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Highlights (for review)

Highlights

1. A microelectrode bonding technology for microfluidic chips is engineered.

2. Microelectrode bonding achieves sub-3V rapid sealing in 15 seconds.

3. Burst pressures exceed 2.9 MPa with minimal microchannel deformation.

4. Technology is green and uses no hazardous chemicals or produces pollutants.

5. Adaptability to various materials broadens application scope.
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Abstract

Microfluidic chips pose as an interdisciplinary frontier as they integrate various fields, while
typically serving as a novel technological platform for precise manipulation of minute liquid
volumes and biological analysis. However, the chase for enhanced bonding quality in order to
fabricate these chips correctly, has led to the use of increasingly complex technology, limiting the
marketability of microfluidic products. In this work, a novel microelectrode bonding technology
is proposed, which addresses the demands for reliable, low-cost, and high-throughput bonding.
The proposed process utilizes the Joule heating effect of microelectrodes at low voltages, in order
to rapidly generate sufficient heat and allow for the successful bonding of the chip. The material
used for the microelectrodes is nickel, and the method chosen for their fabrication is small-batch
electrodeposition. The microelectrodes and microchannels morphology are characterized by
Extended Depth of Field Microscopy, while the quality of heating produced is assessed by a high-
speed infrared camera. The finalized bonding strength is characterized by measuring the
microchannel burst pressure, using an apparatus comprising of a syringe pump, a precision
pressure gauge, and a connecting tubing. The results prove that this is a rapid polymer bonding
method, which uses less than 3 Volts. Additionally, the results underscore the process's
effectiveness, yielding chips with burst strengths over 2.9 MPa, while microchannel deformations
are kept under 10%. Finally, the advantages of the technology are discussed and its limitations are

eliminated by further conceptualization. The proposed method uses no chemicals or contaminants,
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nor complex equipment, rendering it simple, green, and sustainable. This paves the way for the

development of new efficient and greener paradigms, aiming towards leading engineering and

manufacturing to a sustainable future.
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1 Introduction

Microfluidic technology has emerged as a pivotal advancement in the biomedical and
chemical analysis sectors, and is epitomized by microfluidic chips [1-3]. A microfluidic chip is a
miniature device that integrates microchannel networks and micro-mechanical structures, designed
for precise control of the movement and reactions of minute amounts of fluids and particles at the
micrometer scale [4,5]. These devices integrate micro-nano technology with biomedical sciences,
and offer numerous advantages, i.e. high efficiency [6-8], precision and control [9,10],
miniaturization [11], and the capacity for complex analyses and syntheses [12,13] on a single
platform [14,15]. Applications span from drug delivery systems and diagnostic assays, to
environmental monitoring and lab-on-chip devices, demonstrating their versatility and
significance in advancing biomedical, and analytical research [16,17].

Nowadays, microfluidic technology has reached its maturity stage, with a substantial number
of devices successfully transitioning from prototypes to commercialized products [10,18].
Typically, the production of microfluidic chips involves intricate and critical processes regarding
design, verification, manufacturing, which include bonding. The marketization and widespread
adoption of microfluidics is however dependent on the further development and the
standardization of efficient and reliable bonding technologies to improve the sustainability of the
field [19]. At this stage, there is a pressing need for reliable, cost-effective, and high-volume

thermoplastic bonding methods with improved sustainability. For polymetric microfluidics,
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polydimethylsiloxane (PDMS) and thermoplastic are the two major materials, and both materials
present their own unique qualities in microfluidic applications [18]. Plasma bonding is typically
suitable for the design and validation phases of lab-scale hybrid microfluidic devices composed of
PDMS and glass [20]. In hybrid PDMS/glass microfluidic devices, surface hydroxylation via
oxygen plasma treatment, ultraviolet-ozone (UVO) treatment, or corona discharge method is the
main bonding technique. However, the use of plasma systems for thermoplastic polymers usually
leads to very weak bonding [21]. Moreover, UV exposure, ozone or oxygen plasma for
thermoplastic polymers has the ability to produce cytotoxic by-products, as for example hydrogen
peroxide, which must be avoided in most biomedical applications and cell studies [22].

Traditional methods for thermoplastic, i.e. adhesive bonding [23,24], solvent bonding [25,26],
thermal bonding [27,28], chemical bonding [29], as well as laser [30,31], and ultrasonic welding
[32,33], provide solutions for numerous material and application requirements. However, all these
methods appear to possess respective advantages and drawbacks [21].

The use of adhesive layers provides a rapid technology that preserves transparency, allows
permeability for cell culturing applications and pre-functionalization, but typically faces
cytotoxicity and adsorption challenges, as well as channel thickness limitations for double-sided
layers [5,6]. Solvent bonding poses as a low-cost, rapid approach that allows for good optical
transparency and robust bonding strength, especially when integrated with thermal bonding. Its
challenges include the necessity of use of pre-functionalized channels, channel deformation, and

issues rising with solvent residues [25,26]. Thermal fusion bonding is another fast method that
5
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produces strong bonding, but it is limited via potential channel deformations, as well as restrictions
in the minimization of channel dimensions [27,28]. Chemical bonding is a method that enables
strong bonds employing the use of covalent bonding, while it can provide a pathway to
simultaneously functionalize surfaces (as for example biomolecule immobilization, or control of
wettability) it is considered as a complex and time-consuming process with commercialization
limitations [11]. Laser welding is another rapid method that allows for pre-functionalization, and
offers high bonding strength. However, it necessitates strict requirements for its use, i.e.
simultaneously transparent and absorbent layer, high clamping pressure, and good surface finish.
It is known that it also induces thermal stresses throughout the polymer, which can lead to
deformations on the microfluidic chip [30,31]. Ultrasonic welding is ultra-fast and inexpensive as
a technology, and is suitable for use in mass production, has high bonding strength, and allows for
pre-functionalizing channels prior to bonding. Unfortunately for the field, it has been proven that
its use occasionally leads to channel deformation, clogging, formation of gaps between bonded
layers, and that it constraints channel heights due to the self-induced polymer shrinkage of the
method [32,33]. Lei et al. introduced a microwave-based bonding technology, in which thin-film
metal (gold) was pre-deposited on the microfluidic chip interface using an electron beam process
[34]. Although this method achieved the bonding of PMMA chips at 10 W within 120 seconds, the
selective nature of microwaves, which is limited to materials that are relatively transparent to
microwaves, as well as the necessity of depositing metal films, render this approach less suitable

for low-cost, rapid manufacturing. Another study, achieved efficient bonding in polymer-
6
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microfluidic devices by applying a 300 W high-frequency electromagnetic field and microwave
energy to polyaniline (a conductive polymer) [35,36]. However, the high energy consumption and
specialized equipment requirements appear to limit the broader application of this technology.
Additionally, there are more advanced and modern methods that are introduced recently, as for
example gas-assisted thermal bonding, which shows potential for the creation of reliable
microfluidic devices with thermoplastics. The biggest hurdle for using these sophisticated and
advanced new bonding technology it that they necessitate and require the development of
specialized, complex equipment that are not currently used in industry [37].

Thermoplastic polymers are some of the most important materials in microfluidics, however,
due to the diverse methods and requirements for bonding, thermoplastic adhesion always poses as
a significant challenge [38—40]. Researchers have highlighted this complexity and the necessity
for introducing innovative solutions in numerous works [18,21,41]. Given this mixed situation
with advantages and challenges, there is a paramount need to invent and propose a method that
combines the strengths of existing ones, while simultaneously manages to mitigate their limitations.
In an effort to find the optimum bonding methodology, Matteucci et al. compared ultrasonic
welding and thermal bonding for integrating thin film metal electrodes in injection molded
microfluidic chips, showcasing that the former bonded chips showed significantly superior
performance [42]. The research employed ultrasonic welding and thermal bonding technology,
where the thin-film metal electrodes functioned solely as sensors for analytical purposes. These

electrodes served as bonded objects but did not actively participate in the bonding process, not
7
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taking advantage of their presence in the chip.

However, despite the research community’s efforts to investigate ways that can extend and
develop further the traditional bonding technologies, breakthroughs and novel methods that can
become a paradigm for bonding have been scarce in literature. Evidently, it is necessary to develop
novel processes that can combine the need to be straightforward in their implementation, cost-
effectiveness, as well as flexibility and adaptability to different materials and chip designs,
avoiding the use of exotic equipment that would dramatically increase their cost-effectiveness.

The current paper, aims to address the above-mentioned challenge of bonding methods for
microfluidic chips and to provide a new sustainable pathway, which can become a new paradigm
in the field. Herein, the researchers propose and develop a novel thermoplastic microfluidic chip
bonding technology that is based on microelectrode heating. This new method addresses the
demands for sustainability, i.e. reliability, low cost, and high throughput without the need of use
of exotic or dangerous materials. Aiming to achieve the rapid bonding of chosen microfluidic chips,
a small-batch customization and electrodeposition of nickel microelectrodes is applied on top of
PMMA microfluidic chips. These chips are fabricated using microinjection molding. This
proposed method is very simple, as it does not require expensive or complex equipment, while it
shows potential for eradicating numerous limitations of other methods, positively influencing the
final manufacturing cost. The ultimate goal is to uphold high bonding strength and minimal
microchannel deformation. The researchers use a series of characterization methodologies to

validate the proposed bonding process and explore its applications, having in mind further
8
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developments that can be underpinned with this for all microfluidic technology and its applications.

2 Materials and Methods

2.1 Materials

Poly (methyl methacrylate) (PMMA), is a low-cost polymer material that is commonly used
in microfluidic chips. The main material used in this work is a commercial PMMA (CM 205, Chi
Mei, Taiwan) whose properties are well known in literature [43]. Nickel (Ni, VALE INCO, Canada)
shows excellent thermal and electrical conductivity, mechanical strength, thermal stability,
compatibility with electrodeposition, and biocompatibility [44]. These properties make it an ideal
material for achieving uniform heating, precise bonding control, and consistent bonding quality in
microfluidic chip fabrication. Mechanical strength allows it to maintain stable shape and
functionality in microstructures, while its thermal stability ensures that it does not deform or suffer
performance degradation during bonding. As a non-precious metal, nickel is abundant, offering

both economic and sustainable benefits.

2.2 Microelectrode bonding process

The bonding process based on microelectrodes for microfluidic chips and is used in this work
is depicted in Fig. 1 (a). This process is called microelectrode bonding technology (MB) and can
be described as follows. Initially, the patterned microelectrodes are placed onto the substrate in

designated positions. Subsequently, a cover sheet is placed over the chip and the microelectrodes,
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followed by pressure and voltage that are applied to the assembled chip. At this juncture, the
microfluidic chip gradually joins together, due to the heat that is generated by the microelectrodes
and the pressure applied. The core working principle is that when current passes through
microelectrodes, the resistance generates heat according to Joule's law, subsequently causing the
microelectrodes to increase their temperature and generate bonding energy. This temperature
increase is controlled by adjusting the current’s magnitude and the duration of its application. This
heat allows for the surface locally to exceed the glass transition temperature (Tg) even up to the
melting temperature (Tm) of the polymer, and in combination with pressure, it allows for the fusion
of the substrates. Additionally, the maximum temperature of the microelectrodes can be controlled
by adjusting the applied voltage or duration. When the microelectrode temperature is maintained
between the Tg and T, the microchannels are primarily sealed through molecular chain diffusion
or entanglement [27]. At this stage, this process can be termed microelectrode bonding. However,
microelectrode bonding requires prolonged bonding time. When the microelectrode temperature
exceeds the T, the chip undergoes fusion welding. In summary, the bonding mechanism and
strength, controlled according to the application, are also distinctive attributes of this process.
Finally, by unloading the bonding voltage, cooling the chip back to room temperature, and
removing the pressure, the microelectrode bonding process is complete. The main equipment
employed uses a power supply and a small bench vice. This bench vice is primarily used to apply
pressure, which is controlled via a torque wrench. The parameters for the bonding experiment are

shown in Table 1.
10
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Table 1: The microelectrode bonding parameters.

No. Voltage (V) Pressure (kPa) Time (s)
1 2.5 60 5
2 2.7 90 10
2.9 120 15

To clearly understand how well the microelectrode bonding performance is achieved, an
adhesive technology is set as the control. The bonding medium is a polyethylene terephthalate film

(PET), which is similar to a double-sided tape (Darit tape, China), with a thickness of 0.01 mm.
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Figure 1: (a) The process flow diagram of the proposed microelectrode bonding process. I: The

microelectrode is placed onto the substrate. II: The cover sheet is placed over the chip and the

microelectrode. III: Pressure and voltage are applied to the assembled chip. IV: The microfluidic chip

gradually reaches temperature over T, and bonds together under the heat that is generated by the

microelectrodes and the pressure. V: Cooling of the chip back to room temperature via unloading the

bonding voltage, and removing the pressure, to complete the microelectrode bonding process. (b) Schematic

representation of the single-channel microfluidic chip’s structure and parameters. The microchannel cross-

section is a 0.2 x 0.2 mm rectangle. (c) Typical single-channel microfluidic chip that is fabricated by

microinjection molding.
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2.3 Microfluidic chip

The aim of this work is to validate and introduce a novel microfluidic chip bonding process;
hence, a single-channel microfluidic chip is employed to conduct chip bonding experiments based
on microelectrodes. The chip is fabricated through injection molding, with its structure and
parameters illustrated in detail in Fig. 1 (b and c¢). The precision injection molding machine (Arburg
370S, Germany) is utilized to produce the single-channel microfluidic chips for bonding. The
adopted injection molding parameters are derived from the referenced literature [27,43].
2.4 Electrodeposition

During the bonding process, conformal microelectrodes are used, as illustrated in Fig. 2 (a).
First, the microelectrodes are designed based on the microchannels/microstructures of the chip.
Their defining structural feature is that the distance between the microelectrodes, as well as both
the microchannels and their characteristic structures remain constant. The principle followed is to
maintain a constant distance between the microelectrode and the microchannel. The design
parameters are microelectrode width, height, and distance from the microchannel. Due to the
designed microelectrode dimensions and material characteristics, electrodeposition is employed
for the fabrication of the conformal microelectrodes [45—47]. Second, a CO> laser is used to
engrave PET film as a mask [48-50]. Laser positioning, power and linear speed are critical for
precise control of microelectrode manufacturing accuracy. Third, the PET film is glued to a
prototype stainless-steel plate. Fourth, insulating the stainless-steel plate. Only the designed

microelectrode shape is left exposed. Fifth, connecting the circuit to electrodeposit the
13



217  microelectrodes. The current density as well as the energization time are also critical for precise
218  microelectrode manufacturing. Sixth, cleaning the cathode and removing the PET mask. At last,

219  finishing the preparation of the microelectrode, via stripping the cathode.
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a mask. III: PET film is glued to a prototype stainless steel plate. IV: Insulating the stainless-steel plate.
Only the designed microelectrode shape is left exposed. V: Connecting the circuit to electrodeposit the
microelectrodes. VI: Cleaning the cathode and removing the PET mask. VII: Finishing the preparation of
the microelectrode, via stripping the cathode. (b) The PET film for laser engraving also includes a release
film on both sides. (¢) Burst pressure test systems include a syringe pump, a pressure gauge, a syringe, and

connecting pipes. The microfluidic chip is connected to the pipe by adhesive.

During electrodeposition, the anode can generate impurities. To prevent these impurities from
entering the electrodeposition solution, an anode bag (containing nickel beads washed with
deionized water) is placed in the anode fixture. A laser engraved mask (high-adhesion PET film)
is adhered to the front side of the stainless-steel cathode plate, while its back and surrounding
edges are sealed with waterproof insulating tape (PVC, Wapodeai 3PCS Electrical Tape). The
microelectrode electrodeposition is carried out using a home-made apparatus (see SFig. 5 in
Supplementary Materials). In this setup, the circuit connections are encapsulated, but the power
supply and cathode plate are connected via alligator clips, as it can be seen in step V of Fig. 2(a).
After electrodeposition completion, the cathode and fixture are separated and rinsed together in
deionized water, followed by drying the electroplated layer's surface with nitrogen. The main
components of the electrolyte and the basic conditions for the electrodeposition experiments are
listed in Table 2.

Table 2. The major ingredients of electrolyte and the working condition.

Ingredient of electrolyte (g-17") Working condition
Nickel Nickel Boric Ethylhexyl Temperature Current density
sulphamidate chloride acid sulfate (°cO) (A-dm™) pH
400 10 30 10 40 0.1, 0.2 3.545

16
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For the electrodeposition experiments, the anode material is nickel of 99.99% purity (VALE
INCO, Canada). Before use, the nickel beads are cleaned with deionized water and ethanol, then
dried with a nitrogen gun. The electrodeposition cathode is a 304 stainless steel plate with a
diameter of 101.6 mm and a thickness of 2 mm, covered with a conformal microelectrode mask,
which is prepared by a CO; laser engraving machine (YoungLaser V12, Young Chip, China). The
mask is a tape of material 0.5 mm thick (polyester film, PET) and serves solely to expose the
conformal microelectrode shapes to the electrodeposition solution and electric field, while
covering other non-conductive parts of the cathode (see Fig. 2 (b)). The stainless-steel substrate
undergoes degreasing and deionization cleaning prior to electrodeposition. The microelectrode
electrodeposition experimental conditions are as follows. The electrode gap is 10 cm, the current
density is 4 A/dm?, and the deposition time is 45 minutes. The power supply equipment used is

Agilent B2901A, from Keysight, USA.

2.5 Microelectrode and microchannel morphology characterization

For the quantitative characterization of microelectrodes, an Extended Depth of Field
Microscopy (KEYENCE®, VHX-5000, Japan) is used as it is capable of capturing clear images
across various different depth ranges. By characterizing and comparing the morphology of
microchannels before and after bonding, a deeper understanding of the microelectrode bonding
process is achieved, promoting its rational application. The deformation of microchannels is

assessed by calculating their cross-sectional area. The methodology for this calculation is as
17
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described in Equation 1.

AS,
AS,

o=1- (1)

where AS, is the cross-sectional area of the microchannel after bonding, AS, is the cross-

sectional area of the microchannel before bonding.

2.6 Bonding strength characterization

The burst pressure of sealed microchannels is used to characterize the bonding strength [51].
The bonding strength is precisely measured by monitoring the sudden rupture of the sample under
pressure, allowing for direct evaluation of the microfluidic chip bonding performance. This
method is selected for its direct reflection of the seal's integrity and quality. The detailed testing
apparatus and components are shown in Fig. 2(c), and are primarily comprising of a syringe pump
(HARVARD APPARATUS®, HA1100D, USA, flow rate range: 1.28 pl/min - 88 ml/min, liner
force: 24 kg, accuracy: 0.5%), a precision pressure gauge with data recording capabilities
(ConST211, China, range: 0 - 4 MPa, accuracy: 0.05 - 0.2% full range), and a connecting tube.
The bonding strength of the microfluidic chip can be directly read from the pressure gauge. Prior
to testing, the adapter must be glued to the cleaned microfluidic chip using epoxy resin adhesive

and left to set for 6 hours.
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2.7 Infrared Imaging

A high-speed infrared camera (ImagelR 8355, InfraTec, Germany) is utilized primarily for
observing the uniformity of microelectrode heating and assessing the feasibility of microelectrode
application during the microfluidic chip bonding. It is well established that infrared thermal
imaging technology plays a crucial role in inspecting heating elements. Therefore, an infrared
camera is employed to capture infrared radiation from the surface of microelectrodes and convert
it into visualized images of temperature distribution. This approach renders the temperature

measurement and monitoring intuitive and contactless.

3 Results and Discussion
3.1 Influence of microelectrode dimensions and process on bonding

This work proposes a microelectrode bonding technology, which employs the bonding
principles and mechanisms that are illustrated in Fig. 3(a). Steps i to iii correspond to the
microelectrode bonding process (see Fig. 1(a)). Before performing the microelectrode fabrication
and bonding experiments, it is crucial to optimally design the microelectrode dimensions (width,
W; height, H), placement distance (L), and process parameters (bonding voltage, time, and
pressure) to optimize bonding quality and process stability (see Figs. 2(a) and 3(a)). Initially, the
electrodeposited patterned microelectrodes are not attached to any flexible substrates (e.g., tape or
thin film). Therefore, the designed electrodes must possess sufficient mechanical strength to avoid

damage (deformation, bending, fracture) during handling or transfer. Microelectrodes that are too

19
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narrow or thin increase these risks. However, significant increase to the electrode size is not
feasible, as larger dimensions lead to higher resistance, which subsequently increases the bonding
energy consumption. While an increase in the width enhances the bonding area and the contact
surface of the microchannel, thus improving bonding strength, an increase in height may result in
incomplete microchannel sealing. Thus, one of the design principles for microelectrode
dimensions is to appropriately increase the width-to-height ratio, while keeping the height at a
minimum level to ensure sufficient mechanical strength. Additionally, one advantage of pure
electrodes is that they avoid introducing other flexible materials, which could affect microfluidic
analysis, such as introducing toxic substances or causing microchannel blockages.

Furthermore, the optimization of microelectrode dimensions and the selection of bonding
parameters can be precisely determined using finite element analysis simulations. For instance, the
impact of in-plane microelectrode morphology on current density and Joule heating is illustrated
in SFig. 3 and SFig. 4. The results of this study indicate that the design principle for in-plane
microelectrodes is to avoid sharp or right angles in electrodes that are placed on both sides of the
microchannel, in order to prevent thermal stress concentration. (For details on the finite element
simulation model, material properties, and boundary conditions established based on a 1:1 scale
of the chip, see SFigs. 1-4.) The temperature variation of the microelectrode, under different
voltage conditions over time is shown in Fig. 3(b). The results prove that under different bonding
voltages, the microelectrode reaches and stabilizes at different peak temperatures, rather than a

continuous increase over time. The reason is that there is a significant heat exchange taking place
20
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between the microelectrode, the microfluidic chip, and the bonding equipment. Evidently, the heat
generated and dissipated by the microelectrode reaches an equilibrium. To verify this conclusion,
simulations are performed to consider the temperature rise of the microelectrode under both heat
transfer and thermal insulation conditions, as shown in Fig. 3(c). The results show that with a
bonding voltage of 2.65 V, the microelectrode reaches and stabilizes at a peak temperature of
263.56°C after 11 s. Without considering heat transfer (thermal insulation), the microelectrode
reaches 593.84°C after 15 s. This showcases that, during microelectrode bonding, the addition of
thermal insulation pads can concentrate heat more effectively around the microelectrode, and
improve process stability, while avoiding microchannel deformation caused by excessive
temperatures. In parallel, one can understand that the phenomenon of peak temperature at different
voltages is critical for the stability of the proposed microelectrode bonding process. This indicates
that when the uniformity of microelectrode dimensions is adequately supported by mass
production technologies, microelectrodes will be able to stably bond microfluidic chips at a fixed
bonding voltage. Therefore, the precise control of microelectrode bonding temperature through the
control of bonding voltage is one of the advantages of this technology. Subsequently, it is proven
that the microelectrode bonding process exhibits stable characteristics, with the stability of

bonding quality depending primarily on the fabrication precision of the microelectrode dimensions.
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Figure 3. (a) Schematic diagram of the microelectrode bonding mechanism. (b) Graph showing the temperature
variation of the microelectrode, under different voltage conditions over time. (¢) Graph showing the temperature
rises of the microelectrode, under both heat transfer, and thermal insulation conditions. (d) The distribution of
temperature curves near the microelectrode and the microchannel under different bonding voltages. (¢) The four-
point probe method used to accurately measure the electrical conductivity of the samples. (f) The electrical
conductivity of the four microelectrodes and its distribution. The fluctuation range of the conductivity is less
than 5.29% of the mean value. (g) Graph showing the electron temperature versus time. Notice that the range of
maximum temperature variation in the microelectrodes caused by conductivity fluctuations remains within the

ideal bonding temperature range.

After determining the basic dimensions of the microelectrode, the bonding parameters are set

based on two factors. Bonding voltage, which is determined by the temperature at which the
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microelectrode reaches its peak, and the bonding time, which is determined by the time period
required for the microelectrode temperature to stabilize. The microelectrode temperature is set
according to the melting temperature of the microfluidic chip material. In this case, the injection
molding temperature range for PMMA is 240 - 290°C, therefore the optimal bonding temperature
is selected within this range. Temperatures below this range result in incomplete bonding and low
bonding strength, while exceeding this range leads to polymer thermal decomposition and
significant deformation or blockage of the microchannel. Bonding time appears to invoke similar
effects. A bonding time that is too short prevents the microelectrode from reaching its peak
temperature, reducing bonding strength and process stability, while excessive bonding time
decreases bonding efficiency.

The appropriate design of the distance between the microelectrode and the microchannel is
essential for the precise control of the microchannel height. When this distance is below the
threshold, even a low bonding pressure can cause significant microchannel deformation due to
excessively high temperatures around the microchannel. Only when the microelectrode position
exceeds the threshold will the impact of bonding temperature be minimized. Thus, the design
principle for the microelectrode position threshold is that when the microelectrode temperature
reaches or exceeds the polymer's melting temperature, the temperature near the microchannel must
remain below its glass transition temperature to avoid significant deformation. The definition of
this threshold can be found in Fig. 3(a). Fig. 3(d) displays the distribution of temperature curves

near the microelectrode and microchannel under different bonding voltages, which serves as an
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important reference for the determination of the microchannel placement distance. Accordingly,
hugely increasing the microelectrode placement distance enlarges the in-plane microchannel area
(see Fig. 3(a)), and, thereby, the size of the microfluidic chip. This threshold is also influenced by
parameters such as microelectrode material (resistance, conductivity), cross-sectional area, length,
and bonding voltage. Therefore, conducting finite element simulations during the microelectrode
bonding design phase is necessary to optimize these parameters.

The electrical conductivity of the electrodeposited nickel electrodes also plays a crucial role
in determining the efficiency and uniformity of the Joule heating process. In this work, the
electrical conductivity of the nickel electrodes is measured to ensure consistency, and to evaluate
the potential impact on scaling up the bonding process. The four-point probe method is employed
to accurately determine the electrical conductivity (o) of the sample. This method, known for
minimizing contact resistance effects, is adapted to account for the microelectrodes. The power
supply described in Section 2.4 is used to provide a stable 1 A direct current (I) for the experiments.
The four probes are arranged as shown in Fig. 3(e). A known current is applied through the two
outer probes, and the voltage drop (V) is measured across the two inner probes. The distance
between the electrodes is denoted as L. The electrical conductivity is calculated using the equation
o=(L-1)/(V-A), where A is the cross-sectional area of the microelectrodes. The conductivity
measurements performed for the four microelectrodes are shown in Fig. 3(f), having a fluctuation
range of 5.29%. Based on this fluctuation range, follow up simulations assess the effect of

electrical conductivity on the maximum temperature of the microelectrodes under identical process
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conditions, as illustrated in Fig. 3(g). The temperature fluctuation range caused by variations in
electrical conductivity is found to be 253 - 278°C, which is within the ideal bonding temperature
range (240 - 290°C). One can see that while the microelectrode bonding process allows for precise
temperature control, the bonding stability is dependent on the consistency of the microelectrode
fabrication process and the stability of its electrical conductivity. The study results demonstrate
that the fluctuation in the maximum heating temperature, caused by differences in the electrical
conductivity of electrodeposited microelectrodes, remains within the ideal bonding temperature
range. This finding establishes a theoretical foundation for achieving efficient and stable
microelectrode bonding and provides a crucial basis for optimizing their performance.

The bonding pressure is the last factor to be considered. Based on the schematic of the
microelectrode bonding process (see Fig. 3(a)) and the stability analysis of microelectrode
temperature, once the microelectrode temperature and position are determined, the only process
parameter affecting the microchannel height is the bonding pressure. Therefore, when the polymer
surrounding the microelectrode reaches its melting temperature, applying an appropriate bonding
pressure is sufficient to seal the microchannel. Increased bonding pressure is the direct cause of
microchannel deformation. Thus, precisely controlling the bonding pressure uniformly and
keeping it as low as possible during microchannel sealing is crucial for accurately controlling the
microchannel height. Additionally, compared to thermal bonding and ultrasonic welding, the lower
bonding pressure (by 1-2 orders of magnitude) is a distinct advantage of microelectrode bonding

technology.
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3.2 Microelectrode morphology and heating

The physical form and surface characteristics of microelectrodes significantly impact their
performance, particularly in heat generation and conduction for applications such as polymer
melting during the microfluidic chip bonding processes. Fig. 4(a) shows the PET mask, cathode,
and electrodeposited microelectrode, respectively. The mask plate is quickly and easily prepared
(40 s) with the laser engraving equipment, aided by computer assisted design, to enable rapid
iteration of the microelectrode structure. Subsequently, the microelectrodes are separated intact
from the stainless-steel cathode. This demonstrates that the electrodeposition process can be
adapted to microelectrode processing. It is important to note that the precision in microelectrode
manufacturing determines their dimensional accuracy, which in turn influences their heating
uniformity. The latter is an essential factor for the reliable microfluidic device operation.
Consequently, Fig. 4(b) elucidates the morphology of microelectrodes prepared by
electrodeposition. The results indicate a deviation between the microelectrodes that are prepared
by laser-engraved masking followed by electrodeposition and their designed dimensions. The
cross-sectional profile of the microelectrodes, averaged over 20 profile lines, appears as a trapezoid
as depicted in Fig. 4(d), with base, top, and height dimensions of 649.69 um, 592.25 um, and 37.49
um respectively. The deviation springs from the enlargement of dimensions that are caused by the
laser heat, which is scorching during the mask engraving process. This error is typically eliminated
by adjusting the laser intensity or the design dimensions. Similarly, thickness deviation is rectified

by modifying the electrodeposition duration. However, when used as heating elements, the surface
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flatness and uniformity of the microelectrodes are of paramount importance. This is due to the fact
that only microelectrodes with consistent physical characteristics ensure uniform heating effects.
Any sudden changes in local dimensions result in rapid or slow temperature changes, causing
uneven bonding, which typically manifests as scorching or leaks in the final fabricated
microfluidic chips. Despite dimensional inaccuracies and micro-pits on the surface, the overall
shape of the microelectrode is regular and intact. Consequently, these electrodes are appropriate to
be used for microfluidic chip bonding. Evidently, electrodeposition is affirmed as an ideal process

for preparing this type of microelectrodes.
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Figure 4: The structure, morphology and heating properties of electrodeposited microelectrodes. (a) The
PET mask, cathode, and electrodeposited microelectrode. (b) The surface morphology of electrodeposited
microelectrode. (i-v) The 3D morphology of different regional locations. Notice that the overall uniform
structure is able to meet the bonding requirements, with the exception of a few holes. (c) Temperature

profile of multiple heating of the microelectrode in air at bonding voltage of 3V. (d) Differences between
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microelectrode profiles (averaged from 20 profiles, positions referenced to (b) (iv)) and design profiles. It
is important to note that machining errors are within acceptable limits. (e) Microelectrode heating
uniformity is characterized by infrared thermography at a 3V bonding voltage. Notice that after 4 seconds,

there is a uniform microelectrode heat distribution.

The heating rate is the initial focus in the discussion of the microelectrode heating
performance. The material for this specific microelectrode is nickel, an excellent thermal
conductor, which efficiently converts electrical energy into heat. The heating rate of the
microelectrode, as well as the temperature rise curve at ambient temperature with an applied
voltage of 3 V, are depicted in Fig. 4(c). The test results showcase a heating rate that ranges
between 40-80 °C/s, showcasing that it allows for PMMA to achieve the Twm rapidly. As
documented in literature [27], Tm of PMMA CM-205 is about 240°C. This rapid heating renders
microelectrode bonding technology advantageous comparing to others in literature, as it enables
rapid high-strength thermal fusion in solely a few seconds. Theoretically, the microfluidic chips
can be heated to the molten state within approximately 3-6 seconds. However, further increasing
the heating rate may lead to issues such as polymer volatilization. Extending the bonding time
marginally helps optimize these issues based on the observed heat transfer between the chip and
the pressure apparatus during pressure application. To elucidate the mechanism and calculate the
real required voltage and time, one must determine them through additional experiments.

Fig. 4(e) shows a series of infrared thermal images that are depicting the heating of
microelectrodes. Due to their 40 um thickness, the microelectrodes are prone to warping and

deformation in air. As previously mentioned, this is caused by the rapid heating and stress
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concentration during the heating process. To circumvent this issue, the microelectrodes must be
clamped between two glass slides. However, infrared is absorbed or reflected when passing
through glass, which means that infrared images taken through glass may not accurately depict the
reality. This approach is appropriate as the aim is to analyze the microelectrode heating uniformity,
and the precise temperature rise curve of the microelectrode is already demonstrated in Fig. 4(c).
It needs to be clarified that, therefore, the provided temperature scale in Fig. 4(e) is for reference.
Nonetheless, the images reveal that heat is primarily concentrated in the areas where the electrodes
connect. In terms of heat distribution uniformity, infrared imaging in the first 3 seconds clearly
shows variations, with the central part of the electrode heating faster than its ends. Over time, the
heat disperses across the entire electrode, achieving a relatively uniform distribution after 4
seconds of power application. This is attributed to geometric factors (uniform contact (guaranteed
by bonding pressure), and electrode size) affecting heat conduction. Following this
characterization, the researchers suggest that for microfluidic chip bonding applications, the
voltage should be lowered and the duration extended. Regarding, other applications that might
require a more detailed and in depth understanding of the thermodynamics, as well as the ones that
have less margin of tolerance, further experimental analysis is required in order to achieve more

precise and controlled microfluidic chip bonding.

3.3 Bonding performance

This section presents the microelectrode bonding experiments conducted on the microfluidic

chip. The microelectrode-based microfluidic chip bonding process is simple and only uses a power
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supply and a small vise (see Fig 5(a)). The results demonstrate that when a 3 V voltage and a 10 s
bonding time are applied, one can observe significant bonding traces around the microelectrodes.
The microelectrodes, upon heating, allowed the surrounding areas of the microfluidic chip to have
temperatures over the Tm, leaving behind bonding traces as can be seen in Fig. 5(a). This clearly
evidences the feasibility of the microelectrode bonding process. The bonding traces that appear on
both sides of the microelectrodes showcase that the microfluidic chip is heated to the molten state,
and is subsequently merging the cover sheet and the substrate together. Simultaneously, a certain
distance between the named bonding traces and the microchannels still remains. This suggests that
the molten polymer does not flow through, and does not result in the blocking of the microchannels.
Therefore, as long as the distance between the microelectrodes and the microstructures is
controlled, it effectively mitigates or avoids completely any creation of the microstructure
deformations.

Considering the optimization of the proposed bonding process (as well as any other bonding
process), it needs to be in alignment with applications, whereas the bonding strength of the
microfluidic chip and the morphology of the microchannels are comprehensively considered.
Results from bonding experiments reveal that when the voltage is below 2.5 V, the microfluidic
chip seal unsuccessfully within the 15 seconds, although bonding traces can still be identified. The
primary reason lies in the fact that the microelectrodes are not capable of generating the sufficient
amount of heat that is required to reach the T, of the polymer, with a 2.5 V voltage. Additionally,

the significant heat conduction that exists between the chip and the holding vice is also a factor
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that results in the above-mentioned phenomenon. Several measures are implemented to address
these issues. The voltage is increased to 2.7-2.8 V, and there is an implementation and usage of
thermal insulation pads to allow for a well-bonded chip (see Fig. 5(b)). In this work, the
microelectrode has a thickness of 0.04 mm, which is 1/45™ the thickness of the microfluidic chip
(1.8 mm). The impact of the microelectrode thickness is negligible, even when it reaches the
polymer’s melting temperature (see SFig. 6). Uniform heat generation, coupled with the parallel
application of bonding pressure, ensures that the microelectrode remains free from warping or
deformation. This is further corroborated by the bonding experiments shown in Figs 5(a) and (b),
which demonstrate that there is no evidence of deformation. In reality, uniform thermal cycling
helps to relieve residual stress in the chip, ultimately improving its flatness. The bonded
microchannel successfully facilitates capillary-driven flow of the indicator liquid (shown in Fig.
5(b)). Furthermore, high-resolution microscopy of the reconstructed microchannel morphology (as
seen in Fig. 5(g)) appears to have no evidence of channel closure. Fig. 5(c) shows the burst pressure
profiles of four samples, when the bonding process parameters are 2.8 V, 60 kPa, and 15 s. The
results indicate that when employing the microelectrode bonding technology, the bonding strength
of the chip exceeds 2.9 MPa, as the chip did not separate as initially predicted and anticipated at
this value. During the testing process, the chip joints that are bonded by epoxy resin adhesive are
the first to detach from the chip due to the applied pressure (Fig. 5(d)). This shows clearly and
provides evidence that within the testing system, the adhesive-bonded connectors are the weakest

points in terms of strength. From this experiment, we can logically claim that the strength achieved
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with the proposed bonding process is larger than 2.9 MPa.
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Figure 5: Microelectrode bonding performance of microfluidic chips. (a) The microelectrode bonding
apparatus, which requires only an electrical power supply and a small vise. (i-ii) Examples of microscope
images that show bonding traces observed at different positions. (b) Photos of the well-bonded microfluidic
chips. (c) Graph of burst pressure versus time, showing the burst pressure curve for 4 different chips that
bonded at 2.8 V and 60 kPa with 15 s. (d) Photo of the adhesive connector used, as it fails during the burst
pressure test, showcasing that the chip’s bond strength is greater than 2.9 MPa. (e) Plots of burst pressure
versus time for the same four burst pressure curves of the chips that are bonded with PET film. (f) Graph
of burst pressure versus time, comparing the microelectrode bonding with film-assisted bonding, where the
former exhibits higher burst pressure than the latter. (g) Plots and graphs of microchannel profiles before
and after microelectrode bonding. The results show that microelectrode-bonded microchannel deformation
is less than 10% comparing to pre-bonding. (h) Schematic of microelectrode bonding schemes that can be
adopted for dense serpentine microchannels. (i) Schematic of the high sealing requirements of serpentine
microchannels. These can be addressed by increasing the chip bonding area as seen here. (j) Schematic
showing the sealing of annular microchannels. This places new demands on the bonding scheme. (k)
Schematic representation of dense mesh microchannels, showing that the suitability of microelectrode
bonding depends on the application requirements. Microelectrode bonding still shows advantages in most

application cases.

For direct comparison, adhesive bonding technology is used to bond the same microfluidic
chips. The continuous burst test curves for four samples are plotted in Fig. 5(e). The test results
clearly evidence that with increasing test pressure, leakage phenomena consistently occur at the
bonding interfaces of the test samples. The average bonding strength of adhesive bonding is 372.06
kPa, which is significantly lower than the microelectrode bonding strength of 2949.85 kPa (see
Fig. 5(f)). This provides a considerable advantage in bonding strength for the microelectrode
bonding. Regarding the bonding strength formation mechanism, the adhesive bonding or the film-
assisted bonding primarily rely on the bonding of molecular chains that provide the necessary
bonding strength. Microelectrode bonding on the other hand achieves bonding by using a
mechanism of heating the microfluidic chips to Tw, followed by merging and cooling, via

integrating the cover and base substrates into one. Theoretically, microelectrode bonding can
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enhance the bonding strength of the chips to reach the inherent strength of the material itself. In
the examined current case, it is indeed proven that the strength derived from microelectrode
bonding considerably exceeds the one that is obtained through interlocking molecular chains or
chemical bonds.

Microchannel deformation is also a critical process parameter, since it significantly influences
both the chip performance, as well as its intended function. The microchannel morphology before
and after bonding, along with the microchannel deformation, are depicted in Fig. 5(g). The results
reveal a microchannel deformation of 9.9%. The minor deformation is characterized by the
depression of the cover piece as well as the decreasing microchannel height. This indicates that
the rapidly generated heat is relatively concentrated near the microelectrode without causing a
sudden temperature rise in the microchannel. On the other hand, it also shows that the 60 kPa
pressure satisfies the bonding requirements without causing significant deformation. According to
current literature, the state-of-the art for a microchannel deformation rate is 15% with a bonding
strength of 0.64 MPa under the process parameter combination (pressure: 0.35MPa) using thermal
bonding technology [27].

To summarize the above findings, the current study has shown that the proposed
microelectrode bonding achieves lower microchannel deformation (9.9%) and higher bonding
strength (>2.9 MPa), while using lower pressure (0.06 MPa). Additionally, microelectrode bonding
does not necessitate the use of complex equipment. One can therefore conclude that the innovative

process design of using microelectrodes for microfluidic chip bonding exhibits significant
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advantages over the traditional bonding methodologies. Finally, it should be emphasized that the
microelectrode bonding method, in its current form, is optimized for thermoplastic polymer-based
materials (in this case PMMA). The authors expect that direct bonding of non-polymeric materials,
as for example silicon, silicon oxides, silicon nitrides, and silicon carbides, is not feasible without

severe method modifications.

3.4 Advantages and limitations of microelectrode bonding comparing with literature

The discussion regarding the advantages of microelectrode bonding, revolves around
efficiency, performance, cost, equipment complexity, and safety aspects. Table 3 summarizes the
literature in bonding performance of microfluidic devices that use thermoplastic materials over the
last ten years. Starting with efficiency, in comparison with thermal bonding and solvent bonding,
which can take several minutes to tens of minutes, microelectrode bonding demonstrates a clear
advantage, with times spanning to the regions of tens of seconds (in this case less than 15s). Other
processes include laser and ultrasonic welding. Even when considering the preparation time for
microelectrodes, microelectrode bonding technology can still be holding the potential for further
efficiency improvements. While ultrasonic welding (UW) is indeed suitable for large-scale
manufacturing, the proposed microelectrode bonding offers unique advantages. These are the
precise heat control, the lower energy consumption, and the cost-effectiveness in combination with
minimal equipment requirements. In MB, the heat is generated through localized Joule heating of

the microelectrodes, allowing the precise control of the temperature distribution and the heating
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duration (detailed in Section 3.1). Contrarily, UW relies on mechanical vibrations to generate heat,
which leads to poor control of temperatures, subsequent warping or distortion, especially in the
case of smaller microfluidic structures. Moreover, the parameter combination of ultrasonic
welding, needs to be obtained through a lot of basic experiments. As evidenced in previous
chapters, MB operates at low voltages (2.5-2.9 V) and requires significantly less energy than UW,
which needs high-frequency vibrations and substantial power input. Moreover, MB only requires
a simple power supply and a bench vice to apply pressure, which is much less complex than UW
systems that require high-frequency vibration generators and acoustic tools. Additionally, the
presence of the energy-gathering rib structure further increases the processing difficulty, time, and
cost for fabricating the chip or mold. These features make microelectrode bonding a promising
approach for applications where precision and minimal deformation are essential.

For thermoplastic microfluidic chips with commercial potential, plasma treatment is typically
introduced as an auxiliary or pre-treatment step, during thermal compression bonding processes.
As emphasized in the introduction, the combination of multiple techniques inevitably adds to the
complexity of a bonding process, not only with additional steps, but also introducing expensive
and complex (e.g. low-vacuum) equipment. This is precisely the motivation behind proposing the
microelectrode bonding process, which aims to enhance bonding performance while simplifying
the process and conditions, and reducing the need for specialized equipment. In summary, even
though plasma-activated bonding has profound advantages, i.e. such as room-temperature bonding

and minimal thermal input, the microelectrode bonding technique offers the distinct innovations,
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including of precise thermal control, environmental friendliness, high bonding strength, material
versatility, and simplified equipment requirements.

Due to the additional microelectrode production steps introduced by MB technology, the
method seems limited in mass production. However, a potential expansion of the cathode plate
area in combination with an increasing current density, can lead to a significant enhancement of
the fabrication efficiency of single electrode. Moreover, batch fabrication technology, as for
example screen printing and 3D printing have the clear potential to further increase production
efficiency and reduce bonding costs. With these the single electrode production time can go down
to a few minutes, allowing for the lowering also of production costs [52—55]. On the other hand,
MB technology has further development potential. For instance, integrating MB into molds
(similar to in-mold thermal compression bonding) can offset the limitations brought by additional
production steps (see SFig. 7). It is important to emphasize that although this work is not yet
complete, the authors are confident that it will be a significant direction for future research. This
process only requires minor modifications to the molds, thus simplifying the production process
of microfluidic chips by eliminating cleaning and drying steps. However, ultrasound, laser systems,
or solvent bonding technology are not suitable for in-mold applications due to the constraints of
mold size or bonding efficiency. Furthermore, the overall advantages of MB in terms of bonding
efficiency, devices, performances, and operational efficiency are sufficient to offset the impact
caused by the microelectrode processing steps.

Considering all the above and to the best of the authors’ knowledge, the performance of the
38
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above described microelectrode bonding method, which shows burst pressures higher than 2.9
MPa and microchannel deformation rates less than 10% is the best recorded so far in the literature
of bonding technologies. When it comes to burst pressure, it may vary with the microchannel
structure and dimensions, i.e., the bonding strength decreases when using a complex microchannel
for testing. However, the microchannels tested in this study are similar in structure and dimensions
to those reported in most references. Therefore, the burst pressure of 2.9 MPa, used as comparative
data, has objective confidence and reference value. Additionally, it should be noted that the
microelectrode bonding does not require complex additional devices. A controllable power supply
and a vice are sufficient to complete chip bonding immediately. Simultaneously, unlike laser
methods, which require absorptive materials or the addition of absorbers, microelectrode bonding
is suitable for bonding using most of the amorphous transparent materials, corresponding to the
ability of the method to avoid impact on optical analyses. Similarly, unlike solvent bonding and
film-assisted bonding, which require the introduction of volatile solvents (acetone, isopropanol)
and interlayers, microelectrode bonding does not introduce any impurities or chemical reagents,
ensuring absolute safety. There are no stringent requirements for the raw materials in
microelectrode bonding. Theoretically, any conductive material such as platinum, copper, iron, and

carbon fiber can be used to fabricate microelectrodes.

Table 3: Differences between microfluidic chip bonding methods for common thermoplastic materials in terms

of process, burst strength, and efficiency.
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Burst Published
Method Material Effective Parameters Supplementary  Ref.
pressure Years
Plasma treatment
+ Surface PDMS-PMMA Bonding time: 40 min. 622 kPa 2022 / [56]
modification
Bonding time: 40 min. Multilayer bonding
Solvent-assisted
PMMA-PMMA Bonding temperature: 70°C. 1000 kPa 2022 Propan-2-ol, (IPA, [57]
thermal bonding
Bonding pressure: 10 kPa. poisonous)
60 vol%
Solvent Vapor- Bonding time: 16 min.
cyclohexane and 40
assisted thermal COC-CoC Bonding temperature: 72°C. 1700 kPa 2022 [58]
vol% acetone
bonding Bonding pressure: 3993 — 7985 N.
(poisonous).
Bonding time: 15 min.
Bonding temperature: 84°C (PMMA),
Film-assisted PMMA-TPE,
70°C (TPE). 1000 kPa 2021 / [59]
thermal bonding PMMA-PMMA
Bonding pressure: 2.4 MPa (PMMA),
1.6 MPa (TPE).
Sputter-coated
Intermediate
PDMS-PMMA Bonding time: 60 min. 436.65 kPa 2019 silicon dioxide + [60]
bonding
oxygen plasma
Polyethylene
Film-assisted
PMMA-film-PMMA Bonding time: 10 min. Over 2 MPa 2018 terephthalate + UV [61]
thermal bonding
curing adhesive
Bonding time: 20 min.
Solvent-assisted
PMMA-PMMA Bonding temperature: 60°C. 655 kPa 2017 / [62]
thermal bonding
Solvent-assisted Bonding time: 15 min. Isopropyl alcohol
PMMA-PMMA 660 kPa 2016 [63]
thermal bonding Bonding temperature: 68°C. (poisonous)
Biocompatible
Adhesive adhesive tape +
PMMA-PDMS Bonding time: ~5 min. 345 kPa 2021 [64]
bonding oxygen plasma
treatment
Bonding time: 30 min.
UV light.
Solvent bonding PLA-PMMA 1.352 MPa 2018 / [25]
Annealing temperature: 50°C
Bonding time: 5 min. Highly dynamic
[27,6
Thermal bonding PMMA-PMMA Bonding temperature: 103°C. 600 kPa 2023 tempered in-mold
5]

Bonding pressure: 0.3 MPa

thermocompression
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bonding
Bonding time: 5 min.
Thermal bonding PMMA-PMMA Bonding temperature: 109°C. 1.77 MPa 2023 Structural design [43]
Bonding pressure: 1.7 MPa
Bonding time: 15s.
Microelectrode Over 2.9 This
PMMA-PMMA Bonding voltage: 2.8 V. This work

bonding MPa work
Bonding pressure: 60 kPa.

Nonetheless, there are some limitations for the microelectrode bonding. The microelectrode
bonding strategy differs depending on the application, particularly for denser serpentine
microchannels. When there is no need to consider fluid exchange between channels, the perimeter
can be sealed as shown in Fig. 5(h). Conversely, when stringent control of internal pressure and
fluid flow rate in the channels is necessary, microchannels may be fully surrounded (see Fig. 5(1)),
though this vastly increases the space that is occupied by the microchannel (see Fig. 3). In cases
where the surface area of the microfluidic chip is strictly limited, the viability of the microelectrode
bonding process will depend on the sealing integrity between the microchannels and the specific
application requirements. It is important to note that ultrasonic and laser welding also face similar
challenges, as they require a number of considerations of the laser path and energy-gathering ribs,
respectively. This showcases that those chips that are suitable for laser or ultrasonic welding are
also amenable to microelectrode bonding, which suggests that the advantages of these methods
have subsequently become quite limited. There is also the chance that microelectrode bonding may
not be applicable to microfluidic chips with dense microchannel networks and strict fluid control
requirements (Fig. 5(k)), since it depends on the requirements of specific application. For the case
of the serpentine microchannels (see 5(j)), higher demands are placed on microelectrode
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fabrication precision, as well as the bonding power source, and the microfluidic chip area. One can
clearly see that the microelectrode bonding shares similar application scopes with ultrasonic and
laser welding. However, for large storage pools or arrayed micro-structures, microelectrode
bonding is more advantageous than thermal compression bonding, which causes significant
deformation. Finally, possibly the most substantial challenge faced by microelectrode bonding is
the rapid increase in microchannel area. Whether the method is suited for chips with dense
networked microchannels, needs to be further and carefully examined to clarify the handling of
the appropriate fluid control requirements. For most applications of dense microchannel network,

we consider the external enclosure method shown in Fig. 5(k) to be feasible.

4 Conclusions and prospects

The development and commercialization of microfluidic chips have been hindered by the
limitations of existing bonding technology, which often result in inadequate bond strength and
significant deformation. This study introduces a novel microelectrode bonding technology for
microfluidic chips, addressing the critical need for reliable, cost-effective, and high-throughput
bonding methods in microfluidic technology. Specially, the bonding or sealing mechanism can be
controlled by the applied voltage and duration, i.e., the microelectrode bonding technology.

Our electrodeposition method, utilizing a nickel sulphamidate-based electrolyte and CO>
laser-engraved PET masks, allowed for the rapid production of microelectrodes precise dimensions
(base: 649.69 um, top: 592.25 um, height: 37.49 um). These electrodes demonstrated excellent
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heating performance, achieving rates of 40-80 °C/s at 3V, enabling rapid polymer melting for
bonding. Our research demonstrates that the microelectrode bonding process achieves substantial
bonding strength with minimal deformation. Specifically, applying a voltage of 2.8V, a pressure of
60 kPa, and time of 15s results in bond strengths exceeding 2.9 MPa. This method marks a
substantial improvement over traditional adhesive bonding technology, which exhibit average
bond strengths around 372.06 kPa. Additionally, the process ensures minimal deformation due to
the rapid and controlled heat generation at the bonding interface.

Unquestionably, despite the previously analyzed results, there is a necessity for further
research that arises, in order to investigate this technique across the spectrum of the polymeric
materials and the microfluidic designs. Since this is a microfluidic product, it is also necessary to
investigate long-term stability under various operational conditions. For this study to reach its
potential in impact, future studies need to explore the scalability of this method for high-throughput
manufacturing.

Evidently, the microelectrode bonding technology significantly advances the field of
microfluidic chip fabrication, offering a pathway to more reliable and efficient devices that can

meet the demands of commercial and research applications.
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