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Abstract 

Numerous lab-on-a-chip applications benefit from channels with complex structures and 
configurations in the areas of tissue engineering and clinical diagnostics. The current 
fabrication approaches require time-consuming, complicated processes and bulky, expensive 
facilities. In this work, we propose a novel method for fabrication of complex channel with 
the assistance of amalgamation of liquid metal with copper tape. The new technique enables 
the rapid fabrication of liquid metal molds with various dimensions and diverse structures. 
Two proof-of-concept experiments were conducted to verify the utilization of this method. 
First, the channel replicated from liquid metal mold is used to enhance the mixing 
performance of liquids flowing through the channel.  Second, a channel with semicircular 
cross-section is fabricated to achieve 3D focusing in a simple way. This proposed technique 
can be readily used for fabricating complex channels for a wide range of applications. 

1. Introduction 

With the rapid development of advanced microfabrication techniques, complex 
microfluidic device has been an area of interest for lab-on-a-chip (LOC) applications, 1 point-
of-care (POC) diagnosis 2 and micro total analysis systems (µTAS). 3 Numerous biological 
applications have benefited from complex microfluidic devices, many of which focus on the 
demand to accurately mimic physiological environments. 4, 5 Typically, circular channels 
have been used to build a realistic vasculature for tissue scaffolding 6 and they can allow 
more precise studies in flow field in blood vessels. 7 Except for biomimicry, the capability to 
manipulate particles is also extended by complex microfluidics. For instance, a non-planar 
spiral channel was used to separate pathogenic bacteria from milk by inertial focusing. 8  

Several methods were developed to fabricate complex channels. Multi-exposure 
lithography  9 or positive photolithography 10 using positive photoresist (e.g., AZ-4620) can 
fabricate complex microstructure or rounded channel. However, they need the complicated 



micro-scale alignment and post-baking. Furthermore, the height of rounded channels 
produced by the positive photolithography is limited to ≈40 μm. Subtractive manufacture 
including laser engraving 11, micromachining 12, and ultrasonic etching 13 can also fabricate 
the complex channels. Due to the characteristics of material removal from substrate, these 
methods are poorly suitable to produce complex channels. On the contrary, the additive 
manufacture, such as fused deposition modeling (FDM), stereolithography (SLA) and two-
photon polymerisation (2PP), 14 is able to fabricate the microstructure in an arbitrary manner. 
For the FDM-based printers, the surface roughness is hard to be controlled because of its 
limited resolution and layer-by-layer fashion. 2 SLA and 2PP are popular approaches to make 
microchannel because of their resolution and ability to print complex microchannel. However, 
these methods need expensive components (e.g., UV source or femtosecond laser) and 
photosensitive liquids.  

Recently, there is an emerging method to directly write liquid metal (LM) structures at 
room temperature. 15-17 The LM is the eutectic alloy of gallium, such as EGaIn (75% Ga, 25% 
In by weight) 18 and Galinstan (68.5% Ga, 21.5% In and 10% Sn by weight) 19, which 
provides attractive features including high electrical conductivity, low viscosity, high surface 
tension, extremely low vapor pressure, and low toxicity in comparison to mercury. 19-22 
Various 3D structures such as wires, fibers, interconnections and stacks were printed by 3D 
LM printing. 15 The thin oxide layer on the LM surface can mechanically keep the structure 
in stable, non-equilibrium shapes. 23 This method was further applied to fabricate double 
spiral channels with a semicircular cross-section. 24 The LM were injected and encased in 
polydimethylsiloxane (PDMS). The encased LM was withdrawn from the PDMS by capillary 
forces. As reported, the method suffers from the poor withdrawal efficiency. That is, the LM 
did not completely withdraw from the printed channel. 

In this work, we report an unconventional production method for fabrication of mold by 
amalgamating LM with patterned copper tape. The capability of this method for fabricating 
structures with various aspect ratios and sizes is verified. The versatility to create complex 
structures (e.g., trees, serpentine channel, spiral channel, etc) is also demonstrated. 
Furthermore, we utilize a complex serpentine channel created by this LM mold to enhance 
the mixing performance and a straight channel with a semicircular cross-section to achieve 
3D focusing. 

2. Creating semicircular channel using liquid metal 

EGaln amalgamates metals such as copper on the surface. 21 In other words, when a 
droplet of EGaln is placed upon the copper, instead of forming a spherical droplet with large 
contact angle (>90°), the EGaln droplet is able to spread and wet the surface, forming a 
cylinder cap due to the surface tension of LM.  

In present work, we first cut the patterns on an adhesive sheet using laser engraving. This 
engraved adhesive sheet, acting as a mask for lithography (Fig. 1a), was placed on a glass 
substrate fully covered by a copper tape (Fig. 1b). Secondly, an EGaln droplet was gently 
dropped on the uncovered copper tape (Fig. 1c). Then sodium hydroxide (NaOH) solution 
with a concentration of 0.1 mol L-1 was applied to remove the native oxide on the surface of 
EGaln droplet. Theoretically, EGaIn droplet should be able to spread over the copper tape 



due the removal of the oxide layer, 25 however, this phenomenon was not observed. We 
believe this is due to the fact that the voltage drop across the electrical double layer between 
EGaIn and NaOH solution will be lowered as soon as it touches the copper tape, and this will 
induce the formation of an oxide layer despite the presence of NaOH solution. As a result, 
such an oxide layer prevents the further amalgamation process. Therefore, applying a 
reductive potential to the EGaIn droplet would accelerate the amalgamation process 23, 25. By 
applying a reductive potential of 5 V DC (copper tape is connected to the cathode, and NaOH 
solution is connected to the anode), the electrochemical reduction of EGaln droplet facilitated 
the amalgamation process (Fig. 1d). The EGaln droplet quickly spread and wet the surface of 
the copper tape with a small contact angle (<90°). After completing the amalgamation 
process, NaOH solution was removed and vacuum dried to form the LM mold (Fig. 1e). 
Afterwards, polydimethylsiloxane (PDMS) was poured on the LM mold with a 1: 10 ratio of 
curing agent to elastomer base to obtain soft and flexible chip. Then PDMS was cured for 24 
h at room temperature. After peeling off from LM mold, the residue of LM on the PDMS was 
cleaned by 0.1 mol L-1 NaOH solution. Except for PDMS, any material that can be casted and 
then hardened is possible to be used for fabricating the microchannel. 24 These materials 
include polymers, elastomers and ceramics. 15 The encasing material can exactly copy the 
structure of liquid metal mold and determine the mechanical properties of the resulting 
devices. This method can be operated at room temperature and doesn’t need to use fume hood 
due to the absence of hazardous chemicals such as photoresists and developer. In addition, 
the fabrication can also be simplified by manually tailoring the cooper tape to the desired 
shape without the use of laser ablation. 
 To investigate the height and shape of the obtained LM structure given in Fig. 1, the 
cured PDMS channels were cut to obtain the cross-sectional view. This allows us to 
indirectly measure the height of LM mold. Besides, the profiles of LM droplets were obtained 
by a CCD camera (Fig. S2). Fig. 2a shows the channel height with the increase of the amount 
of EGaIn applied on the copper tape. The uncovered copper tape is a 5 mm wide × 10 mm 
long rectangle. The height of the PDMS channel obtained from LM mold with 10 µL EGaIn 
is 280±20 µm, which can be adjusted to 680±22 µm, 1310±34, and 1830± 40 µm by varying 
the applied EGaIn volume to 20, 40, 60 µL. Due to the large surface tension of EGaIn (534.6 
± 10.7 mN/m), 19 the cross-section of PDMS channel is in an arc shape. With the increase of 
EGaIn volume, the cross-sectional shape of PDMS channel becomes more rounded. By 
bonding two identical PDMS slabs, the cross-sectional shape becomes circle (Fig. S1). 
 Furthermore, we demonstrate the capability of this amalgamation-assisted lithography 
for fabricating LM mold with different widths. To achieve this, we increase the width of the 
uncovered copper tape from 500 µm to 5mm, and follow the procedure presented in Fig. 1. 
The applied EGaIn volume is proportional to the surface area of the uncovered copper tape. 
As an example, 8 µL EGaIn was applied to a 10 × 1 mm area, while 40 µL EGaIn was added 
to a 10 × 5 mm area. Fig. 2b shows the obtained heights and cross section of PDMS channel 
with respect to different channel widths ranging from 500 µm to 5mm. Our results show that 
an aspect ratio of ~0.35 can be achieved for all cases. However, due to the resolution of laser 
engraving, the minimum width can be engraved on an adhesive sheet is 500 µm.  



 
Figure 1. Amalgamation of liquid metal (LM) for the fabrication of channels. (a) An adhesive sheet was cut 
by the laser engraving, acting as a mask for lithography. (b) The laser-engraved adhesive sheet was used to 
cover the copper tape. (c) An EGaln droplet was added to the uncovered copper tape. (d)  The EGaln droplet 
amalgamated the copper tape within the NaOH solution after applying a 5 V reductive potential. (e)  A LM 
mold was formed by removing the NaOH solution. The channel can be replicated by pouring PDMS mixture 
onto the mold. 
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Figure 2. Characterization of the LM mold. (a) Channel height vs LM volume. Actual images show the cross-
section of the channel. (b) Channel height vs channel width. The applied EGaIn volume is proportional to the 
surface area of the uncovered copper tape. Actual images show the cross-section of the channel. 

3. Creation of complex liquid metal mold 

By taking the advantage of laser engraving, we can fabricate more complicated LM molds. 
The complex designs were drawn using AutoCAD, which was interfaced directly with CO2 
laser-cutting machine so that designs could be etched directly onto an adhesive sheet. Fig. 3a 
shows a LM mold with three letters of “UOW”, which is the abbreviation of the University of 
Wollongong. Fig. 3b presents a LM tree with many branches. This structure is similar to the 
cardiovascular system: trunk - artery or vein, branch-capillary vessel. Therefore, our method 
has great potential to fabricate the microstructures mimicking artificial blood vessel system 
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using the LM molds to study the flow in blood vessel 26. Besides, the rounded channel can 
provide a more close morphologic environment, 27 leading to a better investigation of blood 
vessel related diseases, such as thrombosis, 28 and coronary artery disease. 29 

The structures in Figs. 3c and d show two typical molds for the microfluidic channels 
(i.e., spiral and serpentine channels). These channels have demonstrated their powerful 
applications in particle manipulation 30-33and liquid mixing 34. Except for replicating spiral 
and serpentine channels, our method can also provide the channels with a semicircular cross-
section, which will introduce new phenomenon inside the channel. Figs. 3e and f present the 
LM molds of the incremental channel and expansion-contraction channel. The two channels 
have one common feature. That is, both of these channels have varied channel widths. 
According to our previous study in Fig. 2b, the depth of the channel is related to the width 
because of the surface tension of LM. Therefore, a multi-depth channel can be fabricated 
using a one-step process. This method allows us not only fabricate channels with semicircular 
or circular cross sections, but also produce channels with multiple heights, as evidenced by 
the optical images and cross-sectional profiles in Figs. 3e and f. 

 

Figure 3. Creation of LM molds. Photographs of the diverse LM structures formed at room temperature. (a) 
Three letters stand for University of Wollongong. (b) A tree with main body and many branches. (c) LM mold 
of spiral channel. (d) LM mold of the serpentine channel (up) and replicated serpentine channel filled with green 
solution (bottom). (e) LM mold of incremental channel. Optical images show the multiple depths exist in the 
same channel. (f) LM mold of expansion-contraction channel. The profiles of cross section demonstrate the 
channel is multi-depth. 

4. Complex channel for enhancing flow mixing 

Conventionally, the serpentine shaped channel is used for inducing mixing in a 
microchannel. 35 We compared the mixing performance of the serpentine channel fabricated 
by LM mold with that of a regular serpentine channel. First, a regular serpentine channel was 
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fabricated (Fig. 4a). An adhesive sheet with the thickness of 200 µm was cut by laser 
engraving to serve as the mold of regular serpentine channel. The widths of the narrow and 
wide channels were 1 mm and 2 mm, respectively. The inlets of the serpentine channels were 
connected to syringe pumps to control the flow rate. Solutions coloured with yellow and blue 
dyes were introduced into the channel. The flow was purely laminar when a flow rate of 40 
μL min-1 was applied to each inlet (Reynolds number of 2) and the mixing only occurred at 
the interface of incoming flows, as evidenced by the clear boundary between the two 
solutions along the middle line of the channel (Fig. 4a and its inset).  

Next step, we studied the mixing performance of the complex channel made by the LM 
mold. As investigated in Fig. 3, the channel height varied with the channel width. Therefore, 
the complex serpentine channel has not only a semicircular cross-section, but also varying 
heights (Fig. S3). The height is 300 µm at the section with a width of 1 mm, while the height 
increases to 800 µm at the section with a width of 2 mm. When a flow rate of 40 μL min-1 
was applied (Re~2), the yellow and blue solutions were fully mixed, as evidenced by the 
homogenous distribution of color across the channel (Fig. 4c). The flow field was simulated 
using the COMSOL to numerically study the velocity profile (Figs. 4 b and d). The colored 
background represents the velocity profile, while the red arrows denote the velocity vector. 
The complex channel can generate secondary flows in both x and y axises due to the 
semicircular cross-section; however, only y-axis secondary flows were generated in the 
regular channel. This difference leads to a higher mixing efficiency in the complex serpentine 
channel. The mixing performance was further analyzed using MATLAB image analyzing 
codes to calculate the intensity of RGB (red, green and blue) across the microchannel at 
outlet of the serpentine channel. Fig. 4e shows the obtained profile of the green (G) color 
across the channel. It was clear from the profiles that two incoming flows formed a relatively 
large distribution of color intensity of G across the channel in the regular channel, while the 
incoming flows were mixed more evenly in the complex serpentine channel, demonstrating 
the enhanced mixing performance. 



  

Figure 4. Mixing liquids in regular and complex channel. (a) Mixing of the incoming flows in the regular 
channel. The insets show the schematic of channel structure and the magnified image for the downstream of the 
microchannel. (b) The simulated results of flow field in cross section. The red arrows are velocity vectors. The 
background color denotes velocity profile. (c) Mixing of the incoming flows in the complex channel. (d) The 
simulated results of flow field in cross section. (e) Obtained profiles of the green color intensity across the 
microchannel. 

5. Semicircular channel for particle focusing 
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We also demonstrate the capability of the channel fabricated from LM mold for particle 
focusing in the diluted ferrofluid. In a non-uniform magnetic field, a diamagnetic particle 
suspended in magnetic medium experiences a magnetic repulsive force. Theoretically, the 
magnetic repulsive force (Fmag) exerting on a particle (Eq. 1) relies on the difference between 
the magnetic susceptibility of the particle χp and the base fluid χm, as well as the volume of 
the particle, Vp, the magnetic flux density and gradient of the magnetic field (B·▽)B, and µ0, 

the permeability of free space (4π×10−7 H m−1). 36 

          (1) 

Figs.  5a and b show the schematics of the experimental setup, consisting of magnets, 
PDMS channel, and glass slide. Four magnets were placed on the top of the channel, while 
eight magnets were arranged underneath the channel. This configuration can generate a non-
uniform magnetic field. The fluorescent particles with a diameter of 24 μm were suspended 
into the diluted ferrofluid and then introduced to the channel via a syringe pump.  

A rectangular channel (0.5 × 0. 2 ×60 mm) was fabricated to compare the focusing 
performance with the channel created by LM mold (Fig. 5c). The particle suspension was 
injected into the channel at the flow rate of 200 μL min-1 (Re=9.5). We observed the particle 
trajectories at the outlet of the channel. The particles distributed evenly across the channel 
without the presence of magnetic field, as shown in Fig. 5c. Upon the application of a 
magnetic field, no focus of the particles was observed within the rectangular channel. This is 
due to the fact that the magnetic repulsive forces only push the particles upwards in the z-axis 
direction to the ceiling of the channel, as depicted in Fig. 5c (cross-sectional view). For the 
channel (0.5 × 0.15 ×60 mm) created by LM mold, a different flow rate of 300 μL min-1 was 
applied to generate a similar Reynolds number (Re~8.8). The particles distributed evenly 
within the channel without the presence of magnetic field, and they can be focused along the 
centerline of the channel upon the applications of the magnetic field. This can be attributed to 
the tangential component of magnetic repulsive force (green arrow in the cross-sectional view 
of Fig. 5d), which gathers the particles to the center of the channel. Such a channel can 
achieve 3D focusing in a simple format without the need of  complicated setup such as sheath 
flow 37, two-magnet configuration 38, viscoelastic-based ferrofluid 39 or double-layered 
photolithography (e.g., groove-based channel 40). 
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Figure 5. Particle focusing in the rectangular and semicircular channels. (a) Schematic of the experimental 
setup. (b) The cross-sectional view of the experimental setup. The channel was sealed by a glass slide. Magnets 
were placed on the top and bottom of the channel. (c) Particle distribution in the rectangular channel. 
Animations show the 3d structure and cross-section of the rectangular channel. With the magnetic field, the 
particles were pushed to the ceiling of the channel by the magnetic repulsive force. Optical images show the 
particle trajectories at the outlet without and with a magnetic field. (d)  Particle distribution in the channel 
created by LM mold. Animations show the 3d structure and cross-section of the semicircular channel. With a 
magnetic field, the particles were focused onto the centreline of the channel with the mixed effect of magnetic 
repulsive force and arc-shape. Optical images show the particle trajectories at the outlet without and with a 
magnetic field. 

6. Discussion 

Even though our method is simple and straightforward without the need of 
complicated fabrication facilities, it has some limitations. The primary limitation of this 
method is that the LM mold is disposable, which is not suitable for mass production. To 
prepare a new channel, a newly fabricated LM mold is required to be produced every time. 
Unlike the silanized SU-8 mold where PDMS can be easily peeled off, the LM tends to 
adhere to the PDMS after peeling off. Therefore, NaOH solution is needed to remove the 
residue of LM. However, this limitation can be resolved by freezing the mold below the 
melting point of EGaIn (15.5 ˚C) 15 before peeling off the PDMS. 
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 This method is also limited to its resolution of the fabricated channels. The minimum 
width of the current channel is 500 µm, which is determined by the resolution of laser 
engraving. However, this problem can be addressed by using the laser-cutting machines with 
a higher resolution. 

7. Conclusions 

This work presents a novel amalgamation-assisted lithography using LM. We 
demonstrate the capability of our method for creating LM molds with different aspect ratios 
and sizes, as well as diverse structures and configurations at room temperature without the 
need of clean room and toxic liquid resists. We further use the LM molds for fabricating a 
complex channel, which can enhance the mixing performance compared with a regular 
serpentine channel. The experimental results are interpreted by performing numerical 
simulations, which indicate that complex channel is able to generate stronger secondary flows 
compared to that of a regular channel. In addition, we developed a proof-of-concept 
experiment to show that our method can be used for creating a channel with the semicircular 
cross-section for particle focusing in a simple way. We envision that our proposed method 
has great potential in building complex microfluidic platforms for lab-on-a-chip applications. 

8. Experimental section 

Experiment Setup: The 5V DC signal was provided by a DC power supply (MS305D, Wuxi Qiaowei electronics, 
Wuxi, China). Syringe pumps (Legato 100, Kd Scientific, Holliston, MA, USA) were used to inject the colored 
solutions into the channel. The liquid mixing was recorded by a video camera (DP-M01, Oriental Inspiration 
Limited, Hong Kong). The trajectories of particles were recorded by a CCD camera (Q-imaging, Sydney, 
Australia) 

Solution: NaOH solution was prepared by dissolving 100 mg solid NaOH into 25 mL of DI water. For 3D 
focusing experiments, a commercial water-based magnetite ferrofluid (EMG 408, Ferrotec Co., NH) was used. 

Characterization: The imaging processing software, Q-Capture (Q-imaging, Sydney, Australia) , was used to 
characterize the depth of the fabricated channel. 

Numerical Simulations: The numerical simulations were conducted using COMSOL 5.2 software package 
(Burlington, MA, USA). 
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