100°C, 45 s). There is no contact between the lines. Scale bars are 5Q pum
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The thermal reflow of the wax modifies the initially printed wax patterns width,
height ad aspect ratiogrigure4-4 shows the characterization of these parameterseefor

and after the thermal reflow treatment.
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Figure 4-4 7 Characterization of the wax printed molds bdore and after thermal
reflow treatment. (a) Design line widths correlated with printed line widths. (b)
Design line widths correlated with printed line heights. (c) Aspect ratio of positive
relief wax molds. The values represent the average of three measments + 1
standard deviation. (d) Profile of the wax printed channels (axes not in the same
scale)
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The true width of the printed lines correlates linearly with the designed width
(Figure 4-4a, r2=0.99 for all the casefjgure B4 Appendix B for both horizontal and
vertical printing orientations. The better resolution for the vertically printed lines is
observed by the intercept of the linear figure B4c Appendix B. After thermal
treatment, the vertical and the horizontal lines have the same dimerSigme (B-4d
Appendix B, showing that the difference in the printing mechanism does not generate a

bias between horizontal and vertical channekhefmally treated wax molds.

The height of printed wax molds changes with the width of the printed kigas ¢
4-4b andFigure B5, Appendix B and the quality of printingHigure B7, Appendix B,
reaching a plateau for design lines over 500 gigure B5), congruous with the results
presented by Thomast al. [151]. This causes the aspect ratio (height/width) of the
thermally treéed wax molds Kigure 4-4c and Figure B6, Appendix B to not change
significanty for design lines withwidths over 200 um (ANOVA, C.l. 95%/[able B1,
Appendix B. The low aspect ratios inherent in this method lends it toward certain
applications, like microchip capillary electrophorefig]; for instance, microchannels
with small aspect ratios present higher electroosmotic flow (EOF) in comparison with

channels with aspect ratios closer to ufilfyl].

One might expect that the use of shades of gray could provide pattern features with
different height4151] without affecting the width of the patterns (considering a straight
vertical line), due to a more sparse deposition of black ink. Instead, the use of grayscale
changes the width of the lines, due to the actuatiorewédral mzzles overlaying cyan,
magenta, and yellowr{gure B8a tol, Appendix B. The use of grayscale is therefore not

advantageous to decreasing the height of printedrésatu
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4.4.2 PDMS Microwave Curing

Due to the temperature rastions imposed by the wax molds, the first paper
demonstrating PAP wagrinted molds[17] themally cured PDMS devices in a
conventional oven at a iditemperature of 68C for 3 h. To circumvent this limitation and
enable this PAP process to be a truly-fasttotyping tool, we used microwave radiation
to cure PDMS20] on wax molds. When we used a conventional microwave owen f
thermal treatmentppwer settings ippendix B, degassed PDMS was cured in as little
as 10 min (~350 W). We reached temperatures higher thatCl®¢hich can distort wax
molds, so lower power settings were also tested. At 70 W the temperature did not elevate
above 60°C, preserving the features of thexmaolds, but required longer processing
periods (50 min). A compromise between processing timadetemperature was observed
with microwave radiation ~140 W for 25 min, reaching average temperatureS©f 30
°C lower than the melting point of the saiitk (100°C), preserving the patterns of the wax

relief molds.

Conventional thermal processindg materials occurs by energy transfer due to
thermal gradients from the surface to the bulk of the of the material being prof&&sed
In contrast, microwave heating is due to energy conversion (radiant energy from
electromagnetic radiation in theigrowave region to thermal energ93]. Molecular
dipoles align with the oscillating eleit field applied to the system, and heat is generated
throughout the volume of the material dadriction and agitation of these molecules every
time the electric field is alternat¢@3,172] The dipole moment of poly(dirttgylsiloxane)
increases with the size of its chains (0.949 D for a chain length of 3; 8.44 D for a chain

length of 300),173] and therefore should absorb more microwave radiation as chain length
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increases.However, thermal effects might not be the only reason PDMS curing is
accelerated under microwave irradiation. Microwave effects that are not purely thermal in
nature (.e. the increase of the pexponential factor A in Arrhenius lavE@uation?7,
AppendixB and a decrease i %may ¢x@aindhe tastevradactiooon e n
rates in microwavactivated reactionfl72,174] As presented by Loupgt al. [175],
solventfree reactions are more prone to present microwave effects, and systems that react
slower also tend to present a more pronounced microwave ieffamnparison with faster
reactiong174], which is observed in the presestienario. The PDMS curing reaction is
solventfree and is relatively slow (48 h to cure at room temperature). Our observations
corroborate with a pronounced rmowrave effect, which could explain the accelerated
curing of PDMS in a microwave oven. To thesbef our knowledge, microwasassisted
catalytic olefin hydrosilylation with platinurbased catalysts has never been studied in
detail, and even though it isymnd the scope of this paper to elucidate its mechanism, the

authors strongly encourage reséaircthis field due to our findings.

4.4.3 PDMSGlass Microwave Assisted Thermal Annealing

Once cured, patterned PDMS is brought into contact with a rigid supmpdlass)
to fabricate reversibkgealed PDMS§)lass hybrid devicgd 7]. This approach is the fastest
method to create microdevices because it doesegatre additional fabrication steps, but
great care must be taken during handling these egvdue to the potential for
delamination. The devices are limited to towernal pressure and applications with

relatively gentle handling and mild conditioris. cases where a more robust system is
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required, an irreversible bond between PDW&ss is dagable, and can be obtained either
by plasma, corona or ultraviolet / ozone (UVO) treatnj@h}, often requiring a thermal
annealing posprocessing stefil6]. This extra step increas processing time for fast

prototyping, making the optimization of the thermal processingaate

UVO-treated chips that received no thermal treatment delaminBigdré 4-5)
above internal pressures of 1025& kPa. UVOtreated chips thermally annealed in a
conventional oven (2 h, 11%C) and in a microwave oven (30 mipower setting level 2
(~140 W), average temperature of ®) showed no statistical significant differende (
test, C.1. 95%Table B3, Appendix B in ultimate working pressure failure mod&gure
4-5). Device integrity was preserved at all pressures tested, with devices withstanding
pressures umtthe maximum available to us of 305@KPa and 275 + KPa, respectively.
These devices demonstrated superior performance in comparison to chips thatineceiv
thermal treatment, and these results are evidence of the effectiveness of our microwave

asssted thermal annealing of PDM$ass bonding.
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Figure 4-571 Ultimate working pressure during failure mode testing. Chips with no
thermal annealing treatment delaminated during testing, while chips submitteé to
microwave oven and conventional oven thermal annealing treatment preserved their
integrity during the pressure tests. There is no significant statisticabifference
between measured pressures in chips submitted to the microwave oven and the
conventional oven thermal treatments (ttest, C.I. 95%, Table B-3, Appendix B). The
values represent the average of pressure measurements of@¢lrindependent devices

+ 1 standard deviation. The grey bar represents the range of pressures where the
syringe pump would regularly stall.

Commercial microwave ovens have local fluctuation in applied electromagnetic
field (hot spots and dead zond88B], which explains some observed batotbatch
variability, and also the observation thattbetresults are obtained when articles rest

following thermal annealing treatment.



PDMS-glass bonding occurs via a condensation reaction between a silanol group
of the glass surface and a silanol group from the U@ted PDMS surfad& 76], and it
has been shown that this reactistighly accelerated under microwave heating irgebl
processefl77,178] suggesting that a similar process may occur imocrowave assisted

thermal annealing of PDM§lass bonding

4.4.4 Proof-of-Concept Devices

It is important to compare our innovative process to fabricate microfluidic devices
with the conventional process (i.e. slitiography and laboratory oven) to show the
feasibility of the method. A ¥hannel PDMS microchip was cast using anr&tdold and
a wax printed mold (design iRigure B-9c, Appendix B. As shown in Figure B10,
Appendix B the same laminar flow regime can be seen in the8 Shblded PDMS
microchip Figure B10b, Appendix B and in the wasprinted mold PDMS devicd-{gure
B-10d, Appendix B, demonstrating that tHabrication method does not interfere with the

performance of the microdevice.

The relatively small aspect ratio of the PDMS channels fabricated with wax printing
make them ideal for electrophoretic separatiffi§, but the versatility of the method
enables multiple fluidic applications. A microfluidic gradient generator was fabricated
(Figure4-6a, designFigure B-9a, Appendix B. Red and blue food dye test solutions in DI
water were pumped into tlggadient generator using a syringe pump, with a flow rate of
15 pL mirft. Anothe microdevice created with this technology was-@rdplet generator

(Figure 4-6b, designFigure B-9b, Appendix B. A blue dye testing solution in DI water

11¢€



and soybeanibwere pumped into Iroplet generator using a syringe pump with a flow

rate of 6 pL mint.

Figure 4-6 i Microfluidic devices generated by the wax printing fast prototyping
technique. (a) A microfluidic gradient generator. (b) A T-droplet generator.

45 Conclusion

Rapid iterative design cycles, simplicity and lowast are the main advantages of
print-andpeel fast prototyping techniques, which make them attractive in the fabrication

of master molds for miniatized polydimethyldoxane (PDMS) devices. Due to their
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unique characteristics, wax printing master mold fabrication coupled with microwave
thermal processing decreases manufacture time of PDMS microfluidic structures from
design to testing within one hQuiving rise to onef the fastest rapid prototyping methods

to datg[179]. This work furthers the development of UTAS by providing a uniquedost

and ultrarapid tool for iterative design. Our preof-concept devices for fluidic
manipulation on clp demonstrate that our method has the potential to significantly
enhance thereation of fullyintegrated microfluidic tools in record time, while reducing
costs associated with the development of this technology, making UTAS accessible to a

more diverse evelopment audience.
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CHAPTER 5. CUTTING EDGE MICROFL UIDICS:

XUROGRAPHY AND A MICROWAVE

Reprinted (adaptedyith permission frori Cut t i ng Edge Microf |l ui di
a Microwaveo by Nicholas C. Speller,asGiorgi
P. Cantrell, Erin M. Leydon, Britney E. Schmidt and Amanda M. Stocktat®)Zensors

and Actuators B: Chemical, 291, 250256 Copyright 201%EIsevier

5.1 Abstract

Microfluidic technologies enable precise fluidic manipulation at the microscale, with
applications ranging from inexpensive medical diagnostics to autonaaweites for
extraterrestrial in situ analysis. However, development of microfluidic tools typically
requires higkhmaintenance infrastructure and resotntensive development processes,
limiting their broad adoption. Furthermore, the development of @featicrofluidic tools
requires iterative design processes, multiplicatively increasing development time and cost.
Rapid prototyping technigues minimize these expenses, acceleratingmiegsat time and
reducing manufacturing cost of microfluidic deviddsre we use the pri@ndpeel (PAP)
technique of xurography to fabricate master molds in conjunction with microwave thermal
processing of polydimethylsiloxane (PDMS) to rapidly fabricaB®MS-based
microfluidics. Three types of tape (3M Blue Platinum, P&@l Kapton Tape) and three
types of backing substrates (Soda lime glass, Silicon, Ceramic glass) were employed,

enabling fabrication of microfluidic devices from design to device initds ks five
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minutes. Minimum feature widths of ~200 um and feathegghts of ~60 um were
determined. Proedf-concept devices made using these methods were employed for
electrophoretic flow focusing applications. To the best of our knowledge this gproces
represents the most rapid method for fabrication of PDMS micrafhiid date due to
microwave thermal processing, enabling curing of PDMS in as little as 90 seconds. This
work can significantly minimize device fabrication time and the-startost ofabrication
infrastructure, enhancing efficiency and making micrailts accessible to a broader user

base.

5.2 Introduction

Microfluidics are the core of labn-a-chip (LOC) devices. These technologies
handle and process nanoliter to microltenle fluidc volumes in structures with
millimeter to micrometer characteristiength scales, where flow characteristics are
dominated by low Reynolds numbers and high Stokes nunfiberslicrofluidics have
enabled precise fluidic manipulation at the microscale, leading to numerous applications
ranging from clinical poinbf-care diagnostics [180] to automaton devices for
extraterrestrial in situ analysgs81]. Despite the demonstrated power of microfluidic tools
in diverse field4182], a majority of microfluidic technologiesgaire trained personnel
and intensive cleanroonfacilities [183,184] placing resourcéased limitations on

technologydevelopment and adoption.

Traditionally,  microfluidics have been fabricated wusing standard

microelectromechnical systems (MEMS) fabrication processes developed in the silicon
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industry to yield weldefined and reproducible featurd48,183,184 including
photolithography, chemical etching and thin film metallization of glass or silicon
substratesThese multistep fabrication processes typically require expensive equipment,
cleanroom facilities, characterization infrastructure, and days eksvef highly trained
personhours per batch of typically a relatively small number of devices. This limits
adoption of microfluidic technology development due to high stprand operating cost
[183]. Furthermore, glassased and silicebased processes amet conducive to rapid
turnaround times, or to disposable devices (e.g. for medical applications) due to the
associated material and fabricatiorsts$183,184] Due to the need for rappototyping

in both academic and commercial settings, researchers have investigatedsiow
alternatives ta@lass and silicon photolithography, resulting in devices made of polymeric
materials. Polymebased microfluidics can have excellent biocompatybiloptical
transparency, and other chemical and material properties.chetvfabrication methods

for polymeric devices have been developed and include polydimethylsiloxane (PDMS)
micromolding, laser ablatiofil85], hot embossing186], micropowder blasting187],
micromilling [188], and stereolithogphy [189]. Recently, prirdandpeel techniques,
particularly xurography, have been adopted for fabricating microfluidiccdsp 8,190

198}

Xurography, first coined by Bartholomeusz in 2Q@8], is a technique that uses a
cutting plotter to cut thin film polymer materials to directhga&te microfluidic channels,
masks, or molds without requiring cleanroom facilities. Fabrication-bDf @&xd 3D
microfluidics have been demonstrated using this mdtt®,d 99,200] with the best cutting

plotters capable of fabricating features down to 20 [Ir8,200] Xurography is

12¢



significantly faster than photolithography, and the most rapid xurog+aabed
prototyping techniques utilizing pressure sensitive adhesive (RBAirates have enabled
fabrication of functional devices from design on the order of mirj@@3201] However,
device fabrication times for xurograpfmased PDMS micromolding require considerably
more time (1 to 24 h)142,199] Approximately 10% of microfluidic studies reported
employ PDMS as theubstrate Kigure G1, Appendk C) due to ease of fabrication, low
cost, biocompatibility, and excellent optical proper{ie®3], indicating a need for pad

prototyping techniques that yield high quality PDMS devices.

Previously, we presented a wpxnting-based microwawenabled method for rapid
prototyping of PDMS deviced8]. The wax pinting of molds coupled with microwave
PDMS curing produces PDMgased microdevices within an hour and is very fast when
compared to other PDMBased prototypingiethodg199]. This method takes advantage
of an acelerated PDMS curing time attributed to microwave effects and heat generation
within the mass of the polym{8,173] However, wax printing resglin features with low
aspect ratio channels, creating channels with high fluidic resistance. This is
disadvantageous for applications where relatively largemvel fluidic throughput is
needed. Furthermore, due to the use of wax as a patterning agganapdrency films as
the mold substrate, only relatively | ow
order to maintain micromold integrifyd]. Due to these limitations, the full fsmtial of
microwave processing to reduce the fabrication times of PDMS based devices could not be

realized using wayprinted micromolds alone.

Here, we presdran inexpensive and uskrendly ultrarapid prototyping method

for fabrication of PDMS deves using a cutting plotter, stebbeught tape and a consumer
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grade microwave oven in order to circumvent the limitations of wax printing and accelerate
the protdyping process. The cutting plotter is used to fabricate positive relief micromolds
from the sbre-bought tape and microwave processing is utilized to cure the PDMS over
the molds in as little as 90 seconds. We demonstrate the process using three w@iffesent
(3M Blue Platinum, PVC Tape, and Kapton) in combination with three different substrates
(glass, cellulose acetate transparency film, and silicon). We characterize plotter resolution
by measuring resulting feature height and width. Finally, we fateriand test proof of
concept devices for electrokinetic focusing applications demonstratungeddabricated

via this method are of sufficiently high quality to be used in electropherased

applications.

5.3 Materials & Methods

5.3.1 Materials

Sylgard 184silicone (polydimethylsiloxane, PDMS) was purchased from Dow
CorningE ( Mi dl an dnmicMscope slide®were punchaled frdméaFisher
Scientific® (Agawam, MA)Bright fluorescent polystyrene latex spheres (0.2 um and 10
um) were obtained from Mgphere Inc. (Pasadena, CA), Cricut Explord diéing
machine/ cutter plotter (Provo Craft & Melty, Inc. Spanish Fork, Utah) was obtained
from Amazon. Writeon cellulose acetate transparency film was obtained from Staples
(Framingham, MA). Scotch blupl at i num painterés tape (3M,

obtained from a local hardware store (Home Deppton and PVC tape were purchased
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from McMasterCarr (Elmhurst, IL). Labsmith SVM 430 microscope and Labsmith 6000D

high voltage system were obtained fromtksmith (Livermore, CA).

5.3.2 Device Fabrication Process

5.3.2.1 Mold Fabrication

Microdevices were fabricateusing the process shownhkigure5-1. To fabricate
the tapebased mal, the different varieties of tape (3M Blue Platinum, Kapton, and PVC)
were adhered to a backing substrate with the aid of a flat edge, to avoid the entdpment
air bubbles. The backing substrate was comprised of either a cellulose acetate transparency
film (CATF), glass microscope slide, or a silicon wafer. The-tapbacking substrate was
adhered to the Cricut cutting mat and premade CAD designs (AutoCAiR)aut into the
tape layer using the Cricut cutter plotter. Subsequently, theotapabstratevas removed
from the plotter and the excess tape was removed from the desired design by simply peeling

away the excess with the aid of a scalpel.
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Figure 5-117 Schematic of fabrication process

5.3.2.2 PDMS Chip Férication

PDMS at 1:10 w/w ratio of curing agent to prepolymer was previously degassed in
a vacuum chamber as reported previo{8]yand poured over the tape design. PDMS was
subsequently cured in a commercial microwave oven (GE, model JES738WJ, 700 W).
Molds made with a CATF backing were cured for 25 min at power setting level 2 (~140

W). When glass backing was used, molds were cured for 5 min at power setting HI (~700



W). Molds made with a silicon backing were cured for 3 min at power setting HI (~700
W). Molds made with a substrate sandwich were cured for 1.5 min at power setting Hl

(~700 W).

5.3.2.3 Chip Bonding

After the patterned, cured PDMS was removed from the design, wells were cut using
a 2 mm diameter biopsy punch and the PDMS layer was bonded to glass slides to seal
channels and make finished devices. For UVO bonding, the pattebid& anda glass
slide were subjected to arbinute UVO exposure using a UV€eaner system Model No.
42 (Jelight, Irvine, CA). After 5 minutes, the two active surfaces of the glass and patterned
PDMS were pressed together, completing the microfluidiccdeand hermally annealed
for a minimum of 15 minutes at 110 °C in an oven. For plasma bonding, devices were
irreversibly bonded after a 60 second oxygen plasma exposure (Plasma Etch M28gl PE
Plasma Etch Inc, Carson City, NV) of the active surfa¢élseopaterned PDMS and glass
slide. After the treatment, devices were pressed together, left to sit for 1 minute at room

temperature, and could be used immediately thereafter

5.3.3 Spiral Dielectrophoretic Focuser Fabrication

A spiral dielectrophoretic padulate foaser was designed using AutoCAD. The
device is comprised of 5 loops where the inner diameter of the first loop is 4.5 mm. The

device was designed to have channels with a width of 400 um and a spacing between
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consecutive loops of 600 um. Total cmel lengh from inlet, located in the middle of the
spiral, to outlet is 173 mnFluorescent particles (10 um) were utilized for visualizing
particulate focusing within this device. A potential-6000 V was applied from the inlet

to the outlet, as showim Figure G2, Appendk C, using a custorbuilt power supply
yielding an average electric field of ~ 350 V/cm throughout the deVioe-6000 VDC
variable power supplwas built using a DC to high voltage DC module (XP Power, Sutter
Creek,CA), and driven by a thermally compensated 5 V power source. Control input for
the module was driven by a linear potentiometer adjusted by the user and output was
measured by multimet (Fluke Everett, WA). To apply th@000 V potential to the device,

the ground electrode was inserted into the inlet well and the high voltage electrode was
inserted into the bottom outlet well. Videos were captured using Labsmith SVM 430
microscope (Ladmith Livermore, CA) Yideo recordingsre available n t he publ i s

websit§.

5.3.4 Electrophoretic Focuser Fabrication

A symmetric sixchannel electrophoretic focuser device was designed using
AutoCAD. The device is comprised of 7 mm long inlet channeth & 1 mm center
separation. All channels were designed to be 400 pmwidth. Fluorescent 200 nm
polystyrene latex particles were used to visualize the flow focusing with 10 mM borate in
all other channelsA Labsmith HVS448000D high voltage sequencdrapsmith Inc.
Livermore, CA) was used to apply potentials to inlet amteowells as depicted figure

C-3, Appendk C. Potentials were applied to the top three wells with a ground in the desired



outlet well to facilitate flow switching. This design was chosen to enable sheath flow using
the firstthree channels and flow switching using the second set of three channels. Flow
switching was accomplished by grounding the desired well and floating the other outlet
wells. In order to switch flow into respective outlet wells, a high voltage input sigasal w
applied to the common (COM) pin of an OMRON relay, and the normally open (NO) and
normally closed (NC) pins were attached to separate electrodes inserted into each well. The
relaybés solenoid was tr i gvgve oupdtgenegrad loyam r e nt

Agilent arbitrary signal generator with frequency manually adjusted by user

5.4 Results & Discussion

5.4.1 Xurography Characterization

To determine the cutting resolution of the Cricut cutter plotter used in this study,
straight channel molds were cuthiarizontal and vertical orientations from Blue Platinum
tape with channel widths ranging from 100 um to 1 mm in 100 um increments. Each
channel was cut with 1 cm spacing between them and repeated 5 times to account for
deviation caused by positioning dwetcutting surface. Measurements of the channel width
were taken at the top, center, and bottom of each channel. The average of these

measurements for a given nominal channel width are plottégume5-2a, b, and c.
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Figure 5-2 i Characterization of cut straight-channel tape molds and resulting
devices.(a) Nominal channel widths compared with sticker cut channel widths cut on
the horizontal axis of the cutter plotter. (b) Nominal channel widths compared with
sticker cut channel widths cut on the vertical axis of the cutter plotter(c) Comparison

of tape mold height transfer to PDMS for three tape varieties(d) Evaluation of
multilayer Kapton tape molds and height transfer to PDMS. Values for channel width
measurements representhe average of 5 measurements + 1 standard deviation.
Values for height measurements represent the average of 3 measurements + 1
standard deviation.

The Cricut plotter used in this study has two sepgvasitioning mechanisms for
cutting designs: &elt drive to which the cutter head is mounted that provides horizontal
displacement and a roller mechanism that provides vertical displacement of the substrate.

The two positioning mechanisms have differenpakitioning precision, accuracy, and
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resoluton that lead to deviation from the desired design that is dependent upon the
orientation of the cut. A statistically significant difference between the nominal and actual
channel width on the order of 100 um svaeen for the channels cut in the vertical
orientation (C.I. 95%Table G1, Appendk C). Horizontally cut channels were found to
exhibit no statistically significant difference between the nominal and actual elhann
widths (C.I.95%, Table G1, Appendk C). The smallest feature cut in the horizontal
orientation with this cutting plotter was nominally 200 pum using horizontallgnted
channels, in agreement with cut limits observed with other plottersxcusagraphy studies
[201]. Cutting plotters with higher positioning accuracy and precision have been ghown
have minimum feature sizes on the order of 10 um, with the associatedsadn expense

associated with these plott¢igl2,202]

Heights of channels cut from three different tape varieties are shBigune5-2c,
whereheights were measured for 400 ywide nominal mold channel width cut froBm
Blue Platinum tape, Kapton tape and PVC tape and their corresponding PDMS channels.
PVC tape with reported manufacture thickness of 152 um yields channel heights on the
order of 20 um, while Kapton tape with a reported manufactures thickness of 63.5 um
yields channels on the order of 60 um. Channels with aspect ratio (height to width) of 1:6.6
and 1:3.3 were created. The height of channels cut with the cutter plotter is detdrynined
the thickness of the tape used for the mold or by the number of lagplied to the
substrate. Hence channel height and ultimately the aspect ratio of final features can be
easily altered by selecting tapes with desired thicknesses or by stacleng) daya tape
with a specific thickness F{gure 5-2d) a notable advantage of this rapid prototyping

method.
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It is important for fabrication methods to have control aver degree of surface
roughness within channels. Controlled or minimal surface roughness are required in some
applications (i.e. capdiry electrophoresis) and can be attained with the proper choice of
materials. Surface roughness of the PDMS channe&eddrom the molds is directly
dependent upon the surface roughness of the tape material. Images of the 400 um nominal
horizontal chanels of each tape variety and their corresponding PDMS channel casting
are shown irFigure5-3. Tapes with rougher surfaces such as the Blue platinum and PVC
tape tested here produce PDMS channels with correspondingly rough sarfddesnce
a much lower degree of optical transparencghasvn inFigure5-3. In contrast, Kapton
which is a characteristically smooth tape produces PDMS channels with minimal surface
roughness and channels with a high degfemptical transparency. Kapton tape generates

the smoothest side walls as well, as compared to tapes
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Figure 5-3 i Micrographs for print -and-peel xurography method with a mold
nominal channel width of 400 um. (a) 3M Platinum Blue tape mold. (b) PDMS
channel casted on 3M Platinum Blue tape mold. (c) PVC tape mold. (d) PDMS
channel casted on PVC tape mold. (e) Kapton tape mold. (f) PDMS channel casted on
Kapton tape mold. Scale bars are 200 um.
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5.4.2 Rapid micowave curing of PDMS

The longest step in PDMS rapid prototyping methods is typically the time required
to cure PDMS. Previously, we demonstrated that microwave processing of PDMS leads to
accelerated curing times (25 minutég], however microwave processing was limited to
20% microwave power (700 Watt max) due to properties of the mold and substrate
materialg 8]. Thermally sable polymer tapes such as PVC tape (165 °C) and Kapton tape
(700 °C), coupled with a thermally stable backing layer like glass or silicon which can
withstand higher temperatures, enable higher microwave power to be used during curing
thus decreasing dmg time.Table5-1 shows the curing times and temperatures of multiple
PDMS curing methods including those developed within this study. Devices wikide

these methods are shownAppendix C
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Table 5-17 Curing times and surface temperatures of PDMS and substrates using conventional and microwave methods (100%

power at 700Watt)
Top Bottom
Curin Temperature PDMS Substrate Sandwich Sandwich
Methods Substrate ring peral Surface Surface Substrate Substrate Ref.
Time (Set Point)
Temperature | Temperature Surface Surface
Temperature | Temperature
No Heat
Treatment B 48h 25 ¢ B B B B [203]
Conventional
Oven -- 2h 65 ecC -- -- -- -- [110]
Wax PTF 25 min -- 70 eC -- - -- [8]
CATF 25 min -- 70 eC 70 e( -- -- *
Borosilicate 5 min B 80 °C 71 °C B B .
) Glass
Microwave Silicon
3 min -- 86 °C 132 °C -- 114 °C *
Wafer
Ceramic 3 min - 92 °C 204 °C 115 °C - *
Glass
Substrate . o .
Sandwich 1.5 min 88 °C - -- --

* New to this work

13¢




While microwaveradiation absorbance by PDMS dominates the curing process,
there is contribution from thermal conduction when the backing substrate exhibits heating
due to high microwave absorptivif@3]. The two substrates tested that exhibit higher
microwave absorbance are silicon and ceramic glass and enabled shorter PDMS curing
times (3 mirfor each)eachng higher temperatures (132 °C and 204 °C respectively) than
soda lime glassvhich enabled PDMS curing in 5 mireaching 7TC. Interestingly, even
though the ceramic glass exhibits a higher surface temperature, curing time is not
significantly decreaskcompared to the silicon wafer. The PDMS cures from the substrate
surface up resulting in a diminished rate of conduetiased curing with time due to the
diminishing thermal gradient thus, the last one minute of curing is dominatedeay di
interaction of microwaves with PDMS rather than by convection from the substrate.
Consistent with this observation, PDMS curing time can be reduced by increasing
thermally-conductive contact with microwave absorbing substrates, for example, by
sandwiding the PDMS bisveen two substrates as depicted-igure G4, Appendk C.

PDMS cured in 1.5 minutes using this method, whether sandwiching the PDMS mold
between two $icon wafers or between a silicon wafer and a ceramic glass panel. This is

thefastest curing time reported for PDMS in literature

5.4.3 Spiral Dielectrophoretic Focuser

As prootof-concept of this fabrication method, a spdiglectrophoretic focuser was
fabricated Figure5-4). The tape mold of the spiral tketrophoretic focuser cut on a CATF

backing is photographed fhigure 5-4a, and b shows a photograph of the final PDMS



device. The device was designed to have channels with a width of 400 um and spacing
between consecutive loopsGD0 um. Dimensionsef the channels of the final device were
measured to have an average width of 492 £ 17 um and the spacing between consecutive
loops of 534 + 19 um. Theldop design was chosen to allow the 10 um particles to spend
more time translatg through the nomniform electric field, which enhances the focusing

in relatively large channel widthi204]. Furthermorel0 mM borate buffer was utilized to
enhance the focusing effect since it was reported that higher buffer concentration enhances
focusing[204], but buffer concentrations greater than 10 mM were avoided to minimize
the impact of Joule heating which causes problematic generation of bubbles within the
channelThe surfactant TWEEN 20 wasdetl to the borate Bdion at a 1% concentration

to negate partickparticle and particle channel surface interactions. The extended length of
the channel was chosen to account for the breakdown distance required for the 6000 V
potential estimated to achie focusing in the &vice.The continuously curving path of the

spiral causes the particles to experience auroform electric field with a region of high
electric field at the inner wall of the channel and low electric field at the outef204ll
Translation of particles through these electric fields is governed by the differential
polarizability of tke particles and thbackground solutiof204i 207]. The polystyrene

latex particles are less polarizable than the borate budfersing them to exgience
negative dielectrophoretic force and thus migrate towards the region of lower electric field

at the outer wall of the channel.
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Figure 5-4 1 Spiral dielectophoretic focuser image®f A) the tapedesign cut by the
sticker printer on a CATF and B) the final PDMS device filled with 5mM methylene
blue.



Focusing of the 10 um particles was observed as depictedyume 5-5. Particles
initially entered the dege from the inlet well with a random distribution across the channel
(Figure5-5a). However, upon travel through eachcassive loop, particles began to align
by loop 2 Figure5-5¢) and by loop 3 transkataway from the inner wall of the channel
towards the outer wallF{gure 5-5D). After travelling into the 5th loop of the spiral,
particles focus into a single linear region following the contour of the outer wall as
observed inFigure 5-5f. Videos of particle movement in thé!139 and %' loops are

availabler n t he publ.i sherdés website

Figure 5-57 Images of particle motion in a spiral dielectrophoretidocuser in(a) inlet
well and entrance to the channel(b) first loop, (c) second loop,(d) third loop, (e)
fourth loop, and (f) fifth loop.

5.4.4 Electrophoretic Focuser

As a further proofof-concept, a muHir electrophoretic flow focuser was fabricated.
A photograph of the tape mold of the electrophoretic focuser cut on a CATF backing is

shown inFigure5-6a, andFigure5-6b shows the final PDMS device. The symmetrc 6
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inlet device was designed to have chamndths of 400 um and the average channel width

of the final device in the horizontal direction was meeduo be 495 + 32 um and 552 +

46 um in the vertical direction. The symmetriinet design was chosen to enable sheath
flow using the first three mnnels and flow switching using the second set of three
channels. Electrophoretic force is used to magthe 200 nm polystyrene latex particles
from the sample inlet towards a chosen outlet channel. The polymerization process of
polystyrene nanosphereauses them to exhibit a slight negative surface charge in solution,
enabling electromigration of polysgme nanoparticles using electrophoretic fqa&s8].

When the particlemigrate out of the sample channel and into the first intersection, they
are pinched by the electric fiepplied to the sheath wells. This causes the trajectory of

the particles to deflect into a narrower flow profile.

Figure 5-6 i Electrophoretic focuser images ofa) the tape design cut by the sticker
printer on a CATF and (b) the final PDMS device filled with 5mM methylene blue
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Flow focusing of the nanospheres, as showhkigure5-7, is dependent upon the
ratio ofthe potential applied to the sheath wells versus the potential applied to the sample
well, where higher ratios yield narrower sample flow profif&#l-frames from videos of
each flow focusing condition are shownFigure5-7 and videos of flow focusingre
availablei n t he publ.iPadntals Wese appied a9 derotedTable C3,
Appendk Cto generate the flow focusing conditions depicteBligure5-7. At a 1:1 ratio,
i.e.-200 V applied to sheath inlets ah@00 V applied to theasnple inlet, a less focused
(145 + 4 pm wide) sample stream is obtained at that spans approximatehirdr(@/3%)
of the channel. When a largér3:1 ratio, i.e-260 V applied to sheath inlets afgDO V
applied to the sampllet, the sample streaimmuch more focused (19 + 4 um wide) and
spans approximately one twenty seventh (y2i the channelAt the conditions tested,

it was empirially observed that a ratio higher than 1.3 impedes sample flow

Figure 5-71 Still-frames from videos of electrophoretic flow focusing at two different
sheath flow ratios and flow switching with 200 nm polstyrene latex particles.(a) 1:1

sheath flow/ sample ratio with top output selected(b) 1:1 sheath flow/ sample ratio
with middle output selected selection(c) 1:1 sheath flow/ sample ratio with bottom
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output selected (d) 1.3:1 sheath flow/ sample rat with top output selected (e)1.3:1
sheath flow/ sample ratio with middle output selected(f) 1.3:1 sheath flow/ sample
ratio with bottom output selected. Blue dotted lines are shown to help visualize
channel walls.Color variation is due to image stithiing from video still frames with
different saturation levels automatically compensated for by he video recording
software.

5.5 Conclusion

A novel benckiop method for rapid prototyping of PDM&ased microfluidic chips
using xurography in combination with onowave curing was demonstrated and
characterized. This method significantly reduces time amietaoy costs associated with
microfluidic fabrication, uses inexpensive mtmxic materials, and avoids the use of
cleanroom infrastructure. This method is altapid, producing high quality
electrophoresigrade PDM$bhased devices (from CAD to completécrofluidic device)
in less than 5 minutes. The most rapid PDMS curing was obtained in 90 seconds. This
method represents the fastest fabrication process faviSPInicrodevices to date.
Electrokinetic focusing devices were demonstrated as a proof of copaaphg the utility
of this fabrication method for applications with stringent quality requirements like
electrophoresis. Consumable cost of this method lisvass $0.66 per device asthartup
cost is as low as ~ $300 (cost break down depictddinte G4 to Table G6, Appendix
C). Ultimately, this method has the potential to rewioinize PDMSbased microflidic
fabrication by yielding inexpensive microfluidic development at unforeseen speeds, firmly
placing microfluidic development capabilities within the reach of researchers, classrooms

and even hobbyists worldwide
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6.1 Abstract

Micro total analysis systems (UTAS) are highly attractive across numerous fields
including science, engineering and medicine due to their portability, low power use and
efficient sample ah reageh consumption. Development of fullynctional microfluidic
devices is based on iterative design and testing of multiple prototype microdevices, and the
use of hazardous conventional microfabrication methods makes this iterative process
resourcentensive and prohibitive for many users worldwide. Rapid prototyping
techniques can alleviate these issues, enabling accelerated development of microfluidic
structures at reduced costs, making this technology available to a broader user base, from
classroors to regarchers in laboratories with limited resources. Here, we present a Green,
Low-cost, Useifriendly and Elastomeric (GLUE) rapigrototyping method to fabricate
custom master molds for polydimethylsiloxane (PDMS) based microfluidic devices, using

anapplicaion of watersoluble poly(vinyl) acetate (PVAc) glue. The smallest features of
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the molds are on the order of 80 um wide, with tunable height control from 10 to 60 pm.
This method is capable of fabricating thidimensional features. As a preaffconcept,
several microfluidic devices ranging from a droplet generator to a lifting gate pneumatic
microfluidic processor were fabricated to demonstrate the versatility and applicability of
our method. To the best of our knowledge, this is the first famitbtygng process that

can be used either as a PsamidPeel method or as a scaffolding technigue using the same
process and patterning material. The simplicity and inexpensive nature of this application
of PVAc glue can significantly improve the devefoent ofintegrated uTAS devices,
while also making microfluidics greener and accessible to researchers with limited

resources and little to no experience in the field

6.2 Introduction

The automation of all steps during chemical analysissampling, sample trapert,
sample pretreatment, separation and detection) in a single compact device has been
envisioned since the 1990s, when Manal. first introduced the concept of miniaturized
total analytical systems (UTAS)L]. The development of these tab-a-chip (LOC)
systems was boosted by the advancement of the microfluidics [figldeading to
applications ranging from genetic analyj@89] to field-deployable autonomous systems
for in situ analysi$5,210] The widespread use of microfluidic tools across multiple fields,
however, has not yet become a redltiydue to the resoureatensive facilities required

to develop this technolod9].
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Conventional  microfluidic ~ fabrication  processes rely on standard
microelectomechanical systems (MEMS) fabriicen techniques [10] including
photolithography, micromachining and chemical etcHib@]; and on substrates of the
silicon industry such as glass and oxidized silicon (SYHi®9]. These timeonsuming
multistep procedures require highlyained personnel, specialized equipment and
expensive cleanroom facilities, increasing the costs of microfluidic technology

developmeni8,9].

A diverse selection of techniques wereeated to circumvent some of the
characteristic issues of conventional manufacturing procgkels with emphasis on the
softlithography method created by the Whitesides Group in the late 1929DsThis
method, in conjunction with the broad adoption of polymers such as polydimethylsiloxane
(PDMS) [9], enabled the full development of microdevices within 24[14,75],
considerably improving the fabrication turnaround times of microfluidic structures.
However, the downside of these methods is the reliance on fabrication of master molds
based on the carcinogenic 8 plotoresisf14], which requires cleanroom facilities and
trained personnel to perform lithographic and -etehing processed51,212] These
processes are inefficient, still incompatiblewihe iterative process that is maftuidic

device developmeifi8,164]and do not comply with thprinciples of green chemisti§8].

Rapidprototyping methods to fabricate master molds for PDMS microfluidics have
been created as alternatives to expensive photolithograpk& Btld productiof151],
enabling the development of PTAS at faster rates, reduced [Bpstand lower
environmental impact. PrirandPeel (PAP) techniques such as wvpaiating [8,17],

xurography[9,18] andlaserprinting [16] are the most straightforward mold fabrication
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methods, due to the direct deposition of the patterning agent on thetsutostireate the
positive relief mold8,151] Scaffoldremoval mold fakication method§l31,132] on the
other hand, are mulstep procedures, whet¢a sacrificial mold is generate®)) polymer

is cured over the mold arf) the mold is dissolved by the use of an appropriate solvent
system. These strategies do not require expensive cleanrooms to fabrickti@pand

can be used by people with little to no experience in microfluidics, which is ideal for

exploratory studies.

One of the first reported scaffetémoval fabrication processpsoduced of PDMS
based devices using 3inted acrylonitrile butadiene styrene (ABS) as the sacrificial
material with acetone as the scaffomoval solvenf132]. However, this approach has
limitations, including:1) the use of an organic solvent to remove the scaffold generates
chemical waste2) the time required to dissolve the ABS mold in acetone (12 h) is quite
long and prohibits truly rapid prototyping) the chemical incompatibility of PDMS and
acetone causes swelling of the PDMS]J; and4) the need for a high resolutiorCBprinter

may require a high initial investment.

To address some of these issues, Dahlbewry. [131] developed a method to 3D
print watersoluble poly(vinyl) alcohol (PVA) as the sacrificimaterial. The use of PVA
eliminates the requirement for organic solvents to remove the scaffold material from the
PDMS matrix, while reducing the time required remove the sacrificial materials
embedded in the devices (from 12 h to 2.1B)l]. However, this method still requires a
high resolution & printer, which increases the startup and operating costs of the process
[9]. It is al© worth mentioning that special care must be taken with the PVA printing

filament, which mst be drystored due to environmental water uptake, impacting the final
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dimensions of the printed mold31]. These limitations demonstrate the nded an

improved watessoluble patterning technique.

The use of white glue as the material imicrofluidic scaffolds and molds is
attractive owing to intrinsic characteristics, including {omst ($28 / gallon) and nen
toxicity [213], which cortrast greatly with toxic photoresists used in resoumtensive
cleanroom environmenf$4]. The watersolubility of white glue also avoidke generation
of organic solvent wasf@13], in compliancewith the principles of green chemis{§8].
These desirable propesief glue are due to its composition, reported elsewhere as a

poly(vinyl acetate) (PVAc) emulsid213].

Here, we present a Green, Laast, Useffriendly and Elastomeric (GLUE) rapid
prototyping method to fabricate master molds for PBb4Sed microfluidic devices, using
watersoluble nortoxic white glue as the patining material. The uniqueness of our
method stems from several key innovations, spedifich) the first direct use of a water
soluble PVAc emulsion, which does not require a UV exposure step to generate molds
[139]; 2) it does not require a 3printer to fabricate molddl31,132] 3) it is, to the best
of our knowledge, the first tested ragdbtotyping technique thaan be used either as a
PrintandPeel method or as a scaffoldipgpcess, using the same patterning material and
fabrication process4) it has the ability to create muhieight molds in a single step,
avoiding the use ahultiple masks and timeonsuning mask alignment steps, which are
required in conventional lithographic procesgdst]; 5) it is compatible with microwave
thermal processing of PDM{B,9], unlike molds fabricated using conventional soft
lithography[14]; and6) the inherent lowcost of materials, companzely green reagents,

and equipment used in our innovative method, which provides microfluidic access to
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researchers across the globe.tA#se characteristics make this method the only one of its

kind.

In this paper, we characterize the unique aspdasiroprocess and demonstrate its
capabilities by fabricating PDMBased microfluidic devices. These devices include
diverse designs and plations, such as a-t¥hannel device, a droplet generator, a
pneumatic pump and a microfluidic processor. The pattg agent was characterized
using FTIR and ESMS. Two different methods, spitoating and bladeoating
techniques were demonstrated fbrication of glue thin films with variable heights and
these films were characterized using laser confocal migpgsSubsequently, laser cutter
resolution was characterized by measuring height and width of cut glue molds, and the
utility of the rastefunction of the laser cutter was explored to fabricate anglight glue
molds in a single step. Mold reusability svavaluated by examining mold height and
surface roughness. Finally, the use of glue films as molds and scaffolding materials were
evaluatd via fabrication of functional microfluidic devices, demonstrating the simplicity

and utility of the GLUE method.

6.3 Materials & Methods

6.3.1 Reagents

Isopropy! alcohol and AlconéxPowder Detergent were purchased from VWR

(Solon, OH); SYLGARD 184 silicone wasigchased from Dow CorniffgMidland, MI).

CorningE plain microscope sl i dé&gqAgawanr,e pur
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MA). Food coloring dyes (McCormi€}, watersoluble glue (Elmers Gl{¢ and soybean
oil (Criscd®) were purchased from a local grocastpre. PVC tape was purchased from

McMasterCarr (EImhurst, IL). All reagents were used as received.

6.3.2 Mold Fabricaion

6.3.2.1 Spin Coating

The watersoluble glue was deposited on a previously cleaned plain surface that
was wetted using isopropaneither a glass slide or a cured PDMS flat skagure6-1a).
The glue was spun on the substrate usisgia coater Figure 6-1b) with speeds varying
from 900 rpm to 2400 rpm, in 300 rpm increments. After being deposited on the plain
substrate, the wateaoluble glue was cured in an oven for 10 min a&t@(Figure6-1c) to
form a thin film. For taller mold fabrication, the glue was deposited on the substrate, spun

and cured before an additional layer was applied to the substrate
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Figure 6-1 7 Step-by-step fabrication of PDMS-based microfluidic devices using
water-soluble glue scaffolding: (a) wateisoluble glue deposition on a flat substrate
with isopropanol wetting the substrate surface, (b) spiroating of the substrate with
water-soluble glue, (c) curingglue in an oven, (d) pattern cutting using a laser cutter,
(e) degassed PDMS pouring on the mold, (f) PDMS curing in microwave oven, (g)
individual devices cutting and hole punching, (h) glue mid removal and (i) final
functional device

6.3.2.2 LowestCost MoldFabrication Method Blade Coating

Glass slides and PDMS slabs were cleaned with an Al€osobution, rinsed
thoroughly with isopropanol and dried with kitee Texwipes (Kernersville, NC) prior to

use. PVC tape was adhered to the clean substrate wigidtlof a flat edge tooF{gure D
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1a, Appendix D)which avoided tape wrinkles and the entrapment of air bubbles under the
tape[9]. Squares were cut into the tape laffeigure D1b, AppendixD) using a Cricut
Explore dié cutting machine / cutter plotter (Provo Craft & Novelty, Inc. Spanish Fork,
Utah) and removed from the substrate with the aid of a sq&leire D1c, Appendix D)

[9], leaving a tape borde-1 cm wide on the glass slide.

Watersoluble glue was deposited close to the tape @egere D1d, Appendix
D) and was spread on the substrate surface with the aid of a flat edge tool, which was
touching the tape edges but tio¢ substrate (blade coatirigure D1e, Appendix D.The
system was placed in an oven for 10 min at@®o cure the glu@igure D-1f, Appendx
D). Taller molds were created by stacking multiple laydrsape on the glass substrate.
For each additional layer of tape added to the mold, the curing time of the glue on the mold
was increased 5 min to account for the extra glue added (15 mindperd of tape, 20

min for 3 layers of tape)

6.3.2.3 Mold Cutting

If glass slides are used as substrate, a cutter gi@ltgrigure D2, Appendix Q Y
channel andlroplet generator) or laser cutter can be used to cut the molds; however, if
PDMS is the substrate of choice, then theetacutter method is required. Microfluidic
device molds were designed using AutoCABoftware and cut into the previously
prepared gle thin films using a C®laser cutter (Universal VLS 6.60 G@aser cutter,
Figure6-1d). Lasercutter settings were as follows for vector cuts of a single layer glue thin

film: 10% laser power (PWR), 85% laser speed (SPD) and 1000 PPI resolution. For each

15¢



additional glue layeon the mold, the laser power was raised 5% to cut the desired pattern
(2 layers, laser power: 15%; 3 layers, laser power: 20%). The excesssolatele glue of

the thin film was removed from the substrate with the aid of a scalpel, leaving the desired
glue pattern adhered to the substrate. For anglight mold fabrication, # glue on the
substrate was etched using the raster engraving function of the laser cutter. To obtain
variable heights on the glue mold, the laser power was kept at 12.5%, ancbthspéses

was varied from 40% to 70%, in 5% increments

6.3.3 Device Fabricatio

Two distinct methods were utilized to demonstrate versatility of the GLUE method
for fabrication of single or multilayer microfluidic devices: 1) A Aeonding method
which employsero external bonding steps (i.e. ultraviolet ozone (UVO) or plasmasurfa
treatment prior to putting surfaces in contgd@P] during device fabrication and 2) a

bonding method whichreploys plasma cleaning prior to device bonding

6.3.3.1 GLUE NonBonding Method

As a first step, a glue thifim was prepared on a PDMS substrate as described in
the Blade Coating sectiofhen the thin film was laser cut (20% PWR 85% SPD) and the
excess glue lim was removed to reveal the patterned glue mold. A mixture of PDMS
prepdymer and curing agent (10:1 w/w ratio) which was previously degassed under

vacuum[8], was cast on top of glue molffsgure6-1e) which were prepared on the PDMS
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substrate. The PDMS was then cured either in a commercial microwave oven (GE, model
JES738WJ, 700 W) at ~700 W for 5 mixiqure6-1f) [8,9] or in a conventionalanvection

oven for 3 h at 60C [17]. Individual devices were cut from the PDMS and fluidic access
was enabled using biopsy punchégy(ire 6-1g). After exposng the wateisoluble glue

inside the channels, the device was sonicated in a ultrasonic water bath (FALC LABSONIC
LBS 1- H3, Italy) with a warm Alcono% solution (60°C) for an amount of time dependent

on the device desigio remove the glue scaffold frothe PDMS channel$-igure6-1h).
Channels were flushed with DI water prior to use. If the glue pattern is deposited on a
PDMS substrate, then no further processingeguired, and the device isaay for use

(Figure6-1i).

6.3.3.2 GLUE Bonding Method

As a first step, a glue thin film was prepared on a glass substrate as desdtiked in
Blade Coating sectioMhen the thin film was either laser etched (20% PWR 85% SPD) or
cut witha cutter plotter, and the excess glue film was removed to reveal tempdtglue
mold. A mixture of PDMS prepolymer and curing agent (10:1 w/w ratio) that was
previously degassed under vacuj@hwas cast on top of glue molds as depicteigure
6-1le. PDMS was cured as describedtie GLUE Nonbonding Method secti@amd then
the PDMS membrane containing the pattern was peeled off the mold, and fluidic access
was enabled ursg biopsy punches as depictedRigure 6-1g. The patterned layer was

subsequently washed with water and IPA, dried, and bonded to glass or PDMS using either
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UVO or plesma bonding8,9,68] Glue molds created on glass substrates usirgptiging

method can be reused.

6.3.3.3 Proofof-Concept Devices Fabrication

To demonstrate the versatility and applicability of the GLUE method, diverse
proof-of-concept devices were designed and fabritatuch devices comprise a Y
channel laminar flow devidg-igure D-2a, Appendix D) a droplet generatgFigure D-2b,
Appendix D) a pneumat pump [119] (Figure D3, protocol in Appendix D)and a

microfluidic processofFigure D5, Appendix D)

6.4 Reallts & Discussion

6.4.1 Glue Characterization

The exact composition of El mer 6s whit e
manuf act ur £15p bowewes, lsectroneetric and spectral analyBiSIMS,
Figure D14, Table D1 and ATRFTIR, Figure D15, Appendix D suggestshat this
material is primarily composed of poly(vinyl acetate) and poly(vinyl alcohol). Poly(vinyl
alcohol) (PVA) acts as a surfactant for poly(vinyl acetate) (PVAc) emulsions and is
incorporated in the PVAcilin [216]. This PVA incorporation is likely wdit confers
solubility in water to the cured PVAc film because PVAc by itself is insoluble in water

[217]. While both PVA and PVAc have been used separately as materials for molds in
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microfluidic application§131,139] only PVA has been used as a scaffold mattial ],
and PVAc has not been used as either a scaffolding material or-amdipéel substrate.

The use of the emulsion of the two (white glue) is new to this work

6.4.2 Mold Characterization

6.4.2.1 Mold Cutting

Glue molds spun at different speeds were cut into csoastd channel widths
ranging from 100 pum to 1000 um, in 100 um increments. These glue patterns were
characterized using an OlymJusEXT OLS4000 laser confocal microscoggure6-2),
to determinei) the vertical Figure6-3a) and horizontal Kigure 6-3b) cutting resolution
of the laser cutter, anij the height of the glue molds at different spin speEigife6-3c).

The laser confocal microscope was also used to characterize glue molds that received
multiple glue depositions (each layer of glue was spun at 2100 rpm) as well as to
characterize PDMS channels generated from cast of these (tallds molds, Figure

6-3d).



Figure 6-2 17 Confocal micrographs of glue molds on PDMS cut into crosses with a
laser cutter. Channelwidth designed to (a) 2000 pm, (b) 900 um, (c) 8Qum, (d) 700
pum, (e) 600 um, (f) 500 pm, (g) 400 um, (h) 300 um, and (i) 200 um. The micrograph
of the cross with 100 pm channel width is depicted iRigure D-16, Appendix D.
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Figure 6-317 Characterization of glue molds. Designed channel widths correlated with
cut channel widths in (a) vertical cut orientation and (b)horizontal cut orientation.

(c) Film thickness of glue molds spun on glass substrates at different speeds in the
spin coater. (d) Film thickness for multiple glue applications on a glass substrate (all
applications were performed at 2100 rpm) and height tnsfer to PDMS. The values

in all plots represent the average of 3 measurements + 1 standard deviation.

The measum width of the laser cut molds correlates linearly with the designed
width for both vertical Figure6-3a, r2=0.999) and horizontaF{gure 6-3b, r2=0.996) cut
orientations. There is not enough evidenceuggest a statisally significant difference

between the vertical and horizontal cut orientatiartest, confidence interval (C.1.) 95%,
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Table D2, Appendix D; there is, however, a statistically significant difference between
themeasured and nominal widths on the order of 100 um (C.l. $a%e D3, Appendix

D). The smallest feature cut tested had a nominal width of 10F-jguré D16, Appendix

D), generatinga channel width of 24 £ 9 um in the horizontal orientation (vertical belt
mechanism of the laser cutter), but as the nominal width was close to the laser cutter offset,
it did not cut channels in the vertical orientation (horizontal belt meshmof the &ser

cutter), ablating the glue off the substrate in that orientakaufe D16, Appendix D.
Therefore, the devices designed for testing had minimwanred designs at least 200 um

wide.

The cutter plotter used in this work wakaracterized in a previous wof8],
reaching minimum features of 300 um wide. The cutter plotter method can only be used to
cut designs on glue molds when glass exuss the backing substrate. When PDMS is used
as the backing material, tibade of the cutter cuts through the glue thin film and reaches
the PDMS under it. The flexible nature of PDMS allows the blade to drag the glue film
from its original position andetach it from the substrate, precluding correct mold cutting.
The laser ctier method does not present this issue and can be used in conjunction with

either glass or PDMS backing substrates

6.4.2.2 Spin Coating

The first method investigated to create glhim films on substrate surfaces was
spin coating. The thickness of glue filmariees with the square root of the rotational speed

of the spin coater chucEQuation8), reaching a plateau for values over 2100 rpigure

16C



6-3c). Spin speeds below 900 rpm were not capable ebsiimg the glue on the substrates

(glass and PDMS) for thtested conditions, and therefore were not studied. There is a film
thickness difference ~5 pum between the center and the edges of the gliagilre6-3c),

owing totherelatively high viscosity of this material (2850 + 50 dRple D4, Appendix

D), which impacts the spin coating proc¢2%8]. The wettality of the substrate also

affects the spin coating procd249] and, herefore, the thickness of the film spun on it.

Glue films spun on glass are ~7 um thicker than glue films spun on PBid&¢ D17,

Appendix D for the same gerimental conditions owing to the lower watgass contact

a n g lwaeglads=d2(), in comparison with the watet DMS c o nt awgetroms&an gl e (

109) [220].

The height of glue molds, and therefore the depth of the PDMS channels cast on
them Eigure 6-3d, Table D-5, Appendix D, also changes with the number of glue

applications spn on the substrat&igure6-3d), showing the versatility of this method

6.4.2.3 LowestCost Method

To entance simplicity and reduce cost of glue fifabrication, a blade coating
method was employed as describethim Blade Coating secti@nd characterized. In this
method, the thickness of glue films is directly related to the number of layers of tape
adheed to substrate to create the tape bordee. tape border defines the thickness and
size of the final glue membran€&igure D18a, Appendix D), because it creates the
reservoir that is filled with glue. For eadyer of tape addkto the substrate, the height of

the glue membrane increases 18.4 + 0.8 Higufe D19, Appendix D, but the films did
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not present a change in theafage roughnesd-{gure D18b, Appendix D. There is no
statistically significant difference between the surfemeghness of glue molds fabricated
using multiple layer®f tape using the blade coating method and glue molds fabricated
using multiple depositions of glue using the spin coating method (ANOVA,96%,
Table D6, Appendix D. Notably, the thickness of glue films made using the blade coating
method does not depend on the substrate #sgdré D20 andTable D7, Appendix D,

which is an advantage over the spin coating method.

As an alernative approach, we tested an inverse xurography mghad which
the desired design was cut into the tape on glass and refnovethe mold, leaving a tape
stencil on the glass substratggure D21c, Appendix D) Glue was applied to the mold
(Figure D21d, Appendix D) spread on the glass slide with the aid ofaa édge tool
(Figure D21e, Appendix D) and it was cured in an oven for 10 min att6QFigure D
21f, Appendix D) After curing,the tape was carefully removed from the glass substrate
(Figure D21g, Appendix D) leaving the glue pattern on the glass sligigure D21h,
Appendix D) This approach, however, does not generate homogeneous molds, owing to:
1) air entrapment in the glue film at the tape edgégure D22b,d,f, Appendix Dand?2)
bulging of the glue molds, the latter becoming more pronounced for taller (raddse
D-22c,e,Appendix D) Because of our findings, the inverse xurography method was not

further explored
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6.4.2.4 Multi-Height Molds

To assess the amenability of our method to fabrication of +neitjht molds, the
raster engraving function of the laser cutter exgslored.The raster engraving function of
the laser cutter machine enables the fabricatigiue molds with variable heightBigure
6-4a), to be fabricated from aniform thin film in a single step. However, there is a tradeoff
between the fabrication of muhieight molds and the surface roughness of the mold: the
useof the raster engraving function increases the surface roughness of the glue films, as
guantified ly the rootmeansquare (RMS) of laser confocal profilésqure6-4b). Surface
roughness is on the order of approximatelp Bicrans for rasteetched regions as
compaed to the 2micron surface roughness observed for the innate film. For 40% SPD,
at 12.5% PWR, the glue is completely ablated from the substrate, which explains the lower
surface roughness than the native glue film. faster SPDs (45% to 70%), there B n
statistical difference between the surface roughness of the films etched by th&dhker (
D-8, Appendix D. The ablated surfaces presented an increased surfadeessgvhen

compared withthe native glue filmKigure6-4b, Table D9, AppendixD).
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Figure 6-4 17 Characterization of glue mold thickness after raster engraving. (a) Glue
mold etchedthickness as a function of laser speed. For each 10% decrease in laser
speed the glue mold igtched ~16 um further, accordingly to the best fit regression.
The red line represents the linear regression of the data, and the dashed line
represents the filmthickness before etching. (b) Glue film surface roughness in terms
of root-meansquare of lase confocal profiles. The values in all plots represent the
average of 3 measurements * 1 standard deviation. Glue molds were prepared using
3 layers of tape. Lasr cutter settings were as follows: 12.5% laser power and 1000
PPI resolution, with variable speeds. (c) Laser confocal micrograph of a muHneight
glue channel etched at different laser speeds in different positions. Laser speeds are
showed in the pictue. (d) Surface plot of the multiheight glue channel presented in
(c). Film thicknesses thickerthan 65 um are due to optical aberrations of the laser
measurement
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The fabrication of multheight molds using conventional photolithography would
require segential spins of toxic photoresist on the substrate, baking and exposure steps, as
well as the ge of different masks and tire@nsuming mask alignment stg@¢4]. One of
the biggest advantages of our nmethin comparison with other microfabrication
procedureq9,14,17] is the ability to fabricate multieight channels in a single step
(Figure 6-4c,d), with no alignment required. Furthermore, by tuning the laser settings,
virtually any mold thickness is achievable (betwehe height of theriginal glue film
thickness and the bottom of the substrate), showing the versatility of our method. This is

particularly promising for fabrication of microdevices with three dimensional features

6.4.2.5 Mold Reusability

Despite the lowcost associated with énhfabrication of individual molds ($0.52 /
mold, Table D10, Appendix D, mold reusability was evaluated in terms of mold height
and surface roughness using the iomean-square (RMS) of the laser confocal plex of
the glue moldsKigure6-5). Due to excellent adhesion of the glue to a clean glass substrate,
glue molds can be reusatlleast three times with no deterioration of features (further uses
were not evaluated). There wasagpreciable change in either mold heigfalfle D11,
Appendix D or surface roughnes$dble D12, Appendix D after 3 casts, demonstrating

the robustness of this method
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Figure 6-57 Characterization of glue mold reusability. The laser confocal micrograph
used for each measurement is depicted in the back of each plot. After each
measurement, fresh PDMS was poured over the same mold and cured in a microxga
oven. The average height and surface roughness of the features are: First cast: mold
height = 22 + 2 um, mold rms = 1.9 £ 0.2 um; PDMS channel depth = 21.2 £ 0.7 pm,
PDMS rms = 2.22 + 0.04 um. Second cast: mold height = 21.4 £ 0.7 um, mold rms =
1.84 £0.04 pm; PDMS channel depth =21 £ 2 pm, PDMS rms = 2.47 £ 0.04 um. Third
cast: mold height = 21 £ 2 um, mold rms = 2.0 £ 0.2 um; PDMS channel depth = 20
1 um, PDMS rms = 2.2 + 0.1 um. The values represent the average of 3 measurements
+ 1 standard devidion.
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6.4.2.6 Channel Cleaning

When the glue film is deposited on PDMS to act as a scaffold for the channels, it is
necessary to remove the glue enclosed into the channels after casting PDMS on them.
Earlier work that utilized PVAonly scaffolding found that sication with water alone
required an extended time (150 min) to completely remove PVA in a typical device (height:
160 pm; width: 700 um; length: 20 mni}31]. To circumvent this issue, we combined
sonication with the use of a warm (80) Alconox solution (anionic surfactant) which aids
in solubilization of PVAc and PVA221], the majority components of the glue utilized
here, to remove the glue scaffold from PDMS channels. This strategy enabled cleaning of
PDMS channels with relatively high fluidic resiate (height: 51 + 9 um; width: 439 + 9
pum; length: 10 mm) within 30 min, showing the efficiency of our approach. An increase
in temperature did not provide better results: when the temperature was sé€Ctats®
PVA in the film started decomposing, leeang insoluble in watej221] and clogging the

channel.

The cleaning time of scaffolded microdevices dependslpthe design of the
device, with lower times for devices with lower fluidic resistance; 2yifithe channels
are open in both ends (fluidic access to bolét{s) and outlet(s)) or if the device contains
only an inlet, without outlets, in which case the required time to clean the channels

increases.

The biggest advantage of scaffolding methods is the elimination of the PDMS
substrate bonding stefl4]. Scaffolding allows for the fabrication of microfluidic

structures with larger blueprints, which would require large plasma cleaners that may not



bereadily available; moreover, it also makes microfluidics more affordable for researchers

without access to the conventional infrastructure required for microfabrication

6.4.2.7 Scaffolding: PDMSPDMS Devices

An essential component of multilayer soft lithography7] is the integration and
bonding of multiple layers of elastom{@27]. The most common approach is oxidation of
PDMS surfaces with oxygen plasnial7,127] which are irreversibly bonded upon
contact, leading to the obvious disadvantage of little room for error and thus misalignment
[127]. Anot her commenatgtor abtoengdyi nig®d, 6 a fnf whi c h
partially cured beforednding via a second thermal treatment to fully cines polymer
[83,127] The biggest drawback of eféitio method is that it requires the layers use
different prepolymer to curing agent ratios, leading to different mechanicabitzl
properties of the individual layefd27]. Our method avoids thissues of both these
methods, as it avoids the udeosygen plasma and uses the wedtablished 10:1 ratio for

all individual layers.

When making PDMSDMS devices using glue scaffolding, the laser cutter can
ablate some of the PDMS substraigg(re 6-6a), as well as creating llays around the
mold (Figure 6-6b). Pouring fresh PDI8 on these molds fills these indentatioRy(re

6-6¢), creating a perfectly sealed chanrtef(ire6-6d) after curing.

Usingour microchip working pressure testing setbg(re D7, Appendix D, we

tested the maximum working pressure that PDRLBVIS devices fabricated using our
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scaffoldingremoval method could withstand. Devices with a hydrodynamictaesis of

(2 + 1) x10* Pa s it can withstand a working pressure of 170 + 30 kPa at a flow rate of
14.2 mL mint without bursting Figure D23, Table D13, Appendix D). Thatwas the
maximum flow rate setting of our syringe pump. Our results agree with the results
presented by Laét al.[127], and the advantage of our method stems from the fact that
fresh PDMS was poured on a fully cured PDMS slab containing the glue mold, instead of

a partially cured elastomeric membrane Ig{&r7].
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Figure 6-6 7 Glue mold fabricated on a PDMS substrate. (a) Confocal micrograph of
the glue channel cut on PDMS. (b) Laser confocal micrograph of a crosgction of a
channel that was fabricated using the scaffoldingemoval method. (c) Highlighted in
yellow, PDMS ablated during the mold citing process. (d) Interfacial zone between
the PDMS slab containing the glue mold and the PDMS that was cured over the mold.
The interface is marked with a red dotted line to ease visualization. (e) Profile of the
glue mold. The red arrows indicate the inlentation on the PDMS generated during
the lase cutting process
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6.4.3 Proofof-Concept Devices

To demonstrate the capability of this innovative use of white glue material in this
method, we fabricated and tested microfluidic devices to perform common uratiopg
on chip, including a Ychannel laminaflow generator, a Hroplet generator, and even
more complex multilayer structures, such agaBe normally open pneumatic pump and

a 2x2 pneumatic lifting gate microfluidic processor

6.4.3.1 Y-Channel Laminar Flw Generator

One of the characteristics of solutions in microchannels is laminar flow, which
occurs at low Reynolds numbd@j, enables solutions to be combined with diffusional
rather than turbulent mixing, and leads to many of the unique pa#ericrofluidicg11].

The most basic laminardiv generator combines 2 streams of solutions into a single stream
using a ¥channel configuration, representing the simplest approacbderve laminar
flow in a microdevice. Using ¥hannel microchips, we compared PDiglass devices
fabricated using a cwentional SU8 mold with devices fabricated using our innovative
GLUE method by observing their ability to generate laminar fleigure6-7aandin video
recordingsavailablei n t he p u b l).iTeemwld ans miesrealevedased @ this

experiment are depicted iigure D2a and c, Appendix D
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It was possible to observe the interfacial region between water and black dye
solution infused in both the S8 and glue devices, which demonstrates the lafck
turbulentflow. Higher water flow rates displace the interfacial region from the middle of
the microchannel towards wall of the microchannel. The color difference of the dye
solutions in SUB and glue devices is due to the different channel height8(®0ld: 70
pm tall, 500 pm wide; Glue mold: 17.7 £ 0.4 um tall, 415 £ 3 um wide), which changes

the optical density8].
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Figure 6-7 1 Proof-of-concept microfluidic devices. (a) Ychannel laminar flow
generator. On the left, a PDMS device cast on a S8 mold. On the right, a PDMS
device cast on a glue mold. The devices fabricated by both methods exhibit iaar
flow, evidenced by the lack of miing at the interfacial region. Depicted in the figure
are the flow rates of the solutions infused in each inlet using syringe pumps. Solid
numbers represent the flow rate of a black dye solution, and outlined numbers
represent the flow rate of DI water. p) T-droplet generator. On the top left, a black
dye solution in DI water pumped with a rate of 22 pL mint. On the bottom left,
soybean oil pumped with a rate of 25 pL mirt. Red lines are a visual aid to show
channelwall positions.
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