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Nomenclature
ABS - acrylonitrile butadiene styrene
AM — additive manufacturing

CONVEX — CONtinuously Varied EXtrusion

DI — deionised water

EFW — extruded filament width
FDM — fused deposition modelling
FFF — fused filament fabrication
LH — layer height

LOC - lab-on-a-chip

MEAM — material extrusion additive manufacturing

PDMS — polydimethylsiloxane
PLA — polylactide



Ra — surface roughness

Re — Reynolds number

ROI — region of interest

RT — room temperature

SEM - scanning electron microscopy
SLA — stereolithography

TPU — thermoplastic polyurethane

Abstract

This study is the first to report the fabrication of complex microfluidic devices based
on CONtinuously Varied EXtrusion (CONVEX) of extruded filament in material
extrusion additive manufacturing (MEAM). A range of complex geometries and
channel widths (100—400 um) were developed by direct GCode scripting including
passive mixers of hexagonal, diamond, zigzag and variable-width zigzag (V-zigzag)
and hydrodynamic flow focusing components. For each design, a single layer of
filament was deposited as the nozzle moved in the X or Y direction, while
simultaneously controlling the extrusion volume and printing speed to achieve
seamless Y- or cross-junction channels. The novel V-zigzag toolpath design required
deposition at varying printing speed along the path, to create the zigzag structure with
variable width (200% of nozzle diameter) at pre-determined locations. The passive
mixer regions were selectively exposed to acetone for 10 s to reduce the surface
roughness of channels before embedding in the polydimethylsiloxane (PDMS). Device
structural and fluid flow properties were investigated to generate insights on the impact
of manufactured geometry on performance. Microscopic analysis showed the
combination of novel manufacturing and chemical treatment reduced the surface
roughness of all designs by two orders of magnitude compared to typical values for
MEAM parts. Fluid mixing dynamics of microfluidic devices with 400 um channel
widths were measured from 1-1000 pl.mint. V-zigzag mixers achieved complete
mixing rapidly irrespective of flow rates after only 15 mm following two liquids coming
into contact along the flow direction. By contrast, the mixing performance progressively
decreased for the other designs as the flow rate increased from 50 to 100 pl.min™,
highlighting the important effect of geometry. It was established that the variable-width
microscale modification in V-zigzag enhances mixing by promoting directional

changes in fluid flow within the channel, affording better mixing performance even at
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high flow rates compared to a conventional zigzag design. The resilience and
robustness of this manufacturing strategy is demonstrated by pushing the boundaries
in AM to produce channels with cross-section of 100 x 100 um with high repeatability.
Case studies demonstrated the applicability of the newly developed microfluidic
devices for a wide range of microfluidic applications including fluidic-chip droplet
generator and flow focusing printhead capabilities to precisely control the width of

multi-material fluid sheaths.

Keywords: Additive manufacturing; Microfluidic; Droplet generator; Mixing index;

Multi-material printing

1 Introduction

Fluid manipulation and delivery, in particular spatiotemporal control of fluid
composition and flow within milli- and micro-fluidic devices, underpins several
advanced setups and technologies employed in regenerative medicine approaches,
including three-dimensional (3D) bioprinting, organ-on-a-chip, minimally invasive
delivery of cells, molecules and biomaterials and others [1-7]. Reactive mixing of two
different fluids in microfluidics presents a challenge due to fluid flow in microfluidic
devices is often laminar — characterised by low Reynolds numbers (Re) due to the
small channel size and low flow rates — making effective and homogenous mixing of
fluids challenging [4,8]. Successful mixing of two fluids can be further hindered by
increasing the flow rate [2,9—11]. To address this drawback, two main types of mixing
systems, namely passive and active mixers have been introduced to transform laminar
into turbulent flow [4]. Passive mixers are fabricated by modifying the configuration
and structural geometry of the channels, while active mixers use external energy
sources to induce diffusion and chaotic advection mixing [4]. Although both mixer
systems enhance the mixing performance of microfluidic devices at low flow rates (i.e.,
1-10 pl.min't) due to diffusion at the boundaries of the fluidic layers, obtaining
complete mixing at higher flow rates (i.e., 100-1000 pl.min'!) remains challenging
[9,12].

Microfluidic devices are traditionally fabricated from polydimethylsiloxane (PDMS),

due to its affordability, biocompatibility for implantable devices and transparency [13].
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The process is well established [14,15] and involves a series of multi-step
manufacturing processes which makes it difficult to automate, time-consuming,
resource-heavy and difficult for wide-spread use [5,14-16]. All of this drives the costs
high, with individual chips costing over $200 [13,17], even before considering
cleanroom fees. With increasing emphasis on translation and low-cost microfluidic

devices, such fabrication methods are facing a ‘manufacturability roadblock’ [18].

Additive manufacturing (AM) platforms offer a compelling solution to overcoming this
manufacturing roadblock. AM is transforming research and industrial sectors thanks
to its capacity to rapidly and reproducibly fabricate bespoke parts with intricate
geometries [19]. In the last two decades, AM technologies have garnered considerable
investment from the healthcare sector as they enable the development of patient-
specific implants, drug-delivery devices and 3D in vitro tissue models [19]. Recent
developments in AM technologies and custom toolpaths have generated new
opportunities to capitalise on the fabrication of high-value functional parts including
microfluidic devices [20,21]. Material extrusion additive m anufacturing (MEAM), also
referred to as fused deposition modelling (FDM) and fused filament fabrication (FFF)
[2,10,21-23], stereolithography (SLA) [24,25] and inkjet technologies [24,26] are
commonly used to fabricate microfluidic devices. Of these, MEAM is the most
affordable (price per device); with a wide selection of materials and minimal post-
processing steps, all factors that make it an ideal choice for assembling low-cost
microfluidic devices [27]. MEAM involves the deposition of a molten polymer via a
heated nozzle onto a print platform. The deposited filament rapidly solidifies due to the
temperature difference between the nozzle and the environment. The desired part is
created by moving the nozzle in the X and Y planes, parallel to the print platform, to
generate layers of parts sequentially. Lowering the print platform in the Z direction
upon completion of each layer enables deposition of subsequent layers, leading to a
layer-wise production. The completed part is the physical embodiment of the toolpath

and appears as stacked micro-slices [28,29].

Several studies have demonstrated the use of the MEAM technique for fabricating
microfluidic devices, either by direct printing from polylactide (PLA) [5,23,30],
thermoplastic polyurethane (TPU) [31], and acrylonitrile butadiene styrene (ABS)

[2,22], or indirect printing using MEAM parts as a sacrificial template by removing the

5



features embedded in the matrix of choice [22,32]. Direct printing is the faster method,;
however, the layer-wise production of devices inherently increases surface roughness.
While some studies have utilised this roughness (i.e., ridges) to improve mixing
efficiency [2,33,34], for certain applications where cell-laden hydrogels flow into the
channels, the presence of ridges can result in particles and fluid stagnating, causing
them to be permanently stuck ,damaging the cells during the process or trapping them
irrecoverably within the channel [5]. In addition, current MEAM microfluidic devices
have employed very simple designs for passive mixers e.g. straight Y-channels and
serpentine channels [31,32] or are formed by soldering together extruded filaments
[22], which compounds effective mixing. As a result, state-of-the-art MEAM
microfluidic devices can suffer from low optical transparency, low resolution, difficulties
in achieving leak-free structures, poor surface finish (Ra = 10.9 um vs 0.35 pm for
laser-based AM) and limited capabilities to create complex passive mixers to obtain
homogeneous solutions [21,35], which is hampering their application and translation.
Bhattacharjee et al. [18] identified two key reasons for the current limitations of MEAM
microfluidic fabrication technology: (i) the extruded filament cannot be joined arbitrarily
at the intersections; and (ii) it is impossible to achieve seamless structures. These
limitations arise from the CAD models slicing the model into thin layers, and generating
toolpath per layer to start the printing process [19,20]. We have previously shown that
slicer software prevents the full potential of MEAM printers to be realised, since it
considers each extruded filament to have a constant aspect ratio, and the part is
effectively filled by positioning filaments side-by-side (or according to the chosen infill
pattern) [19]. The CONtinuously Varied EXtrusion (CONVEX) method directly
addresses these limitations [19]. This design approach enables the production of
intricate structures without the defects and voids that are found incomparable

structures printed by slicer software [19].

Here, a manufacturing pipeline using the CONVEX approach has been developed to
produce seamless ABS sacrificial channels embedded in PDMS coupled with complex
passive mixer geometries. This design approach allows the fabrication of microfluidic
devices with continuously variable width mixer systems, which are impossible to
produce using conventional slicer software. To illustrate the value of directly controlling
the printing process rather than the printer itself, we demonstrate reproducible

formation of channels, utilising a commercially available MEAM printer (cost $300), to
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fabricate high-quality MEAM microfluidic devices (Section 4.1). We improve by two
orders of magnitude the surface roughness of the channels beyond the typical values
reported in the literature, using a practical processing technology in which a droplet of
acetone is directly applied to the ABS channels for 10 s to remove any residual surface
texture created by the nozzle movement (Section 4.2). The mixing properties of the
MEAM microfluidic devices were examined from 1-1000 pl.min! to showcase the
benefits of a new variable-width zigzag mixer over conventional designs (Section
4.3). The transferability of the manufacturing platform to smaller channel sizes suitable
for biological and chemical assays is demonstrated by manufacturing Y-channels with
a cross-section of 0.1 mm x 0.1 mm with high reproducibility (Section 4.4). The
applicability of the newly developed manufacturing pipeline is discussed (Section 4.5),
highlighting new opportunities to design microfluidic printheads for 3D bioprinting of
hydrogels and droplet generator chips for use in biological and chemical assays. This
manufacturing pipeline will be fundamental for development of new generation of

MEAM microfluidic devices with a wide range of applications in microfluidic field.

2 Material and methods

2.1 Materials

White ABS filament (Rasie3D® Premium ABS) with 1.75 mm diameter was used to
manufacture MEAM channels. Sylgard® 184 and its curing agent (Dow Corning) was
used as a matrix to embed the ABS channels. Acetone (analytical purity 99.6%) from
Fisher Scientific was used for chemical treatment. Tygon tubing kit for microfluidics

was supplied by Darwin Microfluidics.

2.2 Additive manufacturing process

A Creality Ender 3 V2 MEAM system with a 0.4 mm nozzle diameter was used to
extrude a continuous single layer of ABS filament. Custom GCode commands (series
of commands controlling the MEAM printer) were generated using an open-source
FullControl GCode designer software [20] with the set printing parameters (Table 1).
Y-channels (60 mm long) were printed with the dimensions schematically illustrated in
Figure 1. Four passive mixer designs were manufactured and named as follows:
zigzag (for constant-width zigzag, Figure 1a), V-zigzag (for variable-width zigzag,
Figure 1b), hex (for hexagonal mixer, Figure 1c), and diamond (for diamond mixer,
Figure 1d). To ensure seamless structures for the hex and diamond mixers, the

toolpath was defined by movement of the nozzle in continuous loops to fill in the
7



structures. The toolpath for both zigzag and V-zigzag was designed according to y =
A (sin A x) where A (amplitude) = 1.5 mm and A (wavelength) = 3.3 mm. These values
for A and 4 showed the best mixing index in a previous study by Khosravi Parsa et al.
[36]. Both zigzag and V-zigzag had the same toolpath, with the exception of the
printing speed that was intentionally varied for the latter to enable microscale changes
along the channel at designed areas as shown in Figure 1b. The sides of the Y-
channels were cut using a razor blade to create the inlets for the solution as shown in

Figure 1.

To investigate the transferability of the technology to smaller cross-sections for
microfluidic devices, a 0.1 mm nozzle diameter was used to manufacture the same
designs but with extruded filament width (EFW) and layer height (LH) of 0.1 mm and
0.1 mm, respectively. The printing speed was reduced by half (100 mm.mint) to
ensure the nozzle did not block; the remaining printing parameters were kept the same

as tabulated in Table 1.

Table 1 Printing parameters used to produce ABS specimens with Creality Ender system.

Printing parameters Value
Extrusion temperature (*C) 240

Print platform temperature ("C) 100
Printing speed (mm.min-1') 200
Extruded layer height (mm) 0.3
Extruded filament width (mm) 04




=== Printing start

Figure 1 Y-channels with various passive mixer designs were printed using the CONVEX
design approach: (a) zigzag, (b) variable-width zigzag (V-zigzag), (c) hex and (d) diamond.
Zigzag and V-zigzag designs had the same toolpath, except the printing speed was varied for
the V-zigzag to achieve microscale changes in the filament width along the path. The dashed
yellow arrow indicates the start of the print, the solid green arrow shows the toolpath for
continuous printing of the channels, and the magenta arrow where a razor blade was used to
cut the sides of the Y-channels.

2.3 Fabrication of MEAM microfluidic

The manufactured channels (Figure 2a) were selectively exposed to a droplet of
acetone (analytical purity 99.6%) using a micropipette at room temperature (RT: 20 °C)
for 10 s to remove the surface roughness caused by nozzle movements [Figure 2b (i)].
Preliminary studies (see supporting information, S1) carried out to select the optimum
exposure time (from 5 s to 60 s), identified 10 s as the best time to achieve a smooth
and stable structure without losing structural integrity [28]. After chemical treatment,
the channels were exposed to compressed air at a pressure of 10 psi for 15 min at a



vertical distance of 10 mm from the channels to remove residual acetone [Figure 2b
(i)] under the laboratory conditions (20 °C and 50% relative humidity). Sylgard 184
and its curing agent was prepared at 10:1 ratio according to the manufacturer’s
recommendations. The PDMS mixture was de-gassed in a vacuum chamber for 30
min to remove bubbles from the solution and then poured into a custom-made mould
and cured for 10 min at 70 °C [Figure 2b (iii)]. When the PDMS was semi-cured (i.e.,
is able to support the ABS channel on the surface), the treated MEAM channel (see
Figure 1) was placed on top of the semi-cured PDMS layer and then covered by a new
layer of PDMS. The resulting assembly was cured for 2 h at 70 °C until fully set [Figure
2b (iv)]. The cured PDMS was flushed with acetone to dissolve the ABS channels
[Figure 2c (i)]. The final MEAM microfluidic had a thickness of 2 mm. To confirm print
reliability, the average EFW for 10 channels before and after acetone treatment was
measured using a digital calliper. Finally, the mixing index of the different passive

mixers was measured.

(a) Specimen preparation (b) Specimen processing (c) MEAM microfluidic
(i) CONVEX design approach used to (i) Acetone droplet applied on the surface (i) Cured PDMS-ABS flushed with
extrude single layer of ABS with EFW for10s acetone to dissolve away the ABS
and LH of 0.4 mm and 0.3 mm, (i) Compressed air used to evaporate

respectively residual acetone

!

Hot nozzle

M

X
™ 1 . —\ ‘
(il) Specimen dimensions measured (iii) Casting MEAM channel in PDMS

_PDMS

E
N

Determine mixing index

MEAM

-« >
0.4 mm
channel

(iv) PDMS cured at 70 °C

Figure 2 Schematic of the steps involved in fabrication of MEAM microfluidic devices. (a)
Specimen preparation: (i) manufacturing of a single layer of Y-channels with various passive
mixer designs; (ii) measurement of their EFWSs. (b) Specimen processing: (i) reducing the
surface roughness of the channels by exposure to acetone for 10 s; (ii) drying before
measuring their surface roughness; (iii-iv) channels cast into PDMS to cure at 70°C for 2 h.
(c) Cured PDMS-ABS flushed with acetone to dissolve the ABS polymer. Determination of the
mixing index for all four designs by mixing yellow and blue dyes from the two inlets.
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2.4 Scanning electron microscopy

A Zeiss EVO MA10 scanning electron microscope (SEM) was used to obtain

micrographs of the manufactured channels before and after chemical treatment.

2.5 Surface roughness of channels

An Alicona G5 focus variation microscope (Bruker, Germany) was employed to
capture the 3D scans of the Y-channels before and after acetone treatment to quantify
surface roughness. In this technique, topographical information is provided by a
combination of vertical scanning and focusing of the optical system at different depths
(focus-variation technique) [37]. Scans were acquired at specific locations where
nozzle movements caused poor surface finish at a 20x magnification. Scans were
post-processed using Mountains Premium 7.4 software (Digital surf, France) to create
colour-height mapping of the surface. The average surface roughness (Ra) from three

replicates was calculated along and perpendicular to the fluid flow.

2.6 Mixing index measurement

The effect of the geometry of the passive mixer on the mixing index of the microfluidic
devices was investigated by pumping blue and yellow dyes into the two inlets of the
microfluidic device using a dual syringe pump (IPS-14RS, Inovenso) from a 5 mL
disposable plastic syringe (Figure 3a). The blue and yellow solutions were prepared
by diluting food-grade dye into deionised water (DI) at the ratio of 1:25 according to
Mahmud et al. [38]. The viscosity and the density of the solutions was assumed to be
similar to DI. The typical flow rates for MEAM microfluidic devices are between 5 and
100 pl.min? [5,11,24], so a broad range from 1 to 1000 pl.min! was used. The
Reynolds number (Re) was quantified according to the method reported by Tsai et al.
[9] and varied from 0.047 to 47. Stainless steel needles with 23 gauge were used to
connect Tygon tubes (1/16” outer diameter x 0.51 mm inner diameter) to the MEAM
microfluidic. A Zeiss Primotech microscope at a 4x magnification was used to capture
a series of images at distances of 0, 10, 15, 20, 25 and 40 mm from the junction along
the Y-axis (see Figure 3b). To ensure direct comparison across all data, the

microscope setting and ambient light were kept constant throughout the experiment.

The mixing index evaluation was based on the RGB values of the pixels in the region
of interest (ROI) in the captured micrographs. The ROl was set as a 380 um x 380 um

square inside the channel. The choice of selecting a smaller square instead of the full
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width of 400 um avoided introducing experimental error by including the shadow on
images from the channel walls. For each analysis, three ROIs were used to calculate
the mean mixing index. The images were post-processed (Figure 3b) to quantify the
mixing index using a Python script (see supporting information, S2) adapted from the
MATLAB code by Mahmud et al. [38]. The mixing index was quantified using equation
1 by decoding the respective RGB values for each pixel of the mixed and unmixed

solutions.

o Noni
Mixing index = mixed (1)
Nmixed+ Nunmixed

Where N,,;xeq @aNd N, ,mixeqa @re the number of pixels classified as mixed and unmixed,

respectively, using the following equations:

Nmixed =n ({rg,min SR< Tg,max n gg,min <6< gg,max N bg,min <B< bg,max}) (2)

and

Nunmixed =n ({rb,min <SR< rb,max n gb,min <G< gb,max N bb,min <B< bb,max})
=n ({ry,min <R< ry,max n gy,min <G< gy,max n by,min <B< by,max})r (3)

The mixing index ranged from 0.0 to 1.0, representing the worst and the best mixing
performance, respectively.

(a) (b)

Blue dye NG
| Microscope | L 0
— Yelow dye =N

Syringe
pump —

N —

¥

1.2
1.0 .
» Py 2
% 08 =<+ 1 yl/min
- 4-5 pl/min
£ 0.6 ~e& 10 pl/min
—& =25 pl/min
2’04 —4 =50 pl/min
; —&— 100 pl/min
- - g= - ++@++ 500 pl/min
microfluidic 502 - 750 umin
-~ @ 1000 pl/min
T

— 0.0 + - - -
i 0 10 20 30 40
Distance (mm)
Figure 3 (a) Experimental setup to measure the mixing index for MEAM microfluidic devices.
(b) Images captured at various distances used to quantify the mixing index using the Python
script developed by the author.
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2.7 Case studies

Two case studies were used to demonstrate the use of the new microfluidic fabrication
method for regenerative medicine approaches. The same printing parameter settings
(see Table 1) were used for both case studies. Cross-junction (3 inlets and 1 outlet)
ABS channels were designed to create a device with flow-focusing capabilities. The
toolpath was generated using the ‘FullControl GCode designer’ software to ensure
seamless and continuous printing of the filament. The fabricated microfluidic devices
(see Section 2.3) were used for two applications: (i) multi-material extrusion, and (ii)
droplet generator. For the first application, 2 wt% sodium alginate solution was
prepared to demonstrate multi-material extrusion of hydrogels. The flow rate of the
shell fluid was varied from 100 to 200 and 500 pl.min, while keeping the flow rate of
the core fluid at 50 pl.min! to examine the effect of ration of flow rate on the width of
the extruded hydrogel. For the second application, mineral oil and DI were used to
generate droplets. DI was pumped inside the core channel at a flow rate of 5 pl.mint
and mineral oil was pumped from the side channels at a flow rate of 10 pl.mint. The

Zeiss Primotech microscope was used to capture images at 4x magnification.

3 Statistical analysis

The data obtained were expressed as means * standard deviation. The statistical
analyses were performed using Analysis ToolPak in Excel (2016) including one-way

analysis of variance (ANOVA) and subsequent t-test at significant levels of p <0.05.

4 Results & discussion

The results and discussion are categorised in the following sections:

e 4.1 — Geometrical characterisation of MEAM channels to investigate the print
reproducibility.

e 4.2 — Surface roughness characterisation of the channels before and after
acetone treatment to measure the improvement in the surface finish.

e 4.3 — Measurement of the mixing properties of various passive mixer design to
understand the effect of geometry on the fluidic behaviour.

e 4.4 — Investigation of transferability and resilience of the results using a smaller

channel cross-section.
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e 4.5-Discussion of the applications of the findings. Case studies utilise the new
understanding developed in Sections 4.1-4 to design and evaluate application

of the technology to a MEAM microfluidic printhead and droplet generator chip.

4.1 Geometrical characterisation of channels

Given the important role of AM in translation of low-cost microfluidic devices for
biomedical applications, it was deemed important to demonstrate that the
manufacturing pipeline developed in this study can produce channels rapidly and with
high reproducibility. This section therefore focuses on the geometry of the channels
and changes in their dimensions before and after acetone treatment. For the current
state-of-the-art MEAM microfluidic devices, considerable variation by up to 25% in
dimensions between the CAD and the MEAM part is consistently reported [2,5,11].
This variation occurs since the control over the printing process is limited when using
the slicer software, causing under- and/or over-extrusion [39,40]. In the current study,
the extrusion volume — that is the amount of material to be deposited — and the printing
speed could be precisely controlled and optimised to guarantee the set width (0.4 mm)
was achieved. The overall width of the extruded filament was measured using a digital
calliper and compared against the set width of 0.4 mm in GCode. As summarised in
Figure 4, the mean EFWs for the hex, diamond, zigzag and V-zigzag channels were
0.43 £0.01 mm, 0.41 + 0.02 mm, 0.43 £ 0.01 mm, and 0.41 + 0.01 mm, respectively.
The consistency of these MEAM channels (< 8% difference between EFWs and the
set width) is significantly better than previous studies [2,5,11] where up to 0.1 mm
variation (25% difference) between the CAD design and the experimentally
determined printed part was attained, thus confirming the benefits of direct controlling
of the printing process. A significant advance in fabrication of microfluidic devices by
MEAM was demonstrated using the CONVEX design approach for generating
previously improbable structures, including channels with variable width along the path
— V-zigzag (Figure 1b). For the V-zigzag mixer, by directly controlling the printing
process, it was possible to create specific regions on the zigzag channels that were
2% wider than the rest of the channel by slowing down the printing speed at these
regions. This variation in printing speed cannot be achieved by using slicer software

but is readily achieved by direct GCode scripting.
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Following acetone treatment, the mean EFW for hex, diamond, zigzag and V-zigzag
designs were 0.43 £ 0.01 mm, 0.42 + 0.01 mm, 0.42 £ 0.01 mm, and 0.42 £ 0.01 mm,
respectively; this reveals less than 5% difference between untreated and treated
channels. These results confirm that the chemical treatment did not affect the overall
dimensions of the channels and highlight how selective acetone treatment can reduce

the surface roughness of MEAM channels without affecting other parameters.

O Before acetone treatment B After acetone treatment

0.60 1
p>0.05

o

~

o
1
T
1
1
1
|
1
1
T
1
1
1

Set width = 0.4 mm

o

[N

o
L

Mean extruded filament
width (mm)

0.00

Hex Diamond Zigzag V-zigzag
Mixer design

Figure 4 Mean extruded filament width for four MEAM channels before and after acetone
treatment. Acetone treatment for 10 s has no significant effect (p > 0.05) on the channel
dimensions for all designs. Mean values calculated from 10 replicates.

4.2 Effect of acetone on surface roughness of channels

The SEM micrographs of channels before and after acetone treatment along with
surface roughness scans are presented in Figure 5. The micrographs of the channels
prior to acetone treatment (Figure 5a) show the effect of nozzle movements on the
surface texture of the channels, in particular on hex and diamond designs which had
higher roughness (max. and min. heights were +10 pm and —10 pm, respectively)
compared to the zigzag and V-zigzag (max. and min. heights were +6 pm and —8 pum,
respectively). This is understandable since for both hex and diamond mixers, the
toolpath was designed to move the nozzle in a loop at passive mixer locations in order
to fill in the space for the hexagonal and diamond mixers (see supporting information,
S3 for comparison between slicer and CONVEX). By contrast, the relatively smoother

surfaces shown in the micrographs of the zigzag and V-zigzag designs are consistent
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with a continuous and unidirectional steady-state movement of the nozzle (i.e., along
the print platform).

Acetone treatment had a noticeable effect on the topography of all four channel
designs: all four showed a flat surface topography similar to that of injection-moulding
parts [41] with no visible texture at the surface. This was confirmed by the colour-map

scans; thus, all designs showed a maximum height of 2.4 um.

(a) Diamond / V-zigzag W

40 x

1000 x

Before treatment

Centre of the mixer area
(300 X 300 pm)

—
(=2
S

Diamond

40 x

1000 x

After treatment

(300 X 300 pm)

Centre of the mixer area

Figure 5 SEM micrographs for mixer designs at two magnifications along with the 2D colour-
mapping of the surface, (a) before acetone treatment, and (b) after acetone treatment.
Acetone treatment for 10 s considerably improved the surface roughness of all four channel
designs.

16



The surface roughness (Ra) of the MEAM channels was further quantified in two
directions, namely along the fluid flow and perpendicular to direction of the fluid flow
to investigate the effect of direction on these measurements before and after acetone
treatment. Before acetone treatment, the hex and diamond designs had surface
roughness values of 0.49 + 0.11 ym and 0.92 + 0.21 um, respectively. These values
were more than three times higher than values measured for the zigzag (0.15 + 0.01
pm) and V-zigzag (0.16 + 0.02 pm) designs. The results supported the SEM
micrographs (Figure 5) and evidence the significant effect of nozzle movement on the
top surface of the extruded filament. Furthermore, for the hex and diamond designs,
the surface roughness was dependent on the direction of measurement. When
measured normal to the fluid flow (Figure 6b), values increased by 24.4% and 60.6%
for hex and diamond, respectively, compared to the values measured along the fluid
flow (Figure 6a). These differences can be understood: for the diamond design, more
filaments (4 lines) were needed to fill in the space compared to the Hex design (3
lines). Nevertheless, the hex mixer with the highest surface roughness value still
showed over 85% lower surface roughness compared to those reported previously
[24]. Such differences arise from the fact that in this study, a single layer of filament is

deposited compared with the multi-layer channels in the literature.

The effect of acetone on the surface roughness was investigated by performing
measurements of surface roughness along the direction of the fluid flow. The mean
surface roughness for the hex, diamond, zigzag and V-zigzag designs were 0.16 *
0.07 ym, 0.17 = 0.05 um, 0.13 + 0.04 pm, 0.14 £+ 0.02 um, respectively, with no
considerable variation (p > 0.05) between them. Similar values were obtained when
surface roughness was measured perpendicular to the fluid flow for the hex and
diamond designs (0.15 £ 0.05 pm and 0.17 + 0.03 pm, respectively), with only 6.4%
difference between the two directions. These results demonstrate how acetone
treatment reduces surface roughness of the MEAM channels by removing the texture
in both directions, creating a flat featureless surface topography, comparable to those
produced by injection moulding [41]. The calculated surface roughness in this study
was impressively lower (up to 98.7% reduction) than the values reported in the

literature for similar MEAM specimens [11].
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These findings are significant since one of the main current limitations of MEAM for
fabrication of microfluidic devices is poor surface finish, which has been reported to
limit the optical performance of structures [11] and lead to cell sedimentation that can
obstruct the channels [42]. We have addressed this issue by combining the
manufacturing strategy (i.e., printing single layer) with an operationally practical

acetone treatment.

The finished MEAM microfluidic devices were visibly transparent due to the use of
PDMS as the matrix (Figure 6c¢). Optical transparency is important for certain
applications where high-resolution imaging of the channels, including light-sheet
microscopy [43], is necessary to track fluid flow through the channels. A series of
images captured at the tip of the nozzle (Figure 6¢) were used to examine the
smoothness of the channels. All images reveal smooth walls with no indication of
ridges or texture, supporting the surface roughness data (Figure 6a-b). Acetone-
treated channels were therefore used for the rest of the study to examine the mixing

performance of the microfluidic devices.
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Figure 6 Mean surface roughness (Ra) values measured for all four designs (a) along and (b)
normal to the fluid flow. (c) Images after ABS dissolution, revealing smooth channel walls,
similar to those produced by lithography. The MEAM microfluidic after dissolving the ABS
channels with acetone significantly (* p < 0.05) improved the surface roughness for the hex
and diamond designs in both directions. For the zigzag and V-zigzag designs, the surface
roughness improved but not significantly (p > 0.05). Mean values calculated from 3 replicates.

4.3 Effect of passive mixer geometry on fluid mixing quantified with
mixing index at different flow rate regimes

4.3.1 Mixing at different locations along the channel for V-zigzag

At all three flow rate regimes: low (5 pl.mint), medium (500 pl.mint) and high (500

ul.mint), complete mixing was achieved after 15 mm, while at 5 pl.min, complete

mixing was observed after 10 mm (Figure 7). The V-zigzag design outperformed in

mixing efficiency the current state-of-the-art MEAM microfluidic devices reported in the

literature [2,4,10]. This is also true at high flow rates (100—1000 pl.mint) where mixing
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has proven challenging for other MEAM systems (15 mm vs 24-197 mm in other
studies). High mixing performance was only feasible as a result of the CONVEX design
approach being coupled with the novel zigzag passive mixer with a continuous
variable-width channel to disturb the fluid flow and changes the direction of flow and
supported by previous numerical studies of zigzag mixer at Re of 10-200 [44,45]. We
postulate that the synergistic effect of the zigzag design and variable width appear to
promote a change in direction of fluids, facilitating mixing and allowing complete mixing

after only 15 mm.

Fluid flow

50 pl/min

500 pl/min

Figure 7 Microscopy images of the V-zigzag channel visualised with blue and yellow fluids
progressed along the channels at flow rates of 5, 50 and 500 pl.min. At all three flow rate
regimes, complete mixing was still achieved after 15 mm along the Y-axis.

4.3.2 Effect of geometry on the mixing index at different flow rates

Based on the results summarised in Figure 7, the mixing index for all four designs was
expressed as a function of distance at flow rates of 1, 5, 10, 25, 50, 100, 500, 750 and
1000 pl.min't (Figure 8). The obtained results, summarised in Figure 8, are discussed
in the following paragraphs.

e Low flow rate regime (1, 5, 10 pl.min1)

At low flow rates no clear difference was found between the mixing results of the four
passive mixer designs, demonstrating that the geometry is not critical at this flow rate
regime. On the contrary, the effect of varying the flow rate appeared to be important;
the 35% decrease in the mixing index at the junction for an order of magnitude
increase in flow rate could result in a worse mixing performance initially, but as the
fluids progress along the channels, complete mixing is still achieved after 10 mm from

the junction. The findings are in good agreement with a previous study by Tsai et al.
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[9], who reported similar mixing indices for zigzag channels at flow rates of 1-10
ul.mint. The trends observed at these low flow rates are reasonable considering Re
numbers are in the range 0.047 to 0.47. At such a low Re number, laminar flow
dominates and the mixing of two fluids is controlled by Fick’s first law of diffusion [9].
According to this law, the mixing performance of two fluids at low flow rate solely relies
on the time of diffusion and is driven by the concentration gradient. Therefore, for a
given channel length, a lower flow rate provides a longer time for diffusion, and hence
better mixing, which explains the decrease in the mixing index at the junction for 10
pl.mint compared to the 1 pl.min flow rate.
e Medium flow rate regime (25, 50, 100 pl.min-1)

At medium flow rates (Figure 8d-f), which are an order of magnitude faster than those
in low flow rate regime (Figure 8a-c), the mixing results were dependent on the
geometry of the passive mixers. For example, at a flow rate of 25 pl.min, all four
designs achieved complete mixing (i.e., mixing index = 1.0) after 10 mm. With an
increase in flow rate, the length required to achieve complete mixing also increased,
supporting the previous study by Zeraatkar et al. [10]. At a flow rate of 50 pl.min-,
complete mixing was only achieved for the zigzag and V-zigzag designs after 15 mm;
the hex and diamond designs had mixing index values of 0.93 + 0.02 and 0.88 + 0.06,
respectively, at this distance, highlighting the significant effect of geometry on the
mixing.

The dependency of the mixing performance on the geometry of the passive mixer was
even more pronounced when the flow rate was increased to 100 pl.min-1. At this flow
rate, the best and worst mixer designs were V-zigzag and diamond, respectively. For
the V-zigzag design, complete mixing was once again achieved after 15 mm, whereas
for the diamond design, the mixing index was 0.90 + 0.02 after 40 mm. Furthermore,
at a distance of 15 mm, the conventional zigzag design had a mixing index value of
0.51 + 0.03, 50% lower than the V-zigzag design, which could be explained by the
difference in their geometries. The comparison between zigzag and V-zigzag designs
supports our hypothesis that the additional microscale changes in the filament width
for the newly developed V-zigzag channel may promote a directional change in the
fluid flow, effecting a better mixing performance. These results suggest that at a
medium flow rate, mixing is not entirely diffusion-based and advective flux starts to
become dominant with increasing flow rate, while diffusive flux remains almost

constant as it relies only on the diffusion coefficient and concentration gradient [9]. The
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results presented in Figure 8 support the earlier study by Tsai et al. [9] who also
reported that the zigzag angles fabricated by lithography significantly change the
mixing results at flow rates of 40-100 pl.min™t.
e High flow rate regime (500, 750, 1000 pl.mint)

The mixing results for the high flow rate regime are shown in Figure 8 g-i. Under this
regime, the novel V-zigzag mixer outperformed the other designs, achieving complete
mixing after 15 mm at all flow rates. The diamond design required the longest distance
(40 mm) to obtain a combined mean mixing index of 0.98 + 0.02 at all three flow rates.
Increasing the flow rate beyond 500 pl.mint improved the mixing results for all
designs, possibly due to the formation of microfluidic vortices as previously reported
[2,9]. It is commonly reported that the swirling motion of vortices enhances the mixing

of two fluids by increasing the contact between them [2,9].

The mixing properties of the MEAM microfluidic device can be summarised as follows:
1) With increasing flow rate extent of mixing (mixing index) at a fixed length along
the channel decreased.
2) This behaviour was identical for all geometries until 100 pl.min"! was reached.
3) At this flow rate, fluids were over 40 mm along the channels before a mixing
index of 1 was observed. Whilst for the V-zigzag which outperformed all other
designs mixing index of 1 was obtained at 15 mm.
4) When the flow rate was further increased the mixing index increased for all the

designs to shorter distances.
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Figure 8 Evolution of mean mixing index for zigzag (square), diamond (diamond), V-zigzag
(circle) and hex (cross) designs along the channel at flow rates of (a) 1 pl.min, (b) 5 pl.min-
1, (c) 10 pl.mint, (d) 25 pl.min?, (e) 50 pl.mint, (f) 100 pl.mint, (g) 500 pl.min, (h) 750 pl.min
1 and (i) and 1000 pl.mint. The V-zigzag design exhibited the best mixing performance for all
flow rates, achieving complete mixing after 15 mm. The diamond and hex designs were more
sensitive to the flow rate to achieve > 0.98 mixing.
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4.4 Capacity to manufacture MEAM mixers with smaller channel
width

Microfluidics with channel width in the range of 0.1-0.01 mm are required for many
biomedical applications as it allows reducing the volume of samples, chemical and
reagents required to perform the experimental work [46]. To investigate the
applicability of this manufacturing platform to this smaller channel size, a 0.1 mm
nozzle diameter was used to extrude Y-channels with a cross-section of 0.1 mm x 0.1
mm. The micrographs for V-zigzag channels printed with 0.4 mm and 0.1 mm widths
are shown in Figure 10 demonstrating successful printing employing CONVEX design
approach. The overall width of the smaller channels was measured by calliper and the
mean EFWs of the hex, diamond, zigzag and V-zigzag designs were 0.10 £ 0.01 mm,
0.11+£ 0.02 mm, 0.10 £ 0.01 mm, and 0.10 £ 0.01 mm, respectively, with no significant
(p > 0.05) variation between these four channel designs (Figure 10c). The closeness
of the data (only 9.52% difference) to the set width of 0.1 mm and the small variation
between the individual designs, can be attributed to the direct GCode scripting, which
allowed optimisation of the printing speed and extrusion rate to ensure the targeted
cross-sectional area was achieved. These results demonstrate the advantage of the
current methodology compared with previous studies by Felton et al. [5], who
investigated the application of MEAM in microfluidic field and showed significant
variability in the print success (only 167 successfully printed out of 250 printed

channels) for channels with 0.1 mm width.
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Figure 9 Micrographs of V-zigzag channels printed with EFWs of 0.4 mm (a) and 0.1 mm (b).
(c) The mean EFW for passive mixer designs showed high reproducibility in the printing
process. Mean values calculated from 10 replicates. See supporting videos for fabrication of
all four designs.

4.4.1 Summary

The V-zigzag design showed the best mixing performance, irrespective of flow rates
over three orders of magnitude, by maintaining a complete mixing index value (Figure
9). This supports the capacity of V-zigzag design to ensure complete mixing, rapidly
even though surface roughness was low. In contrast to the V-zigzag design, for the
other designs, three regions are observed. First, in the region with 0.047 < Re <1.19,
complete mixing is achieved with no significant variation between the designs. Such
results suggest that mixing performance is not influenced by the geometry of the
mixers and that diffusion is more important in this regime. Beyond that point, mixing
performance progressively reduces for the zigzag (by 42.1%), hex (by 18.3%) and
diamond (by 36.4%) designs. The transition point was found consistently around Re =
3. When the flow rate increased beyond this transition point, the mixing performance

for the diamond design continued to worsen (reduced by 18.1%) supporting earlier
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studies [11,38,47] that highlight the adverse effect of high flow rates on mixing
[11,38,47]. By contrast, other passive mixer designs show a recovery, suggesting a
significant effect of channel geometry. The recovery of mixing performance was
previously reported by Tsai et al. [9], who also identified a transition point (around Re
= 15) for zigzag channels fabricated by lithography with a channel width of 0.1 mm.
Our results provide strong evidence that the geometry of a passive mixer plays a key
role in determining the mixing index for a wide range of flow rates.
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Figure 10 Evolution of mean mixing index for various passive mixer designs vs. flow rate and
Reynolds numbers at a distance of 20 mm the junction. The mixing index values for zigzag,
diamond and hex were dependent on the Reynolds number where the lowest mixing
performance was measured at Re of 3. V-zigzag achieved complete mixing at all flow rates.

A summary of the mixing index, geometrical and physical properties of the V-zigzag
microfluidic and existing AM devices in the literature [2,4,10,24] is presented in Table
2. The mixing performance and surface roughness of the V-zigzag is significantly
better than currently available AM passive mixer devices (manufactured by MEAM or
SLA). Most studies which demonstrated complete mixing only measured the mixing
properties at low flow rates (< 1000 pl.mint) for large channel width (600-900 um). For
conventional lithographic microfluidic devices, fluids behaviour is analysed on a
smaller scale (10—100 pum), which makes it easier to control the interactions and
movements of samples and reducing the chemical waste. As a result, in this study, it
was decided to fabricate MEAM microfluidics with dimensions as close as possible to
conventional devices (i.e., 100—-400 pm). More importantly, for many microfluidic
applications, it is not necessary to use fixed flow rates during the process, thus, the

bespoke microfluidic device should operate for a wide range of flow rates. The present
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study demonstrated a manufacturing pipeline capable of fabrication of MEAM
microfluidic device with a passive mixer to ensure rapid mixing properties even at high
flow rates (100-1000 pl.mint), which previously appeared to be challenging.
Therefore, the newly developed microfluidic device can be incorporated into several

applications that require high flow rates, including microfluidic filtration.

Table 2 Comparison of key properties of the AM microfluidic devices from the literature and
the current study. MEAM — material extrusion additive manufacturing; SLA -
stereolithography.

Channel Distance to achieve complete mixing (mm)

AM Design of  Feature to Fully
~ dimensions Ra (pm) Ref
technology channel enhance mixing (um) 25 [pl.min") 50 (pl.min”) 100 (pl.min") 1000 (pl.min") transparent
MEAM Y-channel Ridges 900 x 900 49 69 x Not considered x [10]
MEAM Y-channel Surface ridges 750 x 500 20 20 15 Not considered 10.97 x
[24]
SLA Y-channel - 750 x 500 x x x Not considered 0.44 x
MEAM ¥Y-channel Serpentine 600 x 600 81 x Not considered x
4]
SLA Y-channel Serpentine 600 x 600 151 x Not considered x
MEAM Y-channel Ridges 750 x 500 20 20 x Mot considered 11.41 x
2]
SLA Y-channel E 750 x 500 ) 4 X x Not considered 0.99 ) 4
*This study Complex passive 400 x 300 & ; .
Y-channel . X 10 15 15 10 0.14 . This study
(MEAM) mixer designs 100 x 100 )

4.5 Industrial application and case studies

Although previous studies [5,33,48] have demonstrated some promising results for
utilising MEAM in the field of microfluidics, there remains significant scope to improve
the manufacturing approach to address current limitations in terms of mixing
properties, resolution, optical transparency, surface roughness and inclusion of
complex passive mixer systems to broaden the microfluidic applications of MEAM. Of
AM technologies, SLA and inkjet offer better resolution and surface finish; thus, they
are currently preferred to fabricate complex and bespoke microfluidic systems over
off-the-shelf microfluidic mixers to precisely control fluids [24]. However, these
technologies suffer from expensive post-processing steps, high cost of the printer and
consumables ($3k and $85k for SLA and inkjet, respectively), and limited selection of

materials suitable for biomedical applications [24]. Therefore, currently there is no AM
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technology that covers all microfluidics applications, and scientists need to select the
best printer technology (i.e., SLA, MEAM or inkjet) depending on the requirements of
the device [24]. The current study aimed to address these limitations by proposing a
novel manufacturing strategy using a MEAM technology that is a fraction (i.e., $300)
of the cost of SLA and inkjet technologies. By direct GCode scripting, the toolpath was
generated based on the CONVEX design approach in a controlled manner; this
ensured continuous printing of a single layer filament which eliminated defects and
voids and significantly reduced the surface roughness. Incorporating a 10 s acetone
treatment into the fabrication pipeline reduced the surface roughness by two orders of

magnitude compared to existing MEAM microfluidic devices.

Additional key benefits of the current methodology are the manufacturing cost and
time. In this study, a commercially available MEAM printer, costing approximately
$300, was used. The amount of material used per channel was only 13.4 + 0.2 mg as
opposed to =200 mg needed where the entire device is printed by MEAM [33].
Furthermore, the printing time per channel was approximately 3 min (yields 20
channels in 1 hour), highlighting the rapid production of low-cost MEAM channels of
various designs. Although the authors acknowledge that the casting of channels in
PDMS takes 2 hours to be completed, the manufacturing approach is nevertheless
more affordable and applicable to many biomedical applications than lithography

alternatives.

Another advantage of direct GCode scripting is the possibility to create a single
manufacturing procedure where the channels are printed and then the acetone is
selectively applied to the passive mixer units as a hybrid process. A further crucial
advantage of the new manufacturing approach is the adaptability of the strategy. The
passive mixer design units are ‘modular’ and can be repeated numerous times over
arbitrary lengths, making them attractive for various applications. This new MEAM
manufacturing pipeline is effective and simple and delivered devices with the superior
properties (e.g., Ra = 0.14 + 0.02 pm, fully transparent and complex geometrical
features) that are normally found using SLA and inkjet technologies. More importantly,
the high surface finish did not adversely influence the mixing performance as has been
previously demonstrated for SLA and inkjet devices. Therefore, the MEAM microfluidic
device in this study can be employed for a broad range of microfluidic applications
28



including manipulation of fluidics, organ-on-chips, droplet generator and mixing

needed.

45.1 Case study 1: Microfluidic printhead for multi-material printing and
precise control
Microfluidic printheads offer spatiotemporal control over the printing process, enabling
recreation of the structural complexity of native tissues. To date, most commercially
available microfluidic printheads are produced using conventional lithography
methods. Here, a MEAM microfluidic printhead, capable of controlling the diameter of
a deposited filament by flow-focusing (Figure 11b) has been produced. To this end, 2
wt% sodium alginate solution was prepared with and without yellow dye. To examine
the level of control over the extrusion width, a range of flow rate ratios between the
core and shell fluids from 2, 4 and 10 were investigated. To allow a direct comparison
between flow rates, the widths of the core and shell fluids were normalised by the
channel width and plotted against different flow rate ratios (Figure 11c). As can be
seen in Figure 11b, by only varying the flow rate of the shell fluid, it was possible to
consistently control the width of the core and shell fluids. For example, for the ratio of
2:1:2 [Figure 11b(i)], the width for the core fluid was 169.6 um (57.6% smaller than the
channel width). As the flow rate ratio was increased to 4:1:4 [Figure 11b(ii)] and to
10:1:10 [Figure 11b(iii)], core width decreased to 110.3 um and 39.3 um, respectively
(72.4% and 90.3% smaller than the channel width, respectively). These results show
that with flow focusing it is possible to vary the core fluid from 10% to 43% of the

channel size (Figure 11c).

4.5.2 Case study 2: Droplet generator for biological and chemical assays

High throughput generation of fluid droplets with fine control on size and shape is vital
for various sectors including regenerative medicine and fluid diagnostic. Our MEAM
microfluidic with flow-focusing capability was used as a droplet generator chip (Figure
11). The droplet generator chip was demonstrated through formation of water-in-oil
microspheres (Figure 11d). Green dye was pumped as the core fluid (aqueous phase)
at a flow rate of 5 pyl.min-t, and mineral oil at 10 pl.min'* as the shell fluid. Chips with
channel width of 0.4 mm produced uniform droplets of 923 + 28 um (based on 5
measurements) in a controlled manner as can be seen in Figure 11le. This study

demonstrated a specific implementation of the current manufacturing strategy to
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produce droplet generator chips. AM technologies have been used to fabricate droplet
generators [5,23,24]; however, these devices suffer from limited optical transparency
and rough surface finish, which are important for analysing and monitoring the
generation and manipulation of droplets [49,50]. The design introduced in this study
addresses both of these issues as we can generate a relatively smooth (at 4x
magnification) and optically transparent device suitable for automation without any
leakage issues. Future studies can easily adapt the current droplet generator chips to
examine single-cells analysis, materials synthesis and chemical reactions depending

on the specifications and requirements [5,51].
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Figure 11 (a) Schematic of a fabricated MEAM microfluidic printhead capable of multi-material
extrusion and droplet generation. (b)(i)-(b)(iii) Micrographs of the cross junction showing the
changes in width of the core (dashed lines) and shell fluids as the flow rate ratios are varied.
(c) Plot of the normalised and actual widths for the core and shell fluids highlighting how the
printhead enables highly controllable and dynamic variation of the width of the core fluid. (d)
Micrograph of the channel indicating formation of the droplet in the 0.4 mm channel. (e) The
deposited spheres formed on a petri dish had a consistent diameter with mean diameter of
923 + 28 um from 5 measurements.
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5 Conclusions

This study describes the use of a newly developed variable-width zigzag (V-zigzag)
passive mixer fabricated by MEAM. The design enabled rapid mixing for a range of
flow rates over three orders of magnitude compared to conventional mixer designs
(hexagonal, diamond and zigzag). The effect of optimising the toolpath on the surface
roughness of microfluidic devices from PDMS was analysed. The results demonstrate
that the CONVEX design approach enables simultaneous control of filament
deposition while varying extrusion volume and printing speed to achieve seamless
structures. Direct application of acetone to the ABS channels for 10 s reduced the
surface roughness values by two orders of magnitude compared to typical values for
MEAM parts. The influence of passive mixer designs on fluid mixing of the MEAM
microfluidic was analysed microscopically. For the V-zigzag design, complete mixing
was achieved after 15 mm from the junction irrespective of the flow rate, which we
postulate is due to the design promoting directional changes of the fluids and
enhancing fluid mixing. For the other designs, mixing performance decreased for
medium flow rate regimes by 40-50% depending on the geometry of the mixer. Using
a smaller nozzle, it was possible to fabricate channels with cross-section of 0.1 mm x
0.1 mm with high reproducibility and excellent printing quality, opening up new
opportunities of MEAM microfluidics in biomedical applications. Two case studies
demonstrated two different applications for the newly developed manufacturing
strategy. A microfluidic printhead with flow-focusing capabilities enabled precise
control over the width of the core fluid from 10% to 43% of the channel width in a
controlled manner, demonstrating the potential for multi-material extrusion. A droplet
generator chip was also manufactured and tested to demonstrate its suitability for
biological-related assays. These new manufacturing capabilities gives confidence in

using MEAM for the fabrication of high-quality and complex microfluidic devices.
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