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3D-printed microfluidic-microwave device for droplet
network formation and characterisation

We present advancement in the field of microfluidic-microwave
devices (MMDs), showcasing a novel 3D-printing approach
to integrate liquid metal as an electrical conductor in the
rapid prototyping of customized MMDs. This development
opens new possibilities for sensitive, non-invasive
characterization of low-volume liquids which is pivotal for
applications in synthetic biology, biochemical research,

and soft material studies. Image designed and illustrated

by Adam Chard at Croatoan Design.
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Microfluidic-microwave devices (MMDs) have emerged as precision tools for the rapid, accurate, sensitive,
and non-invasive characterisation of liquids in low-volumes. However, the fabrication of MMDs remains a
significant challenge. This is due to the complexities associated with integrating fluidic ducts and electronic
components. Herein, we present a versatile and economical 3D-printing approach using ducts filled with
liquid metal as an electrical conductor. Cyclic olefin copolymer, polylactic acid, and polypropylene were
identified as printable dielectric materials for MMD fabrication. Substrates of 3D-printed cyclic olefin
copolymer exhibited the lowest loss tangent (0.002 at 2.7 GHz), making them suitable materials for high-
frequency microwave devices. Liquid metal, specifically gallium-indium eutectic, was injected into the
printed ducts to form electrically conductive microwave structures. Exemplary MMDs operating at 2 GHz
integrated split-ring microwave resonators that serve as sensitive detection geometries able to measure
changes in dielectric properties, with droplet-forming fluidic junctions and flow channels. The performance
of 3D-printed MMDs for microwave droplet sensing was comprehensively evaluated. These devices were
used in the formation and characterisation of water-in-oil emulsions, constructing definable lipid-
segregated droplet interface bilayer (DIB) networks. This work indicates the feasibility of using 3D-printed
manifolds for the rapid prototyping of customised MMDs, and also demonstrates the potential of MMDs as
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Introduction

Microfluidic-microwave devices (MMDs) represent a class of
integrated instruments for processing and analysing liquid
samples and soft matter."™ Droplet microfluidics has
significantly advanced over the last three decades, bringing
capabilities of precision liquid handling and high-throughput
experimentation using droplet-based materials.>® Optical
methods, such as fluorescence-based microscopy, can detect
droplets 1 pm small, and operate at very high speeds, often at
frequencies exceeding 10 kHz. However, the effectiveness of
these methods can be compromised by factors like the
transparency of the medium and the complexity of the optical
setup.”® Meanwhile, microwave sensors have emerged as a
technology for the rapid and sensitive characterisation of
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new analytical research tools in droplet-based materials and biochemistry studies.

materials, primarily by measuring their dielectric
properties.”'® The synergistic integration of microwave and
microfluidic technologies enables highly accurate, non-
invasive measurements of microfluidic flows, including
droplets and emulsions.” If an MMD is capable of sensing
via a low electric field interaction, the same MMD structure
can be used as an actuator by ramping up the field (i.e. by
increasing the microwave input power). Hence, MMDs can
also enable the rapid dielectric heating of biological samples
in an aqueous environment, including DNA plasmids and
living cells.’*"'® Recent developments in MMDs have extended
their application to biosensing, notably in monitoring blood
glucose levels,"* underpinning the potential of MMDs for
innovations in  analytical chemistry, biotechnology,
pharmaceuticals development, and medical diagnostics.

The fabrication of MMDs can be technologically complex
due to the intricate micromachining of fluidic and microwave
structures within the same structure. Most MMDs are resonant
structures, and it is crucial for device sensitivity that the
microwave electric field energy is highly concentrated around
the sample under test, in this case, the microfluidic duct.
While a broad range of substrate materials can be used for
constructing microfluidic devices (e.g. epoxy-glass laminates,
polymers, silicon, glass, metals, and ceramics), for MMDs the
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choice is much more restrictive due to the impact on
microwave device performance; specifically, their low dielectric
losses allow high Q (low loss) resonators to be formed. In a
resonant MMD, a high quality (Q) factor leads to higher
sensitivity for dielectric analysis; therefore, low microwave
losses of the substrate material are imperative. Most MMDs are
planar structures that enable the integration of microfluidic
and microwave functionalities. High conductivity metals (e.g.
copper or base metals coated with silver and gold) are often
used to define the resonator structure, with ducts machined
into substrates that feature low dielectric loss (i.e. low loss
tangent). A convenient solution for MMDs is to use
commercial, copper-clad, Teflon-based printed circuit boards"®
which are available in a range of thicknesses (0.1 mm to few
mm) and dielectric constants (2 to 10); all have very low
microwave loss and low thermal coefficients, so that temporal
temperature drifts are not an issue when sensing.

In recent years, 3D printing has been used for the
fabrication of miniature devices,'® offering rapid prototyping of
complex integrated structures. This manufacturing approach
enables flexibility in device design and a rapid progression
from a concept to prototype. Multiple materials, such as both
dielectric and conductive filaments, can be 3D-printed on the
same prototype, allowing for the fabrication of monolithic
droplet-forming and sensing microfluidic devices with
polymeric fluidic channels and integrated electrodes.'”"®
Notably, liquid metals, such as gallium-indium eutectic, have
been routinely used to form conductive parts in microfluidic
devices."”” Liquid metal has also been injected into void
channels to form irregular shaped, spiral electrodes within 3D-
printed microchip electrophoresis devices.”® 3D printing has
also been used to form microwave structures, such as
waveguides, resonators, and antennas,”>* and some of them
incorporate liquid metals to enable the real-time tuning of
conducting parts.** Additionally, planar microwave resonators
have been attached to 3D-printed microfluidic devices for the
analysis of flowing liquids.>® However, the use of liquid metals
has not replaced conventional, costly, and complex
manufacturing methods for the electrodes, and there has been
no reports of utilizing liquid metal electrodes that comprise
the entire conductive element. Therefore, the potential of 3D
printing for MMD fabrication remains relatively unexplored to
date, despite its promise for enhancing accessibility and
customisability in various applications.

In this context, we introduce a simple fused filament
fabrication (FFF) method for the 3D printing of MMDs,
incorporating gallium-indium eutectic liquid metal. Various
3D-printable substrate materials and print settings were
evaluated to optimise MMD performance. A comprehensive,
step-by-step protocol is provided for the design and
fabrication of MMDs by this approach. The demonstrated
functional structures inside MMDs include split-ring
microwave resonators, droplet-forming fluidic junctions, and
droplet-handling fluidic circuits. The printed MMDs were
used to generate and characterise single emulsions within
flowing ducts. The performance of microwave droplet sensing
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with the 3D-printed MMD was evaluated thoroughly. The
microwave signatures resulting from the integration of the
fluidic channel correlated with the formed droplet sizes, and
were shown to be consistent with complementary optical
measurements. Subsequently, the MMDs were used for the
formation of lipid-segregated droplet interface bilayer (DIB)
networks, and the number and the size of droplet
components within a network were identified from the
microwave readout. DIB networks have wide applications in
molecular biology,”*’ artificial cellular membranes,”® and
the engineering of bottom-up synthetic cells and tissues.>**°
The presented 3D printing approach of MMDs is easily
reproduced and has the potential to broaden MMD
applications in miniaturised systems for potential
bioengineering, biochemical and soft material research.

Experimental details
Materials

Ultimaker polylactic acid (PLA) and Ultimaker polypropylene
(PP) filaments were purchased from CREATE Education
Projects Ltd. Cyclic olefin copolymer (COC) filaments were
purchased from CREAMELT. Plastic syringes (BD Plastipak)
were purchased from Fisher Scientific. Microfluidic Teflon
tubing (outer diameter 1.58 mm, inner diameter 0.80 mm),
polyether ether ketone (PEEK) microfluidic fittings and
connectors were purchased from Cole-Parmer UK. Gallium-
indium eutectic and all chemicals used for droplet formation
(phospholipid 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC), hexadecane and silicone oil AR20) were purchased
from Merck. A DPhPC-containing oil phase (60% hexadecane
and 40% silicone oil AR20) was prepared at a concentration of
8 mg mL™, following an existing published protocol.*’ SMA
microwave connectors, conductive copper films and soldering
wires were purchased from RS Components UK. All the
materials were used as delivered unless otherwise mentioned.

Microwave-microfluidic device design and modelling

MMD structures were designed using the computer-aided
design interface of COMSOL Multiphysics software. The
geometry files built in COMSOL were exported as STL files
for 3D printing. The electromagnetic fields within the MMDs
were simulated using the RF module of COMSOL
Multiphysics software (version 5.6). MATLAB 2023b, in
conjunction with the signal processing toolbox, was used to
post-process all numerical data.

Microwave-microfluidic device fabrication

The STL geometry files were sliced to G-Code files using
Ultimaker CURA software (version 4.3.0). All printing profiles
were used as the materials' default settings, unless otherwise
specified, with the printing layer thickness set at 0.1 mm.
The MMDs were fabricated using Ultimaker S5 Pro Bundle
3D printers, following the manufacturer's suggestions on the
printing setup. The ambient humidity was regulated using a

This journal is © The Royal Society of Chemistry 2024
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domestic dehumidifier during 3D printing. The printed
devices were stored alongside silica gel to avoid moisture
formation. The assembly of MMDs is detailed in the Results
section of this paper. Cyclic olefin copolymer (COC),
polylactic acid and polypropylene were printed and tested as
potential MMD substrate materials.

Microwave characterisation of MMD component materials
and test liquids

To assess their suitability for MMD applications, the complex
microwave permittivity of 3D-printed plastic sheets was first
measured using a bespoke split-post dielectric resonator,*”
operating at 2.7 GHz, and an Agilent E5071B Vector Network
Analyser (VNA). Scattering parameter measurements (S,;) were
made in the frequency domain to determine the resonant
frequency and quality (Q) factor with and without a sample.
Cavity perturbation analysis was then applied to extract the
complex permittivity ¢, whose real part (&) is the dielectric
constant (quantifying polarisation) and the imaginary part (&,)
is the loss term. The samples were printed as 50 mm x 30 mm
x 2 mm sheets. Both line and triangular printing formats were
explored, with the infill percentage set to 100% (later adjusted
to 50% for COC) and a Mitutoyo 103-129 micrometer was used
to measure all sheet thicknesses.

Analogous complex microwave permittivity measurements
of the various solvents used were performed using a
cylindrical cavity resonator, operating in the TM,;, mode at
2.4 GHz.*® Liquids were held in a 1.5 mm inner diameter, 3
mm outer diameter clear FEP tube (FEP has a very low loss
tangent of around 0.0002 at 2.4 GHz). The tube was placed
along the axis of the cavity, where the microwave electric field
was the highest and parallel to the tube. Cavity perturbation
analysis was again used to calculate the complex permittivity
values of all liquids, and these were used in the design and
simulation of the MMDs.

Microfluidic experimental setup

Positive displacement syringe pumps (KD Scientific Legato
210) were used to inject fluids into the MMDs, using
syringes, connectors, and tubing. The connections of tubing
to MMDs were sealed with UV adhesive (Permabond) using a
365 nm UV torch. A photograph of the microwave-
microfluidic experimental setup is shown in Fig. S1.f The
input flow rate of fluids was controlled using the syringe
pumps with actuation governed by a customised Python code
to program droplet formation. Dispersed aqueous phases
were injected into either T-shaped or flow-focusing droplet-
forming junctions, with the aqueous phase broken into
discrete droplets by a mineral oil continuous phase, and then
flowed through the gap region of the split-ring microwave
resonator designed within the 3D-printed MMDs.

Imaging, data collection and analysis

All photographs and videos were captured using a USB
microscope (Dino-Lite, AM7915MZTL), or a high-speed
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camera mounted (MEGA SPEED MS85KD4C1) on either a
Nikon MM800 or a Nikon AZ100 optical measurement
stereomicroscope. Either an Agilent E5071B VNA or an
Agilent E5071C VNA was used for microwave measurements,
controlled using a NI GPIB-USB-HS card and Python code
utilising the PyVISA package. The size measurement of
microfluidically formed droplets was analysed from acquired
microscope images using Image] software. The data were
processed with Microsoft Excel software before analysing
using MATLAB 2021b with the signal processing toolbox 8.7
and curve fitting toolbox 3.6.

Results
Microwave-microfluidic device design

Fig. 1A and B present an example of a 3D-printed MMD
incorporating a fluidic manifold with various channels and a
liquid metal resonator for the purposes of water-in-oil single
emulsion generation and microwave sensing. The substrate
material was 3D-printed dielectric plastic blocks of COC. The
split-ring resonator comprised a square-faced torus channel
cavity filled with gallium-indium eutectic liquid metal
(EGaIn) and was designed to achieve a fundamental resonant
frequency of 2 GHz. This ring resonator had an inner radius
of 7 mm, an outer radius of 8 mm, a height of 1 mm, and a
gap width of 1.4 mm. Symmetrical input and output ports
were formed using a pair of SMA connectors. The resonator
was capacitively coupled via the electric field between the
ring and the ends of the SMA connectors’ centre pins, with
the coupling strength adjusted by changing the spacing
between the end of each pin and the ring. COMSOL
Multiphysics was used to optimise the design of the ring
resonator, in terms of the coupling strength and
concentration of electric field energy in the ring's gap, which
determines the sensitivity of the MMD and its signal-to-noise
ratio (Fig. 1C and D). A vector network analyser (VNA)
continuously measured the voltage reflection coefficient
magnitude S,; in the frequency domain and the resonant
frequency f;, quality factor (Q) and insertion loss L (i.e. the
value of S,; at resonance, expressed in dB) from the VNA's
trace markers whilst a microfluidic flow occurred within a
duct that passed through the gap in the resonator's ring. The
VNA's output power was 0 dBm (i.e. 1 mW); therefore, there
was no measurable heating of the sample within the ring's
gap at such low power levels.

The fluidic manifold included fluidic inlets, droplet-
forming fluidic junctions (Fig. 1E), circuits, and outlets. An
expansion duct directed the formed droplets and continuous
carrier phase, to flow through the gap region of the split-ring
resonator to enable the microwave sensing. In our 3D-printed
MMDs, water retains a very high dielectric constant & of
around 80 (ref. 34) at approximately 2.2 GHz, whereas the
mineral oil phase or another oil phase, hexadecane, and air
have much lower values of approximately 3.3, 2.0 and 1,
respectively. Therefore, the water phase has a high induced
electric dipole moment compared to oils and air. As a water
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Fig. 1 3D-printed microwave-microfluidic device (MMD) for droplet formation and detection. A. Schematics of a 3D-printed MMD with labelled
features. In this illustration, dispersed phase droplets are formed at a T-shaped droplet forming fluidic junction within a continuous phase fluid
flow. The droplets pass though the gap region of a split-ring microwave resonator, created by liquid metal injection into 3D-printed ducts. The
microwave resonator is activated by external microwave excitation through attached SMA connectors and grounded by a copper film which was
adhered to the underside of the MMD. B. A sample of an assembled 3D-printed MMD. C and D. COMSOL simulation of the electric field at the gap
region when a water droplet flows in the oil continuous phase. E. Droplet formation in a 3D-printed flow focusing droplet forming junction. F. An
example of a microwave signature (based on continuous measurement of resonant frequency) when water droplets with a dispersed phase flow
rate of 0.16 ml per hour was flowed through the gap region of the split-ring microwave resonator. The water and oil phases exhibit different

dielectric properties, leading to different microwave resonant frequencies, represented as peaks and troughs in the trace.

droplet enters the gap region, more electrical energy is stored
within the gap, causing f, to decrease. Additionally, due to
the high dielectric loss associated with the dipole relaxation
of water molecules, the quality factor (Q) decreases. The
reductions in both f, and Q are less for oil than for water, so
that the real-time monitoring of these changes provides real-
time sensing of dispersed water droplets in a continuous,
low-permittivity oil phase. An example of microwave signal
detection is shown in Fig. 1F. When the gap region is filled
with low-permittivity mineral oil, the resonant frequency is
2.211 GHz. When a water droplet entered the gap region, the
resonant frequency reduced to 2.209 GHz, due to the greater
stored energy (i.e. higher dielectric constant). Such MMD
signatures of water droplets flowing in the oil phase are
volumetric measurements and provide an approach to
characterise liquid-based matrices and their morphology
according to their dielectric properties and flow profiles

5104 | Lab Chip, 2024, 24, 5101-5112

within the MMD's enclosed fluidic ducts without requiring
optical access.

3D-printed MMD fabrication

A step-by-step guide for manufacturing the 3D-printed MMD
is presented in Fig. 2. After fabricating the device substrate
with a fused filament 3D printer, copper film tape was
adhered to the bottom of the microwave structures to form a
ground plane. The tape's thickness was 40 microns, which is
above the normal thickness of 35 microns of a typical 305 g
m™ copper conductor on PCBs, and greater than the skin
depth of copper at 2 GHz of 1.5 microns. Two SMA
connectors were inserted into the sides of the microwave
structure and the PTFE dielectric shielding of the SMA
connector pin was removed, allowing the pin to be machined

and positioned 1 mm away from the ring resonator. By

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Step-by-step guide for manufacturing, assembly, and operation of the 3D-printed MMD. A. The chassis of each MMD was fabricated using
fused filament 3D printing. B. A conductive copper ground plate (adhesive foil) was then added below the planned position of the split-ring
structure to reduce radiation losses and maintain a high Q-factor. C. Two SMA connectors were fixed in place and soldered to the ground plate. D.
Liquid metal, gallium-indium eutectic (EGaln), was injected to the void channel of the MMD chassis through open holes using a glass syringe and
metal needle, forming the conductive split-ring structure as the microwave resonator. E. The open holes were sealed with UV adhesive and cured
with a UV torch to prevent leakage of EGaln and preserve the integrity of the microwave structure. F. The assembled MMD was connected to
fluidic tubing (also sealed with UV adhesive) and syringe pumps. G. Flexible coaxial cables were used to connect the vector network analyser (VNA)
to the MMD via its SMA connectors. H. A USB microscope was utilised to observe the droplet formation. The VNA was used to measure the
magnitude of the scattering parameter S,; in real time and hence monitor the dispersed aqueous droplets and segments as they flowed through
the EM field at the gap region of the split-ring resonator inside the MMD, shown in | in which water droplets with red and green dyes flowing

through the SRR.

adjusting the pin's proximity to the resonator, without being
in contact with the conductive part, the microwave coupling
coefficient to the ring resonator could be altered. The SMA
connectors, positioned 1 mm away from the ring, resulted in
an insertion loss L of -9.1 dB at resonance, which was a good
compromise to ensure a large enough signal to measure
without the S,; becoming broadened or distorted due to
excessively strong coupling. The ground contacts of the SMA
connectors were soldered to the copper film. Liquid metal
gallium-indium eutectic was then injected into the
microwave structures through open holes in the substrate,
forming the conductive paths. The open holes, fluidic inlets,
and outlet connections were sealed with UV-curable adhesive
to prevent leakage of the liquid metal and fluids. After
assembly, the MMD was connected to a VNA machine for
microwave signal transmission and sample measurements.
For the droplet detection, fluids were injected into the MMD
using syringes and syringe pumps, with fluidic tubing and

This journal is © The Royal Society of Chemistry 2024

connectors. As the droplets passed through the gap (Fig. 2I)
within the split-ring resonator, they were detected by the VNA
and simultaneously imaged using an optical microscope.

The constructional substrate materials of the MMDs must
have a suitably low microwave loss for appropriate microwave
component performance. To assess the dielectric properties of
3D-printed substrates, plastic sheets were printed and
measured to determine their complex permittivity ¢, using a
split-post dielectric resonator,® as shown in Fig. S2.f Precise
measurements were facilitated by aligning the electric field in
the resonator's gap region parallel to the plastic sheet surfaces,
so that measurements were insensitive to the gaps opened up
between the sample and each puck of the dielectric resonator.
The real & and imaginary ¢, components of the complex
permittivity were deduced using first order cavity perturbation
analysis (eqn (1) and (2)), where G = 2.20 = 0.01 m™" and is the
resonator constant, derived from EM field COMSOL
simulations, or, by measuring a known sample such as PTFE; ¢

Lab Chip, 2024, 24, 5101-5112 | 5105
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is the plastic sheet thickness and the subscripts “s” and “0” are
the measurements of resonant frequency f and quality factor Q,
with and without sample, respectively.

g:fs_foz_
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Table S21 shows the complex permittivity of the various printed
plastic sheets using different fabrication conditions.
Measurement accuracy is primarily affected by the systematic
error in sheet thickness (+50 pm) and its uniformity. COC
demonstrated superior dielectric properties amongst the tested
materials, exhibiting low dielectric constant and low loss,
which is crucial for high Q. Tests at different infills showed that
lower infill COC is preferable for high-frequency systems in
certain applications,*>*® despite the potential for increased
leakage of microfluidic flows due to the air-plastic interfaces
thus created.

COMSOL simulations (e.g. Fig. 1D) of the microwave electric
field in the gap region of the split-ring resonator, where it is
concentrated, has increased electric energy and polarization of
the field (that induces dipole relaxation), causing a decrease in
fo and Q as required for sensing. In the simulation, the ring's
conductivity was set to that of EGaln; the substrate was set to
100% infill COC, with the permittivity measured from the split-
post method (¢; = 5.35 and ¢, = 0.01, ie. loss tangent = 0.002).
The simulation results were consistent with the experimental
microwave measurements. A broad sweep with a 1 GHz span
about the split-ring used to generate
S-parameters for the 2-port MMD. The simulated S,; data were
then imported into a MATLAB program, where Lorentzian curve
fitting was used to extract the resonant frequency and Q. The
shape of microfluidic chambers and ducts through the split-ring
gaps influenced the electric field. Under simulation, sharp
corners of the ducts can enhance the peak electric field
compared to rounded corners (as in Fig. 1D). The printing of the
rounded and sharp corners is limited by the 20-micron precision
of the 3D printer employed. Such fine features can become
distorted when printed.

As shown in Fig. S3;; MMDs with identical designs were
fabricated using different dielectric substrates. COC and PP
offered good optical transparency, chemical resistance and low
permeability of gas and liquid, making them suitable for various
biomedical and microfluidic applications.’” The 3D-printed PLA
had a higher loss tangent but remained partially viable for
microwave sensing. PLA is a common 3D-printing material and
widely adopted in many 3D-printing applications.*® Nylon prints
were hydrophilic and have numerous applications in devices for
life sciences and biomedicine, such as cell strainers, tubes, and
dental dentures.*®* However, 3D-printed nylon has a relatively
high microwave loss, making it unsuitable for MMDs, because
of the resultant low Q factor and associated low sensitivity of a
constructed device.

(e1-1)¢ (1)

resonance was
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The MMDs demonstrated here are designed for analysing
liquid samples within a microfluidic chamber. The chamber
structure is a cube with an approximate volume of 6 pl, situated
at the gap region of the optimised microwave split-ring
resonator. Fig. S3Ef depicts the S,; measurement of various
samples in these MMDs, including air, an oil mixture, and
deionised water (ddH,0). All samples showed resonant
frequency shifts when alternating between air, water, and oil
mixtures in the COC, PP, and PLA MMDs. The oil mixture,
comprising 40% silicone oil AR 20 and 60% hexadecane, is an
oil phase commonly used in the formation of droplet interface
bilayers (DIBs).”* The central resonant frequencies (f;) for water
were approximately 2.1124 GHz, 2.27525 GHz, and 2.33545 GHz,
for the PLA, COC and PP MMDs, respectively. This trend is
consistent with the dielectric measurements of sheet materials
using the split-post dielectric resonator, with the material of the
highest dielectric constant giving the lowest resonant frequency
for the same split-ring electrode geometry (since resonant
frequency is proportional to 1//C, where C is the effective
lumped-element capacitance of the structure, which is itself
proportional to ;).

Injecting liquid metal into duct structures enables the
patterning and incorporation of reconfigurable electrical
elements, such as electrodes,™ sensors,”® antennas,” and
interconnects.** In our fabrication approach for the MMD,
gallium-indium eutectic (EGaln) served as the conductive
material, essential for transmitting microwaves. EGaln's electrical
conductivity is 3.6 x 10° S m™" at room temperature, which is
only one order of magnitude lower than that of noble metals,*
and sufficient to realise a resonator with Q > 100. Also, at room
temperature, its viscosity is 1.99 x 10~® Pa s making it suitable for
injection into circular micro-scale channels to form functional
microwave components within the 3D-printed devices.

The effects of the liquid metal filling conditions within
the 3D-printed channels on MMD sensing performance were
assessed. The microwave skin effect § in EGaln (ie. the
effective depth to which surface currents flow) can be
calculated using J = 1/\/75_0;70‘, which at 2 GHz for an
electrical conductivity ¢ = 3.6 x 10° S m ™" is around 6 pm. To
create a thin EGaln coating of the surface of the ring duct, a
syringe with needles was employed to expel EGaln carefully
and slowly from the filled ring channel. Fig. S47 presents the
cross section of the 3D-printed COC channels in various
states: empty, fully filled, and with a skin of EGaln. A
residual layer of EGaln, ranging in thickness from 10 pm to
100 um, adhered to the channel walls, and was likely to be
due to the rough surface microstructure created by the FFF
3D-printing process. The microwave sensing performance of
the MMD before and after liquid metal removal was tested,
as shown in Fig. S4D,f with air in the gap. The microwave
structures resonated under both conditions, indicating
effective microwave conduction along the thin EGaln layer on
the COC channel walls, thus forming a thin tube. A decrease
in Q from 102 to 48 was noted, alongside a slight reduction
in the central resonance frequency from 2.2212 GHz to
2.1756 GHz after liquid metal removal and is proposed to be
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attributed to the increased current density in the narrow  functionality to create MMDs can be used for aqueous
EGaln layer, which then increases its effective resistance (and  droplet formation and processing for non-invasive,
Q « 1/R). Consequently, the air-assisted EGaln removal had a  volumetric analysis of flowing droplet materials in real-time.
minimal effect on the resonator sensing performance, except  As shown in Fig. 3, microfluidically formed droplets flowed
for a small reduction in measurement resolution due to the in the printed channel through the gap region of the
decreased Q-factor. Additionally, complete removal of EGaln  microwave split ring resonator. An additional fluidic inlet
from the 3D-printed MMDs was achieved by flushing with a1 injected an oil phase to control the distance between
M NaOH solution through the ring structures, which resulted  adjacent droplets and their linear speed of travel through the
in the disappearance of the MMD resonance after complete  channel, ensuring that each droplet passed through the gap
liquid metal removal. region of the split-ring resonator without interference from
adjacent droplets. Fig. 3B shows that when the droplet phase
inflow rate is increased, the droplets are formed faster, as
detected from the microwave sensing readout. The microwave
sensing is provided by the scanning of the resonant
3D-printed microfluidics have been designed to generate  frequency of the liquid materials within the split ring region
complex emulsion droplets.***” The addition of microwave  at up to 1.5 MHz over the bandwidth (e.g. 30 MHz span) set

3D-printed MMD performance on droplet formation and
sensing
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Fig. 3 Performance of the 3D-printed MMD on droplet sensing. A. Neighbouring droplets flowing through the split ring resonator. B. Microwave
sensing readout of water droplets flowing in the continuous oil phase at different inflow rates. C. Acquired data points of individual droplets at
different inflow rates. The quantity of data points determines either volumetric measurement (information rich) or detection (information poor) of
the water droplet in the oil flow using the microwave sensing. D. The size of the smallest water droplets, which can be formed and detected in our
3D-printed MMD experiment setup, is around 60 pm flowing in a 1 mm wide fluidic duct. The linear flow velocity of these droplets is approximately
190 mm s (E), and the distance between adjacent droplets is approximately 35 mm (F), measured with a high-speed camera. It took
approximately 35 ms for the droplet to flow across the microwave sensing region (G).
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on the VNA, with the channel contents in the split-ring gap
impacting the measured resonance. The microwave scanning
rate is sufficient for the droplet detection under flow
conditions in our case, and the readout is constrained by the
data processing speed of the CPU of the computing terminal.
With a typical laptop workstation (e.g. Dell Latitude 5440),
data points can be collected every 0.006 s. Fig. 3C shows
examples of the microwave sensing readout of water droplets
flowing through the split ring resonator under different oil
continuous phase inflow rates. When the oil phase inflow
rate was lower, the droplet spent a longer time at the gap
region and more data points were derived for the
measurements of droplet size and speed. Meanwhile, when
the oil inflow rate was higher and the droplet transit speed
was faster, the data points acquired for each droplet were
fewer in number such that in our acquisition regime at faster
flow rates; our MMD reports droplet detection with
insufficient measurement time for volumetric
characterisation. In this regime, we find that the smallest
droplets that can be formed and detected in our 3D-printed
MMD are around 60 pum, flowing in a 1 mm wide duct
(Fig. 3D), which were confirmed optically using a high-speed
camera at 1300 fps. These water droplets in oil were formed
with the water/oil inflow rates of 0.001/20 mL per hour,
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providing a linear flow speed of around 190 mm s™* (Fig. 3E)
with approximately 35 mm distance between the adjacent
droplets (Fig. 3F), presenting the upper limit of the droplet
speed detection in our experimental setup (Fig. 3G).

With sufficient data points (Fig. 3C, left), droplet sizes can
be analysed from the microwave data of droplet flows, since
the microwave sensing readout (either a shift in resonant
frequency or a change in loss) is proportional to the sample
volume, assuming that the droplet and continuous phases
have constant dielectric properties. In our work, droplet sizes
were modulated by the input flow rates, as shown in Fig. 4,
and the polydispersity of droplets was calculated. Microwave
sensing readouts were used to determine the droplet size and
polydispersity simultaneously. As shown in Fig. 4A, smaller
droplets resulted in a reduction of the measured frequency
change. The average decrease in resonant frequency for 0.7
mm diameter droplets was ~1 MHz, representing a 50%
greater decrease than the background variation. Fig. 4B
shows the size distribution of microfluidically formed
droplets under different inflow rates, for which the droplet
sizes were measured optically. The microwave sensing of the
droplets shown in Fig. 4B exhibits high sensitivity to their
volume variations, enabling the measurement of the
uniformity of the microfluidically-formed droplets using the
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Fig. 4 Droplet size characterisation using microwave sensing readouts. A. Different sizes of water droplets were formed in the oil flow controlled
by inflow rate combinations. Normalised microwave readout frequency change for droplets of different sizes corresponding to the input flow
rates. B. Size distribution and polydispersity of droplets at varying flow rates, measured with an optical microscope. The continuous phase flow
was maintained at 0.1 ml per hour for all sample groups, with N = 30 for each data point. Error bars indicate the maximum and minimum droplet
sizes within the sample groups with polydispersivity = (mean diameter)?/(standard deviation)?. C. Relationship between droplet diameter and
normalised frequencies. Error bars represent frequency variation with N = 30 for each data point.
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microwave readout data as presented in Fig. 4C. After the
calibration of the microwave readouts against the optical
measurement, this technique can characterise droplet
populations of water-in-oil emulsions with diverse
components and encapsulants. Such an approach offers an
accurate, non-invasive method to analyse complex emulsions
in situ, which is potentially beneficial for non-transparent
microfluidic substrates, like the PLA device shown in Fig.
S3,f or for liquid samples that are non-light transmissive or
require protection from light exposure. The MMD generates
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real-time droplet size distribution data for entire droplet
populations, eliminating the need for post-sampling droplet
collection and optical measurement with manual operations.

3D-printed MMD for lipid-coated droplet network formation
and characterisation

The droplet-forming and sensing abilities of the MMDs were
further demonstrated for the construction of lipid-segregated
droplet interface bilayer (DIB) networks. These droplet
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Fig. 5 Droplet network formation and characterisation using 3D-printed MMDs. A. Formation of lipid-coated water droplets in a continuous oil
phase flow inside a microfluidic duct with microwave sensing, leading to uniform droplet interface bilayer (DIB) network formation when collected
in an oil-phase prefilled dish (B). C. Droplet generation at 3D-printed, T-shaped, droplet-forming fluidic junctions. D. Droplet sequences were
formed at different inflow rate combinations. The microwave sensing readout registered the droplet sizes and positions in the flow. E. DIB
networks composed of two types of droplets that the large red droplets were formed with on/off control of the inflow, which were recorded in
the microwave sensing readout (F). G. DIB networks composed of CaCl, buffer droplets (dark, cannot be seen here), FLUO-8 droplets (grey), and
their merged droplets (bright). FLUO-8 is a calcium ion sensitive dye that becomes fluorescent when binding with calcium ions. The DIBs were
formed in the same approach as shown in Fig. 5C and D, and the merge of droplets possibly happened during the droplet collection. These figures
show that the DIB construction is relative stable with a low droplet coalescence rate using the 3D-printed MMDs to both control the droplet
formation and characterisation.
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networks gain functionality through the artificial cellular
membranes and reagents encapsulated within each droplet
component, for example for cellfree expression and
synthesis.*® In our study, DPhPC lipid was dispersed in the oil
phase. After forming aqueous droplets in the duct, lipids self-
assembled at the water-oil interface, forming a lipid monolayer
around the aqueous droplets. Upon contact of two lipid
monolayer coated droplets, a lipid bilayer is formed,
comparable in structure to the cell membrane. The aqueous
droplets were then collected in a 3D-printed COC Petri dish,
where the droplets aggregated and interconnected to form
tissue-like DIB networks, as shown in Fig. 5A and B and S5.f
Droplets were formed from different aqueous phases at
multiple droplet forming junctions within the MMDs, and the
droplet size was controlled by the fluidic structures and the
inflow rates (Fig. 5C). Sequences of droplets were formed in the
fluidic duct with the droplet size and position registered in the
microwave readout. W-shaped signatures were observed (Fig.
S67) if the adjacent droplets were closed when passing by the
split-ring region. Fig. 5E and F show that a specific type of
droplet can be formed at a certain time point by the on/off
control of their inflow during the droplet network formation.
Coalescence of minor droplets was observed, which possibly
happened at the interface of the MMD and the outlet tubing.
As demonstrated in Fig. 5G, CaCl, buffer droplets and FLUO-8
(Ca®>" sensitive dye) containing KCl buffer droplets were
generated and collected in a dish. Only few droplets lit up due
to the merging of CaCl, and FLUO-8 droplets, showing a stable
microfluidic =~ approach  of droplet generation and
transportation. Hence, the approximate number of droplets
was deduced from the microwave readout by calculating the
peak values in the traces, allowing the MMD to serve as a non-
invasive counting tool for droplet network formation (Fig. S77).
This method could be employed to provide real-time droplet
information for DIB network fabrication or bio-printing
applications, allowing analysis and precise time reporting of
individual droplets as they are made and deposited, thus
providing potentially valuable real-time information for quality
control, or feedback into bioprinting spatial manipulations,
aiding in depositing the right droplets, in the right place, at the
right time.

Discussion

We have presented a comprehensive study of using a fused
filament 3D printing method to fabricate microfluidic-
devices, incorporating microwave split-ring
resonators fabricated via liquid metal injection into printed
ducts. We detailed the device designs, printing material
selections, and the fabrication and assembly processes. The
microwave sensing performance of 3D-printed COC MMDs
on water-in-oil emulsions was evaluated, yielding results
comparable to conventional metal-machined resonators.*’
We demonstrated the application of MMDs for reagent and
droplet morphology detection in a flow. These findings
demonstrate the efficacy, versatility, and robustness of this

microwave
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fabrication  approach  for constructing  customised
microfluidic-microwave devices that can be used for the
formation and non-invasive characterisation of single
emulsions.

Most importantly, 3D printing introduces the capability to
organise functional fluidic circuits and customised electrical
elements on the same substrate. This represents a promising
engineering tool for soft matter development and the
construction of bottom-up synthetic cells and tissues with
enhanced function. We showcased the use of 3D-printed
MMDs in determining the compositions of microfluidically
formed DIB networks. Future work will integrate this
experimental setup with precision droplet deposition
methods to analyse in situ droplet distributions and network
configurations, enabling studies of networked chemical
reactions in macroscale artificial cellular systems.

Although the performance of 3D-printed MMDs is
currently constrained by the limits in resolution of the fused
filament 3D printers used here, more accurate and high-
resolution 3D printing platforms, along with more bespoke
dielectric materials for microwave and high-frequency
engineering, are available.”*> The methodology shown here
is generally applicable to emerging 3D printing approaches
and other substrate and dielectric materials and thus can be
expected to be significantly improved with these advanced
tools to produce customised MMDs and other
microelectrode-embedded microfluidic devices featuring
complex microstructures.
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