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ABSTRACT 

 

The need of making microfluidic devices less bulky and being independent of external controls (or 

self-controls) has inspired the development of the device concept called Integrated Microfluidic 

Circuits (IMCs). The IMC concept is similar to the concept of embedded instruction in electronic 

circuits. So, an IMC device has a self-control ability, and this ability is gained with the solid film 

or membrane being incorporated into the micro-channels or chambers.  The focus of this thesis is 

on the IMC based switch valve that can perform a continuous flow switching function. The 

difference between a discrete flow and a continuous flow is that in the former, the switching 

function is upon either Flow A or Flow B, while in the latter, the switching function is upon either 

the flow configuration (Flow A with the flow rate x & Flow B with the flow rate y) or the flow 

configuration (Flow A with the flow rate y & Flow B with the flow rate x), where x + y = constant. 

The concept of the continuous IMC switch valve was initially speculated in a MS thesis in our 

research group.  

 

The overall objective of the present thesis was to explore the feasibility of the continuous IMC-

based or IMC switch valve. Two specific objectives were defined in the thesis to achieve the 

overall objective, namely (1) to design and fabricate a device that is composed of IMC switch 

valves so that feasibility of the concept of continuous flow switching can be studied, and (2) to 

develop a simulation test-bed as well as a preliminary physical test-bed so as to comprehensively 

examine the switching behavior of the device developed in (1). 

 

The device was designed by employing the axiomatic design theory and the general design phase 

theory in order that the design process for the continuous IMC switch valve has some generalized 
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implication to other types of IMC devices. The device was fabricated with the 3D Printed Transfer 

Molding (PTM) technology due to its simplicity as opposed to the conventional soft lithography 

technology. In particular, the material for the device is Polydimethylsiloxane (PDMS), and material 

for the mold is Full cure835 Vero white plus. Further, process parameters were tailored based on 

a trial-and-error procedure. The testing of the integrity of the fabricated device, leakage test in 

particular, was conducted. The simulation system was built with the software COMSOL, which is 

for multi-physics modeling and simulation and is therefore suitable to this thesis. These research 

activities along with the results can draw the following conclusions: (1) the design process for the 

continuous IMC switch valve has some generalized implication to other types of IMC devices; (2) 

the fabricated device is free of leakage; (3) the chosen mold material along with the specific 

fabrication protocol is effective to PDMS micro-parts and devices; (4) the continuous IMC-based 

or IMC switching function is feasible based on the simulation result on the device as developed in 

this thesis.  

 

The contributions of this thesis in the field of the microfluidic device technology are: (1) a proof 

to the device concept of the continuous IMC switch valve, (2) a systematic design process for both 

discrete and continuous IMC switch valves as well as possible other types of IMC devices, and (3) 

a proprietary PTM process to fabricate PDMS micro-parts.   
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Chapter 1:  Introduction 

 

 

1.1 Background and motivation 

 

Microfluidics is a body of knowledge that explains the flow behavior of fluids with a small amount 

(10-9 to 10-18 litres) in a network of components, adapted from (Whitesides, 2006). The knowledge 

of microfluidics covers four major areas:  molecular analysis, bio-defence, molecular biology,  

microelectronics and micro-machines (Whitesides, 2006). Due to the small size, the flow dynamic 

behavior of micro-fluids, along with its governing principle, is different from that of macro-fluids. 

This difference also leads to significant differences in the system architecture as well as fabrication 

techniques between the micro-fluidic device and macro-fluidic device. 

 

Components in a microfluidic device are channels, chambers, reservoirs, pumps, filters, mixers, 

and valves, and their motions or deformations are in the range of microns. This thesis is focused 

on valve. There are two types of valves in the context of fluids: switch valve and check valve. The 

function of switch valves is to switch a flow say C in one of the two directions of flows say A and 

B (Figure 1.1a), and the function of check valves is to stop or pass a flow (Figure 1.1b).  
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There are two ways to control the switching function and the checking function, namely external 

and internal. The external way is such that an external controller with an external power gives 

instructions to the valve to actuate its function, i.e., power →controller → actuator → body of the 

valve (Figure 1.2a); while the internal way is such that the fluid and channel themselves serve as 

a power, controller, actuator and body of the valve to fulfill the valve’s function (Figure 1.2b). The 

internal way is in essence similar to the concept of embedded instruction system in electronics 

circuit, and the microfluidic system or network or circuit is called Integrated Microfluidic Circuit 

(IMC) (Mosadegh, 2010). In this thesis, the switch valve built based on the IMC concept is called 

IMC switch valve. Further, the actuator in this thesis is membrane-based or based on channel 

deformation, as it can be made very small and therefore is suitable to microsystems in general. It 

is to be noted that naturally, there is a possibility to combine both ways to control the valve’s 

function, which is out of the scope of this thesis. This thesis is focused on the IMC switch valve, 

as switching in microfluidic devices has many biomedical applications such as medium exchange, 

washing and surface functionalization (Augustsson et al., 2009; Destgeer et al., 2015; Hawkes et 

al., 2004; Li et al., 2015; Tarn et al., 2014). In fact, switching and sorting or separation are 

Figure 1.1: Fluid flow valve: (a) Switch valve; (b) Check valve. 



 

 
 

3 

interchangeably used for referring to the unit of operation for splitting of a heterogeneous sample 

of micro-sized particles into multiple homogeneous samples (Bhagat et al., 2010; Hoi et al., 2009; 

Lin et al., 2008; Nieuwenhuis et al., 2005; Robert de Saint Vincent et al., 2008). 

 

 

In literature, switch valve, regardless of what kinds, is discrete in nature; that is, if the flow C (in 

Figure 1.1a) is directed to the flow channel A, there will be no flow in the flow channel B. Let us 

denote QA as flow rate in the channel A (or Flow A), QB as flow rate in the channel B (or Flow 

B), and QC as flow rate in the channel C (or Flow C). The switching function can be described as: 

Status 1 of switch valve: QA=100% of QC, QB=0% of QC.  

Status 2 of switch valve: QA=0% of QC, QB=100% of QC.  

 

For the convenience of the reader in subsequent discussions, such a switch valve is called discrete 

switch valve. In our research group, a so-called continuous switch valve was speculated (Rasouli, 

2019), which can be described as: 

Figure 1.2: The control approaches of the valve: (a) external approach; (b) internal approach. 

Switch valve 
(Actuator & 
Body) 

Power & 
Controller  

Switch valve 
(Actuator & 
Body) 

Power & 
Controller 

(a) (b) 
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Status 1 of switch valve: QA=x% of QC, QB=y% of QC, where x+y=100.  

Status 2 of switch valve: QA=y% of QC, QB=x% of QC, where x+y=100.  

 

Apparently, continuous switching covers discrete switching, that is, discrete switching is a special 

case of continuous switching (i.e., x=100 & y=0, or x=0 & y=100). This thesis was motivated to 

study the concept of the continuous IMC switch valve.  

 

1.2 Research objectives 

 

The overall objective of this thesis was to develop a microfluidic device to study the concept of 

the continuous IMC switch valve. The specific objectives defined in connection with the overall 

objective are: 

 

o Objective 1: To design and fabricate a device that is composed of IMC switch valves so that 

feasibility of the concept of continuous flow switching can be studied.  

 

It is noted that microfluidic devices are considered as a kind of microsystems or MEMS (micro-

electronic-mechanical systems), as geometrical features of a device are the range of microns. 

Therefore, the architecture of a microfluidic device is with a layer-by-layer structure. The accuracy 

of aligning two layers of materials should be less than 100	µm. A note is further taken that the 

switch valve as mentioned above is not just meant for a single switch valve, like the one in Figure 

1.1, rather a device that contains switch valves and perhaps some other components (e.g., check 

valve) yet enables to show the switching function of the switch valves in the device. Throughout 

this document, switch valve refers to such a device unless a specific clarification is given.  
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o Objective 2: To develop a simulation test-bed as well as physical test-bed (if possible) so as 

to comprehensively examine the switching behavior of the switch valve.  

 

The simulation test-bed was a fluid-solid interaction dynamic system built with the software called 

COMSOL. The simulation model was expected to cover the whole device rather than the switch 

valve only.    

 

1.3 Thesis Organization 

 

This thesis has seven chapters. In Chapter 2, the literature review of the work done in the recent 

past for microfluidic switch valves, the application of these valves and the challenges with the 

existing designs are discussed. This chapter concludes with the need of developing the continuous 

IMC switch valve along with the expected contribution of this thesis. In Chapter 3, design of the 

test device that can demonstrate the feasibility of the continuous IMC switch valve is presented 

along with the rationale behind the design. In Chapter 4, the material selection and the fabrication 

process for the device presented in Chapter 3 are presented. There is also a discussion of the 

preliminary testing of the device, leakage test in this case, to show the effectiveness of the assembly 

process for the upper part and the bottom part of the device. In Chapter 5, the simulation system 

for the continuous IMC switch valve is presented. The simulation result will be discussed. In 

Chapter 6, conclusions drawn from this work are discussed along with a discussion of the limitation 

of this thesis work as well as some important future work. 
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Chapter 2:  Literature Review 

 

 

2.1 Introduction 

 

This chapter presents the background of this thesis as well as the related work in literature. The 

purpose of this chapter is twofold. It will provide preliminary knowledge for the reader to 

understand the discussions in subsequent chapters and will provide a more detailed justification of 

the proposed research presented in Chapter 1. Specifically, in Section 2.2, the device for the 

switching function with the external controller is discussed. In Section 2.3, the device for the 

switching function with the internal controller or self-controller, i.e., IMC switch valve is 

discussed. A note is taken care of that only the membrane-based actuation of the switching function 

is discussed, see the previous discussion in Chapter 1. In Section 2.4, 3D printed molding approach 

to fabricate microfluidic devices is discussed. Finally, in Section 2.5 there is a concluding remark.   

 

2.2 Switch valves with an external controller 

 

Majority of the switch valves contain a membrane, which is actuated pneumatically, i.e., by fluidic 

pressure (sometimes vacuum) (Amin et al., 2016). The fluidic pressure is further regulated by a 

pneumatic controller, which sits outside the valve device, making sense to the notion of external 

controller. The first pneumatic valve was perhaps developed by Stephen Quake and his group in 

2000 (Au et al., 2011; Studer et al., 2004; Thorsen et al., 2002; Unger et al., 2000). Pneumatic 

valves have widely gained popularity due to their easy integration in soft lithography. However, 
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the external gas tank connections or fluid reservoirs make the design of these valves bulky. 

Pneumatic valves can be classified into three basic types: Quake valve, Plunger valve, and lateral-

deflection valve; one of the common features with them is called “normally open”. By normally 

closed it is meant that in a normal situation the valve allows the fluid to flow, while in the operation 

situation the valve slow down the flow.  

 

2.2.1 Quake Valves 

 

Quake valves generally consist of three layers: one layer of the control channel, a second layer of 

the fluid channel and a bottom layer of the chamber (Figure 2.1). All Quake valves have the fluid 

channel perpendicular to the control (or actuation) channel (Lee et al., 2018). Different versions 

of this valve have been developed over the years. Figure 2.1 is a device developed by Lee et al. 

(2018). The device was transparent and had a biocompatible resin with an architecture that could 

be scaled up to larger arrays. Several variants of the Quake valve were reported in literature, e.g., 

the valve by Xiang et al. (2017), the paper-based normally-open timing valve by Li et al. (2013).  

 

Figure 2.1: (a) CAD design of the Quake-style valve; (b) Image of the 3D 

printed valve; (c-f) Schematic of the operation of the valve ( Lee et al., 2018). 
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2.2.2 Plunger Valve 

 

The plunger valve represents a rubber plunger set against a circular orifice. Baek et al. (2005) 

developed a pneumatically controllable PDMS based micro-valve, as shown in Figure 2.2. The 

valve regulated the on-off mechanism of flow with the help of a thick-centred membrane. Fluid 

flowing from one layer to another occurred through a circular through-hole in the elastomeric 

substrate. In another version of the plunger valve, Lee et al. (2003) developed a new microinjection 

device for microinjecting fluid through a microneedle fused with a PDMS-based micro-valve (as 

shown in Figure 2.3). The “on-off operation” of the valve was controlled by manually supplying 

pneumatic pressure.  

 

Figure 2.2: Schematic representation of the valve by Baek et al. (2005) (a) 

Closing of the valve by compressed air; (b) Opening of the valve by vacuum. 
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2.2.3 Lateral-deflection valves 

 

First reported by Sundararajan et al. (2005), a lateral-deflection membrane valve was actuated 

laterally from the flow channel (Figure 2.4). These valves have the flow and control channels on 

the same layer separated by a narrow gap (in the order of microns) which behave as the actuation 

membrane, as illustrated in Figure 2.4. High-speed cell-sorting has been achieved through single-

layer lateral-deflection membrane valves. Abate et al. (2010) introduced a membrane valve in 

combination with an asymmetric channel junction for high-speed cell sorting (Figure 2.5). The 

asymmetry of the channel made the particles to directly flow into the waste channel unless acted 

Figure 2.3: Schematic of the microinjection valve system developed by Lee et al. (2003). 
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on by the valve. Upon actuation, the asymmetry would be inverted causing particles to flow into a 

collection channel. 

 

Single-layer microfluidic valves for selective droplet splitting have also been investigated in the 

work by Raveshi et al. (2019). The valve was used to split large droplets (or “mother droplets”) so 

that the main sample volume can navigate around the chip, with smaller volumes (or “daughter 

volumes”) being removed at desired locations. The study was done in order to address the problem 

of delivering multiple samples in a way that reactions could be performed in numerous 

permutations. 

 

 

 

 

 

 

 

Figure 2.4: Schematic of the cell sorter designed by Sundararajan et al. (2005). 
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2.3 IMC Switch valve 

 

The drawback of the devices as discussed in Section 2.2 above is bulky in size, which restricts its 

applications in the area of organ-on-chips. To overcome this drawback, the idea goes to the concept 

of IMCs (Jensen et al., 2007; Mosadegh, 2010; Rhee & Burns, 2009). The promise of IMC is just 

similar to Integrated Electronic Circuits (IECs), which greatly reduces the size of modern electrical 

Figure 2.5: (a) Schematic of the single layer valve-based sorter. 

The sorter consists of a spacing device and a sorting device. (b) 

OFF condition of the sorting signal where particles flow into waste 

channel. (c) ON condition of sorting signal where particles flow 

(Abate et al.,2010). 



 

 
 

12 

circuits. This brings us to the concept of IMC flow switching. Among others, the work by 

Mosadegh (2010) was perhaps the most comprehensive one. 

 

Mosadegh (2010) outlined a membrane-based flow check valve and switch valve (Figure 2.6). In 

Figure 2.6, for check valve, only one flow, Flow A, is presented. The relationship of the deflection 

of the membrane and the pressure of the flow (high pressure, low pressure) is illustrated to show 

how Flow A is passed and blocked. In Figure 2.6, for switch valve, Flow A and Flow B along with 

two fluid channels are indicated. When the membrane is pressed downward to block the channel 

for Flow B (due to Flow A on the top of the membrane), there is only Flow A, observed from the 

outside of the device. If Flow B has sufficient pressure to make the membrane upward, then Flow 

A is blocked, and there is only Flow B observed from the outside of the device. It is to be noted 

that Figure 2.6 does not show the controller nor actuator to actually execute the switching function 

or checking function.  

 

Mosadegh (2010) went on to present a device (Figure 2.7) based on the internal approach (i.e., the 

IMC concept) as mentioned in Chapter 1 especially associated with Figure 1.2 in Chapter 1 to 

demonstrate the IMC switch valve. This device is composed of two membrane-based switch valves 

(on the right and left, respectively, in Figure 2.7b, c) and a membrane-based check valve (Figure 

2.7b, c). There are two flows (Flow A in red, and Flow B in green, in Figure 2.7c). There is one 

external constant flow which connects to Flow A and Flow B (Figure 2.7b), which pre-sets the 

threshold pressure to deform the membranes in the switch valves in the device, respectively. The 

device realized the switching function between Flow A and Flow B via the check valve. 
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A 

A 

B 

Figure 2.6: Schematic of the switch valve designed by Mosadegh (2010). The upper part is 

regarding Check valve, and the bottom part is regarding switch valve. a, b columns: show how 

the membrane work along with the required pressure distribution; c, d columns: show the 

diagram to show the electronic component counterparts (diode, transistor). 
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Rasouli (2019) developed a switch valve with three layers arranged in a single layer (see Figure 

2.8) rather than a three-layer design by Mosadegh (2010) (see Figure 2.6) in order to address the 

issues of alignment in fabrication of a multi-layer switch valve by Mosadegh (2010). However, 

the fabrication of the design of Figure 2.8 received the challenge of fabricating the high aspect 

ratio features with this design with the current lithography-based technique. It is interesting to 

notice that Rasouli (2019)’s design is different from Mosadegh (2010)’s design in that the former 

design has two outlets, though Rasouli (2019)’s design has yet to be an IMC switch valve. One of 

the motivations of this thesis was to further study Rasouli (2019)’s design to make it as an IMC 

switch valve. 

Switch 
valve 

Drain Check valve 

(a) (b) (c) 

Figure 2.7: Schematic diagram of a fluid self-oscillator device. The device consists of two switch 

valves and one check valve. (a) is an electronic self-oscillator device; (b) the schematic diagram 

of the fluid self-oscillator device; (c) the physical fluid self-oscillator device (Mosadegh, 2010).  
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2.4 3D printed molding 

 

An alternative route to conventional methods of fabrication is the use of additive manufacturing 

technology, which has a nickname of 3D printing (Sochol et al., 2018). 3D printing is recently 

employed to build multi-layer microfluidic devices either directly or indirectly via molding 

processes. 3D Printed Transfer Molding (PTM) involves pouring the polymer into a 3D printed 

mold to make a device, which is faster, cheaper and comparatively more reliable compared to 

direct 3D printing in which multiple copies of microfluidic devices are made (Glick et al., 2016). 

McDonald et al. (2002) first implemented this method using fused deposition modeling techniques. 

Since then, the technique has been used with stereo-lithography (Comina et al., 2014),  multi-jet 

printing (Hwang et al., 2015), wax printing (Kaigala et al., 2007) as well as office-quality laser 

printing (Júnior et al., 2015; Thomas et al., 2010). 

Inlet A 

Outlet A 

Outlet B Inlet B 

Figure 2.8: Schematic of the single layer switch valve designed by Rasouli (2019). 
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PTM restricts the geometric flexibility of fully 3D printed microfluidics. However, it has the 

following advantages: (i) a single mold can be reused for multiple microfluidic devices, which 

diminishes the cost and time of production, (ii) most 3D printers have a lower resolution for the 

aspects that require a supporting material, (iii) this technique is suitable for typical microfluidic 

materials especially PDMS (Bonyár et al., 2014; Comina et al., 2014, 2015; Kaigala et al., 2007; 

Thomas et al., 2010). 

 

2.5 Concluding remarks 

 

From the literature review it can be found that there is no reported research in literature on the 

concept of the Continuous IMC switch valve. Indeed, the Continuous IMC switch valve is a 

general case as opposed to the IMC discrete switch valve. The continuous switch valve may its 

own unique application, for example be used to mix different chemicals in a definite proportion. 

Therefore, investigation of the feasibility of the Continuous IMC switch valve is needed and 

important as well. Knowledge generated for the Continuous IMC switch valve is also applicable 

to the IMC discrete switch valve. 
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Chapter 3:  Device Design  

 

 

3.1 Introduction 

 

This chapter is to present the design of a continuous IMC switch valve by applying the general 

design theory and methodology, in particular the Axiomatic Design Theory (ADT) (Axiom 1 in 

particular) and the general design phase theory. Section 3.2 presents the technical specification. 

Section 3.3 presents the design of the device along with rationality. Section 3.4 illustrates how the 

device works. Section 3.5 concludes this chapter. On a general note, regarding device design 

throughout this thesis, the ontology of system called FCBPSS (F: function, C: context, B: 

behavior, P: principle, SS: state and structure) was employed. FCBPSS can be found in Appendix 

C.  

 

3.2 Technical Specification of the Continuous IMC Switch Valve 

 

In this thesis, the design requirement model1 (Dai, 2019) was employed to develop the technical 

specification for designing the device of the continuous IMC switch valve. The overall function 

requirement (FR) of the device for the continuous IMC switch valve is that the device is expected 

to self-control the switching function, i.e., without any external device such as actuator, sensor, 

and so forth. The context in this case is: (1) Pre-condition: Flow C is an input to the device (see 

Figure 1.1 in Chapter 1), (2) Post-condition: either the flow configuration 1 (x% of Flow C for 

 
1 The model refers to a formatted language including vocabularies and their relationships.  
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Flow A & y% of Flow C for Flow B) or the flow configuration 2 (y% of Flow C for Flow A & x% 

of Flow C for Flow B) as an output from the device, where x+y=100 or constant2 (see Figure 1.1 

in Chapter 1), (3) Environment: Flow A and Flow B stay at two sides of the membrane, 

respectively.  

 

The overall function of the device is further decomposed into the sub-functions in the following 

schematic:  

 

Control with instruction à actuation à action à get the information of the fluid 

pressure back for control à  

 

The system or device is a closed-loop system. The overall constraint requirement (CR), which is 

derived from the overall context, is to use a membrane to split Flow C into either Flow A or Flow 

B (discrete switching) or the flow configuration 1 or the flow configuration 2 (continuous 

switching); in other words, Flow A and Flow B must stay at the opposite sides of a membrane (top 

and bottom or left and right). The overall function is thus divided into: 

o FR1: to generate an instruction such that pressure of Flow A is going from high to low, 

while the pressure of Flow B is going from low to high. 

o FR2: to actuate the membrane which will direct Flow C to either the flow configuration 1 

or the flow configuration 2.  

o FR3: to sense and feedback the information of the flow pressure (Flow A, Flow B).  

 

 
2 To a continuous flow, x+y may be a constant (less than 100) rather than 100. This is so, because the device may 
have a buffer and so, Flow C is shared by the buffer, Flow A and Flow B. 
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The constraint requirements (CR) of the device, in addition to the overall CR as mentioned above, 

are as follows: 

o CR1 (FR1-FR3)3: No external component is involved in controlling the switching function; 

in other words, the device is a self-control system.  

o CR2: (FR1-FR3): The key feature dimensions of the device should be no greater than 1000 

µm suitable to the micro-fabrication and be with the layer-by-layer architecture. The 

example of the key feature dimensions is the thickness of the membrane, the width of the 

channel.  

 

3.3 Conceptual design 

 

To the overall function along with the overall constraint, the principle of the device could have 

two options: Option 1 (DPa): to drive the flow by means of the pressure difference at the two ends 

of the fluid; Option 2 (DPb): to drive the flow by means of the pump. DPa was selected in this 

thesis in order to achieve the overall function requirement of self-switching (notice: pump is 

considered as an external component).  

 

For FR1, there are two design options: DP1a: the two channels for Flow A and Flow B are 

perpendicular to each other and arranged on both sides of the membrane to meet CR (also see 

Figure 2.6 in Chapter 2); DP1b: the two channels for Flow A and Flow B are in parallel (possibly 

in one plane) and arranged on both sides of the membrane (also see Figure 2.8). In this research, 

DP1b was chosen because it can facilitate the fabrication (because it is a 2D device). Figure 3.1 is 

 
3 This format comes from Dai (2019), meaning that CR1 is valid to FR1, FR2, and FR3.  
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a sketch of the conceptual design (DP1b), where one can see three flows (Flow C, Flow A and 

Flow B); if the pressure of Flow A (split from Flow C) is greater than that of Flow B (split from 

Flow C), the membrane may deflect downward (under the condition that the pressure of Flow A 

minus the pressure of Flow B is greater than the threshold pressure of the membrane for 

deflection); otherwise if the pressure of Flow B is greater than that of Flow A, the membrane may 

deflect upward. Further in Figure 3.1, the concept of drain is expected to assist in accumulating 

Flow B in the chamber beneath the membrane to increase the pressure of Flow B and to deflect 

the membrane upward.  

 

 For FR2, there are two design options: DP2a: Use of Flow A and Flow B to generate mechanical 

energy on the membrane directly; DP2b: Use of a transducer which converts the electrical energy 

to the mechanical energy onto the membrane. In this research, DP2a was chosen because it meets 

the constraint requirement CR1 (see the discussion above). Figure 3.2 is a sketch of the conceptual 

design (DP2a), where the membrane deflects upward or downward due to the alternate change of 

the flow pressure of the fluids on both sides of the membrane.  

 

Figure 3.1: The sketch of the design for FR1 (i.e., DP1b), namely the controller. 
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For FR3, there are two design options: DP3a: fluid flowing (fluid in presence physically) to deliver 

the pressure information; DP3b: electronic sensing (transducer to convert pressure information to 

electrical information). In this research, DP3a was chosen because it meets the constraint 

requirement CR1 (see the discussion above). Figure 3.3 is a sketch of the conceptual design 

(DP3a). In this figure, PQ depends on the structure of the membrane. From this figure it can be 

seen that the pressure information is represented by the physical deflection (δ); for instance, if the 

membrane is deflected downward, the information of (PA>PB) and the information of (PA>PB+PQ) 

are certainly implied. The precise information of the pressure difference of PA and PB (i.e., |PA-

PB|) is represented in the deflection (δ), which is a function of the (PA-PB) and PQ. It is also noted 

that to this device, the difference of PA and PB is useful rather than PA and PB alone, respectively. 

 

 

 

 

 

 

Figure 3.2: The sketch of the design for FR2 (i.e., DP2a), namely the 

actuator to drive the flow of the fluid. 
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In summary, the conceptual design of the device is the aggregation of DP1b, DP2a, and DP3a, 

denoted as <DP1b, DP2a, DP3a>. The design is the so-called decoupled design (Figure 3.4) 

according to Axiomatic Design Theory (ADT) (see Appendix B). As such, this conceptual design 

(or design) is considered as a potentially good design based on Axiom 1 of ADT (see Appendix 

B).  

 

Figure 3.4: The sketch of the design for FR3 (i.e., DP3a), 

namely the sensor for pressure information of the fluid. 

Figure 3.3: Type of the design of the device for the 

continuous IMC switch valve. 
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The integration of these DPs is shown schematically in Figure 3.5. From Figure 3.5 it can be seen 

that the device has one inlet channel, one membrane, two outlet channels (Outlet 1 and Outlet 2), 

a control channel, a drain and one chamber beneath the membrane. There are several remarks with 

the device. Remark 1: the inlet channel corresponds to Flow C in Figure 3.1, Outlet 1 corresponds 

to Flow A, Outlet 2 corresponds to Flow B in Figure 3.1. Remark 2: to make the device for discrete 

switching, there should be no clearance between the horizontal channel (between the Outlet 1 and 

Outlet 2) and the membrane. In fact, if this clearance (α) can be made adjustable from 0 to greater 

than 0, the device will be able to work for both continuous (α>0) and discrete (α=0) switching. In 

fact, α also determines the ratio of XA over XB in the continuous switching. Remark 3: the device 

has three interfaces with the outside of the device, and they are Inlet, Outlet 1, and Drain. The 

pressure and flow rate on these interfaces are responsible for the operation of the device, and the 

corresponding parameters on the interfaces were expected to be determined at the time the device 

is operated. 

 

Figure 3.5:  The device for the continuous IMC switch valve: (a) Operation of the IMC switch 

valve when the membrane is flat without deflection; (b) Operation of the IMC switch valve when 

the membrane is deflected downward. 

Chamber 
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3.4 Operation of the Device  

 

In the operation, an external syringe pump pumps the fluid into the device at the inlet. Under a 

proper setting of the interface pressure of the fluid at the inlet, the pressure of the fluid at Outlet 1, 

and the pressure of the fluid at the drain, the membrane keeps flat (i.e., no deflection). At this 

moment, denoted as t1, Flow A is with the flow rate XA and Flow B is with the flow rate XB (i.e., 

the flow configuration 1).  

 

With more fluids being pumped into the device at the inlet, the pressure (PA) of the fluid flowing 

on the top of the membrane is greater than the pressure (PB) of the fluid flowing on the bottom of 

the membrane, especially PA>PB+PQ (where PQ is the threshold pressure of the membrane, as 

mentioned before), and subsequently, the membrane is being deflected downward. At this moment, 

denoted as t2, XA reduces to XA’ while XB rises to XB’ (i.e., the flow configuration 2). As such, 

one can see the change from the flow configuration 1 to the flow configuration 2.  

 

After t2, the fluid from Outlet 2 is flowing to Control channel 1 to the chamber beneath the 

membrane, and the pressure of the fluid there increases to push the membrane back to its flat state 

at the moment, denoted as t3, and this moment, XA’ rises to XA and XB’ reduces to XB (i.e., the 

flow configuration 1).  

 

In summary, from t1, to t2, and to t3, one can see the change from the flow configuration 1, to the 

flow configuration 2, and back to the flow configuration 3. This means that the inflow is switched 

between the flow configuration 1 and the flow configuration 2. 
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ail de 

3.5 Embodiment and detailed design 

 

The material for all three layers of the device is Polydimethylsiloxane (PDMS) due to its 

biocompatibility and easy in fabrication at the micro scale. The thickness of the membrane is 50 

µm, length is 20000 µm and width is 1000 µm. The channel had a length of a 1000 µm and width 

of 1000 µm. The drain had a dimension of 500 µm width and length of 5000 µm. The total length 

of the device was 40000 µm and width was 10000 µm. The dimension and structure of all the 

channels and the membrane have been shown in Appendix A of this thesis. The determination of 

the dimensions and layout was learned from the design by Rasouli (2019) by consideration of the 

fabrication approach, namely 3D Printed Transfer Molding technique (used in this thesis). For 

instance, the channel dimensions smaller than 1000 µm were difficult to achieve with the 3D 

Printed Transfer Molding technique. In addition, the dimensions smaller than 1000 µm were very 

brittle and broke upon washing the mold, an experience gained from this research. 

 

3.6 Conclusion 

 

A device for demonstrating the continuous IMC switching function was designed, which includes 

the conceptual design, embodiment design and detailed design. A systematic general design 

process in literature was employed whenever possible to conduct this design. Qualitative analysis 

of the operation on the device showed that the continuous IMC switching function has been 

realized with the device.  
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Chapter 4:  Fabrication, Assembly and Testing  

 

 

4.1 Introduction 

 

PDMS was chosen for the device which was described in Chapter 3 because PDMS is transparent, 

with excellent biocompatibility, and popularity in the area of microfluidic devices. This chapter 

describes the fabrication of the PDMS device which was described in Chapter 3. The 3D Printed 

Transfer Molding (PTM) technology was chosen for fabricating the PDMS device, because this 

technology has the benefits of simplicity and low cost in comparison with the lithography-based 

technology (see also the previous discussion in Section 2.4). This chapter also describes the 

preliminary test of the device, leakage test in this case, to demonstrate the effectiveness of the 

assembly process (alignment in this case) of the multiple layers of materials and parts. In particular, 

Section 4.2 discusses the selection of materials for the mold. Section 4.3 presents the fabrication 

and assembly processes. Section 4.4 presents the testing of leakage of the device. Finally, there is 

a conclusion in Section 4.5. 

 

4.2 Material Selection 

 

For PTM, the first step is to build a mold (see the previous discussion in Section 2.4), suitable for 

the material used for parts, PDMS in this case. The 3D printer of TPM used in this thesis is Polyjet 

(EDEN500V), which is based on the following principle. The starting status of materials is powder, 

and the UV light scans on the powder to form a solid layer. Based on experiences, the material 
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chosen in this thesis was Full cure835 Vero white plus due to its rigidity and durability among 

other types of materials. These properties were considered helpful to form accurate complex parts 

at the micro scale. The SolidWorks model of the mold is shown in Figure 4.1, in which the channels 

have a width of 1000 µm and a height of 10000 µm (see Figure 4.1). For fabricating the membrane, 

a petri-dish was used, in which a vernier caliper was put. PDMS was then poured up to the 50 µm 

mark on the vernier caliper, after which the PDMS was cured and baked. PDMS was used in a 

curing ratio of 1:10 (i.e., 1 Sylgard 184 elastomer curing agent and 10 Sylgard 184 silicon 

elastomer base).  

 

4.3 Fabrication and Assembly 

 

Figure 4.2 shows a schematic of the fabrication process of the device. Following the mold printing, 

the three layers were fabricated. First, the molds were prebaked in the oven at 85°C for 4 hours in 

order to avoid any reaction from contaminants on the mold surface during manufacturing. 

Thereafter, the mold was salinized with Tricholoro perfluorooctyl silane in a desiccator at room 

Figure 4.1: SolidWorks model of the mold. 

Top channel system 
(inlet, outlet 1, 
outlet 2) 

Bottom channel 
system (control 
channel, drain) 



 

 
 

28 

temperature for 1 hour. This was done to prevent unwanted adhesions between PDMS and the 

mold. 

 

The PDMS melt was prepared by mixing PDMS with the curing agent (1 Sylgard 184) at a ratio 

of 1:10. The PDMS mixture was then kept in a vacuum chamber for 1 hour in order to remove any 

air bubbles that were present. After that, the PDMS mixture was poured into the molds and kept 

in an oven at 65°C for 4 hours. Once the PDMS mixture solidified, the PDMS was peeled off from 

the mold. The mold was cleaned with Isopropyl Alcohol (IPA) for any future use. 

 

The top, middle and bottom PDMS layers were then assembled manually under a microscope 

(CAMKIX D0310-3LL-BLA).  Oxygen plasma bonding technique was used to bond the three 

layers. The oxygen plasma machine used was RIEUSAS-RIE-72109-NP1, 220 V, 1𝜑, 60 Hz, 15A 

Figure 4.2: Schematic of the fabrication process. 
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(manufactured by TORR International, INC.). For the bonding of the three layers, the oxygen 

plasma machine had a setting of 50 Watts for 44 millitorrs of O2 for at least 30 seconds. After 

assembly, the whole device was placed in the oven at 85°C for 25 minutes. 

 

4.4 Testing 

 

The leakage test is the first step for a full testing of the switching function on the device. Figure 

4.3 shows the testing situation. From this figure it can be seen that the syringe pump (New Era 

Pump Systems Inc. NE-1600 Six channel) (including a hollow metal connector and connecting 

tubes) is connected to the inlet, which supplies a fluid with a flow rate. To Outlet 1, there is a tube 

connecting it at one end and the reservoir at the other hand. To Outlet 2, there is a tube that connects 

it at one end and the control channel at the other end. A reservoir connects the drain tube. It is 

noted that the fluid entering the inlet is Flow C, and the fluids at Outlet 1 and Outlet 2 are Flow A 

and Flow B, respectively.  The switching makes sense that Flow C is split to Flow A or Flow B in 

a discrete sense and the flow configuration 1 (Flow A: XA; Flow B: XB) or the flow configuration 

2 (Flow A: XB; Flow B: XA), where XA and XB are flow rate. The fluid entering the inlet was 

treated with food dye, particularly the deionized water mixed with a green dye, for better 

visualisation. The device was placed on a white paper to observe whether there was any fluid out 

of the device, and the pump was operated to drive the fluid into the system through the inlet for 

about 15 minutes.  

 

The following results were obtained. (1) The fluid was able to flow from the top layer to the bottom 

layer of the device. (2) No fluid was observed on the white paper, which means that there is no 

leakage from the device.  
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4.5 Conclusions 

 

This chapter described the fabrication and assembly process of the device described in Chapter 3. 

The PTM fabrication process was employed. The material for the device was PDMS, and the 

material for the mold is Full cure835 Vero white plus. The particular printer of the PTM fabrication 

technology is called Polyjet (EDEN500V). For assembly of different parts, an oxygen plasma 

process was used. The following conclusions can be drawn. (1) The PTM process can work for 

PDMS with the mold material of Full cure835 Vero white plus. (2) The oxygen plasma bonding 

process can work for the bonding of PDMS parts. (3) The device has no leakage and no clog.  

 

 

Inlet 
 

Control channel  
 

Outlet 1 
 

Glass slide 
 

To reservoir 
 

 
 
 

Connecting 
tube 
 

Outlet 2 

Drain 
Contr

Figure 4.3: Leakage test performed on the fabricated switch valve. 
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Chapter 5:  Simulation and Validation  

 

 

5.1 Introduction 

 
 
In this chapter, a simulation study of the device designed in Chapter 3 and fabricated in Chapter 4 

is presented. The simulation was made possible with a multi-physics simulation software tool 

called COMSOL 5.4, which is based on the finite element approach to modeling a dynamic system. 

COMSOL is suitable to this work due to its capability to capture the interacting behavior between 

the membrane deflection and fluid flow. The aim of the simulation was to examine the feasibility 

of the continuous IMC switching function with the device. Section 5.2 presents the modeling of 

the device with COMSOL. Section 5.3 presents the result of the simulation along with discussions. 

Section 5.4 is a conclusion. 

 

5.2 Modelling procedure with COMSOL 

 

In the simulation, the type of fluid was assumed to be a Newtonian fluid, and fluid flow was 

assumed to be a laminar flow and to be incompressible. These assumptions imply that the 

underlying governing equation is the Navier Stokes equation. The deflection of the membrane was 

assumed to be elastic with a linear relation between the strain and stress. In the following, a step-

by-step procedure to develop a COMSOL model of the device as described in Chapter 3 is 

presented.  

 



 

 
 

32 

Step 1 (Geometry): 

The 2D geometry of the device was built, as shown in Figure 5.1. The geometrical domains were 

composed of the solid domain (the membrane in particular) and the fluid domain (fluid in the 

channel). The type of fluid in the simulation is water in this simulation because it is a typical 

Newtonian fluid. The width of the inlet channel, outlet 1, and outlet 2 (along x-axis) is 1000 µm. 

The height of these channels (along the y-axis) is 10000 µm. The width of the drain channel (along 

x-axis) is 500 µm and the height of the drain channel (along y-axis) is 5000 µm. The length of the 

membrane (along x-axis) is 20000 µm and the height of the membrane (along y-axis) is 50 µm. It 

is noted that the height of the membrane defined here may also be called the thickness of the 

membrane in this document.  

 

 

 

Outlet 2 

Control 
channel 

Figure 5.1: Schematic of the 2D geometry of the switch valve designed on COMSOL. 
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Step 2 (Materials): 

The material for all three layers of the device, including the membrane, was PDMS with the 

reasons as elaborated in Chapter 4. The density of PDMS is 970 kg/m3, the Young’s Modulus is 

750 kPa and the Poisson’s ratio is 0.49. The dynamic viscosity of the fluid (water) is 8.90× 10-4 

Pa·s and the density of the fluid is 997 kg/m3.  

 

Step 3 (Boundary Conditions): 

To the solid part, the proper restraint needs to be specified on the device (see Figure 5.1). To the 

fluid part, the pressure and/or flow rate on all interfaces must be specified. To the concerned 

device, there are three interfaces with respect to the fluid, namely the inlet, outlet 1, and drain. As 

discussed in Chapter 3, the pressures and/or flow rates on these interfaces are the operating 

parameters of making the self-control function, switching in this case, work. The inlet pressure4 of 

the device was set to be 1.00 psi (the case study in the simulation), which was determined under 

the understanding that the pump had the resolution to prescribe such a trace amount of the pressure 

and based on a trial-and-error procedure. The average velocity (VA) of the fluid at Outlet 1 was 

set to be 1.00 m/s, and the average velocity (VB) of the fluid at the drain was set to be 0.00 m/s. 

These two operating parameters were determined based on a trial-and-error procedure as well. It 

is noted that currently, COMOSL has a limitation that if the pressure is specified in the inlet (or 

input node), only flow rates can be specified on any part that interfaces with the surrounding of 

the device. Because of this limitation, the flow rates rather than pressures were specified at the 

outlet 1 and drain. It is also noted that the flow rates or pressures specified here are “rest” in the 

 
4 All pressures here are gauge pressure. 
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sense that the system is of no flow. After that, the system will be in motion i.e., the fluid will flow 

and solid will deform.  

 

Step 4 (Domain Mesh): 

A user-controlled mesh was generated using the mesh tool available in COMSOL. This tool is able 

to generate a mesh according to the domain automatically. Two types of elements (triangle, 

rectangle) were taken by the mesh tool, and the use of the triangular element is for a better fit to 

the domain boundary. In COMSOL, the mesh density is controlled by the user, in particular with 

the keywords such as “fine”, “coarse”, and so on. In this simulation, due to the limited computing 

resource available, the “extremely coarse” mesh was chosen. Figure 5.2 shows the result of the 

meshing process.  

 

 

 
 
 

Figure 5.2: Mesh of the device with membrane thickness of 50 µm. 
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5.3 Results and discussion 

 

The flow profiles of the device at t1, t2 and t3 are shown in Figure 5.3. At t1, the membrane is 

slightly deflected (0.754 mm), and most of the fluid flow from the inlet to the outlet 1 and very 

little to the outlet 2 (Figure 5.3: t1). At t2, the maximum membrane deflection (1.119 mm) occurs 

and more fluids flow to the outlet 2 and the flow rate of the fluid at the outlet 1 decreases (Figure 

5.3: t2). At t3, the membrane is deflected back and the deflection of the membrane is about 0.754 

mm, because more fluids flow from the outlet 2 to the chamber beneath the membrane and the 

pressure of the fluids there increases, and at this time, more fluids will go to the outlet 1 while less 

fluids remain at the outlet 2 (Figure 5.3: t3). Figure 3.5 displays three flow patterns in terms of the 

flow rate (XA) at Outlet 1 and the flow rate (XB) at Outlet 2, from which one can see two features: 

(1) the flow pattern of configuration of Figure 3.5 (t1) is similar to the flow pattern or configuration 

of Figure 3.5 (t3), and (2) the flow pattern or configuration of Figure 3.5 (t1) is in opposite to that 

of Figure 3.5 (t2), namely in the former, XA>XB, while in the latter, XB>XA. Therefore, a self-

switching behavior, switching between these two flow patterns or configurations in this case, 

exhibits.  
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Figure 5.4 shows the situation where the membrane has the maximum downward deflection, which 

corresponds to the flow pattern in Figure 5.3 at time=t2. In Figure 5.5, the average velocity (VA) 

at Outlet 1 and the average velocity (VB) at Outlet 2 at t1 and t2, respectively, are shown. In Figure 

5.6, the average velocity (VA) at Outlet 1 and the average velocity (VB) at Outlet 2 at t1 and t3 

are shown, respectively. From Figure 5.5 and Figure 5.6, it can be then found that: 

 

At t1: VA	≈ 0.50	m/s, VB	≈ 0.01	m/s, 

At t2:  VA’	≈ 0.02	m/s, VB’	≈ 0.45	m/s, and 

Figure 5.3: Flow profile of the switch valve at t1, t2 and t3. 
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At t3: VA”	≈ 0.50	m/s, VB”	≈ 0.01~0.03	m/s. 

 

From the above result, one can see VA≈VB’ and VA’≈VB; VA”≈VA and VB”	≈VB. It is further 

noted that in this device, the cross-section areas for the inlet, Outlet 1 and Outlet 2 are identical, 

so the velocity of the fluid represents the flow rate of the fluid. This means the flow pattern or 

configuration obtained from the velocity of the fluid is equally applicable to the flow pattern or 

configuration in terms of the flow rate. Therefore, the continuous switching behavior is exhibited 

with the concerned device.  

 

 

Figure 5.4: Maximum membrane the deformation at t2. 
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5.4 Conclusion 

 

This chapter presented a simulation study of the device, as designed and built in this thesis, that 

may exhibit a self-controlled continuous flow switching behavior. The microfluidic system based 

on this device is in essence a solid-fluid dynamic system. In particular, dynamics of the solid 

(t1) (t2) 

Figure 5.5: Flow velocity at Outlet 1 and Outlet 2 at t1 and t2. 

Figure 5.6: Flow velocity at Outlet 1 and Outlet 2 at t1 and t3. 
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system is based on the elastic deformation of solid components in the system, the membrane in 

this case. COMSOL is suitable to modeling and simulation of such a system, and therefore was 

employed for this simulation study. The result of the simulation leads to the following conclusion: 

the device developed in this thesis can exhibit a self-controlled continuous switching behavior. 
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Chapter 6:  Conclusions and Future Work 

 

 

6.1 Overview and Conclusions 

 

Over the last twenty decades, Integrated Microfluidic Circuits (IMCs) have established their 

potential and benefits for applications such as point-of-care diagnostics, detection of biohazards, 

and so on. The fundamental advantage of microfluidics is the extent to which processes can be 

integrated and automated. These miniaturized systems offer precise control of fluids often required 

for laminar flow, minimize consumption of reagents and/or samples and have short reaction times. 

Despite the promise with the microfluidic device technology. There is an increasing demand for 

improving the use and capability of microfluidic device technology. A major limitation is that flow 

control in microfluidic devices requires external electronic components such as sensor actuator 

and controller (Gu et al., 2004; Pennathur, 2008; Unger et al., 2000). Such a microfluidic device 

is inherently bulky and with low bandwidth. The use of elastomeric valves that respond according 

to the frequency of external inputs aims at minimizing the use of external components, which is 

promising to overcome this limitation.  

 

The demand for multi-layered microfluidic devices with complex structures for use in valves, 

pumps and control mechanisms has also increased over time, which has a challenge of aligning 

multi-layers of materials. The use of 3D printing technology makes it simpler for building these 

devices while enabling to address the challenge of aligning multiple layers of materials. In this 

thesis, 3D Printed Transfer Molding (PTM) was used. With the PTM technique, the same mold 

can be used several times. It also helps in making the fabrication process cheaper and faster. 
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The thesis was aimed at studying the concept of continuous IMC switching. Two specific 

objectives were defined in the thesis, namely: (1) to design and fabricate a device that is composed 

of IMC switch valves so that feasibility of the concept of continuous flow switching can be studied, 

and (2) to develop a simulation test-bed as well as a preliminary physical test-bed so as to 

comprehensively examine the switching behavior of the device developed in (1). 

 

The device was designed using a systematic approach and built by use of PTM. The simulation 

tested the validity of this concept. A limited test on the integrity of the device, leakage test in this 

case, was performed. The following conclusions can be drawn from this study, which are described 

as follows: 

(1) The design process for the continuous IMC switch valve has some generalized implication 

to other types of IMC devices, as it follows the general design methodology.  

(2) The PTM is effective to fabricating such a PDMS device; in particular the chosen mold 

material along with the specific fabrication protocol is effective to PDMS parts.  

(3) The oxygen plasma process is effective to bonding two PDMS parts; in particular, the 

device is free of leakage based on the physical testing.  

(4) The continuous IMC switching function is feasible based on the simulation result on the 

device.  

 

6.2 Contributions  

 

This thesis has made two contributions. The first contribution lies in the field of microfluidics. It 

seems that the concept of the continuous IMC switching valve has never been reported in literature. 

This thesis provided a comprehensive study on this concept. In particular, this thesis has provided 
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a proof to this concept with a device. The device designed in this thesis can perform both discrete 

and continuous switching functions, while the device designed by Mosadegh (2010) can only 

perform the discrete switching function. With respect to the discrete switching function, the device 

developed in this thesis has provided an alternative self-controlled microfluidic device to the 

device of Mosadegh (2010).  Further, this thesis has provided a systematic design process for IMC 

devices or self-controlled microfluidic devices. The second contribution lies in the field of the 

fabrication of PDMS, PTM in particular. A proprietary PTM process, including the mold material, 

has been developed to fabricate PDMS parts effectively.   

 

6.3 Future Work 

 

One limitation of this thesis is that the physical testing is not complete due to the pandemic, which 

has hindered the fabrication of more devices for the physical testing. In particular, the oxygen 

plasma machine was broken, so bonding of the PDMS parts (top part and bottom part) was not 

possible. In future, the physical testing of the devices is warranted. Another future work is 

warranted of a more comprehensive simulation, particularly to increase the density of mesh in the 

finite element model of the device to improve the accuracy of the simulation.  
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Appendix A: Dimensions of the proposed system 

 

This section presents the specific dimensions of the switch valve that was fabricated. All 

dimensions are in the order of microns (µm). 
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Appendix B: Selected Design Theories and Methodologies 

 

Axiom I of Axiomatic Design Theory (ADT) as well as general design phase theory was 

employed in this thesis and they are outlined in this appendix.  

 

B.1 Axiom I of Axiomatic Design Theory 

 

Design starts with the understanding of design requirements, which include the functional 

requirement (FR), performance requirement (PR), and constraint requirement (CR) (Frey et al., 

2000; Suh & Suh, 1990; Fan et al., 2015). Design is a decision-making process to find a device, 

which is represented with design parameter (DP). DP is in essence a description of devices. The 

correspondence or relationship between FR and DP is described by a diagram, as shown in Figure 

B.1. This diagram can be written in a matrix form, see below (Frey et al., 2000; Suh & Suh, 1990): 

 
Figure B.1: Relationship between the FRs and DPs. 
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FR = A DP 
(B.1) 

 

In Eqn. B.1, A is a design matrix, where its element represent correspondence between FR and 

DP, and it is not based on any physics law and chemistry law (Fan et al., 2015). Depending on the 

structure of this design matrix A, designs can be further classified into uncoupled, decoupled and 

coupled designs (Suh & Suh, 1990). If the matrix is diagonal the design is an uncoupled design 

and each of its FRs can be met independently. If the matrix can be arranged as a triangular matrix 

it is called a decoupled design. For a decoupled design, the independence can be maintained only 

when DPs are operated in an appropriate sequence. Any other form of the design matrix is known 

as a coupled design. The three structures of the design matrix have been shown in Figure B.2. 

 

Figure B.0.1: Three structures of the design matrices (Fan et al., 2015). 

 

The Axiomatic Design theory (ADT) has two axioms. The first axiom is called independence 

axiom (Axiom I), which states that a good design is such that its FRs are independent to DPs, i.e., 

uncoupled design. Recently, the decoupled design is also considered as a good design.  

 

B.2 General Design Phase Theory  

 
There are four main phases in the design process (Fan et al., 2015). The first phase is called 

technical specification of the customer requirement, which is in essence to use technical terms to 
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represent the voice of customers. The technical specification has a format or (data) model (i.e., 

design requirement model). In this thesis, the design requirement model developed by Dai (2019) 

was employed. The second phase is called conceptual or concept design phase. Concept design 

is a process to determine the working principle upon which a device is subsequently structured 

from the technical specification. The third phase is called embodiment design phase. Embodiment 

design determines the geometry as well as spatial and temporal relations among a set of conceptual 

objects or concepts. The fourth design phase is called detailed design phase. Detail design 

involves the development of a complete specification of each individual component that is ready 

to be manufactured.  
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Appendix C: FCBPSS  

 

FCBPSS is an ontology of system as well as a general knowledge architecture of system. It has six 

concepts: F: function, C: context, B: behavior, P: principle, SS: state and structure. Function is 

defined as the usefulness of a system or device, e.g., switch Flow C into either Flow A or Flow B. 

Context is defined as the pre-condition, environment, post-condition where a system or device 

becomes useful. For instance, Flow C is blood and is with a specific velocity that flows in a channel 

(pre-condition), Flow A and Flow B are hemoglobin and serum fluids with specific velocities of 

them, respectively (post-condition), and the PDMS material of the channel (environment). 

Behavior is defined as the pair of stimuli-response or the relationship between the input and the 

output of a system or device. Principle is defined as knowledge that explains the behavior of a 

system or device. For instance, the fluidic resistance within a microchannel is given by the ratio 

of pressure drop to the volumetric flow rate (Mosadegh, 2010). State is defined as the static 

property of a system or device, e.g., deflection of a membrane, and structure in this case is the 

membrane. Figure C.1 shows the relationship among the six concepts.  

Figure C.1: The FCBPSS framework (Wang et al., 2016). 
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