
ABSTRACT 

 

UÇAR, AHMET BURAK. Development & Characterization of Multifunctional Microfluidic 

Materials. (Under the direction of Dr. Orlin D. Velev.) 

 

The field of microfluidics has been mostly investigated for miniaturized lab on a chip 

devices for analytical and clinical applications. However, there is an emerging class of 

ñsmartò microfluidic materials, combining microfluidics with soft polymers to yield new 

functionalities. The best inspiration for such materials found in nature is skin, whose 

functions are maintained and controlled by a vascular ñmicrofluidicò network. We report 

here the development and characterization of a few new classes of microfluidic materials. 

First, we introduced microfluidic materials that can change their stiffness on demand. 

These materials were based on an engineered microchannel network embedded into a matrix 

of polydimethylsiloxane (PDMS), whose channels were filled with a liquid photoresist (SU-

8). The elastomer filled with the photoresist was initially soft. The materials were shaped into 

a desired geometry and then exposed to UV-light. Once photocured, the material preserved 

the defined shape and it could be bent, twisted or stretched with a very high recoverable 

strain. As soon as the external force was removed the material returned back to its pre-

defined shape. Thus, the polymerized SU-8 acted as the óendoskeletonô of the microfluidic 

network, which drastically increased the compositeôs elastic and bending moduli.  

Second, we demonstrated a class of simple and versatile soft microfluidic materials 

that can be turned optically transparent or colored on demand. These materials were made in 

the form of flexible sheets containing a microchannel network embedded in PDMS, similar 

to the photocurable materials. However, this time the channels were filled with a glycerol-

water mixture, whose refractive index was matched with that of the PDMS matrix. By 

pumping such dye solutions into the channel network and consecutively replacing the 

medium, we showed that we can control the materialôs color and light transmittance in the 

visible and near-infrared regions, which can be used for developing ósmartô windows and 

heat management. 

 

 



To better design new color changing elastomers, we investigated the role of the 

network geometry on liquid replacement efficiency with the aid of a multiphysics modeling 

and simulation software package, COMSOL. We simulated the liquid flow in various 

network geometries. Serpentine, parallel channel and lattice networks, as well as their 

tapered versions were compared. The comparison criteria were based on rapid and uniform 

liquid replacement with the least amount of dye/liquid required, for which we set multiple 

constraints such as constant inlet pressure or total channel area. We demonstrated that the 

tapered lattice type network provided the most rapid and uniform replacement with minimal 

liquid waste.  

Next, we designed a simple and inexpensive liquid dispensing microfluidic material 

which does not require complex micromachining techniques or automated actuators. It 

consisted of only a PDMS matrix with embedded chambers and channels. óPores/slitsô were 

made on the surface and the liquid was released by contact on the dispensing surface of the 

material. We varied the network design, geometry, dimension, slit shape and length, and 

tested the materialôs liquid release performance. Promising preliminary results were obtained 

but for an end product with repeatable and reproducible performance, both material 

fabrication and characterization need to be improved further. 

Finally, we describe an alternative material/method for the fabrication of microfluidic 

materials. We aimed to replace the conventional fabrication material PDMS with 

Polyethylene (PE) sheets. The sheets were as transparent and flexible as PDMS, and also 

thinner. Channel patterns were drawn with a polymer solution of PolyVinylAlcohol (PVA), 

which is immiscible with PE, and captured in between the two PE sheets. After fusing the PE 

sheets on a hot press, PVA was washed off with water, so that the ómicrofluidic channelsô 

were successfully created. The produced channel widths were ~0.7-0.8 mm. This novel 

method eliminates the need for soft lithography and master fabrication, thus decreases the 

cost and time of the material fabrication. 
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surfactant on the liquid filling/flow, digital images on the left illustrate 
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1.1 Introduction  ï History of Microfluidics  

In a speech delivered in 1959, Richard P. Feynman noted that ñThere is plenty of room at the 

bottomò, inspiring the modern research motif in micro- and nanotechnologies.
1,2

 Constructing 

and employing microscopic mechanical and electronic devices has been a growing trend 

since then. New disciplines in engineering emerged as the advances in electronics spawned a 

new field in the 1980s - microelectro-mechanical systems (MEMS).  

MEMS, whose total size varies roughly between 1 and 300 µm, had primarily been 

created to replace traditional methods for challenging observations and measurements, such 

as the measurement of fluid-phase chemical kinetics, and the characterization of the 

boundary slip phenomenon in gases. Important industrial successes, such as use of these 

systems in airbag activation also increased the interest in MEMS. Integration of detection, 

information analysis, and signal processing on one chip led to success, which created an 

increased demand for MEMS by numerous industries.
1
 

With time, MEMS devices have found more and more applications in chemical 

engineering, biology and biomedicine. In the 1990s, the convergence of micro-devices and 

fluid flow led to the establishment of another new discipline ï microfluidics. With its fluidic 

focus, the field has enabled the development of micro-sensors, pumps, valves and as well as a 

myriad of lab-on-a-chip devices.
1-3

  

Microfluidics has been a rapidly evolving technology area that intersects with the 

fields of engineering
4-6

, physics
7-11

, chemistry
12-16

, micro- and biotechnology
17-22

 by 

incorporating compact design devices with high functionality.
23

 Microfluidic systems deal 

with the behavior, precise control and manipulation of fluids that are geometrically 

constrained to a small scale - typically sub-millimeter or micrometer (Fig. 1.1). The 

microfluidic devices or materials could have any size, but the processed fluid has to be in 

microscopic quantities. In other words, although they should have a small footprint, the entire 

device/material does not necessarily need to be micro-size, but the processes do need to be 

miniaturized.
2,5,23
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Figure 1.1 Size characteristics of microfluidic devices in length and volume scale
2
: a mm 

sized ñmicrofluidicò system could process a liquid volume of ɛL. Most of the microsystems 

deal with liquid volumes of nL. 

 

Scaling down to the micro scale has not only led to various types of micro-pumps, 

mixers, valves, and separators, but also to many complex fluid handling devices since the 

1990s. These devices can control gas and liquids
4,10,24

, measure temperature
25,26

, perform 

medical testing
19,27,28

, DNA analysis
29,30

, cell sorting
15,31

, separation-based detection
32,33

, 

micro-particle/structure synthesis
14,17,34,35

, integration with advanced optical devices
36-38

 and 

much more (Fig. 1.2). These devices include miniaturized labs on a chip and processes 

which are also called micro-total analysis systems (ɛTAS).
1-3,5,7,11,18,21

 Relative to the 

traditional methods, some of the advantages and innovations that these microfluidic 

platforms have provided include: being portable and more cost effective per test, obtaining 

results in shorter times with high sensitivity, occupying less laboratory space, having well-

defined laminar flow and controllable diffusion, enabling high speed serial processing (at 

single cell level) and high degree of parallelization (up to around 10
6
).

39
 On the other hand, 

miniaturizing devices and processes brings up some drawbacks as well. For instance, due to 

size limitations, the power available in these devices is also limited, and mostly external 

actuators (e.g. electric field) are needed to pump and process the liquid.
1 

Although these lab 

on a chip devices offer solutions to many problems, due to profitability issues, they exist 

more in a business-to-business market rather than in a business-to-end-user market.
39
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Figure 1.2 Examples of low cost and innovative microfluidic devices: (a) a diagnostic device 

performing sandwich immunoassays
3
, (b) microfluidic mixing with the help of embedded 

diodes
41

, (c) shape controlled polymer micro-particles obtained from the UV-photo induced 

polymerization of multiphase laminar flows within a microchannel
34

, (d) a photograph of a 

mass-producible device to diagnose infectious diseases
28

, (e) monodisperse double emulsions 

generated in a micro-capillary device
42

, (f) an image of a disposable diagnostic card
27

, (g) a 

microfluidic cytological tool for cell counting and separation, consisting of an integrated 

micro-fabricated chip with an elastomer cover and molded fluidic connections
43

, (h) an 

optical image of a device for particle separation in a microfluidic channel via standing 

surface acoustic waves
33

, (i) a schematic of single cell or single-copy genetic analysis 

(SCGA) in nanoliter droplets. Beads pumped through a micro-fabricated droplet generator
30

, 

(j) a schematic diagram of a microfluidic droplet dye laser
37

. 

 

In terms of the driving force of the systems, the integrated microfluidic 

devices/platforms consisting of different óunit operationsô can be categorized in five groups: 

capillary, pressure-driven, centrifugal, electrokinetic and acoustic systems (Fig 1.3). These 

platforms and their brief descriptions are given in Table 1.1.
39
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Figure 1.3 Microfluidic platforms classified according to their actuation method.
40

 They are 

described in detail in Table 1.1. 

 

Despite the commercialization aspects of the microfluidic devices, they are very 

efficient due to their small sample volume needs. They provide means of faster and easier 

chemical synthesis and analysis. In a sense, ɛTAS revolutionized chemical analysis as 

integrated circuits revolutionized the computing power on computers. They have increased 

the chemical screening power and have sped up mass analysis.
2
 For instance, hundreds of 

parallel analyses can be accomplished for DNA, whereas this capacity is not possible with 

conventional methods. Furthermore, microfluidic devices have created a mass market of 

cheap and disposable devices for commercial applications. Table 1.2  
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provides an overview to the developments in MEMS and microfluidics industry. Due to its 

novelty, convenience, and potential, microfluidic research is now a part of many engineering 

programs and every day new devices pushing current limits are being fabricated.
1-3,7

 

 

Table 1.1 A definition of a microfluidic platform in general and short characterizations of 

major microfluidic platforms ï modified from
39 
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Table 1.2 Examples of companies involved with MEMS and microfluidics technology in 

USA (2003).
1
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1.2 Microfluidic Device Fabrication 

Most of the instrumental processes used to fabricate MEMS are utilized in the manufacture 

of microfluidic devices as well.
 
In terms of structure, most microfluidic devices tend to be far 

less complex than microelectronic circuits. However, not being entirely solid-state, having 

moving parts and containing fluid media, makes microfluidic devices in a sense more 

complicated than microelectronic devices. Batch fabrication of devices is possible with many 

replication and forming techniques such as traditional silicon-based micromachining 

technologies, which can provide the masters for replication. Complex microfluidic devices 

based on plastic microfabrication could be fabricated in the near future with further 

achievements of plastic-based microelectronics.
44

  

The selection of the fabrication method principally depends on the desired function of 

device, and which substances will be used in the channels. For instance, microfluidic devices 

fabricated in materials such as stainless steel or ceramics are desired for applications 

featuring highly corrosive chemicals. Micro-cutting, laser machining, micro-electro 

machining, and laminating are a few examples of alternative fabrication techniques. Another 

novel alternative is ócofabricationô, which represents a new model for designing and building 

multicomponent microsystems. It facilitates precise integration and registration of multiple 

materials in one layer enabling simple and economical fabrication.
45

 These alternatives offer 

some advantages in structure flexibility. For instance, by using different modifications of the 

direct ink writing technique, 3-D microvascular structures (Fig. 1.4) could be fabricated.
46

 

The freedom of material choice make these techniques serious competitors for silicon 

micromachining, since the necessary geometric features of the device is strictly determined 

by the choice of the material, which creates limitations for the device use in terms of both 

application and commercial aspects.
2,44

 

Most of the traditional fabrication techniques can be classified as additive (chemical 

vapor deposition, thermal oxidation, etc.) or subtractive (wet etching, dry etching, etc.). 

Among them, photolithography is the most important technique widely used in microfluidic 

fabrication.
2
 For glass, the techniques are mostly limited by wet etching or laser ablation  
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Figure 1.4 An example to omnidirectional printing of a 3-D microvascular network within a 

hydrogel reservoir, (a) the ink is in a chemically cross-linked hydrogel matrix, (b) the ink is 

liquefied and removed to expose the microvascular channels - modified from
46

. 

 

techniques, whereas for polymer microfabrication
12

 there are many different methods 

depending on the requirements. High-pressure injection and hot embossing are two 

techniques that can be applied to plastics for making the devices appropriate for 

electrokinetic flow. Room temperature imprinting reduces the fabrication time (as low as 2 

minutes), and injection molding enables the creation of 3-D shapes. Another method, the 

laser photoablation process, increases the electroosmotic mobility surface charge in the 

channels, but channel walls have greater surface roughness compared to the methods 

mentioned above.
47

 Some of the most commonly used fabrication techniques are listed in Fig 

1.5.
44

 

 

 

Figure 1.5 Broad categories of micro-fabrication processes. The techniques are grouped 

according to their fundamental commonalities, whereas there are also other classification 

alternatives in terms of material, serial versus parallel approaches, overall dimensional scale 

etc. Some of the most commonly encountered bulk modification processes in micro-

fabrication which are not listed here include ion implantation, diffusion, and annealing.
44
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The materials used in the fabrication of the micro devices vary depending on the 

application. The purpose of these devices and the chemicals used in them are important  

criteria when choosing which material to use, as they have quite diverse mechanical 

properties (Fig. 1.6). The commonly used materials for the matrix of microfluidic devices 

may be divided into the major categories of polymers, silicon, glass, and metals. Originally, 

silicon and glass were the main materials for electrical and mechanical devices.
47

 Nowadays 

many polymers
12

 in the form of plastics and elastomers, such as polydimethylsiloxane 

(PDMS)
3
 ï are used for microfluidic device fabrications. The biggest advantage of these 

ñsoftò materials is that they provide easy, rapid and inexpensive fabrication. While glass is 

optically opaque to UV, plastics and polymers, such as PDMS, are optically transparent to 

both UV and IR, which can be useful in detection. They also allow a wider range of 

geometries to be fabricated. Probably due to these conveniences, PDMS is the most widely 

investigated polymer material in microfluidics. It belongs to the broader polymer class of 

silicones, which are characterized by a siloxane backbone of silicon and oxygen atoms.
44

 A 

single design master is enough to replicate several prototypes made of PDMS, and they can 

be sealed to other samples and surfaces reversibly or irreversibly.
3,13,47

 Furthermore, PDMS 

offers many advantages such as biocompatibility, thermal stability, chemical inertness, and 

low toxicity. As a result it has become one of the most used materials for the microfluidic 

devices.
2,15

 Some disadvantages of PDMS are its gas permeability and swelling in solvents, 

which makes it less favorable for some applications. However, some additives and 

fabrication modifications
48

 have been shown to be effective in reducing swelling.
44

 

SU-8, which is an epoxy-based photocurable resin, is another common polymer that 

has gained widespread use in microfabrication particularly because of the high feature aspect 

ratio that can be achieved. It is subject to photocuring when exposed to UV radiation, while 

masked regions remain soluble and are removed during the developing step of 

photolithography. SU-8 is a versatile material for fabrication of extremely diverse types of 

microfluidic devices. As a photosensitive yet mechanically resilient material, SU-8 is used 

for direct fabrication of microchannels and embedded flexible structures, as well as for 

sacrificial layers, and masks for etching or abrasive machining.
44
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Figure 1.6 Mechanical and thermal properties of some common materials involved in 

microfabrication
44

: (a) Youngôs modulus (GPa), (b) elongation (%), (c) tensile strength 

(MPa), (e) melting point (°C) and (f) specific heat capacity (J kg
-1

 K
-1

) of selected materials - 

modified from
44

. 

 

Taking into account the simplicity, soft lithography is the most common fabrication 

technique for the prototyping of microfluidic devices made of PDMS.
3,6,11-13,49,50

 Microfluidic 

devices can be fabricated by soft lithography in less than one day (Fig. 1.7), and the replicas 

are prepared much faster.
13

 In this technique, PDMS is the preferred elastomeric material. 

The designed channels are formed on a silicon wafer using a photoresist, SU-8, which is 

commercially available in different viscosities so that arbitrary film thicknesses can be  

 

 



 

12 

achieved. The photoresist is spin coated on the wafer and then soft baked at 65°C and 95°C 

as required. A photomask is placed on top of the soft-baked photoresist and the wafer is 

exposed to UV light, so that the design on the photomask is transferred to the photoresist. 

After the master is post baked, the unpolymerized part of the photoresist is removed with the 

solvent, and the replica master can be used several times. The channel width can range from  

several to hundreds of microns.  

 

 

Figure 1.7 Schematics of typical sequences of steps in microfluidic device fabrication
11,51

: 

(a) detailed process flow for creating PDMS microfluidics using SU-8 molds
51

, (b) a brief 3-

D illustration of the process
11

, a transparency carries the desired design, which is transferred 

to the photoresist on the Si wafer by photolithography. Many PDMS replicas can be 

fabricated by molding, and they can be sealed onto various surfaces reversibly or irreversibly 

depending on the need. Surfaces can be treated chemically before the seal to ease the aqueous 

flow.  

 

Once the replica master is prepared, the two PDMS components (base and curing 

agent) are mixed in a 10:1 ratio and poured onto the master. Degassing before use is 

recommended, since it decreases bubble formation in the samples. The sample is cured at 

70°C for 30-60 minutes depending on the thickness of the PDMS. The cured PDMS is  

 



 

13 

removed from the master by peeling it off carefully, after which holes (inlet, outlet etc.) are 

punched into the sample by a steel rod or a needle. The fabricated PDMS layers can be sealed 

on another PDMS layer, glass or another substrate reversibly. If an irreversible seal is 

desired, it should be treated with oxygen plasma and sealed immediately, as the oxidation 

effect wears off exponentially with time. To increase the strength of the irreversible seal, the 

PDMS layers can be cleaned with ethanol before plasma treatment, and after the seal, it can 

be cured in the oven at 70°C.
2,3,11-13,44,47,49-51

 

 

1.3 Characteristics of the Fluid Flow at the Micro-Scale 

Flow characteristics in microfluidic channels play an important role in the design of the 

devices. Kinematic, transport, thermodynamic and other properties of the fluid and/or flow, 

such as velocity, viscosity, diffusivity, pressure, temperature, surface tension, etc., determine 

how the fluid flow can be modeled or analyzed.
2
 Fluid flow analysis can be performed in two 

ways: as a continuum or as interactions of individual molecules.
2,52,53

 As the length scale 

decreases (Fig. 1.8), it can be difficult to choose the better approach and relevant governing 

equations when analyzing the system, since the wall-surface interactions at a molecular scale 

may become important.
53

 However, if the molecules of a fluid are closely packed relative to 

the length scale of the flow, it can be safely modeled as a continuous medium. For instance, 

in a 10-ɛm channel, there would be ~30,000 water molecules, which is significant enough to 

select the continuum approach, and Navier-Stokes equations for the macro-scale still 

hold.
2,52,53

 

Scaling laws for microfluidics often show that behavior of the most relevant physical 

phenomena can differ vastly for devices in micro-scale compared to those in macro-scale.  

The major reason for this, which is also an advantage of microsystems, is that as a system 

size reduces, its surface area to volume ratio increases. Typically, for a micro-device, this 

ratio is of the order of 10
6
 m, resulting in the dominance of surface effects over volumetric 

effects.
52

 For example, surface tension dominates over gravitational forces, electric fields 

tend to be far more influential than pressure gradients, and molecular diffusion becomes 

more significant relative to bulk fluid displacement.  
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Figure 1.8 Some fundamental size scales relevant to fluid physics depending on the length 

scales. As it moves from macro to micro and further to nano, the assumptions for relevant 

governing equations and boundary conditions change.
54 

 

 

Analysis of fluid mechanics often benefits from dimensionless numbers that describe 

flow behavior by comparing active forces in the system. A summary of the commonly used 

dimensionless numbers and the ratios they represent is listed in Table 1.3. In microfluidics 

the most frequently mentioned dimensionless number is the Reynolds number (Re)
1,8,55

, 

which gives the ratio of inertial forces to the viscous forces: 

 

                                                         Re                                                    (1.1)
U Lr

m
=  

 

where ɟ is the density, U is the velocity, L is the characteristic linear dimension/diameter of 

the channel and µ is the dynamic viscosity. Re in microfluidic systems generally does not 

exceed ~10 and is often even less than ~1, which shows that viscous effects either dominate 

inertial effects, or play significant roles in the microfluidic devices compared to other large-

scale flows.
52

 The dominance of inertial or viscous effects is of significance depending on the 

application for which the device will be used. For example, when Re is greater than order 10,  
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it takes relatively powerful actuators and pumps to drive a microfluidic device. In order to 

have such pumps/actuators/valves as integral parts of the microfluidic device, fabrication 

challenges had to be overcome. However, when Re is less than ~1, instead of integrating 

mechanical actuators with moving parts, surface-modulated phenomena could be used, such 

as electrokinetic pumping (e.g., electro-osmosis) and capillary surface-tension effects, 

electro-magnetic force fields, and acoustic streaming.
53

  

Due to very low Re values, the flow regime in microfluidic systems can be safely 

classified as laminar. Exceptions to this rule could occur due to effects related to entrance 

regions, non-Newtonian fluids, wall slip, surface roughness, and viscous dissipation
44

.  

Laminar flow could be both advantageous and disadvantageous depending on the application 

of the system. For instance, the laminar regime facilitates modeling and characterization of 

  

Table 1.3 A l ist of the dimensionless numbers commonly used in micro-scale fluidic systems 

and their significance. 
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the flow in the channels. On the other hand, mixing becomes a big problem since different 

liquid layers do not mix due to lack of turbulence. The only mixing in such devices is 

through diffusion, which is not rapid enough.
8
 That is why when comparing microfluidic 

flows to macro-scale counterparts, diffusion always plays a more important role compared to 

convection and bulk flow. Passive diffusion is mostly inadequate for rapid mixing 

applications and must be enhanced by certain methods, such as modifying channel walls to 

more actively disrupt flow streams.
44

 Especially for separation and filtering applications, a 

large diffusion coefficient can be beneficial. In these systems, the differences in diffusion 

coefficient alone can be used to separate smaller particles from larger ones in a mixed flow  

without any need for membranes or centrifuge methods. Turbulent regimes can provide a 

solution for effective mixing, but it generally requires high flow rates, i.e. mostly high 

pressures and this could cause mechanical problems for microfluidic devices.
1,2,11,44,55 

On the 

other hand, for certain applications, inertial effects can be incorporated in microfluidic 

systems by changing geometry and increasing flow speed. Thus, for instance, enhanced 

mixing, particle focusing and separation could be achieved efficiently.
56

  

The fluid flow in microfluidic devices can be generated by many external driving 

forces such as pressure gradients, capillary effects, electric and magnetic fields. Despite the 

physical variety, we can categorize them in two main driving forces, either by pressure 

(Poiseuille flow) or by electric field (electroosmosis or dielectrophoresis).
7,11

 Poiseuilleôs law 

describes the flow of a Newtonian fluid through a circular tube of length L and radius r, and 

relates the flow rate Q to the pressure drop ȹp across the conduit
44,54

: 

 

                    

4

                                       Q                                                            (1.2)
8

r p

L

p

m

D
=  

 

Another important parameter for characterizing microfluidic flow is the fluidic 

resistance, R. Fluidic resistance in a conduit is the pressure drop divided by the volume flow 

rate, which is an analogous effect of the electrical resistance (R=V/I). The resistance in the  
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channel varies proportionally to the inverse of the fourth power of channel radius
44

. This 

represents a very unfavorable scaling relationship for pressure-driven flow, because reducing 

a channel size by a factor of 10 increases the fluidic resistance by a factor of 10,000.  

 

                  
4

8
                                       R                                                      (1.3)

L

r

m

p
=  

 

The velocity profile observed for pressure driven flow is parabolic (Fig. 1.9) whereas 

it is mostly flat across the channel during the electroosmotic flow. In both flow types there 

are some disadvantages: first, in Poiseuille flow, the non-uniform flow speed makes some  

microfluidic devices impractical. For instance, separating different molecules in a solution  

would be more difficult with a parabolic flow profile since it broadens the bands of different 

species.
11

 Secondly, they require reliable mechanical pumps which are difficult to fabricate. 

On the other hand, the devices using electroosmotic pumping are highly sensitive to 

impurities in the fluid, which decreases the performance. These devices also need high 

voltage as the driving parameter.
11

 Nonetheless, these problems can be ameliorated by 

manipulating the design parameters such as channel cross section, curvature, wettability, and 

surface charge.
7
 For instance, during filling of the channels, the high capillary pressures (eqn 

(1.4)) can cause problems: 

 

               
2

                                       P                                                     (1.4)
R

g
=  

 

where P is the pressure, ɔ is the surface tension and R is the diameter of the channel. 

Capillary problems can be overcome by adding surfactant to the system, which changes two 

important parameters in microfluidics, the surface tension and contact angle with the walls by  

increasing the wetting of the fluid.
1
 Surface wetting is an important fluid characteristic that 

can be controlled for certain desired functionalities in microfluidics. Electrowetting is a 

common example of manipulating fluids by locally changing the charge on a surface, which 
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Figure 1.9 Velocity profile for the pressure driven flow
11

: (a) A pressure gradient generates a 

parabolic velocity profile, schematic representation, and (b) experimental observation of the 

fluid in Poiseuille flow with the help of fluorescence. 

 

in turn alters the contact angle, which quantifies the wettability of the surface with the liquid. 

For example, clean glass is hydrophilic, so water forms a contact angle, ɗ, close to zero. In 

contrast, water droplets on hydrophobic surfaces reach high contact angles, typically in 

excess of 90°, and thus have a rounder shape than hemispherical.
53

 The contact angle 

between a liquid and solid can be altered by other mechanisms as well, such as thermal 

gradients and photo-initiated changes to surface conditions.
44

 

 The fluid-wall interaction and thus compatibility of the fabrication material with the 

fluid play an important role in micro-scale systems. Microfluidic devices are conventionally 

used as tools for sensing, analysis or synthesis, where the manipulation of the fluid is the key 

parameter for control. However, more complex devices have also been developed such as 

composite microfluidic materials where the matrix gains extra functionality thanks to the 

fluid in the channel network. For these systems, flow analysis becomes even more important. 
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1.4 A New Class of Soft Microfluidic Materials 

Microfluidics has already revolutionized many sensing and analyzing techniques thanks to its 

rapid analysis and detection potential. Microfluidic devices are becoming widespread in both 

scientific and industrial applications.
6,19,57,58

 However, only recently has the potential of 

ñmicrofluidic materialsò been identified. The color, pressure, temperature, and other 

properties of the liquid inside the materialsô embedded micro-channels can be controlled, 

which promises to result in new and more complex material functionalities. 

  

Table 1.4 An overview of various systems and objects from nature and their selected 

functions being analyzed for biomimetic materials ï modified from
59

. 
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Mimicking either nature or the human body with structural designs, biomimetics
59,60

 

has been a source of examples for scientists. For solutions to difficult problems or new 

advancements in our lives, nature has always been the main inspiration source, as the 

  

 

Figure 1.10 Examples of novel microfluidic materials: (a) autonomic crack repair by 

microencapsulated healing agent embedded in the system
58

, (b) schematic diagram and an 

optical image of a self-healing structure after crack formation
62

, (c) an elastic adhesive is 

embedded in the microchannels
57

, (d) photographs of a metallic microstructure with a basket-

weave pattern embedded in PDMS
65

, (e-f) pigment dispersions of a microfluidic leaf
64

, (g) an 

x-shaped soft robot in five different regions adopting coloration for background matching
64

. 
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answers to many technology problems already exist in nature. With the advances in polymer 

science and microfluidics, achieving solutions to those problems have become more realistic. 

Combining soft materials (hydrogels, biopolymers or the ones used in 

semiconductors)
60

 with microfluidics has provided new functionalities such as self-healing 

and reversible adhesion, super-hydrophobicity, self-cleaning, energy conversion and 

conservation, materials with high mechanical strength, biological self-assembly, 

antireflection, structural coloration, thermal insulation and many more as pointed out in 

Table 1.4.
59

 

Some unconventional examples (Fig. 1.10) of microfluidic-based materials include 

reusable, strong adhesives without sticky layers
57

, self-healing composites
61

 capable of  

multiple repair cycles
58,62

, materials with self-cleaning surfaces
63

, color changing soft 

machines for camouflage and display
64

, and flexible 3D electronic structures in solder 

(microsolidics)
65

, which can produce, for instance, reversibly deformable and mechanically 

tunable fluidic antennas
66

.  

 

 

Figure 1.11 Examples of various organs on chips: (a) artificial liver cell, a photo of the final 

cell-patterning chip and the SEM image of the detail electrode geometry. The close-view 

shows the concentric ring electrodes with stellate-tips
70

, (b) lung on a chip, a photo showing 

blood and air inlets and outlets and the microfluidic channels comprising the device
69

, (c) 

PDMS cilia, optical images of cilia in air
71

, (d) and collapsed PDMS cilia due to water 

introduction, scale bars: 200 µm
71

. 
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A number of these composite microfluidic materials have shown promise for 

applications in medical fields. A combination of microfluidics with the relevant fabrication 

and analysis techniques created so called organ-on-chips.
67

 With developments in tissue 

engineering, óorgans on a chipô have become great potentials for diagnostics and various 

other applications. A few promising examples to these composite microfluidic  

materials are shown in Fig. 1.11, and include artificial lungs
67,68

, which use air as its 

ventilating gas
69

, artificial heterogeneous liver cells mimicking lobular morphology of real 

liver tissue
67,70

, silicon cilia mimicking the high compliance and beating frequency of 

biological cilia
71

.  

Many of these microfluidic composite materials have multiple functionalities thanks 

to their microvascular networks. The channel network works as the supplier of the fluid, 

whereas the matrix material serves for confinement or support. The best natural example for 

this type of synthetic microvascular systems is the skin, which offers functions such as  

temperature regulation of the body, self-healing, damage protection and waste removal. The 

operating fluid in biomimetic devices, i.e. óbloodô of the synthetic systems, is selected 

depending on the functionality desired and its compatibility with the matrix, which determine  

 

 

Figure 1.12 Examples of computationally optimized microvascular channel designs
72

: (a) 

two branched tree networks with channel diameters optimized for minimum flow resistance 

using constructal theory, (b) arterial-like 3D flow network path for two input nodes 

determined by gradient-based optimization. 
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the characteristics of the composite material. These composite materials have been mostly 

investigated for self-healing or temperature control functions. For these types of 

functionalities, there are still many design parameters, and optimizing the microvascular 

channel structure is one of the main research topics (Fig. 1.12).
72

 

In the next section we present a detailed example of microfluidic composite materials 

with altered physical properties. The matrix material, which is initially soft, gains new 

functionality thanks to the fluid in the microvascular channel network. 

 

1.4.1 Materials of Controlled Shape and Stiffness with Photocurable Microfluidic 

Endoskeleton
73

 

We describe here another unconventional microfluidic composite material in the form of 

flexible sheets that can be solidified on demand by light to acquire specific shapes. This work 

has been performed alongside the projects described later in this thesis. The matrix of the  

material is thin sheets of PDMS. The microfluidic-channel networks embedded in the  

elastomer are filled with liquid, photocurable polymer, SU-8. This composite possesses the 

unique ability to óómemorizeôô and retain a certain user-defined shape upon illumination. 

When the microchannel networks are deformed and exposed to UV light, the photoresist 

inside the channels is solidified and subsequently acts as the endoskeleton within the PDMS 

layer, locking in the programmed shape. Even if the resulting sculptured sheets are deformed,  

the óómemorizedôô shapes are recovered after the external force causing the deformation is 

removed. The bending and stretching moduli of the materials with solidified endoskeleton 

increase drastically (complete paper including equations is provided in the Appendix). 

The procedure for fabrication of shape-controlled microchannel materials is 

schematically illustrated in Fig. 1.13. The microfluidic channels inside PDMS were 

fabricated using conventional soft lithography. Two PDMS sheets with arrays of channels 

facing each other in perpendicular directions were sealed irreversibly by air-plasma 

treatment. Liquid SU-8 was injected into the microchannel network. The elastomer sheets 

with microchannel networks filled with liquid SU-8 prepolymer are transparent, soft, and 
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Figure 1.13 Schematics of the fabrication of photocurable microfluidic endoskeleton 

structure by filling epoxy-based SU-8 photopolymer into microfluidic channel networks. 

During UV exposure, the SU-8 photoresist within the deformed channel network is 

solidified, and the preprogrammed deformation of the photocured channel network is 

retained, even after the external force is removed.  

 

 

easily bent, similarly to the original silicone rubber (Fig. 1.14a). The transparent PDMS host 

can transmit incident light in the near-UV region (350ï400 nm), where SU-8 photopolymer 

is light-sensitive. The soft material filled with liquid SU-8 could be deformed into a variety 

of shapes, such as wave, spiral, saddle, and pocket, and then solidified by exposure to UV 

light for 15 min. The resulting PDMS slabs with solidified internal networks after the UV 

exposure retained the defined deformation, while still having soft and rubber-like surfaces 

(Fig. 1.14bïd). The PDMS sheets with photocured network could be stretched, bent, or 

twisted manually with high recoverable strain. 
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Figure 1.14 Photographs and schematic of PDMS sheets with embedded photocurable 

microfluidic endoskeleton. (a) a soft and stretchable silicone sheet filled with liquid SU-8 

photopolymer before UV exposure. After deforming the sheets and exposing to UV light for 

15 min, the photocured microfluidic composites with solidified SU-8 photoresist retain the 

defined shapes, such as (b) wave, (c) spiral, and (d) saddle. The microchannels embedded in 

PDMS layers were 450 µm thick in (a) and (d), 165 µm thick in (b), and 275 µm thick in (c). 

(e) Orthogonally oriented microchannel structure embedded within PDMS matrix. The 

channel width and interchannel distance were 400 and 250 µm, respectively. The channel 

thickness was varied from 150 to 450 µm. The microfluidic network had an overall length of 

36 mm and a width of 24 mm. The channels in the schematic are not to scale. 
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The elastic moduli of the photocured microfluidic composites were compared with 

the moduli of PDMS-only and noncured materials (Fig. 1.15a). The microchannel structures 

filled with liquid SU-8 had elastic moduli similar to the pure PDMS slabs. However, the 

solidification of SU-8 prepolymer in the microchannel network increased dramatically the 

elastic modulus of the microfluidic composite material, showing linear relationship of the 

modulus with volume fraction of SU-8 in the PDMS layers ï about 40 times higher than that 

of the pure PDMS layer at about 20% volume of SU-8 photoresist.  

 

 

Figure 1.15 (a) Elastic modulus of PDMS-only layer and photocurable microfluidic 

networks before and after UV exposure as a function of volume fraction of SU-8 photoresist 

in PDMS matrix. The solid lines are least square fits. The dot-dash line is based on the 

estimated values, (b) Bending modulus of PDMS-only layer and photocurable microfluidic 

networks after UV exposure as a function of the volume fraction of photoresist in the matrix.  

 

The mechanical tensile properties of the sheets with photocured endoskeleton 

networks can be approximated as a unidirectional composite material, because the solidified 

photoresist bars in the microchannels are uniform in cross-section, parallel, and continuous 

throughout the PDMS matrix. The modulus of elasticity of unidirectional composite 

materials can be evaluated by rule of mixtures equations accounting for the elastic modulus 

and volume fraction of each component in the composite. During the tensile loading, the 

elastic modulus (EC) of the photocured microfluidic material is influenced by both 
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longitudinal and transverse elastic moduli, due to the orthogonal microchannel structure in 

the PDMS matrix (Fig. 1.14e).  

The elastic modulus of the photocured microfluidic material was calculated and 

plotted as a function of the volume fraction of SU-8. The data are presented in Fig. 1.15a. 

This estimate of the elastic modulus is in reasonable agreement with the modulus measured 

in the elastic regime, although the calculated value is slightly lower than the experimentally 

measured one. This difference might come from the additional contribution of the solidified 

material at the junctions and the sides of the microchannel networks to the elastic modulus. 

The rigidity of the SU-8 skeleton might be increased further by post-baking or over-

exposure, but this is likely to lead to some brittleness of the slabs. Overall, the results 

demonstrate that the solidification of SU-8 photoresist within the channel network drastically 

improves the stiffness of the elastomeric microfluidic materials, and the mechanical 

properties are approximated well by the common tensile stress equations for composite 

materials. 

Similarly to the tensile tests, the bending modulus of the photocured endoskeleton 

structure increased up to one order of magnitude with the increase in the volume fraction of 

SU-8 photoresist in the PDMS layer (Fig. 1.15b). The material became harder to bend and  

immediately recovered the memorized shape after unloading. The bending failure force of  

the photocured microfluidic materials was not measured because most samples did not break 

under the loading conditions in this measurement. This remarkable flexibility of the material 

might arise from the enclosing of the rigid polymer shell in the elastic sheath, but the effect 

was not quantified. Clearly, the network of solidified SU-8 photoresist imparts high rigidity 

to the elastomeric silicone matrix, and renders possible the recovery of the programmed  

shapes with highly recoverable strain. The mechanical strength of the photocured polymer-

endoskeleton network could be drastically improved with the introduction of a truss or other 

3D microchannel structures in the PDMS matrix or by adding microfibers to the 

photopolymer filling in the microchannels. 

In summary, we have demonstrated that the light-triggered solidification of SU-8  
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photoresist in the microfluidic endoskeleton of normally flexible PDMS layers leads to shape 

preservation with high strain storage and recovery. The permanent locking in of the shape of 

light-solidified microfluidic sheets could be used in fabricating instant containers, patches, 

and supports on demand, creating óóexoskeletonsôô for delicate package contents, rapid 

prototyping, and multiple other applications. Microfluidic devices containing both regular  

and SU-8-filled channels might be dynamically reconfigured by UV exposure. The 

fabrication process of the materials with microfluidic endoskeleton that we report here could 

be simple and scalable. The photocurable polymer precursor inside the microchannel network 

can be replaced with other shape-memory materials, which can retain shape and develop 

strain when actuated by external stimuli such as heat and electric or magnetic fields. 

Examples of such functional materials are presented as a part of this thesis.  

 

1.5 Goals and Layout of This Dissertation  

The aim of my graduate research project has been to design new multifunctional microfluidic 

materials inspired by the skin. We have fabricated microfluidic prototypes with various 

functions, and characterized the added functional features and their performance. For 

instance, in the preliminary work described above we fabricated and analyzed flexible sheets 

that can be solidified on demand to yield specific shapes, which improved mechanical 

properties of the composite network drastically.  

In Chapter 2, we introduce another microfluidic composite that can switch its color and 

near-IR transmittance on demand when solutions with different dyes displace each other by 

virtue of the laminar flow in the microchannels. These novel microfluidic materials can have 

multiple applications as shown by recent US Patents that have been issued for other types of 

materials performing similar functions by alternative means. These applications include 

change of the color of vehicles
74

 or other objects
75

, heat exchange in microchannels
76

,  

formation of solar radiation reflective coatings
77

 and optoelectronic molding compounds to 

block infrared light (while transmitting visible light) for encapsulating electronic packages
78

. 

Thus, these materials can find applications in smart windows and energy management. In  
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Chapter 3, we describe our research on the role of the network geometry on liquid 

replacement efficiency. We have simulated and analyzed the efficiencies of serpentine 

networks, parallel channels and lattice configurations for a channel size range of ~0.3-0.4 

mm. The improved network geometry provides a much more rapid and uniform liquid 

displacement with minimum displacing liquid waste. In Chapter 4, we present a microfluidic 

skin that can eject liquid droplets by mechanical actuation, i.e. a material which can perform 

the ósweating functionô of the skin. This material can be used for dispensing of perfumes, 

pharmaceuticals, sterilizing surfaces and many other products. In Chapter 5, we demonstrate 

an alternative material/method for the fabrication of microfluidic materials. The use of thin 

polyethylene sheets instead of the conventional PDMS could decrease the cost and time of 

the fabrication and thus make it more feasible for mass production. Chapter 6 summarizes 

my graduate research work and discusses the potential future directions for these projects. In 

the Appendix we provide the full paper for our photocurable composite work summarized in 

this chapter.     
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CHAPTER 2 

 

Microfluidic Elastomer Composites                                             

with Switchable Vis-IR Transmittance*  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

________________________ 

*Based on A. B. Uçar and O. D. Velev, Soft Matter, 2012, 8, 11232. 
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2.1 Introduction 

Microfluidics is a rapidly evolving technology that intersects the fields of engineering,
1,2

 

physics,
3,4

 chemistry,
5-7

 micro- and biotechnology.
8-11

 The precise control and manipulation 

of fluids that are geometrically constrained to a small (typically sub-millimeter or 

micrometer) scale has resulted in a broad variety of miniaturized lab on a chip devices for 

analytical and clinical applications.
12,13

 Microfluidics, however, can also bring even broader 

changes to the field of making functional soft materials containing networks of microfluidic 

channels. The color, pressure, temperature, flow and other properties of the liquid inside the 

embedded microchannels can be controlled, dynamically changing the properties and 

function of the host material. Only recently has the potential of such óómicrofluidic 

materialsôô been identified and related studies have been presented. Recently reported 

microfluidic-based materials may find applications as reusable, strong adhesives without 

sticky layers
14

 and self-healing composites capable of multiple repair cycles.
15,16

 The liquids 

in the microchannels can also be solidified to make rigid metallic networks (microsolidics)
17

 

tunable, reversibly deformable fluidic antennas
18

 and flexible sheets, which can stiffen on 

demand to acquire specific shapes.
19

 We demonstrate here another type of material 

functionality that can be of broad significance for óósmartôô windows and potential functions 

such as change of the color of vehicles,
20,21

 making of solar radiation reflective coatings
22

 

and optoelectronic packages blocking UV or infrared light (while transmitting visible light).
23 

 

2.2 Fabrication and Operation 

The procedure for fabrication and the principle of operation of the color-changing 

microfluidic materials are illustrated in Fig. 2.1.  

 

2.2.1 Fabrication 

The prototypes were fabricated using 3-inch Si wafers (Silicon Quest International) and 

PDMS (Sylgard 184, Dow Corning) based on conventional soft lithography method. The  

  



 

38 

 
Figure 2.1 Schematic flowchart of the fabrication and operation principle of the PDMS 

microfluidic material network that can change color on demand. The glycerolïwater mixture 

matches the refractive index of PDMS and makes the channels optically transparent. The 

liquid in the channels can be replaced with dye solutions to change the transmittance spectra 

of the material. 

 

photomasks (Fig 2.2) were designed using CorelDraw software. The wafers (masters) were 

first spin-coated (Model P6700, Specialty Coating Systems, Inc.) with SU-8 2050 

photoresist, (MicroChem, Inc.). After soft-baking the wafer at 65°C for ~20-30 minutes and  
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Figure 2.2 A photomask design of the network to be transferred on SU-8. The circles at the 

end of two corners on the left half will be used as the inlet and outlet openings.  

 

at 95°C for ~5 minutes, respectively, it was exposed to UV light (IntelliRay 400, Uvitron  

International) to transfer the channel design on the photomask to the photoresist. 

Unpolymerized SU-8 was dissolved by SU-8 developer (MicroChem, Inc.) and the Si wafer 

was hard-baked. Both the channel width and the distance between two adjacent channels 

ranged from 300 to 400 µm. The thickness/depth of the channels is ~300 ɛm. 

This master was used to fabricate multiple prototypes: After mixing silicone 

elastomer base and silicone elastomer agent in a 10:1 ratio, the mixture was degassed to 

minimize bubble formation. The PDMS precursor (Sylgard 184, Dow Corning) was cast on 

the channel masters and cured in the oven at ~70 °C for ~30 minutes. After cutting and 

peeling off the PDMS layers, two holes were punched at each end of the channel network 

(using a blunt 16 gauge needle) to allow for inlet and outlet of the liquid flow. Next, in most  

samples, two PDMS sheets with embedded channels were irreversibly sealed to each other  
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using air-plasma (Model PDC-32G, Harrick Plasma) forming a double-layer channel network 

(Fig. 2.3). Alternatively, a single PDMS sheet was air-plasma sealed directly onto a glass 

slide forming a single-layer channel network. Alternatively, the PDMS substrates could be 

sealed by an intermediate fluid layer without plasma treatment.
24,25

 The channels in the 

double channel network prototypes were oriented orthogonal to each other. The PDMS 

channel network size was ~24 mm × 36 mm. óMicro-cuvettesô used in absorbance 

measurements were fabricated by sealing a thin layer (a single rectangular opening in the 

middle) of PDMS on glass slide and covering it with a thin glass slide. The thickness of the 

micro-cuvettes varied from ~0.5 mm to ~1.5 mm.  

 

 

Figure 2.3 Channel structure of the color changing elastomeric sheets: (a) a sample with a 

typical double-channel network, also illustrating a color change from red to blue, (b) side 

view schematic, (c) an image of the flexible microfluidic network filled with Allura Red dye 

solution, (d) magnified view of the same material illustrating the double-channel network 

design. The channels are sealed onto each other orthogonally. 
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2.2.2 Fluids and Operation 

Liquids at room temperature were pumped through the punched holes into the channels either 

directly using a syringe (1 ml, Norm-Ject / Hanke Sass Wolf) or through tubing (Tygon 

Microbore Tubing, Saint-Gobain PPL Corp.). The glycerolïwater mixture was used to match 

the refractive index of the PDMS matrix, while a range of dyes dissolved in this medium 

were used to control the color of the liquid. These dyes, which included Bromophenol Blue 

(Acros), Allura Red (AC, Sigma-Aldrich), Brilliant Green (Acros) and N-IR absorbing 

compound (96311S, Fabricolor Holding Inc.) were dissolved in the liquid mixture, which 

replaced the original clear liquid. The refractive indexes of the liquids were determined using 

TCR 15-30 Refractometer (Index Instruments Inc.). The solutions also contained ~0.1 wt% 

of a non-ionic surfactant, Tween 20. The surfactant lowered the surface tension and reduced 

the pressure drop by allowing the liquid to better wet the channel walls, so that it could be 

inserted easily into the hydrophobic PDMS sheets. Optical characterization of the material 

was performed via a UV-Vis spectrophotometer (Jasco V-550). 

 

2.3 Results and Discussion 

The first step in the materialôs development was to make the channels in the polymer 

óóinvisibleôô by matching the refractive index of the liquid in the channels to that of the 

PDMS walls. The optical transparency of composite materials depends on the match of each 

componentôs refractive index. The refractive index of cured PDMS at room temperature is 

within the range of 1.40ï1.45 according to data from the literature.
26

 We investigated various 

water-based liquid mixtures as a match to the refractive index of PDMS. Glycerolïwater 

mixtures (Fig. 2.4) proved to be a suitable choice since they are benign, inexpensive, of low 

volatility and not excessively viscous. We systematically tested the visual appearance of 

mixtures of glycerol and water (with individual refractive indexes ~1.47 and ~1.33, 

respectively, at 25 °C and 589 nm), while simultaneously measuring their refractive index. A 

61 wt% glycerolïwater mixture inserted inside the PDMS microchannels resulted in an 

optically clear material where the channels were effectively invisible. The refractive index  
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Figure 2.4 Refractive indexes of glycerol-water mixtures. The refractive index increases 

linearly with increasing glycerol mass fraction in the mixture, whereas the change in the 

viscosity of the mixture was non-linear. A 61% glycerol-water mixture with a viscosity of 

~0.01 Pa s matched the PDMS networkôs refractive index. 

 

match resulted in drastically lowered absorbance of the sheets as a result of the suppressed 

scattering from the channel walls, without any change in the spectral profile (Fig. 2.5). 

The refractive index match allows changing the color of the sheets without 

compromising their optical transparency. We demonstrated controllable change in the color 

of the samples by replacing the clear liquid inside the channels with a colored solution of the 

same refractive index. The microfluidic materials readily gained the desired colors when the 

61 wt% glycerolïwater solutions pumped into the microchannels contained various water-

soluble dyes (Fig. 2.6). The liquid inside the test sheet of area ~6 cm
2
 was replaced neatly 

within 13 s. The pressure developed during liquid replacement for double and single-channel 

networks is estimated to be in the range of 40ï80 kPa. The colored channels inside the 

PDMS are clearly visible in the microscope images shown in Fig. 2.6. However, these sheets 

appear uniformly colored, clear and  transparent when examined visually from a distance of a 

few tens of centimeters where the channels are nearly imperceptible by the human eye (the 
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Figure 2.5 Digital photographs and absorbance spectra of the microfluidic network: (a) 

absorbance spectra of empty and liquid-filled PDMS microfluidic networks. The presence of 

refractive index matched glycerolïwater mixture in the channels results in better 

transmittance of the network, (b) an air-filled, double-channel PDMS network positioned on 

top of a yellow paper background and (c) the same double-channel network filled with 

refractive-index matched liquid mixture allows observation of the background texture. 

 

resolution of a human eye with excellent acuity at 1m distance would border on 

distinguishing a pair of lines about 300ï350 µm wide). 

The absorbance spectra of the microfluidic materials and of the dye solutions in 

cuvettes were characterized separately by UV-Vis spectrophotometry. The beam from the 

light source passed through the center of the microfluidic sheets. Absorbance spectra of the 

materials filled with four colored solutions (only colored solutionsô are shown in Fig. 2.7) are 

shown in Fig. 2.8. The absorbance peaks depend on the type and concentration of the dye in 

the liquid. It is possible to obtain narrower peaks and to span the whole range of the visible  

and N-IR region by using judiciously selected dyes or dye mixtures of different colors. For 

instance, with the four dyes shown in Fig. 2.7&8, at appropriate concentrations, the light 

absorbance of our material can be adjusted in the range of approx. 400 nm to 1100 nm. 
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Figure 2.6 Digital photographs of the single-channel PDMS network material filled with: (a) 

air, (b) 61 wt% glycerolïwater mixture to make the channels visually transparent, and (cïe) 

Brilliant Green, Allura Red and Bromophenol Blue solutions in the refractive index matched 

liquid. The image in the inset illustrates a snapshot taken during the color change from green 

to red, (f) at the end, a clear 61 wt% glycerolïwater mixture is pumped back into the 

channels. Note that replacement took place without mixing due to the laminar flow in 

channels and one solution replaced another thoroughly in 13 seconds. 

 

The quantitative interpretation of this controlled change of the materialsô light 

transmission can be based on the spectra of the original dye solutions and the parameters of 

the microfluidic network. We treat these materials as composites consisting of a PDMS host 

matrix and channels filled with the liquid mixture. The absorbance A of each of these  

macro-scale domains is given by the LambertïBeer law A=Ů×l×c, where l is the path length 

of the absorbing solution in mm, c is the concentration in g L
-1

, and Ů is the absorptivity in L 

(g
-1

 mm
-1
), which is a function of the electronic structure of the molecule and wavelength of 

the light.
27

 Once the componentsô individual absorbances are determined, the ones of the 
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composite material can be evaluated since the absorbencies of composite materials can be 

approximated as being additive,
27

 

                                                 

                                                                               (2.1)
iMixture Compound

i

A A=ä                                                         

 

The dye solution concentration ranges in the microfluidic channels were: 0.1ï2.0 

wt% for Allura Red, 0.02ï0.30 wt% for Bromophenol Blue and Brilliant Green, and 0.03ï

0.10 wt% for the N-IR dye. The absorbance spectra of the colored liquids were measured 

separately in regular 10 mm path length cuvettes. The thickness (light path length) of the 

channels in the microfluidic sheets is much smaller than the cuvette thickness. The above 

high concentrations in channels could not be tested in cuvettes since they exceed the limits of 

the spectrophotometer, hence these solutions were diluted 100ï1000 times. The 

concentration of the Allura Red and N-IR dye were varied from 0.001 wt% to 0.008 wt% for 

these absorbance measurements in cuvettes, whereas the Bromophenol Blue and Brilliant 

Green concentrations examined ranged from ~0.0005 to 0.0030 wt%. 

The absorbance spectrum of the colored microfluidic material network was evaluated 

numerically using the additivity rule (eqn (2.1)). Assuming that the absorbance is linearly 

related to the path length and concentration, the spectrum of the material with the 

microchannels could be predicted by scaling the sum of the individual absorbencies of the 

diluted solutions in the cuvette (Fig 2.7) and the PDMS network by the following 

relationship: 

           

where ,                           (2.2)Chan Chan

Cuvt Cuvt

Composite PDMS LiquidInCuvette

C l

C l
A A A b kb == +  

 

where the scaling factor, ɓ, takes into account the dye concentration in the channels, Cchan, 

the dye concentration in the cuvette, Ccuvt, the path length in the channels, lchan, the path 

length in the cuvette, lcuvt, and the ratio of the area occupied by the channels to the whole area  
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Figure 2.7 Absorbance spectra of Allura Red, Bromophenol Blue, Brilliant Green, and N-IR 

dye solutions in 61 wt% glycerol-water mixture measured in cuvette with a 10 mm path 

length. 

 

of the material, ə. The embedded channels cover only half of the area in the sheet samples, 

hence ə = 0.5. Thus, once the absorbance spectra of an empty network and of the liquids are 

known, the spectra for dye solution-filled networks could be predicted on the basis of eqn 

(2.2) by scaling the bulk absorbencies by the thickness, concentration and channel surface 

coverage ratio. 

The experimental and simulated absorbance spectra of the PDMS channel networks 

filled with colored liquids are compared in Fig. 2.8. Overall, the calculated spectra 

approximated well the experimental ones for all different dye solutions; however, the 

experimental absorbance spectral peaks were wider and lower, i.e., there is a deviation from 

the linear absorbance approximations for all colored solutions. The degree of this flattening 

varied depending on the dye used. The peak broadening could originate from two reasons ï 

high concentration of dye (Fig. 2.9) in the channels leading to molecular association/ 

aggregation and corresponding change in the spectra and/or scattering of the light by the 

channel walls.  

 



 

47 

 

Figure 2.8 Experimentally measured and theoretically calculated absorbance spectra of (a) 

Bromophenol Blue, Allura Red, Brilliant Green and (b) N-IR solutions in a 61 wt% glycerolï

water mixture introduced consecutively in the double-channel PDMS network. Within 

several (~10) switching cycles, we observed no visible deterioration in the materials color. 

The predicted spectra are calculated by using the modified eqn (2.2) on the basis of the 

experimental spectra of each component in the material. 
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We constructed micro-cuvettes (one big wide channel with PDMS walls) of thickness 

on the order of the channel thickness in the material and found the spectra of the concentrated 

dyes to have similar peak broadening. This suggests that peak flatness mainly depends on the 

concentration of the dye used in the channels, and peak broadening can be reduced by using 

non-aggregating dyes. Furthermore, some of the residual scattering that could result from a 

minimal refractive index mismatch at wavelengths different from the one where the RI was 

adjusted can be decreased by slight changes in the liquid composition. Thus, while dye 

association and aggregation affect the materialsô spectra to some extent, the light 

transmittance of the sheets can be changed, adjusted and simulated with reasonable reliability 

and precision. 

 

 

Figure 2.9 Absorbance spectra for dilute Allura Red solutions of different concentrations 

measured in cuvettes. Based on the most dilute concentration, which was 0.00085 wt.% 

Allura Red in 61 wt.% Glycerol-Water mixture, each spectrum was calculated by using linear 

relation of A with C. Straight lines correspond to the original spectra and the dashed/dotted 

ones are the ones obtained through scaling. The more concentrated the solution became the 

higher was the deviation between the experimental and theoretical spectra. We believe that 

this deviation is the main reason for the difference in Fig. 2.8b as the concentration used in 

the channels is ~10 times higher than the most concentrated solution in the Fig. 2.9. 
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One of the advantages of the soft microfluidic sheets is that the 

absorbance/transmittance spectra can be adjusted easily by using widely available soluble 

dyes, without the need to perform any synthetic or supramolecular chemistry. The optical 

transmittance of these óómicrofluidic materialsôô changes when colored solutions with 

different compositions replace each other by virtue of the laminar flow in the microchannel 

networks. The range of radiation switching can be extended into spectral regions outside the 

visible light, making potentially valuable materials with switchable IR, UV or X-ray 

transmittance. We demonstrated this potential by making sheets with switchable IR-

transmittance, where the solute is a commercial N-IR absorbing dye. As illustrated in Fig. 

2.8b, the sheets indeed displayed reproducible switching of the near-IR transmittance in the 

750ï1100 nm wavelength range. 

 

2.4 Conclusion and Potential Applications 

In summary, we demonstrated a new soft, flexible, and controllable material with an 

embedded microchannel network that is optically transparent and colored on demand. By 

pumping refractive index-matched liquid into the channel network, the channels can be made 

to ñdisappearò, making the bulk material optically clear and transparent. Inserting liquids of 

different colors into the channels can be used to control the color and light absorption of the 

matrix microfluidic material. They are capable of absorbing light in the visible region and N-

IR of the electromagnetic spectrum.  

Stimuli-responsive materials
28-31

 that can be made transparent or change color on 

demand have been of significant interest for applications as óósmartôô windows.
32-34

 The 

sheets reported here use the laminar flow replacement of refractive index-matched fluid in 

the microfluidic network to achieve such change by extremely simple and inexpensive 

physical means. The rate of óóswitchingôô of the color or transparency of such sheets is slower 

than the alternative electrochromic
35

 and other electrically actuated
36

 materials. However, the 

microfluidic material has the advantage of being inexpensive, flexible and able to maintain 

its color without continuous application of external voltage. One of the most intriguing and  
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potentially useful functions that can be realized in such materials is the control of the IR  

transmittance (Fig. 2.8b). Microfluidic materials with switchable IR transmittance could be  

used in óósmartôô windows for radiative energy management and conservation that allow 

control of the passing near-infrared heat portion of the sunlight spectra. These materials 

could provide efficient heat exchange once they are fabricated in larger size. The liquid  

flowing through the microchannels would serve as the heat transferring fluid contacting a hot 

or cold surface. Since the materialôs embedded network consists of microfluidic channels, it 

provides a large surface area to volume ratio. The heat transfer rate, q, for conduction and 

convection
37

 are given by: 

 

           Conduction:                                                               (2.3)

           Convection:                                                                 (2.4)

dT
q k A

dx

q h A T

=

= D

 

where q is the heat transfer rate, k and h are the conductive and convective heat transfer 

coefficients, respectively, dT and ȹT are the temperature differences between a contact 

surface and the bulk fluid used to exchange heat, and A is the heat transfer area of the contact 

surface. Since the surface area to volume ratio of the material with microchannels is high, a 

low difference in temperature can achieve efficient heat transfer between another material 

surface and the bulk fluid flowing through the microchannels. 

An aesthetic and energy-efficient residential or office building can be envisioned 

(Fig. 2.10), if the microfluidic material can scale up to larger sized sheets suitable for light 

and energy management in building interiors. Sheets of this material placed on the walls 

could change color on demand (without having to repaint them) by pumping colored liquids 

through the network. This material on walls or below floor panels could act as heat 

exchangers using cold (10-15 ºC) underground water in hot weather or using solar heated 

water from the roof in colder weather. Currently, this low difference in temperature cannot 

achieve effective heat exchange as conventional radiators use large diameter piping with low  
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surface area to volume ratios. Additionally, the material could block or allow solar radiation 

through windows depending on the weather thanks to its color change. Thus, these materials  

which can be made transparent on demand, could offer an alternative to current smart 

window technologies (based on electrochromics
35,39

, liquid crystals
40,41

, and suspended 

particles
42,43

 operating by electric fields). They could be also used for exterior color and 

protection, smart and custom packaging.
38

 

 

 

Figure 2.10 (a) Vision of energy-efficient residential home or office building using 

microfluidic materials for control of radiation and convection heat flows, and (b) schematic 

of the heat exchange in the wall network. The material can be placed on back wall to 

exchange heat using underground well water or solar heated water. Colored liquid can be 

pumped through the channels of the material to change the wall color on demand. Material 

placed on window can become transparent or opaque in the IR and visible light regions on 

demand or absorb/transmit near-infrared solar radiation. 

 

2.5 Acknowledgements 

We acknowledge the financial support from MeadWestvaco Corporation and NSF Triangle 

MRSEC on Programmable Soft Matter (NSF DMR-1121107). We thank Dr. Yong-Jae Choi, 

Dr. Tzy-Jiun Mark Luo, Dr. Jan Genzer and Dr. Michael Dickey for access to the UV-Vis 

spectrophotometer and plasma cleaner. We are also grateful to Dr. Frederick Renk and Dr. 

Sumit Gangwal for helpful discussions. 

 



 

52 

2.6 References 

1. Günther, A. & Jensen K.F. Multiphase microfluidics: from flow characteristics to 

chemical and materials synthesis. Lab Chip 6, 1487-1503 (2006).  

 

2. Stone, H. A. & Kim, S. Microfluidics: Basic Issues, Applications, and Challenges. AIChE 

J. 47, 1250-1254 (2001). 

 

3. Stone, H. A., Stroock, A. D & Ajdari, A. ENGINEERING FLOWS IN SMALL 

DEVICES: Microfluidics Toward a Lab-on-a-Chip. Annu. Rev. Fluid Mech. 36, 381-411 

(2004). 

 

4. Squires, T. M. & Quake, S. R. Microfluidics: Fluid physics at the nanoliter scale. Rev. 

Mod. Phys. 77, 977-1026 (2005). 

 

5. Becker H. & Locascio, L. E. Polymer microfluidic devices. Talanta 56, 267-287 (2002). 

 

6. Teh, S., Lin, R., Hung, L. & Lee, A. P. Droplet microfluidics. Lab Chip 8, 198-220 

(2008).  

 

7. Sahoo, H. R., Kralj J. G. & Jensen, K. F. Multistep Continuous-Flow Microchemical 

Synthesis Involving Multiple Reactions and Separations. Angew. Chem., Int. Ed. 46, 

5704-5708 (2007). 

 

8. Tan W. & Desai, T. A. Layer-by-layer microfluidics for biomimetic threedimensional 

structures. Biomaterials 25, 1355-1364 (2004).  

 

9. Fair, R. B. Digital microfluidics: is a true lab-on-a-chip possible?. Microfluid. Nanofluid. 

3, 245-281 (2007).  

 

10. Dittrich P. S. & Manz, A. Lab-on-a-chip: microfluidics in drug discovery. Nat. Rev. Drug 

Discovery 5, 210-218 (2006).  

 

11. Mitchell, P. Microfluidicsðdownsizing large-scale biology. Nat. Biotechnol. 19, 717-721 

(2001). 

 

12. Tabeling, P. Introduction to Microfluidics. Oxford University Press Inc., New York, pp. 

1ï15 (2005).  

 

13. Whitesides, G. M. The origins and the future of microfluidics. Nature 442, 368-373 

(2006). 

 

 



 

53 

14. Majumder, A., Ghatak A. & Sharma, A. Microfluidic Adhesion Induced by Subsurface 

Microstructures. Science 318, 258-261 (2007). 

 

15. Toohey, K. S., Sottos, N. R., Lewis, J. A., Moore, J. S. & White, S. R. Self-healing 

materials with microvascular networks. Nat. Mater. 6, 581-585 (2007). 

 

16. White, S. R. et al. Autonomic healing of polymer composites. Nature 409, 794-798 

(2001). 

 

17. Siegel, A. C., Bruzewicz, D. A., Weibel D. B. & Whitesides, G. M. Microsolidics: 

Fabrication of Three-Dimensional Metallic Microstructures in Poly(dimethylsiloxane). 

Adv. Mater. 19, 727-733 (2007). 

 

18. So, J. H. et al. Reversibly Deformable and Mechanically Tunable Fluidic Antennas. Adv. 

Funct. Mater. 19, 3632-3637 (2009).  

 

19. Chang, S. T., Uçar, A. B., Swindlehurst, G. R., Bradley IV, R. O., Renk F. J. & Velev, O. 

D. Materials of Controlled Shape and Stiffness with Photocurable Microfluidic 

Endoskeleton. Adv. Mater. 21, 2803-2807 (2009).  

 

20. Cobb, K. P. Color changing system for vehicle. U.S. Patent 7,516,764 (2009). 

 

21. Price, K. A. Selective coloring system. U.S. Patent 5,636,669 (1997). 

 

22. Finley, J. J., Thiel J. P. & Buhay, H. Coating composition with solar properties. U.S. 

Patent 7,473,471 (2009). 

 

23. Starkey, D. R. Optoelectronic molding compound that transmits visible light and blocks 

infrared light. U.S. Patent 7,474,009 (2009). 

 

24. McDonald, J. C. et al. Fabrication of microfluidic systems in poly(dimethylsiloxane). 

Electrophoresis 21, 27-40 (2000). 

 

25. Lee S. J. & Sundararajan, N. Microfabrication for Microfluidics, Artech House Inc., 

Boston, p. 217 (2010). 

 

26. Chang-Yen, D. A., Eich R. K. & Gale, B. K. A Monolithic PDMS Waveguide System 

Fabricated Using Soft-Lithography Techniques. J. Lightwave Technol. 23, 2088-2093 

(2005). 

 

27. Stewart K. K. & Ebel, R. E. Chemical Measurements in Biological Systems, John Wiley 

& Sons, New York, pp. 39ï63 (2000). 

 



 

54 

28. Stuart, M. A. C. et al. Emerging applications of stimuli-responsive polymer materials. 

Nat. Mater. 9, 101-113 (2010). 

 

29. Liu, F., Ramachandran D. & Urban, M. W. Colloidal Films That Mimic Cilia. Adv. 

Funct. Mater. 20, 3163-3167 (2010). 

 

30. Sagara, Y. & Kato, T. Mechanically induced luminescence changes in molecular 

assemblies. Nat. Chem. 1, 605-610 (2009). 

 

31. Jonas, U., Shah, K., Norvez, S. & Charych, D. H. Reversible Color Switching and 

Unusual Solution Polymerization of Hydrazide-Modified Diacetylene Lipids. J. Am. 

Chem. Soc. 121, 4580-4588 (1999). 

 

32. Niklasson, G. A. & Granqvist, C. G. Electrochromics for smart windows: thin films of 

tungsten oxide and nickel oxide, and devices based on these. J. Mater. Chem. 17, 127-

156 (2007). 

 

33. Kubo, T. et al. Current state of the art for NOC-AGC electrochromic windows for 

architectural and automotive applications. Solid State Ionics 165, 209-216 (2003). 

 

34. Gruner, G. Carbon nanotube films for transparent and plastic electronics. J. Mater. Chem. 

16, 3533-3539 (2006). 

 

35. Amb, C.M., Dyer A. L. & Reynolds, J. R. Navigating the Color Palette of Solution-

Processable Electrochromic Polymers. Chem. Mater. 23, 397-415 (2011). 

 

36. Rossiter, J., Yap, B. & Conn, A. Biomimetic chromatophores for camouflage and soft 

active surfaces. Bioinspir. Biomimetics 7, 1-10 (2012). 

 

37. Geankoplis, C. J. Transport Processes and Separation Process Principles. Pearson 

Education, Inc. PTR, New Jersey (2003). 

 

38. Velev, O. D., Renk, F. J., Gangwal, S. & Uçar, A. B. Color changing, Heat-exchanging 

and Infrared Radiation Controlling Microfluidic Materials for Light and Energy 

Management. NCSU Invention Disclosure No. 10-024 (2009). 

 

39. Granqvist, C. G. Solar Energy Materials. Adv. Mater. 15, 1789-1803 (2003). 

 

40. Bruce, P. G. & Vincent, C. A. Polymer Electrolytes. J. Chem. Soc. Faraday Trans. 89, 

3187-3203 (1993). 

 

41. Lampert, C. M. Smart switchable glazing for solar energy and daylight control. Sol. 

Energ. Mat. Sol. C. 52, 207-221 (1998). 

 



 

55 

42. Vergaz, R., Pena, J. M. S., Barrios, D., Perez, I. & Torres, J. C. Electrooptical behaviour 

and control of a suspended particle device. Opto-Electron. Rev. 15, 154-158 (2007). 

 

43. Vergaz, R., Sanchez-Pena, J. M., Barrios, D., Vazquez, C. & Contreras-Lallana, P. 

Modelling and electro-optical testing of suspended particle devices. Sol. Energ. Mat. Sol. 

C. 92, 1483-1487 (2008). 



 

56 

CHAPTER 3 

 

Analyzing the Role of Network Geometry                                      

on the Fluid Displacement Efficiency                                                

in Microfluidic Color Changing W indows* 
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*Based on A. B. Uçar, H. J. Koo and O. D. Velev, in preparation for Microfluid. Nanofluid. 
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3.1 Introduction 

Microfluidics is widely used in lab on a chip devices due to its ease of design and 

implementation, low fabrication cost, and small fluid volume needs. Thanks to the laminar 

nature of the flow, these devices provide suitable conditions for particle detection, biological 

synthesis and analysis, where controlled delivery of reagents/particles is needed.
1-3

 With their 

embedded micro-channel networks, microfluidic composites
4
 are also of great interest for 

making functional soft materials. Self-healing surfaces
5,6

, tunable fluidic antennas
7
, reusable, 

adhesive layers
8
, and photocurable microfluidic sheets

9
 are just a few examples of such 

applications.  

One of the primary characteristics determining the functionality of the microfluidic 

materials is the type of the fluid in the channels and its mobility in the matrix. Thus, the flow 

characteristics associated with a given network geometry carry significant importance as 

well. These matrixes mostly consist of simple 2-D channel networks, although more complex 

structures are also possible.
10,11

 Different designs have been compared in many theoretical, 

numerical and experimental analyses to investigate the role of the network geometry on the 

flow resistance, uniformity and flow access of the network.
4,12-15

 These studies have focused 

on various fluidic systems with heat exchange or óirrigationô purposes. Based on the 

constructal law
16
, (ñFor a flow system to persist in time to survive it must evolve in such a 

way that it provides easier and easier access to the currents that flow through it.ò) researchers 

have shown that tree-like structures provide an advantage in terms of delivering liquid 

uniformly from one point to another one (i.e. having good hydraulic conductance). Several 

studies have been done to analyze and optimize branching structures.
16-19

 

For certain microfluidic materials it is also common to include networks consisting of 

parallel channels or lattice configurations rather than tree-like structures. The functional goal 

for these materials may involve óhealingô of different cracks on the surface, or having 

simultaneous reactions or simply displacing liquid in the channels in a controlled 

fashion.
14,20-22

 Hence, beside the hydraulic conductance, it is also highly desirable to deliver 

the liquid rapidly, uniformly and evenly to the whole surface area.
23,24

 In this aspect,  
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branching is not necessarily the best option for a uniform liquid distribution throughout the  

system. Instead, classic parallel channel networks appear as a suitable alternative, although in 

their simplest form, non-uniformity of the flow in such networks leads to mal-

distribution.
13,25-27

 

We simulate and compare here liquid displacement performances in various 2-D 

network geometries using COMSOL Multiphysics simulation program. We evaluate them in 

terms of delivery speed, material use efficiency, and flow uniformity. We aim to replace the 

serpentine channel network embedded in the color changing elastomers we reported earlier
28

 

with the improved network design. One of the key properties of the color changing 

elastomers was that the material visually appears as one intact unit, as if it did not possess 

any channel. Thus visual uniformity in liquid replacement was a key criterion in our tests. 

This improved network will be useful also for other microfluidic materials, for instance for 

self-healing materials where delivering the fluid to each point on the surface is equally 

important. 

 

3.2 Design 

The microfluidic networks we used in our previous work consisted of single-layer or double-

layer serpentine channels embedded in polydimethlysiloxane (PDMS) (Fig. 3.1). In both of 

these cases, pressure-driven liquids displaced each other without difficulty. The channel 

structure allowed displacement without much liquid waste, which is one of the target 

parameters included in our present simulations. Our initial design for COMSOL was the 

single-layer serpentine network (Fig. 3.1b), and the simulation parameters (Table 3.1) were 

selected accordingly.
28

 Another type of network geometry examined was the parallel channel 

network with symmetrical distributors and collectors (D/Cs), which are referred in this study 

as H-networks (Fig. 3.1f). They are also widely used in flow circuits. However, in its 

simplest forms, constructed of all equal sized channels (i.e. single-scale), its major drawback 

is the non-uniform flow. For this reason, networks with varying-size D/Cs (multiple-scale 

networks) were designed and compared in addition to the equally sized set. Lattice networks  
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Figure 3.1 Serpentine channel network (S-shape) structure of color changing elastomers (a-

d)
28

 and sample network images simulated in COMSOL (e-f): (a) Schematic of the original 

double-layer network (which is not tested in this simulation), (b) image of color change in a 

single-layer network due to pressure-driven (~20-80 kPa) displacement (base design in 

COMSOL), (c) image of double-layer network illustrating color change and (d) side view of 

double-layer network. When the refractive index matched liquid fills the network, the 

channels become optically transparent. Then the liquid in the channels can be replaced with 

colored solutions to change the transmittance spectra of the whole material, (e) a snapshot 

during liquid replacement simulation in an S-network, (f) a snapshot during liquid 

replacement simulation in a H-network. Blue color represents the glycerol-water mixture in 

the color changing elastomer work, whereas red color illustrates maximum concentration of 

the displacing liquid. The number next to network type shows the number of channels in the 

main network. óDô and óCô stand for distributor and collector, respectively. ó2:1ô corresponds 

to the ratio of D/Csô channel size to that of the channels in the main network.  
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Table 3.1 Simulation parameters, fluid properties and constraints. 

 

 

were the last geometry tested; which were essentially H-networks with added uniformly sized 

cross channels. Furthermore, without changing the visual symmetry of the network much, 

distributors and collectors were tapered in both networks. 

The main constraints in all simulations were the constant total network and channel 

area whereas channel sizes varied. However, the properties of the matrix (PDMS) were not 

incorporated in the analysis. Solely the flow in channels was examined. The inlet/outlet 

channel areas and pressure drop (except the case where S- and H-networks different inlet P 

were compared) in the system were kept constant so that all networks would require the same 

pumping power. Although our models in these simulations were designed and tested as 2-D, 

we incorporated the effect of the depth of the channels by using the óshallow channel 

approximationô in COMSOL, which adds a drag term as a volume force to the fluid-flow 

equation, so that the effect of boundaries is taken into account. In other words, this drag term 

includes the resistance applied by the parallel boundaries on the flow. 

We limited the scope of our analysis to three main targets: Most rapid overall liquid 

displacement, least liquid waste, and most uniform displacement. These criteria would serve 

to a much more cost effective and visually smooth liquid displacement for the potential 

applications of color changing elastomer composites. Although we had a channel size  
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constraint in our designs, initially we tested different S- and H-shape networks with the 

channel sizes varying from 0.35 mm to 0.95 mm to evaluate the effect of channel size on the 

displacement efficiency. After this test we remained in the target channel size range; in order  

for the network to appear as a single intact unit, its channels should be no larger than a few  

hundreds of micrometers. Theoretically, standing at 1 m distance, a perfect human eye can 

distinguish a pair of lines as big as ~300-350 µm wide from each other.
29

 Thus for color 

changing elastomers, channel sizes larger than ~350 µm would not be desirable. Also for 

practical purposes we aimed to conserve the overall rectangular shape of the network.  

The maximum concentration that the displacing liquid could reach in a network was 1 

mol m
-3

, which we defined as 100% displacement efficiency. For instance when óaverage 

surface concentrationô of the liquid was 0.3 mol m
-3

 at any given time, we reported it as 30% 

displacement efficiency for that given time. The data for the average concentration of the 

liquid was directly obtained from COMSOL, whereas liquid waste rate was calculated using 

the following formula: 

  
()

Average surface concentration 

Liquid use efficiency              (3.1)

Total flux magnitude at inlet   Time 

mol

m

mol
s

m s

=

³
³

å õ
æ ö
ç ÷

å õ
æ ö
ç ÷

 

 

     Liquid waste rate (%)  100  (1 - Liquid use efficiency)                      (3.2)= ³  

 

The liquid use efficiency in each network starts with the maximum, which is 1.0, and when 

the first droplet of the displacing liquid flows out of the network, the efficiency drops below 

1.0. Although flow uniformity and efficient liquid use are different quantifiers, the formerôs 

quality would signify the latterôsô as well, since in the most uniform flow, all the displaced 

liquid would reach the outlet before the displacing liquid is wasted. The goal in this study 

was to achieve a network design which enables displacing at least 90% of the present liquid 

in the network uniformly in ~10 seconds with a waste rate of <10%. Also for practical 

purposes we aimed to preserve the overall rectangular shape of the network. 
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3.3 Simulation Results and Analysis 

Simulation results were obtained by coupling the physics Laminar Flow and Transport of  

Diluted Species in COMSOL. First, velocity and pressure profiles of the flow were obtained 

at steady state for constant inlet/outlet pressure. Then time dependent liquid displacement  

was simulated via óredô dye injection with constant inlet concentration. The images shown 

are snapshots for different networks illustrating their dye concentration distribution at a given 

time.   

  

 

Figure 3.2 Liquid replacement and distributions in S- vs. H-shape networks with varying 

channel sizes. Their liquid displacement rates at 10 s are shown here. 19-channel-networks 

are illustrated in a-c. (a) S-network (939 µm wide channels) with 1 kPa inlet pressure, (b) H-

network (930 µm wide channels) with 1 kPa inlet pressure, (c) S-network (939 µm wide 

channels) with 30 kPa inlet pressure, (d) Red liquidôs average concentrations in the whole 

network are plotted for all S- and H-networks (Maximum concentration they could reach is 

1.0 mol m
-3

). At the same inlet pressure H-networks are superior to S-networks in terms of 

liquid displacement rate, whereas they could not provide a uniform displacement in this 

single-scale form. Decreasing individual channel sizes slowed down displacement efficiency 

significantly due to lower flow rates. 
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Initially we simulated liquid displacement in S- and H-networks. We compared four 

different channel sizes, which also means four different channel numbers (represented in the 

network name) due to fixed area constraint. The distinction among the two networks was 

obvious (Fig. 3.2). As the liquid in serpentine network flows along a single path, S-networks 

were very advantageous in terms of not wasting too much liquid during displacement. 

However, the flow speed in S-shape was extremely low compared to that in H-shape with the 

same inlet pressure. More than half of the liquid in H-network was displaced before the 

liquid in the very first serpentine channel could be displaced (Fig. 3.2a vs. 3.2b). A similar 

percentage of liquid displacement obtained in H-network in Fig. 3.2b could be achieved in S-

network only when we increased inlet pressure from 1 kPa to 30 kPa for the design with 19 

channels, i.e. S-19 (Fig 3.2c). 30 kPa was in the order of the pressure range used in the real 

system (Fig. 3.1b). For higher channel numbers, i.e. narrower channels, the difference 

between H- and S-networks became more apparent. Even the 30x higher pressure did not 

make S-networksô liquid replacement rate close to that of corresponding sized H-networksô 

(Fig. 3.2d). For instance, in 20 seconds the H-51 network (~351 µm) allowed replacement of 

on average ~32% of the present liquid, whereas for the S-51 network (~352 µm) this rate was 

only ~7%.  

To compare the S- and H-networksô performances further, we relaxed the fixed total 

channel area constraint for one case: This time we kept the total inlet pressures (30 kPa) and 

channel sizes (936 µm +/- 6 µm) constant, whereas we varied the total channel area of H-

networks, i.e. we had to increase the total number of the channels (Fig 3.3). When we 

evaluated their performances to reach a concentration of 90%, we observed that the S-19 

network and the H-network with ~6 time larger surface area exhibited similar liquid 

displacement rates.  

The major drawback of H-networks was the flow mal-distribution similarly to the 

cases reported earlier for other systems.
14,27

 In terms of high flow rates (Fig. 3.2d) and better 

uniformity, the performance of H-networks with larger channels was definitely superior. The 

non-uniformity of the flow also caused an increased liquid waste in H-networks with  
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Figure 3.3 Fluid replacement data for H-networks with constant channel size but varying 

total surface area (the only case where we relaxed our constant total area constraint) vs. S-19 

network. Inlet pressures are 30 kPa. Channel widths are 936 µm +/- 6 µm. Ratios of the 

network length to width were kept constant in all expansions, since same surface area with 

different aspect ratios exhibited different coverage performances. Total area expansion 

factors are shown in the legend, whereas numbers in parentheses refer to the width & height 

expansion ratio.  

 

 

Figure 3.4 Liquid displacement in H-networks with different channel sizes. The images 

correspond to the instants when displacing liquid in each network reached to an average 

concentration of ~0.3 mol m
-3

 in Fig. 2d (i.e. ~30% displacement efficiency) and illustrate 

individual networkôs flow non-uniformity: (a) 19-channel-H-network (930 µm) at 5.7 s, (b) 

H-25 (710 µm) at 7.4 s, (c) H-37 (482 µm) at 11.6 s, (d) H-51 (351 µm) at 18.7 s. As we 

decrease the channel size, flow uniformity decreases and more time is required to displace 

the same amount of liquid. However, to keep the channels optically indistinguishable from 

each other, we aimed to modify the H-51 network geometry so that even the displacement in 

narrow channels could be done without compromise of speed and uniformity. 
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narrower channels (Fig. 3.4). The average concentration of the displacing liquid passed 

~30% in the H-19 network (Fig. 3.4a) after 5.7 s and the liquid waste rate was still 0.0%, 

whereas the corresponding values for H-51 network (Fig. 3.4d) were ~18.7 s and ~3.3%, 

respectively. However, our target channel size was ~350 µm (H-51 network) due to visual 

unity perception of human eye. Our challenge was to increase the uniformity for networks 

with narrow channels so that this performance gap is much smaller and we can have a rapid 

and visually satisfactory displacement in them. 

Although the tested H-networks had less uniform flows, their liquid displacement was 

much more rapid than that in S-networks and they required much lower inlet pressure (Fig. 

3.2b vs. c) for the same displacement amount. That was also important because low pressures 

contribute to more uniform flows and in practical sense they would require less pumping 

power. That is why we decided to continue with H-networks and to modify their geometry. 

Another parameter contributing to flow uniformity is low Reynolds number. In most of our 

designs, Re at the inlet ranged from ~0.1 to ~10, for both S- and H-networks, which was in 

favor of a uniform flow.
25

 Exceptions were the S-19 network with P = 1kPa (Re << 0.1), and 

H-networks with P = 30 kPa (Re ~ 30-100). 

One of the means to improve flow uniformity in H-shape networks would be using 

channels with different sizes, i.e. multiple-scale designs. For instance, varying all the 

individual channel sizes in the whole network would enable equating all the flow resistances 

throughout the network. However, to comply with our channel size restriction and preserve 

the visual symmetry/rectangular shape of the original network, we introduced only one more 

scale to the system, distributors and collectors (D/Cs) with different sizes: D/Cs with either 

simply wider
14,26,27

 or alternatively tapered
21,25

 geometries would increase the flow access of 

the network, which leads to less flow resistance differences between channels. Achieving the 

right width/tapering ratio in the network could provide a more uniform flow. Thus we 

included them as part of our next simulations. Tapered networksô performances were 

compared with those of networks with wide D/Cs (Fig. 3.5). 
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Figure 3.5 Two-scale networksô liquid displacement (all images refer to 50% average 

concentration of colored liquid in the network), ówideô D/Cs vs. ótaperedô D/Cs for various 

ratios. The main network channel size was kept constant at 345 µm ± 4 µm, which is always 

referred as ó1ô in ratios: (a) constant width, D/C ratio to main channel: 1.83:1, (b) D/Cs are 

tapered with a ratio of 2.67:1 (top to bottom), which would correspond to the same area with 

a constant width ratio 1.83:1 as in a, (c) constant width D/C: 4:1, (d) tapered D/C: 7:1, 

equivalent to constant width D/C: 4:1 as in c, (e) tapered D/C: 11:1, equivalent to constant 

width D/C: 6:1, (f) liquid displacement performances of H-51 networks with tapered and/or 

only wide D/Cs. The larger average width of D/Cs enables better flow access of the network. 

However, tapering the D/Cs improves the networksô performance more significantly than 

simply using wide D/Cs.  
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The use of wider distributors and collectors (D/Cs) not only improved the flow 

uniformity (Fig 3.4d vs. Fig. 3.5a & c) but also increased displacement velocity. On the other 

hand, tapering D/Cs resulted in even further improvement in both aspects (Fig. 3.5b over a, 

and Fig. 3.5d over c). Different tapering ratios used in our designs were primarily chosen 

according to a power law presented in a previous work
25

 for laminar, fully developed flows. 

It was derived from pressure loss equations in D/Cs: For a uniform flow distribution in the 

networks with constant aspect ratio, the D/Cs should taper as k
0.25

, where k stands for the 

number of the channels. For H-51 network, the first tapering ratio we used, 2.67:1, was 

obtained via this power law (Fig. 3.5b). Unlike that previous work
25

, however, we did not 

taper the whole cross-sectional area (depth remained constant); thus we had to modify the 

cross-sectional area used in the equations and obtained a new power law for our system, k
0.5

. 

With this new equation, the theoretical optimum tapering ratio for H-51 became 7:1. This 

ratio gave a more satisfactory result (Fig. 3.5d). In only 10 seconds, the average 

concentration in the network was over 50%. Nonetheless, it was still not the most optimal 

result. As we increased the tapering ratio further, for instance to 11:1 (Fig. 3.5e), we 

observed we could obtain a nearly uniform and rapid liquid displacement (6.4 s for 50% 

average concentration for the whole network). 

A disadvantage of high tapering ratios was that they noticeably changed the original 

rectangular shape of the network. To preserve a shape closer to the original rectangular one, 

we modified top and bottom widths of the tapered D/Cs (Fig 3.6a) without changing the 

average D/C width. We widened the bottom part of Ds, and shortened its inlet length, e.g. 

instead of 7:1 ratio, we used 5.5:2.5, in a sense D/Cs became both wider and tapered. This 

modification provided an improved displacement performance than that of constant width 

D/C designs, but could not surpass the original D/C performance (7:1): Keeping the average 

D/C thickness the same, a tapering ratio with a larger difference between top and bottom 

widths provides better flow uniformity, displacement rate and less liquid waste than any 

other ratio combinations, i.e. 7:1 > 5.5:2.5 > 4:4 (Fig. 3.5d vs. 3.6a vs. 3.5c).  
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Figure 3.6 Snapshots of two H-51 networks with 50% average concentrations: (a) tapered 

and wider D/C: 5.5:2.5, equivalent to a constant width D/C with 4:1 ratio as in Fig. 3.5c and 

d, (b) tapered and wider D/C: 8:2, equivalent to a constant width D/C with 5:1 ratio. 

 

In a microreactor optimization work for uniform residence time distribution
30

, the 

optimal tapering is expressed in terms of angle, which is around 10° for our H-51 network. 

This would correspond to a tapering ratio of 13:1 or 14:1 in our system, which was already 

above our visual constraint limit. 

Introducing a second size-scale (tapering or widening the D/Cs) improved liquid 

displacement rate, flow uniformity, and liquid use drastically. Average concentrations of the 

displacing liquid in H-51 networks are listed in Fig. 3.5f. When the average thickness of the 

D/C was the same, higher tapering ratios clearly outperformed lower ratios in terms of the 

three parameters. However, when we compared D/Cs with different average thicknesses, we 

found that the primary effects of widening or tapering D/Cs is different. For example, 

comparing 7:1 (avg. thickness ó4ô) vs. 8:2 (avg. thickness ó5ô) leads to the following 

conclusions: In terms of flow uniformity, the former, high tapering ratio, was superior (Fig. 

3.5d vs. 3.6b). However, the latter, with wider D/Cs, resulted in more rapid liquid 

displacement (Fig. 3.5f). They replaced 50% of the liquid in the network in 6.9s and 7.7s, 

respectively. Interestingly both networks had the same amount of liquid waste rate, 2.1%. 

This comparison suggests that only widening the D/Cs primarily improves the liquid  
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displacement rate and if the flow uniformity is the prior concern then D/Cs with high 

tapering ratios should be selected. 

When we compared the liquid use efficiencies of the H-51 networks with tapered vs. 

wide D/Cs, we observed that the networks with higher tapering ratio displace liquid in a 

much shorter time by wasting less colored liquid (Fig. 3.7), being their average D/C width  

the same (For instance, the networks with tapered (7:1) vs. wide (4:4) D/Cs, both networks 

have the same average thickness factor of 4). When we compared D/Cs without the 

restriction of having the same average thicknesses, although tapered D/Cs with high ratio 

appeared to provide a higher liquid use efficiency (4.0:1.0 > 4.0:4.0 or 4.0:1.0 > 5.5:2.5); 

however, this was not conclusive as we obtained opposing data as well (8.0:2.0 ~ 7.0:1.0). 

The network with 11:1 D/C tapering ratio could displace 90% of the liquid in less than 15 

seconds whereas the colored liquid loss was ~21%, which was still above our goal rate of 

~10%. 

 

 

Figure 3.7 Comparison of material (liquid) use efficiencies of the networks with tapered and 

wide D/Cs. Networks with only wide (non-tapered) D/Cs waste more liquid. High tapering 

ratios seem to be in favor of efficient liquid, although a combination of both wide and 

tapered D/Csô performance is also notable especially when we take into account the time 

variable. 
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Next, we evaluated the performance of lattice-type networks (Fig. 3.8a), which are 

also utilized among other geometries for a uniform flow.
23,24

 We constructed a lattice  

network consisting of 34 horizontal and 49 intersecting vertical channels (R-34 C-49), so that 

the channel size could be similar to the one used in the previous H-51 networks. The channel 

widths varied from 343 µm to 353 µm depending on the D/Cs size. The other constraints, i.e. 

constant inlet pressure and area, and constant total channel area were still applied. 

 

 

Figure 3.8 Simulations of liquid replacement in lattice network: Horizontal and crossing 

channels have the same size whereas D/Cs were wider and/or tapered: (a) Snapshot of the 

network with D/C tapering ratio of 4:1 when 90% of the original liquid in the channels were 

displaced with the colored one, (b) liquid displacement rates of the lattice networks with 

different D/Cs, (c) liquid use efficiencies of the corresponding lattice networks for 90% 

displacement. As tapering ratio of D/Cs increased, not only displacement time but also waste 

of colored liquid decreased. Compared to H-networks, lattice networks with less tapering 

provided a more rapid and uniform flow with less liquid waste. 

 

Lattice configuration increased the liquid displacement rate and liquid use efficiency 

of the network drastically. Even the single-scale basic lattice network, i.e. D/Cs size being  

equal to that of internal channels, provided a rapid and relatively uniform displacement. It  
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replaced 90% of the liquid in the network in less than 17 second with a waste rate less than 

20% (Fig. 3.8c). The difference between the parallel network (H-51) and the lattice network 

was the presence of vertical channels crossing the parallel ones, which improved the flow 

access of the network. When we incorporated wide and/or tapered D/Cs in the lattice 

network, its performance increased even further (Fig. 3.8b and c). For instance a lattice  

network with 4:1 D/Cs ratio displaced 90% of the liquid in the network with colored one  

(Fig. 3.8a) in less than 13 seconds (Fig 3.8b). More importantly, only 10% of the colored 

liquid was wasted during this displacement (Fig. 3.8c). The lattice network diminished the 

dependence on a high tapering ratio for a uniform and rapid liquid displacement. This  

network with a 4:1 D/C ratio performed the displacement not only faster than H-networkôs 

11:1 ratio (~13s vs. ~15s) but also with much less liquid waste rate (~10% vs. 21%). 

Furthermore, thanks to low tapering ratio in the lattice networkôs geometry we would 

compromise our deviation from rectangular shape much less.   

Among the model networks presented so far, lattice networks with tapered D/Cs 

provided the most rapid and visually uniform liquid displacement with  minimal material 

loss. However, the addition of a third scale in the network improved the networkôs 

performance even further. We incorporated the third different channel size by tapering the 

very top and bottom channels in the main network. In other words, all perimeter channels  

were tapered (Fig. 3.9). The relative D/C tapering ratios of top/bottom vs. left/right were 

determined in accordance with the overall aspect ratio of the networkôs geometry. With this 

ódouble taperingô, 90% of the liquid could be displaced in less than ~10 seconds with a liquid 

waste rate of ~3.4% (Fig. 3.9b), whereas displacing 99% of the whole system took just ~13 

seconds with a liquid waste rate of ~13.0%. The trend observed in the lattice networks with 

single tapering did not change: As we increased the tapering ratio and/or the perimeter 

channel thickness, the flow access of the network increased as well. Although the lattice 

configuration with single tapering preserved rectangular shape more than the one with double 

tapering, with the latter we achieved our liquid displacement rate, use efficiency and 

uniformity (Fig. 3.10) goals.  
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Figure 3.9 Performance of the lattice network with double tapering: Not only D/Cs were 

tapered but also the very top and bottom channels in the main network. Images and material 

waste data correspond to 90% liquid displacement. First pair of numbers in the legend shows 

the tapering ratio of óD/Csô and the second group is for the tapering ratio of the top & bottom 

(T/B) channels: (a) Snapshot of the network with tapering ratios of 3:1 for D/C and 5:1 for 

T/B, (b) snapshot of the network with tapering ratios of 4:2 for D/C and 7:2 for T/B, (c) 

liquid displacement rates of the lattice networks with double tapering, (d) liquid use 

efficiencies of the corresponding networks. With double tapering, most networks displace 

90% of the liquid with less than ~5% waste of colored liquid in less than 11 seconds. 
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Figure 3.10 Comparison of various networks simulated in this study. Images refer to the 

times required for 30% liquid displacement, which was chosen to illustrate flow uniformity 

performances of the networks. Except S-25, all the inlet pressures are 1 kPa and channel 

sizes range from 343 µm to 351µm: (a) S-25 with an inlet pressure of 30 kPa. S-51 network 

could not displace 30% in the simulation times, thus we included here S-25 just to represent 

the flow uniformity of S-networks, (b) single-scale H-51 network had a non-uniform flow 

(inverse-parabolic) in the network, (c) H-51 network with wider D/Cs, 4:4, flow line became 

flatter, (d) H-51 network with tapered D/Cs, 11:1, provides a óverticallyô uniform flow, (e) 

lattice network with single tapering ratio 4:1, (f) lattice network with double tapering ratios 

4:2 & 7:2, provides a ódiagonallyô uniform flow.    
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3.4 Conclusion 

We have simulated various network geometries and identified those allowing the 

most rapid and uniform liquid displacement with maximum liquid use efficiency. If the only 

goal was just the minimum loss, serpentine networks would be the best performing type. 

However, when one takes into consideration the pressure needed and the time required for 

the liquid displacement as well as the need for visually uniform flow, then parallel channel 

networks are shown to be better candidates. Incorporating a second scale into network, such 

as wider and/or tapered distributor/collectors makes the H-networks even better candidates 

over S-networks, although the best results were obtained with the lattice networks. The 

lattice networks with single and double tapering provided the most rapid and visually 

uniform liquid displacement with  minimal material loss, and were good alternatives for our 

serpentine network in our color changing elastomers work. These optimized networks could 

serve to implement the microfluidic elastomer composites as ósmartô windows. Our final 

geometry tested here could be improved further by introducing additional dimensions in the 

network or for instance rounding the sharp corners of the channels. By further changing 

constraints and parameters, such as the inlet pressure, inlet area or the aspect ratio of the 

network, one has additional options to improve flow access of a non-branched network.  

This study was done mainly to find a more efficient alternative to the serpentine 

network used in our color changing elastomer materials, yet it would also complement the 

analytical and theoretical studies in the literature for a rapid and uniform flow. In terms of 

our targeted ósmartô window application, a more rapid displacement in the modified network 

would enable faster liquid replacement, i.e. color change. Low pressures would require a 

much lower pump power, ease laminar flow and give more control flexibility over the system 

parameters. Narrow channels ensure that the channel walls could remain optically transparent 

to the human eye. Uniform flow through the whole network would enable a visually pleasant 

displacement and also contribute to minimize the liquid waste. Overall, these improvements 

would assist in the design of more cost effective smart window systems.  
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CHAPTER 4 

 

On-Contact Liquid Dispensing Microfluidic Material  
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4.1 Introduction 

The skin is one of the most advanced ñmultifunctional microfluidic materialsò, which serves 

the body with several tasks: It has a protective, soft layer with a subsurface microfluidic 

network feeding every point on it. The pores on the surface allow sweating of the body to 

remove toxins and to maintain its temperature. New microfluidic systems mimicking the 

skinôs structure have been developed with properties such as autonomic crack healing
1
, self-

repair
2
, or a self-healing mechanism thanks to their embedded microvascular networks

3
. Our 

goal here is to develop a new microfluidic material with ñporesò on the surface which can 

open up and dispense a pre-defined amount of liquid upon contact (like the sweating function 

of the skin).  

Dispensing is a basic function needed almost in any area of microfluidics, from DNA 

analysis to drug delivery. Thus it is one of the widely used unit operations in digital 

microfluidics and lab-on-a-chip devices.
4,5

 There are several mechanisms used in 

manipulating and dispensing a micro-droplet, yet electrowetting-on-dielectric microfluidics 

(EWOD) is the major one used in digital microfluidics.
4-7

 It constitutes a platform technology 

which allows handling and transforming droplets in highly parallel and independent 

configurations. Thanks to applied voltages, EWOD is able to modify the contact angle and 

control the surface wettability precisely, and these advantages make it suitable not only for 

droplet dispensing but also transport, splitting and merging.
5,7

    

An alternative approach to this mechanism is droplet dispensing via external 

pressure
4
, which is relatively simpler than EWOD but mostly faces control problems such as 

metering and transferring the droplet due to evaporation during handling and dispensing.
4,5

 

These systems generally consist of three sections: 1) liquid reservoir/wells, 2) liquid ejection 

(nozzle) chambers and 3) connecting capillary channels. Dispensing well technology (DWP) 

can be presented as an effective example to pressure driven dispensers. It transfers liquids to 

the nozzle chambers simply by capillary forces and dispenses them by applying a pneumatic 

pressure of 30-80 kPa for 3-10 ms without any backflow to the reservoir. Each reservoir can 

hold several µLs of liquid and the dosage volume is mainly determined by the geometrical  
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volume of the nozzle chamber, which is unaffected by the liquid properties such as surface  

tension and external parameters like pressure head. On the other hand, performance 

dependence on the geometry requires very precise micro-machining of the chambers for a 

reliable, controlled volume (CV) dispensing.
5,8

 

There are many more actuation methods for the dispensing systems, which can be 

categorized into two groups, contact and non-contact. Non-contact systems mostly utilize 

mechanical actuation for ejection of the droplets. Some of the driving techniques in non-

contact systems include thermal, pneumatic, acoustic, and piezo-actuation.
9
 A few 

application examples for these techniques are transdermal drug delivery
10,11

, with an 

integrated micro-heater
11

 or without one, where the body temperatures drives the evaporation 

of a low-boiling-point liquid in PDMS
10

; acoustic delivery of enzymes to activate reactions 

in an assembly of microarrays without any ejection tip
12

; filling of microfluidic chips with 

aqueous reagents or bubbles with precise volume control by piezoelectric actuators
13

, and 

micro-pipettes which are driven by a suction membrane to deliver sub-µL liquid samples 

with high reproducibility
14

. 

These systems can simultaneously dispense a large number of different 

reagents/samples in parallel, in volumes generally varying from pL to µLs. In addition to 

having high delivery rates, achieving delivery rates of repeatable and reproducible droplets, 

i.e. CV, is also a challenge for dispensing devices.
4,5

 One of the modifications that could be 

done to control dispensing rates is tuning the wettability/hydrophobicity of the channel. For 

instance, by changing the surface roughness of the channels via nanoparticle deposition, they 

could be made more hydrophobic
15

. When dispensing droplets in a liquid medium, lowering 

the interfacial tension is another method used; however, the downside of this method is the 

worsened rate of the dispensed volume reproducibility.
4
  

Minimizing the effect of the device geometry, having a better control on the droplet 

size, and dispensing with high precision are generally achieved by relatively complex 

microfluidic devices
4,5

. Low cost ones made of PDMS have also been constructed, such as 

the transdermal drug delivery device operating without a battery
10

 or a high-throughput  
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dispensing system for large-scale screening experiment without cross-contamination
16

; as 

well as there have been less simple PDMS devices such as a plasmid DNA handling system 

integrating a homogeneous microfluidic distribution system with a matrix of microneedles
17

.     

Here we report a concept (Fig. 4.1) and preliminary results of a much simpler, low 

cost liquid dispensing device made solely of PDMS without any need for valves or electric 

actuators. This material can be potentially used for dispensing of perfume samples, 

pharmaceuticals, medical care such as in sterilizing surfaces and many other products. 

 

 

Figure 4.1 Schematic of the concept of a new liquid dispensing device: when a force is 

applied on the top surface of the PDMS layer, liquid in the channels will be delivered to the 

surface through the openings/slits and will be later replenished from the internal reservoir. 

 

4.2 Material Fabrication, Design Parameters and Operation 

The liquid dispensing material is made of PDMS by conventional soft lithography similar to 

the previously reported color-changing or photocurable microfluidic sheets. It is assembled 

of two separate PDMS sheets with embedded channel networks. We designed numerous 

photomasks for each geometry tested, and created various new masters. The schematic in 

Fig. 4.1 illustrates one of the early designs tested in this work. Throughout our study we 

modified the delivery mechanism and made changes accordingly; for instance, one of the 

major changes included embedding arrays of chambers in one of the PDMS layers (Fig. 4.2)  
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Figure 4.2 (a) A digital photograph of an empty prototype where the chambers are placed on 

top of the channel network and (b) a schematic of it filled with a red liquid. Slits connect the 

chambers to the surface. 

 

We designed and tested various combinations of network geometries, several of 

which are shown in Fig. 4.3: We compared circular (Fig. 4.3a and h) vs. square shape 

chambers. The connecting channel network was present either in one layer (such as in Fig. 

4.3d and f) or existed in both layers (such as in Fig. 4.3b and e). We compared serpentine 

(Fig. 4.3d), parallel channel (Fig. 4.3c) and ñwebò type networks (Fig. 4.3f). In some designs 

we incorporated constrictions in the end part of the channels just before the outlet (Fig. 4.3e,  

f and g). The dimensions in our systems were also varied: The majority of the channels had a 

width between 500 ɛm and 1000 ɛm, whereas the chambersô diameter/edge ranged from 600 

to 1600 ɛm, and the depth of both the chambers and channels was designed as ~300 ɛm. The 

total thickness of the material (two layers combined) varied in the range of ~1.6-2.0 mm. 

The PDMS sheets with the chambers were placed either as the top or bottom layer in 

the device, i.e. the chambers served as either local reservoirs or ejection volumes, 

respectively, depending on the design. Openings (ñporesò) on the surface for liquid release 

were fabricated first by punching holes in the top PDMS sheet via different size needles (16, 

18, 22 and 27 gauges). Different arrays of same-size needles were glued on a Petri dish by 

epoxy resin to punch multiple evenly-sized holes in the cured material simultaneously. As an 

alternative, they were also inserted into the liquid form of PDMS (before polymerizing) by 

placing the needle matrix on the master (tips down). 

The other type of openings on the surface we tested as an alternative to holes was 

slits. Before irreversible sealing (after PDMS was polymerized), these slits were cut in the  
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Figure 4.3 Photomask examples of the network geometries tested in the initial stage of the 

network design selection. In addition to size variations, the design parameters evaluated 

included chambers shape (square vs. circular), placement (top vs. bottom layer), channel 

placement (on single vs. both layers) and connections (parallel vs. web). 

 


























































