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APPENDIX A: MICROFABRICATION PROCESS FOR A POLYMER 
MICROFLUIDIC DEVICE 

 
Polymers such as polycarbonate or PMMA were used as the substrates and this Appendix 

describes the fabrication process from a blank polymer substrate to a ready-to-use microfluidic 

device. The mold inserts were fabricated by micromilling machine (KERN MMP 2522, KERN 

Micro- und Feinwerktechnik GmbH & Co.KG, Germany) except the mold insert for the 96 well 

CFPCR array, which was using the UV-LIGA technique [Park et al., 2007, Park et al., 2008]. 

Hot embossing, thermal bonding, and capillary assembly were used after completing a mold 

insert to make the microfluidic device ready. A continuous flow polymerase chain reactor 

(CFPCR) microfluidic device was used as an example to illustrate each step of the fabrication 

process. 

A.1  Polymer Microfluidic Device 

Silicon and glass were two initial substrate materials in early Bio-MEMS application and 

the fabrication techniques were based on standard photolithography technology. The cost of 

silicon or glass microfabrication system drives the researchers and commercial companies to 

explore other novel and affordable materials. Disposable products are also in demand, especially 

in biomedical/medical field [Sun et al., 2006]. Wet etching, a standard method in silicon and 

glass manufacturing, is time-consuming and uses harmful solvent such as HF. The isotropic 

etching process can only fabricate shallow, low aspect ratio microchannels, with elliptical shape 

limits the geometry design [Becker et al., 2000]; silicon dry etching like reactive-ion etching 

(RIE) or deep reactive-ion etching (DRIE) can fabricate a high aspect ratio micro structure but it 

is costy, time-consuming, and not suitable for disposable medical device. 

Polymers are promising materials for mass production via hot embossing or injection 

molding. They are bulk materials due to their long polymer chains and can be classified in three 
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different categories; thermoplastic polymers, elastomeric polymers, and thermoset polymers. 

Thermoplastic polymers can be pressed into specific shapes above the glass transition 

temperature, since the elevated temperature made the solid polymer behave as viscoelastic or a 

viscous flow [Becker et al., 2000]. Thermoplastic polymers like polycarbonate, 

polymethylmethacrylate (PMMA), cyclic olefin copolymer (COC) are popular polymer choices 

in Bio-MEMS.  

An elastomeric polymer, Poly(dimethylsiloxane) (PDMS), is very attractive in the 

academic field due to its quick and simple fabrication process with nanometer resolution 

[Whitesides et al., 2001]. Its use has been demonstrated in micro devices [Beebe et al., 2000], 

micro valves [Liu et al, 2003 ], and micro pumps [Chou et al., 2001]. A research was carried out 

to study the performance of a microfluidic device affected by deformation of shallow PDMS 

microchannel due to its soft material property [Gervais et al., 2006]. A dimensionless parameter, 

taking the microchannel dimensions and material properties into account, was introduced to 

determine whether deformation was critical. Both simulation and experiment results indicated 

that deformed microchannel had a nonlinear pressure drop and had orders difference of 

magnitude in flow rate due to the deformed cross-section of the microchannel. This result was 

critical for specific applications which are sensitive to flow rate, flow profile, shear stress, and 

residence time. The authors suggested curing PDMS for longer times with more curing agent at 

higher temperature (120ºC) to obtain a higher modulus of elasticity PDMS micro device. Hybrid 

devices made of PDMS and glass enclosed small chambers for a micro-chamber PCR [Prakash et 

al., 2006]. Due to the high operating temperature of PCR, the cocktail in the enclosed chamber 

evaporated through the upper PDMS layer and made the performance of the PCR unreliable. A 

thin polyethylene film was inserted and located on the right top of the micro chamber during the 
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PDMS casting to prevent cocktail evaporation. A continuous flow PCR was fabricated by using a 

PDMS substrate and showed that the enzyme adsorption in a hydrophobic environment needed 

to be solved to demonstrate a successful PCR [Kim et al., 2006].  PDMS is a good choice for 

demonstrating concepts in a microfluidic device, and it is also a good candidate for use as a 

micro pump or micro valve because of its physical flexibility. To make PDMS a mainstream 

polymer in Bio-MEMS, more efforts are required to overcome its softness, vapour diffusion, 

enzyme adsorption, and difficult mass production when it was used as a substrate for 

microfluidic devices. 

Some thermoplastic polymers are machinable to allow variety of shapes and sizes of 

microstructures, transparency to allow on-chip optical detection, acceptable thermal and 

electrical properties for Bio-MEMS applications, modifiable surface to suit individual 

requirement, lower annealing and bonding temperature requirements for microfabrication, and 

inexpensive mass production. In addition, a biocompatibility of polymers with many chemical or 

biochemical reagents is another critical advantage for becoming a mainstream material in Bio-

MEMS. Background fluorescence of polymers is another potential drawback for optical 

applications in Bio-MEMS since it the background signal will increase the noise and lower the 

detection resolution [Sun et al., 2006, Soper et al., 2000, Boone et al., 2002].  

Various microfabrication techniques for polymer substrates have been discussed and 

separated into three groups; replication, direct technique, and additional manufacturing 

technology [Becker et al., 2000, Becker et al., 2002]. The example of replication is LIGA (an 

acronym from the German words that mean lithography, electroplating, and molding). The 

designed patterns are fabricated on a mold insert and those patterns are transferred from mold 

master to thermoplastic polymers by using hot embossing and injection molding at a temperature 
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higher than the glass transition temperature. The direct techniques use laser-based technologies, 

optical lithography in deep resist, stereolithography, and layering techniques. Additional 

manufacturing technologies includes other fabrication processes such as bonding, gluing, and 

laser welding which assist previous two fabrication techniques, replication and direct technique. 

Replication is the approach for mass production and mold inserts are required in this 

technique. Instead of using LIGA microfabrication for a mold insert, a micromilling machine 

(Kern MMP – Microtechnic, Murnau-Westried, Germany) was used to fabricate the mold insert 

on a brass substrate and the micromilled pattern on the brass mold insert was transferred into the 

polymer substrates by hot embossing. 

A.2 Layout 

The first step in fabricating a microfluidic device was to layout the design. Understanding 

the requirements, constraints, and fabrication process before drawing the chosen layouts using 

CAD software. Care had to be taken to understand the compatibility between the layout drawing 

and the fabrication equipment including the software and more detailed such as line type, output 

file, and line connections.  

A micromilling machine is a convenient fabrication tool to make mold inserts on a brass 

substrate for replication. The required file type is the dxf file and the line type should be polyline. 

Any microstructures in the .dxf file should be an enclosed layout meaning the starting point is 

the ending point. The connection between microchannels and reservoirs should be a continuous 

polyline. A layout in a .dxf file only shows the 2-D layout so the thickness of each layer should 

be marked on your design either on a paper or in the dxf file. If a multilayer microstructures are 

required in the same file, each layer better uses different color to distinguish with each other, 

which also makes the communication between designer and operator clear. Figure 1 shows the 
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layout of the continuous flow polymerase chain reactor (CFPCR) in AutoCAD 2008 (AutoCad 

2008, San Rafael, CA). Two colors are shown in Figure A.1, green identities the layout of the 

microchnanel and it is an enclosed loop; blue color shows the dummy structures surrounding the 

main micro structures to enhance the results of hot embossing and thermal bonding. 

 

Figure A.1: The layout of a continuous flow polymerase chain reactor (CFPCR) in AutoCad 
(AutoCad 2008, San Rafael, CA). 

 
A.3  Micromilling Machine for a Brass Mold Insert 

A.3.1 Review 

Replication is a good approach for medical devices due to its disposability and mold 

inserts are necessary components in this fabrication process. A LIGA mold insert is costy and 

time-consuming, and also its high resolution sometimes is not necessary for specific applications. 

Micro milling [Hupert et al., 2007, Hupert et al., 2005] or a conventional CNC machine have 

been developed as alternatives for metal mold master [Mecomber et al., 2005, Mecomber et al, 

2006]. Using machining instead of photolithography for mold inserts can be time-effective, cost-

effective, and competitive performance in certain applications. Furthermore using micromilling 

can easily pattern multi-layer micro structures or directly milled the micro structures on a 

polymer substrate. 
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A micromilling machine (KERN MMP 2522, KERN Micro- und Feinwerktechnik GmbH 

& Co.KG, Germany) was used to make a mold insert used for single sided hot embossing (Figure 

A.2) [Hupert et al., 2005, Hupert et al., 2007]. The micro milling bit was carried on a spindle at a 

maximum rpm of 40,000 and the resolution of position and repetition was ± 1µm. The substrate 

material was 0.25 “ thick brass (Alloy 353 Engravers Brass, McMaster-Carr, Atlanta, GA) since 

the brass substrate had low tool wear and the strength was strong enough for hot embossing 

[Schaller et al., 1999]. A multi level micro structure could be easily done by using a 

micromilling but the disadvantages compared to a LIGA mold insert was the curvature in corners 

(Figure A.1 (b) and roughness (Figure A.1 (c)). The maximum average roughness of the side 

wall (Figure A.1 (c)) of the brass mold insert was measured to be 100 nm and larger than a 

reported roughness of 20 nm of a LIGA mold insert. To evaluate the performance difference 

between micromilled and LIGA mold inserts, electrophoresis flow (EOF) measurement and 

electrophoresis sample separation were realized for comparison. The results of EOF 

measurements did not show a significant difference between the two microfluidic devices and 

the measured values were 3.60±0.15 ×10-4 cm2/ V s for embossed PMMA from a micromilled 

mold insert and 3.76±0.15 ×10-4 cm2/ V for embossed PMMA from a LIGA mold insert. From 

the electrophoresis separation experiment, three peaks corresponding to 105 bp, 341 bp, and 955 

bp were shown in both microfluidic devices. The only difference was the plate number, the 

signal intensity, between the two microfluidic devices. They were 1.8 × 106/m from the device 

embossed from a LIGA mold insert and 1.3×106/m from the device embossed from a micro 

milled mold insert. 
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Figure A.2: (a) The micro milling machine in Center for Bio-Modular Multi-Scale systems 
(CBM2) of Louisiana State University (b) The round corner from the curvature of 
the micro milled bit [Hupert et al., 2007] (c) The roughness and the machining 
pattern of a side wall on a micro milled mold insert [Hupert et al., 2007]. 

 
Another group used conventional CNC machine to fabricate three mold inserts for 

electrophoretic separation. The experimental results devices made from the three mold inserts 

were used to understand the separation resolution in terms of microchannel size and compare the 

separation performance to other commercial microfluidic devices. [Mecomber et al., 2005, 

Mecomber et al., 2006]. The substrate used was Type 7075 aluminum which had high hardness, 

high yield strength, low corrosion, and low surface roughness. The repetition and position 

resolution of the CNC machine was 25.4 µm with a variation of ±4 µm. Three mold inserts with 

different dimension microchannels were fabricated using a 51-µm-radus milling bit. Each had a 

T-junction microchannel for electrophoretic separation. The microfluidic device was fabricated 

by hot embossing PMMA substrates with the aluminum mold inserts. The smallest microchannel 

had the sharpest peak in the electropherogram compared to the two larger microchannels. Four 

commercial microchannels were used to compare the separation results with the results from the 

three micromilled mold inserts. (1) fabricated by wire-imprinting, (2) LIGA mold insert, (3) a 

commercial PMMA device, and (4) a commercial glass device. The separation performance of 

the smallest microchannel was better than the other three microchannels, wire-imprinted, 
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commercial PMMA microchannel, and commercial glass microchannel, and very close to the 

performance of LIGA hot embossed microchannel.  

A.3.2 Micromilling Machine for a Mold Insert 

Using micro milling machine is convenient and fast prototyping for a mold insert used for 

hot embossing or injection molding. The smallest diameter of the milling bit used in Center for 

BioModular Multi-Scale Systems is 50 µm but normally the milling bit used is either 100 µm or 

200 µm, which means that the smallest distance between two microchannels is about 220 µm or 

110 µm in practical design. After milling a brass mold insert, the mold insert is slightly polished 

on polishing papers to remove the burrs on the microstructures. Polishing can’t be used on a 

mold insert with multi-layer structures, but hot embossing can be used to remove those burrs 

after several times hot embossing. The last step for preparing a mold insert for hot embossing is 

cleaning using isopropyl alcohol (IPA), deionized water (DI water), and air blowing. Figure A.3 

shows the 4” brass mold insert for a CFPCR microfluidic device which is described in Figure 

A.1. 

 

Figure A.3: (a) A micro milled mold insert on a brass substrate (b) A close view of the 
microstructures on a micro milled mold insert. 

A.4 Hot embossing 

Hot embossing, also called thermoforming, is a replication technique for mass production 

and its replication resolution can be as small as tens of nanometers [Scheer et al., 1998]. The 
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basic principle of hot embossing is to transfer the micro/nano patterns on a metal mold insert to a 

polymer substrate by heating the polymer above its glass transition temperature. The 

fundamental three steps in hot embossing process are embossing, cooling, and demolding. The 

basic parameters are the embossing temperature, the embossing pressure, the embossing time, 

and the demolding temperature.  

In the embossing step, both the metal mold insert and polymer are initially heated to a 

temperature, which is above glass transition temperature, and pressure is applied to bring the 

metal mold insert and polymer in contact. At this stage, the surface of the polymer substrate is 

melted since the temperature was above the glass transition temperature. The polymer melt 

behaved as a viscoelastic or viscous fluid. The polymer flowed into the pattern of the mold insert 

and filled the cavities during the embossing stage at the embossing temperature. The temperature 

is decreased to the demolding temperature during the cooling stage and the applied pressure 

reduced as well. The final step was to pull the mold insert vertically away from the polymer, 

completing the hot embossed, pattern transfer from the mold insert to the polymer.   

A.4.1 Review 

Hot embossing has been studied since late 90s’ or early 2000 and different groups 

focused on different perspectives such as hot embossing results on different geometries [Schift et 

al., 2001, Juang et al., 2002, Kricka et al., 2002, Heckele et al., 2004, Heckele et al., 2006], large 

format embossing [Worgull et al., 2005], and optimization of the embossing process [Heyderman 

et al., 2000, Scheer et al., 2001, Juang et al., 2002, Yao et al., 2005, Cameron et al., 2006, Guo et 

al., 2007, He et al., 2007, Zong et al., 2008].  

Simulations were used to visualize the reasons behind the damage because the three steps 

of hot embossing including embossing, cooling, and demolding, with two numerical simulation 
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software packages, ANSYS and DEFORM-2D [He et al., 2007]. In the simulations of the 

embossing stage, two sets of micro geometries with opposite structures, one concave and the 

other convex, were modeled to understand the difference in polymer filling phenomena for these 

two geometries. The simulations showed that the concave geometry was more difficult to 

completely fill. Several concave microstructures were arranged from the center to the edge in the 

simulation of the substrate. The cavity closest to the center of the substrate had the highest rate of 

filling. In the cooling stage, there was residual stress due to the difference in thermal expansion 

of the metal and the polymer. This model used convex patterns as the microstructures in the 

mold insert and the results showed that the top corner of a convex microstructure had the highest 

stress and the highest chance of being damaged during the cooling process. The third model 

showed that during the demolding process, the embossed microstructure or the mold insert might 

be damaged due to the stress accumulated from the cooling stage, friction between the polymer 

and the mold insert, and the adhesion between the polymer and the mold insert. The bottom of 

the embossed parts had concentrated stresses and that failure might have higher chance of 

beginning from these points. 

A model was carried out to study the cooling and demolding processes since most of the 

damage happening during the demolding process [Song et al., 2008]. Demolding is a process to 

overcome all levels of chemical (adhesion) and mechanical interactions (residual stress) between 

mold and substrate formed by the process history and properties of the materials involved. A 

simple numerical model including a silicon wafer mold and a PMMA substrate was used to 

understand the stress distribution based on different demolding rates, demolding angle, and the 

stamp aspect ratio. The demolding failure could happen both at the beginning and the end of the 

demolding process since the residual stress was concentrated at the corner of the initial 
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separation interface and at the final contact point between the stamp and the substrate right 

before the separation. A higher aspect ratio microstructure or misalignment between the stamp 

and substrate would increase the stress concentration followed by failure of the stamp or 

embossed parts.  

Another hot embossing research was based on empirical observations [Cameron et al., 

2006]. Different embossing temperatures, embossing times, and embossing forces were used. 

The demolding temperature was constant. The microstructure was embossed from a silicon wafer 

to a Zeonor 750R polymer plate. Different combinations of temperature, force, and time were 

used from 80ºC to 110ºC, 2 kN to 8 kN, and 1 minute to 4 minute. The replication results were 

investigated using a SEM. Good embossing was observed with 110ºC, 6 kN, and 3 minutes. To 

gain insight information about polymer behavior and the different temperature, dynamic 

mechanical thermal analysis (DMTA) was used. The DMTA experiments yielded storage moduli, 

loss moduli, and the loss tangent, all parameters that we present the hardness of the polymer. 

Above 72.2ºC, the glass transition temperature of  a Zeonor 750R polymer, the storage modulus 

decreased as the loss modulus increased, and the loss tangent reached the peak at about 81ºC 

meaning the slope of the storage modulus was the most negative. The empirically determined 

embossing temperature was 110ºC which was 38 ºC higher than the glass transition temperature 

and the polymer behavior was purely viscous at that value from the DMTA data. A viscous 

polymer flow could minimize the residual stress built up inside the polymer, have the shortest 

relaxation time, and greater capability to completely fill the cavity. The conditions were 

validated from SEM images of the embossed structures. 

Simulation was used to understand the filling phenomena in different size cavities and 

focus on the filling behavior based on the localized temperature distribution [Yao et al., 2005]. 
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The stamp was assumed to be 200 ºC and the PMMA substrate was assumed to be at room 

temperature initially. Once the stamp and the PMMA substrate were brought together, heat 

transfer dominated the filling phenomena. Different cavity sizes from 6 µm to 200 µm with a 

fixed width/thickness ratio of 8:1 were modeled and the behavior of the flowing polymer was 

tracked at times from 0.1 s to 0.8 s. The first phenomena observed was the polymer flow 

behavior between the large and small cavities. In the 200 µm wide cavity, the polymer flowed 

along the stamp walls and reached to top surface of the stamp, then pushed the polymer toward 

the center of the cavity. But the flowing polymer in a 6 µm cavity filled the cavity from the 

center out instead of creeping along the wall. A 25 µm wide cavity showed a combination of 

filling phenomena, which had partial polymer flow along the stamp wall and partial polymer 

flow from the center. The temperature distribution in a 200 µm wide cavity was more 

nonuniform, a 80ºC variation from the edge to the center of the PMMA substrate, than a 6 µm 

wide cavity, which had less than 1 ºC variation, after 1 second of embossing. Since the large 

cavity had a larger distance to evenly distribute the heat from the stamp to the polymer, the local 

temperature dominated the behavior of the flowing polymer. A stamp was fabricated to validate 

the simulation result with 5 grooves with a fixed width/thickness ratio of 8:1, the widths were 25 

µm, 50 µm, 100 µm, 200 µm, and 400 µm. The same patterns observed in the simulation were 

observed repeated experimentally, the large cavity, 200 µm wide, had polymer flow along the 

stamp wall while the small cavity, 25 µm wide, had more uniform filling from the center. 

A.4.2 Hot Embossing  

Hot embossing was done using the Hex 02 hot embossing machine (HEX-02, Jenoptik, 

Jena, Germany) in the Center for Advanced Microstructures and Devices (CAMD). Substrates 

were either polycarbonate or PMMA (McMaster, Robbinsville, NJ 08691). Different polymers 
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had different glass transition temperatures and hardness, so different embossing conditions were 

used to obtain good replication results. Several things should be considered to obtain good hot 

embossing results when the layout is still in the design stage. A negative microstructure, a recess 

like the hemispherical recess described in Chapter 4, is more difficult to emboss well compared 

to a positive microstructure, unless there is some dummy positive structure around it to increase 

the embossing pressure, or to reduce the polymer flow distance, to have more polymer flow into 

the recess. A thicker polymer substrate could deliver better replication results, especially for high 

aspect ratio structures since more polymer could flow during the hot embossing process [Scheer 

et al., 2001].  

In the CFPCR layout, double-sided hot embossing was used to make thermal isolation 

grooves on the backside of the device to achieve the desired thermal performance. Double sided 

hot embossing used two mold inserts to sandwich a polymer substrate (Figure A.4 (a)). The two 

mold inserts had distinct microstructure patterns. Three pairs of alignment structures were added 

to both mold inserts for alignment during hot embossing (Figure A.4 (b) and Figure A.4 (c)). The 

alignment marks should have the same distance and orientation from the center of the mold 

insert because they are necessary for good alignment between the upper and lower mold inserts. 

The double0-sided hot embossing using the HEX 02 in CAMD was an empirical trial-and–error 

process, with the alignment between the upper and lower mold inserts based on manual 

adjustment of the jig holding the lower mold insert. The accuracy was between 50 µm to 100 µm. 

Figure A.5 shows the two mold inserts used to make CFPCR device. The upper mold insert was 

for the microfluidic channels and the lower mold insert was for the grooves on the backside of 

the device to achieve the desired thermal performance. A 2.3 mm thick polycarbonate 

(McMaster, Robbinsville, NJ 08691) was cut into a blank plate with a 6” square dimension. The 
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polycarbonate plate was put in the oven at 70ºC overnight to remove the residual water 

molecules before hot embossing. The upper mold insert in Figure A.5 was mounted to the upper 

jig of the HEX 02 embossing machine while the lower mold insert in Figure A.5 was screwed 

down on a lower jig. The polycarbonate was placed between the two mold inserts and embossed 

by heating up the both mold inserts and applying pressure. The alignment between the upper and 

lower mold insert was achieved by observing the alignment marks under a microscope to adjust 

the jig, which held the lower mold insert. 

 

Figure A.4: (a) Double-sided hot embossing (b) Upper mold insert with three alignment 
structures (c) lower mold insert with three alignment structure (d) the hot embossed 
polymer device. 

 

 

Figure A.5: Two mold inserts used to fabricate CFPCR device, the left one was for microfluidic 
microchannels and the right one was used to make grooves on the backside of the 
device to achieve the desired thermal performance. 
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A.5 Thermal Bonding 

Thermal bonding, also called thermal fusion bonding, was used to enclose the 

microchannels on the surface of the hot embossed device. A thin cover sheet, the same material 

used for the embossed substrate, 0.25 mm thick, was used to cover the microchannel side of the 

substrate. Two pieces of borosilicate glass (McMaster, Robbinsville, NJ 08691) with a thickness 

tolerance of -0.002” to 0.014” from the manufacturer were used to sandwich the polymeric 

device and the cover sheet. Several paper clamps were used to hold the borosilicate glass, 

substrate, and cover sheet together and put in the conventional oven (Figure A.6). The 

temperature required for thermal bonding was a little above the glass transition temperature, 

which made the surface of the substrate and cover sheet melt and bond together.  

Before thermal bonding, holes for reservoirs were drilled by using a drill press 

[MicroLux, MicroMark, NJ]. Figure A.6 (a) shows the components used for the thermal bonding 

of a CFPCR microfluidic device, which included two borosilicate glasses, 4 paper clamps, a 0.25 

mm thick cover sheet, and a 2.3 mm thick CFPCR device. Figure A.6 (b) shows the polymer 

device and the polymer sheet sandwiched by two borosilicate glasses and two paper clamps and 

Figure A.6 (c) shows the assembly after combining every component together. The temperature 

used for CFPCR device was 164ºC for 20 minutes. Figure A.7 shows the cross-sectional view of 

the microchannels after thermal bonding, the line in Figure A.7 (b) indicates the boundary 

between a cover sheet and the substrate. 

A.6 Capillary Assembly 

After thermal bonding, capillaries or tubing were inserted into the reservoirs by applying 

epoxy (5 minute Epoxy, ITWDevcon, Danvers, MA) on the connection spot. Commercial 

connectors sometimes did not fit the specification for the microfluidic device and most of the 
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them are expensive. A home-made epoxy connector was a good solution for different sizes of the 

reservoir and the capillary without worrying about the contamination to the samples. Figure A.8 

shows the ready-to-use CFPCR device after capillary assembly, which had two PEEK tubes 

(1577-12X, Upchurch Scientific, Oak Harbor, WA) connected to the inlet and the outlet by 

epoxy. 

 

Figure A.6: (a) The components for thermal bonding, 2 borosilicate glasses, polymeric device, a 
polymer cover sheet, and 4 paper clamps (b) The polymeric device and the polymer 
cover sheet were sandwiched by two borosilicate glasses and paper clamps (d) After 
assembly. 

 

Figure A.7: (a) Cross-sectional view of the enclosed microchannels after thermal bonding (b) A 
close-up view of the microchannels after thermal bonding. 

 

 

Figure A.8: Two capillaries were inserted and glued to the two reservoirs as inlet and outlet. 
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APPENDIX B: A HEMISPHERICAL RECESS WITH A CONCAVE 
ANNULAR RING 

 
In Chapter 4, a passive alignment structure to achieve good alignment between two 

microfluidic plates was described. The original passive alignment structure had a mismatch of 28 

µm-75 µm between the two plates. The mismatch was attributed to the incomplete filling of the 

polymer in the post patterns leading to shorter hemispherical posts. This shorter hemisphere-

tipped post degraded the accuracy of the alignment between the two plates and required 

correction.  

A convex annular ring was added to shorten the flow distance to the holes for the melted 

polymer and made the complete filling with the polymer easier. Estimates based on Equation 4.1 

and 4.2 gave a 20 times faster fill time to completely fill the recess with a convex annular 

structure than the original hemispherical recess. To further understand the influence of the 

annular ring on the filling of the recesses, a concave annular ring was also fabricated and is 

shown in Figure B.1 (a). Figure B.1 (b) shows the embossed hemisphere-tipped post from this 

mold insert. 

 

Figure B.1: (a) The hemisphere-tipped recess with a concave annular ring on a mold insert (b) a 
polycarbonate hemisphere-tipped post with an annular ring. 
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B.1 Estimated Time to Completely Fill the Recess With a Concave Annular Ring 
 

Equations 4.1 and 4.2 described in Section 4.5.1 were simple tools for estimating the time 

to completely fill a recess. The estimated time could also be taken as an index to determine the 

difficulty of hot embossing a specific layout. Figure B.2 shows the cross-sectional view of the 

recess with a concave annular ring on a mold insert which was the opposite of hemispherical 

recess with a convex annular ring shown in Figure 4.6 (b). The diameter of the mold cavity was 

100 mm, the width of the center recess in Figure B.2 was 1 mm with a depth of 1 mm, and the 

width of the annular ring in Figure B.2 was 1 mm with a depth of 0.5 mm. Since the diameter of 

the mold insert was much larger than the width of those recesses in Figure B.2, the polymer 

filling phenomena began from the outer recesses, the concave annular ring, and progressed to the 

center recess [Heyderman et al., 2000]. The time required to fill the three recesses in Figure B.2 

would be a superposition of the time to fill the outermost recess and the time to fill the center 

recess. From Equation 4.2, the final thickness of the polymer was 4.989 mm from a initial 

thickness of 5 mm after filling the outermost recess and the required time was 1.819 × 10-4 

seconds. The estimate was based on the assumed pressure, 3 × 106 Pa, the assumed viscosity, 

2648 Pa.s, and the flow distance of the polymer, 48.4 mm from the edge to the center of the outer 

recesses. After filling the outer recess, the polymer continued until the center recess was filled. 

The final thickness of the polymer was 4.968 mm based on Equation 4.2. The time required to 

fill the center recess was 3.709 × 10-4 seconds with a flow distance of 49.5 mm from the edge to 

the center of the center recess. The total time to fill the three recesses shown in Figure B.2 was 

5.528 × 10-4 seconds which was longer than for the single recess case in Chapter 4. This implied 

that a hemispherical recess with a concave annular ring was more difficult to completely fill. 

Compared to these two cases, the original hemispherical recess and the hemispherical recess with 



 

182 
 

a concave annular ring, the initial contact surface, or initial contact level, of both cases is the 

same. Neither had the convex structure like Figure 4.6 (b) to reduce the polymer flow distance 

followed by a longer filling time from Equation 4.1. The hemispherical recess with a concave 

annular ring had more recesses to be filled in sequence which made the complete filling 

phenomena longer, or more difficult. 

 

Figure B.2: The cross sectional view of the recess with a concave annular structure. 

B.2: Comparison between the Original Hemispherical Recess and the Hemispherical 
Recess with a Concave Annular Ring 

 
To validate the conclusions drawn from Equations 4.1 and 4.2 for a hemispherical recess 

with a concave annular structure, a mold insert was designed, as shown in Figure B.3 (a). The 

layout of the hemispherical recesses was the same as the layout used in Figure 4.6 (a), but the 

difference was the concave annular ring was used herein instead of convex annular ring. The 

original hemispherical recess in both cases was used as a reference to compare the embossing 

results between a hemispherical recess with a convex annular ring and a hemispherical recess 

with a concave annular ring.  
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The six layouts in Figure B.3 (a) included one original hemispherical recess design and 

five different hemispherical recesses, in order to assess the impact of the annular structures on 

post fabrication compared to the original design. Five alternative modified post designs 

incorporating different distances (100 µm, 200 µm, 300 µm, 400 µm, and 500 µm) between the 

inner walls of the concave annular structure and the edge of the hemispherical structures, shown 

in the area with the red color in Figure B.3 (b). Microstructures were located at three radial 

distances (12 mm, 24 mm, and 36 mm) to help evaluate whether the distance from the center 

affected polymer filling. 

 

 
Figure B.3: (a) The layout of the mold insert with 6 different columns of recesses including one 

original hemispherical recess and five hemispherical recesses with concave annular 
structures (b) The configuration of the hemispherical recess with a concave annular 
structure; the area with red color was the gap distance between the hemispherical 
recess and annular ring. 

 
Table B.1 listed the hot embossing conditions for the hemispherical post with the concave 

annular rings shown in Figure B.3 (a). The polymer filling of the hemispherical recess was 

evaluated by measuring the heights of the embossed posts using a Measurescope (MM-22, Nikon 

Corp., Kawasaki, Japan). Height was measured by focusing alternately on the top of the posts 

and the substrate surface. Ten samples were used to compare the different layouts. 
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Table B.1: The hot embossing conditions used for the hemisphere-tipped post. 
 

 
Molding 

Temp (°C) 

Embossing 

Force (kN) 

Holding 

Time (s) 

Demolding 

Temp (°C) 

Embossing 

Velocity 

(mm/min) 

Post 190 24 120 140 0.5 

 
Table B.2 shows the average height and standard deviation of the original hemisphere-

tipped posts and hemispherical posts with concave annular rings. The measurement results show 

that the hemisphere-tipped posts with concave annular rings did not improve filling compared to 

the original design. From the overall average height of the hemispherical posts shown in Figure 

B.4, except for the hemispherical posts with a 100 µm gap which had similar measurement 

results, other hemispherical posts were all shorter than the original posts. The average heights of 

those hemisphere-tipped posts with different gap distance from 0, 100 µm, 200 µm, 300 µm, 400 

µm, and 500 µm, were 874.7 µm, 876.8 µm, 870 µm, 865.5 µm, 857.4 µm, and 869.2 µm, and 

corresponded to 10.4 µm, 13.2 µm, 10.1 µm, 9.1 µm, 9.2 µm, and 7.6 µm in standard deviation 

(STD). 

The measurement results show that the concave annular ring did not improve filling. The 

results validated the calculations, which indicated longer filling times with the addition of the 

concave annular rings compared to the original hemispherical recess. Compared to the polymer 

filling results of the hemispherical posts with convex annular ring described in Section 4.5.2, the 

results showed that convex structures could significantly improve filling than the concave 

structures for a recess micro-pattern. A shorter distance between the initial contact surface and 

the recess dramatically shortened the required time to completely fill the recess from the 

Equation 4.1 and 4.2 (ݐ௙ ן  .ଶሻݏ 
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Table  B.2: The average height and standard deviation (STD) of the hemisphere-tipped posts in 
terms of either the distance from the center of the substrate. The press diameter was 
100 mm and the diameter of the hemispherical recess was 1 mm. 

 

 
Original 100 200 300 400 500 

Ave. STD Ave. STD Ave. STD Ave. STD Ave. STD Ave. STD

12 863.8 8.8 863.4 10.7 870.8 11.1 871.1 4.3 871 2.7 864.7 8.7 

24 875.8 4.1 877.4 4.9 863.5 8.6 861.7 11.4 847.7 11.4 866.7 3.2 

36 884.4 4.3 889.4 6.9 875.2 8.2 863.7 7 853.4 4.7 876.4 3.7 

 
 

 
 

Figure B.4: The overall mean heights and the standard deviations of the original post and the 
modified posts with gaps from 100 µm to 500 µm. 
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