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ABSTRACT 

Blood is a non-Newtonian fluid made up of different types of cells, platelets and a yellowish liquid called 

plasma and it is essential for the diagnosis of various diseases. Blood flow is a topic of great interest to 

the scientific community and therefore several studies have been done using microfluidic devices to 

mimic the microvascular system. As the experiments with real blood are often complex due to safety, 

economical and bureaucratic issues, the research about the development of blood-like fluids has been 

during the years an important research topic. 

In the first phase of this work, a blood analog was developed using the Encapsulator B-395 Pro and 

alginate to produce flexible microparticles to mimic the red blood cells (RBCs). To reach the goal, 

different procedures were tested. Overall, the results were satisfactory. 

In a second phase, microchannels in polydimethylsiloxane (PDMS) were manufactured using a soft 

lithography technique. The master molds in SU-8 were manufactured by photolithography and well-

defined complex structures were obtained. These microchannel networks aimed to study the flow 

behavior of individual RBCs at diverging bifurcations. 

Finally, individual RBCs were studied in microchannels having diverging bifurcations with different 

angles. The deformation and velocity of RBCs were measured by using a high-speed video microscopy 

system.  Overall, the results clearly indicate that the stagnation region located at the bifurcation apex 

strongly influence both RBCs velocity and deformability. Additionally, around the apex the cells in 

addition to the increase of the deformation also seem to suffer a rotational motion. 

This work provides an important contribution to the field of blood analogues, microfluidics and 

microcirculation. 

 

 

KEYWORDS: Red Blood Cells, Microfluidics, Microcirculation, Blood Analogues, Biofluids, Microchannels, 

Bifurcations, Photolithography, Soft Lithography. 
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RESUMO 

O sangue é um fluido não newtoniano constituído por diferentes tipos de células, plaquetas e um 

líquido amarelado chamado plasma e é essencial para o diagnóstico de várias doenças. O escoamento 

sanguíneo é um tema de grande interesse para a comunidade científica e por isso vários estudos têm 

sido feitos recorrendo a dispositivos microfluídicos para imitar o sistema microvascular. Como os 

experimentos com sangue são frequentemente complexos devido a questões de segurança, 

económicas e burocráticas, a investigação sobre o desenvolvimento de fluidos análogos ao sangue tem 

sido, durante anos, alvo de investigação.  

Numa primeira fase deste trabalho, foi desenvolvido um análogo ao sangue recorrendo ao 

equipamento Encapsulator B-395 Pro e ao Alginato para fabricar micropartículas a imitar os glóbulos 

vermelhos. Para se atingir o objetivo testaram-se diferentes procedimentos. De uma forma geral os 

resultados foram satisfatórios. 

Numa segunda fase foram fabricados microcanais em polidimetilsiloxano (PDMS) recorrendo à técnica 

litografia suave. Os moldes master em SU-8 foram fabricados por fotolitografia e obtiveram-se 

estruturas bem definidas. Estes microcanais tinham como objetivo o estudo do comportamento do 

escoamento de glóbulos vermelhos individuais em bifurcações divergentes. 

Por último, os glóbulos vermelhos foram estudados individualmente em microcanais que continham 

bifurcações divergentes com diferentes ângulos. Mediu-se a deformação e velocidade dos glóbulos 

vermelhos recorrendo a uma câmara de alta velocidade e a um microscópio. No geral, os resultados 

indicam claramente que a região de estagnação localizada no ápex da bifurcação influencia fortemente 

a velocidade e deformação dos glóbulos vermelhos. Além disso, em torno do ápex, as células, além do 

aumento da deformação, também parecem sofrer um movimento de rotação. 

Este trabalho fornece uma importante contribuição para a área dos fluidos análogos ao sangue, 

microfluídica e microcirculação.  

 

Palavras-Chave: Glóbulos Vermelhos, Microfluídica, Microcirculação, Análogo ao Sangue, Biofluidos, 

Microcanais, Bifurcações, Fotolitografia, Litografia Suave. 
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1. INTRODUCTION 

1.1  Objectives and Motivation  

Blood is a fluid composed of a suspension of cells, proteins and ions in the plasma. In normal blood, 

cells occupy about 46% of their volume and these are of three different types: red blood cells (also 

known as erythrocytes), white blood cells (also known as leukocytes) and platelets (also known as 

thrombocytes). The main function of blood is to carry oxygen, nutrients and waste throughout the body. 

The blood flow behavior in microcirculation (comprises the smallest arteries and veins) is determined by 

the behavior of individual blood cells and their interactions. The cells provide the microrheological basis 

of flow properties of blood at macroscopic level. So in microcirculation it is fundamental to study the 

flow behavior at cellular level. 

The manipulation of blood in vitro tests is often complex due to safety, ethical, economic and 

bureaucratic issues. Therefore, the development of blood-like fluids has been during the years an 

important research topic. Different solutions with characteristics capable of mimicking blood properties 

have already been achieved. However, it would be interesting to obtain a fluid which is a suspension of 

particles with a similar behavior of blood in the microfluidics. 

The development of microfluidic devices to mimic microcirculatory phenomena has been a crucial step 

to understand physiological and pathological processes. Microfluidic systems are small instruments 

capable of working with small sample volumes, short assay times and the possibility of multiple 

operations. 

Microfabrication technologies have become an important research area for microfluidic applications. 

Photolithography and micromachining in silicon were the most popular microfabrication techniques. 

Due to their popularity, they were adapted to the fabrication of microstructures on glass and oxidized 

silicon for biological and biomedical applications.  

The main objectives of this master thesis are the development of a blood analogue fluid and the 

development and manufacture of microchannels with bifurcations to study the flow behavior of 

individual RBCs. 
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1.2  Structure  

The present work is structured in several chapters. In the first chapter an introduction to the theme is 

presented, which includes the motivation and objectives, as well as their structure. 

Chapter 2 presents a review of the literature on the cardiovascular system, blood properties and 

rheology, blood analogue fluids, and the manufacturing techniques used in this study (photolithography 

and soft lithography). 

Chapter 3 describes the procedure used to create the blood analogue fluid, the results and the main 

conclusions. 

Chapter 4 presents the manufacturing processes of the microdevices, the results and conclusions. 

Chapter 5 presents the results obtained from the cells flowing in the fabricated microchannels (Chapter 

4) and the respective conclusions. 

Chapter 6 presents the final conclusions obtained after performing all the experimental activity and 

suggestions for future work. 

Finally, the bibliographic references used for the execution of this work and the annexes are presented. 
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2. THEORETICAL FUNDAMENTALS 

To understand the results that will be obtained it is important to know some important features about 

blood and procedures that will be used. 

2.1  Cardiovascular system 

The cardiovascular system is responsible for the transportation of materials, protection from pathogens, 

and regulation of the body’s homeostasis. It consists of the heart, blood vessels, and the approximately 

5 liters of blood that the blood vessels transport.  

The heart is a muscular pumping organ, the top of the heart, known as the heart’s base, connects to 

the great blood vessels of the body: the aorta, vena cava, pulmonary trunk, and pulmonary veins. 

Blood vessels are channels that allow blood to flow quickly and efficiently from the heart to every region 

of the body and back again. The size of blood vessels depends of how much blood passes through the 

vessel. The main types of blood vessels are arteries (blood vessels that carry blood highly oxygenated 

away from the heart), capillaries (the smallest and thinnest of the blood vessels in the body and also the 

most common, they can be found running throughout almost every tissue of the body) and veins (the 

large return vessels of the body and act as the blood return counterparts of arteries) [1].  

Blood is a non-Newtonian fluid constituted by different type of cells, platelets and a yellowish liquid 

called plasma. The cells present in this fluid are the Erythrocytes or Red Blood Cells (RBCs) and the 

Leucocytes or White blood Cells (WBCs) [2].  

The figure 1 shows the composition of whole blood and it percentages. 

 

 

Figure 1: Composition of blood [5]. 

http://www.innerbody.com/image/card01.html
http://www.innerbody.com/image_c1/card16-new2.html
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Platelets or thrombocytes are small cell fragments responsible for the clotting of blood and the 

formation of clots [1].  

Plasma is the liquid portion of the blood and behaves as Newtonian fluid. It is a mixture of water, 

proteins, and dissolved substances. Around 90% of plasma is made of water, but it depends of the 

hydration levels of the individual [1].  

Erythrocytes are cells biconcave and anucleated disc shaped of 7µm in size. The special shape of 

erythrocytes gives these cells a high surface area to volume ratio and allows them to deform and pass 

through the thin capillaries. RBCs have two main functions: to pick up oxygen from the lungs and 

deliver it to tissues elsewhere and to pick up carbon dioxide from other tissues and unload it in the 

lungs. The cytoplasm of a RBC contains hemoglobin (Hb), gives RBCs their red color. Hemoglobin 

carries most of the oxygen and some of the carbon dioxide transported by the blood. They are the most 

common type of blood cell and make up about 45% of blood volume [1-4].  

White blood cells are a very small percentage of the total number of cells in the bloodstream, but have 

important functions in the body’s immune system [1]. 

 

2.2  Blood properties and flow phenomena 

The Human blood is slightly alkaline and its pH lies between 7.35 and 7.45 and it is 5 times thicker 

than water. The high viscosity is because of the cells once plasma has a very much lower viscosity and 

it is affected by the change in the numbers or size of RBCs or WBCs. The viscosity is important in the 

sense that it determines de blood pressure [2]. 

2.2.1 Hematocrit 

Hematocrit (Htc) is the proportion of blood that is made up of red blood cells by volume. The 

hematocrit is normally between 40% - 51% in men and 36% - 47% in women. It is usually lower in the 

smaller vessels in tissue than in the large veins or arteries from where the blood samples are taken [6]. 

When the Htc has not a value around of 45% there is some problem like Anemia, or Polycythemia 

(dehydration, tissue hypoxia, high altitude, blood doping in athletes), as the Figure 2 demonstrate [7]. 

 

http://www.innerbody.com/nutrition/water-its-more-than-just-drink
http://www.innerbody.com/image/lympov.html
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Figure 2: Hematocrit for different conditions [7]. 

2.2.2 Blood Rheology and Hemodynamics 

Rheology is the scientific area that studies the flow and deformation behavior of materials. The 

materials can be solids or fluids, including liquids and gases. The rheological properties of blood are 

still being studied. They can be altered in many disease states.  

Blood can be considered as a two-phase liquid, as a solid-liquid suspension with the cellular elements 

being the solid phase or it can also be thought as a liquid-liquid emulsion based on the liquid-like 

behavior of RBCs under shear. 

As blood is a two-phase flow fluid liquid, its fluidity at a given shear rate and temperature is determined 

by the rheological properties of the plasma, cellular phases and by the hematocrit of the cellular phase.  

Plasma is a Newtonian fluid, the viscosity is constant and independent of shear rate, yet technical 

artifacts have led some to report non-Newtonian behavior. In general, the level of plasma viscosity is a 

good, nonspecific indicator of disease [8].  

Newtonian fluids are fluids in which the viscosity is constant for different rates of shear and does not 

change with time. When the viscosity varies with the rate of shear or with time, the fluid is called non-

Newtonian (see figure 3) [9]. 

 



 

6 

 

Figure 3: Newtonian and non-Newtonian fluids [10]. 

 

The concentration of cellular elements in blood determine the blood fluidity, however their rheological 

properties are also very important. The disturbance of flow streamlines depends not only on the 

concentration of blood cells but also on the behavior of them under shear forces. The major influence of 

this effect are RBCs, because these cells have a very special behavior.  

Erythrocytes are highly deformable and tend to orient themselves with the flow streamlines, especially if 

the shear forces are high enough to deform these cells. RBCs have a tendency to aggregate into linear 

arrays, named rouleaux, in which they are arranged like stacks of coins and that is also an important 

rheological feature. The disturbance of flow streamlines becomes more notable when RBCs aggregates 

are formed and blood viscosity is significantly increased (see Figure 4). 

 

 

Figure 4: Relation between viscosity and shear rate of water (0% Hct), normal RBCs (45% Hct) suspended in plasma and hardened RBC’s 
[11]. 
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RBCs have a unique shape and structure that confer them unique mechanical properties. They respond 

to applied forces with extensive changes of their shape. Erythrocytes behave as elastic bodies, and thus 

the shape change is reversible when the deforming forces are removed. RBCs also show viscous 

behavior and thus respond as a viscoelastic body. Their membrane can exhibit plastic changes under 

some pathological circumstances and can be permanently deformed by excessive shear forces [8]. 

Two important factors that contribute to the RBCs properties are the viscosity determined by the 

hemoglobin concentration and the biconcave discoid geometry, which provides excess area for the 

contained volume and thus enables shape changes without increasing the surface area of the 

membrane [8]. 

The others blood cellular elements, like WBCs and platelets, have no significant effect on the 

macroscopic flow properties of blood but contribute to blood flow resistance and flow dynamics in the 

microcirculation where vessel diameters are 100 μm or less [8]. 

2.2.3 Blood Flow behavior in Microchannels 

In microcirculation the flow behavior of individual blood cells and their interactions provide the 

microrheological basis of flow properties of blood at a macroscopic level. Microcirculation comprises the 

smallest arteries and veins [12]. 

In larges arteries, it can be adequate to consider blood as a homogeneous fluid (continuous viscous 

fluid). Here the Reynolds number (Re) is large and blood flow is governed by inertial forces. However, 

arteries divide into successive smaller arteries and the pressure and velocity decrease as the blood 

flows into the smaller vessels. The Re becomes less than 1 when the blood reaches the arterioles and 

capillaries, where viscous force dominates over inertial forces (see Figure 5) [12]. 

At a microscale level it is fundamental to considerer the effects of the multiphase properties of the 

blood on its flow behavior. A lot of phenomena happen, for example, when the microvessels are less 

than 300 μm, it occurs the formation of a plasma layer, known as Fahraeus-Lindqvist. It is because of 

this effect that microcirculation is defined as the one including microvessels or microchannels with a 

diameter smaller than 300 μm [12]. 
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Figure 5: Schematic diagram showing the changes in blood pressure and Re on the large arteries, capillaries and veins [12]. 

 

Blood flow behavior in microcirculation is strongly influenced by the red blood cells (RBCs), since they 

occupy almost half of whole blood volume. 

Robin Faharaeus observed that blood flow behaviors and its hematocrit (Hct) are strongly affected by 

microchannels with diameters less than 300 μm. The Faharaeus effect indicates that the Hct in the 

glass capillaries (<300 μm) is lower than the feed Hct, which suggests that the Hct decreases as the 

blood goes through smaller microvessels. RBCs make axial migrate to the center of the microtube and 

consequent the motion of the cells is faster than the suspending medium. The Fahraeus-Lindqvist effect 

is related to this effect [12]. 

Faharaeus and Lindqvist observed that the apparent blood viscosity decreases as the microtube 

diameter became smaller (< 300 μm). Other works after that observed that de decrease of the 

apparent viscosity continues going down until diameters of about 10 μm, but the Faharaeus-Lindqvist 

effect is reversed at diameters 5 to 7 μm. This indicates that the tube Hct is not the only parameter 

affecting the apparent viscosity. It is believed that the plasma layer and also the microscopic motions of 

RBCs play an important role on the apparent blood viscosity [12]. 

Blood flow velocity in microvessels and microchannels has been measured during the years by several 

measurements techniques. Some results reported parabolic profiles, others suggested blunt profiles 

and even others reported blunt profiles at extremely low velocities and diameters and parabolic profiles 

at diameters bigger than about 100 μm. This different results show the complexity of the phenomena 

happening in microcirculation. However, it is clear that the flow velocity profiles are strongly affected by 

several parameters as: Hct, microtube diameter, shear rate, flow rate, suspension fluid, experimental 
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errors, concentration of trace particles, etc. Despite the great amount of research on this area 

controversies still remain [12]. 

The Zweifach-Fung or bifurcation effect is a well known phenomenon in microcirculation. It reports that 

in a bifurcation the child branch with the lower flow rate is depleted in RBCs as compared to the parent 

vessel, while the other child branch, with higher flow rate is enriched with cells (see figure 6). When the 

flow rate is sufficiently small, the hematocrit in the child branch can even drop down to zero, while it 

reaches high values in the other branch [13]. 

 

 

Figure 6: Separation of the cells in the bifurcations [14]. 

 

Another phenomenon that has been investigated is the phase separation at single bifurcations. This 

may be influenced by the feed hematocrit, channel geometry and flow rate distribution [14]. 

Recently a research study has revealed that hematocrit partition can be completely reversed, which 

means that the low flow rate child branch can be enriched in RBCs compared to the parent vessel. This 

phenomenon was observed at low hematocrit (5%). For such low hematocrit the RBCs partition at the 

level of bifurcations depends strongly on the viscosity contrast between the viscosities of the RBC 

hemoglobin and the suspending fluid (see figure 7) [13]. 

 

 

Figure 7: Scheme showing the influence of the hematocrit on the separation phase of RBCs. [13]. 
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2.3  Blood analogue fluids 

Using blood in experimental studies is not always practical mostly due to safety reasons, so the 

developing of a viscoelastic fluid with rheological characteristics similar to human blood has gain 

importance as a safe alternative.  

Different combinations have been done for this purpose as blood analogue solutions made from high 

molecular weight polymers dissolved in water, namely aqueous solutions of polyacrylamide and xanthan 

gum at different concentrations. The polyacrylamide and xanthan gum solutions have a rheological 

behavior similar to the human blood behavior at concentrations of 125 and 500 ppm, respectively, 

especially at low shear rates [15]. 

Other studies were performed with Newtonian blood analogues composed of mixtures of glycerol and 

water, but they do not work at microfluidic scale level. 

Successful blood analogue were developed based on sucrose and dimethylsulfoxide with xanthan gum 

by Campo-Deaño et al. [16]. They had viscosity curves and viscoelastic moduli similar to whole human 

blood and it was demonstrated that these analogues can be used in PDMS microfluidic devices due to 

their refractive index matching. However, it is crucial to take into account the blood elements, especially 

when in vitro flow studies intend to investigate microcirculation phenomena occurring at hematocrits of 

about 20%-25% [17]. 

Currently, there are still few works about particulate blood analogue fluids, that is, a base fluid 

containing solid suspended elements. However, none of them are capable of mimicking the blood 

element behavior. It was developed a blood analogue made by a Newtonian solvent containing a 

suspension of microcapsules and then using a non-Newtonian solvent that is capable to reproduce the 

steady viscosity, but they did not study any microscale flow phenomenon [17, 18]. 

In a study performed by Calejo et al [19], their results showed that the cell free layer originated from 

the particles depends strongly on the base fluid, but developments and improvements are needed to 

mimic blood flow phenomena occurring at the microcirculation level (see figure 8). 
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Figure 8: Flow of Red Blood Cells (left side) and blood analogue fluid with PMMA particles (right side) through a hyperbolic microchannel 
[19]. 

2.4  Microfabrication of biomedical microdevices 

Microfabrication technologies have become an important research area for microfluidic applications in 

the last 20 years. These applications cover different scientific and industrial areas as environment, 

pharmaceutics or biomedical engineering [20]. 

Biomedical microsystem technologies for diagnosis applications have an extremely enhanced potential 

for being used as point-of-care devices. Usually they feature high analytical performance, high system-

integration, improved potential for automation and control, small volume of analyses and reagents, 

safety, reduced cost, greater sensitivity, disposability and shorter analysis times, when compared to the 

conventional size systems [20]. 

In 1990 Manz et al. proposed the first miniaturized analysis system (TAS). It was able to automatically 

perform the sampling, transport, chromatographic separations and detection of samples at a 

microscale level. After that, many researchers have proposed micrototal analysis systems for different 

applications and have explored different microfabrication techniques [20]. 

Photolithography and micromachining in silicon were the most popular microfabrication techniques in 

the 90s decade, because of theirs vast use for microelectronics integrated circuits and 

microelectromechanical systems (MEMS). Due their popularity, they were adapted to the fabrication of 

microstructures on glass and oxidized silicon for biological and biomedical applications [20].  

Silicon is optically opaque and semiconductor and, consequently, inappropriate for certain types of 

separation and detection mechanisms. These limitations led to the research of alternative materials, so 

polymers started to be used for microfluidic structures fabrications. They emerged as an attractive 

alternative to glass and silicon, due to their low-cost, wide range of mechanical and chemical properties, 

flexibility and easy processing and because the fabrication process is based on replication, which 

makes this process faster and less expensive [20]. 



 

12 

The most popular polymers for microfluidic systems are poly(dimethylsiloxane) (PDMS), 

poly(methylmethacrylate)  (PMMA), high-densitypolyethylene(HDPE), low-density 

polyethylene(LDPE), polyamide 6 and SU-8 (see table 1) [20, 21]. 

 

Table 1: Comparison of the properties and fabrication techniques between the most popular polymers for the fabrication of microfluidic 
devices [21]. 

 

 

2.4.1 Photolithography 

Photolithography is a highly developed technology for micropatterning and microfabrication and to use it 

is needed a mask and a layer which is sensitive to light. The main goal of this optical lithography is to 

transfer the opaque pattern from the mask to the photosensitive layer, the photoresist [20, 22].  

To create a mask, first it has to be designed with a computer-aided design (CAD) software, often in 

AutoCAD or other suitable software packages such as L-Edit, and it is important that the software can 

handle various zoom ranges, because the structures often includes patterns on the order of microns.  
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The data is sent to the manufacturer and then processed into internal CAD format (Gerber) and 

transferred to a lithography tool which then exposes de design onto the photomask substrate. The 

equipment and exposure process used can be the same for both glass and film photomasks. Once the 

manufacturing process is finished, the mask is cleaned and inspected, ready to be shipped to the 

laboratory for fabrication of microfluidic molds [22, 23]. 

Usually, in small structures, photoresists are applied using spin coating or spraying and, although some 

of them are applied as films which are laminated onto the substrate, the spun-on photoresists are the 

most popular. Spin-on photoresists contain an organic solvent which dissolves the resin and radiation 

sensitive compound. The conformity and uniformity of the films depends on the details of the spinning 

procedure (see  figure 9). 

 

 

Figure 9: Scheme of spinning [25]. 

 

The photoresists are polymers, and they are sensitive to light of particular wavelengths, so when 

exposed them chemical structure changes. Usually they are sensitive to UV light with the i-line of 

mercury (365 nm) being especially popular [22]. To make the exposure it is possible to use three 

different methods as light source: Mask-Aligner, Stepper and Laser beam [24]. 

The pattern is developed in the photoresist after the exposure to light and for that it is used a suitable 

developer. The developer can be an alkaline solution (such as Tetramethylammonium hydroxide – 

TMAH) or an organic solvent (such as Propylene glycol methyl ether acetate – PGMEA).  

After exposure some photoresists become more soluble, and it is called positive tone photoresists, while 

others become less soluble and they are called negative tone photoresist like SU-8. A third kind of 

photoresist is the image-reversal photoresist. This type of resist is basically a positive photoresist, but 

after light exposure, the resist is subjected to an image reversal process by which the exposed areas 

become insoluble and the unexposed areas become soluble [22]. It is possible to see how they work in 

the figure 10. 
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Figure 10: Schematic diagram of the results obtained for different resists [26]. 

 

SU-8 photoresist has received a lot of attention in recent years. Due to their combined material 

properties, it has been at the core of many devices and processes. SU-8 offers good chemical and 

mechanical stability, ease of patterning and possibility of high-aspect ratio structures. Processing of SU-

8 involves: spinning, softbake (solvent removal), exposure, post exposure bake (PEB) and development 

in organic solvent. Cross-linking mainly takes place during the post exposure bake [22]. 

2.4.2 Soft lithography  

Soft lithography is a simple process that allows to product microstructures in a rapidly way, as the 

figure 11 shows. This technique is often used in laboratories for fast production of moderate numbers 

of prototypes and the sizes of the structure depend mainly on the quality of the mold. 

Soft lithography uses chemicals processes to harden the polymer, usually, a base (as PDMS) and a 

hardener or cure, are mixed just prior to use. The chemical cure process starts immediately upon 

mixing the two components and after a while, results in the hardening of the polymer. The mixture is 

leaked in the mold and as the polymer sets the polymer takes the shape of the mold. After being baked, 

the polymer structure can be removed from the mold [22]. 
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Figure 11: Schematic diagram of photolithography and soft lithography [27]. 
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3. DEVELOPMENT OF A BLOOD ANALOGUE FLUID 

The human blood is a complex fluid that carries vital substances. A characterization of blood rheology 

and its flow dynamics is very important in order to predict cardiovascular diseases, to understand the 

transport of drugs through the circulatory system, and for the development of new equipment as blood 

pumps. However, the handling of blood is not a simple task and may not always be practical due to 

safety reasons. Due to this, blood analogue fluids are frequently used for in vitro experiments because 

they have several advantageous characteristics as nontoxicity, low cost, and transparency [28]. 

The blood rheology is extremely complex, so it is difficult to develop analogue fluids that have all the 

rheological properties of blood. The purpose of this study is to produce a blood analogue fluid having as 

its main focus on the particulate matter of the blood, i. e., the red blood cells (they represent 45% of the 

blood) that have a critical influence on the blood flow properties at a microscale level [28]. 

3.1  Materials and Methods  

To create the blood analogue fluid it was attempted to mimic the red blood cells in size and 

deformability by producing flexible microspheres. Two different techniques were tested: the Nano Spray 

Dryer B-90 (Figure 12) and the Encapsulator B-395 Pro (Figure 13). 

 

  

 

 

 

 

 

 

 

 

 

The Nano Spray Dryer B-90 was designed to produce particles out of a solution or suspension with a 

particle size between 0.3 µm–5 µm. The sample material is dried by a hot gas [31]. 

Figure 12: Image of Nano Spray Dryer B-90 
[29].  

Figure 13: Image of Encapsulator B-395 Pro [30]. 
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The Encapsulator B-395 Pro is a versatile system for controlled encapsulation of active ingredients. It 

allows the production of monodisperse microbeads and microcapsules and it is possible to choice 

diameters between 80 µm and 4000 µm [32]. 

In both equipment it is possible to adjust the procedures and obtain particles with sizes outside the 

ranges mentioned. However, the equipment used was the Encapsulator B-395 Pro because it is easier 

to handle, faster to produce and has a better yield. 

The bead size is controlled by several parameters as vibration frequency, nozzle size, flow rate, and 

physical properties of the used material.  

The material used for the manufacture of microspheres was alginate. It is a naturally occurring anionic 

polymer typically obtained from brown algae (Phaeophyceae) [33]. 

Alginate is a biomaterial that has numerous applications in the field of biomedical due to its properties 

such as biocompatibility, low toxicity, relatively low cost and ease of gelation by addition of divalent 

cations such as Ca2+[33].  

The most common way to prepare hydrogels from an aqueous alginate solution is to combine the 

solution with ionic crosslinking agents such as divalent cations [33]. 

In this work, to obtain the alginate hydrogel microspheres, Calcium Chloride (CaCl2) was used as the 

crosslinking agent. 

Through the figure 14 it is possible to visualize the process of formation of the microspheres. 
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Figure 14: Schematic representation of the Encapsulator B-395 Pro [32]. 

 

The alginate is put into a syringe (2). The polymer is forced into the pulsation chamber (5) by a syringe 

pump. The liquid then passes through a precisely drilled nozzle (7) and separates into equal size 

droplets on exiting the nozzle. These droplets pass through an electrical field between the nozzle (7) 

and the electrode (8) resulting in a surface charge. Electrostatic repulsion forces disperse the beads as 

they drop to the hardening solution (CaCl2). Optimal parameters for bead formation are indicated by 

visualization of real-time bead formation in the light of a stroboscope lamp (15). When optimal 

parameters are reached, a standing chain of droplets is clearly visible. Once established, the optimal 

parameters can be preset for subsequent bead production runs with the same material. Poorly formed 

beads, which occur at the beginning and end of production runs, are intercepted by the bypass cup 

(10). Depending on several variables, 50 to 5000 beads are generated per second and collected in a 

hardening solution within the reaction vessel (9). Solutions in the reaction vessel are continuously mixed 

by a magnetic stir bar (18) to prevent bead clumping [32]. 
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Figure 15 shows the Encapsulator B-395 Pro at a time when it was producing microspheres. The 

amount of hardening solution should be about 10 times more than the amount of Alginate. In each 

procedure 10 ml of Alginate and 100 ml of the hardening solution were used. The concentration of 

Alginate used was 2% (the alginate was diluted with water). Different concentrations of Calcium Chloride 

(hardening solution) and different values of frequency were tested. Interesting results were also 

obtained when using a surfactant (TWEEN 80) mixed with Calcium Chloride.  

All samples were filtered with a porous filter 40 μm in order to eliminate the larger ones. 

 

 

Figure 15: Image of Encapsulator B-395 Pro producing microspheres. 

3.2  Presentation and discussion of results 

By using an Encapsulator B-395 Pro, different tests were performed to obtain the best protocol. 

3.2.1 Test 1  

Three solutions of Calcium Chloride with a concentration of 0.1M and three solutions with a 

concentration of 0.2M were prepared. Three different frequency values were tested for each 

concentration. The results are in table 1. 
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Table 2: Results of the observation of the test 1 under the optical microscope. 

Concentration (Mol) Frequency (Hz) Sample name Microspheres observed in a optical microscope 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.1M 𝑪𝒂𝑪𝒍𝟐 

1500 A15 

 

2000 A20 

 

2500 A25 
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0.2M 𝑪𝒂𝑪𝒍𝟐 

1500 B15 

 

2000 B20 

 

2500 B25 

 

 

It is possible to see that the number of spheres increases when the concentration of Calcium Chloride 

is 0.2 M and when the frequency is 2500 Hz. Therefore, the sample with the greatest amount of 

particles is B25. 
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3.2.2 Test 2 

In order to avoid aggregation of beads, TWEEN 80 was added to the Calcium Chloride solution. The 

frequency of 3000 Hz (maximum frequency of the equipment) was also tested to compare with the 

sample B25. 

In order to obtain more concrete results a Newbauer Chamber was used for counting the particles. The 

characteristics of the Neubauer Chamber are in table 3. 

 

Table 3: Properties of Newbauer Chamber. 

Depth 100 μm 

Area 0.0025 m2 

Volume 0.00025 mm3 = 0.00025 μl 

 

 

Table 4 shows the samples from which the results were obtained and in figure 16 it is possible to see 

the results. 

Table 4: Information about the samples of test 2. 

Solution Frequency (Hz) Sample name 

0.2M 𝑪𝒂𝑪𝒍𝟐 2500 B25 

0.2M 𝑪𝒂𝑪𝒍𝟐 + TWEEN 80 (0.1%) 2500 S25 

3000 S30 

 

 

Number of particles per 0,00025ul (average). Minimum and maximum diameter. Number of particles with diameter between 

6-11 μm (average). 

   

Figure 16: Results of test 2. 
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The frequency 3000 Hz leads to a higher production of microspheres, however the surfactant causes 

the quantity to decrease. Apparently the surfactant also leads to a smaller bead production since the 

sample B25 and S25 have different amounts in total but the same amount of spheres having the 

diameter in the range 6-11 μm. 

3.2.3 Test 3 

In this test different percentages of TWEEN 80 were tested. In the table 5 are the solutions prepared 

and in figure 17 the results of the samples. 

 

Table 5: Information about the samples of test 3. 

Solution Frequency (Hz) Sample name 

 

0.2M 𝑪𝒂𝑪𝒍𝟐 +  

 

TWEEN 80 (0.05%)  

3000 

T05 

TWEEN 80 (0.1%) T1 

TWEEN 80 (0.2%) T2 

TWEEN 80 (0.5%) T5 

 

 

Number of spheres per 0,00025ul (average). Minimum and maximum diameter. Number of spheres with diameter between 

6-11 μm (average). 

 
  

Figure 17: Results of test 3. 
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The amount of beads increases up to the percentage of 0.2% of TWEEN 80 as well as the number of 

beads with a diameter between 6-11 μm. 

3.3  Conclusions  

Our results allow us to conclude that this method has potential to production of microparticles able to 

mimic RBCs. From our results, it is possible to conclude that the ideal composition for the hardening 

the solution is 0.2M Calcium Chloride and 0.2% TWENN 80 (the increase of the surfactant TWENN 80 

to 0.2% led to an increase in the number of spheres with the size of interest.). In addition, it was 

concluded that the best frequency is 3000 Hz, which allow us to produce in a few minutes about 

 5.952 × 109 of microparticles. 
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4. FABRICATION OF MICROCHANNELS WITH DIVERGING BIFURCATIONS 

The fabrication of the microchannels starts with drawing the geometries using AutoCAD. The 

geometries created were based in a previous work performed by Campos [34]. The objective of these 

geometries is to evaluate the flow behavior of the red blood cells in bifurcations with different 

geometries. 

The geometry A represented in the figure 18 is the starting point of the geometries tested in present 

work. 

 

 

Figure 18: Main dimensions of geometry A (mm). 

 

In the figure 19 it is possible to see the main dimensions of geometry B. The only difference between 

the geometry A and B is the angle of the first divergent bifurcation that is the double. 

 

 

Figure 19: Main dimensions of geometry B (mm). 
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The figure 20 shows the main dimensions of geometry C that is similar to geometry A but the first angle 

is 3 times bigger. 

 

Figure 20: Main dimensions of geometry C (mm). 

4.1 Materials and Methods  

The techniques used to produce the microfluidic devices were the photolithography and soft-lithography. 

4.1.1 Photolithography  

All geometries were printed in a film mask to be used at photolithography process.  The photoresist 

used was SU-8 2025 which has a datasheet with the protocol that should be followed. However, the SU-

8 properties change over the time and as a consequence most of the times the results are not the 

expected ones, so it is frequent to make some adjustments to the protocol suggested by the 

manufacture. When the SU-8 is not used for a period it is necessary to make some preliminary tests 

before using it again otherwise the results will not correspond to what is expected. The wafers used in 

this work were made of silicon or glass. Additionally, it was added a chromium layer in all of them to 

increase the adherence of the SU-8. 

The main steps of the photolithography process used in this work are shown in figure 21. 
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Figure 21: Schematic diagram of the main steps of the photolithography process. 

 

Before starting the photolithography process it is important to clean and remove the water from the 

surface of the wafer. Hence, the wafer needs to be heated in an oven at 200ºC for about 10 minutes. 

Note that, it is important to change the light from white light to yellow in clean rooms. The fluorescent 

light consists of glass tubes that contain gases and one of them is mercury [35]. The mercury g-line 

(365 nm) is used in the exposure of the SU-8 so the light used in clean rooms has to be changed to a 

color that does not contain mercury. 

 

SU-8 coat 

The wafer is placed at the center of a machine called spin coater. A small amount of SU-8 similar to a 2 

euro coin is poured into the center of the wafer. The height of the channels will depend on this step as 

it is determined by the speed of rotation of the spin coating. In all situations, the SU8 25 100 program 

was used which has reached a maximum rotation of 2000 rpm and therefore all the structures had a 

height of about 30 micrometers (as shown in figure 22). 

 

SU-8 Coat Soft-bake Exposure  
Post Exposure 

Bake (PEB) 
Development Rinse and Dry 
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Figure 22: Image of the structure in SU-8 obtained through an interference microscope. 

 

Soft-Bake 

This step is made to remove the SU-8 solvent and make it more solid. Most of the solvent evaporates 

changing the thickness of the layer and preparing the photoresist to be exposed [36].  

To make the soft-back it is needed a hotplate. This machine allows a controlled bake and the process is 

represented in figure 23. The temperature increases really fast since the room temperature untill 40ºC 

(about 1 minute) then it raises 2ºC/minute. When it reaches 65ºC the hotplate keeps that temperature 

for 5 minutes and the same procedure happens when it reaches 95ºC but for 10 minutes. The hotplate 

was programmed to make these ramps, to not induce stress on the structures (stress happens when 

the heating is too fast). 

 

 

 

Figure 23: Demonstrative graph of the hotplate behavior during soft-bake and PEB. 
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After finishing the soft-bake process the wafer is removed from the hotplate and its left to cool down to 

room temperature for 10 minutes.  

SU-8 exposure 

The SU-8 substrate is exposed to UV light and the cross link starts. The film mask is placed on the top 

of the wafer allowing the radiation to reach only some specific areas (the geometry). 

The datasheet provides the information about the energy that should be used in the substrate 

depending on the material of the wafer and the thickness of the coat. In this case the ideal is between 

225 and 300 mJ/cm2 due to the chromium layer.  

To make the exposure it is possible to use different radiation sources. In this case it was used a mask 

aligner machine, not because of the alignment function, but because it was the radiation source 

available in the laboratory. The machine's lamp provides uniform radiation and collimated light and 

therefore a good exposure process. 

To define how much time the photoresist should be exposed it was needed to determine the energy that 

the machine provides per second. The elements parts were all positioned and the result was 1.9 

mJ/cm2 per second. The elements are: the film mask, two glasses (to make pressure and reduce the 

distance between the mask and the wafer) and a filter to eliminate UV radiation with wavelength below 

350 nm (radiation with a wavelength below 350 nm has a lot of energy and immediately begin the 

cross-linking in the surface of the structure not allowing the radiation to reach the whole structure so it 

is not possible to obtain vertical sidewalls in the SU-8). After that, the value found was between 119 and 

158 seconds. This step is very important and determinant for the quality of the structures. So several 

tests have been done and the main results are shown in the section below. 

 

Post Exposure Bake (PEB) 

The Post Exposure Bake accelerates the cross-linking of the exposed areas making them insoluble in 

the developer. This step is made the same way as soft-bake but instead of removing the wafer from the 

hotplate to let it cool down, the wafer cools down slowly in the hotplate to remove the stress and avoid 

cracks. 
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SU-8 development 

This step is intended to remove the SU-8 that has not been cross-linked. The wafer is immersed in 

developer for about 10 minutes. The structures should not have white parts (the white parts are SU-8 

not exposed that must be removed or SU-8 that needs more exposer).  

 

Rinse and Dry 

After the development the wafer is rinsed with Isopropanol. This procedure must be done in just a few 

seconds because the SU-8 can be released from the wafer. To dry it is used compressed air.      

4.1.2 Soft lithography  

Through soft lithography it is possible to produce several microdevices quickly and economically. The 

microdevices are produced in PDMS using the master constructed in photolithography.  

In a container the PDMS and the curing agent are mixed in proportions of 10: 1 respectively. The 

degassing process is then carried out by placing the mixture in vacuum. The SU-8 master is placed in a 

petri dish, the mixture is poured over the master and degassed in the vacuum pump. The petri dish is 

placed in the oven at 80°C for 20 minutes. Finally the PDMS is removed from the mold (figure 24). 

 

 

Figure 24: Representation of Soft Lithography [37]. 

 

Plasma treatment is used to close the channels. The PDMS and a glass slide are treated in an O2-

plasma and it cleans the surface and activates them by cracking bondings and creating reactive sites 

(figure 25). So it is possible to get a strong bonding of the surfaces [38]. 
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Figure 25: Image of plasma treatment operation [38]. 

4.2  Results and Discussion 

4.2.1 Photolithography 

In this work several tests were performed to determine the best exposure time.  

The cleanroom temperature (23°C ± 2) was always identical in all tests, so the properties of SU-8 were 

the same for all tests. 

Test 1 

In this test 3 different exposures were tested by using the same geometry and the results are in table 6 

and table 7. 
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Table 6: Results of the observation of the first test under the optical microscope. 

Exposure time (s) Structures observed in a optical microscope 

80 

 

 

      

100 

 

200 
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Table 7: Results of the observation of the first test under the scanning electron microscope. 

 

The results show that by increasing the exposure time, the cracks in the SU-8 structure decrease. 

Comparing the exposure time of 80s and 200s it is clear that this parameter influences the definition of 

smaller structures. In addition, it is possible to observe that the cracks are superficial and do not reach 

the entire structure, which means that the structure is not damaged and cracks are only scratches. 

 

Test 2 

In this test the exposure times 100s, 200s, 400s were used. The results are shown in the table 8. 

 

 

 

 

 

 

 

 

 

 

 

Structures observed in a scanning electron microscope (SEM) 

80s (Exposure time) 200s (Exposure time) 
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Table 8: Results of the observation of the second test under the optical microscope. 

Exposure time (s) Structures observed in the optical microscope 

100 

 

 

 

200 

 

400 

 

 

The results of this test are in accordance with the previous results obtained with test 1. 

It is possible to see that with the increase of the exposure time the SU-8 surface becomes smoother. 

However, it is also observed that for a longer exposure time (400 s) the definition of the smaller 

structures is not ideal because the SU-8 suffers a melting in that zone. 

4.2.2 Soft lithography  

Figure 26 shows the result of using the soft lithography technique. The PDMS mold contains the 

geometry that was in the SU-8 master used. 

To obtain this result the SU-8 master was produced and placed in a petri dish. The PDMS was then 

leached with curing agent in the petri dish with the master and taken to the oven for 20 minutes at 

80ºC. The mold in PDMS was removed from the oven, cut into the desired shape, the holes were made 
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for the inlets and outlets and the channels were closed using a glass and the Barrel etcher machine to 

definitively bond them with the plasma treatment technique. 

 

 

Figure 26: Image of a microdevice made by Soft Lithography. 

4.3  Conclusions 

The results obtained from this study have shown that by using the photolithography equipment located 

at the Microproduction and Technical Optics Laboratory, at Jade University of Applied Sciences, the 

most appropriate exposure time to produce SU-8 master molds is 200s. After establishing the 

photolithography protocol with this exposure time all SU-8 structures were very similar and quite 

satisfactory. In addition, it was observed that all the walls of SU-8 master molds are vertical. It was 

noticed that masters who needed more cleaning time (developer and isopropanol) were more likely to 

be damaged when the PDMS mold was made. 

Regarding the microfluidic devices produced by using the soft lithography procedure and the devices 

were extremely satisfactory and it was possible to perform blood flow visualizations and measure the 

deformation of cells in complex geometries such as bifurcations. 
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5. STUDY OF BLOOD FLOW IN MICROCHANNELS WITH DIVERGING 

BIFURCATIONS 

Blood is a fluid composed primarily of red blood cells (RBCs) suspended in the plasma. RBCs have a 

complex structure that gives blood unique characteristics at the microscale level. Blood studies in 

microchannels have been conducted over the years for a more comprehensive characterization of the 

blood flow properties at a microscale level [39]. 

In this work the blood was studied in microchannels with diverging bifurcations. Three different 

geometries (figure 27) were used in order to understand the influence of the bifurcation angle on the 

flow and deformability of RBCs. 

 

Figure 27: Geometries used in this the study with different angles: 39º (A), 78º (B), 117º (C). 

5.1  Materials and Methods 

For the microfluidic experiments the setup consisted of an inverted microscope (IX71, Olympus) and a 

high-speed camera (FASTCAM SA3, Photron).  The device was placed in the stage of the microscope 

and a syringe pump was used to produce a constant flow rate of 5 μl/min (figure 28). The hematocrit 

used for the study was 1% (a sample was prepared with 1ml of RBCs and 99 ml of Dextran). 
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Figure 28: Experimental set up used in the microfluidic experiments. 

The parameters used in the study are shown in table 9. 

Table 9: Parameters used in the study. 

Parameters Values 

Frames   
 

2000 fps 

Resolution 1024x1024  
 

Hematocrit (Hct) 1% 

Flow rate 5 μl/min 

 

After capturing the motion of the RBC, ImageJ was used to track individual RBCs flowing through the 

microchannels and to measure the deformation and velocity. 

5.2  Results and Discussion  

In figure 29 it is possible to observe the tracking of cells at the different tested channels with different 

angles: 39 ̊ (A), 78 ̊ (B), 117 ̊ (C). 
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RBCs trajectories 
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Figure 29: Tracking different cells in the different channels. 
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To measure the deformation the RBCs it was used the equation of figure 30.  

 

Figure 30: Equation to measure the deformation of RBCs [40]. 

 

The results of the velocity measurements of different representative RBCs flowing through the tested 

microchannels can be found in figure 31.  
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“Far from the apex”                Velocity of the RBCs             “Around the apex” 
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Figure 31: Results of the velocity measurements of different representative RBCs. 
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Overall, the RBCs that are not in the center of the channel (left figure) suffer an increase in velocity after 

the bifurcation due to the decrease size of the daughter branches. The RBCs that are flowing in the 

center of the parent channel (right figure) suffer an abrupt decrease of the velocity around the apex 

zone and then increase again when the cells enter the daughter branches. This abrupt reduction of the 

velocities at the apex is mainly due to the presence of a stagnant flow region. 

 

In figure 32, it is shown the deformability measurements of different representative RBCs flowing 

through the tested microchannels. 
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“Far from the apex”                Deformability of RBCs            “Around the apex” 
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Figure 32: Results of the deformability measurements of different representative RBCs. 
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Overall, the results from figure 32 shows that the cells that are not in the center of the channel (left) 

tend to suffer a slight increase of the deformation index (DI) followed by a small decrease.  In contrast, 

the RBCs located at the center of the parent channel suffer an abrupt decrease followed by an 

exponential increase of the DI around the apex zone.  

 

In figure 33 it is possible to compare the deformation of RBCs flowing at channels with divergent 

bifurcations and with different angles. 

 

“Far from the apex”                Deformability of RBCs            “Around the apex” 

  

G1 – Geometry A (39°)|G2 - Geometry B (78°) | G3 – Geometry C (117°) 
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Figure 33: Deformation of cells flowing at channels with divergent bifurcations and with different angles. 
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Overall, the results from figure 33 indicate that the cells (cell 7, G3) flowing far from the apex and at the 

geometry C (117 ̊) do not suffer big deformability. In contrast, the RBCs flowing around the apex that 

suffer the highest abrupt decrease of the deformability are the cells (cell 2, G3) flowing at the geometry 

C (117 ̊). 

5.3  Conclusions  

Overall, the RBCs that are not flowing at the center of the parent channel tend to suffer an increase in 

their velocity downstream the bifurcation due to the decrease size of the daughter branches. In 

addition, these RBCs tend to suffer a slight increase of their deformability followed by a small decrease. 

Regarding the RBCs that are flowing around the center of the parent channel, they tend to suffer an 

abrupt decrease of the velocity around the apex zone and then they tend to increase again when the 

RBCs enter the daughter branches. Additionally, these RBCs suffer an abrupt decrease followed by an 

exponential increase of the DI around the apex zone. 

The results obtained from this study clearly indicate that stagnation region located at the bifurcation 

apex strongly influence both RBCs velocity and deformability. Apparently from the flow visualizations, 

this stagnant zone also seems to influence the orientation of the RBCs as the cells flowing around this 

region seems to not only to deform but also to rotate. Further work needs to be performed in order to 

clarify this latter phenomenon. 

The results also indicate that for the case of the RBCs flowing around the apex the ones that suffer the 

highest abrupt decrease of the deformability are the RBCs flowing at the geometry with biggest angle 

(117 ̊). 
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6. CONCLUSIONS AND FUTURE WORK  

6.1  Conclusions 

The main objectives of this master thesis are the development of a blood analogue fluid and the 

development and manufacture of microchannels with bifurcations to study the flow behavior of 

individual RBCs. 

In the first part of this work, flexible microparticles were produced to mimic the red blood cells. It was 

possible to produce particles similar in size to RBCs and deformable. The production process has been 

optimized allowing rapid manufacturing. It was found that by increasing the frequency of the device 

(Encapsulator B-395 Pro) generates more microspheres of the desired size. The best concentrations for 

the hardening solution are 0.2M Calcium Chloride and 0.2% TWEEN 80. 

After the development of the blood analogue fluid, by using the photolithography and soft lithography 

techniques microchannels were successfully manufactured. The technique with the most critical 

procedure was the photolithography and it is important to obtain good results because the master mold 

has a lot of influence on the quality of the microchannels. Thus, several tests were done to find the best 

protocol. It has been found that the exposure time has a great influence on the master molds and that 

the best time is about 200s. 

The manufactured microchannels were used to study the flow behavior of individual RBCs. These 

devices contain diverging bifurcations with different amplitudes: geometry A has a diverging bifurcation 

with an angle of 39 °, the geometry B has an angle of 78 ° and the geometry C has an angle of 117 °. 

The flow visualization study was mainly focused on the trajectories of the RBCs and it was observed that 

their trajectories are identical at the different channels. Overall, the results clearly indicate that 

stagnation region located at the bifurcation apex strongly influence both RBCs velocity and 

deformability. Apparently from the flow visualizations, this stagnant zone also seems to influence the 

orientation of the RBCs as the cells flowing around this region are submitted to a complex flow 

phenomenon where they seem to undergo both deformation and rotational motions. 

In addition, the results indicate that for the case of the RBCs flowing around the apex the ones that 

suffer the highest abrupt decrease of the DI are the RBCs flowing at the geometry with biggest angle 

(117 ̊). Further work needs to be performed in order to clarify these flow phenomena. 
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In general, the results presented here provide an important contribution to the field of blood analogues, 

microfluidics and microcirculation. 

6.2  Future work 

As future work on the blood analogue fluid development, it is important to find a good filtration system 

to obtain at the end microparticles with dimensions similar to the red blood cells. After obtaining a 

filtered sample it is necessary to study the flow of this blood analogue in microchannels and compare it 

with the in vitro blood flows. 

It would also be interesting to continue to study the flow behavior of individual RBCs since there are 

phenomena that are not yet fully understood. Apparently in the bifurcations the cells in addition to the 

deformation also suffer rotation. To better understand the effect, more tests would be needed. 

Another interesting work is to study the flow of rigid microparticles or rigid RBCs (mimicking 

pathological cells) and compare them with the results obtained from this present study. 
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ANNEX I – SU-8 DATASHEET 
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ANNEX II –  ALL GEOMETRIES OF MICROCHANNELS PRODUCED AT JADE 

UNIVERSITY OF APPLIED SCIENCES 
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