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1! Introduction 
 
Medical diagnosis, a process of classifying an individual’s condition, as well as 
identifying the causes of a patient’s illness or discomfort, plays a very important role in 
the healthcare field. Based on an accurate medical diagnosis, doctors will be able to 
make right decision towards treatment, and thus increase the chances of curing or 
preventing the diseases.  
 
Usually, a medical diagnosis is based on the information from many different sources 
such as the patient’s medical history, physical examination findings, interview contents, 
and diagnostic test results. Among all of the sources, the results from a diagnostic test 
can provide the crucial prognostic information about the established disease that people 
might have [1]. In order to improve the medical diagnosis level to a large extent, 
diagnostic test is definitely a domain worth intensive studies and researches. 
 
Nowadays, many different types of diagnostic tests can be conducted thanks to the 
development of new medical technologies and tools. One of the diagnostic test types 
called “point-of-care diagnostics” has been shown up and becomes a trend. Point-of-
care diagnostics is an immediate, portable and in vitro diagnostic test which can be 
performed to get the results without the use of laboratory staff and facilities [5]. It is 
not hard to image the benefits that this kind of diagnostic test can bring. However, there 
are some problems and limitations of the current available materials and devices used 
for the point-of-care diagnostics.  
 
In a point-of-care test for the clinical diagnostics, the micro-device such as lab-on-chip 
device is often used. The device usually integrates one or several different functional 
structures like micro-channels, micro-arrays, micro-valves and micro-pumps [10, 11]. 
Since 1980s, a typical device used for point-of-care called “lateral flow immunoassay 
(LFIA)” has been widely accepted [12]. A typical lateral flow immunoassay test trip 
consists of several zones: sample pad, conjugate pad, reaction matrix which usually 
contains the test line and the control line, as well as absorbent pad [12, 13]. A very 
widely used LFIA application is the human pregnancy test.  
 
In LFIA, nitrocellulose papers have been used traditionally and applied widely because 
of some benefits. They have good capillary flow characteristics, high protein-binding 
capacity and low cost [12]. However, due to the uncontrolled random microscopic 
structure, two problems that limit the sensitivity of measurement arise: non-
transparency and flow irreproducibility [14].  
 
To solve the problems, an alternative application to the nitrocellulose papers to be used 
in LFIA called “pillar forest” have been introduced these days [24]. Pillar forest simply 
means the repetitive vertical pillars in vicinity. Conventionally, they are fabricated of 
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silicon and polymer materials like cyclo olefin polymer (COP) and PMMA [29, 30, 31]. 
Even though, some different problems still remain by using the different materials in 
LFIA. For instance, the silicon is not transparent, the COP absorbs the antibodies, the 
PMMA has complicated surface modification, and they all have limited aspect ratio 
[32]. Thus, for improving the LFIA devices and yielding higher sensitivity, a new 
material called “synthetic microfluidic paper” which can solve these problems is 
developed. 
 
Synthetic microfluidic paper is a new porous material with well-defined micro 
geometries and surface chemistry, developed at KTH specifically for medical 
diagnostic applications. The material consists of the slanted and interlocked pillars 
formed by multidirectional lithography. The synthetic paper is made in “OSTEMER 
220 Litho” (Mercene Labs, Sweden), which is an excellent photolithographic and 
transparent material. 
 
Since the synthetic microfluidic paper has shown very promising performance in initial 
tests, which is much better than today's cellulose-based materials that currently limit 
the diagnostic performance. Mercene Labs intends to scale up production to a size-
format that allows performance testing together with two international diagnostic 
companies.  
 
That is to say, first of all, based on the old manufacturing process, the way of making a 
relatively large size of the synthetic microfluidic paper should be created. Second, in 
order to make the good-looking paper sample, some parts of the old manufacturing 
process should be improved. Third, from the industry’s point of view, the flow rate of 
the synthetic microfluidic paper is too fast to be used as a LFIA device at present. Thus 
a much slower flow rate is wanted for a desired longer filling time. Ideally, the filling 
time for the 4cm paper strip should be 100~150s.  
 
Towards the requirements from the industry and the idea to turn the synthetic 
microfluidic paper into a LFIA device, a number of experiments and tests have been 
conducted to achieve the goals. On the one hand, by repeating the paper manufacturing 
process and the flow speed measuring process, the new solutions and methods which 
will improve the outcomes and raise the efficiency can be put forward reasonably. On 
the other hand, by testing different geometrics, surface treatment solvents and methods, 
the desired filling time for the synthetic microfluidic paper can be achieved. 
 
In this thesis report, manufacturing process of the synthetic microfluidic paper and 
some different hydrophilic surface treatment methods will be described first. The 
following will be a demonstration of several measurement methods which shows how 
to measure the flow speed. Then, the results of experiments and tests related to the flow 
speed will be shown and analyzed. After that, a discussion and a conclusion will be 
present based on the obtained results. Finally, some suggestions on the future work will 
be given. 
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2 Manufacturing Materials and Techniques 
 

In this chapter, the techniques and methods involved in the manufacturing process of 
synthetic microfluidic paper will be introduced. In section 2.1, the process of 
manufacturing the synthetic microfluidic paper will be illustrated. In this section, the 
base preparation process, the multi-directional UV-lithography by using the masks and 
the setup, as well as the developing and rising processes will all be present. In 
section2.2, a few hydrophilic surface treatment methods for the synthetic microfluidic 
paper will be demonstrated. 
 

 
2.1 Manufacturing of the synthetic microfluidic paper  
 
By using the OSTE product “OSTEMER 220 Litho” (Mercene Labs, Sweden), the 
synthetic microfluidic paper can be manufactured according the several steps which are 
shown in Figure 2.1 as well as the follows: 
 
 
•! Base preparation: Making a base layer of OSTEMER 220 to function as a 

supporting substrate for the upper interlocked pillar structures. The base is 
produced by using the slides of glass and a special film, and is cured under the 
UV-light. A detailed description of how to make the base will be given in section 
2.1.1.  

 
•! Multi-directional UV-lithography: Making a second layer of OSTEMER 220 on 

the base layer. Using the setup which consists of a big mirror, a black cover and a 
rotating table to provide the multidirectional illumination for the second layer. 
When exposed to the UV-light through the setup and a photo-mask, the 
OSTEMER 220 polymerizes into an array of slanted and interlocked pillars. A 
detailed manufacturing process will be shown in section 2.1.2. 
 

•! Development: Developing the interlocked pillar structure by dissolving the 
uncured OSTEMER 220 residues in a solvent. Using the ultrasonicator (US) to 
adequately develop the structure. This step will be detailed in section 2.1.3. 

 
•! Rinsing: Using Acetone to rinse the remaining oligomers and the uncured residues 

after the development. This step will also be detailed in section 2.1.3. 
 
•! Drying: Making sure that the pillars are dried by keeping the OSTEMER 220 

layer steady on a flat surface after the rising.  
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•! Evaluating: Using microscope to inspect and evaluate the pillars. Ensuring that 
the pillars are in good status before conducting the hydrophilic surface treatment. 
This step is also necessary to conduct again after performing the surface treatment, 
ensuring that the treated synthetic microfluidic paper is in good status before 
conducting the speed test. A detailed introduction of the evaluating process will 
be shown in section 3.2. 

 
 

 
 
Figure 2.1 Manufacturing process of the synthetic microfluidic paper (without the 
surface treatment) 
 
 
 
2.1.1 Base preparation  
 
Making a flat and uniform base layer is very important to the success of the following 
manufacturing steps. The materials and tools needed for making the base are: 
OSTEMER 220, water, two glass slides, plastic film (Office Depot, USA), tissue, 
tweezers, a pipette which can control the volume, and a UV short-arc mercury lamp 
(Advanced Radiation Corp., USA).  
 
1)! To begin with, coating one glass slide to make it hydrophobic helps improving the 

efficiency and the success rate of making the base. Dropping a layer of silane-mix 
(silane:ethanol)=(5:95) (Dynasylan F8263 from Evonik, Germany) (ethanol 99.5% 
from Solveco, Sweden) on the glass slide, spin-coating it at 1000 rpm for 30 second. 
And then putting the glass in the 105 °C oven for one hour. 
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2)! Second, cutting a plastic film into the same size as the glass slide, making sure that 

both the film and the glass slides are clean enough by using tissue with some 
isopropanol (IPA) (BASF, Germany) to wipe them carefully. Dropping a few drops 
of water on an uncoated glass, sticking the plastic film to the glass. Making sure 
that there is no air bubble between the film and the glass.  

 
3)! Third, cutting a plastic film into a plenty of small rectangles which will be used as 

spacer to determine the height of the base layer. The height of the base is 200 µm, 
and the thickness of the film is 100 µm. Thus sticking 2 pieces of spacer on the edge 
of each side of the film with water. Removing the extra water to keep the spaces 
stable on the film. 

 
4)! Fourth, using a pipette to absorb the OSTEMER 220 and dropping them on the film. 

Calculating the amount of OSTEMER 220 and using a relative less amount before 
absorbing. For instance, the width and length of the glass are both 10 cm, the added 
height of the two spacers is 200 µm. The amount of OSTEMER 220 should be less 
than 2000 cubic millimeters to prevent the overflow. Usually, 950 cubic millimeters 
OSTEMER 220 is absorbed and dropped for twice by using a pipette (maximum is 
1000 cubic millimeters). When dropping the OSTEMER 220 polymers, making 
them into the shape of a cross can improve the uniform distribution of OSTEMER 
220 in the next step (See Figure 2.1.1b). 

 
5)! Fifth, slowly putting down the other glass slide on the top of the OSTEMER 220 

with tweezers. The coated side should be placed downside (contacted with 
OSTEMER 220). This step should be performed as slowly as possible to make sure 
that there is almost no bubble between the OSTEMER 220 and the glass. 

 
6)! Finally, putting the whole stuff (See Figure 2.1.1a) into a collimated near-UV short-

arc mercury lamp (Advanced Radiation Corp., USA). Curing the 200 µm base for 
60 seconds at approximatively 4.8 mW /cm2. (The total curing dose is constant, thus 
when the intensity is around 8 mW /cm2, the curing time is 36 seconds) After the 
illumination, removing the bottom glass, and then splitting the film together with 
OSTEMER 220 layer from the coated glass quickly. Removing the spacers 
carefully. Till now, the OSTEMER 220 base on a plastic film is obtained. 
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(a)                                  (b) 

       
 
Figure 2.1.1 (a) Base preparation stuff from the side view. (b) Base preparation stuff 
from the top view before putting the coated glass slide 
 
 
 
2.1.2 Multi-directional UV-lithography 
 
In this section, the setups and the photo-masks used to provide the multi-directional 
UV-lithography will be described in sequence in the first part and the second part. In 
the third part, the steps of manufacturing the second OSTEMER 220 layer which 
consists slanted and interlocked pillars will be introduced. 
 
2.1.2.1 The Setups  
 
To obtain an array of slanted and interlocked pillars in the second OSTEMER 220 layer, 
another two tools are needed besides a collimated near-UV short-arc mercury lamp. 
First, a setup which can provide the multi-directional UV light. Second, a shadow mask 
which can provide the geometric structures of the pillars. 
 
In this report, two setups are used for two different sizes of the synthetic microfluidic 
paper. For the smaller size paper, a setup contains four mirrors, a black base and a roof 
is used (See Figure 2.1.2.1 a). For the bigger size paper, a setup contains a big mirror, 
a black cover and a rotating table is used (See Figure 2.1.2.1 b). Both the setups have 
the same mechanism, which is illustrated in Figure 2.1.2.1 c. The angle of the mirrors 
in the setups are all 60 °C, which provides the second layer illumination at 30 °C with 
respect to the horizontal surface. By using the black roof or cover over the second layer, 
the direct illumination can be prevented. Usually, the first setup is only used to 
manufacture the small size paper when a test of the illumination time is necessary, since 
the smaller size paper is easier to manufacture and takes less time. While the later setup 
is used to manufacture the big size paper, which is the primary one used. 
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(a)                                   

     
 
(b)                                  

       
 
(c)                              

 
 
Figure 2.1.2.1 (a) Photo and schematic image of the setup used for the small size paper. 
(b) Photo and schematic image of the setup used for the big size paper. (c)�Mechanism 
of both the setups for providing multi-directional UV light at one mirror. 
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2.1.2.2 The Photo-masks 
 
Besides the setups, three pieces of photo-masks with different parameters are used for 
the different objectives in the manufacturing process. The size of the three photo-masks 
are all the same, but the patterns on them are different. The photo-masks are made from 
soda lime glass and they were purchased from JD photo (UK). The parameters of the 
three photo-masks are shown in the Table 2.1.2.2. 
 
Table 2.1.2.2 Parameters of the Photo-masks.  

Photo-masks Size (mm*mm) Diameter (µm) Gap (µm) 

50-50 µm 100*100 50 50  

30-15 µm 100*100 30 15  

9 different geometrics 
on one mask 

The size of the 
whole photomask is 
also 100*100.  

There are 9 slides 
with the same size 
(10*100) on it, each 
slide has different 
geometrics and have 
the same space 
distance to each 
other 

50 50 

50 25 

50 20 

50 15 

30 60 

30 30 

30 20 

30 15 

30 10 

 
The diameter and the gap present in the table above are also the two main parameters 
of the synthetic microfluidic paper (See Figure 2.1.2.2 a and b). The UV-light comes 
through the photo-mask first and then arrives at the second OSTEMER 220 layer. By 
designing the parameters of the photo-mask, the diameter and the gap of the synthetic 
microfluidic paper can be controlled. 
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(a)                                    (b) 

     
                                    
Figure 2.1.2.2 (a) Schematic image of the pillars forest with geometric parameters. D 
means diameter of the pillars; G means gap between the pillars; H means height of the 
pillars. (b) Schematic image of the photo-mask with geometric parameters. D means 
diameter of the holes; G means gap between the holes. 
 
 
 
2.1.2.3 The Process of Manufacturing Second OSTEMER 220 layer 
 
The materials and tools needed for making the second OSTEMER 220 layer are: 
OSTEMER 220, water, one glass slides, tissue, tweezers, a pipette which can control 
the volume, a UV short-arc mercury lamp (Advanced Radiation Corp., USA), the 
OSTEMER 220 base on a plastic film obtained before. the setup and the photo-mask 
described in the former part. 
 
1)! First, coating the photo-mask to make it hydrophobic. This step is totally the same 

as the step 1) in the section 2.1.1. Notice that the side of the photo-mask which has 
the patterns should be coated. 

 
2)! Second, dropping a few drops of water on a glass, sticking the OSTEMER 220 base 

on a plastic film to the glass. Making sure that there is no air bubble between the 
film and the glass.  

 
3)! Third, sticking a piece of spacer (made of the plastic film) on the edge of each side 

of the OSTEMER 220 base. The thickness of the spacer is 100 µm, thus the height 
of the second OSTEMER 220 layer is also 100 µm. Since the OSTEMER 220 base 
is sticky, the spacer can be stuck to the OSTEMER 220 base without water.  
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4)! Fourth, using a pipette to absorb around 900 cubic millimeters OSTEMER 220 and 

dropping them on the OSTEMER 220 base. Making them into the shape of a cross. 
(See Figure 2.1.2.3 b). 

 
5)! Fifth, slowly putting down the photo-mask on the top of the OSTEMER 220 

polymers with tweezers. The coated side should be placed downside (contacted with 
OSTEMER 220). This step should be performed as slowly as possible to make sure 
that there is almost no bubble between the OSTEMER 220 and the photo-mask. 

 
6)! Sixth, putting the whole stuff (See Figure 2.1.2.3 a) on the center of the setup 

introduced in Figure 2.1.2.1 b. Then putting the setup into the UV lamp. Adjusting 
the position of the setup to make sure that the OSTEMER 220 layer can receive 
most of the light. Curing the 100 µm base for 16 seconds at approximatively 4.8 
mW /cm2. When the intensity is around 8 mW /cm2, 11 seconds curing time is the 
best. The illumination process should be conducted four times in total, each time 
for one side by using the rotating table of the setup.  

 
7)! Finally, taking out the setup and removing the bottom glass. Holding the film and 

splitting it from photo-mask carefully. Removing the spacers. Till now, a device 
which consists of three layers: OSTEMER 220 pillars, OSTEMER 220 base and 
plastic film is obtained. 

 
 
(a)! (b) 

 

    
 
Figure 2.1.2.3 (a) Second OSTEMER 220 layer preparation stuff from the side view. 
(b) Second OSTEMER 220 layer preparation stuff from the top view before putting the 
photo-mask. 
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2.1.3 Developing and Rinsing 
 
After the multi-directional UV-lithography, putting the device which consists of three 
layers in an empty and clean container. Pouring sufficient acetone (Sigma-Aldrich or 
Merck Millipore, USA), which is used as developer here, into the container. Making 
sure that the device is totally soaked in the acetone liquid. Putting the whole container 
in an ultrasonicator and taking ultrasonication for 5 minutes. Developing means that by 
filling developer into the interspace of pillars, the uncured OSTEMER 220 are 
dissolved and removed, thus the structure of pillars forest is formed. 
 
After the ultrasonication, using a tweezers to take out the device from the container 
carefully. Then using acetone again to rinse it for around 30 seconds. This step can 
remove the dissolved uncured OSTEMER 220 and extra oligomers residues, as well as 
slow down the speed of pillars drying, which increase the quality of the structure and 
reduces the possibility of pillar collapse. 
 
 
(a)!                                      (b) 
 

          
 
Figure 2.1.3 (a) Schematic image of the development process. Using acetone and 
ultrasonicator to dissolve the uncured OSTEMER 220. (b) Schematic image of the 
rinsing process. Using acetone to remove the oligomers�residues and reduce the drying 
speed. 
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2.2 Hydrophilic Surface Treatments  
 
Following all the manufacturing steps above, synthetic paper can be obtained. However, 
it is hydrophobic and can not absorb liquid. In order to make it being usable, hydrophilic 
surface treatments need to be applied. In this report, a few of hydrophilic surface 
treatment methods for the synthetic microfluidic paper will be introduced. In subsection 
2.2.1, surface treatment with two different solvents and UV illumination will be 
described. In subsection 2.2.2, surface treatment with a solvent mixed by some special 
chemicals and a controlled drying process will be present.  
 
 
2.2.1 HEMA and 9050 
 
The process of surface treatment with HEMA and 9050 is totally the same. So here 
taking HEMA as an example to present the whole surface treatment process.  
 
1)! First, mixing 5 wt% HEMA (Sigma-Aldrich,USA), 0.05 wt% Irgacure 184 and 0.1 

wt% Benzophenone in Isopropanol.  
 

2)! Second, taking a big glass slide. Dropping a few drops of water on a big glass, 
sticking the synthetic paper to the glass (The film side is attached to the glass). 
Making sure that there is no air bubble between the film and the glass.  

 
3)! Third, taking six small glass slides whose thickness is 150 µm. Sticking three small 

glass slides together with water (the added thickness is thus 450 µm) for twice, and 
then putting them on the edge of both left and right sides of the film (See Figure 
2.2.1 b). 

 
4)! Fourth, taking another big glass slide. Putting it on the top of the synthetic paper. 

Since the thickness of OSTEMER 220 base is 200 µm, the OSTEMER 220 pillars 
is 100 µm. The spacing between the big glass and the synthetic paper will be (450 
– 200 – 100) µm = 150 µm, which will be the thickness of the surface treatment 
layer. Using a pipette to absorb the solvent mixed in the first step and adding the 
solvent into the space slowly (See Figure 2.2.1 a). 

 
5)! Last, putting the whole stuff into the UV lamp and illuminating for 4 minutes. After 

illumination, removing all the glasses and taking out the synthetic paper. When it is 
dried, the surface treatment is done. 
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(a)!                                (b) 
 

    
 
Figure 2.2.1 (a) HEMA surface treatment preparation from the side view. The HEMA 
solvent will be added into the space between the upper glass slide and the OSTEMER 
220 pillars. (b) HEMA surface treatment preparation stuff from the top view before 
putting the top glass slide. 
 
 
 
2.2.2 BSA with Tween-20   
 
Unlike HEMA and 9050, surface treatment by BSA with Tween-20 doesn’t need the 
illumination process. Instead, a time and temperature controlled drying process is very 
crucial here. In this report, different concentrations of Tween-20 are used and different 
drying time are tried. However, the process of doing surface treatment by BSA with 
Tween-20 is similar (See Figure 2.2.2). Here, taking 0.01 wt% Tween-20, 1 wt% BSA, 
10 wt% Isopropanol in PBS as an example of the surface treatment solvent, taking 40 °C 
oven and 1 hour drying as an example of the drying setting, to show the process of 
performing the surface treatment by BSA with Tween-20.  
 
1)! First, mixing 1 wt% BSA and 10 wt% IPA in PBS. Usually, a bottle of 200 ml 

solvent is obtained by adding 2 g BSA, 20 ml ISA and around 180 ml PBS.  
 

2)! Second, mixing 5 wt% Tween-20 in PBS in a separate small bottle. Since the 
concentration of Tween-20 needed is very low, making a separate bottle of 5 wt% 
Tween-20 in PBS helps to control the volume added each time. 

 
3)! Third, taking 20 ml solvent mixed in the step 1 and adding 0.04 ml 5 wt% Tween-

20. Mixing them well on a blender. Pouring the mixed liquid into a small plastic 
dish. Now the surface treatment solvent is prepared well. 

 
4)! Fourth, cutting the synthetic paper into 5cm * 3cm size, which suits the size of the 
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small plastic dish, and is good for the next speed measuring steps. Making sure to 
use the available big synthetic paper as much as possible when cutting. Sometimes 
cutting into a smaller size is also good but 5 cm length should be ensured.  

 
5)! Fifth, putting the 5cm * 3cm size synthetic paper into the plastic dish. Soaking the 

synthetic paper into the mixed liquid. Slowly shaking the plastic dish to improve 
the interfusion for 3 minutes. Taking out the synthetic paper and carefully letting 
the extra liquid flow away. Putting it on a tissue in another empty plastic dish. 

 
6)! Finally, setting the oven to 40 °C and keeping the plastic dish with synthetic paper 

in the oven for 1 hour. Now, the hydrophilic surface treatment is done and the 
synthetic paper can be used to test the flow speed.  

 
 

 
 
 
Figure 2.2.2 Surface treatment process of the synthetic microfluidic paper by using BSA 
with Tween. 
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3 Measurement Methods 
In this chapter, a number of methods related to the different measurements will be 
illustrated. First, an introduction to the contact angle measurement and the related tools 
will be given. Then, the paper evaluation process will be present. Next, the preparation 
of sample stripes which will be used in the speed measurement test will be introduced 
briefly. Last, the video shooting setup will be illustrated. 

 
3.1 Contact Angle Measuring 
 
According to the Washburn’s equation explained in the appendix, the flow speed is 
related to the surface tension. By detecting the contact angle of different surfaces which 
has been treated by different solvents, the relationship between the surface tension and 
the concentration of Tween-20 in mixed liquid can be revealed. This can help us to 
understand the effectiveness of adjusting the concentration of Tween-20 and to design 
the experiments in a better way.  
 
Before measuring, a few of testing samples should be prepared. For contact angle 
measuring, the OSTEMER 220 base is treated directly to be used as the testing sample. 
First, manufacturing some OSTEMER 220 base layers as described in Section 2.2.1. 
And then cutting the base into suitable size. Last, treating the OSTEMER 220 base with 
different concentrations of Tween-20 mixed solvents as described in Section 2.3.2. 
 
 
 
(a)                                  (b) 

    
 

Figure 3.1 (a) Image of the contact angle meter. (b) Schematic image of testing sample. 
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Using the contact angle meter (See Figure 3.1 a) and the matched software system to 
measure the contact angle. For each testing sample, trying to take the testing point on a 
uniform surface and evenly distributed (See Figure 3.1 b). 
 
When measuring, controlling the size (the diameter) of the dropping water, keeping it 
same for each time. Using the software to get enough data of the contact angle during 
the measurement. The experiment and the related data analysis that uses the contact 
angle measuring will be shown in the section 4.1 in the latter chapter. 
 
 
 
3.2 Paper Evaluation 
 
During the whole manufacturing process and before the speed measuring process, paper 
evaluation is a crucial step that can not be ignored. It is because that the quality of the 
paper will influence the flow speed to a large extent. Commonly, the synthetic paper 
should be evaluated under the microscope twice. One should be conducted after the 
developing, rinsing and drying process, the other should be conducted after the surface 
treatment process. 
 
On the premise of no collapsed pillars, during paper evaluation process under the 
microscope, we found that there are three common statuses of the paper which will be 
illustrated in the following sections from section 3.2.1 to section 3.2.3. 
 
 
3.2.1 Obstruction 
 
Obstruction is a very common situation happened in the synthetic paper manufacturing 
(See Figure 3.2.1). It can slow down the flow speed or even stop the flow at some point. 
Thus trying to eliminate the obstruction as much as possible is a goal during the 
manufacturing process. Rinsing with acetone and cleaning the mask both help to reduce 
this kind of situation. 
                                

�

Figure 3.2.1 Microscope images of the synthetic paper where obstruction occurs. 
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3.2.2 Over-curing 
 
Another common situation happened in the synthetic paper manufacturing is over-
curing (See Figure 3.2.2). It could be caused by the overdose UV light and uneven 
illumination. Similar to obstruction, it can also slow down the flow speed and make the 
flow unsmooth. By adjusting the curing time and the position of the mirror in the setup, 
this situation can be reduced. 
�

� �  
 
Figure 3.2.2 Microscope images of the synthetic paper where over-curing occurs. The 
relative darker areas are over-cured.  
 
 
 
3.2.3 Good samples 
 
Unlike the above two situations, a good sample looks like the imaged shown in Figure 
3.2.3. An even surface with complete structure is the goal to achieve in manufacturing. 
 

    
 
Figure 3.2.3 Microscope images of the good synthetic paper samples under different 
magnification. The geometrics fit nicely with the dimensions of the mask. 
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3.2.4 Comparing 
 
However, a more common situation is that there are some good quality parts and some 
bad parts in a synthetic paper (See Figure 3.2.4). Before measuring, removing the areas 
where the structures are bad when cutting the big paper into smaller size. This practice 
helps improve the accuracy of the results in speed testing, while at the same time makes 
the most of the synthetic paper. 
 

 
Figure 3.2.4 Microscope images of the synthetic paper samples, which have the good 
parts as well as the bad. 
 
 
 
 
3.3 Flow speed testing 
 
After the hydrophilic surface treatment of the synthetic paper and the evaluation process, 
the flow speed testing can be conducted. In this section, the sample stripes preparation 
process will be present first. An introduction of the setup used for video shooting and 
of how to measure the filling time will be followed 
 
 
3.3.1 Sample stripes preparation 
 
When the surface treatment process and the evaluation are done, a 5cm * 3cm size good 
synthetic paper can be obtained. First, using scissors to cut the paper into six sample 
stripes, each stripe is 5 cm length and 0.5 cm width. Second, using a color pen and a 
ruler to mark a line at the 4.4 cm length place. Third, taking a card board with dark 
color and sticking two slides of double side tap on it. Last, sticking the paper stripes on 
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the board, leaving 0.4 cm length outside the edge of the board. This practice helps the 
water absorption in the later flow speed tests. 
 
In the sample stripes preparation process, two things need to be checked. First, making 
sure that the marking line can be seen clearly. Second, making sure that the paper 
striped are stuck to the board steady. Otherwise, during the water flow speed, the paper 
strips might fall down and the filling time data can not be collected. 
 
 

 
 
Figure 3.3.1. Sample paper stripes preparation process.  
 
 
 
3.3.2 Video Shooting Setup 
 
When the sample paper strips on a board are obtained, the speed tests can be conducted 
with the video shooting setup. There are two ways to measure the flow speed: 
horizontally and vertically. They are shown separately in the Figure 3.3.2 a and Figure 
3.3.2 b. 
 
As can be seen in the figures, the setups and the process are quite simple. Here taking 
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the vertically measurement as an example. 
 
1)! First, taking a big plastic dish and fill it up with water. Taking a big metallic clip to 

make the board being stable on the table without holding. 
 

2)! Second, taking a camera to make it stable on the suitable distance from the plastic 
dish. Placing a metallic tap on the center above the dish, where the paper strips 
would present later. Focusing the camera on the metallic tap.  

 
3)! Third, moving away the metallic tap to the side, starting shooting the video. Slowing 

putting down the board, and stating a timer at the same time when it reaches the 
water. Counting the time for reaching the marked line.  

 
 
(a)                                   
 

    
 
(b)                                   

    
 
Figure 3.3.2 (a) Images of the vertically measurement. (b) Images of the horizontally 
measurement. The measurements were performed at ambient room.  
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4! Experiment Results  
 
In this Chapter, the results of several designed experiments will be present with figures 
and data analysis. There will be two sections in the chapter. In the first section, the 
contact angle result of different surfaces which are treated by different concentration 
of Tween-20 in mixed liquid will be present. In the second section, speed data of 
synthetic microfluidic paper in different kinds of experiments will be analyzed.  
 

 
4.1 Contact Angle of Different Surfaces 
 
Experiment 4.1 Settings: 

"! Using OSTEMER 220 base without any geometric structure. 

"! Six different concentration of Tween-20: 0%, 0.01%, 0.015%, 0.02%, 0.025%, 
0.05% (1% BSA, 10% IPA, in PBS). 

"! Surface treating for 3 minutes and dying in the 40 °C oven for 1 hour. 

"! Each concentration has 3 paper samples, and each sample has 5 testing points. 

"! The software of the contact angle meter records the data automatically. 

 

For each concentration, calculating the average value of each testing point through 
excel. A curve figure in the following can be obtained. 

 

 
Figure 4.1 Contact Angle curves at different Tween-20 concentration. 
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From the figure, we can see:  
 
•! The surface which treated with higher concentration of Tween-20 has smaller 

contact angle during the first 5 seconds.  

•! With higher concentration of Tween-20, the surface is more hydrophilic. This 
means the flow speed will be faster when treated with higher concentration of 
Tween-20 solvents.  

•! The curves of 0.01% and 0.015% Tween-20 are almost overlapped, the 0.025% 
and 0.05% curves are also almost overlapped. This is because the concentration of 
Tween-20 is super low, which also reveals that a very small change in the 
concentration of Tween-20 can cause big influence on the surface properties. 

 

 
4.2 Speed Data of Synthetic Microfluidic Paper  
 

In this section, four different types of experiments with different motivation will be 
elaborated. In section 4.2.1, two surface treatment solvents are used to make a compare 
to each other. In section 4.2.2, a photo-mask with nine geometrics is used to 
manufacture the paper, in order to see which structures are the easiest ones to 
manufacture. In section 4.2.3, different concentration of Tween-20 in mixed liquid are 
tried together with different dying methods, in order to get the desired time for filling 4 
cm length paper stripe. In section 4.2.4, a compare between the horizontal and vertical 
measuring will be present. 
 
However, all of the experiments are focusing on collecting the speed data of synthetic 
microfluidic paper. More specifically, they are all focusing on collecting the time for 
the water to filling 4 cm length paper stripe. 
 

4.2.1 Different Surface Treatment Solvents �HEMA vs 9050 

 
Experiment 4.2.1 Settings:  

"! Paper structures: 50-50-100µm 

"! Two surface treatment solvents: 5% HEMA or 5% 9050 (0.05% Irgacure 184, 0.1% 
BP, in Isopropanol).  

"! UV curing 600 seconds and then in Isopropanol 4 minutes 
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The results are shown in the Figure 4.2.1: 
 

!
Figure 4.2.1. Compare of time for reaching 4 cm between 5% HEMA and 5% 9050. 
!
!
From the figure, we can come up with the result: 
 
•! Compared with 5% HEMA, using 5% 9050 solvents to do the surface treatment 

can have slower flow speed. 
!
!
4.2.2 Different Paper Geometrics   
Experiment 4.2.2 Settings:  

"! Nine geometrics: 50-50, 50-25, 50-20, 50-15, 30-60, 30-30, 30-20, 30-15, 30-10µm 
(Height: 100µm) on one mask. 

"! Surface treatment solvents: 5% HEMA (0.05% Irgacure 184, 0.1% BP, in 
Isopropanol). 

"! UV curing 600 seconds and then in Isopropanol 4 minutes. 

 

Since the since the 9 geometrics are on the same mask and only one curing time can be 
applied at a time. Only 4 geometrics were manufactured successfully, the results of 
these geometrics are shown in Figure 4.2.2 a: 
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(a) 

!
Figure 4.2.2 (a) Compare of time for reaching 4 cm among four different geometrics.  
!
!
From the figure, we can see:  
 
•! With the same diameter, smaller gap can have slower flow speed.  
 
By repeating the experiment and only test the geometrics which have small pores, two 
geometrics: 30-20-100µm and 30-15-100µm have shown the reliable results: 

 

!

Figure 4.2.2 (b) Compare of time for reaching 4 cm among two different geometrics. 
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!
From the figure, we can see:  

•! There a difference between the results in 4.2.2. (a) and the results in 4.2.2 (b), this 
is because that the available data amount in 4.2.2 (a) is less and it tends to have 
longer filling time when the paper sample is not so good.  

•! The flow speed of 30-15-100µm paper has low viability, small gap distance and 
relatively slow flow speed, which is a good structure for manufacturing 

!
 
 
4.2.3 Different Concentration of Tween-20 in 1% BSA, 10% IPA, in PBS as 
Surface Treatment Solvents & Different Drying Methods 
 
 
Experiment 4.2.3.1 Settings: 
 
"! Two different paper geometrics: 50-50-100µm & 30-15-100µm 

"! Three different concentration of Tween-20: 0.01%, 0.025%, 0.05%  

"! Two drying methods: 40 °C oven & flow  

 
The results by using 40 °C oven dying are shown in the figure 4.2.3.1: 

! ! !
Figure 4.2.3.1 Compare of time for reaching 4 cm among three different concentration 
of Tween-20 and two different geometrics. 

Concentration of Tween-20 in 1% BSA, 10% IPA, in PBS (%)
0 0.01 0.02 0.03 0.04 0.05 0.06

 T
im

e 
fo

r r
ea

ch
in

g 
4 

cm
 (s

)

20

40

60

80

100

120

140

160

180

200
Three Different Concentrations of Tween-20, Two Different Geometrics

Diameter, Gap, Height
= 50, 50, 100 µm
Diameter, Gap, Height
= 30, 15, 100 µm

46.33

159.17
166.67

41.75

69.18



�
�
�

!
From this Figure, we can see: 
 
•! The concentration of Tween-20 higher, the flow speed is faster 

•! 0% Tween-20 is too slow for both structures in this experiment, no available data 

•! 0.01% Tween-20 is too slow for 30-15-100 µm in this experiment, no available 
data 

•! The same concentration, 50-50-100µm paper has faster flow speed than the 30-
15-100µm paper 

•! For the 30-15-100µm paper, trying the Tween-20 concentration between 0.025% 
and 0.05% might getting the time 100-150s for reaching 4cm. 

 
There are two problems in this experiment: 
 
•! The time for oven drying was not controlled for each group in this experiment, but 

it will influence the speed as shown in the later experiments 

•! There are only three available data for 0.025% Tween-20 on the 30-15-100 µm 
paper, so the data “166.67” is not so reliable. 

 
About the dying method, there is no big difference of the influence on flow speed 
between oven and flow drying, but based on a few test trips, the oven drying has much 
lower variability than flow drying. So we decided to use the oven drying in the 
following experiments. 
 
 
 
Experiment 4.2.3.2 Settings: 
 
"! Paper structures: 30-15-100µm 

"! Two different concentration of Tween-20: 0.03% and 0.04% 

"! Controlling the 40 °C oven drying time for 1 hour 

 
Compared with another two concentrations for 30-15-100µm in Experiment 4.2.3.1, the 
results are shown in the figure 4.2.3.2: 



�
���

! !
!
Figure 4.2.2.2 Compare of time for reaching 4 cm among four different concentration 
of Tween-20 and two different drying time. 
!
!
From this Figure, we can see: 
 
•! By controlling the drying time to 1 hour, from the Tween-20 concentration 0.025% 

to 0.05%, the flow speed is faster than we suspected 

•! There is no big difference among the flow speed when the concentration of Tween-
20 is higher than 0.03%  

•! The longer drying time might slow down the flow speed to some extent, a contrast 
experiment is needed 

•! To control the time for reaching 4cm between 100-150s, while at the same time 
controlling drying time to 1 hour, we should test the Tween-20 concentrations 
lower than 0.03% 

 
 
Experiment 4.2.3.3 Settings: 
 
"! Three different 40 °C oven drying time: 1 hour, 2 hours, overnight 

"! Paper structures: 30-15-100µm 

"! Three different concentration of Tween-20: 0.015%, 0.02%, 0.025% 
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For the three different concentrations of Tween-20, the results of 1-hour oven drying 
are shown in the figure 4.2.3.3 a: 

 

!
Figure 4.2.3.3 (a) Compare of time for reaching 4 cm among three different 
concentration of Tween-20. 
!
!
From the figure, we can see: 
 
•! The relationship between the Tween-20 concentration and the time needed for the 

flow reaching 4 cm is almost inversely proportional 

•! A slightly difference in Tween-20 concentration can have big influence on the flow 
speed results, thus controlling the volume of Tween-20 is very important when 
making the surface treatment solvent 

•! Using 0.015% Tween-20 and controlling the drying time to 1 hour, we can achieve 
the time around 100s for reaching 4cm, but the variability is a bit large. To get 
longer time and more reliable results, we can try 0.01% Tween-20 and test more 
samples. 

 

About the influence of different drying time on flow speed, the comparison of 1 hour 
drying time and 2 hours (or overnight) drying time is shown in the figure 4.2.3.3 b: 
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Figure 4.2.3.3 (b) Compare of time for reaching 4 cm among two different trying time. 
 
 
From the figure, we can see: 
 
•! Drying time has big influence on the flow speed results. Longer drying time will 

slow down the flow speed to a large extent. 
 
 
 
Experiment 4.2.3.4 Settings: 
 
"! Controlling the 40 °C oven drying time for 1 hour 

"! Paper structures: 30-15-100µm 

"! Concentration of Tween-20: 0.01%  

 
The results are shown in the figure 4.2.3.4 a (on the next page). 

 

From the figure, we can see: 
 
•! With 0.01% Tween-20 in 1% BSA, 10% IPS, in PBS surface treatment solvent, 

and 1-hour drying, the average time for 30-15-100 µm paper reaching 4 cm is 
124.00s, and the viability is not large. 
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!
!

Figure 4.2.3.4 (a) Average time for reaching 4cm for the 30-15-100 µm paper.  
 
 
 
Together with some parts of the results in experiment 4.2.3.3, we can get a summary 
figure as follows: 
 

!
!

Figure 4.2.3.4 (b) Compare of time for reaching 4 cm among four different 
concentration of Tween-20.!
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!
4.2.4 Different Measuring Ways�Vertical vs Horizontal 

 
All the data of flow time for reaching 4 cm in the above sections are tested vertical. 
Another experiment is done to compare the flow speeds when horizontally and 
vertically. 
 
Experiment 4.2.4 Settings: 
 
"! Controlling the 40 °C oven drying time for 1 hour 

"! Paper structures: 30-15-100µm 

"! Concentration of Tween-20: 0.01%  

"! Two different concentration of BSA: 0.01% and < 0.01% 

"! Tested horizontally and vertically. 

 
The results are shown in the figure: 
 

!
Figure 4.2.2 (b) Compare of time for reaching 4 cm among two different geometrics. 
!
From this figure, we can see:  
 
•! Less concentration of BSA will slow down the flow speed. 

•! As for the samples with totally same manufacturing processes, the flow speed is 
faster when tested horizontally than when tested vertically.  
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5! Discussion 
 
Based on the contents described in the chapter 2 to 4, some discussion towards the 
manufacturing process, the measuring methods and the experiment results will be 
present in this chapter. 
 
Considering that almost all the manufacturing and measuring processes are manually 
or semi-manually, the synthetic paper produced every time are not exactly the same. 
There are actually plenty of differences among these paper samples in a strict sense. 
For instance, the thickness of the synthetic paper is controlled by the 100 µm spacer, 
but the thickness can be changed due to the dust either on the spacer itself or on the 
glass. And it is impossible to eliminate the dust during manually manufacturing 
process. The thickness of the paper might affect the speed of the flow on it. Another 
example is that during the surface treatment process, the solvents volume leaving on 
the paper sample before dying is not the same. There is not a suitable way to control 
the residual volume precisely. This could also affect the speed of the flow on the paper 
since to some extent.  
 
Besides the random errors caused by the manually manufacturing process, the flow 
speed measurement process by looking at the video and calculating the time can also 
bring random errors. First, the marking line on the paper stripe has a width, this brings 
confusions when calculating the time. Since it’s hard to determine when the water 
reaches the line and then stop calculating. Second, when putting down the board to 
make the paper stripes attach water, it is hard to perform it horizontally and make sure 
that each strip attaches the water at the same time.  
 
What’s more, when evaluating the paper, it is hard to determine whether some parts 
should be used or not. Since it takes quite a lot of time to manufacturing the paper, we 
want to make most of it to have more testing data. The micro-structure is perfect 
everywhere on a 5cm length paper stripe seldom happens. Thus if a paper stripe is 80% 
perfect, it will also be used for speed testing. When dealing with the data, removing 
the extremely abnormal data helps improving the final result. However, if there is a 
stricter principle to follow during paper evaluation, the data results will be more 
authentic and reliable. 
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6! Conclusion 
 
The purpose of the project is to up-scale the synthetic microfluidic paper, which means 
that taking the first version of the synthetic paper to the next beta level, in order to meet 
the requirements from a diagnostic company in the industry. 
 
This purpose includes the two main tasks. One is to improve the whole manufacturing 
process, for manufacturing a bigger size synthetic paper with good quality efficiently. 
The other is to optimize the parameters of the synthetic paper and the flow speed. In 
this report, both of the tasks are finished and the goal raised by the diagnostic company 
has been achieved.  
 
To begin with, the whole manufacturing process for a 10 cm * 10 cm size paper has 
been built up based on the original processes for small size paper. Some areas in the 
manufacturing process have been improved and thus saved a lot time. For instance, 
coating one slide of the cover glass helps improving the efficiency and the success rate 
of making the base.  
 
Second, a new surface treatment solvent and drying method has been applied. Most of 
the experiments conducted in this report used BSA and Tween-20 for treating the 
surface instead of HEMA. This is because the paper treated by BSA can have much 
better color reaction in the protein testing, which is a good characteristic of being used 
as a lateral flow immunoassay in diagnostic filed. The whole process of doing surface 
treatment with BSA has been established. 
 
Third, a flow speed testing setup and procedure have been built up. A simple but handy 
setup was created. The methods of preparing sample stripes and shooting videos, as 
well as calculating the filling time were created.  
 
Fourth, a good structure of the paper for manufacturing has been found. When the paper 
diameter is 30 µm, the gap is 15 µm, the flow speed has very low viability and the rate 
of successful manufacturing is high. Also, it has small gap distance and relatively slow 
flow speed. 
 
Last, a good concentration of Tween-20 in BSA solvents has been found to control the 
filling time for 4 cm between 100~150s, which is the requirement from the industry’s 
point of view. With 0.01% Tween-20 in 1% BSA, 10% IPS, in PBS and 1-hour drying, 
the average time for 30-15 µm paper reaching 4 cm is 124.00s, and the viability is not 
large, which reaches the requirement. 
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7! Appendix – State of the Art 
 
 
A.1 Introduction to Synthetic Microfluidic Paper 
 
Synthetic Microfluidic Paper is a new porous material with well-defined micro-
geometries (See Figure A.1) and surface chemistry, developed at the Royal Institute of 
Technology (KTH), specifically for medical diagnostic applications. It consists of 
slanted and interlocked pillars, which are formed by multidirectional lithography 
through the mask in Off-Stoichiometric-Thiol-Ene (OSTE). The material has shown 
very promising performance in initial tests, which is much better than today's cellulose- 
based materials that currently limit the diagnostic performance. 
 
As a porous material for use in a capillary driven diagnostic device, Synthetic 
Microfluidic Paper meets almost all the requirements. Compared to straight micro-
pillar arrays, Synthetic Microfluidic Paper not only provides six-fold increased surface 
area and three times higher porous fraction, but also has higher capillary collapse 
resistance, which means that it is less likely to suffer capillary collapse during 
manufacturing and operating [15]. Compared to nitrocellulose, Synthetic Microfluidic 
Paper has a wider range of capillary pumping speed, a higher optical transparency and 
a much lower device-to-device variation [15]. Moreover, Synthetic Microfluidic Paper 
is suitable for covalent surface modifications and allows for attaching capture 
molecules. All these�results demonstrate that a fully quantitative LFIA test is very likely 
to be achievable by using Synthetic Microfluidic Paper. 
 

 
Figure A.1 A SEM image of slanted interlocked micro-pillars in Synthetic Microfluidic 
Paper [15]. 
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A.2 Background 
 
 
In this section, a background information of the medical diagnosis and the diagnostic 
tests will be given first. Then, a type of the in vitro diagnostic tests called “point-of-
care diagnostics” will be introduced with a focus on the necessity. After that, a typical 
device used for the point-of-care testing called “lateral flow immunoassay (LFIA)” will 
be described, and its limitations will be present.  
 
 
A.2.1 Medical Diagnosis and diagnostic tests 
 
When it comes to healthcare field, the role of medical diagnosis is too important to 
ignore. By detecting the medical indications and classifying an individual’s condition, 
a good medical diagnosis can help doctors to make correct decisions about medical 
treatment, which definitely increases the possibility of preventing or curing diseases. 
 
A diagnostic procedure usually includes a diagnostic test. A diagnostic test is any type 
of medical test that assist the detection of diseases. Diagnostic tests can provide 
prognostic information about the established disease that people might have [1]. With 
the development of new medical technologies and tools, many different type of 
diagnostic tests can be performed nowadays. For instance, magnetic resonance imaging 
(MRI) can be used to diagnose the disease of head and neck, breast, cardiac, abdomen 
and musculoskeletal system, by providing high resolution images of tissues in the 
human body [2]. Another example is that by taking complete blood count of an 
individual who is experiencing a high fever, we can check for bacterial infection [3]. 
It’s not difficult to imagine the benefits that diagnostic tests can bring to the healthcare 
field. 
 
However, the possible benefits of a diagnostic test sometimes can be weighted against 
the costs of the test, time consuming problems and possibly resulting unnecessary 
follow-up [4]. In order to deal with these potential shortages, together with many other 
factors, a trend of diagnostic tests called point-of-care diagnostics has been shown up. 
 
 
 
A.2.2 Point-of-Care Diagnostics 
 
Point-of-care diagnostics are in vitro diagnostic tests that can be conducted to get the 
results without the use of laboratory staff and facilities [5]. This means that compared 
with other diagnostic tests which are laboratory-based, point-of-care testing is 
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immediate and portable. 
 
The necessity of point-of-care diagnostics can be considered in different aspects. First 
of all, as many diseases could be diagnosed by testing the internal samples such as 
blood, saliva and urine, but it unusually takes a lot of time for the laboratory work, a 
less time-consuming test method will bring high efficiency to the clinical sectors [5]. 
Especially when timely treatment is needed and the available time for diagnosis is fairly 
short. Second, it’s obvious that the ethics of medical technology has been taken 
seriously in recent years. Owing to the ethical factors partly, there has been a shift from 
care in clinical settings to care in the home [6]. A testing method that can be performed 
in home will bring many benefits compared to testing in clinical settings. It is more 
private, more convenient and more empowerment which can make patients feel good 
both physically and psychologically [7, 8]. Third, for the health care in the developing 
world, diagnostic systems that need well-funded laboratories and quality-assessed 
environments are not applicable [9]. Thus a lot of people afflicted with infectious 
disease in the developing countries are in need of cheaper diagnostic tests in order to 
diagnose the disease.[9]. In order to perform diagnostic tests in the developing countries 
in which the health care facilities are limited, a testing method that can reducing costs 
and can be performed without too many facilities is in demand. 
 
Point-of-care testing for the clinical diagnostics is often accomplished by using the 
microdevices such as lab-on-chip devices, which integrates one or several different 
functional structures like microchannels, microarrays, microvalves and micropumps 
[10, 11]. Among all the devices for point-of-care testing, there is a typical one called 
lateral flow immunoassay (LFIA) which has been developed for many different usages 
recently, especially for the medical diagnostics. 
 
 
 
A.2.3 Lateral Flow Immunoassay (LFIA) 
 
Lateral flow immunoassay (LFIA), also known as immunochromatographic test strip, 
was initially developed in the 1980s and has gained wide acceptance since then [12]. A 
well-known application of LFIA is the human pregnancy test. 
 
Typically, a LFIA test strip consists of several zones that are constituted by segments 
made of different materials, indicated in Figure A.2.3 [12]. The first zone is called 
“sample pad”, where a liquid sample will be added to. The second zone is called 
“conjugate pad”, which contains the dried conjugate -- they capture molecules like 
antibodies coupled to the colored particle such as colloidal gold [13]. When the sample 
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migrates to the conjugate pad, the sample will dissolve the conjugate and the analyte in 
the sample can bind to the conjugate as both move along the strip. The third zone is the 
reaction matrix which usually contains two lines, one is called “test line” and the other 
is called “control line”. The two lines contains different capture molecules, usually the 
antibodies, immobilized on a porous membrane [12]. When the analyte and the 
conjugate arrive at this zone, the different capture molecules will bind to them 
respectively. A color change at the test line means that there is analyte in the sample, 
while a color change at the control line indicates the presence of conjugate, which 
means the LFIA test strip works [13]. The last zone is called “wick” or “absorbent pad”, 
used for entrapping the excess regents [12]. 
 
Nitrocellulose has been used as an analytical membrane in LFIA and is the only 
material that has been successfully and widely applied in this way till now, owing to its 
good capillary flow characteristics, high protein-binding capacity and low cost [12]. 
However, this material is not a perfect matrix for LFIA. Because of the uncontrolled 
random microscopic structure, there is a large variability of the flow performance and 
the material is non-transparent. These limitations lead to a current situation: the fully 
quantitative LFIA tests are not available [14]. 
 
 

 

 

Figure A.2.3. A typical LFIA test strip [12]. 
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A.3 Theory  

 
A.3.1 Off-Stoichiometric-Thiol-Ene (OSTE) 
 
Synthetic Microfluidic Paper is made from Off-Stoichiometric-Thiol-Ene (OSTE), 
which is a novel polymer resins developed at KTH. The OSTE polymers was first 
developed to bridge the gap between research prototyping and commercial production 
of microfluidic devices [16]. 
 
The OSTE polymers comprise off-stoichiometry blends of thiols and allyls. “Off- 
stoichiometry” demonstrated that there is one an intentional excess of one of the 
monomers in the OSTE polymers. During UV light exposure, the polymer is cured via 
a rapid thiol-ene reaction between the thiols and allyls, which is called “Click” 
chemistry [16]. The unreacted groups will be left on the surface of the polymerized 
OSTE after the polymerization. By choosing proper numbers of thiols and allyls, a 
desired off-stoichiometry ratio can be attained and good mechanical properties can be 
obtained [16]. 
 
The OSTE polymers can be fabricated in a structured silicone molds, have shown 
excellent photo-structuring capability and have dry bonding capacity after being    
UV-� cured [16]. Direct surface modification can be done on the UV-cured OSTE 
polymers, owing to their well-defined and tunable number of surface anchors (thiols or 
allyls) present on the surface [17]. By using thiol excessed OSTE polymers, the 
unreacted thiols will be left on the surface and they can be functionalized as hydrophilic 
[18]. All of these characteristics make the manufacturing of Synthetic Microfluidic 
Paper becomes possible and easy. 
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Figure A.3.1 (A) Reaction mechanism of UV-initiated radical thiol–ene coupling. 
(B) Standard stoichiometric formulations of thiol–ene system. (C) Off-stoichiometry 
formulations of thiol–ene system [16]. 

 
 
 
A.3.2 Capillary Pump 
 
In this section, an introduction of the capillary pump will be present first. Following 
that is the definition of the flow rate, which is a very important characteristic of the 
capillary pump. Then, the descriptions of two important concepts in microfluidics will 
will be given in order to understand the following formulas and principles better. After 
that, formulas of the capillary pressure and the fluidic resistance in a microchannel will 
be described, which are important for knowing the factors that affect the flow rate in 
capillary pump. Last, the Washburn’s Equation will be introduced. 
 
 
A.3.2.1 Capillary Pump in the LFIA Device 
 
The capillary pump, composed by microstructures like microchannels, has been used 
for microfluidic device [23]. It can be designed to control the flow properties of the 
sample [24]. 
 
Considering using the Synthetic Microfluidic Paper as a LFIA Device (Figure A.3.2.1 
shows a sketch of the device), the capillary pump is the last zone of the device, which 
is used for providing the capillary pressure needed to pump the sample liquid through 
the entire device [13]. Actually, the whole Synthetic Microfluidic Paper itself can be 
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regarded as a capillary pump which can provide enough volumetric capacity to pump 
the sample volume. 
 
 

 

 
Figure A.3.2.1.�A LFIA device based on Synthetic Microfluidic Paper [19]. 
 
 
 
A.3.2.2 Flow Rate 
 
As for capillary pump, a very important characteristic to analyze is the flow rate. When 
the liquid flow along the device, the time for the conjugate to react with analytes in the 
sample before arriving at the detection zone should be enough. In practice, the length 
of the incubation zone is somehow fixed, so changing and controlling the flow rate is 
the way to obtain the desired time. 
The flow rate is defined by the capillary pump pressure and the total fluidic resistance 
of the device [13]. This can be described by the equation below: 
 

Q = ∆ P / R 
 
where Q is the flow rate, ∆ P is the applied pressure drop, and R is the hydrodynamic 
resistance. From the equation, it is easy to know that by controlling the pressure drop 
and the hydrodynamic resistance, a desired flow rate can be reached. 
 
 
 
A.3.2.3 Surface Tension and Contact Angle 
 
The surface tension and contact angle are both central and fundamental concepts in the 
surface theory. Before introducing more formulas in microfluidics, it would be good to 
know these two concepts and their relation first. 
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The surface tension, represented by the symbol γ, is the elastic tendency of a fluid 
surface that makes it to reduce the surface area. It is depended on the two materials on 
each side of the surface and can be defined in terms of force or energy: 
 
 

γ =
1
2
%
&
= '

%
2&
∆x'
∆x

=
W'
∆A

 

 
where F is the force required to hold the immobile side, L is the length of the movable 
side, ∆x is the distance of side moving. 
 
The contact angle, represented by the symbol θ, is defined as the angle between the 
solid-liquid and the liquid-gas interface at the contact line. Generally, systems with the 
water contact angle θ < 90° is considered hydrophilic, while those with θ > 90° is 
considered hydrophobic [25].  
 
To describe the contact angle theoretically, the Young equation which relates the 
surface tension between the liquid, the solid and the gas or vapor phases can be used 
[26]. Figure 6 shows the definition of contact angle as well as the relationship of three 
surface tension. The Young equation is described as below: 
 

γ-. + γ.0123θ = γ-0  
 
where γ-.'is the surface tension between the solid and the liquid, γ.0  is the surface 
tension between the liquid and the gas, and γ-0  is the surface tension between the solid 
and the gas. θ is the contact angle. 
 

 
Figure A.3.2.3.�Contact angle of a liquid droplet wetted to a solid surface. 
 
 
 
A.3.2.4 Capillary Pressure 
 



�
���

Capillary pressure is the pressure difference between two immiscible fluids at the 
interface in a thin tube. It can be defined as follows: 
 

45 = 467689:;;<6='>?@A: − 49:;;<6='>?@A: 
 
The wetting and non-wetting phase of a fluid depends on its surface tension and is 
determined by the contact angle of the fluid [27]. Considering the capillary pressure in 
a microchannel, balancing the tension forces with pressure leads to the Young–Laplace 
equation [28], and the pressure drop can be described as follows: 
 

∆'P' = ' γ'�
cos θGH cosθ;

I
+
cos θJH cosθK

L
� 

 
where θG,''θ;,''θJ and θK are the contact angles at the bottom, top, left side of the 
channel and right side of the channel, γ is the surface tension of the liquid, H is the 
height and W is the width. 
Considering a rectangular microchannel, the above-mentioned pressure drop equation 
can be written as follows: 
 

∆'P' = 2 γ' 123θ�
1
ℎ
+
1
N
� 

 
where θ is the contact angle between the water and the channel surface, h is the height 
of the channel and w is the width of the channel. 
 
 
 
A.3.2.5 Fluidic Resistance  
 
Fluidic resistance R in a microchannel is proportional to the applied pressure drop ∆'P. 
In a rectangular channel where the height h < width w, the expression for fluidic 
resistance is as follows: 
 

O =
12P&

NℎQ(1 − 0.63ℎ/N)
 

 
where P is the viscosity of the flowing liquid, L is channel length, w is channel width, 
and h is the channel height (See Figure 7).  
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Figure A.3.2.5.�A model of capillary pump. 
 
 
 
A.3.2.6 Washburn’s Equation 
 
Washburn's equation describes the relation between distance of the liquid imbibition 
and the time for imbibition, applying to the capillary flow in a bundle of parallel 
cylindrical tubes. The equation is as follows: 
 

&Y =
γDt
4]

 

 
where L is the distance of the liquid imbibition, t is the imbibition time, γ is the surface 
tension, µ is the dynamic viscosity, and D is the pore diameter. 
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