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𝐹drag Stokes Drag 

𝐹𝑟𝑎𝑑 Secondary Radiation Force 

𝐺hyd Hydraulic Conductance 

〈𝐼〉 Average of Pixel Intensities in the Measuring Region 

𝐼𝑖 Local Intensity of the 𝑖-th Pixel After Mixing 

𝐼𝑛 Modified Bessel Function 

𝐼𝑜𝑖 Local Intensity of the 𝑖-th Pixel Before Mixing 

𝐉 Mass Current Density 

𝐽𝑛 Type One Bessel Function 

𝐿 Length 

𝐿0 Dimensions of the Microchannels 

𝑀 Total Mass 

𝑁 Number of Pixels in the Measuring Region 
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𝑁𝑓 Number of the parts forming fractal objects 

𝑄 Flow Rate 

𝑅 Radius of Microchannel 

𝑅0 Radius of the Spherical Object 

𝑅hyd Hydraulic Resistance 

𝑇 Temperature 

𝑇0 Constant Temperature of the Walls 

𝑽 Given Vector Field 

𝑉0 Flow Velocity Relative to the Object 

𝑊 Displacement of a Thin Clamped Circular Membrane 
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Summary 

 
Over the past years, additive manufacturing technologies have emerged as a 

powerful tool in the field of microfluidic engineering, owing to their powerful 

capabilities in fabrication of 3D microstructures for diverse functions. However, 

most of the current applications in microfluidics only adopt these technologies to 

create simple microchannels rather than functional components, since the 

resolution of conventional additive manufacturing techniques usually fall within the 

range of tens to hundreds of micrometers. Herein, this dissertation has centered on 

the use of a specific additive manufacturing technique that possesses extremely 

high resolution, the two-photon polymerization technique, for different applications 

in microfluidics. 

Given the fact that two-photon polymerization builds objects through a voxel-

by-voxel manner, the time of fabrication could be significantly long, therefore it is 

more suitable to create only the essential parts at regions of interest (ROI) in a 

microfluidic device, instead of creating the whole device. More specifically, based 

on this criterium, we have contributed to several applications of microfluidics, 

including novel fabrication method for soft lithography, superhydrophobic foil with 

hierarchical structures, acoustofluidic micromixer and micropump, as well as the 

cell traps. 

First of all, a novel hybrid fabrication method based on photolithography and 

two-photon polymerization has been developed to create master moulds in soft 

lithography. As a result, this proposed method prevents the huge time expenses 

from printing the entire parts using two-photon polymerization, along with taking 
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advantages of conventional photolithography. 

Afterwards, we have investigated the capabilities of two-photon 

polymerization in the control of surface wetting by creating fractal Sierpinski 

tetrahedron and hierarchical pyramid microstructures on glass slides and flexible 

plastic films. Since different microstructures can be built at different regions, the 

proposed method could be applied for a controllable management of surface 

wetting. 

Based on the experience of creating microstructures on flexible foils, we have 

developed a novel acoustofluidic micromixer by means of embedding the created 

microstructures in flexible devices made of off-the-shelf materials such as plastic 

films and double-sided tapes. The mixing effect is generated from 3D printed 

microstructures, through which the acoustically oscillated air-liquid interfaces are 

connected to the ambient air, thus preventing the oscillation of these interfaces from 

dissolution and compression. 

Extending the capabilities of the embedded microstructures proposed, we 

have also developed an acoustofluidic micropump on the foils. A maximal flow rate 

of 420 nL/min can be obtained when the driving voltage was set to 4 Vpp. To further 

investigate the pumping abilities of the proposed micropump, it has been utilized to 

drive flows for single-cell trapping. 

Despite the successful development and implementation of devices in 

several applications, the work has been not comprehensive enough. This is because 

the field is still at its beginning stage, and encompasses numerous uncovered 

matters and possibilities. Therefore, fundamental studies on topics such as 
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photopolymerization, hydrophobicity, post treatments, acoustofluidics, and others, 

have to be done in the next stage to further improve the performance of two-photon 

polymerization in these applications and expand its capabilities in other fields. On 

the other hand, two-photon polymerization is still not a widely accessible technique, 

since it requires expensive fabrication systems and long fabrication time. Therefore, 

future works should empathize on further improvements in critical aspects such as 

the speed and cost of fabrication. Nevertheless, we truly believe the proposed 

devices and applications in this dissertation have manifested the capabilities of two-

photon polymerization in microfluidics and other fields, and will serve as an 

important example and the foundation for future developments in microfluidics and 

nanoscale additive manufacturing technologies. 

  



1 

 

Chapter 1             

 

Motivation and Overview 

 

The past few decades have witnessed a great success of microfluidics and 

additive manufacturing due to their remarkable capabilities of solving problems in 

diverse areas. In this chapter, a brief introduction on these two fields is presented, 

along with the motivation and goal of this dissertation: using one of the most 

powerful and promising nanoscale additive manufacturing technologies, two-

photon polymerization, to explore a variety of applications in microfluidics, 

including novel fabrication approach in soft lithography, controllable surface 

hydrophobicity, as well as revolutionary microfluidic components such as 

micromixer, micropump, cell traps in micro systems. In-depth reviews on these two 

topics are delivered by references (Bruus 2008; Folch 2016; Gibson et al. 2014; 

Gravesen et al. 1993; Tabeling 2005; Whitesides 2006; Wong and Hernandez 2012; 

Yazdi et al. 2016), and interested readers are encouraged to refer to them for a 

deeper and more comprehensive scope. 

1.1 Microfluidics 

Microfluidics is a technology involving the manipulation and control of small 

amounts of fluids (microliters to picoliters) in tiny channels (tens of nanometers to 

hundreds of micrometers wide, Figure 1.1). Herein, it is also called the Lab on a Chip 
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(LOC) technology (Whitesides 2006). Microfluidics has attracted ever-increasing 

attentions over the decades, and currently plays a pivotal role in diverse areas such 

as physics, chemistry, biomedicine, and environmental monitoring (Folch 2016). 

 

Figure 1.1 Photo of a microfluidic chip used to study microbial growth. Reproduced 

with permission from reference (Balagaddé et al. 2005). 

Similar to the miniaturization of electronics, the future of microfluidics lies in 

integrating the majority of laboratory functionalities into a small chip (Tabeling 

2005). This approach offers striking advantages that are difficult to achieve in a 

laboratory scale. To be more specific, only small quantities of samples and reagents 

are usually required in a microfluidic process (Folch 2016). Certain biological fluids 

such as sweats (Koh et al. 2016), tears (Versura et al. 2012), and salivas (Herr et al. 

2007), which have long been overlooked because of their limited quantities, have 

now become important clinical samples in diagnoses and other microfluidics-based 

applications in public healthcare; Furthermore, such low consumption of samples 
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and reagents also gives rise to shorter reaction time due to short diffusion distances 

(Folch 2016). Thanks to this benefit, microfluidics has made bioanalyses less 

invasive and affordable, especially for countries and regions without professional 

point-of-care centers. 

Compared to bulky equipment used in the laboratory, microfluidic devices 

also have small footprints that allow for fabricating large numbers of devices 

simultaneously, thus they are considered to be more affordable than their bulky 

counterparts. More importantly, small footprints do not compromise their 

performances in terms of the sensitivity and specificity. For example, they have 

exhibited competitive performances for determining heavy metal ions in waters (Lin 

et al. 2016a). Furthermore, the substrates of microfluidics are no longer limited to 

silicon and glass slides, the earliest materials used in a few decades ago, a variety 

of options such as plastics, foils, and papers have been investigated till now (Lin et 

al. 2019a). Compared to silicon and glass, these materials provides unique 

advantages such as cost-effectiveness, ease of fabrication, flexibility, 

biocompatibility, disposability and others (Focke et al. 2010; Lin et al. 2019a; Lin et 

al. 2019b; Lin et al. 2016b; Lin and Xu 2017). 

Last but not the least, systems involving complex functions can be realized 

by integrating multiple microfluidic devices into a system. For example, chips 

aiming at different functions such as cell coculture, protein detection, and analysis 

of drug metabolites can be integrated together for investigating tumor-endothelial 

cell interaction (Lin et al. 2017). 
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1.2 Additive Manufacturing 

On the other hand, additive manufacturing (AM) technology, also known as 

the 3D printing technology, has revolutionized the way how microfluidic devices are 

fabricated (Au et al. 2016), and become an important tool in various applications 

(Yazdi et al. 2016). Compared to other traditional fabrication methods, AM 

technology directly builds three-dimensional (3D) objects according to digital 

models created using computer-aided design (CAD) software (Ngo et al. 2018). 

Therefore, microstructures with complicated geometries involving spirals, helixes, 

and curved surfaces, which previously largely constrained the abilities of 

microfluidic engineers in design and fabrication processes, have now become 

possible to build (Ambrosi et al. 2016). 

 

Figure 1.2 Schematic illustration of a typical AM fabrication process. 

In a typical AM fabrication process (Figure 1.2), a digital CAD model with 

desired geometry is first created using CAD software, and then converted into 

Standard Tessellation Language (STL) format. After that, the STL-format file should 

be transferred to a slicing software, by which numerous thin layers with controlled 
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thickness are generated. Based on these sliced layers, the AM systems (3D printers) 

produce the final parts in a layer-by-layer manner until all layers are completely built. 

Finally, the stacked products may undergo polishing processes or other post-

treatments to enhance qualities for different purposes. 

Currently, great strides have been made in this field and countless AM 

technologies have been developed and improved using various mechanisms (Wong 

and Hernandez 2012), including fused deposition modeling (FDM) (He et al. 2016), 

stereolithography (SLA) (Waheed et al. 2016), selective laser sintering (SLS) (Fina et 

al. 2017), laser engineered net shaping (LENS) (Niu et al. 2015), laminated object 

manufacturing (LOM) (Luong et al. 2018), electron beam melting (EBM) (Körner 

2016), and others (Gibson et al. 2014; Ngo et al. 2018; Wong and Hernandez 2012). 

Among these technologies, FDM and SLA have been widely adopted in the field of 

microfluidics due to favorable cost-effectiveness and ease of operation (Gaal et al. 

2017; Kanai and Tsuchiya 2016). The examples of microfluidic devices fabricated 

using these two technologies are shown in Figure 1.3. 

 

Figure 1.3 Examples of 3D printed microfluidic devices: a) Photo of a FDM-printed 

microfluidic chip for the analyses of nitrite, total proteins, and nitric oxide. 

Reproduced with permission from reference (Bressan et al. 2019). b) Photo of a SLA-
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printed microfluidic chip for producing monodisperse double emulsions. 

Reproduced with permission from reference (Kanai and Tsuchiya 2016). 

1.3 Motivation 

As aforementioned, microfluidics deals with fluids in microchannels with 

widths ranging from tens of nanometers to hundreds of micrometers. However, 

most of the AM technologies developed hitherto only have a resolution in the range 

of micrometers (Yazdi et al. 2016). Therefore, current 3D printed microfluidic devices 

rarely contain microchannels and microstructures with high resolution and complex 

designs, thus limiting the development of AM technologies in microfluidic field. 

Fortunately, two-photon polymerization (TPP), one of the AM technologies working 

at microscale (Lin and Xu 2018), has made the fabrication of these microstructures 

possible. 

Unlike single-photon polymerization used in the conventional SLA method, 

TPP capitalizes on simultaneous absorption of two photons by photosensitive 

materials. This process gives rise to a nonlinear absorption mechanism, in which 

only the materials near focal point can be polymerized and the others remain 

unpolymerized (Lin and Xu 2018). The polymerized part is termed as a voxel, and 

the final products are built in a voxel-by-voxel manner instead of the layer-by-layer 

approach used in conventional SLA approach. Hence, the resolution of TPP depends 

on the size of the voxel. Since the size of a voxel usually falls into a range of 

hundreds of nanometers to one micrometer (Baldacchini 2015), TPP has been 

considered as an AM technology working at nanoscale. 

Nevertheless, it is also because of such extremely high resolution, the 
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fabrication time required in a TPP process is usually quite long, making such 

technology not attractive in the fabrication of microfluidic devices. Fortunately, 

given the fact that only certain regions in microfluidic devices, also known as the 

regions of interest, require complicated microstructures with complex geometries, 

in this dissertation, we focus on the use of TPP to fabricate important components 

for diverse microfluidic applications such as mixing, pumping and filtration, while 

the remaining parts in the systems are fabricated through standard methods. In 

addition, since TPP currently is still not a widespread technology and require 

expensive fabricating systems, off-the-shelf materials such as plastic films and tapes 

are also adopted to build the main devices. By this approach, we believe that the 

cost for a unit device could be reduced and become more affordable. 

1.4 Dissertation Overview 

This dissertation presents our research findings on using TPP technology for 

creating microfluidic devices in various applications. Specifically, Chapter 2 gives an 

in-depth introduction of the basics of microfluidics, current microfabrication 

methods in microfluidics, and the fundamentals of TPP technology. Chapter 3 

presents a novel fabrication method to fabricate high resolution 3D master moulds 

for soft lithography, a widely used method for building microfluidic chips. This 

method combines conventional photolithography and TPP for creating the main 

structures and microstructures in the regions of interest, respectively. Chapter 4 

describes a novel approach to create superhydrophobic films using TPP. Basically, 

fractal and hierarchical microstructures are printed on desired areas on the surfaces, 

thus giving rise to controllable wettability of the surfaces in different regions. Based 
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on such success experience of creating microstructures on plastic films, we further 

built a rapid and homogeneous micromixer and a programmable micropump on 

plastic films, which are actuated using acoustic energy. Corresponding research 

findings are presented in Chapter 5 and Chapter 6, respectively. Lastly, Chapter 7 

summarizes all the work presented in this dissertation and discusses the future 

directions of microfluidics based on AM technologies. 
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Chapter 2 
 

Microfluidics and two-photon polymerization 

 

This chapter introduces the basics of microfluidics, fabrication methods of 

microfluidics, and fundamentals of two-photon polymerization technology. Part of 

the content in this chapter has been reprinted with permission from Lin, Y., & Xu, J. 

(2018). Microstructures Fabricated by Two-Photon Polymerization and Their Remote 

Manipulation Techniques: Toward 3D Printing of Micromachines. Advanced Optical 

Materials, 6(8), 1701359. Copyright (2018) by John Wiley & Sons. DOI: 

https://doi.org/10.1002/adom.201701359. Part of the content in this chapter has been 

reprinted with permission from Lin, Y., Gao, C., Gritsenko, D., Zhou, R., & Xu, J. 

(2018). Soft lithography based on photolithography and two-photon polymerization. 

Microfluidics and Nanofluidics, 22 (9), 97. Copyright (2018) by Springer Nature. DOI: 

https://doi.org/10.1007/s10404-018-2118-5. 

2.1 Basics of microfluidics 

Like bulk fluids flowing in piping systems, flows in microchannels also follow 

the rules of fundamental fluid dynamics, yet the principles governing their behaviors 

are totally different (Tabeling 2005). When it comes to the microscale condition, 

volume forces such as gravity and inertial forces that play critical roles in our daily 

life, become less significant when compared with viscous forces and surface 

tensions, which are usually neglected in our common sense. For example, mixing 

https://doi.org/10.1002/adom.201701359
https://doi.org/10.1007/s10404-018-2118-5
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two fluids in microfluidic devices is no longer as easy as mixing coffee and milk in 

our morning cups, since laminar flows are dominated rather than turbulent flows. 

Hence, innovative passive or active micromixers are very common in microfluidic 

applications (Huang et al. 2013; Lin et al. 2019a). In this section, we will introduce 

the governing equations and essential dimensionless numbers of microfluidics, flow 

profiles and hydraulic resistance in microchannels, as well as the Stokes drag on 

suspended substances. 

2.1.1 Governing equations 

The governing equations for microfluidics in general stem from the 

fundamental equations describing the rates of changes in mass, momentum and 

energy (Bruus 2008), which could be represented using Gauss’s theorem: 

∫ 𝑑𝒓 
Ω

𝛁 ∙ 𝑽 = ∫ 𝑑𝑎 𝒏 ∙ 𝑽
𝜕Ω

,                                                                                                                           (2.1) 

where 𝑽(𝒓) is a given vector field in a given region Ω with a position vector 𝒓 and a 

surface 𝜕Ω; 𝑑𝑎 is an area element on this surface with a surface normal 𝒏. 

In the case of a compressible fluid (the fluid with varied density 𝜌), the total 

mass can be represented using a volume integral over 𝜌, 

 𝑀(Ω, 𝑡) = ∫ 𝑑𝒓 𝜌(𝒓, 𝑡)
Ω

                                                                        (2.2) 

Here, the time derivative of the mass can be represented as follows: 

𝜕𝑡𝑀(Ω, 𝑡) = 𝜕𝑡 ∫ 𝑑𝒓 𝜌(𝒓, 𝑡)
Ω

= ∫ 𝑑𝒓 𝜕𝑡𝜌(𝒓, 𝑡)
Ω

.                                                  (2.3) 

In addition, the mass current density 𝐉 is defined as: 
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𝑽 = 𝐉(𝒓, 𝑡) = 𝜌(𝒓, 𝑡)𝐯(𝒓, 𝑡),                                                                       (2.4) 

where 𝐯(𝒓, 𝑡) is the convection velocity. 

Thus, we are able to obtain Equation 2.5 based on Equation 2.1: 

𝜕𝑡𝑀(Ω, 𝑡) = − ∫ 𝑑𝑎 𝒏 ∙ (𝜌(𝒓, 𝑡)𝐯(𝒓, 𝑡))
𝜕Ω

= − ∫ 𝑑𝒓 𝛁 ∙ (𝜌(𝒓, 𝑡)𝐯(𝒓, 𝑡))
Ω

,                         (2.5) 

in which the minus sign means that the mass inside the region Ω diminishes when 

𝐯(𝒓, 𝑡) is pointing outward. 

By comparison of the Equation 2.3 and Equation 2.5, we could immediately 

obtain the continuity equation:  

𝜕𝑡𝜌(𝒓, 𝑡) = −𝛁 ∙ (𝜌(𝒓, 𝑡)𝐯(𝒓, 𝑡)).                                                    (2.6) 

As most fluids used in microfluidics are incompressible solutions, thus the 

continuity equation becomes: 

𝛁 ∙ 𝐯 = 0.                                                          (2.7) 

The second governing equation used in microfluidics deals with momentum 

fluxes and force densities, corresponding to the rate of change in momentum 

originating from convection of momentum, pressure forces, viscous forces and 

body forces. The derived equation is the famous Navier-Stokes equation, one of the 

most commonly used equation in fluid mechanics. Interested readers are 

encouraged to refer to reference (Bruus 2008) for detailed derivation process. The 

equation is represented as follows: 

𝜌 (
𝜕𝐯

𝜕𝑡
+ 𝐯 ∙ 𝛁𝐯) = −𝛁𝑝 + 𝜇𝛁2𝐯 + 𝐟,                                          (2.8) 
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where 𝑝 is the pressure, and 𝜇 is the dynamic viscosity, 𝐟 denotes the body forces. 

In a typical microfluidic configuration, inertial forces are usually relatively 

small compared to viscous forces, thus the nonlinear term in Navier-Stokes equation 

becomes negligible, and the flow is often called the Stokes flow or creeping flow 

(Bruus 2008). Here, the equation can be rewritten as: 

𝜌
𝜕𝐯

𝜕𝑡
= −𝛁𝑝 + 𝜇𝛁2𝐯 + 𝐟.                                              (2.9) 

The third and the last governing equation used in microfluidics is the energy 

equation. However, as this dissertation does not involve any energy-related topics, 

the equation is not discussed here. Interested readers could refer to the reference 

(Bruus 2008) for more details. 

2.1.2 Dimensionless numbers 

In fluid mechanics, dimensionless numbers have widely been adopted to 

reduce the complexity of problems and predict the behaviors of fluids. When it 

comes to microscale or mesoscale conditions, Reynolds number ( 𝑅𝑒 ) is often 

applied to determine whether viscosity or inertia dominates the systems. The 

expression for Re is quantitatively defined as the ratio of product of density of fluids 

𝜌 , average flow velocity v , and dimensions of the microchannels 𝐿0  over the 

viscosity of the fluids 𝜇: 

𝑅𝑒 =
𝜌v𝐿0

𝜇
.                                                (2.10) 

The 𝑅𝑒 in a microfluidic system is usually much smaller than 100, in a range 

from 0.01 to 10.0 (Lee et al. 2016). Therefore, the flows are completely laminar. 
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Waters and oils that flows smoothly at macroscale start to behave like honey-peanut 

butters. More importantly, conventional mixing and pumping methods become 

unsuitable. In Chapter 5 and 6, we will present the novel micromixer and micropump 

based on the oscillation of air-liquid interfaces upon acoustic actuation (Lin et al. 

2019a; Lin et al. 2019b). 

Another dimensionless number often used in microfluidics is the Peclet 

number (𝑃𝑒). It relates the performances of two phenomena, the advection and the 

diffusion. Advection is the transport of substances by the fluids, while diffusion is 

the movement of substances from regions with higher concentration to regions with 

lower concentration. The expression of 𝑃𝑒 is defined as follows: 

 𝑃𝑒 =
v𝐿0

𝐷
,                                                (2.11) 

where 𝐷 is the diffusion coefficient. 

2.1.3 Poiseuille-flow and flow profiles 

Although Navier-Stokes equation is notoriously difficult to solve in most 

cases, analytical solutions have already been developed in several special but 

important cases. In particular, Poiseuille-flow problems are very common in 

microfluidics, and it has been solved analytically based on a number of assumptions 

describing pressure-induced steady-state flows in an infinitely long, and translation-

invariant channel (Bruus 2008; Tabeling 2005). 

To solve the governing equations analytically, boundary conditions are 

indispensable to determine the constants that remain unknown in the final 

solutions. An important boundary condition in fluid mechanics is the so-called no-
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slip boundary condition. This condition assumes that the parts of fluids collide with 

walls have the same velocity of the walls, which stems from the momentum 

relaxation between the molecules of the walls and the outmost molecules of the 

fluids (Bruus 2008), or the hypothesis that the forces of attraction between the wall 

molecules and fluid molecules are greater than that between fluid molecules. 

Poiseuille flows are also called the Hagen-Poiseuille flows, which represent 

the basic fluid behaviors in microfluidics since most of the flows in relevant 

applications are driven by pressure differences between two ends of the 

microchannels. In this section, we will present the flow profiles and the flow rates 

of Poiseuille flows in various microchannels with different geometries. 

1) Infinite parallel-plate channel 

In a case that the aspect ratio of a rectangular microchannel is very large, the 

microchannel is often approximately considered as an infinite parallel-plate 

configuration, as shown in Figure 2.1. 

 

Figure 2.1 Sketch of an infinite parallel-plate configuration in the 𝑥 and 𝑧 plane, with 

a distance of ℎ between two plates. 

In this case, the velocity profile v𝑥(𝑧) is parabolic, and can be expressed as: 
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v𝑥(𝑧) =
∆𝑝

2𝜇𝐿
(ℎ − 𝑧)𝑧,                                               (2.12) 

where ∆𝑝 is the pressure difference over a length of 𝐿, and ℎ is the distance between 

two plates. 

The flow rate 𝑄 through a width of 𝑤 is calculated to be (Bruus 2008): 

𝑄 =
ℎ3𝑤

12𝜇𝐿
∆𝑝.                                                (2.13) 

2) Rectangular cross-section microchannel 

Another common shape used in microfluidics is the rectangular shape, due 

to the fact that photolithography, reactive ion etching (RIE), and other similar 

microfabrication techniques usually result in microchannels with rectangular cross-

section (Lin et al. 2018; Queste et al. 2010). 

The velocity profile v𝑥(𝑦, 𝑧) for a rectangular cross-section microchannel can 

be expressed as: 

v𝑥(𝑦, 𝑧) =
4ℎ2∆𝑝

𝜋3𝜇𝐿
∑

1

𝑛3 [1 −
cosh (𝑛𝜋

𝑦

ℎ
)

cosh (𝑛𝜋
𝑤

2ℎ
)
] sin∞

𝑛,𝑜𝑑𝑑 (𝑛𝜋
𝑧

ℎ
).                                 (2.14) 

The flow rate 𝑄 through a width of 𝑤 is: 

𝑄 =
ℎ3𝑤∆𝑝

12𝜇𝐿
[1 −

192

𝜋5

31

32
𝜍(5)

ℎ

𝑤
],                                              (2.15) 

where 

𝜍(𝑥) ≡ ∑
1

𝑛𝑥
∞
𝑛=1 .                                                (2.16) 

When ℎ < 𝑤, an approximate formula can be applied: 
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𝑄 =
ℎ3𝑤∆𝑝

12𝜇𝐿
[1 − 0.630

ℎ

𝑤
].                                              (2.17) 

3) Circular cross-section microchannel 

In circular cross-section microchannels with radius 𝑅  such as tubing and 

needles, the velocity profile v𝑥(𝑟, 𝜙) in a cylindrical coordinate system (𝑥, 𝑟, 𝜙) can 

be expressed as: 

v𝑥(𝑟, 𝜙) =
∆𝑝

4𝜇𝐿
(𝑅2 − 𝑟2).                                     (2.18) 

The flow rate 𝑄 through the microchannel is: 

𝑄 =
𝜋

8

𝑅4

𝜇𝐿
∆𝑝.                                                (2.19) 

2.1.4 Hydraulic resistance 

As shown in section 2.1.3, the flow rate 𝑄 can be expressed as the product of 

a coefficient and the pressure difference ∆𝑝: 

𝑄 = 𝐺hyd∆𝑝.                                                (2.20) 

Here, the coefficient 𝐺hyd  is called the hydraulic conductance, and if we 

rewrite the equation as: 

 ∆𝑝 =
1

𝐺hyd
𝑄 = 𝑅hyd𝑄,                                               (2.21) 

we obtain another coefficient 𝑅hyd, which is called the hydraulic resistance. 

Similar to the Ohm’s law, hydraulic resistance relates the flow rate (like the 

electrical current) with pressure difference (like the electrical potential drop) along 

microchannels (like the wires). A list of hydraulic resistance expressions for 
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conventionally used straight microchannels is shown in Table 2.1 (Bruus 2008). 

Table 2.1 Hydraulic resistance expressions for straight microchannels with 

different cross-section shapes 

Cross-section shape Expression 

Circle (radius: 𝑅) 8

𝜋
𝜇𝐿

1

𝑅4
 

Ellipse (major axis: 𝑎; minor axis: 𝑏) 4

𝜋
𝜇𝐿

1 + (𝑏/𝑎)2

(𝑏/𝑎)3

1

𝑎4
 

Equilateral triangle (side length: 𝑎) 320

√3
𝜇𝐿

1

𝑎4
 

Two plates (width: 𝑤; distance: ℎ) 
12𝜇𝐿

1

ℎ3𝑤
 

Rectangular (width: 𝑤; height: ℎ) 12𝜇𝐿

1 − 0.63(ℎ/𝑤)

1

ℎ3𝑤
 

 

2.1.5 Stokes drag 

Not only does the microfluidics deal with pure fluids, but it also involves the 

manipulation of suspended objects in fluids, such as magnetic beads, biological 

cells and fluorescent markers (Lin et al. 2019b; Zhou and Wang 2016). Therefore, it 

is necessary to understand the forces exerted on these objects. The frictional force 

due to the viscosity of fluids is called the Stokes drag 𝐹drag, and it is expressed as 

follows: 

𝐹drag = 6𝜋𝜇𝑅0𝑉0,                                               (2.22) 

where 𝑅0 is the radius of the spherical object, and 𝑉0 is the flow velocity relative to 

the object. 
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2.2 Fabrication methods in microfluidics 

At present, numerous fabrication technologies, including photolithography, 

electron beam lithography, chemical vapor deposition and others, have been 

investigated and applied for creating microfluidic devices (Abgrall and Gue 2007; 

Folch 2016; Ren et al. 2013). In this section, several widely used microfabrication 

technologies of microfluidic engineering will be briefly presented. 

2.2.1 Photolithography 

Photolithography or the so-called optical lithography patterns a thin film of 

photoresist on substrates via selective exposure through a photomask. This 

technology is usually the starting point of other microfabrication technologies (Kim 

et al. 2008). For instance, the microstructures created using photolithography can be 

used as a mould in micromolding processes (Han et al. 2018). At present, various 

photoresists have been developed for photolithography, yet in microfluidics, SU-8 

outshines the others due to its capabilities in creating vertical and tall structures with 

high aspect ratios (Lee et al. 2015), as well as advantages such as good optical 

properties, biocompatibility and chemical inertness (Narayan et al. 2018). It is a type 

of negative photoresists, which become insoluble when exposed to the light; on the 

contrary, positive photoresists become soluble when exposed (Folch 2016). 

The procedure of a typical photolithography process be divided into the 

following steps as shown in the steps 1-3 in Figure 2.2: first, the substrates should 

be thoroughly cleaned to avoid unstable attachments, which may distort the 

spreading of photoresist during spin-coating processes. By adjusting the spinning 
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speed, the thickness of the coated films can be controlled. After removing the edge 

beads and performing a softbake process, the film is loaded in a mask aligner, and 

exposed to UV light through a photomask. It is worth noting that at this stage, some 

photoresists only undergo the activation process rather than the final 

polymerization. For example, the cross-linking of SU-8 only occurs if the 

temperature is raised to desired temperature (del Campo and Greiner 2007). Herein, 

additional baking process should be performed. Finally, the uncured parts of the film 

are dissolved in the solvent to form final microstructures. 

 

Figure 2.2 Schematic illustration of a typical process in photolithography (step 1-3) 

and soft lithography (step 4-5). 

Although photolithography possesses favorable advantages such as high 

resolution (less than 1 µm), high aspect ratio, and good reproducibility, it is not 

impeccable. Photolithography requires clean room, expensive mask aligner and 

photosensitive materials. 3D microstructures are usually produced by stacking 

multiple layers of photoresists. Herein, coating, exposure, and polymerization of the 

photoresists should be operated several times, thus inevitably increasing the 

fabrication cost for a single device. 
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2.2.2 Soft lithography and micromolding 

Soft lithography is another important technique in microelectromechanical 

systems (MEMS) and Micro Total Analysis Systems (µTAS, or lab on a chip) 

nowadays (Rogers and Nuzzo 2005), as evidenced by numerous examples in micro- 

and nano-fabrication (Qin et al. 2010), electronics (Jeon et al. 1998), chemistry (Pang 

et al. 2003), biology (Kane et al. 1999), pharmaceutics (Whitesides et al. 2001), and 

microfluidics (Kim et al. 2008). Compared to other microfabrication techniques (e.g., 

photolithography and electron-beam lithography), soft lithography possesses 

several unique advantages (Xia and Whitesides 1998). For instance, it is more cost-

effective and requires neither expertise nor sophisticated equipment (Folch 2016). It 

is suitable for not only planar, but also non-planar surfaces, hence the structures 

with different heights are no longer obstacles (Kane et al. 1999). Besides, soft-

lithography also provides a very good resolution (~35 nm), which is competitive 

even when compared with electron-beam lithography (~15 nm) (Waldner 2013; Xia 

and Whitesides 1998). 

At present, several techniques that are classified as soft lithography have 

been developed, including microcontact printing (µCP) (Filipponi et al. 2016), replica 

molding (REM) (Carugo et al. 2016), microtransfer molding (µTM) (Yang et al. 2000), 

solvent-assisted micromolding (SAMIM) (King et al. 1997), micromolding in capillary 

(MIMIC) (Kim et al. 1995), decal transfer lithography (Childs and Nuzzo 2002), 

nanoskiving (Xu et al. 2008), and so on. The schematic illustration of fabrication 

processes for several common methods is shown in Figure 2.3. 
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Figure 2.3 Schematic illustration of the fabrication processes for a) REM, b) µTM, c) 

MIMIMC, and d) SAMIM. Reproduced with permission from reference (Xia and 

Whitesides 1998). 

Among them, REM has been widely used in microfluidics, with elastomer 

polydimethylsiloxane (PDMS) as the key component to imprint patterned relief 

structures on the surfaces of master moulds (Folch 2016). Specifically, 

microstructures are first fabricated on substrates, then the mixture of PDMS 
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precursors is poured onto the substrate, followed by baking using a hotplate or an 

oven to induce cross-linking of the monomers. As the contact between PDMS 

precursors and the moulds is conformal, the reversed pattern of the microstructures 

from substrates is imprinted to PDMS after separation. Finally, the replica can be 

bonded to another substrate (e.g., glass slide) to create enclosed microchannels for 

further applications (Shin et al. 2003), as shown in the steps 4-5 in Figure 2.2. 

It is worth mentioning that PDMS possesses many superior advantages, 

which are quite attractive for microfluidic applications. To name a few, it has a great 

optical transparency (Schneider et al. 2009), gas permeability (Merkel et al. 2000), 

biocompatibility (Borenstein et al. 2010), and chemical inertness (Zhu et al. 2017). 

Hence, it has been widely used in biomedicine-related microfluidics over the past 

decades. Additionally, PDMS is soft and elastic, hereby it is also an ideal candidate 

for microscale valves and actuators (Choi et al. 2010). Although intrinsic 

hydrophobicity may be unfavourable for the introduction of aqueous solutions into 

channels, this shortcoming can be easily addressed via oxygen plasma (Tan et al. 

2010). Last but not least, PDMS-based devices are relatively cheaper than the 

counterparts made via glass or silicon because of the ease of fabrication and 

multiple castings of a master mould. 

Apart from PDMS and soft lithography, other micromolding techniques that 

use polymers have also been investigated for microfluidics. Among them, injection 

molding and hot embossing are the two most widely used approaches. The 

polymers used in injection molding can be thermoset and thermoplastic polymers, 

while those used in hot embossing usually fall into thermoplastic type (Folch 2016). 
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Thermoset polymer is a type of polymers, in which monomers are cross-linked upon 

the curing reactions; while thermoplastic polymer can be molded into desired 

shapes once the temperature is set to be higher than its glass transition temperature. 

2.2.3 Micromachining 

Micromachining includes bulk micromachining, surface micromachining and 

other technologies such as LIGA (Lithography, Electroplating, and Molding) and 

deep reactive ion etching (DRIE) (Ehrfeld and Schmidt 1998; Steigert et al. 2007; 

Yazdi et al. 2016). Generally speaking, bulk micromachining creates microstructures 

inside the materials, while surface micromachining adds microstructures on the 

surfaces with the help of sacrificial photoresist layers. 

In a typical bulk micromachining process, silicon wafers are selectively 

etched after an initial photolithography step (Fang et al. 2015). The etching can be 

performed by means of wet etching (using chemical solutions such as buffered 

hydrofluoric acid, BHF) or dry etch (using bombardment of ions, usually the plasma 

of reactive gases). On the other hand, surface micromachining starts with the 

deposition of new layers on the surfaces of substrates. Afterwards, patterning and 

selective etching are performed to create microstructures in these layers (French 

and Sarro 1998). Conventionally, sacrificial layers are adopted to build complex 

microstructures such as a suspended cantilever. Similarly, the etching process can 

be a wet or dry etching, depending on different conditions involving material 

properties, requirement of isotropy or anisotropy, and rates of etching. 

Another well-known micromachining approach used in microfluidics is the 

lift-off technique (Bohl et al. 2005). Basically, this technique starts with creating a 
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photoresist pattern on top of the silicon wafers, after which the deposition of desired 

materials is performed in two ways, the blanket deposition (deposit on the entire 

surface) or selective growth (deposit on selected areas). Finally, photoresist and the 

coated materials on it are removed together upon the development in solvents. 

Other technologies such as laser cutting (Nie et al. 2013), milling and 

xurography that can be used to cut microchannels are also considered as the 

micromachining (Folch 2016; Lin et al. 2019a). For example, inexpensive CO2 laser 

has been adopted to cut thin plastic films, and xurography uses a desktop plotter to 

cut double-sided tapes. These simple approaches have received increasing 

attentions over the past few years and opened new possibilities to fabricate cost-

effective and reliable microfluidic devices. 

2.2.4 Additive Manufacturing 

Generally speaking, fabrication methods described above deal with two 

types of materials, the elastic polymers and the rigid materials such as silicon and 

glass. Micromolding and direct machining are often used to fabricate polymer 

structures, while rigid substrates usually undergo photolithography and 

micromachining (Mitra and Chakraborty 2016). However, neither of these methods 

is able to create 3D microstructures with complex geometries efficiently. Although 

soft lithography is able to imprint real 3D microstructures, it is challenging to 

produce structures with high aspect ratios (Folch 2016). 

Fortunately, recent advances in AM technologies have revolutionized the way 

how 3D microstructures are fabricated. Owing to the capabilities of converting 

arbitrary designs into 3D objects, AM technologies have been adopted to fabricate 
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real 3D microfluidic devices over the past years. Compared to other microfabrication 

techniques, these approaches are mostly automated without tedious operations and 

low fault tolerance (Figure 2.4). 

 

Figure 2.4 Resolution and automation trade-off for conventional microfabrication 

and AM technologies. Reproduced with permission from reference (Au et al. 2016). 

As discussed in Chapter 1, technologies FDM and SLA are two of the most 

widely used AM methods for microfluidics, yet their resolutions (tens of 

micrometers, Figure 2.4) are usually insufficient to fabricate complex structures 

other than microchannels for fluid transport. Moreover, FDM-printed parts usually 

have rough surfaces owing to intrinsic mechanism of FDM that circular wires are 

melted and extruded along the designated routes (Walczak and Adamski 2015). On 

the other hand, SLA is unsuited for creating enclosed microchannels because of the 

trapped uncured photoresists. To solve these issues, we have done research on the 

use of microscale AM technology, two-photon polymerization, to create 
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microstructures that embed in microfluidic devices for different functions. The 

results of these studies are presented in Chapter 3 to Chapter 6. 

2.2.5 Other fabrication techniques 

Besides the fabrication methods introduced above, nanofabrication 

techniques such as electron beam lithography and scanning probe lithography (Mali 

et al. 2006); self-assembly approaches that use natural attractive forces to build 

microstructures spontaneously (Folch 2016); electroplating and microextrusion 

(Beuret et al. 1994; Saotome and Iwazaki 2001), have also been adopted in 

microfluidic fabrication. 

2.3 Two-photon polymerization 

Based on the hypothesis that two photons can be absorbed simultaneously 

as long as their total amount of the energies matches the energy gap between two 

electronic states, TPP was proposed in 1931 by Göppert-Mayer (Göppert‐Mayer 

1931). But the realistic experimental achievement was achieved after the invention 

of laser, which enables the coherent light with higher intensity (Kaiser and Garrett 

1961). Along with burgeoning development of stereolithography, the first 3D 

structure created by TPP was published in 1997 by Maruo and colleagues (Maruo et 

al. 1997). From then on, TPP has received rapid development, and several excellent 

reviews and books have already been published (Baldacchini 2015; Han et al. 2016; 

Lee et al. 2008; Marino et al. 2015; Park et al. 2009; Raimondi et al. 2012; Rumi et al. 

2008; Xing et al. 2015; Xu et al. 2013; Yang et al. 2005; Zhang et al. 2010). 

As a promising AM technology working at microscale, TPP has superior 
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merits when it comes to the fabrication of structures that demand complex spatial 

features with sub-diffraction-limited resolution. Movable components can also be 

simply created without using sacrificial layers (Schizas et al. 2010). The remaining 

thin layer of monomers at the exterior surface of the fabricated structure also 

provides the opportunities for future chemical modifications. 

2.3.1 Mechanism and materials of two-photon polymerization 

As a type of microstereolithography (micro-SLA), TPP is different from 

traditional microfabrication techniques operated in a clean room. Owing to its voxel 

by voxel fashion, extra operations such as chemical or plasma etching, and mask 

UV exposure are not required, thus facilitating the process of fabrication especially 

for prototyping designs with irregular features. 

Up until now, the configuration in modern machines for TPP does not differ 

too much from that of the first prototyping machine invented by Maruo and 

colleagues. Specifically, a mode-locked Ti:sapphire oscillator is used to generate 

consistent light with wavelength around 780nm, associated with a repetition rate of 

80MHz. Afterwards, the light passes through an acousto-optic modulator (AOM), 

which works as an optical shutter, to generate intermittent laser with a pulse time 

of around 100 fs. Such short pulse time leads to a focused laser with high intensity 

and reduces the chance to burn the material. Then laser beam goes through a 

neutral density filter and a beam expander. Finally, it passes through an objective 

lens with high numerical aperture and then focuses on preloaded photosensitive 

materials. In the meanwhile, the position where the polymerization is activated is 

controlled by piezoelectric tilt mirrors or galvanometric mirrors and a positioning 
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stage, which are responsible for movements in x, y, and z axes, respectively (Figure 

2.5). 

 

Figure 2.5 Schematic illustration of the configuration for a typical TPP process. First, 

a Ti:sapphire laser is used to generate consistent light with wavelength around 

780nm. Afterwards, the light passes through an optical shutter, followed by a neutral 

density filter and a beam expander. Finally, it focuses on photosensitive materials 

through an objective lens. In the meanwhile, two galvanometric mirrors and a 

positioning stage are used to control the movements in x, y, and z axes, respectively. 

Unlike conventional single-photon polymerization, two photons are 

absorbed simultaneously by photosensitive materials in a typical TPP fabrication 

process. The total energy from two photons are resonant to the energy difference 
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between ground state and excited state. Owing to characteristics of nonlinear 

absorption that occurs in this process, TPP has far higher resolution compared with 

single-photon polymerization (Sugioka et al. 2014). Considering the fact that only 

the high intensity near focused volume has the capability to convert the solubility of 

photosensitive materials, the excitation of polymerization is confined within such 

region of the beam (a voxel), and its size is normally under the limitation of 

diffraction.  

Most photosensitive materials used in TPP are negative-tone photoresists, 

whose solubility decreases upon exposure to enough dose of photons. This 

conversion arises from the cross-linking of soluble monomers or oligomers in the 

photoresist. There are two common intermediates commonly applied in TPP to 

excite cross-linking: free radicals or cations (Selimis and Farsari 2017), and they can 

be initiated by a photoinitiator or a photoacid generator, respectively. For instance, 

a photoacid generator is used to initiate cationic polymerization in SU-8 (Juodkazis 

et al. 2005), which is a famous type of negative-tone photoresists. However, it only 

becomes insoluble upon cross-linking of oligomeric epoxide units after receiving 

enough heat during postbake. To make fabrication simpler, free radical based 

photoresists have received more attentions in TPP (Strandwitz et al. 2008). 

At present, acrylates and methacrylates have been widely used in TPP as 

monomers due to their high activity when radicals present. However, the 

propagation of such reaction between monomers is unstoppable if no action is 

applied, resulting in a low resolution. Therefore, oxygen or radical inhibitors are 

normally used to address this issue. During the process of TPP, another inevitable 
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problem is the shrinkage of the final structure due to the increase of density after 

cross-linking. Nevertheless, this problem can be solved by offsetting the expected 

dimensions in advance. Moreover, the increase of refractive index during cross-

linking can further cast a shadow over the preciseness of fabrication. Given these 

concerns, a careful adjustment of different components in the resin including 

additives such as absorbers and functional materials is inevitable. 

2.3.2 Treatments of two-photon polymerization 

Although TPP has opened a new door in microfabrication especially for 

complex 3D structures with high resolution, the polymeric backbones in these 

structures intrinsically lack mechanical strength and other properties (e.g., 

conductivity, magnetism, and optical characteristics). Therefore, various treatments 

have been developed hitherto to enhance the performance of TPP-printed parts, and 

they can be categorized into two types: material treatments and structural 

treatments. Obviously, material treatments focus on modifications of photosensitive 

materials themselves. For instance, ferrofluidic photoresist has been developed by 

Tian and colleagues through doping synthesized Fe3O4 nanoparticles into original 

photoresist (Tian et al. 2012). Therefore, magnetism can be incorporated to final 

structures without further modifications. Conductive photoresists have also been 

developed recently by Staudinger and colleagues by dispersing single walled 

carbon nanotubes into matrix polymer (Staudinger et al. 2017). It is worth noting 

that these functional composites should be carefully optimized to achieve preferably 

stable, dispersible, and photopolymerizable properties. Imparting extra properties 

may compromise inherent merits of photosensitive materials. For instance, 
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microstructures fabricated by magnetic composites usually have rough surfaces, 

giving rise to unexpected disturbances in a magnetic field. 

On the contrary, structural treatments such as coating usually impart 

functional properties as subsequent processes after TPP fabrication. Conventional 

techniques such as electron-beam physical vapor deposition, chemical vapor 

deposition, and sputtering are undoubtedly readily available to coat exterior 

surfaces. For instance, e-beam evaporation was utilized to coat a nickel and titanium 

(Ni/Ti) bilayer on structures after fabrication via TPP (Ding et al. 2016). As one of the 

ferromagnetic metals, Ni imparted magnetic properties to the structures. Moreover, 

Bauer and collaborators have incorporated a thin layer of alumina onto exterior 

surfaces of the final structures by atomic layer deposition (ALD) (Bauer et al. 2014). 

They have proven that such hybrid structures have a better mechanical strength and 

recoverability compared with pristine one. 

Despite the methods described above have the capabilities of imparting 

special properties to micromachines, these methods normally do not differentiate 

the surfaces between polymeric structures and substrates. Under most 

circumstances, only the functionalization on desired part is demanded and other 

parts should remain intact. Although particular treatments such as shadowed 

deposition or use of scarified layers are able to treat only desired regions on 

structures, they can hardly tackle situations involved complicated 3D shapes. 

Furthermore, even after washing away soluble photoresists by developer 

thoroughly, the exterior surface of the polymerized structure still has a low 

concentration of functional groups (e.g., acrylates, methacrylates or epoxides) that 
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remain unconverted (Chen et al. 2006). This trait has enabled selective treatments 

for structures fabricated by TPP, and unremitting efforts have been made hitherto. 

To name a few, Chen et al. have developed a novel treatment on polymeric 

structures, and it works for various types of photoresists (Chen et al. 2006). 

Specifically, a lithium aminolysis solution was prepared by mixing n-butyllithium 

and 1, 3-diaminopropane, and it was used to treat remaining groups on external 

surfaces of fabricated structures. Hereby, amine groups were created in regions 

where remaining groups were. Gold was subsequently reduced onto surfaces by 

these groups. At last, silver was incorporated onto gold via electroless deposition. 

It is critical to note that only the polymeric structure has been deposited with metal 

while the substrate remained untreated as indicated by different optical reflective 

properties (Figure 2.6 a). In addition to selective treatments between structures and 

substrates, treatments on specific parts of the structures have also been realized 

(Figure 2.6 b). Farrer and coworkers have creatively fabricated structures using two 

different types of photoresists (i.e., acrylate and methacrylate based photoresists) 

(Farrer et al. 2006). 

 

Figure 2.6 a) Optically reflective proof for selectively functionalization on polymeric 

structure rather than substrate. b) Copper coated acrylic inductor and unmodified 
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methacrylic support. Reproduced with permission from reference (Lin and Xu 2018). 

2.4 Summary 

In this Chapter, we first introduce the basics of microfluidics, including 

governing equations like continuity equation and Navier-Stokes equation, important 

dimensionless numbers such as Reynolds number and Peclet number, and the 

Poiseuille-flow in microchannels with its profiles in microstructures with different 

cross-section shapes. After that, we introduce the hydraulic resistance in 

microchannels with its expressions for different geometries, and the Stokes drag 

exerted on suspended substances. In addition, different fabrication methods for 

creating microstructures and microchannels on polymers, silicon, and glass are 

introduced, including photolithography, micromolding, micromachining, additive 

manufacturing techniques, and others. Lastly, we discuss the fundamentals of two-

photo polymerization, along with its basic mechanism, materials, and common 

treatments after fabrication. In the next Chapters, we will present and discuss 

several applications of two-photon polymerization in microfluidic engineering.  
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Chapter 3 
 

High resolution master moulds in soft lithography 

 

This chapter has been reprinted with permission from Lin, Y., Gao, C., 

Gritsenko, D., Zhou, R., & Xu, J. (2018). Soft lithography based on photolithography 

and two-photon polymerization. Microfluidics and Nanofluidics, 22 (9), 97. Copyright 

(2018) by Springer Nature. DOI: https://doi.org/10.1007/s10404-018-2118-5. 

3.1 Introduction 

Since PDMS only imprints the structures on a master mould, the fabrication 

of master moulds have become one of the most pivotal steps in soft lithography. To 

date, numerous mould-creating techniques have been developed, including 

photolithography (Huh et al. 2010), wet etching (Filipponi et al. 2016), reactive ion 

etching (Brittman et al. 2017), micromachining (Park et al. 2010), multiphoton 

lithography (Park et al. 2010), stereolithography (Hwang et al. 2015), electron-beam 

lithography (Huang et al. 2004), focused ion beam (Li et al. 2003), and so forth. 

Among these techniques, photolithography is still the mainstream method for soft 

lithography due to its simplicity and high resolution. 

In a typical microfluidic application, negative-tone photoresist SU-8 is the 

most commonly used photoresist for photolithography due to its good chemical, 

mechanical properties as well as the capability of creating structures with high 

https://doi.org/10.1007/s10404-018-2118-5
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aspect ratio (over 25) (del Campo and Greiner 2007; Mata et al. 2006). Nevertheless, 

conventional photolithography is not impeccable. Creating 3D structures are still 

challenging for photolithography. Although stacking multiple layers is able to 

compensate this drawback, the entire process becomes tedious and allows very little 

tolerance to operational errors during alignments (Mata et al. 2006). Besides, this 

approach only works for simple 3D designs, in which the curved structures are not 

included. To circumvent this issue, other techniques (e.g., 3D printing, electron-

beam lithography) have been explored for soft lithography. For instance, 3D printed 

mould has been applied to fabricate PDMS-based microfluidic device on studies of 

cell stimulation recently (Kamei et al. 2015). In contrast to photolithography, this 

method does not require a clean room, and it enables the fabrication of real 3D 

structures. However, the created master moulds usually possess low resolution and 

high roughness (Kamei et al. 2015), which inhibit further applications, especially 

when small features are required. Fortunately, this downside can be solved using 

other mould-creating techniques such as electron-beam lithography, focused ion 

beam and so on. They possess the capabilities to fabricate complex 3D structures 

with high resolution. Furthermore, techniques like deep ultraviolet (DUV) and 

extreme ultraviolet (EUV) can even achieve resolution as high as several tens of 

nanometers.  

However, most of these advanced fabrication methods require vacuum 

conditions, herein their procedures and maintenance are usually time-consuming. 

Recently, TPP technique has also been investigated for soft lithography 

(Bernardeschi et al. 2016). As introduced in Chapter 2, owing to the nonlinear 
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absorption, TPP technique confines the volume (i.e., voxel) of photopolymerization 

at nanoscale, therefore extremely high resolution can be obtained (Lin and Xu 2018). 

Besides, similar to typical additive manufacturing techniques, TPP directly creates 

final structures from digital computer-aided design models, resulting in significantly 

less operation errors compared to other high-resolution techniques mentioned 

above. Finally, the implementation of laser with long wavelength brings several 

advantages such as lower absorption scattering, giving rise to a deeper penetration 

of light into materials, hence microstructures can be directly created inside 

photoresists. 

On the contrary, it is also due to its high resolution, structure is fabricated 

voxel by voxel in TPP process. Therefore, the fabrication time can be extremely long 

when it comes to the fabrication of large objects. For instance, writing a solid cubic 

structure of 50 µm × 50 µm × 10 µm can take up to around 3.5 hours (Weiss and 

Marom 2015). At present, various methods have been explored and developed to 

speed up the process. To name a few, instead of writing a complete structure, Weiss 

and co-workers only wrote the internal skeletal supports as well as the outer shell. 

Unpolymerized photosensitive materials were encapsulated inside these backbones 

(Weiss and Marom 2015). Next, an extra UV exposure was used to induce a complete 

polymerization for the whole structure. Similarly, Kurihara and colleagues first 

printed the frame structure using TPP and then filled the gaps with Parylene 

(Kurihara et al. 2012). However, these treatments are still insufficient to make TPP 

an efficient method for creating master moulds for soft lithography due to their 

complexity.  
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It is worth mentioning that in a typical microfluidic device, only small regions 

require features with high resolution to achieve different purposes such as mixing, 

filtration or separation, while the remaining parts are mainly used to transport fluids 

and reagents. Herein, we present an innovative method to fabricate master moulds, 

which combines the ease of photolithography and high resolution of TPP. 

Photolithography is used to fabricate the majority of the mould, while TPP is applied 

only for small regions where high resolution is required. Generally speaking, these 

two methods can be proceeded separately. First, the main structure is created using 

SU-8 via photolithography, then the small region is filled by printing structures via 

TPP using SU-8 or other photosensitive materials. However, when it comes to the 

connection between the printed parts with existing structures, an overlapping area 

between two parts is inevitable. That is, the edges of solid SU-8 structures may 

receive a significantly excessive energy, and result in deformations during the 

printing process. Additionally, the refractive indices of solid and liquid SU-8 are 

different, thus deflections may occur during printing. Lastly, the separation of two 

steps also increases the time cost. 

Given these concerns, we perform the TPP process directly in the SU-8 film 

right after UV exposure of photolithography. Hereby, the same procedures (e.g., 

softbake and postbake) are applied to both structures exposed using different lights, 

and problems described above can be avoided. 
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3.2 Materials and methods 

3.2.1 Fabrication of hybrid moulds 

A thin glass cover slide (CS-30R15, Warner Instruments, CT) was used as a 

substrate to create master moulds using hybrid method. Although silicon wafers 

possess several advantages (e.g., good thermal conductivity) compared to the glass 

slides for photolithography. It is not favorable for hybrid fabrication. Owing to 

unwanted opaqueness, the structures fabricated via photolithography can hardly be 

found under the microscope during TPP process, not to mention the alignment 

between TPP-fabricated structures with existing ones. Therefore, the glass slides 

were chosen as substrates to fabricate master moulds. As shown in Figure 3.1, the 

fabrication process can be divided into several steps: 

 

Figure 3.1 Schematic illustration for hybrid fabrication process based on 

photolithography and two-photon polymerization. 
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1) Preparation of glass substrate 

A glass cover slide was first cleaned thoroughly with acetone, methanol, and 

isopropyl alcohol (IPA) consecutively. An extra oxygen plasma cleaning (PDC-001, 

Harrick Scientific Inc.) was also performed to further remove remaining organic 

residues. Afterwards, the glass slide was transferred to a hotplate (HS61, Torrey 

Pines Scientific) for 2 hours at 180 °C, assuring better photoresist adhesion after the 

top surface of the glass slide was completely dehydrated (Kai 2004). 

2) Spin coating of SU-8 

After dehydration, the glass slide was transferred to a spin coater (Spin 

Coater, P6700, Specialty Coating Systems Inc.) immediately. SU-8 (SU-8 2025, 

MicroChem Corporation, MA) was then dispensed using a disposable plastic syringe 

(10ml BD syringe), covering two thirds of the area of glass slide. The spinning speed 

was then controlled according to the data sheet of SU-8. In our case, 2000 rpm was 

used to form a photoresist film with thickness of 40 µm. In addition, the edge beads 

should be removed for an intimate contact between the glass slide and photomask 

during UV exposure (Miyajima and Mehregany 1995). 

3) Softbake and exposure of SU-8 film 

It is worth noting that glass has a smaller thermal conductivity compared to 

silicon wafer, therefore a longer softbake time is required. Herein, the time used to 

heat up the glass slide (~ 30 seconds) should be added to the total time. After the 

sample cooled down to the room temperature, a clear photomask (FineLine Imaging 

Inc., CO) with segmented pattern was attached to 5 × 5 clear glass (Front Range 
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PhotoMask, CO) and then loaded in a mask aligner (MA6/BA6, Karl-Süss, Germany). 

A long bandpass filter (Omega Optical Inc., VT) was also applied to reduce the 

exposure from UV radiation with wavelength below 350 nm, which may cause non-

vertical walls formation. In addition, the exposure time should be elongated when 

taking glass substrates and optical filter into account. 

4) TPP fabrication 

As a cationic-type photoresist, SU-8 allows the cross-linking of oligomeric 

epoxides only after receiving sufficient heat during the postbake (Baldacchini 2015; 

Sun et al. 2005b). Thereby, a quick postbake is indispensable to visualize the 

exposed pattern for the alignment. To put it simply, the sample was transferred to 

the hotplate with the temperature at 95 °C again. In about 20 seconds, the pattern 

emerged. When the sample was cooled down to the room temperature, it was 

attached to the holder of TPP system (Nanoscribe GmbH, Germany) using tape, 

followed by adding immersion oil (518 F Zeiss, Carl Zeiss, NY) on the surfaces 

(Figure 3.2 a). 

The introduction of immersion oil promoted the seeking of interfaces 

between the substrates and SU-8 films. Additionally, as for the hybrid fabrication 

method, one should always care about the accuracy of connection between one and 

the other. Hence, the alignment of printing structures with existing patterns was of 

the utmost importance (see details in Appendix A). Moreover, the intensity of laser 

power used in TPP was another crucial factor to be controlled during the fabrication 

process. A high-intensity laser usually leads to bubbling in the film, thus hindering 

the fabrication. This phenomenon can be attributed to a remarkable temperature 
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increase in overexposed regions (Jiang et al. 2014), hence the photoresist may be 

boiled and generate bubbles. On the other hand, a low-intensity laser gives rise to 

insufficient cross-linking, thereby the structures maybe deformed during 

development. 

 

Figure 3.2 a) Schematic illustration of the configuration for TPP process in hybrid 

method; b) Scheme of a common mixing channel with a rectangular gap in the main 

channel. 

5) Postbake and development 

After the printing process finished, the sample was transferred to the hotplate 

for postbake. Propylene glycol methyl ether acetate (PGMEA, MicroChem 

Corporation, MA) developer was used to wash unpolymerized SU-8 from the glass 

after cooling the sample down to the room temperature. 

3.2.2 PDMS Casting and Bonding 

To prepare PDMS replica using the mould prepared as described above, 

PDMS mixture (Sylgard 184, Dow Corning, MI) with 10:1 base to curing agent mixing 

ratio was first stirred vigorously, and then degassed thoroughly using a vacuum 

desiccator (Bel-Art Scienceware, NJ). Afterwards, the mixture was gently poured 
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onto the master mould, followed by degassing again. It is worth noting that the glass 

substrates were very thin, thus they can be easily broken when peeling the PDMS 

off. Hereby, we fixed them in a bigger container such as a Petri dish with the tape 

(see details in Appendix A). The container was then transferred to an oven for 2 

hours at 65 °C, and PDMS replica was peeled off gently. The replica was then bonded 

to other substrates such as glass slides. 

3.3 Results and discussion 

To better understand the performance and limitations of this hybrid 

fabrication method, we have examined several parameters and key steps that may 

affect the results using a common mixing channel with a rectangular gap (120 µm 

in length and 90 µm in width) in the main channel (Figure 3.2 b). In addition, various 

designs have been adopted to show its capabilities in fabricating master moulds 

with 3D geometries in the region of interest. Lastly, a simple passive micromixer 

was fabricated and used to demonstrate its applications in microfluidics. 

3.3.1 Influence of adding immersion oil 

In order to print 3D structures in the region of interest, one of the key 

problems to tackle is the seeking of correct interface between the substrates and the 

photosensitive materials. Otherwise, the laser may start printing inside the glass, 

resulting in incomplete structures, or the entire structure may float inside 

photoresist and be washed away after the development. Besides, the interface 

seeking is usually based on the difference of refractive indices of substrates and 

photoresists in TPP system. Hereby, adding immersion oil (that has refractive index 
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identical to glass) between the objective lens and the glass promotes the seeking of 

interfaces, since it eliminates the interface between substrates and air. But on the 

other hand, we found that if the immersion oil was only added to the bottom side of 

the glass, the exposed pattern was difficult to find under the microscope (Figure 3.3 

a). Even though the pattern has emerged if the focal point was manually moved 

away from the substrate, the pattern shown under microscope was shifted to 

another position as well. Another approach to find a clear exposed pattern was 

adding one more droplet of immersion oil on the top of the SU-8 film. In this case, 

the pattern was clear as shown in Figure 3.3 b, and the immersion oil on both sides 

of the sample can be washed away during development. 

 

Figure 3.3 Influence of adding second droplet of immersion oil. a) The immersion oil 

was only added on the bottom side of the substrate. The exposed pattern was hard 

to find. b) The immersion oil was added on both sides of the substrate. A clear edge 
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of exposed pattern can be found under microscope. 

The enhancement of the microscope viewing maybe ascribed to the 

backreflection from the second drop of immersion oil, which also affected the laser 

intensity required for polymerization. We found that laser with lower intensity may 

induce bubble formation with addition of second drop. Herein, lower laser intensity 

should be used and it satisfied the requirement of polymerization. This configuration 

also exerted additional stress on the final structures during development due to the 

adhesion of immersion oil to the SU-8 photoresist especially when the oil became 

drier after postbake. Nevertheless, given the fact that a better view of exposed 

pattern is of the utmost importance for a hybrid method, we have adopted this 

method for all the further tests. 

3.3.2 Influence of quick postbaking time 

In contrast to conventional photolithography, our method requires another 

quick postbake to visualize the exposed pattern. Generally speaking, a longer 

postbaking time results in better cross-linking of oligomeric epoxides in SU-8. 

However, it not only increases the time cost, but also makes the SU-8 film more 

difficult to develop (Narimannezhad et al. 2013). Therefore, we have examined the 

optimal quick postbaking time to achieve a clear view of exposed pattern. As the 

exposed pattern became visible after putting the sample on the hotplate at 95 °C for 

10 seconds, we have chosen four different samples with different quick postbaking 

times of 10, 20, 30, 40 seconds, respectively. As shown in Figure 3.4, the exposed 

pattern in sample A that has undergone 10 seconds of quick postbake was difficult 

to find, not to mention the alignment. On the contrary, sample B has received more 
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heat (20 seconds) and its pattern was much clearer under the microscope. However, 

if the time of quick postbake was further increased, the patterns became a little bit 

blur again. Herein, we have chosen 20 seconds as an optimal quick postbaking time 

in the following tests. 

 

Figure 3.4 Study of the impact of quick postbaking time on finding exposed pattern. 

A quick postbake of 20 seconds showed the clearest edges of exposed pattern. 

3.3.3 Selection of laser intensity 

As described above, a high-intensity laser usually induces bubble formation 

during TPP process while the low-intensity laser results in insufficient cross-linking. 

Besides, the optimal laser intensity also depends on the properties of the 

photosensitive materials. Therefore, we have done a series of tests on fabrication of 
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a truss structure using different power intensities (15 mW, 17.5 mW, 20 mW, 22.5 

mW, and 25 mW). We found it was quite challenging to fabricate truss using 15 mW 

as the structures were too soft and washed away after development. Moreover, 

weak power intensities (17.5 mW and 20 mW) have given rise to undesired 

deformation of the final structures (Figure 3.5). This was attributed to insufficient 

cross-linking, making the structures were vulnerable, and hence some parts of the 

trusses were washed away. On the contrary, the higher intensity (22.5 mW) resulted 

in a firm structure that matched the CAD model. However, if the power intensity was 

too strong (e.g., 25 mW), the bubbling maybe induced and demolished the 

structures. Nevertheless, it is worth mentioning that the optimal intensity is flexible, 

as it depends on the structure properties and geometries. When the cross-section of 

the structures is large enough, the favorable power intensity should be smaller. This 

can be attributed to the overlapping exposures between the adjacent voxels. 

 

Figure 3.5 Low-intensity laser led to undesired deformation of the final truss 

structures while a high-intensity laser may induce bubble formation during TPP 

process. Therefore, a careful calibration of laser intensity is highly recommended 
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before the fabrication. 

3.3.4 Proof-of-the-concept fabrication 

The first design used to demonstrate the capability of combining 

photolithography and TPP is a simple block that connects two segmented 

microchannels (Figure 3.6 a). Even though the desired thickness of SU-8 film (40 µm 

as a demonstration) on the glass is predictable according to protocol, it is impossible 

to know the exact value before the development. Given that there is no SU-8 above 

the top surface of the photoresist film, TPP process only happens in the immersion 

oil for the part extruded. Therefore, thick designs that exceed photoresist film should 

result in identical structures with the same thickness. However, the proper 

estimation of the final height is still demanding to reduce the fabrication time wasted 

on the extruded parts. Based on this assumption, we printed a block with the same 

length and width, but of the larger height (45 µm). 
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Figure 3.6 A simple block was used to test the feasibility of the proposed method. a) 

A 3D design that manifests the idea of how the block is used to connect segmented 

parts. b) SEM image of the hybrid structure fabricated by photolithography and TPP. 

c) Zoomed SEM images of the regions where the structures connected with the block 

for the gap of identical dimensions. A small opening between two structures was 

marked by with red circle. d) Elongated block used to compensate the gap between 

two structures. 

To give a closer look on the final structures, scanning electron microscopy 

(SEM) system (Hitachi S-3000N-VP-SEM, Japan) was used. As showed in Figure 3.6 

b, a simple block fabricated by TPP was successfully connected to the segmented 

microchannel fabricated using photolithography. Nevertheless, after zooming in, 

the surface of the final structure was not as smooth as expected (Figure 3.6 c). This 

thickness variation could arise from the flowing of SU-8 during softbake (Lin et al. 

2002). Furthermore, a contact profiler (P7, KLA-Tencor, CA) was used to measure the 

surface profile in the region where hybrid structures were connected. It was found 

that the roughness of the surface fabricated by photolithography was around 0.2 

µm, which was acceptable for the majority of microfluidic applications. 

Additionally, there were two small ridges (less than 1.5 µm in height) in the 

connecting areas. This problem may be attributed to different shrinkage rates 

between the photolithography-fabricated parts and TPP-fabricated parts. 

Nevertheless, compared to the entire thickness of 40 µm, the difference was almost 

negligible. A small opening was also found in the bottom of the connecting region, 

which was probably due to low resolution and transmittance from plastic mask, and 
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can be simply improved if high-resolution masks are used. Alternatively, an 

elongated structure (e.g., length of 130 µm) with the large overlaps can be adopted 

to compensate the deficiency (Figure 3.6 d). Last but not least, a small deviation was 

also found in x direction, and it was an inevitable shortcoming for the proposed 

hybrid method as the alignment of the printed structure and exposed pattern 

depended on the clarity of edges in the exposed pattern. 

3.3.5 Various microstructures fabricated using hybrid methods 

To further investigate the performance of the proposed hybrid method, 

several microstructures with different designs have been fabricated. As presented 

in Figure 3.7 a, a series of grooves with same height of 5 µm, but different widths 

ranging from 0.5 µm to 5.0 µm with an increment of 0.5 µm were fabricated. 

 

Figure 3.7 a) SEM image of the block with various grooves ranging from 0.5 µm to 

5.0µm. b-d) SEM images of various designs fabricated via hybrid method, including 
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cone-shape cavities, cylindrical pillars, and UIC characters, respectively. e-g) SEM 

images of corresponding PDMS replicas, respectively. 

Specifically, the grooves with the widths more than 1.5 µm were successfully 

fabricated with the vertical walls as expected. However, two grooves with the widths 

of 0.5 and 1.0 µm collapsed and the walls between them were connected to each 

other, which can be attributed to their high aspect ratios. Nonetheless, the results 

have proven this method to be promising in fabrication of 3D master moulds with 

high resolution. Additionally, other designs in a connecting block were also 

fabricated (Figure 3.7 b, c, d), including cone-shape cavities, cylindrical pillars, and 

UIC characters, respectively. Their PDMS replicas were shown in Figure 3.7 e, f, g, 

respectively. 

In addition, owing to the rapid photolithography process, the time costs for 

these hybrid structures were much less than that of the structures printed solely by 

TPP (Table 3.1). For instance, for a micro mixer mould with a connecting block that 

has structure of cylindrical pillars, the pure TPP for the main channel via solid TPP 

printing (i.e., solidification at each point with 63x NA 1.4 objective) required 928 

hours and 20 minutes, which was almost impossible to achieve. Although adopting 

scaffold method (i.e., solidification only existed on external surfaces and internal 

scaffolds) or using other objective (e.g., 25x objective) can mitigate the workload, 

the final time cost was still huge, not to mention low resolution obtained from 25x 

objective. 

Besides, when printing large structure using TPP, stitching has to be applied 

because of the limitation of the printing field. Herein, the final structures were made 
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of numerous small parts, which gave rise to non-smooth surfaces or even steps 

between them. On the other hand, the connection in the proposed hybrid method is 

only required between the regions of interest and the main channels, hence the 

steps only exist in limited areas. 

Table 3.1 Time cost for 3 designs (40 µm thick) using hybrid method or pure TPP 

Structures Prebake Exposure 
Quick 

postbake 
TPP Postbake Development 

Structure-1 10 min 45 sec 20 sec 14 min 8 min 5 min 

Structure-2 10 min 45 sec 20 sec 10 min 8 min 5 min 

Structure-3 10 min 45 sec 20 sec 15 min 8 min 5 min 

Structure-4 10 min N/A N/A 928 hr 8 min 5 min 

Structure-5 10 min N/A N/A 131 hr 8 min 5 min 

Note: Structures 1-5 are connecting block with cone-shape cavities, connecting block 

with cylindrical pillars, connecting block with UIC characters, pure TPP for main 

channel (solid), and pure TPP for main channel (scaffold), respectively. 

 

3.3.6 Demonstration of microfluidic application: a passive micromixer 

As aforementioned, soft lithography has become a commonly used method 

in microfluidics, and the proposed fabrication method has opened a new door to 

fabricate reliable master moulds for soft lithography. Micromixer is an important 

component that has been commonly used in microfluidics due to the fact that 

viscous force becomes ineligible at microscale and the laminar flow is dominant in 

the most cases. Hence, mixing in a microchannel is mainly fulfilled by means of 

passive diffusion, being insufficient for most scenarios. 

Nowadays, various micromixers have been developed to facilitate the mixing 

at microscale, including passive and active micromixers. Here, we have created a 
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passive micromixer to demonstrate the capability of hybrid fabrication method for 

microfluidic applications. Specifically, the main channel of micromixer was 

fabricated using photolithography while three gaps were later filled with three 

chaotic mixing components using TPP. As presented in Figure 3.8 a and Figure 3.8 

b, the chaotic mixing component composed of four triangular blocks that were 

organized alternatively. Pillars with the diameter of 6 µm and length of 12µm were 

also added to the surfaces of the blocks to further agitate the flows. After creating 

the PDMS-based device using as-fabricated mould, we injected the solution of 0.02% 

w/v fluorescein sodium salt (Sigma Aldrich) and DI water into two inlets at the flow 

rate of 0.5 ml/min, respectively (Figure 3.8 c). It is worth noting that after two chaotic 

mixing components, they were mixed completely. 

 

Figure 3.8 A passive mixer fabricated using hybrid fabrication method. a) Schematic 

illustration of the mixing component composed of four triangular blocks. b) Image 

of the mixing component in a fabricated soft lithography master mould. c) Image 

that showed a complete mixing achieved after two mixing components. 
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3.4 Summary 

To summarize, we have successfully developed a new method to create 

master moulds for soft lithography using the combination of photolithography and 

TPP. It not only takes the advantages of traditional photolithography, where 

relatively large structures can be simply and rapidly fabricated, but also incorporates 

3D fabrication using TPP. Hereby, the proposed method avoids the huge time 

expenses that are inevitable when creating the entire structures by TPP. 

Additionally, various complex 3D structures can be created in the region of interest 

with high resolution. Moreover, owing to the advantages of soft lithography, even 

though the master mould should be fabricated in a clean room, it can be used for 

multiple times to create PDMS replicas, further reducing the costs for single device.  

Nevertheless, the hybrid method still has its own deficiencies. For instance, 

as the exact thickness of SU-8 film remains unknown before the TPP process, a 

careful prediction is required to minimize the difference in thicknesses between two 

structures. Additionally, as the alignment of TPP-based structures to existing 

exposed pattern is based on the clarity of exposed edges, the operational errors are 

inevitable. Thereby, the small shifts between two structures often exist. Besides, an 

addition of the second droplet of immersion oil on the top of SU-8 exerts additional 

stress on final structures, thus requiring a careful development process. An optimal 

laser intensity is also demanding to obtain reliable master moulds as well as 

avoiding bubble formation during the TPP process. Nonetheless, this method has 

proposed a new approach to create complicated microfluidic devices with high 

resolution in a simpler and faster way.  
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Chapter 4 
 

Superhydrophobic foil with hierarchical structures 

 

This chapter has been reprinted with permission from Lin, Y., Zhou, R., & Xu, 

J. (2018). Superhydrophobic surfaces based on fractal and hierarchical 

microstructures using two‐photon polymerization: toward flexible 

superhydrophobic films. Advanced Materials Interfaces, 5(21), 1801126. Copyright 

(2018) by John Wiley & Sons. DOI: https://doi.org/10.1002/admi.201801126. 

4.1 Introduction 

Nature has long inspired numerous scientific findings and technological 

innovations, especially after biomimicry was found to be an important approach to 

tackle human challenges (Benyus 1997). In particular, living systems such as lotus 

leaves (Cheng and Rodak 2005), insect wings (Byun et al. 2009), and rice leaves (Feng 

et al. 2002), are usually highly hydrophobic, giving rise to water-repellency, self-

cleaning, anti-fouling, and anti-fog and other appealing properties (Liu et al. 2006). 

Unsurprisingly, these advantages have facilitated the development of artificial 

hydrophobic materials with a variety of applications coming after, including self-

cleaning windows (Yang et al. 2006), non-soiling clothing (Ramaratnam et al. 2007), 

and wettability treatments on microfluidic devices (Sun et al. 2005a). Specially, 

surfaces with extremely high water contact angles and low sliding angles, usually 

greater than 150° and smaller than 10° respectively, are considered as 

https://doi.org/10.1002/admi.201801126
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superhydrophobic surfaces (Synytska et al. 2009). It is worth noting that 

superhydrophobic properties are governed by both surface chemical composition 

(e.g., surface free energy) and geometrical microstructures (e.g., surface roughness) 

on the surfaces (Synytska et al. 2009; Wu et al. 2010b). Therefore, current studies 

that aim at realizing superhydrophobicity mainly focus on either modifying the 

chemical properties of the materials or creating efficient microstructures. 

Specifically, the impact of geometrical microstructures on surface wetting is 

attributed to two mechanisms: homogeneous wetting and heterogeneous wetting 

(Figure 4.1) (Hejazi et al. 2014). The former mechanism is also well-known as the 

Wenzel State, in which the liquid penetrates into the gaps between microstructures, 

while the latter mechanism is denoted as the Cassie-Baxter state, in which the liquid 

is supported by the trapped air inside microstructures. Additionally, transition states 

exist when the tips of the microstructures and substrates show different degrees of 

heterogeneity (Berwind et al. 2017). These states result from hierarchical structures, 

which combine the microscale and nanoscale features. Besides, they have been 

found in many natural superhydrophobic creations, and proven to be a useful 

approach to enhance superhydrophobicity (Cha et al. 2010), thus arousing great 

attentions over the past years. 

 

Figure 4.1 Schematic illustration of two different mechanisms for surface wetting. a) 

Wenzel state. b) Cassie-Baxter state. 
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At present, a number of fabrication techniques have been investigated and 

utilized to create hierarchical structures, including chemical etching (Xiu et al. 2010), 

DRIE (Kwon et al. 2009), replica molding (Choi and Huh 2010), deposition (Wu et al. 

2010a), photolithography (Boesel et al. 2010), self-assembly (Pokroy et al. 2009), 

hydrothermal synthesis (Wu et al. 2010c), electron-beam lithography (Feng et al. 

2011), soft lithography (Morariu et al. 2003), laser-assisted etching (Baldacchini et 

al. 2006), direct laser writing (Tricinci et al. 2015), and so forth. 

However, even though these techniques have successfully produced 

superhydrophobic surfaces, most of them can only fabricate arbitrary features with 

random secondary structures or simple 3D structures with extruded shapes (Feng 

et al. 2011). Despite several reports showing that complex 3D shapes can be 

achieved, their processes are usually quite sophisticated and time-consuming (Liu 

et al. 2014; Sun et al. 2010). For instance, dual structure with controllable sidewall 

profile has been successfully created on a silicon wafer using DRIE combined with 

black silicon effect (Sun et al. 2010). Further, these methods still lack the ability to 

create real 3D structures with well-defined geometries, thereby the majority of 

current studies only reflect either statistic results or particular conclusions drawn 

based on simple 3D structures. Additionally, current studies mainly focus on 

creating microstructures on rigid substrates, which lack the softness and flexibility 

that are ubiquitous in nature. Herein, a simple and accurate way to fabricate 

controllable 3D microstructures on flexible substrates is still highly demanding for 

in-depth studying of fundamental principles behind surface wetting as well as 

creating novel engineering and bionic applications. 
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As discussed in previous chapters, TPP has become a promising method to 

create real 3D microstructures in microscale or sub-microscale (Lin and Xu 2018). 

During a typical TPP process, a small region (i.e., voxel) in the photosensitive 

materials is polymerized when two photons are absorbed simultaneously (Lin et al. 

2018), and final structures fabricated are composed of countless voxels that 

correspond to the digital files after slicing and hatching (Figure 4.2). Owing to the 

fact that the resolution of TPP can be as high as 100 nm (Ovsianikov and Chichkov 

2008), various applications such as creating 3D hierarchical structures on the 

substrates have been realized over past few years. Besides, fractal structures that 

possess self-similarity on any length scale have also received much attentions for 

creating superhydrophobicity (Shibuichi et al. 1996). Recently, such intrinsically 

hierarchical structures have been successfully fabricated using TPP as well for 

wetting study (Davis et al. 2017). 

Furthermore, conventional methods usually consider the whole surface as an 

entirety, no particular consideration was taken to convert the wetting performance 

in different areas on the surface. Nevertheless, owing to the intrinsic convenience 

from additive manufacturing, spatial control can be incorporated into a digital file, 

thus creating different microstructures to tune wetting performance at different 

locations. 

In addition, albeit rigid materials such as silicon and silica are the most 

commonly used substrates for TPP process, flexible materials possess several 

unique advantages when creating superhydrophobic films (Kwon et al. 2018; Liu et 

al. 2018; Wang et al. 2016a). Compared to their rigid counterparts, flexible materials 
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such as plastics are usually cost-effective, soft, flexible, light, thin, and unbreakable. 

Additionally, natural superhydrophobic materials are usually of good flexibility, 

whose effect on the wetting performance has long been ignored. That is, it is 

recently found that substrate flexibility enhances superhydrophobic performance 

along with surface microstructures synergistically (Vasileiou et al. 2016). For 

instance, extended water repellency can be attributed to substrate flexibility, and 

other droplet effects such as impalement resistance and droplet-substrate contact 

time also benefit from flexible feature. Last but not least, flexible films can also be 

used for further bionic studies such as raindrop bouncing on hydrophobic insect 

wings. 

 

Figure 4.2 Schematic illustration of a typical TPP fabrication configuration. The final 

structures are composed of voxels in a typical TPP fabrication process. 

Here, we first applied the TPP technique to fabricate various 3D hierarchical 

structures on glass slides, including fractal tetrahedron and pyramids arrays, which 

investigate the impact of 3D hierarchical structures on superhydrophobic behavior. 

Afterwards, hexamethyldisiloxane (HMDSO) was coated on all surfaces via plasma 

enhanced chemical vapor deposition (PECVD) to further enhance hydrophobicity. 
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Finally, superhydrophobic flexible film was achieved via fabricating hierarchical 

structures on a plastic polyethylene terephthalate (PET) film using TPP technique, 

followed by HMDSO coating. 

4.2 Materials and methods 

Materials and Equipment: ITO-coated square glasses (length: 25 mm, 

thickness: 0.7 mm) and IP-S photoresist were purchased from Nanoscribe GmbH. 

ITO-coated PET film (thickness: 0.127 mm) was purchased from Sigma-Aldrich. 

Propylene glycol monomethyl ether acetate (PGMEA) was purchased from 

MicroChem. Photonic Professional System from Nanoscribe GmbH was used to 

create microstructures on either glass or plastic substrates. Polaron E5100 Series II 

sputter coater was used for gold deposition. JEOL JSM-6320F Field Emission 

Scanning Electron Microscope (FESEM) was used for SEM imaging. Low-pressure 

plasma system Tetra 100 PC / PCCE was used for HMDSO deposition with the help 

of Diener Electronic GmbH. DataPhysics OCA 25 was used to measure the contact 

angle. 

TPP Fabrication on glass substrates: ITO-coated glasses were first thoroughly 

cleaned with acetone and IPA, followed by blow drying with nitrogen. Afterwards, 

they were mounted on the holder with tape, and a small drop of IP-S photoresist 

was carefully added onto the surface of substrates. Then the holder was loaded into 

Nanoscribe system, and 25 x 0.8 NA objective was selected for fabrication. Although 

63x 1.4 NA objective enables a better resolution and surface finishing, associated 

fabrication time would increase drastically. Slicing distance of 0.4 µm and hatching 

distance of 0.3 µm were adopted when creating the job files using DeScribe 
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software. Moreover, as the pattern fabricated was roughly 3 mm by 3 mm, stitching 

was inevitable due to the limitation from each printing field, as it was only around 

270 µm × 270 µm. Therefore, an array of 11 × 11 patterns was adopted during 

fabrication process, and the fabrication time varied from 1.5 hour to 3.5 hours for 

different designs (Entirely hierarchical microstructures required much more time: 10 

hours). After the fabrication finished, the samples were developed using PGMEA for 

10 minutes, followed by IPA rinse and air drying. 

TPP Fabrication on PET films: Basically, the fabrication of microstructures on 

PET films is quite similar to that for glass substrates. However, as the PET film is 

flexible and much thinner than glass, a square glass (length of 25 mm and thickness 

of 0.7 mm) has been adopted as a support. Specifically, the glass was first placed 

on the holder, then cleaned PET film was cut into appropriate size (e.g., 2mm × 2 

mm), followed by mounted together with tape. It was also worth noting that 

Nanoscribe system capitalized on the differences of refractive indices between 

substrates and photoresist to find interfaces, thereby the interface between PET film 

and glass support may interfere with correct interface. Given this concern, we added 

a small droplet of IPA on the glass before mounting the PET film, thus the trapped 

IPA film has masked the interference from another interface. 

SEM Imaging: A 10 nm layer of gold was deposited on the samples before 

SEM imaging. Afterwards, the samples were transferred to JEOL JSM-6320F 

FESEM, and an acceleration voltage of 3.0 kV was applied for imaging. 

HMDSO treatment: HMDSO treatment was conducted with the help of Diener 

Electronic GmbH. Basically, the samples were activated with oxygen plasma first, 
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then PECVD was used to coat a 100 nm layer of HMDSO. 

Contact angle measurement: Contact angle was measured using a 

DataPhysics OCA 25 goniometer. DI water droplets were carefully added onto the 

surfaces of samples and their sizes varied depending on wetting behaviors. 

Afterwards, images and contact angles were recorded and measured using SCA20 

software. All the measurements were conducted under the temperature of 22° C and 

humidity of 45%. 

4.3 Results and discussion 

4.3.1 Design and fabrication of fractal and hierarchical structures 

Apart from regular hierarchical structures that add nanoscale features to 

microscale backbones, Shibuichi and colleagues have reported that hierarchical 

structures with fractality also have the capability in achieving superhydrophobicity 

(Shibuichi et al. 1996). However, previous studies mainly focus on forming random 

fractal structures on substrates (Synytska et al. 2009; Xu et al. 2005), by which the 

conclusions drawn were statistic. Recently, Davis and co-workers have designed 

three fractal structures with different fractal dimensions using TPP (Davis et al. 

2017), and they found that there was no clear correlation between surface wetting 

performance and fractal dimensions. This finding deviated from the theory 

proposed by Shibuichi. Hereby, we have adopted the famous fractal structure (i.e., 

Sierpinski tetrahedron) to further study the relationship between fractality and 

surface wetting. 

Three stages (0, 1, and 2) of Sierpinski tetrahedron have been adopted. As 



62 

 

shown in Figure 4.3 a, b, c, the stage-0 Sierpinski tetrahedron is basically a single 

tetrahedron without any modification, while the stage-1 Sierpinski tetrahedron 

consists of 4 identical stage-0 Sierpinski tetrahedrons with half size. Similarly, stage-

2 Sierpinski tetrahedron is composed of 4 stage-1 Sierpinski tetrahedrons with half 

size. Herein, 4 copies of the former stage Sierpinski tetrahedron are connected to 

each other with corner touching. It is also worth noting that although the volume 

decreases (approaching zero) as the iteration goes on, the total surface area remains 

constant. 

 

Figure 4.3 CAD models of Sierpinski tetrahedron and corresponding scanning 

electron microscope (SEM) images of the microstructure array fabricated by TPP. a-

c) CAD models of stage-0, stage-1 and stage-2 Sierpinski tetrahedron, respectively. 

d-f) SEM images of Stage-0, stage-1, and stage-2 Sierpinski tetrahedron array. The 

length for each Sierpinski tetrahedron unit is 20 µm and the center-to-center 

distance between units is 30µm. The printed surface area is roughly 3 mm by 3 mm. 
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In fractal geometry, fractal dimension has been widely used to represent the 

statistical index of the complexity for objects with self-similarity, and it can be simply 

calculated using Equation 4.1 (Faloutsos and Gaede 1996), 

𝐷𝑓 = −
log 𝑁𝑓

log 𝜀𝑓
                                                                                                                                            (4.1) 

where 𝐷𝑓 is the fractal dimension, 𝑁𝑓  is the number of the parts that form fractal 

objects, and 𝜀𝑓 stands for the scaling factor. Hereby, we can simply obtain the fractal 

dimension of Sierpinski tetrahedron: Ds = − log (4)/log (0.5) = 2. 

As the ratio between height and bottom area is constant, it is obviously 

pointless to create a single big Sierpinski tetrahedron on a glass substrate, not to 

mention endless time required for fabrication. Given this concern, we have 

introduced the array of Sierpinski tetrahedron, in which each unit has a length of 20 

µm and a center-to-center distance of 30 µm (Figure 4.3 d, e, f). Although when 

taking the whole array into account, it cannot be considered as a fractal object, but 

fractality still exist in each unit. Moreover, as the microstructures are polymerized 

voxel by voxel, the required fabrication time increases drastically if the slicing and 

hatching distances decrease. Therefore, an appropriate selection of printing 

parameters is indispensable.  

Even though finer slicing and hatching (e.g., 0.2 µm and 0.1 µm, respectively) 

enable a better result with smoother surface finishing, the time cost can be tens of 

that for normal slicing and hatching (e.g., 0.4 µm and 0.3 µm used, respectively). 

However, if they are further increased, the overlaps at corners where tetrahedrons 

touch become insufficient, thus the top structures may be washed away during 



64 

 

development of photosensitive materials. 

In addition to the fractal Sierpinski tetrahedron described above, 

conventional hierarchical structures with real 3D shapes were also fabricated on 

glass substrates. Three patterns of microstructure composed of rectangular 

pyramids have been utilized. The first pattern is an array that consists of single 

pyramids (Figure 4.4 a), with the length of the square base and height of 20 µm. On 

the contrary, the second pattern is composed of hierarchical pyramids that contains 

smaller pyramids (Figure 4.4 b). In spite of the sizes of square base and height being 

identical to the first pattern, their main bodies are filled with 36 small pyramids with 

length and height of 2.5 µm. 

 

Figure 4.4 CAD models of the hierarchical pyramids and corresponding SEM images 

of the microstructure array fabricated by TPP. The tilt angle used for SEM is 15°. a) 
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CAD model of the array of rectangular pyramids, which has a length of 20 µm for 

square base and height of 20 µm. b) CAD model of the array of hierarchical 

pyramids, in which the main bodies are filled with 36 smaller rectangular pyramids 

with length and height of 2.5 µm. c) CAD model of the microstructures by which the 

entire printing area is covered with hierarchical and small pyramids. d) SEM image 

of the array with pyramids. e) SEM image of the array with hierarchical pyramids. f) 

SEM image of the array with entirely hierarchical structures. 

Furthermore, we also created the third pattern, in which the entire printing 

area was covered with hierarchical pyramids as well as the small pyramids in 

between (Figure 4.4 c). In order to maintain the height of microstructures, the angles 

of the pyramids in the second and the third patterns were different to that of the first 

one. It is also worth mentioning that clear ridges were found under SEM (Figure 4.4 

d, e, f), and this discrepancy can be alleviated by decreasing the values of slicing 

and hatching. 

4.3.2 Measurement and analysis of surface wettability 

After TPP fabrication, we measured the contact angles for all the surfaces 

with different microstructures described above. Here, we used indium tin oxide 

(ITO)-coated glass slides as the substrates. The coated ITO allowed the TPP system 

to find the interface between the glass slides and dropped photosensitive materials. 

A bare substrate without any printed structure and a substrate with a flat square 

structure (length of 3 mm and thickness of 10 µm) were used as controls. As shown 

in Figure 4.5 a, although the array of fractal Sierpinski tetrahedron structures 

improved the hydrophobicity of the surfaces when the complexity increased, their 
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wetting performances were still not great. This was attributed to the photosensitive 

resist (i.e., IP-S) used for TPP, as it displayed a slightly hydrophilic behavior, which 

has been proved using a flat structure as control. Thereby the wetting was at Wenzel 

State. 

 

Figure 4.5 Left and right contact angles of the surfaces with different microstructures 

before and after HMDSO coating. a) All the contact angle measurements were 

conducted before HMDSO coating. b) All the contact angle measurements were 

conducted after HMDSO coating. The samples in both bar charts from left to right 

are bare ITO-coated glass, glasses with flat IP-S structure, stage-0 Sierpinski 

tetrahedron array, stage-1 Sierpinski tetrahedron array, stage-2 Sierpinski 

tetrahedron array, rectangular pyramid array, hierarchical pyramid array, and 

entirely hierarchical pyramid array, respectively. 

Moreover, albeit the surface with array of stage-2 Sierpinski tetrahedron 

structures displayed a hydrophobic behavior, contact angle decreased abruptly 

within 1 minute, manifesting that the wetting state transferred from Cassie state to 
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Wenzel state. Additionally, the array of hierarchical pyramids only exhibited a slight 

hydrophobicity when compared to the original array of rectangular pyramids, while 

the entirely hierarchical pyramid structure even displayed a hydrophilic behavior. 

In order to reduce the surface energy for these surfaces, a thin (C:H:Si:O) film 

(~ 100 nm) was deposited on all samples using HMDSO via PECVD (Cha et al. 2010). 

Herein, the negative impact from photoresist was alleviated as shown in Figure 4.5 

b. It is worth noting that the flat surface fabricated via TPP possessed a relatively 

smaller contact angle compared to that of a bare ITO-coated glass slide. However, 

the other surfaces had exhibited a much more hydrophobic behavior. For example, 

surface with the array of stage-0 Sierpinski tetrahedrons exhibited a static contact 

angle of 129°, and surface with the array of stage-1 Sierpinski tetrahedrons 

displayed superhydrophobicity as its contact angle was larger than 150°. 

Furthermore, we failed to measure precisely the contact angle from surface of stage-

2 Sierpinski tetrahedron as the water droplets merely rolled on the surface rather 

than forming a sessile drop. This phenomenon manifested that the surface 

possessed even better superhydrophobicity, indicating a contact angle close to 180°. 

Additionally, it is worth noting that the sizes of the sessile water droplets for 

each design were different since small droplets were difficult to introduce to the 

surface when the hydrophobicity increased. Herein, larger droplets were adopted 

for more hydrophobic surfaces. Although the difference of Laplace pressure varied 

if the size of sessile drop changed, the results shown in Figure 4.6 were sufficient to 

indicate that fractal structure was more efficient than hierarchical pyramid in terms 

of imparting hydrophobicity to the surfaces especially when considering that the 
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fabrication time of fractal structures were significantly less (60%~70% reduction). 

 

Figure 4.6 Images of the sessile drops sat on surfaces with various structures: a) Flat 

structure; b) Array of stage-0 Sierpinski tetrahedrons; c) Array of stage-1Sierpinski 

tetrahedrons; d) Array of rectangular pyramids; e) Array of hierarchical pyramids; f) 

Structure of entirely hierarchical pyramids. 

Despite the fact that all the fractal structures had the same fractal dimension 

of 2, their hydrophobicity increased when the complexity increased, which was 

similar to the performance of untreated counterparts. This can be attributed to the 

fact that small openings between components from these fractal structures inhibited 

the penetration of the water, thus maintaining the Cassie state. Moreover, this 

phenomenon also implied that fractal dimension is not the only or main factor that 

governs the wetting performance for fractal microstructures. Besides, compared to 
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the untreated surfaces, the contact angle remained almost constant for more than 

20 minutes. Even though continuous evaporation of water increased the Laplace 

pressure of the droplet (due to decreasing radius of curvature), there was no abrupt 

change of contact angle occurred. This indicated that the microstructures had 

maintained the Cassie State. 

On the other hand, array of hierarchical pyramid was also proven to be 

efficient for obtaining superhydrophobic surfaces. However, it was worth 

mentioning that only the entirely hierarchical structure possessed the contact angle 

more than 150°, associated with a slicing angle of 2°. Herein, it was not as efficient 

as fractal structures for creating superhydrophobic surfaces in terms of fabrication 

time. Moreover, as there was no free space in the entirely hierarchical structure, this 

design is not favorable for bending when it comes to flexible films. 

4.3.3 Flexible Hydrophobic Surfaces 

As aforementioned, flexibility is ubiquitous in natural superhydrophobic 

creations, and it has been proven to be beneficial for the performance of surface 

wetting. Herein, besides creating microstructures on glass slides as described 

above, we have also investigated the wetting properties of 3D microstructures on a 

flexible substrate. PET is one of the most commonly used polyesters nowadays due 

to its attractive properties such as high tensile strength and transparency as well as 

favorable chemical, mechanical and thermal stability (Ke and Yongping 2005). 

Recently, PET films have aroused increasing attentions in various applications such 

as flexible electronics (Zardetto et al. 2011), flexible microfluidics (Yeo et al. 2016), 

and advanced sensors (Pang et al. 2013). Herein, ITO-coated PET film was chosen as 
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a demonstration for surface wetting study. During the fabrication process, a glass 

slide was attached to the PET film as a mechanical support to prevent film 

deformation. 

 

Figure 4.7 Flexible superhydrophobic film achieved by creating microstructures on 

a PET film using TPP technology. a) Photo of the as-prepared superhydrophobic PET 

film. b) Image that showed the behavior of superhydrophobicity of PET film with 

hierarchical microstructures. c) Photo of the sessile drop of water on a PET film. 

Photos were taken using an iPhone 8. 

An array of hierarchical pyramids with HMDSO coating was used as a 

concept-proofing example (Figure 4.7 a). Since hierarchical microstructures in the 

array were disconnected from each other, detachment of the microstructures did 

not happen after 100 cycles of bending and relaxing, giving rise to a robust flexible 

hydrophobic film. 

In addition, the fabricated surface has indicated the performance of 

superhydrophobicity (Table 4.1), and its left and right contact angles was measured 

to be 156.5° and 157.8°, respectively (Figure 4.7 b, c), which was larger than that of 

the same structure on glass slide. 
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Table 4.1 Contact angles of PET films before and after HMDSO coating 

Structure θleft (before) θright (before) θleft (after) θright (after) 

Structure-1 77.5° 76.7° 90.1° 90.1° 

Structure-2 95.3° 93.2° 156.5° 157.8° 

Note: Structure-1 and structure-2 are bare ITO-coated PET film and PET film with 

hierarchical pyramids, respectively. 

 

4.4 Summary 

Various 3D hierarchical structures have been created on glass slides and 

flexible PET films using TPP technique, including fractal Sierpinski tetrahedron and 

hierarchical pyramid microstructures. We found that untreated microstructures only 

slightly increased the hydrophobicity of the surfaces, and this can be attributed to 

the intrinsic hydrophilicity of the photoresist IP-S. Nevertheless, after depositing a 

thin layer of HMDSO onto the surfaces, the microstructures have proven to be useful 

for imparting hydrophobicity. It was worth noting that although all three stages of 

Sierpinski tetrahedron have the same fractal dimension of 2, better hydrophobicity 

was obtained when the complexity increased. Stage-1 and stage-2 Sierpinski 

tetrahedron have proven their ability in creating superhydrophobic surfaces. On the 

other hand, superhydrophobicity can also be achieved when applying hierarchical 

pyramids to the surfaces. However, only the microstructures that covered the 

printing area completely with pyramids had this ability, making the method 

inefficient when compared to fractal structures as more fabrication time was 

required. 

Moreover, a PET film was also adopted as a demonstration for printing 

microstructures on flexible substrates using TPP technique. The PET film with 
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microstructures remained good hydrophobicity after bending and relaxing for more 

than 100 times. Herein, this method is simple and offers several advantages 

compared to existing methods. To name a few, it does not require complex 

operations such as wet etching to obtain 3D structures. Digital files used in TPP are 

easier to change than other fabrication protocols, hereby promoting prototyping 

developments. Besides, TPP technique allows the creation of different 

microstructures at different regions on a surface, making the surface wetting 

controllable. Lastly, this approach can also be applied in flexible materials that are 

cheaper, robust and provide a better similarity to natural creations, by which studies 

on surface wetting and other phenomena in nature can be further investigated. 

Nevertheless, there is one downside of using TPP technique, namely, the 

fabrication speed. Owing to its intrinsic voxel-by-voxel fabrication mechanism, the 

process of TPP nowadays is still not fast enough to achieve mass production. 

However, various approaches have been proposed to make TPP process faster. To 

name a few, novel photoinitiators that possess wide dynamic range have been 

proven to enable a faster TPP process (Li et al. 2013). Moreover, when considering 

the fabrication of a pattern using TPP, multiple static or dynamic beams are also 

good choices (Baldacchini 2015; Xu et al. 2016). For example, multiple focal points 

(up to hundreds) can be obtained using a microlens array, giving rise to 

simultaneous polymerization in different areas (Formanek et al. 2006). Thereby, the 

fabrication time for creating superhydrophobic surfaces using microstructure 

patterns can be reduced drastically, and large surfaces can also be realized. In 

addition, an optimal balance of laser intensities, chemical reaction rates as well as 
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the movements of galvo mirrors and stages also lead to a much faster fabrication 

speed. 

To conclude, we believe the proposed method has opened a new door for 

further study of surface wetting with respect to the performance of real 3D 

microstructures on flexible substrates, and it can also be a useful tool for the 

development of surface engineering and other important fields such as biology, 

chemistry, flexible electronics and microfluidics. 
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Chapter 5 
 

Acoustofluidic micromixer on foil 

 

This chapter has been reprinted with permission from Lin, Y., Gao, C., Gao, 

Y., Wu, M., Yazdi, A. A., & Xu, J. (2019). Acoustofluidic micromixer on lab-on-a-foil 

devices. Sensors and Actuators B: Chemical, 287, 312-319. Copyright (2019) by 

Elsevier. DOI: https://doi.org/10.1016/j.snb.2019.02.050. 

5.1 Introduction 

Recently, lab-on-a-foil has emerged as a promising research concept with 

applications in nucleic acid analysis (Lin et al. 2011; Shen et al. 2005), biosensors 

(Chou et al. 2013), robotics (Wong et al. 2012), electrochemistry (Chen et al. 2015b), 

and so forth (Focke et al. 2010).  In contract to glass and silicon counterparts, lab-on-

a-foil devices use thin and flexible films as substrates. These devices often show 

great cost effectiveness, ease of fabrication, and simplicity of use (Wang et al. 

2016b). As lab-on-a-foil devices often consume little materials, they are also 

considered as environmentally friendly and disposable (Fiorini and Chiu 2005). 

Moreover, these devices were expected to find huge potential in wearable devices 

(Liu et al. 2017), thus contributing to future development of Internet of Things and 

healthcare services. 

At present, various fabrication methods have been proposed to create lab-

https://doi.org/10.1016/j.snb.2019.02.050
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on-a-foil devices, including micro-thermoforming (Truckenmüller et al. 2008), hot 

embossing (Li et al. 2007), laser micromachining (Malek et al. 2009), dry resist 

fabrication (Focke et al. 2010), and xurography (Bartholomeusz et al. 2005). Among 

them, xurography is often considered as the simplest and cheapest. It relies on a 

knife plotter to cut thin films, in which microchannels are created. The cut films are 

then covered with bottom and top layers for enclosed flow paths, and reliable 

bonding between layers can be achieved using off-the-shelf materials such as 

adhesive tapes (Yuen and Goral 2010). 

Nonetheless, due to size limitation of the knives, the resolution of xurography 

is relatively low compared to that of soft lithography (Yuen and Goral 2010). 

Additionally, it is not easy to integrate more functions on these devices other than 

fluid transportation inside the microchannels created. Therefore, further adoption of 

the xurography technology for microfluidics is compromised. Here, we propose a 

novel method to overcome this downside by imparting high-resolution 3D 

microstructures into xurography-made devices using TPP technology. This 

fabrication technique is one of the additive manufacturing technologies working at 

microscale (Kim et al. 2013; Xia et al. 2010), and possessing extremely high 

resolution (~ 100 nm) (Lin and Xu 2018). 

Owing to non-invasive manner and the capabilities in manipulating fluids 

and particles (Ahmed et al. 2009; Gritsenko et al. 2018), acoustofluidics has become 

an important branch in microfluidics. For instance, as the flow of fluids in 

microchannels is usually laminar (Hashmi and Xu 2014), it is challenging to achieve 

homogenous mixing naturally due to dominance of viscous forces. To address this 
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problem, acoustofluidics was applied to create efficient micromixers. Generally 

speaking, acoustic energy induces the pressure fluctuations inside microchannels, 

giving rise to disturbances for the laminar flows. In addition, bubbles, sharp edges, 

and solid membranes have also been coupled with acoustic fields to improve the 

performance (De Vellis et al. 2017; Huang et al. 2013; Liu et al. 2002; Tovar and Lee 

2009; Van Phan et al. 2015). As an example, lateral cavity acoustic transducers 

(LCATs) based on acoustic bubbles were employed in multiple applications, 

including micropumps (Tovar et al. 2011), particle sorting (Patel et al. 2009), and 

microfluidic switches (Patel et al. 2012). Similarly, sharp edges were also applied for 

the developments of micromixers (Huang et al. 2013), chemical signal generators 

(Huang et al. 2018), and micropumps (Huang et al. 2014). 

However, it is difficult to integrate these components in xurography-based 

microfluidic devices. A serpentine cut in the films for sidewall cavities or sharp 

edges usually results in ragged edges and undesired debris. On the other hand, TPP 

is amenable to create high-resolution components, yet direct construction of the 

entire device would be impractical due to its low fabrication speed (Lin et al. 2018). 

Given the fact that TPP fabrication time is positively proportional to the volume of 

printed structures, it is possible to print only the key components in a device. Here, 

we propose using TPP to fabricate structure inside xurography-made device making 

it an acoustofluidic lab-on-a-foil device. 

In conventional acoustofluidic applications, acoustic bubbles often suffer 

from instability and dissolution (Bertin et al. 2015; Huang et al. 2012). For instance, 

the trapped bubbles tend to expand into microchannels at high flow rates (Huang et 
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al. 2012), and grow or shrink upon the diffusion based on saturation status of the 

fluids (Epstein and Plesset 1950). To solve this problem, Bertin and coworkers 

proposed a new type of microbubbles (i.e., armored microbubble) (Bertin et al. 

2015). Specifically, hollow-capsule-shaped microstructure was created to trap 

bubbles and prevent the dissolution. Longer lifetime of bubbles was achieved 

compared to those unprotected ones. However, because these microbubbles were 

still standalone, their lifetime remained short (1 minute) when exposed to acoustic 

actuation. 

To prolong the lifetime of acoustic bubbles, or air-liquid interfaces 

(membranes) per se, we propose to connect the oscillating membranes with 

ambient air instead of bubbles with finite volumes. Specifically, thin shell 

microstructures with multiple circular pores for trapping membranes are fabricated 

via TPP and then integrated into devices prepared by xurography. We term these 

microstructures as defended oscillating membrane equipped structures (DOMES). 

As they are created above through holes in the films, the bottom side of 

membranes is always facing ambient air, and gas diffusion into the liquid is 

compensated by the atmosphere. Hence, the membrane instability is expected to be 

alleviated or avoided. Moreover, since the pores on DOMES are generally small, 

watertight condition for the fluids in the microchannels is achievable if the pressure 

difference between two sides remains small. We will first investigate the 

performance of DOMES, and further create a micromixer on the foil. To the best of 

our knowledge, it is the first time such an active micromixer is created in the lab-on-

a-foil devices. 
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5.2 Material and methods 

5.2.1 Overall fabrication process 

We used ITO-coated PET films (127 µm in thickness, Sigma-Aldrich, St. Louis) 

as the substrates to create lab-on-a-foil devices. As introduced in Chapter 4, PET is 

a common thermoplastic polymer. It possesses several advantages (Hu and Chen 

2018; Li et al. 2007; Wang et al. 2016b), including optical transparency, physical, 

chemical and mechanical stability, as well as good flexibility. ARcare® 90445 double-

sided adhesive tape (kindly provided by Adhesives Research, Glen Rock, PA) was 

used for bonding different layers. It is a transparent medical grade tape with good 

biocompatibility and aqueous insolubility (Eletxigerra et al. 2015; Patko et al. 2014; 

Santiago-Felipe et al. 2016). Desktop cutting plotter (QuicKutz Silhouette SD, 

QuicKutz, Inc., Lindon, UT) was applied for xurography. General fabrication process 

of a lab-on-a-foil device integrated with DOMES is divided into the following steps: 
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Figure 5.1 Schematic illustration of the fabrication process for a lab-on-a-foil device 

integrated with DOMES. a) A circular through hole was first cut in PET film, and then 

DOMES was printed above the hole using TPP; b) Double sided tape with a large 

rectangular hole in the center was prepared using xurography; c) Microchannels 

were also cut in the tape using xurography; d) Similarly, inlets and outlets were 

prepared for the top layer; e) Afterwards, all the layers were aligned and bonded 

with a homemade tool; f) The as-prepared Lab-on-a-Foil device can be attached to 

other objects such as piezoelectric instrument and external tubings after revealing 

the adhesive layers on both sides. 

A 200 µm diameter through hole was first cut in the film using a milling 

machine (CNC Mini-Mill/3, Minitech Machinery Corp., Atlanta, GA). TPP system 

(Nanoscribe Photonic Professional GT, Nanoscribe GmbH, Germany) was then used 

to fabricate DOMES above the hole (Figure 5.1 a). Since we will attach the final 

device to a piezoelectric actuator, a layer of double-sided tape was added to the 

bottom of the device. A big rectangular opening was cut in the center to maintain 

DOMES connecting to ambient air (Figure 5.1 b). Microfluidic channels with 600 µm 

width were similarly created in the tape layer above the film as shown in Figure 5.1 

c and Figure B.1 in Appendix B. Inlets and outlets were cut for the top layer (Figure 

5.1 d). 

Afterwards, all the layers were carefully aligned and pushed together (Figure 

5.1 e) with the help of a homemade alignment tool composed of a three-axis linear 

stage and a USB digital microscope. Finally, the as-prepared device was clamped 

between two pieces of glass slide and baked overnight to remove the bubbles 
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trapped during assembly (Figure B.2 in Appendix B). To connect the device to 

external components, adhesive layers can be revealed after peeling off the 

protection liners on both sides (Figure 5.1 f). In our cases, the device was bonded to 

a ring-shaped piezo (APC International, Mackeyville, PA), and tubings were attached 

through flangeless ferrules (P-200NX, Upchurch Scientific, Oak Harbor, WA) (Figure 

B.3 in Appendix B). 

5.2.2 DOMES fabrication 

As aforementioned, DOMES is fabricated above a through hole, and its 

bottom side is facing ambient air. Therefore, the instability of multiple air-liquid 

interfaces trapped by the pores on DOMES is expected to be alleviated or avoided. 

In this study, three types of DOMES are constructed, and all of them have the same 

contour except for the size and quantity of the pores. As shown in Figure 5.2 a, 

DOMES is a dome-shaped porous shell with an external diameter of 310 µm, an 

internal diameter of 230 µm, a curvature radius of 250 µm, and a thickness of 5 µm. 

To further study the acoustically induced flow (i.e., microstreaming) with 

respect to the pore size, the total area of pores for all three types is kept identical. 

Specifically, the first type of DOMES has 136 pores with diameter of 10.5 µm (Figure 

5.2 b). The second type has 71 pores with diameter of 14.55 µm (Figure 5.2 c), and 

the third one has 25 pores with diameter of 25 µm (Figure 5.2 d). Additionally, a half 

DOMES is also constructed (Figure 5.2 e), illustrating how the DOMES is created 

above the hole with bottom side facing ambient air. 

For printing microstructures on PET films, we used the same method applied 

in our previous article (Lin et al. 2018b). Basically, the PET film was thoroughly 
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cleaned using acetone, IPA, and then blow-dried with nitrogen. Afterwards, the PET 

film was mounted on a TPP holder with tape. To avoid the bending of films during 

fabrication, a glass slide (length of 25 mm and thickness of 0.7 mm, Nanoscribe 

GmbH, Germany) was placed beneath as a support. 

 

Figure 5.2 Schemes for different types of DOMES and their corresponding SEM 

images. a) Side view for general DOMES and its dimensions; b-d) Schemes for 

DOMES with 10.5, 14.55, and 25 µm diameter pores, respectively; e) Scheme for a 

half DOMES created above a through hole; f-h) Corresponding SEM images for the 



82 

 

DOMES with 10.5, 14.55, and 25 µm diameter pores, respectively. i) SEM image for 

the half DOMES. The tilt angle used is 30-degree. 

A small drop of photoresist (IP-S, Nanoscribe GmbH, Germany) was then 

dropped onto the top of the through hole at ITO-coated side. The ITO (around 130 

nm) coating enabled a quick searching for the interface between PET film and IP-S 

during printing, due to their difference in refractive indices. After applying adaptive 

slicing of 1 µm with a minimal distance of 0.2 µm, and a hatching of 0.3 µm, the total 

fabrication time was found to be 3 minutes. 

Additionally, we adjusted the coordinates of the TPP system to match that of 

the DOMES designs using NanoWrite software (Nanoscribe GmbH, Germany) (Lin 

et al. 2018). After printing, excessive photoresist was developed using propylene 

glycol monomethyl ether acetate (MicroChem, Newton, MA), and the device was 

dried in the air. The SEM images of all three designs were shown in Figure 5.2 f, g, 

h, respectively. Despite the fact that the gap between each pore in DOMES was only 

2 µm, the hatching and slicing distances applied did not lead to any deformation or 

undesired discrepancies. Additionally, the SEM image of the half DOMES further 

indicated a good alignment between the printed microstructure and the through 

hole (Figure 5.2 i). 

5.2.3 Driving frequency determination 

To determine the driving frequency at which DOMES exert the strongest 

acoustic microstreaming effect, a free surface PET device without further assembly 

was attached to a ring-shaped piezo using double-sided tape, and the DOMES on 

film had 14.55 µm diameter pores. One drop (around 10 µL) of deionized (DI) water 
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with green aqueous fluorescent particles (2.0 µm Fluoro-Max dyed polystyrene 

microspheres, Thermo Fisher Scientific, Waltham, MA) was then added to the film. 

Then, a waveform generator (DG1022U; Rigol Technologies Inc., Beijing, China) was 

used to generate square wave, followed by the amplification via a voltage amplifier 

(Tegam 2350, Tegam Inc., Madison, OH). 

The driving frequency was swept from 100 Hz to 100 kHz at 5 Vpp, and the 

performance of acoustic microstreaming was determined based on average velocity 

of the particles. The particles were excited using a fluorescence illuminator (X-cite 

120, Lumen Dynamics, Ontario, Canada), and their trajectories were tracked using a 

high speed camera (Phantom Miro M310, Vision Research Inc., USA) associated with 

an inverted microscope system (Nikon Eclipse Ti–S, Nikon Instruments Inc.). 

Phantom Camera Control software (Vision Research, Wayne, NJ) was applied to 

analyse the results. At frequency of 32.60 kHz, the DOMES was found to exert 

strongest microstreaming, thus it was used as the driving frequency for the rest of 

this study. 

5.3 Results and discussion 

5.3.1 Theoretical background 

In our previous study (Gritsenko et al. 2018), we derived an explicit 

expression for the displacement of a thin clamped circular membrane, 

𝑊(𝑟, 𝜃, 𝑡) = 𝑤𝐷(𝑟, 𝜃)𝑒𝑖𝜔𝑡                                                                       (5.1) 

where 𝑤𝐷(𝑟, 𝜃) is the solution of: 

∇4𝑤𝐷(𝑟, 𝜃) − 𝜅𝑤
4𝑤𝐷(𝑟, 𝜃) = 0                                                     (5.2) 
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with the boundary conditions: 

𝑤𝐷(𝑎, 𝜃) = 0,
𝜕𝑤𝐷

𝜕𝑟
(𝑎, 𝜃) = 0                                                                  (5.3) 

That is, the oscillation amplitude of the membrane reads: 

𝑤𝐷(𝑟, 𝜃) = (𝐽𝑛(𝜅𝑤𝑟) −
𝐽𝑛(𝜅𝑤𝑎)

𝐼𝑛(𝜅𝑤𝑎)
𝐼𝑛(𝜅𝑤𝑟)) (𝐴1 𝑐𝑜𝑠(𝑛𝜃) + 𝐵1 𝑠𝑖𝑛(𝑛𝜃))                                         (5.4) 

Here 𝑊  is the time-dependent membrane displacement, and 𝑤𝐷  is the 

classical solution for the displacement equation of a thin clamped circular 

membrane (Equation 5.2); 𝑎, 𝜅𝑤 , 𝑟, 𝜃 stand for the radius of the membrane, wave 

number, radial distance, and azimuthal angle, respectively; 𝐽𝑛, 𝐼𝑛 stand for the type 

one and modified Bessel functions, respectively; 𝐴1, 𝐵1 are the arbitrary constants. 

As the pore size in DOMES increases, the membrane displacement increases, and 

we expect the microstreaming effect to become stronger with more energy 

dissipated. 

Watertightness is another key factor subjected to the pore size, and the 

maximum size can be ideally determined using Equation 5.5, 

𝑑 =
4×𝜎×𝑐𝑜𝑠𝜑

∆𝑝
                                              (5.5) 

where 𝑑 is the maximum pore size that is free from liquid leakage; 𝜎, 𝜑 denote the 

surface tension, and the contact angle of the liquid, respectively; ∆𝑝 is the pressure 

difference between two sides of the pore. Although this formula does not take into 

account the interaction between the oscillating membranes with liquid, it provides 

a straightforward reference when designing the DOMES. For instance, water is one 

of the most commonly used liquids in microfluidic applications, its surface tension 
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at 298 K is 0.072 kg/s2, and the contact angle between water and the material of 

DOMES (i.e., IP-S) is 73.8° (Lin and Xu 2018). As a result, the pressure barriers 

(maximum pressure at which the pore still maintains watertightness) for the pores 

with diameter of 10.5, 14.55, and 25 µm are 3840, 2772, and 1613 Pa, respectively. 

To verify these results, DOMES with different pore sizes were integrated in 

straight microchannels, in which only inlet was left for water injection while outlet 

was sealed. Hence, the pores on DOMES became the only possible exits for liquids. 

The pressure difference exerted was varied upon changing the gravitational 

potential of the water reservoir (Figure B.4 in Appendix B). We found that the actual 

pressure barriers were 3530, 2620, and 1530 Pa for DOMES with 10.5, 14.55, and 25 

µm diameter pores, respectively. The results indicated a good agreement with the 

theoretical prediction. 

5.3.2 Impact of the through hole and pore size 

In order to understand the role of through holes in compensating the 

vulnerability of conventional bubbles due to gas dissolution and acoustic pressure 

fluctuations, a series of free surface devices with or without through holes was 

actuated at 5 Vpp. 

The results in Figure 5.3 indicated that standalone bubbles trapped in the 

DOMES built on films without holes were more vulnerable compared to those with 

holes. The bubble trapped in DOMES with 25 µm pores gradually disappeared as 

time passed (Figure 5.3 a). This can be attributed to its small pressure barrier. 

Specifically, after water penetrated the pores, the bubble was first compressed, and 

then dissolved until completely gone. As a result, corresponding microstreaming 
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gradually turned weaker and finally disappeared. On the other hand, the membranes 

in DOMES on through hole were almost identical after the piezoelectric transducer 

was turned on (Figure 5.3 b), and the microstreaming remained the same for more 

than 30 minutes. This illustrated that the dissolution of gas was alleviated from 

ambient air. 

 

Figure 5.3 Stability study of the standalone bubbles and membranes on DOMES 

without or with through holes upon the actuation of acoustic microstreaming. a-b) 

DOMES with 25 µm pores created without or with through holes, respectively. c-d) 

DOMES with 14.55 µm pores created without or with through holes, respectively. e-

f) DOMES with 10.5 µm pores created without or with through holes, respectively. 

As the pore size decreases, the pressure barrier and flow resistance increase, 

making water penetration more difficult, giving rise to a slower shrinkage of the 
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bubbles. For instance, the bubble trapped in DOMES with 14.55 µm pores became 

negligible after 200 seconds with acoustic energy being turned on (Figure 5.3 c), 

while it took only 65 seconds for 25 µm pores. Note that, the standalone bubble in 

the DOMES with 10.5 µm pores remained almost the same after 500 seconds, 

indicating a stronger bubble stability due to large pressure barrier (Figure 5.3 e). 

Similarly, the membranes on DOMES above the through hole almost underwent no 

change (Figure 5.3 d, f). 

We further studied the acoustic performance with respect to the pore size. 

The first device was created using an intact film, while the second to fourth devices 

were created using films with through holes. To obtain a straightforward and clear 

comparison, 24 frames that formed a complete 1-second video clip were 

superimposed (Figure 5.4). 

 

Figure 5.4 Acoustic microstreaming induced by different DOMES: a) DOMES 

fabricated on an intact film. b-d) DOMES fabricated above through holes with 

different pore sizes (10.5, 14.55, and 25 µm, respectively). 
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As described above, standalone bubbles were vulnerable upon acoustic 

actuation, giving rise to weaker microstreaming as time went by. Hence, the 

trajectories of particles can be clearly tracked (Figure 5.4 a). However, only blurry 

trajectories were observable for microstreaming above through holes. Additionally, 

DOMES with larger pore size exhibited stronger performance. For instance, 

trajectories were observable in the microstreaming induced by small pores (Figure 

5.4 b, c), yet it can barely be noticed for large pores (Figure 5.4 d). This phenomenon 

indicated a good predication for the theory that larger pores give rise to stronger 

microstreaming. 

Nonetheless, liquid leakage can be a big issue for large pores. After turning 

the free surface devices into enclosed ones, DOMES with 25 µm diameter pores 

were no longer able to maintain watertightness, further giving rise to weaker 

microstreaming. This can be attributed to the pressure drop inside microchannels 

and the acoustic pressure (around 1100 Pa, measured with a H2a-XLR hydrophone, 

Aquarian Audio). Moreover, returning flows at the edges may also pose additional 

hydrodynamic pressure (Hussein et al. 1994). 

5.3.3 Lab-on-a-foil acoustofluidic application 

To further prove the feasibility of using DOMES for lab-on-a-foil applications, 

an acoustofluidic micromixer was built and tested as a demonstration. Given that 

25 µm pores could not hold membranes well, 14.55 µm pores was adopted. The 

device included a T-shaped microchannel, two inlets and one outlet (Figure 5.5). The 

length and the width of the microchannels were 6 mm and 600 µm, respectively. 

DOMES (green spot in Figure 5.5) was carefully aligned in the center of the main 
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channel. After assembly, the device was bonded onto a piezo, and connected with 

tubings (Figure B.3 c in Appendix B). Additionally, DI water and DI water with 

fluorescent dye (Fluorescein sodium salt, Sigma-Aldrich, St. Louis) were used as two 

mixing fluids. To quantitatively characterize the performance of mixing, relative 

mixing index (RMI) was calculated at a measuring line 600 µm away from the center 

of DOMES after mixing (see the dashed line in Figure 5.5). 

 

Figure 5.5 Scheme of the microchannels with dimensions, as well as images 

showing the mixing performance at different driving voltages ranging from 1 to 8 

Volt. 

In contrast to conventional mixing indices involving rescaling and stretching 

of grayscale intensities, RMI was used here to preclude the influence of lighting 

conditions (Hashmi and Xu 2014). It is calculated as follows: 

𝑅𝑀𝐼 = 1 −
√

1

𝑁
∑ (𝐼𝑖−〈𝐼〉)2𝑁

𝑖=1

√
1

𝑁
∑ (𝐼𝑜𝑖−〈𝐼〉)2𝑁

𝑖=1

,                                                               (5.6) 
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where 𝑁 denotes the number of pixels in the measuring region; 𝐼𝑖 and 𝐼𝑜𝑖 denote the 

local intensity of the 𝑖-th pixel after and before mixing, respectively; 〈𝐼〉 indicates the 

average of pixel intensities in the region. Here, a RMI of 0 denotes an unmixed 

status, while 1 indicates thoroughly mixing. In addition, a threshold of 0.75 was 

selected as the criteria to determine acceptable mixing performance. 

 

Figure 5.6 Plot of the mixing index versus driving voltage. 

Mixing performance was first investigated by applying a series of voltages 

ranging from 1 to 8 Volt at flow rate of 4 µl/min for each fluid. As illustrated in Figure 

5.5 and Figure 5.6, the mixing performance was improved and plateaued with 

increasing driving voltage. Since the intensity of microstreaming grows 

quadratically with driving voltage (Xu and Attinger 2007), the mixing index 

increased rapidly from 1 to 4 Volt, and acceptable mixing was achieved after 4 Volt. 

Another way of quantifying mixing performance is to look at mixing time 𝜏:  

𝜏 =
𝐿𝑚

𝑣𝑓
,                                        (5.7) 

where 𝐿𝑚 is the mixing length, and 𝑣𝑓 is the average fluid velocity. Mixing length is 

usually defined as the distance between the mixer and the downstream location 
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where complete mixing is achieved. In our experiments, we noticed that as the 

driving voltage became larger, the microstreaming pattern also became larger and 

extended into upstream areas. This phenomenon made mixing completed even 

before fluid reached the location of DOMES at voltages greater than 4 Volt. 

Therefore, we can consider the mixing length 𝐿𝑚 to be 0, proving the potential of 

DOMES for immediate mixing. 

 

Figure 5.7 Images indicating the mixing performance at different flow rates ranging 

from 4 to 20 µl/min. 

In addition, we investigated the impact of flow rate on mixing performance 

at 5 Volt. Flow rate ranging from 4 to 20 µl/min were applied to each fluid, and 

acceptable mixing was obtained when the flow rate was equivalent or smaller than 

8 µl/min (Figure 5.7 and Figure 5.8). When the flow rate increased to 8 µl/min, the 

mixing index reached the threshold value set previously (0.75). In this case, the 

mixing length can be considered as the distance from measuring line to the centre 

of DOMES (i.e., 600 µm), from which a mixing time was calculated to be 87.8 ms. As 
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aforementioned, it was the first time such an active micromixer was achieved in lab-

on-a-foil devices, and the mixing time was competitive even compared to most 

PDMS microfluidic mixers. 

 

Figure 5.8 Plot of the mixing index versus flow rate. 

5.4 Summary 

In summary, a novel microstructure termed DOMES was proposed for lab-

on-a-foil acoustofluidic applications. The devices were created using off-the-shelf 

PET films and double-sided tapes via xurography. DOMES was fabricated by two-

photon polymerization and integrated in the microchannels. Compared with regular 

standalone acoustic bubbles, the bottom side of air-liquid interfaces on DOMES was 

always facing ambient air thanks to the through hole underneath the DOMES. 

Moreover, common dissolution and compression problems of acoustic bubbles 

were alleviated, giving rise to a more stable performance. We also investigated the 

role of pores on DOMES. It is observed that as the pore size increased, the 

microstreaming induced by DOMES became stronger. However, the pressure 

tolerance decreased in the meanwhile, which may lead to liquid leakage rather than 
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maintaining watertightness. 

To further prove the capabilities of DOMES in acoustofluidic applications, a 

micromixer was demonstrated. We found that the mixing efficiency was improved 

upon the increase of driving voltage, and acceptable mixing can be obtained when 

the voltage was equivalent or greater than 4 Volt at 4 µl/min (each fluid). 

Additionally, acceptable mixing can be realized when the flow rate was equivalent 

or smaller than 8 µl/min at 5 Volt, and the mixing time was 87.8 ms at 8 µl/min. The 

results suggested that the first acoustofluidic micromixer on the foil possessed a 

comparable performance compared to those devices fabricated using PDMS. 

Admittedly, although xurography itself is cheap and simple, the 

acoustofluidic performance mainly came from DOMES, which was fabricated using 

TPP, a technology nowadays is still expensive and not widespread. Nonetheless, 

methods such as molding or low-cost microscale 3D fabrication techniques may be 

applied to address this downside in the future. For instance, 3D microfabrication 

was achieved using a thin multimode optical fiber recently (Delrot et al. 2018), and 

it did not require bulky and expensive femtosecond laser while maintaining 

excellent resolution. Alignment and bubble removal process also bring the 

inconvenience to the fabrication process, yet these problems can be addressed 

using automation machines when it comes to mass production. Despite the 

aforementioned limitations, we believe that the proposed lab-on-a-foil devices open 

a door for a variety of potential microfluidic applications in the future.  
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Chapter 6 
 

Acoustofluidic micropump on foil for single-cell 

trapping 

 

This chapter has been reprinted with permission from Lin, Y., Gao, Y., Wu, 

M., Zhou, R., Chung, D., Caraveo, G., & Xu, J. (2019). Acoustofluidic stick-and-play 

micropump built on foil for single-cell trapping. Lab on a Chip. Copyright (2019) by 

Royal Society of Chemistry. DOI: https://doi.org/10.1039/c9lc00484j. 

6.1 Introduction 

As discussed in the previous chapters, microfluidics or the so-called lab-on-

a-chip has undergone rapid growth and spawned a plethora of applications in 

different fields such as biology (Wu et al. 2018), chemistry (Weibel and Whitesides 

2006), pharmacology (Ainla et al. 2010), environmental monitoring (Lin et al. 2016a), 

and others (De Vellis et al. 2017; Zhao et al. 2019). Unfortunately, the majority of 

these applications heavily rely on off-chip equipment (e.g., syringe pumps) to 

maintain required conditions (e.g., constant flow rates) (Tovar and Lee 2009). 

Therefore, in most cases, microfluidics nowadays remains an exclusive platform in 

research laboratories, and the dependence of external devices has become a 

roadblock for commercialization. 

Nevertheless, on-chip functions such as pumping (Huang et al. 2014), mixing 

(Lin et al. 2018), filtering (Dong et al. 2016), and analysis (Jang et al. 2016), have been 

https://doi.org/10.1039/c9lc00484j
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widely explored, towards fully automated microfluidic systems over the past years. 

Among them, pumping is a fundamental function that bridges the micro and macro 

environments, and enables precise manipulation of fluids through systems for 

different purposes, including drug delivery (Patra et al. 2013), cell separation (Patel 

et al. 2014), biomedical analysis (Amirouche et al. 2009), and so forth (Ma et al. 2019; 

Patel et al. 2012; Wang et al. 2009; Wang and Fu 2018). 

Based on different driving mechanisms, micropumps in microfluidic systems 

can be primarily categorized into two classes: mechanical and non-mechanical 

(Wang and Fu 2018). The former one displaces fluids via moving mechanical parts 

(e.g., pumping diaphragms or check valves) (Chen et al. 2015a; Fong et al. 2015; 

Wang et al. 2014). Although these micropumps possess attractive pumping 

performances, sophisticated designs and complex fabrication processes are usually 

required (Wang and Fu 2018). On the contrary, the alternative type transforms non-

mechanical energy into kinetic momentum of fluids by means of 

magnetohydrodynamics (Lemoff and Lee 2000), electrohydrodynamics (Russel et al. 

2016), electroosmosis (Lin et al. 2013), and other effects (Fang and Lee 2015; Oskooei 

and Günther 2015). 

Unsurprisingly, acoustic energy has also been explored for creating 

micropumps (Ozcelik et al. 2018). For instance, micropumps based on surface 

acoustic wave (SAW) have been exploited and used for various applications over 

the past years (Girardo et al. 2008; Schmid et al. 2012). That said, most of these 

devices were built on rigid piezoelectric substrates (e.g., LiNbO3) and usually 

required sophisticated vapor deposition for the fabrication of interdigital transducer 
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(IDT) (Rambach et al. 2017). Therefore, bendable SAW devices built on thin and 

cheap substrates have become an alternative platform and pioneered several 

applications (Chen et al. 2014; Jin et al. 2013). 

On the other hand, acoustic micropumps based on bulk acoustic waves 

(usually coupled with acoustic bubbles or sharp edges) have also emerged as 

promising tools owing to the ease of operation and programmable flow rates (Fang 

and Lee 2015; Huang et al. 2014; Tovar and Lee 2009; Tovar et al. 2011). Tovar and 

Lee have developed a micropump termed lateral cavity acoustic transducer (LCAT) 

(Tovar and Lee 2009), which drives fluids using 20 pairs of air-bubbles trapped in 

angled lateral cavities. However, similar to free acoustic bubbles, these LCATs 

suffered from bubble instability and gas dissolution. For example, trapped bubbles 

can expand into the main microchannels or disappear due to diffusion or 

dissolution. As a result, pumping performance is challenging to be maintained for a 

long time. 

Apart from acoustic bubbles, solid sharp edges have also been investigated 

for creating micropumps by Huang and co-workers (Huang et al. 2014). They found 

the proposed micropumps were capable of tuning the flow rates across a wide range 

(nL/min to µL/min). Nonetheless, one limitation lay in this device was that the 

pumping performance was sensitive and subject to undesired bubble-trapping, 

which may occur at the corners between tilted cantilevers and side walls. 

In addition, most of the acoustofluidic devices developed hitherto were 

placed on glass substrates, and in turn they were inflexible, brittle, and unsuitable 

for applications involving non-planar and/or flexible surfaces. Moreover, despite 
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possessing irreversible bonding with high strengths obtained from plasma 

treatments, such bonding between PDMS and glass substrates in these devices 

made themselves impossible to be cleaned and reused in a simple way. Therefore, 

reversible bonding that allows stick-and-play has become an alternative for building 

microfluidic systems especially when it comes to applications where low bonding 

strength is sufficient (Nakashoji et al. 2017; Wasay and Sameoto 2015). 

In this chapter, we report a robust stick-and-play micropump-on-the-foil with 

tunable flow rates at a resolution of nanoliter per minute. The device is based on the 

pore-containing microstructures (i.e., DOMES) introduced in Chapter 5 and a 

previous article (Lin et al. 2019a). Unlike the previous DOMES, in this chapter, we 

explore a new type of DOMES with asymmetrical structures and report its ability to 

produce net flow for pumping biological samples in a lab-on-a-foil device. 

In addition, we also applied the micropump-integrated lab-on-a-foil to 

perform single-cell trapping, which is an important first step that enables 

downstream single cell analysis. It is well accepted that bulk experiments that 

account for collecting statistical data from a large number of cells are often not 

adequate for interpreting the individual differences between cells (Di Carlo et al. 

2006; Kuang et al. 2004; Skylaki et al. 2016), and single-cell analysis overcomes this 

shortcoming and offers invaluable insights at single-cell level (e.g., heterogeneity of 

stem cells). Thus single cell analysis has gained increasing attentions over the past 

years (Ahmed et al. 2016; Lawson et al. 2015), along with numerous applications 

using microfluidics (Wheeler et al. 2003). For example, on-chip flow cytometry has 

shown excellent capabilities of cellular manipulation and characterization in a high-
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throughput way (more than 50,000 cells per second) (Stavrakis et al. 2019). Droplet-

based single-cell screening also provides an alternative method to tackle single-cell 

analysis rapidly (Brouzes et al. 2009; Mazutis et al. 2013). 

Nevertheless, these methods lack temporal resolution that reflects the 

cellular changes over time. In such cases, their results may lead to misinterpreted 

conclusions. Given this concern, long-term observation or imaging could provide a 

solution to decipher correlated misunderstandings (Hoppe et al. 2016), and this can 

be achieved using single-cell trapping methods that retain the cells at preset 

locations (Tan et al. 2009). In the past, a variety of approaches have been explored 

to do so, including encaging trapping (Rettig and Folch 2005; Wheeler et al. 2003), 

hydrodynamic trapping (Di Carlo et al. 2006), dielectrophoretic trapping (Taff and 

Voldman 2005), optical tweezer trapping (Arai et al. 2005), and others 

(Hammarström et al. 2010). In this chapter, simple 3D cell cages were adopted, and 

combined with DOMES-based micropumps for creating self-pumped lab-on-a-foil 

devices to carry out single-cell trapping on the foil. 

6.2 Materials and methods 

6.2.1 Overall fabrication process 

The stick-and-play microfluidic device consists of two layers: the top PDMS 

layer and the bottom PET layer (Figure 6.1 a). Through holes (180 µm diameter) were 

precut in the ITO-coated PET films (127 µm in thickness, Sigma-Aldrich, St. Louis) 

using a milling machine (CNC Mini-Mill/3, Minitech Machinery Corp., Atlanta, GA). 

DOMES structures were created using TPP technique. The TPP system used here is 
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a Nanoscribe system (Nanoscribe Photonic Professional GT, Nanoscribe GmbH, 

Germany). As shown in Figure 6.1 d, thanks to the through hole in the PET substrate, 

the air-liquid interfaces formed in the pores of the DOMES structure is now open to 

the ambient air subject to atmospheric pressure. These air-liquid interfaces (or 

membranes) acted in a similar way to a bubble surface in an acoustic field, i.e., 

oscillating upon acoustic actuation and creating microstreaming flow.  

The fabrication process is similar to that in Chapter 5, and briefly described 

as follows. The PET film with a through hole in it was first cleaned with acetone and 

IPA rinse, followed by nitrogen blow-drying. Afterwards, a small amount of the 

photoresist (IP-S, Nanoscribe GmbH, Germany) was added onto the ITO-coated side 

of the film. During fabrication, an adaptive slicing (0.2-1.0 µm) and a hatching of 0.3 

µm were applied, upon which the total fabrication time for a DOMES was found to 

be approximately 5 minutes. To remove excessive photoresist, the final device with 

DOMES was immersed in propylene glycol monomethyl ether acetate (PGMEA, 

MicroChem, Newton, MA) for a few minutes, followed by IPA rinse. Since such 

microstructure was printed right above the through hole, the trapped resin was 

readily dissolved using PGMEA, giving rise to a shorter development time compared 

to those microstructures created on intact films. 

Soft lithography was utilized to fabricate top PDMS layer. Basically, any 

fabrication method that satisfies the resolution requirements can be used for 

creating master moulds, including photolithography (Lin et al. 2018), 3D printing 

(Kamei et al. 2015), micromachining (Park et al. 2010), and others (Bartholomeusz et 

al. 2005; Brittman et al. 2017). Afterwards, PDMS cover was attached directly onto 



100 

 

PET substrate manually without additional treatments. 

 

Figure 6.1 Schematic illustration of the micropump based on DOMES. a) Cross 

section of the stick-and-play micropump on the foil. A PET film with printed DOMES 

was attached on a ring-shaped piezo using double-sided tape. Thereafter, the PDMS 

cover with microchannels was attached manually and carefully onto the PET 

substrate without further treatment; b) Side view of micropump based on the 

DOMES created above a through hole in the PET film. The interfaces were kept 

facing ambient air across the holes in the PET film and the piezo; c) 3D model of the 

DOMES; d) 3D model of the half DOMES created above a through hole; e) Schematic 

illustration of the final device attached to the piezo. Schemes only represent relative 

position of objects rather than actual size. 

As the bonding was performed manually, cares should be taken during the 

whole process. Moreover, both surfaces should be cleaned thoroughly before 

contacting each other so as to give a stronger molecular contact between them via 

van der Waals forces (Wasay and Sameoto 2015). Despite the fact that such 

reversible bonding did not provide comparable sealing strength compared to other 

methods such as plasma bonding, it allowed for the realization of the concept of 
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stick-and-play. Moreover, microchannels became available for a direct cleaning 

upon the separation of the cover and the substrate, thus making the reuse possible. 

Lastly, we attached the device to a ring-shaped piezo (APC International, 

Mackeyville, PA) with the help of the transparent double-sized tape. The piezo had a 

resonant frequency of 99.0 kHz with a 40 mm external diameter and a 20 mm 

diameter hole in the center, through which we were able to observe the pumping 

effects under microscope. 

In contrast to the micromixer reported in Chapter 5 and our previous work 

(Lin et al. 2019a), the DOMES adopted in this chapter had a rectangular profile with 

a curved contour in its top and tail (Figure 6.1 b), which allowed incoming flows to 

pass by smoothly without exerting extra pressure to the microstructures. Moreover, 

the pores for creating air-liquid interfaces only existed on one side of the 

microstructures (Figure 6.1 c). Since the microstreaming was only expected to occur 

in the vicinity of these interfaces, the hypothesis is that rectified flows can be 

generated upon the activation of acoustic waves. Moreover, to obtain a stable 

adhesion between the DOMES and the PET film, an expanded base with larger 

contact area was applied in the design. Figure 6.1 d illustrated schematically the 3D 

model for a half DOMES, which was created above a through hole. This clearly 

indicates how the DOMES was deployed. Finally, a scheme illustrated the whole 

setup for the final device was shown in Figure 6.1 e. 

6.2.2 DOMES and associated acoustic performance 

Since through holes were precut in the PET substrates, and DOMES were 

printed right above these holes, the trapped air-liquid interfaces were found to be 
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very stable, thus maintaining stable acoustic microstreaming upon acoustic 

actuation. This benefit can be attributed to the fact that the bottom sides of these 

interfaces were always facing ambient air. 

 

Figure 6.2 SEM images of the DOMES as well as associated acoustic performances. 

a) SEM image of the DOMES with 20 µm pore; b) SEM image illustrating how a half 

DOMES was created above a through hole; c) Rectified flows generated by the 

DOMES with 15 µm pores; d) Stronger rectified flows generated by the DOMES with 

20 µm pores; e) A net flow (indicated by the arrow) was created using three DOMES. 

All the images for microstreaming were obtained by superimposing 24 frames in a 

1-second video clip. 

In this study, two different designs of DOMES were adopted, and both had 

the same profile except for the pore size. Basically, the DOMES had a cuboid base 

(300 µm in length, 270 µm in width, and 2 µm in thickness) and a curved shell (265 



103 

 

µm in length, 230 µm in width, and 25 µm in height) with pores in its front wall. Note 

that the total area of the pores in two designs was kept the same. The first design 

had 9 square pores with length of 15 µm, and the second design had 5 square pores 

with length of 20 µm. 

DOMES with 20 µm square pore was printed above a through hole, and the 

corresponding SEM image taken by a SEM system (Hitachi S-3000N-VP-SEM, 

Japan) was shown in Figure 6.2 a. It illustrated that the adaptive slicing and hatching 

parameters used successfully led to a smooth surface with a curved tail. In addition, 

we also created a half DOMES, and its SEM image was shown in Figure 6.2 b. 

Despite the fact that protruding edges formed during hole preparation may apply 

undesired obstructions in TPP fabrication, the half microstructure remained intact 

without any deformation or undesired partition. 

To further validate the value of the through hole for maintaining acoustic 

performance, we created one DOMES with 20 µm pores above the hole, and another 

identical one on intact PET film. Afterwards, small droplets of DI water with 2.0 µm 

diameter fluorescent microparticles (Fluoro-Max dyed polystyrene microspheres, 

Thermo Fisher Scientific, Waltham, MA) were added to both films to visualize the 

corresponding pumping performance. It should be noted that both tests were 

carried out on free surface films without any top layer. Thereafter, they were 

attached to a ring-shaped piezo (APC International, Mackeyville, PA), which was 

actuated by a function generator (DG1022U; Rigol Technologies Inc., Beijing, China), 

associated with a voltage amplifier (Tegam 2350, Tegam Inc., Madison, OH). It is 

worth noting that by simplifying the air-liquid interfaces into a flat rectangular 
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shaped membrane and neglecting the influence of other membranes in the array, 

we can find the theoretical resonant frequency of the interfaces to be around 140 

kHz (Chindam et al. 2013). This frequency was used as a guideline for us to 

determine the frequency sweeping range in the experiment. 

Indeed, upon sweeping the frequency from 100 Hz to 150 kHz at 5 Vpp, we 

found that the DOMES exhibited strongest microstreaming at 32.6 kHz with the aid 

of a fluorescence illuminator (X-cite 120, Lumen Dynamics, Ontario, Canada), an 

inverted microscope system (Nikon Eclipse Ti–S, Nikon Instruments Inc.), and a 

high-speed camera (Phantom Miro M310, Vision Research Inc., USA). As a result, 

we used 32.6 kHz as the driving frequency hereafter. In addition, the air trapped in 

the microstructures on intact PET film disappeared in less than 1 minute, while the 

other one remained effective for more than 30 minutes (total experimental time).  

Furthermore, by comparing the acoustic performance of the DOMES printed 

above through holes (Figure 6.2 c, d), we also observed that larger pore led to 

stronger acoustic effect. This can be attributed to more energy dissipated along with 

increasing interface displacement (Gritsenko et al. 2018). It is worth mentioning that 

the phenomena were characterized at the height where DOMES were (the height of 

DOMES was much smaller compared to that of the entire liquid domain, i.e. the 

liquid droplet on the surface), as the microstreaming became weaker upon 

increasing the height of focal plane (away from the substrate). Notwithstanding, 

both DOMES indicated the pumping ability to generate rectified flows pointing from 

their tails to front walls. Moreover, two vortices were observed near the corners of 

DOMES on the pumping side. In addition, micropump based on multiple DOMES 
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was also demonstrated. Three identical DOMES were deployed in a line, and each 

of them had a through hole cut beneath in advance. After the piezoelectric 

transducer was activated, a strong microstreaming occurred near the vicinity of the 

microstructures. Hereby, a net flow (towards right in Figure 6.2 e) was generated, 

and the microparticles suspended in the liquid were pushed consecutively. 

6.3 Theory and simulations 

6.3.1 Theoretical background 

Besides the experimental results obtained above using free surface PET 

devices, computational studies pertinent to the proposed acoustofluidic micropump 

were also conducted to gain in-depth understanding of the physical mechanisms 

behind these phenomena. Generally speaking, acoustofluidic manipulation stems 

from two hydrodynamic properties that are commonly ignored in conventional 

cases, the non-linearity of the well-known Navier-Stokes equation and the 

compressibility of fluids (Bruus 2008). Moreover, to achieve such ability, two 

phenomena are of the utmost importance. The first one is the microstreaming, 

where an extra steady component of the velocity field in the bulk of liquids is 

induced by acoustic energy (Hashmi et al. 2013). The second phenomenon is the 

secondary radiation force (i.e., Bjerknes force), which accounts for the movement of 

suspended objects such as microparticles and cells together with Stokes drag force 

(Chen et al. 2016). 

To simulate and characterize the microstreaming induced by acoustic energy, 

two methods can be applied: simulation based on directly solving the nonlinear 
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Navier-Stokes equation, or based on the separation of time scales (Bruus 2008; 

Muller et al. 2012). The latter one solves the thermoacoustic equations first to first 

order, associated with the impact of thermoviscous boundary layer near walls. 

Afterwards, the results of first-order fields could be applied to solve the time-

averaged second-order equations, determining the final forces acting on the objects 

suspended (Muller et al. 2012). Specifically, thermoacoustic fields can be described 

using four scalar parameters (density 𝜌, pressure 𝑝, temperature 𝑇, and entropy 𝑠) 

and the velocity vector field 𝝊. Moreover, the changes of 𝜌 and 𝑠 can be determined 

by the following two equations, 

𝑑𝜌 = 𝛾𝜅𝜌𝑑𝑝 −  𝛼𝜌𝑑𝑇,                                                                                                                                      (6.1) 

𝑑𝑠 =
𝐶𝑝

𝑇
𝑑𝑇 −

𝛼

𝜌
𝑑𝑝,                                                                                                                                            (6.2) 

where 𝐶𝑝, 𝛾, 𝜅, and 𝛼 denote the specific heat capacity, the specific heat capacity 

ratio, the isentropic compressibility, and the isobaric thermal expansion coefficient, 

respectively. 

In addition, given the fact that solving the governing differential equations 

analytically is only achievable in several ideal scenarios, approximation methods 

such as perturbation theory are of the great value in conducting simulations. 

Hereby, we applied this theory. Accordingly, parameters 𝑇, 𝑝, 𝜌, and velocity 𝝊 can 

be represented as follows: 

𝑇 =  𝑇0 + 𝑇1 + 𝑇2,                                                                                                                (6.3) 

𝑝 =  𝑝0 + 𝑝1 + 𝑝2,                                                                                                            (6.4) 
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𝜌 =  𝜌0 + 𝜌1 + 𝜌2,                                                                                                                (6.5) 

𝝊 =  𝟎 + 𝝊1 + 𝝊2.                                                                                                                  (6.6) 

No-slip boundary conditions were applied to all the walls with constant 

temperature (𝑇 =  𝑇0), and velocity (𝝊 = 𝟎). Furthermore, a harmonic time-dependent 

velocity component should be added to the oscillating interfaces. In our case, 

𝒏 ∙ 𝝊1 = 𝜐0𝑒−𝑖𝜔𝑡                                                                                                                             (6.7) 

was applied to the air-liquid interfaces formed in DOMES. Note that 𝒏 is the normal 

vector pointing out of the interfaces, and 𝜐0, 𝜔, and 𝑡  represent the velocity 

amplitude, the angular frequency, and the time, respectively. 

To solve the first order acoustic field, here we used the Thermoviscous 

Acoustics, Frequency Domain interface in the Acoustic Module of COMSOL 

Multiphysics. It was also worth mentioning that the thermodynamic heat transfer 

equation, the kinematic continuity equation, and the Navier-Stokes equation now 

become (Muller et al. 2012):  

𝜕𝑡𝑇1 = 𝐷𝑡ℎ∇2𝑇1 +
𝛼𝑇0

𝜌0𝐶𝑝
𝜕𝑡𝑝1,                                                                                                       (6.8) 

𝜕𝑡𝑝1 =
1

𝛾𝜅
[𝛼𝜕𝑡𝑇1 − ∇ ∙ 𝝊1],                                                                                                     (6.9) 

𝜌0𝜕𝑡𝝊1 = −∇𝑝1 + 𝜇∇2𝝊1 + 𝛽𝜇∇(∇ ∙ 𝝊1),                                                                                        (6.10) 

where 𝐷𝑡ℎ, 𝜇, and 𝛽 represent the thermal diffusivity, the dynamic viscosity, and the 

viscosity ratio of fluids, respectively. Afterwards, the second order time averaged 

microstreaming can be solved using the Laminar Flow interface based on the first 

order results. Thereby, the continuity equation and Navier-Stokes equation have 
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been transformed to: 

𝜌0∇ ∙ 〈𝝊2〉 = −∇ ∙ 〈𝜌1𝝊1〉,                                                                                                          (6.11) 

𝜇∇2〈𝝊2〉 + 𝛽𝜇∇(∇ ∙ 𝝊2) − 〈∇𝑝2〉 = 〈𝜌1𝜕𝑡𝝊1〉 + 𝜌0〈(𝝊1 ∙ ∇)𝝊1〉.                                                   (6.12) 

As a result, the first, second order acoustic fields can be calculated, which were 

further applied for determining the forces acting on the objects suspended. The 

secondary radiation force 𝐹𝑟𝑎𝑑, and Stokes drag force 𝐹𝑑𝑟𝑎𝑔 can be calculated using 

the following equations (Karlsen and Bruus 2015; Muller et al. 2012; Settnes and 

Bruus 2012), 

𝐹𝑟𝑎𝑑 = −𝜋𝑅0
3 [

2𝜅0

3
𝑅𝑒[𝑓1

∗𝑝1
∗∇𝑝1] − 𝜌0𝑅𝑒[𝑓2

∗𝝊1
∗ ∙ ∇𝝊1]],                                                                    (6.13) 

𝐹𝑑𝑟𝑎𝑔 = 6𝜋𝜇𝑅0(〈𝝊2〉 − 𝒖),                                                                                                                     (6.14) 

where 𝑅0, 𝜅0, 𝑓1, 𝑓2, 𝒖, and the asterisk symbol represent the radius of the spherical 

particle suspended, the compressibility of the fluid, the two pre-factors, the velocity 

of the particle, and the complex conjugation, respectively. Here, we applied the 

Particle Tracing for Fluid Flow interface to simulate the trajectories of the 

microparticles. 

6.3.2 Simulation results 

To simplify the geometry and avoid the heavy workload of calculation using 

3D model, two-dimensional (2D) model (Figure 6.3 a) was adopted for the simulation 

of DOMES-based micropump. Basically, the microchannel and the DOMES were 

represented by a block with the length and width of 600 µm, and a square polygon 

(width of 220 µm) with several segments, respectively. It is worth noting that the 
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interfaces were marked in red with a length of 20 µm. The horizontal lines in the 

external block denoted the walls of the microchannel, and their mechanical 

conditions were set to be no-slip. Similarly, the walls on the DOMES except the 

interfaces were set to be no-slip. Thereafter, a harmonic time-dependent velocity 

component was added to the interfaces, associated with an amplitude of 50 nm, and 

a frequency of 32.6 kHz. It should also be noted that since the microchannel was far 

longer than 600 µm, periodic conditions should be applied to the vertical lines 

(orange) of the external block. Moreover, the liquid used in the fluid domain (area 

between the block and the DOMES) was set to be regular water, and the initial flow 

velocity was set to be 0.  

As shown in Figure 6.3 b, the microstreaming plot indicated that the result 

had a great agreement with the experimental results. That was, a net flow was 

generated by the DOMES. The water in the fluid domain first bypassed the DOMES, 

and then converged in the center, giving rise to a continuous flow. Similar to the 

experimental results, two vortices were generated near the corners of DOMES in the 

pumping side, where the flows and objects suspended can be trapped. 

Additionally, we also simulated the case, in which multiple DOMES were 

utilized to generate pumping effects (Figure 6.3 c). Specifically, three DOMES were 

adopted and deployed in a line, the gap between them was 350 µm, identical to that 

in the experiments. Here, the harmonic time-dependent velocity component was 

added to 15 interfaces and all the other walls were set to be no-slip. After the 

calculation, we found that multiple DOMES also had the capability to generate 

rectified flow along the microchannel, and vortices still existed near the corners. 
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Figure 6.3 The geometry and simulation results for DOMES-based micropump. a) 

The scheme illustrating the geometry and dimensions used in the simulation. W1, 

W2, and W3 denoted the widths of interfaces (red lines), walls between interfaces, 

and side walls, respectively. The horizontal lines (pink) represented the walls of the 

microchannel, while the vertical lines (orange) were set to periodic conditions; b) 

Velocity field illustrating the acoustofluidic pumping effect due to single DOMES 

(color legend was not shown); c) Velocity field illustrating acoustofluidic pumping 

effect due to multiple DOMES. The arrows in the microstreaming velocity plots 

indicated the flow directions, and the unit of the color legend was m/s. 
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However, it was worth mentioning that the flows in the regions between the 

DOMES had an opposite flow direction, which was contradictory to the experimental 

findings. This can be attributed to the fact that the fluids were capable of flowing 

above the DOMES in a 3D case, while in a 2D case, the flows were blocked by the 

front microstructure and had to turn back. Notwithstanding this limitation, the 

simulated results manifested that the DOMES was able to achieve pumping effects, 

and had shown the capabilities in assisting future designs. Furthermore, the Particle 

Tracing for Fluid Flow interface of COMSOL Multiphysics was applied for tracking 

the trajectories of the particles suspended in the fluid domain. The involving 

particles were set to be 2.0 µm diameter polystyrene beads, which had the same 

properties of the fluorescent particles used in the aforementioned experiments. 

6.4 Experimental results and discussion 

6.4.1 Pumping performance 

As aforementioned, stick-and-play method provides several advantages in 

those cases, where strong bonding is not required. Given that acoustic micropumps 

usually do not generate high pressure, PDMS cover with microchannel created by 

standard soft lithography was reversibly bonded to PET film manually. The PDMS 

cover contained a straight microchannel (length of 12mm and width of 600 µm) as 

well as two holes punched in advance using a biopsy punch (Ted Pella, Redding, 

CA), working as the inlet and outlet. Three DOMES with 20 µm pores and a center-

to-center distance of 350 µm were incorporated in the microchannel. The final as-

prepared lab-on-a-foil device was then attached to the ring-shaped piezo and 

activated at 32.6 kHz. 



112 

 

Note that these microstructures were deployed preferably close to the inlet 

in the center of the microchannel, by which DI water suspended with 2.0 µm 

diameter fluorescent microparticles could initially pass the microstructures via 

capillary action, forming the interfaces on the pores. Hereafter, micropump was 

activated to generate continuous flow inside the microchannel. However, after the 

flow reached the outlet, the micropump was deactivated to set the equilibrium state 

for the fluid. This step was inevitable since the pressure heads between the inlet and 

outlet could negatively affect the actual flow rate generated by DOMES. 

 

Figure 6.4 Plot of pumping flow rate versus voltage illustrating the fact that flow rate 

increased along with the increase of input voltage. 

After the equilibrium state was obtained, the micropump was activated 

again, and its initial performance was adopted for the quantification of the flow rates 

due to possible influence from different pressure heads between inlet and outlet 

after pumping for a while. Specifically, the average flow rate was calculated from 

the average velocities of the microparticles observed. Since our channel has a 
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rectangular cross-sectional shape with an aspect ratio of 1:6, the velocity profile will 

deviate from parabolic shape in the width direction mimicking a Hele-Shaw flow 

condition (Bruus 2008; Tabeling 2005). The average flow rate was estimated from 

the microparticle velocities observed in videos with the assumption of parabolic 

velocity profile along the height and plug-like flow along the width of the channel, 

which agreed with the profile introduced in Chapter 2. 

We also investigated the impact of input voltage on pumping performance 

(Figure 6.4). It was found that as the voltage increased, the flow rate generated by 

the micropump increased accordingly. When the input voltage was 1 Vpp, the flow 

rate was only 90 nL/min, yet it increased dramatically to 420 nL/min when the 

voltage was 4 Vpp. Despite having a relatively low flow rate when compared to other 

acoustic micropumps such as sharp edge based devices (Huang et al. 2013; Nama 

et al. 2014), the proposed micropump did not suffer from bubble instability and 

undesired bubble-trapping in the corners. Moreover, DOMES-based micropump 

possessed a high resolution in terms of flow rate control. That said, it was capable 

of tuning the flow rates in a fine range upon adjusting the input voltage carefully. 

6.4.2 Microparticle and single-cell trapping 

Similar to conventional microfluidic devices, to a large extent, single-cell 

traps based on encaging designs developed hitherto were generally fabricated using 

2D designs (Di Carlo et al. 2006; Wheeler et al. 2003). Although these traps were 

capable of trapping an individual cell, the involving cages were usually large. 

Therefore, only large cells (more than 10 µm in diameter) can be entrapped. 

Additionally, these devices were only able to trap cells in a fixed height due to the 
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limitations from 2D designs. Hence, spatial impacts from vertical axis were 

commonly ignored. 

Advantages of TPP such as high resolution and capabilities in 3D printing 

were exploited to create single-cell trapping microstructures, which were finally 

incorporated for creating self-pumped lab-on-a-foil single-cell trapping devices. 

Specifically, the single-cell trap used was a cylindrical open cage with tapering inlet 

and straight outlet (Figure 6.5 a), which were designed to trap cells and discharge 

fluids, respectively. The tapering inlet had a maximal diameter of 8 µm, a minimal 

diameter of 4 µm and a depth of 5 µm. Moreover, the straight outlet microchannel 

had a diameter of 4 µm. Herein, it was expected that single microparticle or cell with 

size around 5 µm could be trapped in the cage. To support the cage, another 

cylindrical microstructure was created underneath, by which the height of the region 

where the trapping carried out can be adjusted. 

Prior to the use of actual cells to validate the functionality of such trapping 

approach, 4.8 µm diameter fluorescent microparticles (Fluoro-Max dyed polystyrene 

microspheres, Thermo Fisher Scientific, Waltham, MA) were utilized for initial 

investigation. That was, stick-and-play microfluidic device identical to the one 

described above was used in this case, yet a 3 by 3 array of traps were also built and 

incorporated in the center of the microchannel after the DOMES region. After the 

fluid with microparticles was pumped through upon the activation of the 

micropump, we found that despite microparticle trapping happening in the 

microstructure, a number of microparticles were also attached to the base (Figure 

6.5 b). This can be attributed to the fact that a thin layer of unpolymerized photoresist 
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still remained on the exterior surfaces of the polymerized microstructure even after 

a thorough development (Lin and Xu 2018). As a result, the surface could be sticky 

and readily for microparticle attachment.  

Given this concern, a post polymerization using an UV lamp would be 

preferable. Herein, BlueWave® 200 Light-Curing Spot Lamp (Dymax Corporation, 

Torrington, CT) was used to conduct 5-minute polymerization on the final trapping 

microstructures. As shown in the Figure 6.5 c, the microstructure became less sticky, 

only a few microparticles were attached to the surface. Nevertheless, the result also 

demonstrated that the proposed microstructure was capable of trapping a single 

microparticle in the cage. 

 

Figure 6.5 Single-cell trap used in the self-pumped lab-on-a-foil device. a) A 3D 

model of the cell trap illustrating its working mechanism. The blue arrow indicates 

the flow direction; b) Microparticle trapping using the cell trap without post 
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polymerization. A number of microparticles were found to be attached to the 

microstructure; c) Microparticle trapping using the cell trap with post 

polymerization. Only a few microparticles were found to be attached to the 

microstructure; d) Single-cell trapping on the foil using yeasts as a test type. 

To test the feasibility of our single-cell trap using live cells, we used the 

budding yeast Saccharomyces cerevisiae. Yeast offers several advantages: size is 

amenable for the trap (~5 µm), and compared to the microparticles, it is less sticky 

which enable us to trap them inside the cage (Figure 6.5 d). Importantly, we did not 

find yeast attached to the base or other areas. Note that the budding event was also 

observed in this SEM image. 

Yeast are a powerful model system for basic eukaryotic biology due to its 

genetic tractability, ability to perform high-throughput experiments and the 

conservation of many signaling pathways to humans. Yeast has been used as a 

pioneer model system in aging research (Jo et al. 2015), cellular signaling pathways 

(Caraveo et al. 2014), and even to understand basic biology of highly complex 

neurological diseases (Auluck et al. 2010; Khurana and Lindquist 2010). Therefore, 

our microfluidics design can provide an important tool to facilitate high-throughput 

studies needed to circumvent major roadblocks in the field of aging, which can 

speed and enrich for large quantities of the replicative aged cells for RNA 

sequencing and other type of studies. 

6.5 Summary 

To sum up, we developed a novel stick-and-play acoustofluidic micropump 

on the foil based on the microstructures termed DOMES. Compared to regular 
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acoustic bubbles or sharp edge based micropumps, our devices did not suffer from 

problems such as bubble instability, gas dissolution and undesired bubble-trapping 

in the corners, which could affect or even cease the pumping performance. 

More specifically, the DOMES were created above the through holes precut 

in flexible PET films using TPP, and the pores designed on these microstructures 

were able to form air-liquid interfaces upon the arrival of fluids. As the pores were 

deployed asymmetrically, rectified flows can be generated after acoustic energy was 

activated. It was worth mentioning that larger pores were found to be able to 

generate stronger microstreaming, further leading to rapider flows. We also 

capitalized on multiple DOMES to create better pumping performance, and the 

results indicated a good agreement with simulation results.  

PDMS cover was utilized to form enclosed microchannels in a stick-and-play 

mode for characterizing the pumping performance. Herein, the final device could be 

disassembled and cleaned for reuse. A maximal flow rate of 420 nL/min was 

obtained using three DOMES at 4 Vpp. Although such performance was not 

competitive to those obtained using other methods such as sharp edges, it did not 

suffer from problems such as bubble instability. Moreover, conventional 

microfluidic devices were built on rigid substrates such as glass slides, hence they 

lacked the capabilities of bending in the future work. The objective of this work was 

to demonstrate the possibility of building a reliable micropump on the foils and 

avoid the drawbacks such as gas dissolution for long-term use. Finally, we 

incorporated the proposed micropump with 3D cell traps for creating a self-pumped 

single-cell trapping device. That was, a simple 3D encaging trap was created using 
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TPP, and the cumulative results indicated that it was capable of trapping single 

microparticle or yeast, as a test type. Compared to conventional single-cell cages 

with 2D designs, spatial control in the vertical axis could be considered in such 3D 

design, thus offering new possibilities in the future studies. 

Admittedly, a few shortcomings to this proof-of-concept device still existed. 

For instance, compared to LCAT-based micropumps, multiple pumping components 

cannot be created simply through soft lithography, yet they should be created one 

by one via TPP, leading to a relatively long fabrication time. Moreover, TPP 

technology is currently still not a widely accessible method, thereby the applicability 

of this method is temporarily limited. In the future work, non-planar piezoelectric 

transducers such as film or 3D printed piezoelectric transducers could be used to 

further exploit the flexibility of such proposed micropump. We believe with such 

feature, acoustofluidic micropumps could become a promising tool with 

tremendous advantages and make invaluable contributions to various applications.  
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Chapter 7 
 

Conclusions and Prospects 

 

7.1 Conclusions 

Additive manufacturing technologies have emerged as a powerful tool in the 

field of microfluidic engineering, owing to their powerful capabilities in fabrication 

of 3D microstructures for diverse functions. However, a majority of the applications 

in microfluidics only adopt these technologies to create simple microchannels for 

the transport of fluids rather than functional components, due to the limitation of 

resolution. On the other hand, components such as micromixers, micropumps, 

cellular traps and filters, often require sophisticated designs. To create these 

miniaturized components, microfabrication technologies such as photolithography 

and soft lithography have been widely used over the past decades. However, unlike 

2D extruded parts, arbitrary 3D microstructures are very difficult to build using these 

microfabrication technologies. Herein, two-photon polymerization, an additive 

manufacturing technique with extremely high resolution, has emerged and started 

to play a critical role for fabrication of microfluidic components. 

Given the fact that two-photon polymerization builds objects through a voxel-

by-voxel manner, the time of fabrication could be significantly long, therefore it is 

more suitable to create only the essential parts at regions of interest in a microfluidic 

device, instead of creating the whole device. In this dissertation, we contribute to 
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the use of two-photon polymerization in several applications of microfluidics: novel 

fabrication method for soft lithography, superhydrophobic foil with hierarchical 

structures, acoustofluidic micromixer and micropump, as well as the cell traps. 

Specifically, we have achieved several milestones as follows: 

1) High resolution master moulds for soft lithography 

A novel hybrid fabrication method based on photolithography and two-

photon polymerization was developed to create master moulds in soft lithography. 

More specifically, photolithography was applied to build the main structures, while 

two-photon polymerization was successively used to create high resolution 

microstructures in the regions of interest after careful alignment. As a result, this 

proposed method prevented the huge time expenses from printing the entire parts 

using two-photon polymerization, along with taking advantages of conventional 

photolithography. 

2) Superhydrophobic surfaces on glass slides and flexible foils 

Fractal Sierpinski tetrahedron and hierarchical pyramid microstructures were 

created on glass slides and flexible PET films using two-photon polymerization, 

aiming to create superhydrophobic surfaces. Despite only slight hydrophobicity 

being obtained due to intrinsic hydrophilicity of the photoresists, these printed 

microstructures imparted superhydrophobicity on the surfaces after the coating of 

HMDSO. In addition, when it comes to the superhydrophobicity on flexible PET 

films, the property retained even after tens of bending and relaxing cycles. Since 

different microstructures can be built at different regions, the proposed method 

could be applied for a controllable management of surface wetting. 
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3) Acoustofluidic micromixer on flexible foils 

Based on the experience of creating microstructures on flexible foils, we 

presented a novel acoustofluidic micromixer by means of embedding 3D printed 

microstructures in flexible devices made of off-the-shelf materials such as PET films 

and double-sided tapes. The mixing effect was generated from 3D printed 

microstructures termed DOMES, through which the acoustically oscillated air-liquid 

interfaces were connected to the ambient air, thus preventing the oscillation of these 

interfaces from dissolution and compression. It is found that the mixing effect 

became stronger if the pores on these microstructures were enlarged, yet larger 

pores may result in liquid leakage from the pores. Nevertheless, the mixing time 

was found to be 87.8 ms when the flow rate was set to 8 µl/min, indicating that such 

lab-on-a-foil acoustofluidic micromixer possessed a competitive performance even 

compared with other PDMS-based counterparts. 

4) Self-pumped lab-on-a-foil devices for single-cell trapping 

Extending the capabilities of the DOMES proposed above, we developed an 

acoustofluidic micropump on the foils. Since the pores on DOMES were deployed 

asymmetrically, net flows can be generated by acoustic microstreaming upon 

acoustic actuation. A maximal flow rate of 420 nL/min was obtained when the 

driving voltage was set to 4 Vpp. To further investigate the pumping abilities of the 

proposed micropump, it was utilized to drive flows in a single-cell trapping device. 

Here, the cell traps were also printed using two-photon polymerization, and it 

exhibited good performances in the capture of suspended objects such as the 

microparticles and yeasts. 
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7.2 Prospects 

This dissertation has focused on the development of various microfluidic 

devices using two-photon polymerization, an additive manufacturing technique 

working at micro and nanoscale. Despite the successful development and 

implementation of devices in several applications, the work has been not 

comprehensive enough. This is because the field is still at its beginning stage, and 

encompasses numerous uncovered matters and possibilities. Therefore, 

fundamental studies on topics such as photopolymerization, hydrophobicity, post 

treatments, acoustofluidics, and others, have to be done in the next stage to further 

improve the performance of two-photon polymerization in these applications and 

expand its capabilities in other fields. 

On the other hand, two-photon polymerization is still not a widely accessible 

technique, since it requires expensive fabrication systems and sophisticated 

operations. Meanwhile, the fabrication speed of this technique is still not fast 

enough to achieve mass production, thus significantly constraining its 

developments and progress of commercialization. Given these concerns, future 

works should empathize on further improvements in critical aspects such as the 

speed, cost of fabrication, and corresponding processes involving alignment and 

connections between microscale and macroscale components. 

Admittedly, the implementation of nanoscale additive manufacturing 

technique in microfluidics is still quite limited, but we truly believe the proposed 

devices and applications in this dissertation have manifested its capabilities in 

various fields, along with more applications expected in the near future. We are 
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confident that such approach will become a powerful tool not only in the field of 

microfluidics, but also inspire a variety of possibilities for our society and the world. 
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Appendix A 

 

Alignment of the printed structures to exposed patterns 

Since the sample was attached to the holder manually, the direction by which 

the structure should be printed was usually different to that from the coordinates of 

TPP system. Thereby, before printing the actual structures, the coordinates of the 

TPP system should be calibrated based on real samples. To put it simply, a small 

test spot was printed first, followed by dragging and dropping the cross hair 

(NanoWrite, Nanoscribe GmbH, Germany) to the identical printing position on the 

screen (Figure A.1 a). 

 

Figure A.1 a) A test spot printed to calibrate the coordinates of the TPP system. b) 

Image showed the top left corner of the gap. c) Image showed the bottom right 

corner of the gap. d) Move the origin of the TPP system to the center of gap. 
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Herein, the position where cross hair appeared on NanoWrite was set as the 

origin. Additionally, x and y axes of systematic coordinates were also adjusted 

based on the directions from the edges of rectangular edges. Next, the top left 

corner and bottom right corner of the gap were tracked as reference points (Figure 

A.1 b, c), followed by moving the cross hair to the center of gap using GWL script 

control. Thus, this position was set as the origin of printed structures (Figure A.1 d). 

PDMS casting in a Petri dish 

To avoid the breakage of glass slides during PDMS peeling, we have fixed 

them in a Petri dish with tape (Figure A.2). 

 

Figure A.2 Photo of fixing the as-fabricated master mould onto a bigger container 

using tape, avoiding the possibility of breaking the thin glass when peeling the 

PDMS off. 

  



127 

 

Appendix B 

 

Xurography performance 

Since the resolution of xurography is limited by the size of the cutting edge 

of the knife used in a cutting plotter, we investigated the smallest achievable 

microchannel using xurography. As shown in Figure B.1, a series of microchannels 

with designed widths of 200, 300, 400, 500, and 600 µm was created by the cutting 

plotter, while 100 µm width microchannel was failed due to drastic deformation. 

 

Figure B.1 Images of the microchannels with different widths ranging from 200-600 

µm created via xurography. The scale bar is 1 mm. 

Another issue for the xurography-based acoustofluidic devices is the bubbles 

trapped between layers during cutting and assembly. Conventionally, these bubbles 

are not harmful to the applications because they are confined in tween layers. 

However, we observed that after the acoustic energy was applied, the oscillation 

resulted in the escape of bubbles towards microchannels. As a result, these bubbles 

exerted additional microstreaming on the experiments, giving rise to random 

results. Therefore, we clamped the as-prepared devices between two pieces of glass 

slide, followed by baking overnight. After 2 hours, the majority of bubbles near 
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edges disappeared (Figure B.2), and two clear bubble-free bands can be obtained 

after baking overnight. 

 

Figure B.2 Bubble removal process for xurography-based acoustofluidic devices. 

Assembly and world-to-chip connection 

A homemade alignment tool that consists of a three-axis linear stage and a 

USB digital microscope was used for assembly (Figure B.3 a). Hereby, PET film was 

first attached to the platform. Afterwards, the as-prepared double sided tape was 

placed on the three-axis linear stage. After moving the stage up, they can be aligned 

and bonded under microscope. Finally, all the layers were bonded together (Figure 

B.3 b), and the final device was attached to a ring-shaped piezo. External tubings 

were also bonded directly onto the top sticky side (Figure B.3 c). 
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Figure B.3 Assembly and world-to-chip connection of the xurography-based 

devices. a) Schematic illustration of the homemade alignment tool used for 

assembly. b) Photo of the DOMES-based device. c) Experimental setup for the 

device. All the photos were taken using an iPhone 8. 
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Figure B.4 Experimental setup used to determine the watertightness of DOMES. 
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