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3D Printed Tooling for Injection Molded Microfluidics

Neil Convery, lliyana Samardzhieva, John Moir Stormonth-Darling, Sean Harrison,

Gareth J. Sullivan, and Nikolaj Gadegaard*

Microfluidics have been used for several decades to conduct a wide range of
research in chemistry and the life sciences. The reduced dimensions of these
devices give them advantages over classical analysis techniques such as
increased sensitivity, shorter analysis times, and lower reagent consumption.
However, current manufacturing processes for microfluidic chips either limit
them to materials with unwanted properties, or are not cost-effective for
rapid-prototyping approaches. Here the authors show that inlays for injection
moulding can be 3D printed, thus reducing the skills, cost, and time required
for tool fabrication. They demonstrate the importance of orientation of the
part during 3D printing so that features as small as 100 x 200 um can be
printed. They also demonstrate that the 3D printed inlay is durable enough to
fabricate at least 500 parts. Furthermore, devices can be designed,
manufactured, and tested within one working day. Finally, as demonstrators
they design and mould a microfluidic chip to house a plasmonic biosensor as
well as a device to house liver organoids showing how such chips can be used
in organ-on-a-chip applications. This new fabrication technique bridges the
gap between small production and industrial scale manufacturing, while

1. Introduction

Since its conception, microfluidics has
been able to offer an improvement over
classical analysis techniques such as
genomics,!l biochemical assays,?l and
live cell studies® as well as the study of
previously unseen phenomena.**l Cur-
rently, polydimethylsiloxane (PDMS) is
still the preferred material for most mi-
crofluidics applications in research due to
its simple manufacturing process and low
cost for small production runs. However,
PDMS suffers from drawbacks such as
small molecule adsorption,”! leaching,!®!
deformation,l”l hydrophobic recovery,'!
evaporation,!'!l and low throughput mean-
ing that for it is rarely used in consumer
products. For industrial and consumer
applications, plastics are widely regarded
as the superior material due to their bio-
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compatibility and optical properties.['?!
Furthermore, the majority of cell cul-
ture research is conducted on engineering
polymers such as polystyrene (PS) meaning
they are well understood materials from a biological
perspective.l¥] As such, there has been a great deal of research
since the turn of the century in fabricating plastic microfluidic
devices using manufacturing methods such as computerized
numerical control (CNC) milling,'*' laser milling,1517]
micro-machining,*®! 3D printing,[*} and hot embossing.[20-23]
However, the widest used plastic fabrication method in industry
is injection molding. Injection molding offers high throughput,
high replication quality, and low part cost when compared to
any other plastic manufacturing process. Through injection
molding, <100 nm features have been replicated,*! however,
its use has been hindered by the cost required to process a
master structure for all replicas to be molded from. Masters (or
inlays as they are referred to here) are fabricated though elec-
troplating of micro-machined silicon,!?>?%! CNC milling, 2728
etched quartz,??! etched silicon,*®! polytetrafluoroethylene
(PTFE) backed nickel,®"! SU-8 patterned nickel,*?! photo cur-
able polyurethane resins,**] bulk metallic glasses,**] SU-8 on
polyamide sheets,**! and epoxy resins.*®] However, despite the
variety of inlay production processes available, none offer a low
enough cost to be used during the development of a device
or for small batch, proof of concept experiments conducted in
academic research settings.
To combat these issues, we demonstrate the use of stere-
olithography (SLA) 3D printed inlays as tooling for injection

© 2021 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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A (ii)
i .
(1 (iii) (iv)
e el it S
B Feature size range | Time for master | Cost of master | Time per part
(um) (hrs) (£)
PDMS Casting 0.01 + 24 + 100s 2 hrs
LIGA 0.01 + 24 + 1000s 10s
CNC Milling 100 + >2 100s 10's
3D Printing 100 + 2 10s 10s
C Time per chip
Channel geomEny (including handling)
Thermal bonding Preserved 10 mins
Ultrasonic welding Added height from 30s
weld seams

Figure 1. A) shows a cross-sectional schematic the fabrication process of the chips with the 3D printed master (i) and the injection molding process (ii).
Once molded, the polymer part (iii) is then sealed through ultrasonic welding to give a complete microchannel (iv). B) shows a comparison between
difference fabrication comparing the feature size, time, and cost required for fabrication (LIGA: Lithographie, Galvanoformung, Abformung. C) shows a
comparison of commonly used sealing methods comparing the impact on channel geometry and time requirements.

molding using a commercially available, unaltered 3D printer.
SLA printing works by curing layers of a photocurable resin in
a stepwise manner allowing for a highly customizable, 3D part
with low surface roughness and fine feature detail as well as rapid
and simple fabrication. 3D printing has widely been used for the
direct fabrication of microfluidic devices as it allows designs to be
changed and rapidly produced. However, this approach is limited
by low-throughput capabilities and the difficulty in upscaling the
fabrication process when a final design is settled upon. Although
an approach using 3D printed masters for the replica molding of
PDMS microfluidic devices has been presented previously,*’] the
translation from PDMS casting, to injection molding represents
a significant advancement due to the aforementioned material
and high-throughput advantages. We demonstrate that commer-
cially available resin can withstand the high pressures (>800 bar)
and temperatures (>250 °C) of a typical injection molding pro-
cess while simultaneously allowing for accurate fabrication and
replication of micro features at a fraction of the cost, time, and
expertise of the inlay manufacturing methods listed above. Al-
though ultrasonic welding has been used for the sealing of mi-
crofluidic devices in the past,®*] the effect of the dimensions
of the weld seams and welding process on the geometry on the
microfluidic channel has not been well reported. Here we de-
scribe these details for weld seams with dimensions relevant to
the 3D printing process so that a reliable seal with minimal ef-
fect of the channel shape can be achieved. The molding and seal-
ing process is shown in Figure 1A. Furthermore, the use of a
3D printed inlay provides a link between the rapid prototyping
preferred in microfluidics research and high throughput, indus-
trial scale manufacture—an important feature of product devel-
opment where identifying and optimizing the final, mass produc-
tion process of a device as early as possible is highly desirable.['?]
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Finally, 3D printing allows for the realization of features that
would otherwise be difficult to manufacture by traditional meth-
ods. For example, we were able to manufacture inlays containing
not only micro-channels, but also the weld seams required for
ultrasonic welding to seal the devices in a rapid manner. These
300 x 300 ym triangular prims round the edge of the channels are
very difficult to fabricate in silicon and by CNC milling. Further-
more, the 3D nature of SLA printing means that features of differ-
ent height can be manufactured in one step, rather than the sev-
eral lithography and etching steps which would be required if fab-
ricating in silicon. This means that a wider spectrum of channel
geometries can be achieved at reduced time, and thus cost of any
manufactured inlays. A summary of the characteristics of differ-
ent microfluidic manufacturing methods are shown in Figure 1B
and a brief summary of bonding techniques is given in Figure 1C.
As a demonstrator, we have designed and injection molded a mi-
crofluidic chip which was ultrasonically welded to a nanostruc-
tured plasmonic substrate. The integration of both parts forms
a simple, fully injection molded biosensor.**] Furthermore, we
have created a device to house liver organoids. This device con-
sists of channels of varying height, and is sealed through ultra-
sonic welding to show how this fabrication method can be used
for organ-on-a-chip applications.

2. Experimental Section

2.1. Inlay Fabrication

Inlays were designed using Solidworks computer aided design
(CAD) software (Dassault Systémes, France) and printed using
a Form2 printer (Formlabs, US) in both Clear and High Temp
resins (Formlabs proprietary resin formulations). This system
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used an SLA process in which a photocurable resin was selec-
tively patterned by a laser for each subsequent layer. Post print-
ing, parts were removed from the build plate and any un-cured
resin was removed by washing in isopropyl alcohol while agitat-
ing for 10 min (Form Wash, Formlabs). Finally, all parts were al-
lowed to dry at room temp before being cured under UV for 30
min at 60 °C (Form Cure, Formlabs). All inlays were printed with
a layer height of 25 um. Injection molding inlays were designed
with dimensions 0f 24.7 X 24.7 X 8 or 27.7 X 77.7 X 5 mm to fit ex-
isting tooling. Inlays were designed using Solidworks computer
aided design (CAD) software (Dassault Systémes, France) and
printed using a Form2 printer (Formlabs, US) in both Clear and
High Temp resins (Formlabs proprietary resin formulations).
This system uses an SLA process in which a photocurable resin
is selectively patterned by a laser for each subsequent layer. Post
printing, parts were removed from the build plate and any un-
cured resin was removed by washing in isopropyl alcohol while
agitating for 10 min (Form Wash, Formlabs). Finally, all parts
were allowed to dry at room temp before being cured under UV
for 30 min at 60 °C.

2.2. Inlay Characterization
2.2.1. Surface Roughness

Surface roughness was measured using an Alicona Infinite Fo-
cus G4 optical microscope (Bruker, US) using a 10x objective
(Olympus, Japan). Images were analyzed and surface roughness
measurements obtained from Vision 64 Map Software (Bruker).

2.3. Optical Clarity

Optical clarity was measured using a 1951 USAF wheel pattern
test target (Thorlabs, Germany). The target was placed on top
of the chips and imaged with an EVOS 7000 (Thermo Fisher,
US) microscope with a 10X objective (Olympus, Japan). To im-
prove optical quality, chips were polished using Brasso (Reckitt
Benckiser, UK) and a microfiber cloth.

2.3.1. Feature Dimensions

Inlays were sawed most of the way through from the back and
then snapped so that a clean cross-section could be imaged.
Cross-sectional images were captured using a Hitachi S4700
scanning electron microscope (SEM) (Japan) at 100X magnifica-
tion. Molded polystyrene parts and sealed micro-channels were
snapped after sawing most of the way through and dipping in liq-
uid nitrogen to ensure a clean cleave. Parts were sputtered with
gold/palladium prior to any imaging. Images were adjusted for
contrast using Image] (National Institutes of Health and the Lab-
oratory for Optical and Computational Instrumentation, US) and
measured using a Python script.

2.4. Injection Molding
Polymer replicas were fabricated in polystyrene (PS) (1810 crystal

polystyrene, Total Petrochemical and Refining, Belgium) using a
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Victory 28 injection molding machine (Engel, Austria). PS was
chosen as it is the primary material used for tissue culture devices
in life-sciences.!'3] The polymer was heated to 260 °C and a shot
volume of 4 cm? was injected into the cavity (injection velocity =1
cm?® s71). This was then cooled in the mold for 35 s (holding pres-
sure = 800 bar) before the tool was opened slightly for a further 10
s to ensure the part was cooled sufficiently before releasing from
the mold to avoid warping. As the cured resin is less thermally
conductive than traditional injection molding materials (metals),
a relatively long cooling time (35 s) was required to ensure the
parts cooled to below the glass transition temperature (90 °C for
PS) in the mold. This prevents any deformation that can occur
when the part cools after it was ejected from the tool. After this
time, the tool opened completely and the part was ejected. This
molding process had not been optimized for reducing the cycle
time. All devices had the sprue removed and inlets/outlets holes
were drilled as required. A drilling speed of 100 rpm was used to
prevent excessive heat build-up that would melt parts.

2.5. Ultrasonic Welding

During ultrasonic welding, parts were joined by vibrating the in-
terface between them. This friction melts the polymer and the
parts fuse together. Using energy directors referred to as weld-
seams, this energy was localized to predefined regions, reduc-
ing heating and warping of the overall part. As such, triangu-
lar weld seams of varying dimensions were incorporated round
the edge of the channel during the design. Channels were then
sealed against a molded PS blank using a Standard 3000 welder
(Rinco Ultrasonics, Switzerland) using travel differential mode
(20%, 40%, 60%, 80%, and 100% of the weld seam height), and
energy mode (5, 10, 15, 20, and 25 Ws) to determine the opti-
mum settings. A hold time of 2 s was used throughout to allow
the welds to cool before the parts were removed from the tool.
Successful sealing was determined by filling the channel with
food coloring (Morrisons, UK) and examining for leaks. Before
sealing tests, parts were plasma treated in O, (80 W, 1 min) to
increase their hydrophilicity. Sealed chips were then cleaved and
their cross sections imaged (SEM) to determine the effect of weld
seam dimensions on microchannel geometry.

2.6. Plasmonic Device Fabrication

Polystyrene templated plasmonic slides were fabricated accord-
ing to a protocol adapted from Karimullah et al.*"! In brief, a 40 X
40 mm silicon wafer was ultrasonically cleaned and spun with
Poly(methyl methacrylate) (PMMA). The nano-pattern, created in
Tanner L-Edit (Siemens, Germany) was transferred to the surface
using an EBPG 5200 electron beam lithography tool (Raith, Ger-
many). The sample was then developed in a solution of methyl
isobutyl ketone (MIBK)/isopropyl alcohol (IPA) in 1:2.5 by vol-
ume ratio. After development, 60 nm of nickel was deposited
by thermal evaporation (MEB 550S Electron Beam Evaporator,
Plassys, France). Acetone was used to wash away the remaining
PMMA and overlying nickel, leaving only the nickel in the pattern
defined during the lithography stage. The silicon was then etched
to transfer the nickel pattern into the wafer (ICP RIE, Surface
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Technology Systems, UK) to a depth of 240 nm. The nickel mask
was then chemically stripped from the wafer. These features were
then transferred into a master inlay and replicated via injection
molding in PS according to the following protocol.l*!] Finally, the
PS surface, patterned with ordered nanopillar array was plasmon-
ically activated after thermal evaporation of a 100 nm Au thin
film.

2.7. Plasmonic Measurements

Absorption measurements were taken on a USB2000 spectrom-
eter (Ocean Optics, USA) with a 6 s integration time. Reference
measurements were taken on a blank polystyrene slide coated
with 100 nm gold film sealed with a microfluidic device for each
liquid analyte. This reference was subtracted from the plasmonic
data to give a true value of the plasmonic absorption of the de-
vices.

2.8. Organoid-on-a-Chip

Channels with a cross section of 300 x 300 pm with constric-
tion at one end lowering the depth to 100 pm were molded from
3D printed inlays. Liver organoids were generated as described
in references*>*}] and pipetted into the channels before tubing
was connected and media was either flowed though at a rate of
100 uL h~! or left without flow. After 1, 3, or 7 days, the cells were
washed with PBS and stained with a live dead stain (LIVE/DEAD
Viability/Cytotoxicity Kit, for mammalian cells, Invitrogen, US)
and imaged on a Zeiss LSM700 confocal microscope using Zen
capture software.

3. Results and Discussion

3.1. Fabrication and Characterization of Micro-Channels in 3D
Printed Inlays

Although there are a wide range of 3D printers and materi-
als available, work here was focused on Formlabs printers and
resins. The Form 2 printed used for this work only allows for the
use of Formlabs resins (proprietary mixtures of methacrylic acid
esters and a photo-initiator!*!l). Despite the proprietary nature of
the resins, the resins and printer were used here as any variability
between printers and homemade resins is eliminated.

Initially, Formlabs’ High Temp resin was used to print inlays
as it was thought that its high heat deflection temperature would
make it more suitable for injection molding. This data is summa-
rized in Table S1, Supporting Information. However, the High
Temp resin proved too brittle to withstand the 800 bar pressure
inside the tool leading to cracking of the inlay (Figure 2A). Inter-
estingly, the standard, clear resin was able to withstand both the
pressure and temperature of the molding cycle so was used for
all further inlays. This despite the clear resin having a lower heat
deflection temperature (S1). However, the higher elongation to
failure illustrates that the clear resin was tougher and thus better
suited to injection molding. Furthermore, the fidelity of the injec-
tion molding process was measured to investigate the durability
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of the molds and is discussed in detail later. Figure 2B shows the
clear resin intact after 500 shots.

For microfluidic applications, it is important for any fabrica-
tion process to give features of predictable cross sections and
thus predictable fluid kinematics under flow. However, the de-
fault printer settings meant the inlay was printed at a different
angle with each subsequent print, leading to variation in the pro-
file and dimensions of the ridge. To analyze this effect, we printed
straight ridges at a range of angles rotating in the 6 (around the
face of the inlay) and ¢ (around the side of the inlay so that the
features face towards the print bed) directions as defined by Fig-
ure 2C where SEM images of the cross sections of these ridges
can be seen. Here, the ridge printed at 0° in both the 6 and ¢
directions have a symmetrical profile however, channels not run-
ning in the build direction will have a profile of that at § = 90°
and @ = 0°. This means this orientation is only useful for linear
microfluidic channels. To address this, ridges printed facedown
(@ = 90°) exhibit a symmetrical profile and steep sidewalls and
the profile is not influenced by the orientation of the channel on
the part.

In a typical printing process, supports and a base are added
by the slicing software used by the printer to create a normalized
build plane on the build plate. This ensures that the exact posi-
tion of the build plate is not required for the printing of each part
and allows the resin to easily flow around the print, thus prevent-
ing a build-up of resin which might be cured by scattered light
during printing. However, it was found that printing devices di-
rectly on the build plate without the base and supports not only
cut down on print time, but also resulted in more reproducible
parts. Additionally, the lack of supports meant that these did not
need to be removed before molding thus cutting fabrication time
even further.

In addition to predictable profiles, surface roughness measure-
ments were taken of 3D printed inlays with no features on their
surface to give an indication of the optical clarity of the molded
parts. Surface roughness affects the transparency of the final de-
vices so should ideally be as low as possible. Surface roughnesses
of Ra =0.81 + 0.02 um, Rq = 1.07 £+ 0.10 um, and Rz = 4.97 +
0.49 um were obtained (mean + standard deviation, n = 3) which
is an order of magnitude smaller than similar 3D printed tool-
ing for embossing described previously.[?! However, as surface
roughness can be misleading as an indicator of optical clarity, a
resolution target was used to better understand the optical qual-
ity. Using this, chips were able to resolve 0.28 line pairs per mil-
limeter (Ip/mm) however, by polishing the inlay prior to molding,
the chips could then resolve 128 Ip/mm. Images of the target’s
smallest features through the unpolished chip is shown in Fig-
ure 2D and the polished chip in Figure 2E.

Alongside optical clarity and predictable profiles, accurate fab-
rication of channels with well-defined widths and heights is also
of paramount importance when manufacturing microfluidic
devices to predict fluid kinematics in the final device. As such,
ridges of varying heights and widths were designed and printed
with a 5° draft angle to ease the demolding, in accordance with
good results from preliminary experiments, both in terms of
demolding and linewidth consistency (Figure S1, Supporting In-
formation). Additionally, control over the draft angle highlights
another advantage of 3D printing as sloping features are difficult
to fabricate with standard photolithography processes. SEM

© 2021 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 2. A) and B) show inlays post molding in the Formlabs high temp and clear resin, respectively. Cracks appeared in the high temp resin after 10
shots in the injection molding machine while the inlay made from the clear resin is intact after 500 shots. C) shows how the orientation of the print
affects the cross-sectional profiles of the printed ridges. Printing facedown gives the most consistent profiles for all features printed on the inlay. D) and
E) show images of the optical clarity target imaged through parts molded from unpolished and polished inlays, respectively. F) shows the measured
heights versus designed heights for features 300 um wide. Only points above 100 pm were used to determine best fit lines (linear regression, green
dashed lines). Orange lines show the measured height = designed height. G) shows the measured widths versus designed widths for features 300 um
high. Best fit was taken from all points above 200 pm. All points are mean + standard deviation with n = 3. Scale bars = 25 mm for (A) and (B), 200 um

for (C), and 100 pm for (F) and (G).

micrographs were acquired and the cross sections measured
were compared to the designed dimensions. The height of a
channel was defined as the distance from the base of the part to
the top of the ridge. The width was defined as the width at 50% of
the full height to account for the sloped sidewalls and reduce any
measurement ambiguity imposed by the ridges’ corner radius.

The measurements for the heights of the ridges are shown in
Figure 2F showing the heights of features 300 um wide. The data
for features 200 and 400 um wide can be seen in Figures S2A
and S2B, Supporting Information. This shows that, for a range
of widths of the ridges, the heights are offset by a value of —59 +
1.7 um. This decrease in the height of a feature is likely due to an
over curing of the resin designed to ensure robust printing. The
slope of the best fitlines (least squares regression) shows that this
systematic error can be compensated for by including this offset
into the design of the feature.

The measured widths of the features printed at heights of
300 um versus their designed widths are presented in Figure 2G.
Again, the data for features 200 and 400 pm sizes can be seen
in Figures S2C and S2D, Supporting Information. Similar to the

Macromol. Mater. Eng. 2021, 306, 2100464 2100464 (5 of 11)

heights discussed above, the best fit lines of the lines regions of
the plots show r? values ~1 and an offset of 66 + 3.2 um. This
discrepancy in the measured versus designed widths is because
as each subsequent layer is cured by the laser in the printer, this
light is scattered and any uncured resin that is still coating fea-
tures in previous layers is exposed. Hence the features are wider
at the bottom than the top. Combining this with the offset ac-
quired from the height data above, a general rule for printing
ridges is to overcompensate for the height by 59 ym and under-
compensate for the width by 66 um. This was found to give ac-
curate and reproducible features for all subsequent experiments
and devices. It is also worth mentioning that within the range of
widths and heights studied here, aspect ratio had no effect on the
measured dimensions of the features. Thus, the printing process
is not limited by the aspect ratio.

To further characterize the capabilities of this fabrication pro-
cess, ridges were printed at different spacings to determine the
resolution of the printer—that is, the minimum distance be-
tween two features that still give two distinct features of the de-
signed height, with no material filling in the gap between them.

© 2021 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 3. A) (i) shows the designed heights of features (orange bars) and the depths of the channels molded after the 1st, 10th, and 50th shots for
channels of different geometries. Here it can be seen that for the shorter channels, replication of a desired feature is good over a high number of shots
while the deeper channels (400 um and above) lose their depth with subsequent shots. (ii) shows the same data but for the widths of the channels. B)
shows the durability of a 3D printed inlay over a production run of 500 parts where the dimensions of the 500th part are still within error compared to
the inlay. C) shows photographs of the inlay, the 1st, and the 500th part in (i)—(iii) respectively. Scales bars = 15 mm.

This was achieved by measuring the heights of the features at dif-
ferent spacings where a ridge of full, designed height indicates a
fully resolved feature. This data is shown in Figure S2E-G, Sup-
porting Information, which indicates the heights of features, nor-
malized to their various designed heights, at widths 200, 400, and
600 um, respectively. The orange areas illustrate the distances for
which the ridges were fully resolved (greater than 400 um for the
200 and 400 pm wide features and greater than 600 um for the
600 pm wide features).

3.2. Inlay Durability for Multiple Injection Molding Cycles

The injection molding process involves high temperatures and
pressures (260 °C and 800 bar) which can lead to wear and dam-
age to inlays used for molding. As such, it was important to test
the accuracy and reproducibility of the micro-channels molded
from our 3D printed inlays as well as the durability of the inlays
themselves. A series of ridges of varying width, height and aspect
ratio were printed at desired dimensions accounting for the off-

Macromol. Mater. Eng. 2021, 306,2100464 2100464 (6 of 11)

sets and spacings determined above. The height and width of the
channels formed on the thermoplastic replicas were then mea-
sured and compared to the designed dimensions. Figures 3A(i)
and A(ii) show how the replication of the height and width varies
over 50 shots, respectively.

Here it can be seen that shallower channels showed very good
reproducibility over the full production run while the taller chan-
nels, particularly those over 500 um, showed a reduction in height
of 30 um with successive shots. In terms of the widths, a small
reduction in the width of the channels can be observed over most
of the designs with each shot, however, this is most apparent in
the higher aspect ratio channels. Shorter and lower aspect ratio
channels show excellent reproducibility over the production run.
To further validate this an inlay was printed with channels 146 ym
deep and 500 parts were molded from it. The 1st, 10th, 100th,
250th, and 500th part were measured and this data is shown in
Figure 3B. Here it can be seen that even after 500 parts have been
molded, the channel height is still within error of the master di-
mensions showing that 3D printed inlays are durable for at least
500 parts. Photographs of the master, the 1st part and the 500th
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part are shown in Figures 3C(i) and c(iii), respectively. It is also
worth mentioning that the injection and the cooling of the poly-
mer in the tool have not been optimized but provides adequate
replication for microfluidic channels over an acceptable range
of dimensions. As such, the molding process could be refined
through modelling and further experimentation should a wider
range of geometries be required.

3.3. Impact of 3D Design and Ultrasonic Welding on Sealing

In the case of PDMS, bonding to other materials can be achieved
with relative ease; the most common methods involving sealing
against itself or against a glass substrate. This is possible because
the elasticity of PDMS lets it conform to a surface and provide a
moderate seal.[*’] This sealing can be enhanced by first plasma
treating the elastomer when a higher pressure seal is required.[*!
However, bonding of inelastic thermoplastics is not so trivial.
Thermal sealing involves heating the two parts and holding them
together under pressure to allow the parts to fuse together. How-
ever, the need for a long cooling stage means that this method
is not viable for high throughput applications. Furthermore, the
fact that the whole part needs to be heated can lead to deforma-
tion within the channels.

Ultrasonic welding is one of the most common thermoplas-
tic bonding processes used in industry due to its rapid, easy
to automate, and cheap nature, as well as the fact it requires
no additional materials for the fusion of parts. As such, ultra-
sonic welding complements the injection molding process for
high-throughout, rapid manufacture of devices. During ultra-
sonic welding, it is beneficial to use energy directors (referred
to as weld seams). These structures act to focus the welding en-
ergy to a small, localized region of the device and prevent exces-
sive deformation of the parts due to heating. Once in contact,
the sonotrode exerts pressure and ultrasonic vibrations onto the
two parts which heats and melts the weld seam, thus fusing the
two parts together. By having the seam encircle the channel, a
hermetic seal is formed during the fusion of the parts. Typically,
these weld seams need to have a triangular profile which is dif-
ficult to fabricate with traditional silicon micromachining proto-
cols. However, with 3D printing, complex 3D shapes can be incor-
porated into the device with ease, thus reducing the fabrication
time while simultaneously allowing for geometries that would be
extremely challenging to manufacture using traditional advanced
manufacturing methods.

First, it was important to determine the smallest weld seam
structures that could be achieved through 3D printing. Smaller
weld seams will have a smaller effect on the geometry and the
performance of a microchannel however, too small, and there will
not be enough material to seal the chip. The lower weld seam size
limit was determined by printing a series of troughs (that would
become ridges in the molded part) of different depths (100 and
200 um) and widths (200-700 pm), cleaving the part and imag-
ing the cross-section before measuring and comparing to the de-
signed geometries. Further information on the dimensions of the
printed features can be found in Figure S3A(i), Supporting Infor-
mation. For narrower channels, the printer was not able to realize
the designed shape as the resolution was not high enough. This
resulted in features filling in which can be seen in Figure 4A.
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However, for wider features, this filling in was less of an issue
and the troughs were able to be printed (Figure 4B). By measur-
ing and comparing the widths and heights of these troughs to the
designed dimensions, the lower feature size limit could be deter-
mined. Figures 4C and D show the widths and depths of features
100 and 200 pm deep, respectively. These results show that the
narrowest trough feature that can be reliably printed was 350 um
wide.

Next, in order to achieve the desired triangular shape of the
features, a series of troughs was printed with a range of sidewall
angles. This was done in order to determine the most triangular
channel that could be printed. The shape of these features with
the side wall angle is shown in Figure S3A(ii), Supporting Infor-
mation, with the ideal profile shown in Figure S3A(iii), Support-
ing Information. Figures 4E and F show the measured depths
of troughs designed to be 350 um wide and 100 and 200 um
deep, respectively. This illustrates that for 100 um deep troughs,
the side wall angle can be increased to 15° while it can only be
increased to 2° for the 200 pm deep ones. Considering the de-
sign requirements set out above, channels were designed to have
weld seams encircling them with dimension of either height =
100 pm, width = 350 um, and sidewall = 15° or height = 200 um,
width = 350 pm, and sidewall = 2°. These parts were then molded
and plasma treated, after which inlet/outlet holes were drilled.

To determine the optimum welding parameters for these weld
seams, two different operation modes on the ultrasonic welding
machine were considered: travel differential, and energy mode.
In travel differential mode, the sonotrode moves a predefined dis-
tance while vibrating to fuse the parts, while in energy mode, the
sonotrode vibrates until a certain energy has been transferred to
the parts. Using a travel differential of 20%, 40%, 60%, 80% and
100% of the weld seam height, 10 chips were sealed at each set-
ting and the sealing success was determined by filling the chan-
nels with dye and examining for leaks. As both parts were plasma
treated prior to sealing (hydrophilic surfaces), any leak from the
channel meant that fluid easily could escape and was almost in-
stantly visible to the eye. The same was done in energy mode
using energies of 5, 10, 15, 20, and 25 Ws. The sealing success
of the two weld seam designs is shown in Figure 4G. Here it can
be seen that the 200 pym seams sealed more effectively than the
100 um ones, and that energy mode was far more successful in
sealing the chips than travel differential mode. No 100 um seams
sealed in travel differential mode while energy mode had a 100%
success rate for the 200 pm seams at energies over 10 Ws. How-
ever, the 100 pm seams could reliably seal in energy mode at 25
Ws.

As ultrasonic welding involves the melting of weld seams, the
process does mean that the resulting microchannel includes the
added height of these structures. As such, it was important to de-
termine how much height is added so that this can be compen-
sated for in the design. Chips were sealed using the parameters
described above before being cleaved and their cross sections im-
aged and measured. Added height was defined as the height from
the bulk of the chip material to the foil used to seal. Figure 4H
shows the added heights for all the designs and welding parame-
ters that gave a sealing rate of above 90%. This shows that, for the
200 um seams, the more energy used to weld, the less height was
added to the final channel. It was thought that using a smaller
weld seam would result in less overall added height however, the
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Figure 4. A) and B) show printed trough with designed dimensions of 200 x 100 um (width x depth) and 700 x 200 um, respectively. Red dotted lines
show the designed shape of the trough. Filling in of the feature can be observed in the smaller channel, while the larger one is better realized. C) and D)
show how the designed and the measured dimensions of these features differed from one another for features 100 and 200 um deep, respectively. With
the full depth of the features only being realized once the width is above 350 pm. The effect on the sidewall angle on the depth of the channels is shown
in E). This shows how the side wall angle of these features affects the depth of a 100 um trough. F) shows the same as E) but for a 200 pm trough. The
sealing success of different welding parameters and weld seam designs is shown in G) and the added heights of the successfully sealed channels are
shown in H). Finally, I) and ]) show cross sectional images of sealed channels where the weld seams were placed adjacent to the channels and offset by
150 um, respectively. Red dotted boxes show the weld seams and how they fit in the final channel in (J). Scale bars in (A) and (B) = 500 um and 1 mm

in (1) and ()).

100 um seam gave an added height of 50 pm compared to 28 ym
for the 200 pm one. It is assumed that this is down to the profile
of the 200 um seam being more pointed, thus allowing for a more
efficient transfer of energy, and more of the plastic melting and
fusing. It was also noted during this experiment that material
from the weld seams was flowing into the microchannels dur-
ing welding (Figure 41). Finally, it was hypothesized that placing
the seams adjacent to the channels would give the best channel
profile once sealed, but this was not the case (Figure S3B(i), Sup-
porting Information). Fortunately, these defects could be com-
pensated for, by moving the weld seams 150 pm back from the
edge of the channel (Figure 4]) (designs shown in Figure S3B(ii),
Supporting Information).

3.4. Demonstration of an Injection Molded Plasmonic Sensor

To demonstrate the method of using 3D printed inlays to mold
microfluidic parts, we created a simple plasmonic biosensor. In-
tegrating sensors into microfluidic devices increases their attrac-
tiveness for biomedical applications and keeps them in line with
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the tenets that were first laid out for microfluidics.*”] Here we
use the above method of ultrasonic welding to seal a microfluidic
device to an injection molded nanopatterned polystyrene slide
coated with 100 nm of gold. The gold nanostructures can enhance
localized surface plasmon resonance (LSPR), thus creating a fully
injection molded plasmonically active sensor. A photograph of
such a device is shown in Figure 5A with an SEM of the channel
and nanopattern shown in Figures 5B and C. Localized surface
plasmon resonance (LSPR) has been widely used in biomedical
and chemical sensing applications and works as follows. The con-
ducting electrons of the metal nanostructures, spatially confined
to the interface of the nanoscale object, create characteristic res-
onant oscillation upon stimulation with incident light. This res-
onance causes the metal nanostructures to absorb light at a spe-
cific wavelength dependant on the period of the oscillation. As it
is sensitive to changes in the local dielectric environment, using
an array of nanopillars (130 nm diameter, 190 nm pitch) we were
able to detect the difference in absorption of different analytes
(water and 20%, 40%, 60%, 80% glucose solutions). These ab-
sorption spectra are shown in Figure 5D with all measurements
recorded on the same device. This ability to easily incorporate a
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Figure 5. A) shows a photograph of an assembled microfluidic plasmonic device. B) shows an SEM of a cross section of the channel, and C) shows the
nano-pattern on the base of the channel. D) shows that how by changing the refractive index of media in the microchannel (0%, 20%, 40%, 60%, and
80% glucose solutions), the resonance peak shifts. E) shows a schematic of the organoid-on-a-chip device while F) shows the cell viability after 1 day
without and with flow, 3 days, and 7 days in the chip in (i)—(iv), respectively. Green = calcein (alive cells) while red shows propidium iodide (dead cells).

Scale bars are 25 mm in (A), T mm in (B), 1 um in (C), and 200 pm in (F).

well understood sensing technique into a microchannel of any
desired geometry is an attractive property for microfluidic fabri-
cation. As discussed by Manz et al, detection of analytes is one
of the key applications of microfluidics!*’! and also ensures that
minimal equipment is required for the operation of chips mean-
ing that lab-on-a-chip devices can be created as opposed to a chip-
in-a-lab.l*8]

3.5. Organoid-on-a-Chip

To further demonstrate the applications of injection molded mi-
crofluidics from 3D printed inlays, we created a device capable
of housing liver organoids and maintaining their viability for
multiple days. Organoids are 3D structures of cells composed
of the different cell types required to make up an organ. In the
case of liver cells, the organoids were composed of hepatocytes,
cholangiocytes, stellate cells, kupffer cells, and endothelial cells.
Organoids are organotypic in vitro models that capture the com-
plexity and physiology of the organ and organ systems within the
body and are thus an area of great interest within the organ-on-
a-chip community. Furthermore, the size of the organoids used
here (100-300 um in diameter), meant that any devices manu-
factured have to also be on this length scale which makes injec-
tion molded parts from 3D printed inlays all the more appealing.
Here, a simple 300 x 300 pm fluidic channel connecting an inlet
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and an outlet were fabricated. However, the channel had a con-
striction at one end lowering the depth of the channel to 100 pm.
This constriction meant that organoids got trapped and held in
the chip, but media was still able to flow around the cells to supply
nutrients. Again, this complex 2.5D geometry would be very dif-
ficult to fabricate using other manufacturing methods, but with
3D printing, it is a simple, 1-step process. A schematic of this
chip is shown in Figure SE. Once the organoids were loaded into
the chips, tubing was connected and media was supplied to the
chips from a syringe pump at a rate of 100 pL h~'. Cells in dif-
ferent chips were stained after 1, 3, and 7 days with an additional
chip stained with a live dead stain after 1 day but with no media
(no flow) supply acting as a negative control. These fluorescent
images can be seen in Figure 5F ((i)—(iv) showing the organoids
after 1 day with no flow, 1, 3, and 7 days with flow, respectively).
Here it can be seen that after one day with no flow of media,
the cells in the organoids are predominantly alive however, there
is a higher number of dead cells compared to the others. The
organoids supplied with flowing media showed a minimal num-
ber of dead cells, showing that the organoids stayed healthy af-
ter seven days in the chip. This ability to maintain cell viabil-
ity for prolonged periods of time highlights the attractiveness of
polystyrene microfluidic chips, and the fact that such a chip was
simple and cost effective to manufacture at the length scales re-
quired, show a usable example of microfluidic chips molded from
3D printed inlays.
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4. Conclusion

We have demonstrated a unique approach of manufacturing
polystyrene microfluidic devices via injection molding from a 3D
printed master. Channels as small as 100 X 200 pm could be fab-
ricated. Although larger than microfluidic devices fabricated by
photolithography, these dimensions are currently limited only by
the 3D printer and are expected to reduce as printers become
more capable. Moreover, with the emergence of organoid tech-
nologies, these higher length scales will become the required
dimensions for many organoid-on-a-chip devices. In summary,
accurate dimensions of the features could be realized by com-
pensation at the design stage. Designing features to be 59 um
taller, 66 um narrower, and with a draft angle of 5°, channels of
a desired geometry can be achieved if they are placed more than
500 pym apart. Furthermore, by ensuring in the aspect ratio of a
channel is under 2:1, and the overall height is under 500 um, the
inlays can produce at least 50 identical parts before gradual dete-
rioration of the inlays was observed. Finally, the design of energy
directors for ultrasonic welding was optimized showing that fea-
tures as small as 350 x 100 um could be printed and used to seal
the device, however, more reliable sealing was seen with larger
energy directors (350 X 200 um).

It is important to mention the time frame of this fabrication
process. Allowing 1 h for the design of a device, it takes 2.5 h to
print, wash, and cure the inlay, 2 h to prepare the injection mold-
ing machine and mold 50 parts, and 30 min to drill inlets/outlets
and seal the chips. This represents a total time of 6 h, meaning
that devices can be designed, fabricated, and tested within one
working day. This allows for multiple iterations of a device to be
tested rapidly before a final design is settled on. Furthermore, the
ability to mold over 500 parts shows how such a technique can be
used in semi-industrial applications.

The use of ultrasonic welding allowed not only for leak-free
sealing of molded parts, but also the incorporation of function-
ally patterned, plasmonically active plastic parts (with metal coat-
ings) to create a microfluidic biosensor capable of specific, quan-
titative measurements with applications in academic and com-
mercial microfluidic and sensing practices. Additionally, the fact
that complex biological structures could be maintained within
the chips highlights how these chips could be used in organ-on-
a-chip applications with built in bio-sensing capabilities.

In summary, this novel approach combines low cost, rapid-
prototyping, and high-throughput, industrial scale manufacture
in a manner that is unparalleled by existing processes.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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