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Here, we describe a novel method for fabrication of microfluidic structures in
classroom environments. This method is based on replica moulding of pasta structures
in polydimethylsiloxane. Placing pasta structures on a petroleum jelly base layer
enables templating round-shaped structures with controllable cross-sectional profiles.
The pasta structures can be easily deformed and combined to create more complex
3D microfluidic structures. Proof-of-concept experiments indicate the capability of
this method for studying the mixing of neighbouring flows, generation of droplets,
lateral migration of particles, as well as culturing, shear stress stimulation, and imag-
ing of cells. Our “do-it-in-classroom” method bridges the gap between the classroom
and the laboratory. Published by AIP Publishing. https://doi.org/10.1063/1.5042684

INTRODUCTION

Microfluidics involves the manipulation of fluids in microscale structures. It offers portable,
disposable, and inexpensive lab-on-a-chip devices for various biomedical applications such as
point-of-care diagnostics,' immunoassays,>> drug delivery,® and various cellular studies.” The
last decade has experienced a consistent increase in companies and commercially available
products taking advantage of microfluidic technologies.® Further advancement of microfluidics
technologies relies on training skilled students and researchers at universities. This requires the
effective inclusion of hands-on activities, laboratories, and mini-projects in the current lecture-
based courses to provide students with both theoretical and practical skills required to develop
microfluidic systems. More importantly, the multi-disciplinary nature of microfluidics requires
these courses to be suitable for students with various engineering, science, and biomedical
backgrounds. Given the development of a microfluidic device involves design, fabrication, and
characterisation steps, the success of such an interactive microfluidic course depends on the suc-
cessful inclusion of the “fabrication step” in the curriculum of the course.

There are four commonly used fabrication techniques in microfluidics: photolithography,
injection moulding, laser cutting, and 3D printing. Photolithography involves creating a master
for templating micro/nano scale structures’ and is suitable for parallel fabrication of 2D struc-
tures.® It can also be used for the fabrication of 3D structures, although tedious alignment pro-
cesses might be required.” Importantly, photolithography requires multi-million-dollar clean-
room facilities and microfabrication expertise.” Injection moulding, on the other hand, involves
injecting molten thermoplastic granules into a pre-made mould.'®"'* It enables mass production
of microstructures with minimal labour to realise 3D multilayer or high aspect ratio structures.'’
Laser cutting involves the removal of a material via a high temperature laser beam (e.g., CO,
laser) to directly fabricate microfluidic chips in a one-step process.'*' It is suitable for rapid
prototyping, although the laser can cause undesired rough surfaces.'* 3D printing involves mak-
ing layers of a material to fabricate the desired structure.'®'” It facilitates the fabrication of 3D
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1820 thus it is suitable for

structures with complex geometries in a relatively quick process,
rapid prototyping using a wide variety of materials.?'*

The majority of universities do not have microfabrication facilities. Even when universities
have such facilities (for example, here at RMIT University, we have access to photolithography,
laser cutting, and 3D printing technologies), the amount of time and resources required for train-
ing students within a 12-week period can still limit the effective inclusion of fabrication into the
microfluidics course. Hence, the adoption of “do-it-in-classroom” fabrication approaches can
potentially benefit the running of such interactive microfluidic courses. These approaches should
enable the fabrication of microfluidic structures: (i) in the classroom environment without the
need for microfabrication facilities and (ii) without necessarily having background knowledge in
CAD software to ensure that non-engineering students can benefit from them.

A close look at the literature shows the variety of techniques introduced for the fabrication
of microfluidic structures without the use of conventional microfabrication techniques. This
includes templating of micro-scale structures such as optical fibres,” liquid metal,***’" metal
wires,”®?° and nylon threads®® in polymers such as polydimethylsiloxane (PDMS), and the
subsequent removal of such structures either manually, chemically, or thermally following the
curing of the polymer. Inspired by these techniques, we tried other materials that were more
accessible (especially in low socio-economic regions), relatively cheaper, safer, reconfigurable
to enable both simple and complex microfluidic structures, and usable by students and research-
ers from various backgrounds.

In this manuscript, we developed a novel fabrication method to produce microfluidic struc-
tures in the classroom environment. This method involves only commercially available consum-
ables, such as pasta and petroleum jelly. We were not limited to straight channels and were
able to create more complex structures, with the addition of a few easy steps to our basic
method. For instance, by utilising a rotary grinding tool, we were able to subtract sections of
pasta to create a contraction in the straight channel. We also soaked pasta to deform it into
curved structures such as serpentines as well as combined structures such as mixers or droplet
generators. To further highlight the versatility of our method, we created high aspect ratio and
twisted serpentine structures. We also produced structures with varying heights and a 3D spiral
channel completely embedded in PDMS. We demonstrated the biocompatibility of our pasta
templated devices by showing that endothelial cells can be grown under shear stress condition
inside the microfluidic channel. Therefore, our “do-it-in-classroom” fabrication approach facili-
tates the development of interactive microfluidics courses and is suitable for students with non-
engineering backgrounds.

MATERIAL AND METHODS
Fabrication of microfluidic structures via pasta templating

The process of fabrication is presented in Fig. 1 and Fig. S1 (supplementary material). A stan-
dard 85mm diameter plastic Petri dish was filled with ~18ml of white petroleum jelly
(Vaseline®) at room temperature [Fig. 1(a)]. The Petri dish was placed in a conventional toaster
oven (Home & Co, Toaster Oven MG18CHV) at 70°C for 15min until the Petroleum jelly was
melted and transparent [Fig. 1(b)]. The Petri dish was removed from the oven and pasta structures
(San Remo) were manually patterned on the petroleum jelly surface as it cooled down (~1.5 min
after removal from oven) [Fig. 1(c)]. The petroleum jelly was left to cool down and transits into
its gel phase (~2min). PDMS base and curing agent (Sylgard® 184 Silicone Elastomer Kit) were
mixed at a standard 10:1 w/w ratio and poured onto the Petri dish [Fig. 1(d)]. The Petri dish was
left on a level surface for the PDMS to cure at room temperature for 48 h.

Our experiments indicated that uncured PDMS and petroleum jelly were immiscible. After
curing, the PDMS block was peeled off the Petri dish [Fig. 1(e)]. The pasta structures generally
remained in the petroleum jelly and could be easily removed to be reused. The PDMS blocks
with embedded microfluidic structures were then cut into individual blocks with a scalpel to be
assembled onto a 76 x26 x 1 (L x WxH) mm glass slide (Menzel-Glaser) [Fig. 1(f)]. The
PDMS blocks were punched with a 1.0mm biopsy punch (Harris Uni-Core) at the inlet and
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FIG. 1. Schematics of the replica moulding of pasta structures. (a) Petri dish is filled with petroleum jelly (Vaseline®).
Petroleum jelly is shown in red for contrast. (b) Petroleum jelly is melted in a conventional oven at 70 °C for 15 min until
transparent. (c) Pasta is patterned in desired configurations and placed onto the petroleum jelly before it transits into its gel
phase. (d) PDMS is prepared at a 10:1 w/w ratio and poured onto the Petri dish. (¢) PDMS is cured at room temperature
(~25°C) for 48 h. After fully cured, PDMS is peeled off the Petri dish. (f) PDMS block with embedded microfluidic chan-
nels is assembled onto a glass slide and clamped to avoid leakage.

outlet ports of the channel. A customised mechanical clamp made of 3mm thick polymethyl
methacrylate (PMMA) was used to seal the PDMS block against the glass slide, avoiding leak-
age at high flow rates. Eight 3 mm screws were used to tighten the clamp.

Experimental setup

Tygon® tubes (ID 0.02 and OD 0.06 in., 06419-01, Cole-Palmer™), assembled with alumin-
ium tips cut from syringe needles (TERUMO, 23G), were used for interfacing the microfluidic
structures with the syringe pump (Harvard Apparatus PHD 2000). For visualisation, water was
stained with food dye (Queen) at a volumetric ratio of 5:1 (water:dye) and infused through the
structures at varying flow rates of 5 to 2000 ul/min. For particle migration experiments, we
used 8 and 15 um polystyrene particles (PPs-8.0, PPs-15.0, Kisker Biotech GmbH & Co. KG)
for brightfield imaging and yellow 7.3 um fluorescent particles (PFP-6052, Kisker Biotech
GmbH & Co. KG) for fluorescent imaging.

The channels were observed using a USB (Universal Serial Bus) microscope (Celestron
COSMOS 5MP LCD Digital Microscope). An inverted microscope (Nikon Eclipse, TE 2000)
equipped with a cooled CDD camera (QuantEM:512SC, Photometrics) and a 10x objective (CFI
Plan Apo Lambda 10x) was used for high-resolution imaging. The blue fluorescence filter (Nikon
B-2A, 450-490nm) was used for observing the yellow fluorescent particles. For studying surface
details of PDMS, we sputtered the PDMS channels with a thin 20nm layer of gold and observed
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the surface under a scanning electron microscope (FEI Quanta) coupled with a back-scattered sec-
ondary electron Everhart-Thornley detector operated under high voltage and high vacuum.
Temperature measurements along the surface of the petroleum jelly were performed using an infra-
red camera (FLIR systems, Thermo Vision A320, Sweden) interfaced with the ThermaCAM
researcher software.

Cell culture, overnight flow experiment, and immunocytochemistry

For cell culture, the microfluidic channel was mounted on a glass cover slip using a
mechanical clamp. The channel was washed with 70% ethanol followed by sterile water by
applying a flow rate of 1 ml/min through the channel for 30 min using a syringe pump (Harvard
Apparatus PHD 2000). The channel was then coated with human extracellular matrix compo-
nents (MaxGel™ ECM, Sigma-Aldrich) according to supplier’s instruction. Human Umbilical
Vein Endothelial Cells (HUVECs) were purchased from Lonza and cultured at a density of
2.5 x 10° cell/ml of media inside the channel using EGM™-2 growth media supplemented
with SingleQuots™ kit (Lonza) overnight to form a complete monolayer. Next, the cell growth
medium was recirculated through the channel at a flow rate of 1.25ml/min for 24h using a
peristaltic pump (OINA QP6 LAB High Accuracy) to induce a shear stress of 1 dyn/cm” on the
cultured cells. To examine the remodelling of cytoskeleton and formation of actin stress fibre in
the cultured cells, the cells were fixed with 4% paraformaldehyde for 1h and permeabilised
with 0.2% Triton X-100 in PBS (phosphate-buffered saline) for 30s. Nonspecific binding was
blocked with 5% bovine serum albumin in PBS and probed with phalloidin that was directly
conjugated to Alexa Fluor 568 (Sigma-Aldrich) and DAPI 4’,6-diamidino-2-phenylindole
(Sigma-Aldrich). Imaging was performed on a Nikon A1 laser scanning confocal microscope.

Computational fluid dynamics (CFD)

CFD was used to simulate the characteristics of each structure such as flow velocity and
particle tracking. Accurate 3D models of fabricated structures were constructed in Fusion360
CAD software by recreation and extrusion of channel cross-sections taken by SEM imaging. In
general, the geometry of structures remained unchanged after clamping. In the case of major
deformations after clamping (e.g., occurring for high aspect ratio serpentine channels), macro
images of deformed cross-sections were taken using a digital single-lens reflex camera (Canon
6D equipped with a Canon EF 100 mm f/2.8 macro ultrasonic motor lens) to be recreated and
extruded in Fusion360. The 3D models were then exported to Gambit-2.3 (ANSYS Fluent) for
mesh generation. Fluent-6.3 (ANSYS Fluent) was used for simulating and post-processing of
velocity contours and particle tracking through the microfluidic structures. Second-order upwind
model accompanied with SIMPLE-C algorithm was used for coupling of velocity and pressure.
Boundary conditions included desired flow rates at the inlet, zero pressure at the outlet, and no
slip at the walls and surface of the glass slide.

RESULTS AND DISCUSSIONS
Straight channels with controllable semi-circular cross-sections

In its simplest form, our method was capable of fabricating straight channels with semi-
circular cross-sections [Fig. 2(a)] by arranging uncooked 1.5 mm diameter cylindrical pasta on
top of petroleum jelly. We utilised pasta as our channel component because it retains its shape
when dry, and it can also be deformed when wet. Our previous attempts with thin copper and
aluminium wires were undesirable as the wires would wrinkle and not lay flat. We had also
tried to place pasta directly onto the Petri dish and filled it with PDMS. However, this resulted
in a thin skin being formed at the bottom of the channel, which obstructs viewing of channel
contents (see supplementary material Fig. S2). We chose petroleum jelly as the base material
because it transits from liquid to gel phase in a matter of minutes, it is safe and easy to handle,
and biocompatible. Other substances such as wax, honey, and chocolate were also used as the
base material; however, the resultant PDMS would not adhere to glass, had wrinkles at the
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FIG. 2. Straight channel with a semi-circular cross-section fabricated via pasta templating. (a) High-resolution microscopy
of the channel cross-section obtained via SEM. (b) Top view of the PDMS channel filled with blue stained water for
improved visualisation, indicating no leakage. (c) Velocity contours of fluid at the cross-section of the channel obtained by
numerical simulations at a flow rate of 50 ul/min. (d) Cross-sectional area and height against deposition time. Solid line
indicates area, while dotted line indicates height. Error bars correspond to average = standard deviation obtained from four
sets of independent fabricated structures. (¢) HUVECs were grown inside the channel under a flow induced shear stress of
ldyn/cm2 for 24 h. F-actin was stained with Alexa Fluor 568 (red), while nuclei were stained with DAPI (blue). White
arrows indicate the formation of actin stress fibres in endothelial cells when grown under shear stress.

edges of the channel (see supplementary material Fig. S3), or was too dirty to operate. A flat
bottom surface in the channel eases the observation of samples flowing through the channel
when using an inverted microscope and the round top surface mimics the structure of blood
vessels. Interestingly, scanning electron microscopy (SEM) imaging also showed a rough inte-
rior surface [see supplementary material Figs. S4(a) and S4(b)], which also resembles the rough
surface of blood vessels due to the presence of endothelial cells.”’ ™ Although petroleum jelly
slightly changed the surface roughness of PDMS [see supplementary material Fig. S4(c)] and
reduced its adhesiveness, we were able to overcome these limitations by mechanically clamping
PDMS to glass, eliminating any leakage [Fig. 2(b)].

To verify the leakage-free performance of the channel, we infused blue stained water into the
channel at various flow rates of 5 to 2000 ul/min for at least 30 min. Velocity contours obtained
via CFD simulations at a flow rate of 50 ul/min showed a maximum velocity of 1 mm/s at the cen-
tre of the channel and zero velocity at the walls, as expected [Fig. 2(c)]. The Reynold’s number
based on the hydraulic diameter of the channel was calculated as Re = % ~ 1 (in which p and
u are the density and viscosity of the liquid, U is the average velocity, and D), is the hydraulic
diameter of the channel cross-section), which indicates laminar characteristics of flow. The leakage
free performance of the channel was also verified by applying a solution of water and glycerol
that was 20 times more viscous than water at flow rates ranging from 1 to 200 ul/min.
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A unique feature of our fabrication method entails the utilisation of a petroleum jelly
(Vaseline®) substrate rather than a conventional solid substrate. This petroleum jelly is a
temperature-sensitive colloidal system that undergoes a liquid-to-gel phase transition when cool-
ing. Our experiments indicated that this phase change occurs from 59 to 48°C within
~0.75-2min when cooling by natural convection mechanism at room temperature and was
associated with colour change of the petroleum jelly (see supplementary material Fig.
S5+ Video S1). The liquid-to-gel phase transition changed the surface properties of the sub-
strate and subsequently changed the cross-sectional area of the pasta submerged in the petro-
leum jelly. This enabled us to modulate the cross-sectional area and height of the channels by
simply changing the deposition time (see supplementary materials Figs. S6 and S7) of the pasta
onto the petroleum jelly [Fig. 2(d)]. As shown, the cross-sectional area of the channel can range
from 42% to 96% of the total cross-sectional area of the pasta, and from 44% to 93% of the
total cross-sectional height. This means that we can achieve cross-sections that are only a seg-
mental fraction of a circle, to an almost complete circle, as the pasta is submerged in the petro-
leum jelly at different levels. However, even after transitioning into its gel phase, the petroleum
jelly surface was soft enough to allow the pasta to be submerged ~100 um in the jelly, limiting
the maximum cross-sectional area to ~96%. A 100% cross-sectional area could be achieved in
the absence of the petroleum jelly layer, but this led to the formation of a thin skin of PDMS
underneath the channel, which was undesirable for inverted microscopy imaging. This experi-
ment clearly shows increased versatility compared to conventional rectangular shaped channels
made from lithography.

To confirm the biocompatibility of our channels for conducting cellular experiments, endo-
thelial cells (HUVECs) were cultured in a channel, as detailed in Materials and Methods. The
cell growth medium was recirculated through the channel at a flow rate of 1.25 ml/min (corre-
sponding to a shear stress of 1dyn/cm? induced on the cultured cells) for 24 h. The response of
HUVEC:s to shear stress was analysed in terms of the remodelling of cytoskeleton and formation
of actin stress fibres, as detailed in Materials and Methods [Fig. 2(e)]. The results indicated the
formation of thin stress fibres (indicated by white arrows) distributed across the cell as a result
of shear stress.>*% In comparison, control experiments in no-flow conditions indicated the for-
mation of dense actin bands only at the periphery of cells (see supplementary material Fig. S8).
The results suggest the suitability of our channels for conducting cell-based assays.”’*°

Straight channels with local contractions

We also demonstrated the ability to create arbitrary geometries using subtractive methods.
As a proof-of-concept, we made a straight channel with a semi-circular contraction using a
rotary grinding tool (Dremel Micro) equipped with a 3 mm ball shape rotary burr at 15000 rpm.
Flat pasta with an elliptical cross-section was used as its larger width allows for more control
over the size of the contraction as well as better visualisation. Although similar contracted
structures can be obtained with the circular pasta used previously for the straight channel, if
desired. Microfluidic channels with local contractions are commonly used for the hydrodynamic
manipulation (focusing, size sorting) of microparticles.*' Also, such contractions can mimic an
anomalous narrowing of blood vessels known as a stenosis, for studying shear induced platelet
aggregation.*

In order to create narrowed channels, we used a rotary grinding tool to subtract sections of
the pasta manually within 2min [Fig. 3(a)]. This process resulted in a semicircular contraction
of 3.65mm in length with a contraction ratio of 0 = W onmaction/Wenanner = 60%, where W is
the width. We were able to control the contraction ratio from 20% to 80% by adjusting the
amount of subtracted pasta, meaning it was fully customisable. With the gentle removal of sub-
tracted pasta from the PDMS structure, it can be reused for repeatable fabrication. Experiments
showed that contraction ratios beyond 80% could potentially break the structure as the pasta
becomes more fragile. However, one might use a customised clamping device to carefully hold
the pasta during the grinding process and increase this threshold.


ftp://ftp.aip.org/epaps/biomicrofluidics/E-BIOMGB-12-014804
ftp://ftp.aip.org/epaps/biomicrofluidics/E-BIOMGB-12-014804
ftp://ftp.aip.org/epaps/biomicrofluidics/E-BIOMGB-12-014804

044115-7 Nguyen et al. Biomicrofluidics 12, 044115 (2018)

00 025 051 076 102 127 153 1.70
I

Contours Velocity Magnitude (mm/s)

FIG. 3. Channels with a semi-elliptical cross-section and a localised contraction fabricated via pasta templating. (a)
Grinding tool subtracts a section of the pasta to create a localised contraction. (b) Top view of PDMS channel filled with
blue stained water, emphasising the contracted shape with no leakage. (c) Snapshots of the filling process with blue stained
water in a pre-filled water channel, showing flow acceleration at the narrowed passage. Dashed lines indicate point of dis-
section of the channel, to show the (d) semi-elliptical cross-section outside the contraction and (e) quarter-elliptical cross-
section at the apex of the contraction. (f) Velocity contours of flow at various cross-sections of the channel, obtained at a
flow rate of 50 ul/min.

The resultant contracted PDMS structure was adhered to glass via mechanical clamping
between two sheets of PMMA with drilled access ports for the inlet/outlet and filled with blue
stained water, which showed minimal leakage [Fig. 3(b)]. Additional holes were visible as the
same mechanical clamp was used for a variety of structures. A video taken via a USB micro-
scope (see supplementary material Video S2) captured the injection of blue stained water pass-
ing through the narrowed passage at a flow rate of 50 ul/min [Fig. 3(c)]. We observed that the
stained water had an affinity towards the narrowed walls before filling out the entire channel
due to the increased velocity at the site of the contraction.

SEM images show how the cross-section changes from semi-elliptical to quarter-elliptical
when along the contracted structure [(Figs. 3(d) and 3(e)]. This explains the increased velocity
as the cross-sectional area decreases, as shown in the numerical simulations [Fig. 3(f)]. The
simplicity and time efficiency of this method facilitate the fabrication of more complex struc-
tures with multiple contractions along the same channel.

Curved and multi-inlet microfluidic channels

We further explored the versatility of our method for producing curved and multi-inlet
structures. Pasta was soaked in lukewarm water (40°C) for ~45min until soft and malleable
(indicated by change in colour from yellow to pale yellow and expanded diameter) to create
customised curved structures. We referred to this procedure as the soaking-drying process.
LEGO® baseplates were utilised to shape the pasta into the desired arrangement as it was acces-
sible, affordable, and produced consistent structures. For the case of serpentine structures, single
pasta strands were placed around the pillars of the LEGO® baseplate in a zig-zag pattern.
Multiple pasta strands were combined to create multi-inlet channels that could be operated as
mixers, droplet generators, or H-shaped filters (Fig. 4). This process allowed parallel fabrication
of multiple pasta structures on a single LEGO® baseplate. We could also deform the pasta by
sandwiching it between two LEGO® baseplates to create channels with a more rectangular
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FIG. 4. Customised curved structures fabricated via pasta templating. (a) Soaked pasta placed in customised arrangements
on a LEGO® baseplate. Top row shows serpentine structures of varying sizes. Bottom row shows multi-inlet structures
using multiple pasta strands in y-, T-, H-, and t-shaped channels, respectively. (b) Top view of serpentine channel in PDMS
filled with blue stained water. Dashed lines show dissection point for the following cross-sections. SEM shows consistent
semi-circular cross-sections both at the (c) curved and (d) straight sections of the serpentine channel.

cross-section. As shown [Fig. 4(a)], pasta was left to air dry for 3h in its desired formation
until rigid (indicated by the colour reversion to a darker yellow and diameter shrinkage) before
it was removed from the LEGO® baseplate and implemented in the previously established pasta
templating method. Although the drying process can be achieved instantly via hot air, experi-
ments show that this leads to thermal bending.

A serpentine channel patterned in PDMS was adhered to glass via mechanical clamping
and filled with blue stained water at 50 ul/min, showing no leakage [Fig. 4(b)]. Serpentine chan-
nels are common structures in microfluidics due to its increased length, which is advantageous
in enhancing passive mixing or increasing reaction time.*> The Dean number was calculated as

De = Re\/% =~ 0.7 (where W is the width of the channel and R is the radius of one curvature

of the serpentine), which shows that Dean vortices are not dominant.** By using the LEGO®
baseplate, we were able to produce serpentines, which were quite uniform and had curves that
were equidistant apart. The cross-section was also shown to be consistent throughout the chan-
nel, even after the soaking-drying process [Figs. 4(c) and 4(d)]. Although we have used com-
mercially available LEGO®, any arbitrary building blocks containing arrays of pillars can be
used for making customised or more complex curved structures.

Multi-inlet microfluidic structures enabling passive mixers and droplet generators

The y-channel created from the soaking-drying process was made with two inlets and one out-
let to be used as both a mixer and a droplet generator [Fig. 5(a)]. The PDMS block was adhered
to glass via mechanical clamping, as explained previously. SEM images showed the formation of
a double arc cross-section at the downstream of the y-channel with a tapered wedge structure
formed at the interface of the neighbouring channels [Figs. 5(b) and 5(c)]. Further SEM analysis
indicated some surface irregularities along this wedge structure (see supplementary material Fig.
S9), which may have been caused when the two neighbouring pasta strands were combined.

A pair of miscible liquids (i.e., red and blue stained water) was injected into the two inlets
to investigate the passive mixing. We found immediate mixing between the neighbouring
liquids, as evidenced by the formation of the purple delta region at the downstream of the chan-
nel [Fig. 5(d)]. Increasing the flow rate from 10 to 200 ul/min at each inlet significantly
decreased the purple delta region and consequently reduced the mixing efficiency of neighbour-
ing liquids [Fig. 5(e) + supplementary material Fig. S10]. Therefore, the y-channel operated as
an effective passive mixer, in which the mixing efficiency could be controlled from 24% to
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FIG. 5. Double-inlet y-channel fabricated with semi-circular cross-sections via pasta templating. (a) Top view of PDMS structure
filled with blue stained water for improved visualisation. SEM shows cross-sections at both the (b) junction of the two channels and
(c) at the downstream. (d) Operation of the y-channel as a passive mixer by applying red and blue stained water at various inlet flow
rates. The purple delta mixing region is shown by dashed lines. (e) Mixing efficiency vs. inlet flow rates. (f) Operation of the y-
channel as a droplet generator by applying immiscible water and oil flows shown at various flow ratios of oil to water. (g) Droplet
length vs. oil to water flow ratio. Results are obtained from five independent experiments, and shown as average * standard error.

98%, dependent on the inlet flow rate. The Reynold’s number was calculated as Re ~ 1 and the
Péclet number was calculated as Pe = % = 1200 (where D is the mass diffusivity of food dye
in water solutions) showing the dominance of diffusive mixing. We hypothesise that the strong
passive mixing in our y-channel is due to the tapered wedge structure and conjugate surface
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irregularities (shown in Fig. S9). If undesired, surface irregularities can be removed by imple-
menting some extra surface treatment steps, such as polishing the interface of the two pastas
with fine polishing rotary tools or coating the undesired cavities along the interface with a thin
layer of petroleum jelly.

Next, we applied immiscible liquids (i.e., water and olive oil) to study the utility of the same
y-channel for the continuous generation of droplets (see supplementary material Video S3). Videos
were taken with a USB microscope at 30 fps. Experiments showed that applying the water and oil
under the same conditions shown in the passive mixer does not produce enough shear stress to
pinch off the water into small droplets. We overcame this limitation by changing the positions of
the inlets and outlet. As such, the two liquids would compete to enter the mixing channel, and suf-
ficient shear stress was produced to pinch off the water into small droplets [Fig. 5(f)]. We contin-
ued this experiment for 30min to ensure that there were no significant differences between the
droplet sizes and droplet generation rates. The length of water droplets was inversely proportional
to the flow ratio of oil to water, defined as ¢ = Q,;;/ Opaier- > Hence, by increasing ¢ from 0.3 to
1.0, we were able to reduce the length of the droplets from 4 to 2mm [Fig. 5(g)]. Consequently,
this reduced the generation rate of droplets from 1.5 to 0.2 droplets per second. The generation rate
of droplets could be amplified by increasing the flow rates of oil and water at the same flow ratio.

Microfluidic channels with unconventional cross-sections

We also examined the versatility of our fabrication method for creating microfluidic struc-
tures with unconventional cross-sections. As a proof-of-concept, we fabricated high aspect ratio
and twisted serpentine channels. We produced a serpentine channel with a high aspect ratio by
adopting flat pasta in the soaking-drying process and placing the soft pasta on its thinner side
in the LEGO® baseplate [Fig. 6(a)]. SEM imaging indicated an oblong cross-section in the
channel [Fig. 6(b)]. However, the increased complexity created bowing at the bottom edge of
the microfluidic channel. This bowing may be due to the formation of a convex meniscus on
the surface of the petroleum jelly layer interfaced with the high aspect ratio pasta structures
and PDMS. The channel deformation caused by clamping led to an even surface at the interface
of the serpentine channel and the glass slide, which was desired for achieving leakage-free flow
[Fig. 6(c)]. Numerical simulations using this modified clamped cross-section predicted a maxi-
mum flow velocity of 0.7 mm/s towards the wider region of the cross-section [Fig. 6(d)]. No
leakage was observed at flow rates ranging from 5 to 2000 ul/min, indicating the effectiveness
of our clamping technique [Fig. 6(e)]. This confirms the utility of our pasta templating method
for producing high aspect ratio structures, which is challenging using conventional lithographic
processes. Such high aspect ratio structures can be particularly interesting for sorting of par-
ticles based on dimensions or density by applying magnetic or electrical forces.*®

The twisted serpentine channel was made by adopting the same procedure explained above
and then compressing the pasta structure using a second LEGO® baseplate on top, until it was
in contact with the bottom baseplate [Fig. 6(f)]. The twisted channel exhibited variable cross-
sections at different points in the channel. The cross-section drastically transformed from an
acrofoil shape at the straight section of the serpentine [Fig. 6(g)] to a rectangular shape at the
sharp turns of the serpentine [Fig. 6(h)]. This resulted in significantly different flow profiles at
different locations of the channel as evidenced by numerical simulations [Fig. 6(i)], which were
based on the clamped cross-sections (see supplementary material Fig. S11). The PDMS channel
was filled with blue stained water to visualise its 3D twisted effect as shown by the gradient of
blue at the straight sections of the channel and the concentrated dark blue at the curves [Fig.
6(j)]. This irregular structure could be used to observe the dynamics of particles under varying
channel cross-sections.*’

More complex 3D structures embedded in PDMS

Next, we explored the utility of the pasta templating method for fabrication of more com-
plex microfluidic structures. First, we fabricated a y-channel with varying channel diameters by
combining a thin pasta strand (@ 0.8 mm) with a thick pasta strand (@ 1.5mm) [Fig. 7(a)],
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FIG. 6. 3D microfluidic structures with unconventional cross-sections fabricated from flat pasta via pasta templating. (a)
Pasta arranged in a serpentine formation, to produce a channel with high aspect ratio. (b) SEM shows semi-oblong cross-
section and bowing at the bottom of the channel. (c) Cross-section of channel after mechanical clamping. (d) Flow velocity
contours based on the clamped cross-section obtained at 50 ul/min. (e) Bottom view of high aspect ratio channel filled with
blue stained water for better visualisation. (f) Pasta arranged in a serpentine formation deformed at a 45° angle, to produce
a twisted serpentine structure. Cross-sections both at the (g) curved and (h) straight sections of the structure after clamping.
(i) Velocity contours at the prescribed cross-sections obtained at 50 ul/min. (j) Isometric view of twisted serpentine struc-
ture filled with blue stained water, to emphasise its 3D nature. Dashed lines indicate point of dissection for the previous
cross-sections.

which can be clearly seen in SEM images [Fig. 7(b)]. This enabled us to study the lateral
migration of particles across the channel. By injecting 15 um polystyrene particles into the
smaller channel, we observed the lateral particle migration toward the larger channel immedi-
ately after the junction [Fig. 7(c)]. The vast change in channel diameters induced sufficient
hydrodynamic lift force*® drawing the particles towards the larger channel. This was also veri-
fied through numerical simulations [Fig. 7(d)]. The rendered view of the y-channel structure
used in our simulations is presented in Fig. S12 (supplementary material). This phenomenon
was further demonstrated with smaller 8 um particles and 7.3 um fluorescent particles (see sup-
plementary material Video S4 4 Video S5). Increasing the flow rate of water through the larger
channel leads to complete migration of particles at the end of the channel (see supplementary
material Video S4). Such structures can be useful for studying the lateral migration of bio-
particles under hydrodynamic forces.*’

Finally, we created a 3D spiral channel completely encapsulated in PDMS by coiling a
soaked pasta strand around a 3mm screw [Fig. 7(e)]. The pasta was then left to dry and was
removed from the screw. The resultant spiral structure was placed in a 1.5ml Eppendorf tube.
PDMS was poured into the tube to submerge the pasta and after 48 h, produced a cylindrical
block of PDMS with an embedded pasta spiral. To remove the pasta, we soaked the block of
PDMS in 1M sodium hydroxide (NaOH). NaOH was able to gradually deteriorate the pasta to
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FIG. 7. More complex 3D structures fabricated via pasta templating. (a) Two pasta strands of varying diameter (@ 0.8 mm
and @ 1.5mm) combined to create a y-channel. Dashed line indicates point of dissection for the following cross-section.
(b) SEM shows the difference in height in the cross-section at the downstream of the y-channel. (c) High-resolution stitched
image, via inverted microscopy, showing 15 um particles injected in the small channel, migrating laterally towards the
large channel. (d) Particle tracking simulations show the migration of the particles at the junction of the y-channel. Particle
traces are coloured according to the velocity magnitude. Inset shows flow velocity contours at the downstream with
obtained at 50 ul/min at each inlet. (e) Pasta formed into a spiral structure via a 3 mm screw. Threading inside the spiral
was made visible with blue stained water. (f) Side view of spiral channel embedded in a cylindrical block of PDMS, filled
with blue stained water for visualisation.

develop an empty spiral channel in PDMS. Manual compression every hour (up to a total of
6h) was necessary to remove the disintegrated parts of the pasta and ensure that the entire
embedded pasta would be exposed to the NaOH solution. After all the pasta fragments were
removed, the spiral channel was flushed with water at 120 yl/min for 10 min to eliminate any
traces of NaOH. This empty spiral channel was then filled with blue stained water for visualisa-
tion purposes, indicating no leakage [Fig. 7(f)]. Spiral structures can be used to enhance passive
mixing by inducing Dean vortices**>* as well as making microfluidic based electronic devi-
ces.”®>! This sacrificial moulding technique®®>! facilitates the fabrication of multilayer PDMS
channels useful for organ-on-chip devices.”>>*

CONCLUSIONS

We have established a novel process for the fabrication of micro- to milli-scale microflui-
dic structures. This so-called “do-it-in-classroom” fabrication method involved only affordable
and accessible consumables and equipment, as shown by the use of pasta, petroleum jelly, and
a conventional oven. We were able to fabricate conventional structures used in microfluidics
(straight channels, serpentines, mixers, and droplet generators) as well as unconventional struc-
tures (high aspect ratio serpentines, twisted serpentines, y-channels with varied cross-sectional
heights, and 3D spiral channels).

With our method, the height of the channel can be conveniently controlled by varying the
deposition time, enabling controllable cross-sectional profiles from semi-circular to almost
entirely circular. Also, the user is not limited to the geometry and structure of the pasta, as it
can be changed using subtractive methods as well as the soaking-drying process for customised
configurations, as demonstrated. Fabrication of multilayer structures useful for producing organ-
on-chip devices™ is also possible by removing the pasta with NaOH. Furthermore, pasta with
smaller diameters can also be used to create smaller channels and the surface roughness of the
pasta can be manipulated while pasta is soft.
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Our method does not offer the precision, resolution, and surface quality (smoothness) of
commonly used microfabrication technologies.” Despite these drawbacks, it enables the fabri-
cation process to be conducted entirely in the classroom.’® This method also combines the
design and fabrication steps and therefore is suitable for non-engineers who do not necessarily
have sufficient CAD knowledge. With our method, we can bridge the gap between the class-
room and the laboratory, facilitating project-based microfluidic courses that promote creative
and critical thinking skills that are highly desired in the current workforce.

Together with other manually operated self-sufficient microfluidic systems, the pasta
templating method can facilitate the exposure of biologists and practitioners to the emerging
field of microfluidics. Furthermore, our method facilitates the expansion of the field of micro-
fluidics in institutions and countries that do not have access to microfabrication facilities but
wish to be involved in the emerging market of microfluidics.
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SUPPLEMENTARY MATERIAL

See supplementary material for detailed information of methods, additional experimental
data, and videos showing the liquid-to-gel phase transition of petroleum jelly as well as opera-
tion of fabricated chips for the localised contracted channel, droplet generation, and particle lat-
eral migration.
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