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Abstract 

In this thesis, different polymer based thick film fabrication technologies are presented.  

The primary focus for such fabrication technology is to develop standalone 

multifunctional devices especially for bio-medical and microfluidics applications.  The 

proposed thick film fabrication technologies are developed using PDMS and SU-8, two 

prominent polymers for microfabrication. 

First, a new fabrication process utilizing polydimethylesiloxane (PDMS) as a sacrificial 

substrate layer for fabricating free-standing SU-8 based biomedical and microfluidic 

devices is described.  The PDMS-on-glass substrate permits SU-8 photopatterning and 

layer-to-layer bonding.  The novel process allows the SU-8 structures to be easily 

peeled-off from the substrate after complete fabrication.  As an example, a fully enclosed 

microfluidic chip has been successfully fabricated.  The enclosed microfluidic chip uses 

the adhesive bonding technology and the SU-8 layers from 10 µm to 450 µm thick and 

as large as the glass substrate are successfully fabricated and peeled from the PDMS 

layer as single continuous sheets. 

Secondly, a fabrication technology utilizing SU-8 as a sacrificial mask for metallization of 

the PDMS surface is presented.  Sacrificial SU-8 masks from 45 µm to 250 µm thickness 

are successfully fabricated for patterning gold on the PDMS surface.  The sacrificial SU-

8 layers are successfully peeled from the PDMS surface after the metal deposition step.  

Metal lines from 10 µm to 500 µm wide and 1 mm to 50 mm long are successfully 

patterned and tested. 

Thirdly, a hybrid fabrication technology is presented that uses covalently bonded a 

flexible polymer (polydimethylsiloxane - PDMS) and a rigid polymer (SU-8).  A covalent 

bond between the flexible and rigid polymer layers is achieved using an oxygen plasma 

treatment during a layer-by-layer direct spin-on process.  As a proof-of-concept, PDMS-

based flexible microfluidic devices with SU-8-based rigid world-to-chip/chip-to-world 

interconnects are successfully fabricated. 

Finally, fully flexible 3-D electrodes are realized on PDMS utilizing ordered arrays of 

pillars with different shapes and heights.  Square and cylindrical pillars with different 



v 

 

height (50 µm, 100 µm and 200 µm) and uniform metal coverage are successfully 

fabricated.  These electrodes are utilized to fabricate electro-enzymatic glucose sensors 

with increased surface area and hence sensitivity. 

Keywords: Thick-film fabrication, biomedical, microfluidics, polymer-based, PDMS, 
SU-8 
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1. Introduction 

There is a pressing need for flexible microinstrumentation that conforms to non-

flat surfaces of the body for wearable or even implantable diagnostics and monitoring 

(such as a glucose monitoring device embedded in a flexible contact lens to monitor 

glucose level continuously in human tear).  Many of these diagnostic instruments require 

both microfluidics and electronic functionality.  In this research, I propose technologies to 

fabricate flexible devices and systems for flexible microfluidics with electronic 

functionality.  This technology is further demonstrated via example devices and systems, 

most notably a new flexible glucose sensor that can be integrated in a curved contact 

lens which is useful in measuring tear glucose concentration continuously. 

1.1. Key aspects of the flexible polymer-based tech nique 

1.1.1. Robust flexibility of metal and microfluidic  sub-systems and 
interconnections 

The key aspect for fully flexible polymer based thick film fabrication technologies 

is fully flexible components and interconnections between the components.  For 

biomedical applications, such components are mostly microfluidic and electronic control 

and processing components.  For fully flexible microsystem, these components need to 

be either fully flexible or integrated to provide flexibility.  Additionally, interconnections 

between different sub-systems such as fluidic-fluidic, fluidic-electrical and electrical-

electrical should also be flexible. 

1.1.2. Biocompatibility 

For bio-medical applications using the polymer based microsystems, bio-

compatibility of the materials is key requirement.  These bio-medical applications can be 

used for in-vivo or in-vitro applications.  For in-vivo applications, haemocompatibility is 

also an important aspect.  Hence, the developed fabrication technologies should use the 
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bio-compatible materials or should be completely encapsulated using the bio-compatible 

materials. 

1.1.3. Optical transparency for optical read-out 

Many applications developed using the thick film polymer based applications use 

optical detection or analysis system.  Although, not all the applications require optical 

transparency for the microfabricated multifunctional device, many of them require optical 

activation, detection or analysis to complete a self-sufficient system.  If the devices are 

optically transparent to provide sufficient opportunity for optical activation, detection or 

analysis, it is an added advantage to the developed fabrication technology. 

1.1.4. Compatibility with commercial technologies 

Recently, industry uses injection molding and hot embossing of polymers to 

manufacture large number of bio-medical or microfluidic devices.  Most of such devices 

are not flexible because of the polymer materials used in the processes.  Direct 

compatibility with such industry adapted processes is a vital requirement for industry 

acceptance of new technologies.  The compatibility with the established commercial 

processing technologies and the proposed processing technologies can be easily 

achieved using different kind of interconnects between the devices. 

Based on the key aspects required for the polymer-based thick-film 

microfabrication technology, the expected outcome or goals to achieve some of the key 

aspects are described briefly below. 

1.2. Main goals of polymer-based thick-film 
microfabrication technology 

1.2.1. Flexible and reliable metallization technolo gy 

As mentioned earlier, one of the important requirements of a polymer-based thick 

film microfabircation technology is to achieve flexible electrical sub-systems and 

interconnections.  To achieve this goal, robust metallization technology on thick film 

polymer substrates is required.  The metallization process should be very reliable and 
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repeatable.  Electrical conductivity of metal should be maintained during flexing of the 

polymer based devices.  The radius of curvature of such metalized flexible device should 

be as low as possible without loss of the electrical conductivity. 

1.2.2. Self powering system 

Besides the active parts of the fully functional system, it is also important to 

incorporate the power generation or passive coupling to obtain power passively onto the 

same flexible system substrate.  This sufficient power to the polymer based flexible sub-

system should avoid any dependence onto an external power supply.  This kind of self 

powering system is especially important when the polymer-based thick-film microsystem 

is used for in-vivo / implantable monitoring applications. 

1.2.3. In system signal conditioning and data proce ssing 

It is also desirable to integrate the signal conditioning and data processing 

section into a flexible stand-alone system.  The signal conditioning section is usually 

used to translate meaningful signals from the sensor read-outs.  The data processing 

part consists of data analysis, data storage and communication with the outside world 

which is an important part of a flexible stand-alone system.  Additionally, system control 

section can also be integrated with the data processing sections. 

1.2.4. Packaging technology to integrate integrated  circuits for a 
system in package 

One of the important aspects of the flexible polymer based device development 

is to obtain flexible sensor system which can be easily integrated with the pre-fabricated 

or pre-packaged electronics circuits.  A complete packaged device integrated using the 

flexible system along with the electronic circuitry is highly suitable for many applications.  

And hence reliable packaging using such polymer based technologies is of paramount 

importance. 

The goals described above involve multi-disciplinary research and development 

to fulfill all the aspects of the thick-film based polymer fabrication technology.  In this 

thesis, I mainly focus on the different thick-film polymer fabrication technologies to 

address key aspects of the multifunctional polymer technologies.  The fabrication 
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technologies discussed here mainly involve SU-8 and PDMS based polymer fabrication 

technologies. 

1.3. Background of prior art 

Last couple decades have seen rapid growth in micro-electromechanical systems 

(MEMS) and microfluidics technology using silicon, glass, and polymers.  Besides the 

MEMS applications, early microfluidic systems [1-1] have typically been fabricated from 

silicon or glass using micromachining techniques based on the microelectronics industry, 

and bonding technologies.  Although these technologies provide high precision and good 

yield, the costs for material and production render them uneconomical if the fabricated 

device area is large.  Ideally, microfluidic systems are designed using complex 

structures in a single ‘‘Lab-On-a-Chip’’ (LOC) [1-2].  The µ-TAS (micro total analysis 

system) or LOC systems have been extensively developed for exploiting high-

throughput, low-cost analysis [1-3]-[1-8].  In many medical and pharmaceutical 

applications disposable devices are mandatory which particularly requires the use of 

low-cost materials and processes such as plastics.  Disposable devices should be cheap 

to produce in large volumes by polymer replication technologies such as injection 

molding or hot-embossing.  These technologies are well suited for large volume 

production; however, for design, test, prototyping and production of small quantities they 

are too expensive due to their high setup costs. 

Promisingly, some products utilizing polymers are already emerging in the 

biotechnology market.  Some of the examples are i-stat®, labcards from Micronics and 

Fluidigm.  Abbott Laboratories developed i-stat® and a cartridge for blood analysis 

consisting of a silicon biosensor embedded in a capsule [1-9].  The ‘lab cards’ developed 

and manufactured by Micronics Inc. are made of laser cut plastic films laminated 

together [1-10].  Fluidigm Corporation also markets new devices based on multilayered 

soft lithography to produce labcards for protein crystallization [1-11]-[1-13].  In addition to 

these products, a large number of products are already on the market which utilizes a 

wide range of different polymers. 

Recently, different types of polymer-based microfabrication techniques are being 

used by researchers.  Some of the very widely used polymers for microfluidic and bio-
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medical applications are PDMS, SU-8, PET, PMMA and parylene.  However, the 

polymers used for microfabrication are not only limited to these polymers.  Besides, a 

number of co-polymers are also utilized for their specific characteristics in 

microfabrication techniques.  Many polymer based devices also uses hydrogels and 

other polymer-based materials to realize low cost applications. 

SU-8, the negative tone epoxy based photoresist, has been popular for 

microfluidic and MEMS technology [1-14]-[1-16].  SU-8 has been used for fabricating 

microfluidic channels [1-24]-[1-34], movable micromechanical components (such as 

gears, actuators, membranes and cantilevers)[1-35][1-36], optical waveguides [1-37][1-

38] and UV-LIGA components [1-39]-[1-41] because of its advantageous characteristics 

such as stability against solvents and compatibility with CMOS [1-17]-[1-23].  

Additionally, SU-8 can be patterned in a wide range of thicknesses (0.5 µm to 1 or 2 

mm) and can be patterned with vertical side-walls. 

Besides SU-8, PDMS is also used as the polymers of choice for different polymer 

based microfabrication processes.  Initially, PDMS and SU-8 were mainly used to 

fabricate microfluidic or biomedical applications [1-12][1-13][1-42].  In such applications, 

SU-8 was mainly used for making molds for the PDMS based flexible devices.  However, 

recently, SU-8 is being used for fabricating active devices such as gears, actuators etc. 

as well [1-43].  PDMS is one of the known silicone elastomer which can be easily 

patterned using softlithography technique.  PDMS is also popular because of its low 

cost, optical transparency, bio-compatibility, flexibility and stretchability. 

1.3.1. Background of SU-8 freestanding layers and f ully enclosed 
microfluidic devices 

Many microfluidic and bio-medical microdevices fabricated for rapid prototyping 

applications are required to be free-standing and thus must be released from their 

substrates after successful fabrication.  PDMS is one of the popular choices for such 

free-standing applications.  However, because of many advantages discussed above, 

SU-8 is also an attractive option for such free-standing bio-medical and microfluidic 

applications.  An easy to use sacrificial layer and a technique allowing release of 

complex SU-8 multilayer structures from the substrate would enhance the fabrication of 

SU-8 freestanding microstructures. 
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For the SU-8 sacrificial layer, different materials such as electroplated copper [1-

35], polystyrene [1-36] and chromium [1-44] are used to produce SU-8 freestanding 

structures by etching them away, leaving subsequently deposited and patterned SU-8 

layers free-standing.  Additionally, heat-depolymerizable polycarbonate embedded in 

SU-8 has been used for the generation of microchannels and sealed cavities [1-45].  

Foulds et. al. [1-43] presented the planar self-sacrificial multilayer SU-8 (PSALMS) 

process.  In PSALMS process, positive photoresist (Shipley S1827) is mixed with the 

SU-8 formulation and the mixture is characterized to absorb the UV light to block 

exposure of SU-8 layers underneath.  Using the PSALMS process, surface 

micromachining applications similar to those possible with the popular three-layer 

surface micromachining process PolyMUMP® (offered by MEMSCAP) are fabricated [1-

46].  In other work, Chronis et al. have released a microgripper fabricated on SU-8 

making a blind cut on the backside of the silicon wafer, prior to releasing it by XeF2 dry 

etching [1-47]. 

Alternatively, released SU-8 microstructures can also be fabricated using a 

substrate that poorly adheres to SU-8. Such technique simplifies the SU-8 releasing 

because wet etching of the sacrificial layer requires long time to completely release the 

SU-8 layer.  Gadre et al. have used Teflon for this purpose [1-48].  Previously, an SU-8 

fabrication process to create complex multilayer microstructures using successive wafer-

level bonding and releasing steps using polyimide film has also been presented [1-14].  

In both these processes, SU-8 devices are first fabricated onto Teflon or Polyimide layer 

and mechanically detached from these substrates after complete processing. 

An improved technique for fabrication of the enclosed microfluidic devices using 

dry films of uncrosslinked SU-8 for lamination is described by Abgrall et al [1-49]. The 

polyester (PET) has been used as a low adhesion material to laminate SU-8 films before 

UV exposure.  In this technology, high pressure (approx. 2 bar) and oxygen plasma 

activation of the SU-8 surface are required to laminate the film to obtain fully enclosed 

microchannels. 

1.3.2. Background of PDMS metallization 

In addition to the SU-8 based microsystems, flexible substrates may also be 

needed by sensors that conform to body and fold for volumetric compactness, or provide 
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mechanical flexibility and compliant mechanical structures for actuation or sensing. The 

flexible substrate for such applications is generally a flexible polymer such as poly-

dimethylsiloxane (PDMS).  PDMS is one of the most well understood flexible polymer 

with demonstrated ease of micropatterning [1-50][1-51]. PDMS is also widely used for 

many implantable and biomedical applications for in vivo and in vitro experiments as well 

as for microfluidic devices [1-52] because of its known bio-compatibility.  Many of the 

applications developed using PDMS need either metal electrodes or metal patterns for 

electrical read out or actuation. Noble metals like gold and platinum are a few of the 

metals which are widely used for such applications because the noble metals are very 

stable in various environment for longer duration. 

Additionally, a fully transparent and flexible sensor that is fabricated using 

optically transparent electrodes (e.g. ITO) and a flexible polymer material (e.g. PDMS) 

are also needed for various applications where metal should not be clearly visible (such 

as a contact lens with metal electrodes for tear analysis).  The design that is both 

optically transparent and flexible has been previously proposed [1-53].  This design uses 

indium tin oxide (ITO) as a working electrode material and silver/silver chloride as a 

reference electrode material.  These electrodes are patterned on the PDMS surface and 

the working electrode is transparent whereas the reference electrode is not transparent.  

Hence, this design provides partial optical transparency of the metal patterns. 

Presently, fabrication of flexible devices using PDMS with reliable metallization is 

done using different techniques. Three of the known methods for PDMS metallization 

are micro contact printing (µCP), classical metal lift-off and shadow masking. µCP [1-

54]-[1-56] uses a mechanical assembly of preformed metal elements for the metal 

transfer onto the PDMS substrate.  In this method, first, preformed metal is prepared 

onto a sacrificial substrate.  Subsequently, the PDMS layer is treated with self-

assembled monolayers (SAMs) because these SAMs (e.g. thiols) have better adhesion 

with the desired metal (e.g. gold).  Finally, the treated PDMS layer is placed onto the 

metal layer and the metal attached PDMS layer is removed from the sacrificial substrate.  

This method is very widely used for transferring gold metal patterns to a PDMS 

substrate.  In the classical metal lift-off process using positive or negative tone 

photoresist [1-57][1-58], PDMS is first patterned with the lift-off photoresist.  Generally, 

the lift-off photoresist is thicker and can be patterned with negative slope of the side-wall. 

After metal deposition, the lift-off photoresist is dissolved in solvent to obtain desired 
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metal pattern.  The third method, shadow masking [1-59][1-60] uses pre-defined holes, 

trenches and other patterns onto a shadow mask substrate.  The PDMS is covered with 

this shadow mask during metal deposition process followed by removal of the shadow 

mask from the PDMS substrate.  This results in negative pattern on the PDMS substrate 

than on the shadow mask. 

1.3.3. Background of combined flexible and rigid po lymer-based 
integration 

Previously, microfluidic chips with interconnect structures are fabricated either 

using a flexible polymer material (e.g., PDMS) or rigid polymer materials (e.g., SU-8) [1-

50].  However, in these previous designs, the connections between the device and the 

“world” are fabricated using the same material as the microfluidic chips (i.e. SU-8 

interconnects onto the SU-8 microfluidic chips, and PDMS interconnects onto the PDMS 

microfluidic chips).  The SU-8 based microfluidic chips with the SU-8 interconnect work 

well for chip-to-chip and/or world-to-chip/chip-to-world connections.  However, the PDMS 

interconnects based chips are difficult to align and connect together because of the 

inherent characteristics of the PDMS, such as stiction between surfaces and structural 

deformation.  

As discussed, PDMS is used for fabricating flexible devices and SU-8 is used for 

fabricating rigid and strong micro-structures.  Until now, systems that include a 

combination of rigid and flexible polymers have been realized using PDMS and other 

rigid substrate materials, such as glass, PMMA and silicon [1-61]-[1-63].  In such micro-

systems, the PDMS based flexible features and the other rigid features are fabricated 

separately and combined in the end by surface treatment of the PDMS followed by 

bonding at the interface of these dissimilar materials.  Besides, rigid layers are generally 

used as a base substrate upon which the devices are built, and primarily used for metal 

connections or structural rigidity. 

1.3.4. Background of high surface area electrodes 

Many recent efforts have been aimed at developing small and reliable sensors 

that would allow continuous monitoring of different biological constituents in humans.  

Non-invasive or minimally invasive sensing techniques have especially been developed 
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that offer an alternative to invasive blood sampling by a needle draw or a pin-prick [1-

64]. Recently, some alternative biofluids (such as urine, saliva and tears) for non-

invasive and continuous monitoring have become popular. 

Alternatively, preparing an electrochemical sensor on a flat plastic support, either 

by microfabrication methods [1-65] or by screen printing techniques [1-66] has been 

developed recently. For an example, such sensors are flexible, they can either be 

attached onto the eye directly [1-65] or rolled up and inserted into the tear canal [1-66]. 

This approach shows promise since both devices are demonstrated to have sufficient 

sensitivity for glucose detection by using tear fluids. The current response from the tear 

glucose level is, however, significantly lower than the blood glucose levels, and many 

times the resulting low current is not easily discernible from the noise response of the 

sensor.  Additionally, interfering species that are present in the tear fluid (such as 

ascorbic acid)[1-67]-[1-70], also generate false signals of the same order of magnitude 

as the tear glucose levels. 

Sensitivity enhancement is especially important for a successful glucose 

measurement in tears. This is because typical tear glucose levels are on the order of 

1.8–10.8mg/dl, which is considerably lower than the glucose concentration in serum 

(72–108 mg/dl) [1-71].  Hence, higher sensitivity of the sensor to evaluate the glucose 

concentration in tears is required.  Generally, for amperometric sensors, the sensitivity 

can be increased by using higher enzyme concentration on to the active electrode or by 

increasing the surface area of the active electrode so that more electro-enzymatic 

reaction can be performed at the active electrode surface.  Increasing the enzyme 

concentration can increase the sensitivity upto certain limit after which the electro-

enzymatic reaction is limited by the availability of the oxygen and also by the interaction 

between the electrode surface and enzyme.  Hence, increasing the enzyme 

concentration is not always a reliable method.  Therefore, increasing the electrode 

surface area is an attractive option to achieve reliable performance with higher sensitivity 

[1-72][1-73]. 
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1.4. Problem definition 

As discussed in the previous sub-section, there are many fabrication 

technologies developed so far for fabricating SU-8 based devices and fully enclosed 

microchannels.  Also, different technologies exist for patterning metals on the PDMS 

surface.  However, the polymer based thick film fabrication technologies developed so 

far have many limitations.  Additionally, some added fabrication technologies such as 

covalently bonded flexible and rigid polymer based technologies will be further beneficial 

to develop polymer based biomedical and microfluidic applications. 

Some of the problems associated with the existing technologies described in the 

previous sub-section are discussed below: 

1.4.1. Limitations of stand-alone SU-8 layers and f ully enclosed 
microchannels 

In general, to fabricate stand-alone SU-8 devices, SU-8 layers should be thick (> 

100 µm).  So far, most processes and research done using SU-8 are done with less than 

100 µm thick SU-8 layers.  And reliable processes using the thick SU-8 films are not 

widely published.  Besides, the thick SU-8 films should also be released from the base 

substrate easily and quickly without need for specialized equipment such as dicing saw.  

Also, the SU-8 release process should not damage or deform the fabricated SU-8 

structures and the release process should also be reliable and repeatable for wide 

variety of applications. 

Different sacrificial materials like electroplated copper [1-35], polystyrene [1-36] 

and chromium [1-44] are used to produce freestanding structures by etching them away, 

as mentioned previously. Nevertheless, these sacrificial methods are time consuming, 

and the prolonged exposure to the etchant may damage the released devices. Similarly, 

heat-depolymerizable polycarbonate embedded in SU-8 for the generation of 

microchannels and sealed cavities were also proposed [1-45]. However, this sacrificial 

layer decomposes into volatile monomer compounds that diffuse through the cover 

layer. The removal of this sacrificial layer requires more than 1 hour and temperatures 

between 200–300 °C. Foulds et. al. [1-43] presented  the planar self-sacrificial multilayer 

SU-8 (PSALMS) process. In the PSALMS process [1-46] mentioned earlier, a mixture of 
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SU-8 and positive photoresist is used which requires very precise tuning of the process 

parameters.  And these parameters may change with different batches and hence it is 

not a reliable process.  Further, this phenomenon limits the thickness of the sacrificial 

layer because highly viscous SU-8 formulation is difficult to properly mix with the positive 

photoresist. 

Previously, the fabrication of released SU-8 microstructures using a substrate 

that poorly adheres to SU-8 has used Teflon for this purpose [1-48]. Nonetheless, this 

process does not allow easy alignment and bonding of structures fabricated in SU-8 

since Teflon is not transparent and does not allow visual alignment of multiple substrates 

through the substrate material. 

On the other hand, an SU-8 fabrication process to create complex multilayer 

microstructures using successive wafer-level bonding and releasing steps using 

polyimide film has been presented [1-14]. However, polyimide has fair adhesion with SU-

8 so that high forces are required to release the freestanding devices, which may 

delaminate the bonded SU-8 structures.  Furthermore, polyimide is not optically 

transparent material which limits the ability to align or to expose using UV after bonding. 

1.4.2. Limitations of the PDMS metallization proces s 

Presently, fabrication of flexible devices in PDMS with reliable metallization is 

difficult. The typical methods described in the previous sub-section are: 1) micro contact 

printing (µCP); 2) classical metal lift-off; 3) shadow masking. While each of these 

methods has produced good results, each has substantial drawbacks. µCP [1-54]-[1-56] 

uses a mechanical assembly of preformed metal elements on the PDMS substrate which 

requires multiple fabrication steps.  Additionally, µCP systems also require specialized 

fabrication setup for large scale metallization on the PDMS surface.  Sometimes, µCP 

requires treatment of the PDMS surface with self assembled monolayers (SAMs), which 

further increases the number of process steps. Secondly, in classical metal lift-off 

process [1-57][1-58], during the metal sputtering process, many microcracks appear in 

the lift-off photoresist layer, which is problematic for the reliability and reproducibility of 

metallization on the PDMS surface.  The microcracks created during the metal 

deposition process are responsible for many unnecessary shorts and eventual failure of 

the flexible devices.  Moreover, the metal lift-off process requires a very long immersion 
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in acetone or other organic solvents that swell the PDMS surface. The third method, 

shadow masking [1-59][1-60] has the limitation of a minimum feature size and cannot be 

used to pattern fully enclosed features.  Furthermore, direct contact between the shadow 

mask and the PDMS is required to control the dimensions of the metalized regions. 

Other key challenges for reliable metallization of PDMS involve composition of 

the PDMS surface as well as its physical properties.  Firstly, after its preparation, the 

PDMS elastomer contains unreacted oligomers that easily diffuse [1-74] and can 

dominate the surface properties, preventing an efficient coating process [1-75]. 

Secondly, PDMS has a very low surface energy and, consequently, the PDMS surface 

has to be activated (using O2 plasma) in order to increase adhesion of the metallic 

coating [1-76]. Thirdly, the metal coating on the PDMS surface should be compliant and 

stretchable [1-77][1-78]. 

1.4.3. Lack of fabrication processes using combined  rigid and 
flexible polymer structures 

Until now, systems that include a combination of rigid and flexible polymers have 

been realized using PDMS and other rigid substrate materials, such as glass, PMMA 

and silicon [1-61]-[1-63].  In such micro-systems, the over-all flexibility of the completed 

device is lost because of the rigid substrate presence.  Additionally, the existing 

approaches have limitations in the precision in the alignment of the bonded features. 

In many cases, it is desirable to fabricate rigid structures directly on flexible 

devices without sacrificing over-all flexibility of the resulting device.  An example of a 

potential application of these hybrid structures are rigid microfluidic interconnects 

integrated directly onto a flexible microfluidic chip.  These rigid interconnects can be 

used for chip-to-chip and/or chip-to-world/world-to-chip interconnects. It has been shown 

that combinations of rigid and flexible materials usually result in the most robust 

interconnects [1-50]. 

Building rigid interconnects on a flexible device would make these structures 

more functional and adaptable to a wide variety of applications.  Hence, a fabrication 

technology that can incorporate the rigid (e.g., SU-8) interconnect structures directly 

onto the flexible (e.g., PDMS) microfluidic device is required for such devices.  

Fabrication procedures need to be developed that can incorporate rigid interconnect 
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structures directly onto the PDMS layer.  Additionally, to the best of our knowledge there 

is no direct spin-on and self-registration process demonstrated in the literature for 

fabricating rigid polymer structures on top of any other flexible polymer support. 

1.4.4. Lack of high surface-area electrodes for an electrochemical 
(amperometric) sensor 

As mentioned previously, sensitivity enhancement is especially important for a 

successful glucose measurement in tears. However, most of the glucose sensor designs 

published so far are fabricated using a flat electrode designs.  The sensitivity is mostly 

enhanced using higher loading of the enzyme (glucose oxidase).  However, in this 

approach, the sensitivity of the sensor is limited by mass transfer between the tear and 

the enzyme as well as between the enzyme and electrode.  In the actual glucose 

sensing process using electro-enzymatic detection, glucose molecules are converted in 

the gluconolactone and hydrogen peroxide in the presence of oxygen and glucose 

oxidase.  And, to increase the sensitivity, availability of both oxygen and glucose oxidase 

is important on the reaction sites.  Also, the hydrogen peroxide generated at the 

interface of tear and enzyme should be able to reach the electrode site in order to 

generate electrons at the electrode surface. 

Additionally, the Clark-based method faces some problems that still need to be 

addressed. First among the problems with existing enzymatic glucose sensors is the 

unpredictability of the Ag/AgCl electrode fabrication and drift in current.  Methods to 

fabricate Ag/AgCl electrodes have been published previously [1-79]-[1-84].  These 

methods for Ag/AgCl fabrication have very low predictability and involve complex 

processing steps. 

1.5. Proposed solution 

As a solution to the problems and limitations described in the sections above, 

different polymer based technologies to integrate fully functional flexible, rigid or 

combined system is proposed.  This demonstration system consists of reliable 

metallization technology both on flexible and rigid polymer substrates, fabrication 

technology to fabricate polymer based flexible or rigid sensor system, hybrid polymer 
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fabrication process to combine rigid and flexible polymer system and hybrid polymer 

integration technology to embed flexible-flexible or flexible-rigid polymer sub-systems. 

1.5.1. Solution for SU-8 based standalone and fully  enclosed 
microfluidic devices  

As an improved alternative to the previously proposed polyimide [1-14] or Teflon 

[1-48] based fabrication technology and as a complimentary technology using PET [1-

49], I demonstrate PDMS as a sacrificial substrate material to fabricate fully enclosed 

SU-8 channels using adhesive bonding technology.  The poor adhesion between PDMS 

and SU-8 allows the free standing devices to be released after SU-8 to SU-8 adhesive 

bonding.  However, the adhesion is still enough to carry out photolithography on the 

structural SU-8 layers.  Therefore, complex multilayer SU-8 structures such as fully 

enclosed microchannels are fabricated by successive bonding steps without using a 

special sacrificial layer.  An additional benefit of PDMS is its optical transparency which 

allows UV exposure of the patterned devices through the substrate even after the 

adhesive bonding. 

The presented hybrid polymer fabrication process can be easily carried out with 

the basic equipments and materials available in any microfabrication facility.  Even the 

masks can be fabricated using inexpensive photoprinting [1-85].  The fabrication 

technology can be used for batch fabrication of bio-medical and microfluidic devices but 

also several other relevant types of devices improving performance and cost factors. 

The presented designs are very simple to fabricate, easy to release after complete 

fabrication and ready for testing immediately after releasing the devices. 

To demonstrate the successful fabrication technology for generalized microfluidic 

and bio-medical applications, an example device typical of microfluidic system (a 

microfluidic channel network) is presented in this thesis.  The device is a free-standing 

microfluidic network of channels utilizing our adhesive bonding and selective releasing 

processes. This device demonstrates that our new fabrication technology can be utilized 

for a wide range of applications. 
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1.5.2. Solution for reliable metallization on PDMS 

To propose a solution to the previously discussed limitations, the sacrificial SU-8 

layer is directly spun and processed on the PDMS surface to achieve a new approach 

for metallization of PDMS that is compatible with many metal deposition systems.  SU-8 

is a very rigid and strong material with Young’s Modulus equal to 2.0 GPa [1-86].  

Hence, use of SU-8 as a lift-off mask avoids the formation of microcracks during metal 

deposition and hence increases consistency of the metallization process.  The sacrificial 

SU-8 layer leaves no observable residue after it is removed from the PDMS surface.  

Furthermore, SU-8 is a photopatternable material and structures of SU-8 can be 

fabricated with a variety of dimensions and patterns.  After metal deposition, the SU-8 

layer is removed using a slight force that minimizes damage to the metal film and/or the 

PDMS surface.  Additionally, patterned SU-8 can be used to pattern closed loops and 

rings of metals unlike shadow mask process.  Very small SU-8 features for fabrication of 

these loops and rings can be easily removed using micro-manipulator (voice coil 

actuator). 

1.5.3. Development of hybrid fabrication processes using rigid and 
flexible polymer combination 

A novel fabrication technology to fabricate the SU-8-based microstructures 

directly on to the flexible PDMS based devices is proposed as a solution to achieve a 

novel fabrication process combining rigid and flexible polymer materials.  The novel 

fabrication process highlights layer-by-layer direct spin-on process of the SU-8 layer on 

to the PDMS layer.  Using the proposed technology, precisely aligned multiple layers of 

the PDMS and/or the SU-8 can be achieved for more complex applications.  Additionally, 

the proposed fabrication technology provides very strong adhesion between the PDMS 

and the SU-8 layers.  Using the hybrid fabrication technology, fully flexible microfluidic 

devices (PDMS) are fabricated with the rigid (SU-8) interconnects directly patterned on 

to the fluidic inlet/outlet ports.  The presented devices here are merely a proof of concept 

example and not only limited to this application.  Many complex and sophisticated 

biomedical and microfluidic applications can be fabricated using the proposed fabrication 

technology. 
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1.5.4. Solution to high surface area electrochemica l 
(amperometric) sensor 

As discussed earlier, sensitivity enhancement is very important for a successful 

glucose measurement in tears.  In this thesis, I describe a novel method of increasing 

the glucose sensor sensitivity employing 3-D electrodes that have been directly 

integrated onto a flexible and gas permeable material. The proposed polymer micro-

electromechanical system (MEMS) based fabrication process is practical, since all the 

electrodes are prepared using bio-compatible materials. The sensor structure is highly 

flexible and moldable with a very high degree of repeatability and gas permeability.  By 

immobilizing glucose oxidase (GOD) onto the 3-D electrodes, sensitivity can be greatly 

enhanced in comparison to the immobilization of GOD on flat electrodes.  This increased 

sensitivity could satisfy the low level detection requirement for glucose determination in a 

human tear fluid. 

1.6. Objectives and scope 

The over-all objective of this thesis is to develop SU-8 and PDMS based thick 

film microfabrication technologies for biomedical and microfluidic applications.  The thick 

film process development falls under two categories: 

Technology development:  Main objective in the technological advancements is 

to develop new technologies to solve main problems highlighted above.  First, objective 

is to develop fabrication technology that can be useful to obtain stand-alone SU-8 

devices.  Such stand-alone devices should be easily released from the substrate 

material.  Secondly, a reliable fabrication technology is required for metallization of the 

PDMS.  A reliable fabrication technology for applications where combined rigid and 

flexible polymer materials is required.  Finally, a microfabrication technique to design 

and fabricate higher surface area of a metal electrode is required. 

Application outcome:  Based on the technological advancements described 

above, stand-alone microfluidic and biomedical devices are required that are made of 

polymer materials.  Additionally, a microfluidic device utilizing both rigid and flexible 

polymer material is required.  This is especially required in a flexible microfluidic device 

with rigid interconnects to obtain fluid interaction between different microfluidic chips.  
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Finally, fully flexible metal electrodes for flexible bio-sensors are required.  It is also 

desirable to achieve higher surface area of the electrodes to achieve higher sensitivity of 

the analyte solution. 

1.7. Outline of thesis 

In order to achieve the thesis objective, several technological and application 

advancements in the field of polymer microfabrication are implemented.  In terms of the 

thesis organization, four journal papers from chapter 2 to chapter 5 are presented 

encapsulating the accomplished advancements in polymer-based microfabrication 

technology during my PhD studies.  The order of journal articles is based on the 

coherency of the thesis stream which is explained in more detail below: 

Chapter 2 describes the article “PDMS as a sacrificial substrate for SU-8 based 

biomedical and microfluidic applications”.  This article presents new fabrication 

technology to achieve stand alone microfluidic devices using thick-film polymer-based 

microfabrication technology.  The chapter discusses in detail technological development 

of the SU-8 and PDMS based microfabrication process to achieve reliable SU-8 films 

onto the PDMS substrate.  The fine tuned process parameters are also described.  The 

results obtained based on new process are also discussed.  Based on the 

microfabrication process development, stand-alone SU-8 based microfluidic devices are 

designed, fabricated and tested.  Single layer and multilayer microfluidic devices are 

presented in the manuscript. 

Chapter 3 presents the article “A sacrificial SU-8 mask for direct metallization on 

PDMS”.  This chapter highlights microfabrication technique to achieve reliable 

metallization process onto a very flexible substrate material.  The detail discussion of the 

fabrication technology development for the desired functionality is described.  To test the 

usability of the microfabrication technology, fully flexible electrodes are designed, 

fabricated and tested.  These electrodes are utilized to make electro-enzymatic glucose 

sensor.  The sensor functionality is tested using various tests. 

Chapter 4 discusses the article “SU-8 and PDMS Based Hybrid Fabrication 

Technology for Combination of Permanently Bonded Flexible and Rigid Features on a 

Single Device”.  In this chapter, a flexible polymer and a rigid polymer based fabrication 
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technology is explained.  The polymer based hybrid fabrication technology is able to 

bond these two polymers covalently with each other.  The hypothesis behind the 

technology, fabrication process flow, test set ups and results are discussed in depth.  

Additionally, based on this hybrid technology, a flexible microfluidic device along with the 

rigid interconnect structure is designed, fabricated and tested as described in the 

chapter. 

Chapter 5 discusses the article “Flexible Three-dimensional Electrochemical 

Glucose Sensor with Improved Sensitivity Realized in Hybrid Polymer 

Microelectromechanical systems Technique”.  In this thesis chapter, microfabrication 

technology to obtain 3D features is discussed.  The 3D features can be conductive with 

uniform metal coverage even on the vertical wall of the polymer features.  Detailed 

discussion of the fabrication process flow to achieve such conductive 3D features is 

done.  Besides, 3D electrodes to increase surface area of the electro-enzymatic glucose 

sensors are designed, fabricated and tested.  The sensitivity of such electrodes is higher 

than the flat electrodes as discussed in the article. 

Finally in Chapter 6, the summary of accomplishments from previous chapters is 

presented, current developments are described, and directions for future work are 

proposed.  The discussion sections are arranged by subject rather than chronologically 

to tie the different chapters together conceptually and present a consistent discussion for 

each specific topic.  The summary is organized to mirror the initial objectives of the 

thesis. 
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2. PDMS as a sacrificial substrate for SU-8 
based biomedical and microfluidic 
applications 1 

2.1. Abstract 

We describe a new fabrication process utilizing polydimethylesiloxane (PDMS) 

as a sacrificial substrate layer for fabricating free-standing SU-8 based biomedical and 

microfluidic devices.  The PDMS-on-glass substrate permits SU-8 photopatterning and 

layer-to-layer bonding. We have developed a novel PDMS based process which allows 

the SU-8 structures to be easily peeled-off from the substrate after complete fabrication.  

As an example a fully enclosed microfluidic chip has been successfully fabricated 

utilizing the presented new process.  The enclosed microfluidic chip uses  the adhesive 

bonding technology and the SU-8 layers from 10 µm to 450 µm thick for fully enclosed 

microchannels.  SU-8 layers as large as the glass substrate are successfully fabricated 

and peeled-off from the PDMS layer as single continuous sheets.  The fabrication results 

are supported by optical microscopy and profilometry.  The peel-off force for 120 µm 

thick SU-8 based chips is measured using a voice coil actuator (VCA).  As an additional 

benefit the release step leaves the input and the output of the microchannels accessible 

to the outside world facilitating interconnecting to the external devices. 

2.2. Introduction 

The last decades have seen rapid growth in micro-electromechanical systems 

(MEMS) and microfluidics technology in various materials including silicon, glass, and 

polymers. Early microfluidic systems as reported in [2-1] have typically been fabricated 

from silicon or glass by micromachining techniques based on fabrication processes 

                                                
1 The following chapter has been published in Journal of Micromechanics and Microengineering, 

18, 095028 (11 pp) (2008) under co-authorship of Bozena Kaminska, Bonnie L. Gray and 
Byron D. Gates 
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utilized by the microelectronics industry, and bonding technologies.  Although these 

technologies provide high precision and good yield, the costs for material and production 

render them uneconomical if large area devices are fabricated.  Ideally, microfluidic 

systems consist of complex structures in a single ‘‘Lab-On-a-Chip’’ (LOC) [2-2].  The µ-

TAS (micro total analysis system) or LOC systems have been extensively developed 

with a view to exploiting high-throughput, low-cost analysis [2-3]-[2-8].  In many medical 

and pharmaceutical applications disposable devices are mandatory which particularly 

requires the use of low-cost materials and processes such as plastics.  Disposable 

devices should be cheap to produce in large volumes by polymer replication 

technologies such as injection molding or hot-embossing. These technologies are well 

suited for large volume production; however, for design, test, prototyping and production 

of small quantities they are too expensive due to their high setup costs. 

Promisingly, some products utilizing polymers are already emerging in the 

biotechnology market. Abbott Laboratories successfully markets i-stat® and a cartridge 

for blood analysis consisting of a silicon biosensor embedded in a capsule fabricated by 

molding and lamination [2-9]. Micronics Inc. manufactures and sells disposable ‘‘lab 

cards’’ made of laser cut plastic films laminated together [2-10]. Fluidigm Corporation 

also markets new devices based on multilayered soft lithography to produce labcards for 

protein crystallization [2-11]-[2-13].  In addition to these products, a large number of 

products are already on the market which utilizes a wide range of different polymers. 

In addition to polydimethylsiloxane (PDMS) [2-13] and Mylar [2-9][2-14], the 

negative photoresist EPON SU-8 (hereinafter referred to as SU-8) has been popular for 

microfluidic and MEMS technology [2-15]-[2-17].  Because of its advantageous 

characteristics such as stability against solvents and compatibility with CMOS [2-18]-[2-

24], SU-8 has been used to obtain microfluidic channels, [2-25]-[2-35] movable 

micromechanical components (such as membranes and cantilevers)[2-36][2-37], optical 

waveguides [2-38][2-39] and UV-LIGA components [2-40]-[2-42]. 

Many microfluidic and bio-medical microdevices are required to be free-standing 

and thus must be released from their substrates after successful fabrication. Two 

techniques that would enhance the fabrication of SU-8 freestanding microstructures 

would be the development of: (i) an easy to use sacrificial layer, and (ii) a technique 

allowing release of complex SU-8 multilayer structures from the substrate. 
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Regarding the sacrificial layer, different sacrificial materials like electroplated 

copper [2-36], polystyrene [2-37] and chromium [2-43] are used to produce freestanding 

structures by etching them away, leaving subsequently deposited and patterned layers 

free-standing. Nevertheless, these sacrificial methods are time consuming, and the 

prolonged exposure to the etchant may damage the released devices. Metz et al. have 

used heat-depolymerizable polycarbonate embedded in SU-8 for the generation of 

microchannels and sealed cavities [2-44]. This sacrificial layer decomposes into volatile 

monomer compounds that diffuse through the cover layer. The removal of this sacrificial 

layer requires more than 1 hour and temperatures between 200–300 °C. Foulds et. al. 

[2-45] presented the planar self-sacrificial multilayer SU-8 (PSALMS) process. The 

PSALMS process is capable of making structures similar to those possible with the 

popular three-layer surface micromachining process PolyMUMP®; offered by 

MEMSCAP [2-46]. However, in this type of process, a mixture of SU-8 and positive 

photoresist is used which is not a reliable process.  Further, this phenomenon limits the 

thickness of the sacrificial layer because very thick SU-8 is hard to mix with positive 

photoresist. In other work, Chronis et al. have released a microgripper fabricated on SU-

8 making a blind cut on the backside of the silicon wafer, prior to releasing it by XeF2 dry 

etching [2-47]. 

Alternatively, the possibility of using a substrate that poorly adheres to SU-8 

simplifies the fabrication of released SU-8 microstructures. Gadre et al. have used 

Teflon for this purpose [2-48]. Nonetheless, this process does not allow easy alignment 

and bonding of structures fabricated in SU-8 since Teflon is not transparent and does 

not allow visual alignment of multiple substrates through the substrate material. 

Previously, an SU-8 fabrication process to create complex multilayer 

microstructures using successive wafer-level bonding and releasing steps using 

polyimide film has been presented [2-15]. However, polyimide has fair adhesion with SU-

8 so that high forces were required to release the freestanding devices, which may 

delaminate the bonded SU-8 structures.  Furthermore, polyimide is not optically 

transparent which limits the ability to align or to expose using UV after bonding. 

An improved technique for  fabrication of the enclosed microfluidic devices using 

dry films of uncrosslinked SU-8 for lamination is described by Abgrall et al [2-49]. The 

polyester (PET) has been used as a low adhesion material to laminate SU-8 films before 
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UV exposure.  Furthermore, the pressure (approx. 2 bar) and the oxygen plasma 

activation of the SU-8 surface are required to laminate the film with desired functionality. 

As an improved alternative to the previously proposed polyimide [2-15] or Teflon 

[2-48] based fabrication technology and as a complimentary technology using PET [2-

49], in this paper we demonstrate PDMS as a sacrificial substrate material to fabricate 

fully enclosed SU-8 channels using adhesive bonding technology.  The poor adhesion 

between PDMS and SU-8 allows the free standing devices to be released after SU-8 to 

SU-8 adhesive bonding. However, the adhesion is still enough to carry out 

photolithography on the structural SU-8 layers. Therefore, complex multilayer SU-8 

structures such as fully enclosed microchannels are fabricated by successive bonding 

steps without using a special sacrificial layer. An additional benefit of PDMS is its optical 

transparency which allows UV exposure of the patterned devices through the substrate 

even after the adhesive bonding.  The optical transparency is also important for aligning 

the peg and hole structures specially designed for accurate alignment during adhesive 

bonding process. 

The presented hybrid polymer fabrication process can be easily carried out with 

the basic equipments and materials available in any microfabrication facility.  Even the 

masks can be fabricated using inexpensive photoprinting.  The fabrication technology 

can be used for batch fabrication of bio-medical and microfluidic devices but also several 

other relevant types of devices improving performance and cost factors. The presented 

designs are very simple to fabricate, easy to release after complete fabrication and 

ready for testing immediately after releasing the devices. 

To demonstrate the successful fabrication technology for generalized microfluidic 

and bio-medical applications, an example device typical of microfluidic system (a 

microfluidic channel network) is presented here.  The device is a free-standing 

microfluidic network of channels utilizing our adhesive bonding and selective releasing 

processes. This device demonstrates that our new fabrication technology can be utilized 

for a wide range of applications. 
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2.3. SU-8 and PDMS based fabrication technology 

The developed fabrication technology, shown schematically in Figure 2.1, 

consists of the following four steps: (i) substrate preparation; (ii) photolithography of the 

first SU-8 structural layers; (iii) adhesive bonding of the SU-8 layers; and (iv) a final 

releasing step of the SU-8 structures from the PDMS layer.  

The following sub-sections describe these four steps in detail. 

2.3.1. Substrate preparation 

The number of required substrates depends on the number of microchannel 

layers.  For single layer of microchannel network, only two substrates are required. 

Glass substrate preparation: Both microscopic glass slides and Pyrex wafers are 

suitable because of their optical transparency.  However, 3” x 3” glass slides are used as 

a support substrate for the PDMS layer.  Optical transparency of the substrate gives 

flexibility to the process by allowing exposure of the SU-8 layer from the backside 

(through the substrate).  Moreover, the alignment of multiple SU-8 layers can be verified 

optically because of the transparent substrate and the PDMS layer.  The glass substrate 

is cleaned with acetone followed by isopropanol (IPA) rinse. Finally, the glass substrate 

is rinsed with de-ionized water and dehydrate baked at 120 °C for 15 min (using Fisher 

Scientific 825-F oven).  The clean glass substrate is now ready for a coating of SU-8 

2005 (Microchem Corporation, USA) which works as a low adhesion coating for the 

PDMS layer.  

In general, PDMS can be peeled-off from the glass substrate by applying 

sufficient mechanical force.  In order to make the peeling process easier, a thin layer of 

SU-8 2005 is used as a low adhesion coating for the PDMS layer.  Hence, a thin layer of 

SU-8 2005 is coated by using OMNICOAT (Microchem Corporation, USA) as an 

adhesion promoter between the glass and the SU-8 2005 coating. 

The OMNICOAT is spun at 1200 rpm (using Headway Research Inc. spin coater) 

and baked at 200 °C for one minute (using Torrey Pi nes Scientific ECHOthermTM Digital 

Hot plate (ceramic)) (Figure 2.1(a)).  Then, SU-8 2005 is spun at 1200 rpm and soft 

baked at 95 °C for 3 min (Figure 2.1(b)).  The SU-8  2005 layer is flood exposed with 180 
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Figure 2.1: Hybrid polymer fabrication process: (a)  Spin OMNICOAT on glass 
substrate and bake; (b) Spin SU-8 2005 ~5 µµµµm thick, soft bake, 
flood expose, post exposure bake (PEB) and hard bak e; (c) 
Prepare PDMS mixture (Sylgard 184 elastomer and Syl gard 184 
curing agent (10:1)) and pour it on the substrate.  Cure PDMS at 
85 °C for 2:30 hrs; (d.1) For microchannel substrat e: spin SU-8 
2035 100 µµµµm thick, soft bake, expose with the bottom layer ma sk, 
PEB, and develop;  (d.2) For top cover of microchan nels: same 
process as d.1 but the mask for exposure is for the  top cover; 
(e.1) For the microchannel substrate: spin SU-8 210 0 400 µµµµm 
thick, soft bake, expose with channel mask, PEB, an d develop; 
(e.2) For the fluidic chip cover: spin SU-8 2035 10 0 µµµµm thick for 
making the alignment features, soft bake, expose, P EB, and 
develop; (f) Spin a 5 µµµµm thick layer of SU-8 2005 on the top cover 
(prepared in step (e.2)), flip the top cover substr ate onto the 
channel network substrate, align and bond them toge ther using 
alignment patterns (hole and peg structure shown in  step (e.1) 
and (e.2)), soft bake, flood expose the assembly th rough the 
glass, PEB; and (g)  Peel off the PDMS layer and su bstrate from 
the top cover; hard bake at 200 °C for 20 min and p eel off the SU-8 
based free-standing structures from the PDMS layer.  
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mJ/cm2 dosage under an i-line UV system (Quintel Corporation Q-2001CT).  The SU-8 

layer is baked again for 3 min at 95 °C and finally  hard baked at 200 °C for 20 min.  

The PDMS layer preparation (Figure 2.1(c)): The PDMS is prepared by mixing 

Sylgard 184 elastomer and Sylgard 184 curing agent (Dow-Corning Corporation, USA) 

in 10:1 proportion by weight.  The mixture is degassed in vacuum for 15 min.  The 

degassed PDMS mixture is poured on the SU-8 2005 coated glass substrate.  The glass 

slide is left on a levelled surface at room temperature for 30 min to evenly spread the 

PDMS mixture on the substrate.  The PDMS is cured at 85 °C for 2 hours and 30 

minutes.  The thickness of the PDMS layer is ~500 µm. 

2.3.2. Lithography for the first SU-8 structural la yer 

The processing of the first SU-8 layer on the PDMS surface is very important due 

to the difference in co-efficient of thermal expansion and adhesion of SU-8 with the 

PDMS layer.  Additionally, the surface uniformity of the SU-8 layer is very important for 

successful adhesive bonding.  Initially, different process parameters are studied to 

optimize the process for reliability and repeatability.  The soft bake temperature higher 

than 70 °C releases the solvent rapidly from the SU -8 which will decrease the volume of 

the prepolymer as well as its ability to wet a surface.  Hence, the SU-8 layer shrinks from 

the edges during the soft bake (Figure 2.2).  

 

 

Figure 2.2:  The SU-8 2035 shrinks from the edges o n the PDMS layer if soft baked 
at more than 70 °C due to surface energy. 
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After several trials with soft bake process parameters, 65 °C is chosen as a most 

optimum soft bake temperature.  To avoid large over-shoot using the hot-plates, very 

controlled temperature profile with controlled temperature ramp and time duration is 

chosen.  The spin-speed and time required for the soft bake process depends on the 

desired thickness.  The softbake parameters for different thicknesses are described in 

Table 2.1. 

The thick SU-8 layers are spun in two continuous cycles.  The first cycle is 

spread cycle in which the substrate is spun at 350 RPM for 10 seconds to evenly spread 

SU-8 on the PDMS substrate.  The spread cycle is followed by the actual spin cycle in 

which the substrate is spun for the desired thickness of the SU-8 layer (as described in 

Table 2.1). 

After spinning the SU-8 layer, the SU-8 is soft baked with a controlled 

temperature ramp (Table 2.1).  The soft baked SU-8 layer is then exposed using UV light 

with appropriate energy for the thickness (Table 2.1). Finally, the SU-8 layer is baked for 

post exposure bake at 90 °C and the uncrosslinked S U-8 is dissolved in SU-8 developer 

(propylene-glycol-monoether-acetate (PGMEA) from Microchem Corporation) with 

ultrasonic agitation to quickly remove the uncrosslinked SU-8. 

The bottom and the top layers are fabricated using the process described above.  

The bottom layer of the microfluidic chip is a simple rectangular layer which is also 

useful to separate out microfluidic chips (Figure 2.1(d.1)).  For the top cover of the fluidic 

chip, the layer is exposed with the top cover mask which includes inlet and outlet holes 

(Figure 2.1(d.2)).  Furthermore, another SU-8 layer with alignment pegs and holes is 

also prepared for accurate alignment during adhesive bonding process (Figure 2.1(e.2)). 

To pattern the microchannels, a second layer of thick SU-8 (Microchem 

Corporation) is spun on the bottom SU-8 layer and patterned with the microchannels 

mask (Figure 2.1(e.1)). 

2.3.3. Adhesive bonding of the SU-8 layers 

SU-8 2005 is used as an adhesive layer between two SU-8 layers to realize fully 

enclosed microchannels [2-50].  When individual SU-8 layers are patterned and 

processed, they are baked at 90 °C for the post exp osure bake.  This lower baking 
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temperature doesn’t fully cross-link the UV exposed SU-8.  Hence, during bonding 

process, when baking temperature is 100 °C, the two  separate SU-8 layers soften and 

attach together with SU-8 2005 mediator which results in strong bond of the two layers 

(see Figure 2.1(f)). 

To align the separate SU-8 layers during the bonding process, a unique peg and 

hole features are designed.  These unique designs of the peg and hole features make 

them to fit only in one position which avoids any possibilities of the mis-alignment in the 

bonded device.  The clearance between the peg and hole periphery changes the degree 

of mis-alignment which is discussed further in section 2.4.1. 

To bond two separate SU-8 layers, the SU-8 2005 is spun on the substrate with 

the top cover and peg structures at 1200 RPM for 30 seconds (Figure 2.1(f)).  The SU-8 

2005 layer is approximately 10 µm thick.  One of the substrates is flipped over and 

aligned using the peg and hole structures given in both substrates.  The assembly of the 

bonded substrates is then soft baked at 95 °C for 5  minutes followed by the flood expose 

of the whole assembly.  The assembly is then post exposure baked at 100 °C for 3 

minutes.  A higher temperature for the post exposure bake is chosen to properly 

crosslink the previously patterned SU-8 layers and the SU-8 bonding layer [2-29]. 

2.3.4. Final release of SU-8 freestanding devices 

For the microchannel network, after the bonding and full fabrication is carried out, 

the glass substrate and the PDMS layer are easily detached from the SU-8 stack.  To 

detach the SU-8 stack, the fabricated wafers are hard baked on a hot plate by ramping 

up the temperature from room temperature.  The hard bake is done at 200 °C for 20 min.  

Subsequently, the glass substrate and the PDMS layer are separated by force applied 

via the insertion of a razor blade or a scalpel.  Next, the PDMS layer is easily peeled off 

from the SU-8 coated glass substrate (Figure 2.1(g)).  The SU-8 surface remains 

undamaged after the peeling process as a consequence of the poor adhesion between 

SU-8 and PDMS. Nonetheless, it is crucial to have excellent adhesion between bonded 

SU-8 layers to withstand the peeling process.  The high thermal stability of the PDMS 

layer, its chemical resistance, and above all, its poor adhesion to the SU-8 makes PDMS 

a suitable material for the described purpose. 
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2.3.5. Packaging 

Since all the structural layers (SU-8) are photopatternable, the input and the 

output of the microchannels are kept in contact with the outside world after the PDMS 

releasing step.  This fact avoids slow drilling or etching steps of a cover, radically 

simplifying the packaging. 

2.4. Experimental designs 

To test the authenticity of the presented novel fabrication technology, three 

designs (Figure 2.3, Figure 2.4 and Figure 2.5) of the microfluidic network are designed 

and fabricated.  Each of the designs is explained briefly in the following sub-sections. 

2.4.1. Design # 1 

The first design consists of a microfluidic H network (Figure 2.3).  This 

microfluidic H network is designed using three SU-8 layers.  Among these three layers, 

the bottom layer and the middle layer are fabricated on the same substrate and the top 

cover layer is fabricated on a separate substrate.  The SU-8 layers are finally bonded 

using a thin layer of SU-8 2005 using the adhesive bonding technique [2-51].  Each H-

shaped microchannel chip is 5 mm x 10 mm in size.  All other dimensions are clearly 

mentioned in Figure 2.3. 

The microchannels are fabricated in an ‘H’ shape with 5 ports (Figure 2.3).  All 

the ports can be used as either inlet or outlet port.  Other important features are the 

coarse and fine alignment features.  The alignment marks are included for accurate and 

easy alignment of the layers during bonding process.  Two large circular holes with 1 

mm diameter and two pegs with 0.8 mm diameter (Figure 2.3) are designed for the 

coarse alignment features.  Additionally, three small circular holes with 0.5 mm diameter 

and a square hole with 0.5 mm side are designed for fine alignment.  The pegs are 0.48 

mm in size (for fine alignment) which leaves 10 µm clearance on each side (20 µm in 

total).  The smaller clearance helps to accurately align the two layers.  The transparency 

of the glass substrate and the PDMS layer is very important to easily align and bond the 

microchannel network using this method.  
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Figure 2.3: Exploded view of design # 1.  
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Figure 2.4: Exploded view of design # 2  
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Figure 2.5: Exploded view of design # 3 
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2.4.2. Design # 2 

The second design is fabricated to check the minimum and maximum 

microchannel width possible using the adhesive bonding process (see Figure 2.4).  The 

simple design is carried out for channel widths 50 µm, 100 µm, 200 µm, 300 µm and 400 

µm.  All the channels are connected with individual inlet and outlet ports with 500 µm 

diameter.  

2.4.3. Design # 3 

The third design is fabricated to check the maximum stacks possible using the 

novel fabrication technology (see Figure 2.5).  The multilayer chip is designed such a 

way that it can be used for a maximum of five stack layers of SU-8.  The design is such 

that it can be used to fabricate up to two layers of microchannels on a single chip. 

Each channel layer has two stacks of SU-8 layers.  Each channel layer has one 

cover layer with inlet and outlet ports and a channel layer with a microchannel patterned 

in it.  All the microchannels are 500 µm wide and the inlet and outlet ports are also 500 

µm in diameter.  All the channel layers have another SU-8 layer for alignment peg and 

hole structures which is not counted as a stack layer.  The alignment features are very 

important to align inlet and outlet ports of consecutive layers. 

2.5. Test results and discussion 

After successful fabrication of all three designs, all the devices were tested to 

verify the successful fabrication of the microchannels and other fabrication aspects.  

Each factor that was tested (bonding strength, peel-off-force and microfluidic pressure) 

is discussed individually in the following sub-sections. 

2.5.1. Multi-layer bonding characterization 

The most critical parameters to obtain good bonding results between the SU-8 

layers are: (i) the thickness uniformity of the photopatterned SU-8 films, (ii) the 

polymerization level of these films producing adequate adhesive properties, (iii) the 
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bonding pressure, and finally (iv) the temperature applied to bond the SU-8 layers. While 

the first two parameters depend on the number of bonding steps carried out, the other 

two are fixed during the whole process. Therefore, uniformity and polymerization 

changes of these films were investigated using a profilometer (from Tencor Instruments 

Alpha-Step 500) and micrometer screw (Fred V. Fowler Co. Inc., Model# IP54) for 

thicker SU-8 layers. 

Previously, Blanco et. al. obtained films of 20 ± 0.3 µm thick SU-8 on silicon 

wafers [2-29]. The present work makes use of the new photolithographic recipe on the 

PDMS layer instead of silicon. The measured thickness for different target thicknesses 

and the standard deviation based on statistical analysis of at least five substrates are 

shown in Table 2.2.  Although the quality and uniformity of the SU-8 fabricated on the 

PDMS layer is lower than the one achieved directly on silicon, it is good enough to 

obtain a strong bond between multiple SU-8 layers. 

 

In addition to the uniformity of the films, the polymerization level of the SU-8 

layers is also a crucial parameter to achieve a proper bond. As mentioned in section 

2.3.2, the post baking temperature of the two SU-8 layers is 90 °C.  Adhesive bonding 

layers of sufficient quality are obtained at this temperature. However, during the bonding 

steps, the temperature is increased up to 100 °C. T herefore, after the first bonding 

process, the polymerization level of the first two layers is increased and their adhesive 

Table 2.2: Target thickness and measured values aft er successful fabrication 

Target thickness 
Measured values 

Thickness Standard deviation 

in µm in µm in µm 

10 11.01 2.12 

40 42 8.01 

75 73 3.98 

120 118 13.47 

450 458 21.03 

450 (optimized) 456.25 15.56 
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properties should be, in turn, decreased [2-29]. This suggests that even though the 

polymerization level of the first two layers is increased, the temperature of 100 °C is 

enough to bond them as long as the following new layer is partially polymerized (post 

bake at 90 – 95 °C). Therefore, the functional grou ps of the polymer chains on the 

surface of the new layer can diffuse across the interface and react with the previously 

bonded layer. It is important to note that due to this phenomenon, multi-layer structures 

can be fabricated. 

Using the novel fabrication technology, a 50 µm wide microchannel in 120 µm 

thick SU-8 layer (aspect ratio: 2.4) is successfully fabricated (see Figure 2.6).  The 

shape of the channel is little distorted.  However, the channel is fully open without 

blockage due to the SU-8 reflow in the microchannels.  In addition, a 500 µm wide 

channel in a 120 µm thick layer (aspect ratio: 0.24) is also successfully fabricated.  The 

 

Figure 2.6: SEM image of the 50 µm wide microchannel with aspect ratio of 2.4 
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top and bottom cover layers are 40 µm thick and are very strongly bonded together 

which is clearly visible from the SEM image of Figure 2.6. 

After verification of the aspect ratio based on our proposed novel fabrication 

technology, the maximum possible stacks for the proposed technology are verified.  As 

mentioned in the previous section, two layers of the microchannels with five layers of 

stacked SU-8 is successfully fabricated (see Figure 2.7). 

As it is clear from the figure, there is no clear separation between the lid and the 

channel layer which indicates a strong bond between both the layers.  The fabricated 

channel width is 500 µm and height is 120 µm.  The fabrication of more than two layer 

channels is under investigation at this stage. 

In addition to the bond strength, alignment precision for multilayer bonding is very 

important.  To solve the layer-to-layer alignment problem faced in all previous designs 

[2-15][2-48][2-49], we propose alignment structures using unique peg and hole 

combinations.  Different shape and sizes of alignment patterns (holes and pegs) can be 

 

Figure 2.7: Microscopic image of the 500 µm x 120 µm microchannel with two 
microchannel layers and five SU-8 stack layers 
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designed to obtain desired alignment.  From the alignment precision point of view, the 

worst case alignment is equivalent to the clearance left between the peg and hole 

edges.  For the microfluidic chips fabricated during our experiments, the diameter of the 

coarse alignment pegs are 800 µm with the hole diameter of 1000 µm.  The diameter of 

the fine alignment pegs are 480 µm with the hole diameter of 500 µm leaving 20 µm as a 

clearance.  The measured worst case mis-alignment is always less than ± 9 µm.  Hence, 

by considering the worst case alignment as a clearance factor for the alignment 

structures, desired alignment can be obtained.  For very precise and easy assembly, 

rough and fine alignment marks are designed.  The rough alignment marks have larger 

clearance than the fine alignment marks.  Additionally, the rough alignment marks are 

larger in size than the fine alignment marks.  Hence, using this novel and unique idea, 

very precise alignment is achieved. 

2.5.2. Peel-off force characterization 

The force required to detach the SU-8 based structures from the PDMS layer are 

characterized using a voice coil actuator (VCA) [2-52] (H2W Technologies NCM06-06-

004-3JB).  The test setup to measure the force is shown in Figure 2.8.  The test setup 

here is cost effective implementation of a high-end mechanical tester for shear force 

measurement.  To our knowledge, this is the first time that peel-off force for SU-8 from 

PDMS has been characterized. 

Twelve SU-8 structures were detached using the voice coil actuator and force for 

each one was measured and plotted (Figure 2.9).  The average force required to peel-off 

the SU-8 structures from the PDMS layer is 180.9 mN with a low standard deviation of 

56.39 mN.  The standard deviation of the force is ~31%.  However, the main purpose of 

this experiment is to determine ease of detaching the SU-8 devices from the PDMS 

substrate.  And as we can see from the experiment, the detachment force is very low (in 

mN range) which can be easily applied manually or automatically.  Hence, the SU-8 

based structures can be easily detached from the PDMS layer and the chances of 

damaging the SU-8 structures or bond are very unlikely and, indeed, none of the 128 

fabricated devices experienced damage due to the releasing process step. 
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Figure 2.8: Test setup to measure peel-off force be tween the SU-8 layer and the 
PDMS layer. 

 

Figure 2.9: Measured force to peel off the SU-8 lay er from the PDMS layer.  
Average 180.9 mN force is required to peel off the two layers with 
standard deviation of 56.39 mN. 
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2.5.3. Process yield and freestanding microstructur es 

The fabrication process described in this paper is very flexible and opens new 

possibilities to obtain complex freestanding structures in SU-8. It also dramatically 

simplifies the process by avoiding long times for sacrificial layer removal by etching. 

We successfully released the microchannel network from the PDMS layer.  The 

reliability of this release process is studied using optical microscopy (using Olympus 

MX40).  In addition, any devices with fabrication defects like surface non-uniformity and 

micro-cracks are also discarded. 

In a previous fabrication process presented by other researchers for realizing 

free-standing SU-8 structures [2-15], caution must be taken during the polyimide 

releasing step, because the freestanding structures become free immediately when the 

release etch is complete as the structures are not directly attached to the bottom silicon 

substrate.  However, in our process, the structures remain attached until peeled off from 

the substrate.  In addition, the force required to peel off the PDMS layer is very low (as 

discussed in section 2.5.2).  However, the force required to peel off the polyimide film 

from the substrate is very high [2-15] which can damage the bonded sensors during the 

peel off process. 

Using the novel process described here, the SU-8 sheet with whole substrate 

dimension can be peeled-off.  An SU-8 sheet of 66 mm x 64 mm with 120 µm thickness 

is successfully peeled-off (Figure 2.10).  Furthermore, same size SU-8 sheets with 

different thicknesses from 10 µm to 450 µm are successfully fabricated and peeled off 

from the PDMS substrate.  

2.5.4. Microfluidic characterization 

In our new fabrication process, our microchannels have input and the output 

ports in the top layer. Consequently, we don’t need to etch the top SU-8 layer after 

releasing the freestanding devices.  Hence, when the devices are released, they are 

ready to test without additional process steps. 
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Figure 2.11 shows a photograph of an H-shaped microchannel network together 

with its inlet and outlet ports and the alignment structures. The microchannels of the chip 

are filled with liquid to check for leakage.  The figure clearly shows there is no fluid 

leakage in the microfluidic devices. 

After verifying fluid tight channels, a microfluidic pressurization test is carried out.  

De-ionized (DI) water with blue food colouring is introduced into the microchannels at 

different flow rates using a syringe pump (Harvard Apparatus ‘11’) (Figure 2.12) along 

with syringes from Hamilton Company, tygon tubing and hypodermic tubing. Fluidic 

pressure is measured at these different flow rates.  Figure 2.12 shows the chip as 

tested, with tubing inserted into the channel ports and held in place by adhesive gaskets 

from Grace Biolabs.  The inlet and outlet are connected to only one channel.  The other 

connection ports are sealed to avoid unwanted fluid leakage from these ports. From 

Figure 2.12 and Figure 2.13, it is clear that the microfluidic channels are fluid tight and 

properly bonded using the multilayer SU-8 process. 

 

Figure 2.10: 120 µm thick SU-8 sheet (66 mm x 64 mm) peeled off from the PDMS 
substrate 
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Figure 2.11: Bonded microfluidic channel network wi th ports and alignment 
features filled with coloured water to test for lea kage. 

 

 

 

Figure 2.12: The microchannel chip with inlet and o utlet tube connections for 
testing pressure versus flow rate. 
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For the pressure driven flow in the microchannel of the fabricated device, the flow 

rate can be calculated using Poisille’s law.   

µ
π

L

PD
Q eff

128

4 ∆
=

 Equation – 2.1 

Where, Q = Flow rate in m3/s 

Deff = Effective diameter of the microchannel 

P∆ = Pressure drop, 

L = length of the channel 

µ = Viscosity of water 

Figure 2.13: Pressure in a microfluidic channel ver sus flow rate.  The channels 
were tested for flow rates up to 1.5 ml/min with a pressure in the 
channel reaching 85.75 kPa before any detectable le akage. 
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Using Equation – 2.1 and plugging in the numbers obtained for the fabricated 

microchannels, theoretical values of the pressure drop for the given flow rate can be 

calculated.  The calculated values along with the actual measurement values are clearly 

plotted in Figure 2.13.  The values are calculated based on 460 µm height and 480 µm 

width for the channels. 

In the laboratory test of the microfluidic device, the flow rate of the coloured DI 

water was increased by steps of 0.05 ml/min from 0 ml/min.  The pressure in the 

microchannel for each flow rate is measured using a pressure sensor (Omega PX26-

005GV and Omega PX26-030GV) [2-52].  Figure 2.13 shows this pressure versus flow 

rate characterization for the fluidic channel. The calculated values of the pressure using 

Equation 2.1 are also plotted in same chart.  The fluidic pressure of the microchannels 

rises linearly with increasing flow rate. 

The measured values and the calculated values show close agreement with each 

other.  The error between the calculated and the measured values are very nominal and 

may be due to variation of the microchannel dimension.  The presented microchannel 

can withstand flow rates up to 1.5 ml/min without leakage.  However, the microfluidic 

chip leaks for flow rates higher than 1.5 ml/min.  The measured pressure for 1.5 ml/min 

flow rate is 85.75 kPa.  The leakage pressure in our experiments is not as high as some 

other experiments done previously.  The reason for lower leakage pressure in our 

experiments is because of the existence of five ports on the microfluidic device.  Some 

of these ports could not be sealed tightly with the tape and resulted in leakage when 

moderate pressure is applied to the microfluidic devices. 

2.6. Conclusion 

A new fabrication technology utilizing PDMS as a peelable sacrificial substrate 

for free-standing SU-8 based structures is presented in this paper.  The new process is 

intended for use in microfluidic and biomedical microdevices fabrication.  Towards this 

goal, an SU-8 based microfluidic microchannel network is presented to demonstrate the 

technology for both microfluidic and biomedical applications.  However, the presented 

process is not limited to these applications and can be used for many other applications 

for microfluidics and bio-medical microdevices, especially those involving combinations 
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of metals and polymers, or that are required to have some degree of mechanical 

flexibility. 

The SU-8 based fully enclosed microfluidic devices with different aspect ratios 

and thicknesses are presented.  A multilayer microfluidic device with two layers of 

microchannels using five stack layers of SU-8 is successfully fabricated.  To accurately 

align this multilayer bonding process, novel alignment structures using unique 

combination of pegs and holes are also presented. 

The freestanding SU-8 chips for different microfluidic applications are 

successfully detached from the PDMS substrate material.  The peel-off force required to 

detach the SU-8 based structures from the PDMS layer is only 180.9 mN with a standard 

deviation of 56.39 mN, which can be easily achieved manually or using automated 

equipment.  Furthermore, the devices are fabricated using the photopatternable material 

(SU-8) which facilitates the patterning of inlet and outlet ports directly in the top SU-8 

layer.  Thus, the fabricated devices are ready to use as soon as they are released from 

the PDMS layer. 

Microfluidic chips in SU-8 are successfully fabricated and tested using a 

microfluidic pump and fluidic pressure sensor with the results that the microchannel 

network can reliably withstand flow rates up to 1.5 ml/min and pressurize up to 85.75 

kPa.  A linear response for fluidic pressure with respect to the flow rate is obtained as 

expected. 
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3. A sacrificial SU-8 mask for direct metallization  
on PDMS2 

3.1. Abstract 

A new fabrication technology utilizing SU-8 as a sacrificial mask for metallization 

of the PDMS surface is presented.  The sacrificial SU-8 layer process offers superior 

performance for reliable and repeatable metallization on the PDMS layer. Sacrificial SU-

8 masks from 45 µm to 250 µm thickness are successfully fabricated on the PDMS layer 

to pattern gold on the PDMS surface.  These layers are successfully peeled off from the 

PDMS surface after a metal deposition step.  Metal lines from 10 µm to 500 µm wide 

and 1 mm to 50 mm long are successfully patterned and tested.  Furthermore, the 

sacrificial SU-8 mask can be removed within minutes to realize metal patterns on the 

PDMS surface and does not leave any residue after removal of the SU-8 layer.  As this 

new process is intended for use in fabrication of microfluidic and biomedical 

microdevices, electrodes of an electro-enzymatic glucose sensor are presented to 

demonstrate the technology. 

3.2. Introduction 

Flexible substrates may be needed by sensors that are designed to conform to 

the body, need to be folded for volumetric compactness, or to provide mechanically 

flexible and compliant mechanical structures in the substrate for actuation or sensing. 

The substrate for such sensors is usually a flexible polymer, with poly-dimethylsiloxane 

(PDMS) being one of the most well understood with demonstrated ease of 

micropatterning [3-1]-[3-2]. PDMS is also widely used for many implantable and 

                                                
2 The following chapter has been published in Journal of Micromechanics and Microengineering, 

19, 115014 (10 pp) (2009) under co-authorship of Bozena Kaminska, Bonnie L. Gray and 
Byron D. Gates 
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biomedical applications for in vivo and in vitro experiments as well as for microfluidic 

devices [3-3].  Many of these applications need either metal electrodes or metal patterns 

for electrical read out or actuation. Noble metals like gold and platinum are a few of the 

metals which are widely used for such applications, but are difficult to pattern on a wide 

variety of surfaces, especially flexible polymer surfaces such as PDMS. Hence, a 

reliable method of metallization on PDMS is desirable. 

Presently, fabrication of flexible devices in PDMS with reliable metallization is 

difficult. It is typically carried out using one of these methods: 1) micro contact printing 

(µCP); 2) classical metal lift-off; 3) shadow masking. While each of these methods has 

produced good results, each has substantial drawbacks. µCP [3-4]-[3-6] uses a 

mechanical assembly of preformed metal elements on the PDMS substrate which 

requires multiple fabrication steps.  Additionally, µCP systems also require specialized 

fabrication setup for large scale metallization on the PDMS surface.  Sometimes, µCP 

requires treatment of the PDMS surface with self assembled monolayers (SAMs), which 

further increases the number of process steps. Classical metal lift-off uses lifted-off 

photoresists to pattern metal on the PDMS surface [3-7]-[3-8].  However, during the 

metal sputtering process, many microcracks appear in the lift-off photoresist layer, which 

is problematic for the reliability and reproducibility of metallization on the PDMS surface.  

The microcracks created during the metal deposition process are responsible for many 

unnecessary shorts and eventual failure of the flexible devices.  Moreover, the metal lift-

off process requires a very long immersion in acetone or other organic solvents that 

swell the PDMS surface. The third method, shadow masking [3-9]-[3-10] has the 

limitation of a minimum feature size and cannot be used to pattern fully enclosed 

features.  Furthermore, direct contact between the shadow mask and the PDMS is 

required to control the dimensions of the metalized regions.  Other key challenges for 

reliable metallization of PDMS involve composition of the PDMS surface as well as its 

physical properties.  Firstly, after its preparation, the PDMS elastomer contains 

unreacted oligomers that easily diffuse [3-11] and can dominate the surface properties, 

preventing an efficient coating process [3-12]. Secondly, PDMS has a very low surface 

energy and, consequently, the PDMS surface has to be activated (using O2 plasma) in 

order to increase adhesion of the metallic coating [3-13]. Thirdly, the metal coating on 

the PDMS surface should be compliant and stretchable [3-14]-[3-15].  To address all 
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these challenges, we propose the sacrificial SU-8 mask for metallization on the PDMS 

surface. 

The sacrificial SU-8 layer is directly spun and processed on the PDMS surface to 

achieve a new approach to metallization of PDMS that is compatible with many metal 

deposition systems.  SU-8 is a very rigid and strong material with Young’s Modulus 

equal to 2.0 GPa [3-16].  Hence, use of SU-8 as a lift-off mask avoids the formation of 

microcracks during metal deposition and hence increases consistency of the 

metallization process.  The sacrificial SU-8 layer leaves no observable residue after it is 

removed from the PDMS surface.  Furthermore, SU-8 is a photopatternable material and 

structures of SU-8 can be fabricated with a variety of dimensions and patterns.  After 

metal deposition, the SU-8 layer is removed using a slight force that minimizes damage 

to the metal film and/or the PDMS surface.  Additionally, patterned SU-8 can be used to 

pattern closed loops and rings of metals unlike shadow mask process.  Very small SU-8 

features for fabrication of these loops and rings can be easily removed using micro-

manipulator (voice coil actuator) [3-18]. 

3.3. Principles for the Fabrication of a Sacrificia l SU-8 Mask 

Classically, SU-8 has been used for the fabrication of structural devices (e.g. 

gears, hinges and micromirrors [3-17]) or as a master for soft lithography micromolding 

[3-1]-[3-2].  We have previously published the detailed fabrication parameters for reliable 

SU-8 fabrication on PDMS substrates [3-18]. This previous work covered the parameters 

necessary to fabricate free-standing SU-8 structures on PDMS substrates. In the work 

presented in this paper, SU-8 is used instead as a sacrificial layer for reliable 

metallization on the PDMS layer.  Initial results of metallization on PDMS substrate using 

sacrificial SU-8 mask for fabrication of glucose sensor have been presented before [3-

19].  The SU-8 layer is directly spun without any surface treatment on the PDMS 

surface.  To achieve a reliable fabrication process for preparing the sacrificial SU-8 layer 

on the PDMS surface, the process parameters are optimized for higher throughput 

(Table 3.1).  
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In our experiments, SU-8 layers were successfully fabricated and removed from 

the PDMS for thicknesses from 45 µm to 250 µm.  Thickness of the SU-8 layer is tuned 

by changing either the type of the SU-8 (e.g., type 2035 or 2100, which represent 

formulations with a different percent solids and viscosity), or by altering the spin coating 

parameters for the specific type of SU-8.  Based on thickness of the SU-8 layer, the 

parameters required for baking and UV exposure are tabulated (Table 3.1).  These 

process parameters are optimized to achieve very uniform SU-8 layers with faster 

baking times than the previously published parameters [3-18]. 

Soft bake parameters along with baking temperature and ramp are the most 

important factors to obtain a uniform SU-8 layer on top of the PDMS surface.  As 

mentioned in [3-18], if the soft bake temperature is above 70 ºC, the SU-8 layer 

becomes more viscous and the surface energy of the SU-8 increases.  Additionally, the 

solvent evaporation rate increases.  Since SU-8 and PDMS have poor adhesion to each 

other the SU-8 layer will start to shrink from edges of the PDMS layer.  This 

phenomenon is, however, avoidable if the SU-8 layer is first exposed to UV energy, 

which initiates cross-linking within the SU-8.  After UV exposure, heating the SU-8 upon 

the PDMS surface at temperatures exceeding 70 ºC (e.g., 100 ºC) does not lead to 

lateral shrinking of the cross-linked SU-8 layer.  Hence, the soft bake temperature of the 

SU-8 layer should be limited to 65 ºC while increasing the soft bake time to sufficiently 

remove solvent prior to UV exposure, while the baking temperature for post exposure 

bake easily exceed 95 ºC.  To avoid stress in the SU-8 layer after any baking step (soft 

bake, post exposure bake and hard bake), the substrate is left on the hotplate until it 

cools down below 50 ºC. 

In our SU-8 lift-off process, the procedure uses a glass substrate as a handle for 

manipulating the PDMS and SU-8 layers.  The glass substrate is rinsed with acetone 

followed by isopropanol (IPA) rinse. Finally, it is rinsed with de-ionized water and 

dehydration baked at 120 °C for 15 min (using Fishe r Scientific 825-F oven).  The PDMS 

layer upon the glass substrate is prepared by mixing the Sylgard® 184 elastomeric 

precursor and its curing agent (Dow-Corning Corporation, USA) in 10:1 proportion by 

weight [3-18]-[3-19] (Figure 3.1(a)).  Approximately 3 grams of PDMS mixture is poured 

on each glass slide to obtain 500 µm thick PDMS layer. 
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The desired SU-8 formulation (2035 or 2100) is coated (using Headway 

Research Inc. spin coater) onto the PDMS layer using the spin coating and soft baking 

parameters provided in Table 3.1 (Figure 3.1(b)).  It is very important to follow the 

parameters provided in Table 3.1 to obtain reliable and reproducible results.  The soft 

bake profile gives a very uniform SU-8 surface without an edge bead (a well-known 

 

Figure 3.1: Fabrication process for the SU-8 as a m etal lift-off layer. (a) Prepare 
PDMS layer on the glass handle substrate, (b) spin SU-8 layer of the 
desired thickness and soft bake the SU-8 layer, (c)  expose the 
sacrificial SU-8 layer and bake for post exposure b ake, (d) develop 
the uncrosslinked SU-8 layer using SU-8 developer a nd hard bake 
the SU-8 layer, (e) sputter Cr  (as an adhesion lay er) and Au, and (f) 
mechanically peel-off the SU-8 layer. 
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problem with SU-8 based fabrication process [3-20] whereby the edge film thickness is 

substantially thicker than the rest of the film).  The absence of edge bead in the spun 

SU-8 layer leads to a very good contact between the SU-8 and the photolithography 

mask during UV exposure.  A uniformly thick layer of SU-8 improves the yield strength 

across the SU-8 surface, which assists in peeling off the SU-8 layer after metal 

deposition. 

After soft bake (using Torrey Pines Scientific ECHOthermTM Digital Hot plate 

(Aluminum)), the SU-8 layer is exposed with UV energy (Quintel Corporation Q-2001CT) 

based on the thickness of the SU-8 layer (Table 3.1 and Figure 3.1(c)).  This exposed 

SU-8 layer is post exposure baked at 95 °C for the time specified in Table 3.1.  The 

uncrosslinked SU-8 is dissolved in SU-8 developer (propylene-glycol-monoether-acetate 

(PGMEA) from Microchem Corporation).  A combination of hand agitation and ultrasonic 

development is used for reducing the development time.  The completion of 

development is verified visually by optical microscopy.  Finally, the patterned substrate is 

rinsed with fresh SU-8 developer followed by an isopropyl alcohol (IPA) rinse.  The SU-8 

layer on PDMS is then hard baked for 20 min at 120 ºC (Figure 3.1(d)). 

The SU-8 coated PDMS surface is then coated with 50 nm chromium (Cr) as an 

adhesion film and 300 nm gold (Au) using a Corona sputtering system (Figure 3.1(e)).  

The sacrificial SU-8 layer deposited with Cr/Au is then peeled-off by applying lateral 

mechanical force on the SU-8 layer.  In general, a scalpel and a pointed tweezer is 

employed to easily peel-off the hard baked SU-8, although an automated system could 

be envisioned composed of mechanical actuator.  The force required to detach the SU-8 

layer from the PDMS surface is approximately 180.9 ±56.39 mN [3-18] as measured by 

voice coil actuator (VCA).  The PDMS surface remains undamaged after the peeling 

process as a consequence of the poor adhesion between SU-8 and PDMS as verified by 

optical microscopy as well as electrical conductivity measurements (Figure 3.1(f)). 

Finally, the PDMS layer with patterned Cr/Au layers is what remains on the glass 

handle substrate.  This PDMS layer is easily peeled-off from the glass substrate.  Using 

SU-8 as a sacrificial mask for gold metallization on the PDMS layer, gold electrodes for 

electro-enzymatic glucose sensors on the PDMS substrate are successfully fabricated 

as a demonstration device.  Furthermore, for a 100 µm thick SU-8 layer, the whole 

process can be completed within four hours. 
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3.4. Results and discussion 

After the successful metal patterning of gold on the PDMS surface, all the 

patterns are investigated for desired functionality and quality.  In the following sections 

we discuss our results from evaluating the SU-8 and its patterned metal layer.  This 

discussion will address our characterization of the lift-off process using the SU-8 as a 

sacrificial layer for metallization of PDMS.  In addition, we demonstrate an application of 

these metal lines on PDMS in the fabrication of a flexible glucose sensor electrode. 

3.4.1. Analysis of the SU-8 layer 

Thickness uniformity of the peelable SU-8 layer on the PDMS surface is very 

important to obtain reproducible results for the mechanical peel-off process.  Although 

non-uniformity of the peelable SU-8 mask doesn’t lose metallization functionality, the 

mechanical force is slightly different. 

Thickness uniformity and surface quality of the SU-8 layer is checked several 

times throughout the fabrication process.  The SU-8 surface after each fabrication step is 

visually checked with a microscope for microcracks, bubbles or any other defects.  

However, using the optimized parameters provided in Table 3.1, no such defects have 

been observed.  The thickness of the SU-8 layer with different spin parameters is 

measured using the stylus profiler and also using the optical microscope for very thick 

(250 µm) SU-8 layers.  However, the thickness of the sacrificial SU-8 layer is exactly 

measured using a digital micrometer screw gage (Fred V. Fowler Co., Inc., Newton, 

Massachusetts, Part# 54-815-001-2) after it is completely peeled-off from the PDMS 

layer.  The surface profile for different target thicknesses is plotted in Figure 3.2 to 

Figure 3.5. The values of average thickness along with standard deviation for five 

different substrates are also tabulated (Table 3.2).  First, the thickness of SU-8 layer is 

measured at twenty-five different locations on a SU-8 layer for each target thickness.  

The average and standard deviation are then calculated from the data obtained from all 

five substrates of each target thickness.  Hence, worst case deviations have been 

accounted for wafer-to-wafer and within wafer errors.  The thickness and uniformity data 

is very reproducible as we have fabricated more than 100 slides using same parameters 

for over one and a half years. 
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Figure 3.2: Surface profile of 45 µµµµm thick SU-8 layer.  L, W and T in all figures 

denote length, width and thickness respectively.  

 

 
Figure 3.3: Surface profile of 75 µµµµm thick SU-8 layer.  L, W and T in all figures 

denote length, width and thickness respectively.   
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Figure 3.4: Surface profile of 100 µµµµm thick SU-8 layer.  L, W and T in all figures 

denote length, width and thickness respectively.  

 

 
Figure 3.5: Surface profile of 250 µµµµm thick SU-8 layer.  L, W and T in all figures 

denote length, width and thickness respectively. 
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From the surface profile of different SU-8 layers (Table 3.2), thickness uniformity 

of the SU-8 layer decreases as thickness of the SU-8 layer increases.  The non-

uniformity of the 250 µm thick layer is highest with ~13% deviation from the average 

value.  However, the edges of the thick SU-8 layer are thicker than the central region 

because the edge bead starts to appear as thick SU-8 layers are spun onto the PDMS 

substrates.  For thinner layers (45 µm, 75 µm and 100 µm), the surface thickness is very 

uniform with around 5% standard deviation observed between different wafers for 

different thicknesses (45 µm, 75 µm and 100 µm).  Hence, sacrificial SU-8 layers as 

thick as 100 µm are reliably fabricated using the optimized fabrication parameters (Table 

3.1). 

3.4.2. Analysis of the peel-off process 

Reproducibility of the mechanical peel-off process is very important to achieve 

reliable metallization on the PDMS surface.  It is also useful for designing an automated 

system to peel off the SU-8 layers.  Furthermore, speed of the mechanical peel-off 

process is also important with respect to other methods of metal lift-off. 

After depositing metal layers on the PDMS and the sacrificial SU-8 layer, the SU-

8 layer is mechanically removed from the PDMS surface.  The sacrificial SU-8 layer is 

easily removed from the PDMS substrate by applying minimal mechanical force without 

any specialized equipment or chemicals.  The peeling process using only a scalpel and 

Table 3.2: Target and measured thicknesses of the s acrificial SU-8 layer 

Target thickness 

(in µµµµm) 

Measured thickness 

Average 

(in µµµµm) 
Std. devi. 

(in µµµµm) 
% Std. devi. 

45 46.80 2.28 4.87 

75 73.85 3.25 4.40 

100 106.56 7.93 7.44 

250 249.34 32.39 12.99 
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a pointed tweezer is shown in Figure 3.6.  Furthermore, no post processing of the 

substrate is required after the mechanical peeling process. 

It is also observed that the thick SU-8 layers are more easily and quickly 

removed from the PDMS surface than thin SU-8 layers because thick SU-8 layers are 

mechanically stronger and more rigid than the thin layers.  Furthermore, hard baking of 

the SU-8 layer also increases mechanical strength of the SU-8 layer which also helps to 

reliably peel off the small SU-8 structures.  The 100 µm thick SU-8 layer after complete 

peel off process is shown in Figure 3.7. 

The proposed mechanical peel-off process is generally completed in 5 to 10 min.  

However, the exact time of the mechanical peel off process varies widely based on the 

feature patterns and different thicknesses of the sacrificial SU-8 layer.  For example, a 

very thin SU-8 layer with complex patterns usually takes a longer time to peel off than 

simple patterns in a very thick SU-8 layer.  However, the proposed mechanical peel-off 

process for any complex features and thin SU-8 layers is completed within 10 min. In 

comparison, the classical metal lift-off process [3-7]-[3-8] takes at least half an hour to 

dissolve the lift-off layer. 

Figure 3.6: Simple and fast peel-off process for 10 0 µµµµm thick SU-8 layer using a 
scalpel and a tweezer.  The figure denotes easily p eeled SU-8 layer 
from the PDMS surface. 
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In addition to time savings, the sacrificial process is cleaner without any residue 

than classical metal liftoff. When regular photoresist is lifted off using acetone or other 

chemicals [3-7]-[3-8], the lift-off process leaves some residue of metal particles on the 

substrate [3-21].  However, using the sacrificial SU-8 process, there is no visible residue 

on the surface (Figure 3.8).  In addition, the photoresist lift-off process also typically 

develops microcracks in the photoresist layer during the metal deposition process.  

These microcracks can be responsible for unwanted metal lines.  However, no unwanted 

metal lines or residual SU-8 were observed on the PDMS surface (Figure 3.8) after the 

SU-8 is completely peeled off from the PDMS surface when inspected with an optical 

microscope. 

Additionally, the surface analysis of the patterned PDMS layer is also done using 

X-ray photoelectron spectroscopy (XPS) (Figure 3.9).  XPS is a spectroscopic technique 

that measures the elemental composition, empirical formula, chemical state and 

electronic state of the elements exist within a material. Intensities at different binding 

energies using XPS are obtained by exposing a material with a beam of X-rays while 

simultaneously measuring the kinetic energy and number of electrons that escape from 

the top 10 nm of the material being analyzed.  During our investigation, the analysis of 

Figure 3.7: The 100 µµµµm thick SU-8 layer after complete peel-off process.   The SU-8 
layer with 10 mm and 50 mm long metal line pattern with different 
widths are clearly visible. 
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bulk SU-8 is carried out for comparison followed by the analysis of patterned PDMS 

layer.  From XPS data of the patterned PDMS layer, two peaks of silicon are clearly 

present, which indicates the presence of the siloxane groups of PDMS.  If the PDMS 

surface would have SU-8 residue on the surface, then the XPS analysis would not be 

able to detect the silicon peaks.  Hence, from both visual and XPS analysis, it is 

suggested that the SU-8 residue is not present on the surface of patterned PDMS. 

3.4.3. Analysis of the patterned metal 

Reproducible and reliable metallization on the PDMS surface is main goal of this 

research.  Hence, the metalized PDMS layer is investigated with different parameters 

related to metal surface and edge quality as well as limitations with feature dimensions.  

The results obtained using SEM and microscopic images for each of these tests are 

discussed in the following subsections. 

Figure 3.8: Gold lines on the PDMS surface after th e SU-8 layer is successfully 
removed.  The PDMS layer with different line patter ns (without any 
residue or surface defects) is evident. 
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Surface quality 

A uniform and continuous surface of patterned metal is required to achieve 

reproducible conductivity of metal lines.  Furthermore, to achieve flexibility in the metal 

layer, a continuous metal film without cracks is very important. 

The surface quality of the patterned metal on the PDMS is studied throughout the 

fabrication and testing step using optical microscopy and scanning electron microscope 

(SEM) images.  Even though the main goal of this manuscript is to describe SU-8 as a 

sacrificial layer for PDMS metallization, rough evaluation for flexible and stretchable 

applications is done during post-fabrication testing.  Previously, the stretchable 

electronics functionality was obtained using different methods of metal patterning [3-

22][3-23].  However, for our evaluations, only 10% strain is applied on the fabricated 

Figure 3.9: Surface analysis of bulk SU-8 and patte rned PDMS using X-ray 
photoelectron spectroscopy (XPS).  The patterned PD MS layer 
clearly shows two silicon peaks indicating the silo xane content of 
the surface. 



74 

 

samples.  For detailed characterization of the stretchability, testing with a range of strain 

is required.  However, this can only be accommodated in future characterization study.  

The effect of strain on the metal layer is also checked by applying 10% strain to the 

PDMS layer using microtester (Instron’s MicroTester testing system, Norwood, MA, 

USA).  SEM images of the gold surface before and after application of 10% strain are 

compared (Figure 3.10 and Figure 3.11).  

The metal (gold) layer on the PDMS surface (before strain) appears very uniform 

and continuous without any defects on the surface (Figure 3.10).  However, the metal 

surface is observed with little waves all over the PDMS surface (Figure 3.10).  These 

waves appear on the PDMS surface during the high power metal sputtering process to 

achieve reliable adhesion on the PDMS surface [3-24].  In general, when PDMS is cured 

at elevated temperature and cooled down to room temperature, the PDMS film 

Figure 3.10:  SEM image of the gold surface before applying strain.  The waves 
appeared during high power sputtering process are p ointed. 
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experience post-cure shrinkage [3-24][3-25].  This post cure shrinkage is observed when 

the PDMS film is detached from the substrate material.  During our proposed process, 

the PDMS film is processed with SU-8 when it is still attached to the glass substrate.  

Hence, the PDMS film is still in tensile stress when SU-8 sacrificial mask process is 

carried out.  Because of this residual stress, when PDMS film is detached from the glass 

substrate after complete metallization process, the film relaxes and shrinks back.  

Additionally, the SU-8 film also experience stress during processing.  The resultant 

stress from these two processes, induces the stress on the PDMS surface.  Therefore, 

when the PDMS film is detached from the glass substrate after metallization, the PDMS 

film relaxes and shows the waves in the patterned metal. 

Figure 3.11:  SEM image of the gold surface after a pplying 10% strain.  The cracks 
appeared during mechanical strain and the waves are  shown. 
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To test the flexibility of the metal patterns, the metalized PDMS layer was bent 

and released ~50 times.  For systematic analysis of flexibility, radius of curvature is 

commonly used for characterization.  However, our primary goal in this manuscript is the 

new technology, such systematic characterization of the flexible metallization will be 

done in future study.  However, for primary evaluation of flexibility of the metallization, 

the metallized PDMS is bent with ~1” radius of curvature using the Instron® microtester.  

The conductivity of the metal lines is reproduced every time after bending and twisting 

experiment to indicate flexibility of the metallization on the PDMS surface.  Resistance of 

1 mm long gold lines with different widths are measured while they are bent as well as 

after they are relaxed after bending (Figure 3.12).  As seen in Figure 3.12, resistance of 

bent lines is higher than the other cases.  However, the lines are conductive and 

behaviour is reproducible for given cycles of flexibility test.  However, after application of 

strain on the PDMS surface, significant cracks are observed in the metal (gold) layer, 

and the film loses its conductivity (Figure 3.11).  Even after releasing the strain, the 

 

Figure 3.12: Resistance of 1 mm long gold lines wit h different widths.  The 
resistance for bent metal lines ( ▲) is higher than the other two 
cases.  However, it is conducting as well as reprod ucible for ~ 50 
cycles. 
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conductivity of the metal surface is not recovered.  Hence, the proposed method works 

very well for flexible metallization but is not very suitable for stretchable metallization. 

Minimum feature size 

In many microscale device applications, small metal features (sub-micron or few 

micron wide) are required. Hence, it is very important to characterize the minimum 

feature size that can be patterned with the sacrificial SU-8 mask based metallization 

process.  Moreover, it is also important to know the minimum SU-8 feature possible for 

fabricating holes, loops or rings using the metal layer. 

To determine the limit and reproducibility of fabricating micron-scale metal 

features using the SU-8 as a peel off mask, metal lines with different widths (from 10 µm 

to 500 µm) and different length (from 1 mm to 50 mm) are patterned with different 

thicknesses of the SU-8 layer.  The minimum possible width for each target thickness of 

the SU-8 layer is measured and tabulated (Table 3.3).  The maximum aspect ratio 

possible for the metal lines is also calculated for easy interpretation of the process 

reliability. 

Table 3.3: Width and length limitations of features  with different SU-8 layers 

Target thickness 

(in µµµµm) 
Min. width 

(in µµµµm) 

Max. line length 
with min. width 

(in mm) 

Max. aspect ratio 

(Thickness / Width) 

Max. 
Length/width 

ratio 

45 10.00 5 4.50 500.00 

75 15.00 5 5.00 333.33 

100 20.00 5 5.00 250.00 

250 25.00 2 10.00 80.00 

 

From Table 3.3, 10 µm wide metal lines up to 5 mm long are successfully 

patterned using the 45 µm thick SU-8 peel-off mask (Figure 3.13 and Figure 3.14).  The 

minimum feature size possible using sacrificial SU-8 mask is strictly because of the 

limitation of our existing Mylar® mask (obtained from Fineline Imaging, Colorado Springs, 

CO, USA).  For smaller features, a thinner SU-8 layer (up to 10 µm [3-18]) along with 

high resolution chrome mask (with ~2 – 3 µm features) can be used instead.  Based on 
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the results obtained in Table 3.3, the SU-8 as a peel off mask is very useful for the 

microsystems community as small size metal features (e.g., 10 µm) are possible using 

our process.  This compares to 200 µm size features obtainable with the shadow mask 

process [3-10].   From Table 3.3, we can also see that the maximum aspect ratio 

increases with increasing thickness of the SU-8 layer.  These SU-8 layers should be 

used to achieve small feature dimensions and such thin layers have aspect ratio as low 

as 4.5, although the trade-off is that thin layers are more difficult to remove. 

Additionally, holes, loops and rings of metal can be easily fabricated using our 

process, which is not possible using the classical shadow mask process.  Using a 45 µm 

thick SU-8 process, we demonstrate successful fabrication of square holes (10 µm x 10 

µm) in gold using 10 µm x 10 µm square SU-8 pillar (see Figure 3.15).  Again the 

Figure 3.13: Microscopic image of 10 µµµµm wide and 2 mm long line along with 
magnified view of the cracks and test pads after fe w cycles of 
bending and twisting.  The cracks in the metal film s are uniformly 
covered with gold. 
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limitation of 10 µm is because of the Mylar® mask resolution.  The SU-8 pillar is 

successfully removed using a micro-manipulator without damaging the surrounding 

metal surface. 

From the microscopic and SEM images (Figure 3.13 and Figure 3.14), the metal 

lines have visible cracks in the gold layer after repeated cycles of bending and twisting.  

However, the metal lines are conductive and the images (Figure 3.13 and Figure 3.14) 

show uniform coverage of metal lines over the entire length.  Our primary goal here is to 

demonstrate a new technology to pattern metal on the PDMS, further characterization of 

Figure 3.14:  SEM image of 50 µµµµm wide and 2 mm long line along with test pads.  
No surface defects are visible in the PDMS or the g old layers. 



the metal flexibility with systematic analysis of bending, tw

done in future characterization study.

Edge quality of the patterned metal

For reliable fabrication of metal lines it is desirable to have smooth and uniform 

edges of the metal lines.  An SEM image of the edge of a 50 

metal line (Figure 3.16) indicates that the edge of the metal (gold) line is slightly rough.  

The RMS edge roughness of the metal feature is ~ 1 

SEM image analysis of Figure 3.16

fabricated using our technology, this edge roughness will not degrade the functionality of 

the metal lines. 

Figure 3.15 : Microscopic image of 10 
µµµµm x 10 µµµµm square SU
gold layer has many wrinkles as identified in the f igure.
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the metal flexibility with systematic analysis of bending, twisting and stretching will be 

done in future characterization study. 

Edge quality of the patterned metal  

For reliable fabrication of metal lines it is desirable to have smooth and uniform 

edges of the metal lines.  An SEM image of the edge of a 50 µm wide, 0.3 

) indicates that the edge of the metal (gold) line is slightly rough.  

The RMS edge roughness of the metal feature is ~ 1 µm which is calculated from the 

Figure 3.16.  However, for the line widths (more than 10 

fabricated using our technology, this edge roughness will not degrade the functionality of 

: Microscopic image of 10 µµµµm x 10 µµµµm hole in the gold layer using 10 
m square SU -8 pillar.  The hole is little distorted and the 

gold layer has many wrinkles as identified in the f igure.  

isting and stretching will be 

For reliable fabrication of metal lines it is desirable to have smooth and uniform 

m wide, 0.3 µm thick 

) indicates that the edge of the metal (gold) line is slightly rough.  

m which is calculated from the 

widths (more than 10 µm) 

fabricated using our technology, this edge roughness will not degrade the functionality of 

m hole in the gold layer using 10 
distorted and the 



Demonstration of a device: electrodes for a glucose  sensor

Electrodes for an electro

usability of the peelable metal patterning process on PDMS.  A simple two

system is selected to realize the simplest Clark

26].  Both the electrodes are fabricated using Cr and Au patterns on the PDMS layer.  

One of the two electrodes is

enzyme immobilization.  Initial results for the glucose sensor have been presented 

previously,[3-19] which can provide additional information related to the sensor. 

Resulting microscopic images of the two electrodes are shown in 

Both the electrodes are completely conductive as measured by digital multimeter and 

Figure 3.16 :  Edge roughness of a 0.3 
PDMS surface patterned using the peel
roughness is ~1 
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Demonstration of a device: electrodes for a glucose  sensor  

Electrodes for an electro-enzymatic glucose sensor are used to demonstrate the 

etal patterning process on PDMS.  A simple two

system is selected to realize the simplest Clark-type amperometric glucose sensor 

].  Both the electrodes are fabricated using Cr and Au patterns on the PDMS layer.  

One of the two electrodes is further processed to obtain a functional glucose sensor via 

enzyme immobilization.  Initial results for the glucose sensor have been presented 

19] which can provide additional information related to the sensor. 

Resulting microscopic images of the two electrodes are shown in 

Both the electrodes are completely conductive as measured by digital multimeter and 

:  Edge roughness of a 0.3 µµµµm thick and 50 µµµµm wide Au pattern on a 
PDMS surface patterned using the peel -off process.  The edge 
roughness is ~1 µµµµm. 

 

enzymatic glucose sensor are used to demonstrate the 

etal patterning process on PDMS.  A simple two-electrode 

type amperometric glucose sensor [3-

].  Both the electrodes are fabricated using Cr and Au patterns on the PDMS layer.  

further processed to obtain a functional glucose sensor via 

enzyme immobilization.  Initial results for the glucose sensor have been presented 

19] which can provide additional information related to the sensor.  

Resulting microscopic images of the two electrodes are shown in Figure 3.17.  

Both the electrodes are completely conductive as measured by digital multimeter and 

m wide Au pattern on a 
off process.  The edge 
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without any defects on their surface. To verify the electrode functionality, the current 

response of the sensor electrodes was measured using hydrogen peroxide (H2O2) as an 

analyte solution (Figure 3.18).   Hydrogen peroxide mimics reaction product of actual 

glucose and glucose oxidase enzyme which is widely measured to test glucose sensors 

in early stage of development [3-27].  Different concentrations of the H2O2 solution (from 

1.5% to 15% v/v) were used to obtain the calibration curve of the glucose sensor 

electrodes, with the result that a near linear calibration curve was obtained with a 

sensitivity of 0.31 µA per % of H2O2. The lower limit of detection for the electrodes is 

0.11 µA for 0.35 % of H2O2.  Thus, the electrodes are behaving as expected with good 

conductivity.  In future, this study can be further extended and investigated to determine 

the electrode performance systematically.  During this study, full characterization of the 

electrode can be done.  Some important aspects of this study could be upper and lower 

limit of detection, enzyme immobilization and analysis as a fully flexible glucose sensor. 

 

Figure 3.17: Two gold (Au) electrodes of an electro -enzymatic glucose sensor on a 
PDMS surface.  The figure denotes no defect and uni form gold 
surface for both the electrodes. 
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3.5. Conclusions 

A new fabrication technology utilizing SU-8 as a sacrificial mask for metallization 

of a PDMS surface is presented in this paper.  The new process is intended for use in 

the fabrication of microfluidic and biomedical microdevices where metal routing on 

flexible substrates may be of paramount importance for probing inter- or intra- device 

metallization.  Towards this goal, electrodes of a simple electro-enzymatic glucose 

sensor are presented to demonstrate the technology.  Applications of our technology 

could include devices that require metalized polymers while maintaining mechanical 

flexibility, such as conforming to a solid surface or flexibility to compress into a compact 

volume. 

Figure 3.18:  Linear response of the glucose sensor  to different concentrations of 
hydrogen peroxide (H 2O2).  The sensitivity of the sensor is 0.31 µµµµA 
per % of H 2O2. 
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SU-8 based sacrificial masks with different aspect ratios and thicknesses are 

presented; sacrificial masks 45 µm to 250 µm in thickness are successfully fabricated 

and utilized for metallization on PDMS.  Metal lines from 10 µm to 500 µm wide and 1 

mm to 50 mm long are successfully patterned and tested.  Furthermore, the sacrificial 

SU-8 mask can be removed within minutes to realize metal patterns on the PDMS, thus 

demonstrating a more reliable and faster method than classical metal lift-off processes 

that can take several hours.  The sacrificial SU-8 mask does not leave any visible 

residue after removal of the SU-8 layer. The glucose sensor electrodes are successfully 

fabricated and tested using different concentrations of H2O2.  The electrodes produce a 

linear current for H2O2 concentrations up to 15%. 
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4. SU-8 and PDMS Based Hybrid Fabrication 
Technology for Combination of Permanently 
Bonded Flexible and Rigid Features on a 
Single Device 3 

4.1. Abstract 

In this article, a novel hybrid fabrication technology is presented that uses both a 

flexible polymer (polydimethylsiloxane - PDMS) and a rigid polymer (SU-8).  A covalent 

bond between the flexible and rigid polymer layers is achieved using an oxygen plasma 

treatment during a layer-by-layer direct spin-on process.  Precise alignment of the 

features in each layer and a highly repeatable method are achieved by this new process. 

As a proof-of-concept, we successfully fabricated PDMS-based flexible 

microfluidic devices with SU-8-based rigid world-to-chip/chip-to-world interconnects.  

The bond strength between the PDMS and SU-8 layers is measured by three methods: 

1) Instron® microtester to pull apart the layers; 2) voice coil actuator to test the bond 

between interconnects and the substrate; and 3) microfluidic pressurization test to 

evaluate the bond strength along the channels.  The bond strength between the flexible 

PDMS layer and the rigid SU-8 features is very strong; the bond between these two 

polymers does not fail during these evaluations although the integrity of the PDMS layer 

itself fails during the microtester evaluation.  Additionally, the layer-by-layer direct-spin 

on process resulted in a repeatable process and precise alignment of the features in 

each layer, which are necessary in order to achieve consistent performance from the 

fabricated devices.   

The rigid SU-8 interconnects fabricated onto a flexible PDMS device serve as a 

world-to-chip/chip-to-world interconnects for the direct connection with Tygon® tubing.  

                                                
3 The following chapter has been published in Journal of Micromechanics and Microengineering, 

vol. 23, 065029 (10 pp) (2013) under co-authorship of Bonnie L. Gray, Bozena Kaminska, 
Nien-Chen Wu and Byron D. Gates 
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Three different designs of hybrid (PDMS and SU-8 based) microfluidic devices are 

designed, fabricated and tested.  Each variation differed in the microchannel design in 

order to demonstrate the versatility of the process to make devices on multiple scales 

and patterns. These hybrid microfluidic devices are capable of functioning without 

leakage up to pressures of 85.85 ±3.56 kPa.  Although microfluidic channels with 

interconnects are shown as a proof-of-concept, the fabrication process demonstrated 

herein could be utilized to develop a number of more sophisticated microfluidic and 

biomedical devices. 

4.2. Introduction & background 

SU-8 and PDMS have been widely used for many years as the polymers of 

choice in the fabrication of a number of different polymer-based microfabrication 

processes.  Initially, PDMS and SU-8 were mainly used to fabricate devices with 

microfluidic or biomedical applications [4-1]-[4-3] and SU-8 was additionally used to 

make molds for PDMS based flexible devices [4-1]-[4-3].  SU-8 has also been used in 

the fabrication of active devices, such as gears, and actuators [4-4].  PDMS is a 

desirable material in the fabrication of microfluidics because of its proven bio-

compatibility [4-5], over-all flexibility and relatively low materials cost. 

Generally, PDMS is used for fabricating flexible devices and SU-8 is used for 

fabricating rigid and strong micro-structures.  Until now, systems that include a 

combination of rigid and flexible polymers have been realized using PDMS and other 

rigid substrate materials, such as glass, PMMA and silicon [4-6]-[4-8].  In such micro-

systems, the PDMS based flexible features and the other rigid features were fabricated 

separately and combined in the end by surface treatment of the PDMS followed by 

bonding at the interface of these dissimilar materials.  Besides, rigid layers are generally 

used as a base substrate upon which the devices are built, and primarily used for metal 

connections or structural rigidity.  Hence, the over-all flexibility of the completed device is 

lost in such cases. Additionally, the existing approaches have limitations in the precision 

in the alignment of bonded features. 

In many cases, it is desirable to fabricate rigid structures directly on flexible 

devices without sacrificing over-all flexibility of the resulting device.  An example of a 



89 

 

potential application of these hybrid structures are rigid microfluidic interconnects 

integrated directly onto a flexible microfluidic chip.  These rigid interconnects can be 

used for chip-to-chip and/or chip-to-world/world-to-chip interconnects. It has been shown 

that combinations of rigid and flexible materials usually result in the most robust 

interconnects [4-9]. 

Microfluidic interconnects are generally fabricated at the same time as the other 

other components of the microfluidic system.  So, they are integrated part of the 

microfluidic structures.  Additionally, the integrated microfluidic interconnects provide 

modularity and reversible connectivity to the microfluidic sub-system.  Also, the 

integrated microfluidic interconnects are very useful for bread boarding of microfluidic 

system.  The microfluidic connection techniques using gasket or o-ring can be used for 

bonding between the microfluidic systems.  However, these methods often require 

complete disassembly of the device to make modifications and hence result in 

permanently assembled system which lack reversible connections.   

Previously, microfluidic chips with interconnect structures were fabricated either 

using a flexible polymer material (e.g., PDMS) or rigid polymer materials (e.g., SU-8) [4-

9].  However, in these previous designs, the connections between the device and the 

“world” were fabricated using the same material as the microfluidic chips (i.e. SU-8 

interconnects onto the SU-8 microfluidic chips, and PDMS interconnects onto the PDMS 

microfluidic chips).  SU-8 based microfluidic chips with SU-8 interconnects worked well 

for chip-to-chip and/or world-to-chip/chip-to-world connections.  However, the PDMS 

interconnects based chips were difficult to align and connect together because of the 

inherent characteristics of the PDMS, such as stiction between surfaces and structural 

deformation.  

Building rigid interconnects on a flexible device would make these structures 

more functional and adaptable to a wide variety of applications.  Hence, a fabrication 

technology that can incorporate the rigid (e.g., SU-8) interconnect structures directly 

onto the flexible (e.g., PDMS) microfluidic device is required for such devices.  

Fabrication procedures need to be developed that can incorporate rigid interconnect 

structures directly onto the PDMS layer.  Additionally, to the best of our knowledge there 

is no direct spin-on and self-registration process demonstrated in the literature for 

fabricating rigid polymer structures on top of any other flexible polymer support. 
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We present here in a fabrication method to fabricate SU-8-based microstructures 

directly onto flexible PDMS based devices.  This fabrication process features a layer-by-

layer direct spin-on process to prepare an SU-8 layer on top of a PDMS support.  Using 

this new approach, we are able to align multiple layers of PDMS and/or SU-8 that may 

be useful in more designs and applications.  The proposed fabrication technology also 

incorporates a strong adhesion between the PDMS and the SU-8 layers.  Using the 

hybrid fabrication technology, fully flexible microfluidic devices (PDMS-based) are 

fabricated with the rigid (SU-8) interconnects directly patterned onto the fluidic inlet/outlet 

ports.  The devices presented here are merely for a proof-of-concept, but the capabilities 

of this technology are not limited to this simple demonstration.  Many more biomedical 

and microfluidic devices could be possible using the proposed fabrication technology. 

4.3. Fabrication principle and hypothesis 

In this section, a detailed explanation is provided to describe the hybrid 

fabrication technology to make flexible devices using both the SU-8 and PDMS 

polymers.  First, the hybrid fabrication principle is explained using the simplified process 

of the proposed technology.  And finally, different designs of the hybrid microfluidic 

devices are described based on the fabrication technology. 

4.3.1. Fabrication principles 

In this section, a simplified set of fabrication steps are briefly described for our 

new fabrication process.  The fabrication process for preparing the SU-8 molds for the 

patterning of PDMS microfluidic devices to be used as the patterned base layer of our 

device (PDMS) are not described in detail here.  These are relatively well known 

technologies [4-10].  Details are provided for the fabrication process to make hybrid 

microfluidic devices (see Section 2.4).  The cured, patterned PDMS layer served as the 

base layer for demonstrating our new approach to making hybrid devices.  The exact 

process parameters for patterning the SU-8 layer(s) were adopted from previous 

experiments [4-11][4-12], and are not elaborated upon in further detail within this 

manuscript.  We do, however, explain the important process steps and considerations 
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necessary to achieve a permanently bonded SU-8 layer onto the PDMS layer by direct 

spin-on process. 

The simplified fabrication process of the proposed hybrid fabrication technology is shown 

in Figure 4.1.  In the first step of this fabrication process, the PDMS layer was prepared 

on a clean glass substrate using standard soft lithography techniques (Figure 4.1(a)).  

This PDMS layer was exposed to the oxygen (O2) plasma (using an Axic Benchmark 

800 Plasma System, power: 50 W, pressure: 100 mTorr, O2 gas flow: 20 sccm and time: 

30 seconds) to activate the surfaces of the PDMS (Figure 4.1(b)).  The parameters for 

O2 plasma treatment are determined for PDMS to PDMS bonding earlier and used in the 

experiments here as well.  In depth investigation of different Oxygen plasma parameters 

and bond strength between the PDMS and the SU-8 layer will be done as a separate 

 

Figure 4.1: The simplified hybrid fabrication proce ss:(a) On a cleaned 
substrate, pour and cure a mixture of the Sylgard 1 84 (PDMS) 
elastomer and its curing agent; (b) expose the PDMS  layer to an 
O2 plasma to activate the surface; (c) spin the appro priate SU-8 
formulation for the desired thickness of SU-8 and s oft-bake this 
layer with the parameters defined previously [4-11] ;(d) selectively 
expose the SU-8 layer to a UV source using the desi red mask 
pattern;(e) heat the SU-8 layer for the post exposu re bake;(f) 
remove the uncrosslinked SU-8 using the SU-8 develo per; and (g) 
peel-off the hybrid polymer stack from the base sub strate. 
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process characterization study.  An appropriate formulation of the SU-8 layer was spun 

(using Headway Research Inc. spin coater) onto the PDMS layer directly after the 

preparation of the activated PDMS surfaces (Figure 4.1(c)).  It is very important to coat 

the SU-8 layer onto the activated PDMS as soon as possible in order to form the 

strongest bond between these two polymer layers (PDMS and SU-8).  A detailed 

explanation for a possible mechanism behind the strong interactions between the SU-8 

and PDMS are discussed in Section 2.2.  A specific formulation of the SU-8 and spin 

coating parameters were used to achieve the desired thickness of the SU-8 layer as 

described in prior literature [4-11][4-12].  Partial table (see Table 4.1) with exact 

parameters for 100 µm and 250 µm thick SU-8 layers is extracted from previous 

experiments [4-12].  The detailed parameters for SU-8 thickness range from 10 µm to 

450 µm are given in [4-11] and [4-12].  Additionally, the effect of different process 

parameters on the bond strength is a future consideration during the process 

characterization study.  The SU-8 layer was soft baked on a hot plate (Torrey Pines 

Scientific EchoTherm HS40) followed by exposure to UV light (using Quintel Corporation 

Q-2001CT) through an appropriate photolithography mask (Figure 4.1(d)).  The UV 

exposed SU-8 layer was heated again for the post-exposure bake process (Figure 

4.1(e)), cooled to room temperature and immersed in an SU-8 developer bath composed 

of propylene-glycol-monoether-acetate (PGMEA) (Figure 4.1(f)).  This SU-8 developer 

dissolved the uncrosslinked SU-8.  Finally, the PDMS layer and the permanently bonded 

SU-8 structures were peeled-off from the glass substrate (Figure 4.1(g)). 

The resulting hybrid, free-standing polymer stack contained a PDMS base layer 

and patterned SU-8, which was permanently bonded to the PDMS to provide a 

combination of flexibility and rigidity combination with precise alignment of the features in 

both layers. 

4.3.2. Hypothesis behind the hybrid fabrication tec hnology 

Previously, the SU-8 structures were directly prepared on a PDMS layer to obtain 

easily peel-able SU-8 devices [4-11] or SU-8 based sacrificial layers [4-12].  These 

stand-alone SU-8 structures were easily fabricated because the adhesion of the SU-8 

layer with the PDMS layer is inherently poor.  Additionally, the SU-8 is a mechanically 

rigid material whereas the PDMS is a mechanically flexible material, which helps to 
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detach the fully processed SU-8 layer just by mechanical bending the PDMS layer [4-

11][4-12].We introduce herein a hybrid polymer stack incorporating both the PDMS and 

SU-8 layers with a strong bond between these two polymer layers.  To achieve a strong 

adhesion between these two materials, the PDMS surfaces were treated with oxygen 

plasma before the SU-8 layer was spun onto the PDMS.  In the previous technologies 

[4-11][4-12], the PDMS surface was not treated by any means before processing the 

SU-8 layer on the surfaces of the PDMS.  Hence, the additional step of oxygen plasma 

treatment created a strong bond between the PDMS and SU-8 layers.  All the other SU-

8 processing steps, such as the soft bake, the post-exposure bake, the UV exposure, 

the solvent development and the hard bake remained identical in both methodologies. 

The cured PDMS contains repeating chains of dimethylsiloxane units (-O-

Si(CH3)2-)x.  Exposing these polymer chains to oxygen plasma creates silanol groups 

(Si-OH) on the PDMS surfaces [4-13][4-14].  It has previously been demonstrated that 

the epoxy groups of SU-8 can strongly bond with the (Si-O) groups of silanol on the 

exterior of plasma treated PDMS surfaces (or SiO2) [4-15].  The SU-8 polymer chain 

can, therefore, strongly bond with the functional groups generated by the oxygen plasma 

treatment of the PDMS surfaces. 

In order to demonstrate a successful proof-of-concept, we used surface 

activation parameters that were optimized in prior experiments [4-13].  In future, this 

study could be further extended to determine the influence of different activation 

parameters on quality of the hybrid flexible structures created by processes described 

herein. 

4.4. Design and fabrication of the hybrid microflui dic 
devices 

After optimizing the SU-8 and PDMS based technology, we designed and made 

a proof-of-concept device to demonstrate the utility of this method to fabricate hybrid 

flexible devices.  Three different designs were prepared for demonstrating a hybrid 

microfluidic device.  The following sections describe in detail the process flow to design 

and make these hybrid microfluidic devices. 
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4.4.1. Designs of the hybrid microfluidic devices 

As a proof-of-concept for the hybrid fabrication process, we prepared hybrid microfluidic 

devices using the combination of flexible PDMS microfluidic channels and rigid SU-8 

interconnects made directly on the PDMS layer.  The flexibility or stiffness of the material 

is mainly determined based on the Young’s modulus (E) of the material.  Higher the 

Young’s modulus of the material, more stiff it is.  The Young’s modulus of SU-8 and 

PDMS is 2 GPa [4-16] and ~ 2.6 MPa [4-17] respectively.  Hence, SU-8 is 1000 times 

stiffer than PDMS.  Three different designs were prepared for this demonstration.  The 

first device we designed and fabricated was a five channel microfluidic device (Figure 

4.2); the second was a 'Y-channel' mixer (Figure 4.3); and the third a '+ channel' 

dielectrophoresis (DEP) device (Figure 4.4). 

As shown in Figure 4.2 to Figure 4.4, all three devices were designed using three 

flexible layers of PDMS and one rigid layer of SU-8 on top of all of the PDMS layers.  

The top two PDMS layers and the layer of SU-8 interconnects were prepared on the 

same substrate using a layer-by-layer direct spin-on process to form the hybrid polymer 

stack.  The bottom PDMS layer was prepared on a separate substrate and bonded with 

the hybrid polymer stack using the oxygen plasma to activate this interface [4-13][4-14]. 

The multilayer SU-8 mold for the PDMS channel (middle) layer and the PDMS 

fluidic port (top) layer was prepared on a base substrate.  Subsequently, the PDMS 

mixture was poured and cured.  Finally, the rigid SU-8 interconnect layer was directly 

processed onto the PDMS layer when the PDMS layer was still on the mold.  By using 

this layer-by-layer direct spin-on approach, we were able to achieve accurate alignment 

of the features using a highly repeatable fabrication process. 

All the hybrid microfluidic devices had a base that was 10-mm wide and 22-mm 

long.  The first device (Figure 4.2) consisted of different sized microfluidic channels, 

which were used in the microfluidic pressurization test.  The five different widths of these 

microchannels were 50 µm, 100 µm, 200 µm, 300 µm and 500 µm.  All these channels 

were 20 mm long.  The second device (Figure 4.3) was a 'Y channel' microfluidic device 

generally used as a simple mixer of two different types of fluids.  Both the inlet branches 

were 200 µm wide and the mixer channel was 400 µm wide.  The third device 
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Figure 4.2:  First design of the hybrid microfluidi c devices.  All the PDMS layers 
were 100- µµµµm thick and the SU-8 interconnect layers were 250- µµµµm 
thick.  All the devices were 10-mm wide x 22-mm lon g.  All the 
interconnects were 250- µµµµm high with a 600 µµµµm inner diameter and a 
1000 µµµµm outer diameter.  The fluidic inlet and outlet por ts were 500 
µµµµm in diameter.  The device was designed with five m icrochannels 
of widths 50 µµµµm, 100 µµµµm, 200 µµµµm, 300 µµµµm and 500 µµµµm and lengths of 
20 mm. 
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Figure 4.3: Second design of the hybrid microfluidi c devices.  All the PDMS layers 
were 100- µµµµm thick and the SU-8 interconnect layers were 250- µµµµm 
thick.  All the devices were 10-mm wide x 22-mm lon g.  All the 
interconnects were 250- µµµµm high with a 600 µµµµm inner diameter and a 
1000 µµµµm outer diameter.  The fluidic inlet and outlet por ts were 500 
µµµµm in diameter.  The device was a simple microfluidi c mixer with 
200-µµµµm wide branches and a 400- µµµµm wide mixer channel. 
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Figure 4.4: Third design of the hybrid microfluidic  devices.  All the PDMS layers 
were 100- µµµµm thick and the SU-8 interconnect layers were 250- µµµµm 
thick.  All the devices were 10-mm wide x 22-mm lon g.  All the 
interconnects were 250- µµµµm high with a 600 µµµµm inner diameter and a 
1000 µµµµm outer diameter.  The fluidic inlet and outlet por ts were 500 
µµµµm in diameter.  The device was a '+ channel' device  that is 
frequently used for dielectrophoresis (DEP), and co ntained channels 
that were 400 µµµµm wide. 
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(Figure 4.4) was the '+ channel' device, which is often used for dielectrophoresis 

(DEP) experiments.  All the channels were 400 µm wide in this DEP device. The bottom 

PDMS layer was 500-µm thick, the microchannel layer was 100-µm thick and the layer 

supporting the microfluidic ports was also 100-µm thick.  The microfluidic ports were 500 

µm in diameter for all the devices.  The SU-8 interconnect layers were 250-µm high with 

an inner diameter of 600 µm and an outer diameter of 1000 µm. 

4.4.2. Detailed fabrication flow of the hybrid micr ofluidic device 

In this section, the detailed flow is described for the fabrication process to create 

the dielectrophoresis device.  The same fabrication process flow, although using 

different photolithography masks, was used to fabricate other two devices.  In the end, 

photolithography masks were also prepared that accommodated all the designs on a 

same substrate.  As mentioned earlier, the top two PDMS layers along with the SU-8 

interconnect layer were processed on the same substrate using the layer-by-layer self-

registration process to obtain a reproducible alignment between the processed layers.  

The procedures for the fabrication process to assemble the hybrid microfluidic device 

are outlined in Figure 4.5. 

To reliably process the SU-8 layers with different thicknesses, accurate process 

parameters for each fabrication step should be optimized.  For the SU-8 fabrication 

process, these steps consist of spin, softbake, UV exposure, post exposure bake, 

development and hard bake.  Similarly, for PDMS, these processing steps consist of 

mixing elastomer and curing agent, degassing, pouring on to mold and curing.  The 

parameters for the fabrication of the SU-8 and PDMS layers used in these experiments 

were previously determined and reported in the literature [4-11][4-12]. 

Using a clean glass substrate, a 100-µm thick SU-8 layer was spun for the 

microchannels mold (Figure 4.5(a)).  The first SU-8 layer was heated on a hot plate and 

exposed to UV irradiation through the photolithography mask for the appropriate 

microchannels (Figure 4.5(b)).  A second layer of 100-µm thick SU-8 was spun onto the 

first layer of UV exposed SU-8 (Figure 4.5(c)).  The resulting stack of SU-8 was heated 

on a hot plate using the soft bake parameters of the second SU-8 layer.  Both of the SU-
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8 layers were subsequently exposed using the photolithographic mask for microfluidic 

ports (Figure 4.5(d)).  Subsequently, both the SU-8 layers were heat treated on a hot 

plate for the post-exposure bake and rinsed extensively using the SU-8 developer 

(Figure 4.5(e)).  The solvent developed stack of SU-8 layers was then rinsed with a fresh 

portion of the SU-8 developer and followed with a rinse of isopropyl alcohol (IPA).  The 

resulting multilayer SU-8 molds were hard baked for the structural stability.  These SU-8 

molds were subsequently used to make tri-layer structure of PDMS/PDMS/SU-8. 

The PDMS mixture was prepared by mixing the Sylgard 184® elastomer and the 

curing agent in 10:1 (w/w) ratio.  The de-gassed mixture was poured onto the multilayer 

structure of SU-8 and any excess amount of the uncured PDMS was scraped off from 

these molds.  The removal of the excess PDMS was an important step to achieve PDMS 

layers of the desired thickness and upon which were created the microfluidic inlet and 

outlet ports.  Additionally, the scraping action also ensures that PDMS was removed 

from the tops of the mold for the microfluidic ports and, hence, there remained clear 

openings to these ports after removal of the PDMS from these SU-8 molds.  The PDMS 

mixture cast against this mold was cured at an elevated temperature (Figure 4.5(f)). 

Now, the multilayer SU-8 molds and the PDMS stack is exposed with the oxygen 

plasma.  The polymer stack (the SU-8 molds and the PDMS layer) prepared on the glass 

substrate was treated with the oxygen plasma.  Right after the glass substrate with the 

polymer stack was removed from the surface treatment, a 250-µm thick SU-8 layer was 

spun onto the PDMS layer to create the rigid interconnect structures (Figure 4.5(g)).  

The SU-8 layer was soft baked and exposed to UV irradiation through the 

photolithography mask for creating the pattern of the interconnect structures (Figure 

4.5(h)).  The UV exposed SU-8 layer was then heated for the post-exposure bake and 

solvent developed using the SU-8 developer (Figure 4.5(i)). 

The processed hybrid polymer stack of PDMS layers and the SU-8 interconnects 

were gently peeled away from their molds.  The bottom layer of PDMS within this hybrid 

stack was bonded with a flat layer of PDMS, which was prepared separately, to seal the 

channels of the hybrid microfluidic device (Figure 4.5(j)).  The resulting hybrid 

microfluidic device was flexible and included permanently bonded rigid SU-8 

interconnects for chip-to-chip and/or world-to-chip/chip-to-world interconnections. 
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Figure 4.5:  The Step-by-step fabrication process f or creating the hybrid microfluidic 

devices.  (a) On a cleaned glass substrate, a 100- µµµµm thick layer of SU-8 
was spun and soft baked.  (b) This soft baked SU-8 layer was selectively 
exposed to UV irradiation through a photolithograph y mask designed 
for the mold of a microchannel.  (c) A second layer  of 100- µµµµm thick SU-8 
was directly spun onto the first layer of SU-8 and both layers were 
baked using the appropriate parameters for soft bak e of the second SU-
8 layer.  (d) Expose the second layer of SU-8 to UV  irradiation through a 
photolithography mask to define the inlet and outle t ports, followed by 
heating for the post-exposure bake.  (e) The uncros slinked SU-8 was 
removed by rinsing these stacked layers in SU-8 dev eloper, and these 
multiple layers of stacked SU-8 structures were har d baked.  (f) The 
PDMS mixture was prepared using Sylgard 184 ® elastomer and the 
appropriate curing agent kit.  A mixture of both co mponents was poured 
over the multilayer SU-8 mold and cured at an eleva ted temperature.  (g) 
The PDMS surfaces were plasma treated and a 250- µµµµm thick SU-8 layer 
was spun coat directly onto these surfaces to make the rigid 
interconnect structures.  (h) After soft baking thi s SU-8 layer, it was 
exposed to UV irradiation through a photolithograph y mask appropriate 
for patterning the interconnects.  This assembly wa s heated for the 
post-exposure bake, and (i) solvent developed to di ssolve the 
unexposed (uncrosslinked) SU-8.  (j) The hybrid pol ymer stack was 
peeled away from the supporting substrate and bonde d with the bottom 
PDMS piece by plasma activation. 
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The completed hybrid microfluidic devices were visually inspected and 

mechanically tested for functionality and performance as discussed in the following 

section. 

4.5. Experimental results & discussions 

The fabrication process to make hybrid polymer-based flexible devices, including 

hybrid microfluidic devices, was tested for different aspects during and after each of the 

fabrication steps.  An especially important component was the bond strength between 

the PDMS layer and the SU-8 layer (the interconnects), which we tested many times 

during the technology development.  The completed PDMS and SU-8 based hybrid 

microfluidic device was also tested with the microfluidic pressurization test to determine 

functionality of the interconnects for chip-to-chip and/or world-to-chip/chip-to-world 

connections.  Each experimental test along with the results obtained from these test are 

discussed in the following sub-sections. 

4.5.1. Bond strength measurement between the SU-8 a nd the 
PDMS layers 

Before designing and fabricating applications using the hybrid fabrication 

technology, such as the hybrid microfluidic devices, it was very important to evaluate the 

bond strength between the PDMS and SU-8 layers produced by this hybrid fabrication 

process.  To determine the bond strength using the Instron® microtester, a simple 

rectangular SU-8 slab was made on top of a flat piece of PDMS (Figure 4.6(a)). 

The Instron® microtester is a mechanical tester capable of very accurate 

displacement and includes a PC-based measurement system.  The test samples were 

attached to the top and the bottom arms of the tester and mechanically pulled apart 

while measuring the respective force.  To be accommodated in this test set-up, the 

PDMS and the SU-8 based test structures were fabricated specifically to attach securely 

into the grippers of the top and the bottom arms (Figure 4.6(a)).  To obtain such 

structures, a portion of the PDMS layer was covered with a piece of glass during the 

surface treatment.  Hence, one-half of the subsequently processed SU-8 layer (25 mm x 
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10 mm) was permanently bonded to the PDMS layer and the other half of the SU-8 layer 

(25 mm x 10 mm) was easily peel-able from the PDMS layer (this technology is 

explained in [4-11][4-12]). 

After fabrication of the test structures, the SU-8 layer from the untreated PDMS 

area was peeled-off and securely attached into the mechanical tester (Figure 4.6(b)).  

The PDMS layer was attached to the fixed (bottom) arm of the microtester and the 

peeled SU-8 layer was attached to the movable (top) arm of the microtester.  Both the 

arms of the microtester were moved using the defined linear displacement and the 

respective force was measured during this process. 

 

Figure 4.6: The design and test set-up for measurin g the bond strength between the 
SU-8 and PDMS layers.  (a) The design for the bond strength test.  A 100-
µµµµm thick SU-8 film (50 mm x 10 mm) was fabricated on  top of a 1-mm 
thick PDMS layer.  Both of the polymer layers were processed to obtain 
a permanently bonded section of the SU-8 (25 mm x 1 0 mm) to a portion 
of the PDMS surface and the other half of the SU-8 (25 mm x 10 mm) is 
peel-able as this portion of the PDMS was blocked d uring the plasma 
treatment.  (b) The test set-up using the Instron ® Microtester to 
determine the bond strength.  The peeled polymer la yers were attached 
to the tester arm and mechanically pulled apart to determine the bond 
strength. 
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After more than 20 measurements of different samples, it was clear that the PDMS layer 

fails and ruptures every time without damaging the bond between the PDMS and the 

SU-8 layers (Figure 4.7 and Figure 4.8).  The bond between the two polymers was intact 

in all the samples at the end of the measurement.  It is clear that the bond between the 

two polymers is strong and it isn't possible to separate the polymer layers.  The raw test 

data obtained from the microtester is shown in Figure 4.8.  Figure 4.8(a) shows plot of 

detachment force applied on the samples with respect to the displacement of the tester 

arm.  The peak of each force describes failure of the PDMS layer in all 23 samples.  This 

peak force where PDMS failed is again plotted in Figure 4.8(b) with solid line indicating 

average failure force and two dotted lines indicating one sigma standard deviation of all 

the samples.  The average failure force and one sigma standard deviation is 0.92 N and 

0.15 N respectively.  

4.5.2. Fabrication related results 

During the fabrication of the PDMS and SU-8 based hybrid microfluidic device, 

optical microscopy images were captured using the optical microscope (Olympus MX40) 

to check acceptability of the processed features after each step.  Some of the important 

optical images are included here (Figure 4.9 to Figure 4.12). 

In Figure 4.9, a high magnification image is shown for the multilayer SU-8 molds.  

The final components within the mold were precisely aligned and clearly defined after 

the hard bake step because of the layer-by-layer direct spin-on process.  The molds in 

the image also adhered very well to the glass substrate.  A very uniform and consistent 

fabrication process was achieved because of the precisely tuned parameters for a wide 

variety of the substrate materials [4-11][4-12].  

Figures 4.8, 4.9 and 4.10 show the hybrid polymer stacks after the fabrication 

process was completed on the substrate and while the stacked structure was still on the 

glass substrate.  The precisely aligned and permanently bonded SU-8 interconnects are 

clearly visible in all three images.  The accuracy of the alignment because of the layer-

by-layer direct spin-on process is clearly visible from the high magnification image of 

Figure 4.12.  For our proof of concept devices, the accuracy of alignment is visually 

verified during and after fabrication process using the optical microscope.  The analytical 
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(a) 

 

(b) 

Figure 4.7: The raw data obtained from the bond tes t (a) the actual measurement plot 
with detachment force measured for the displacement .  The plot shows 
data for 23 different samples. (b) The maximum forc e measured for each 
sample.  The maximum force measurement in each samp le indicates the 
PDMS break down force.  The average force is 0.92 ±  0.15 N.  
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Figure 4.8: The bond test structure after the test in the Instron ® microtester.  
The PDMS layer is failed right next to the joint of  the PDMS and 
the SU-8 interface.  The 100 µµµµm thick SU-8 layer onto the PDMS 
base layer is clearly visible with half of the SU-8  rectangle (25 mm 
x 10 mm) permanently bonded on the PDMS. 

 

Figure 4.9: Microscopic image of the multilayer SU- 8 molds.  The bottom SU-8 
layer was defined for the microchannels mold and th e bottom SU-
8 layer was patterned for the fluidic ports.  The m ultilayer SU-8 
layer-by-layer process provided precise alignment o f the mold 
features.  
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Figure 4.10: Image of the hybrid polymer stack on a  square glass substrate.  
The hybrid polymer stack consisted of the microchan nel mold, 
the microfluidic port mold, the PDMS channel and po rt, and the 
patterned SU-8 interconnects.  Additionally, all th e designs of the 
hybrid microfluidic devices were included in the sa me design and 
hence on the same substrate.  

 

Figure 4.11: The high magnification image of the hy brid polymer stack.  The 
alignment and clear definition of all the features are visible in the 
image.  
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evaluation of the alignment will be performed either by optical image analysis or by 

determining the deviation of the alignment features after complete fabrication in future.  

Additionally, consistency of the processed layers throughout the substrate was excellent 

even after multilayer hybrid fabrication process (Figure 4.10).  

The optical microscope images clearly showed that the hybrid polymer 

fabrication process using multilayer processing helps to produce uniform, well-defined, 

and reproducible features.  Additionally, the self-registration process for the multi-layer 

fabrication was able to provide high accuracy in the layer-to-layer alignment. 

 

Figure 4.12:  A high magnification image of the hyb rid polymer stack.  Precisely 
aligned and clearly defined layers, such as the cha nnel mold 
layer, the port mold layer, the PDMS layer and the SU-8 
interconnect are visible.  
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4.5.3. Interconnect adhesion test 

After the polymer-based hybrid microfluidic device was fabricated, the bond 

strength between the SU-8 interconnects and the top PDMS layer was once again tested 

using the voice coil actuator (VCA) as described in [4-11].  The graphical presentation of 

the test set-up is shown in Figure 4.13. 

In the VCA-based test set-up (Figure 4.13), a needle was attached to the VCA 

and the pointed end of the needle was aligned to the SU-8 interconnect of the hybrid 

microfluidic device.  Force applied to the interconnects were in an attempt to use the 

VCA to detach these SU-8 structures from the top PDMS layer (the PDMS port layer).  

The force generated through the VCA is linearly proportional to the current supplied to 

the VCA [4-11]. 

Using the VCA-based adhesion test, it was not possible to detach the SU-8 

interconnects from the PDMS layer.  During all the tests, the SU-8 interconnects 

deformed the PDMS substrate and moved away from the needle point.  The acquired 

analytic data was, therefore, due to the strong adhesion between the PDMS layer and 

 

Figure 4.13:  The graphical presentation of the tes t set-up for the interconnect 
adhesion test using the voice coil actuator (VCA).  The fabricated hybrid 
microfluidic device was placed on a glass substrate  and the needle 
attached to the VCA was used to push the SU-8 inter connects, trying to 
remove them from the PDMS layer.  In all the tests,  however, the SU-8 
interconnect slipped from the needle because of the  flexibility of the 
PDMS layers. 
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the SU-8 interconnect. 

4.5.4. Microfluidic test 

After complete fabrication of the hybrid microfluidic devices, a microfluidic test 

was performed on each of the devices to test their desired functionality.  It was also 

important to verify reliable completion of the process and absence of leakage in each of 

the devices.  One of the microscopic images of the microfluidic functionality test is 

shown here (Figure 4.14).  The 'Y-channel' device (Figure 4.4) was injected with two 

separate solutions of de-ionized (DI) water each containing a different dye molecule with 

a unique color (Figure 4.14(a)). 

During the microfluidic testing the devices were directly connected to the syringe 

pump with Tygon® tubing placed over the rigid SU-8 interconnects (Figure 4.14).  The 

functional test of these devices was performed using a flow rate of 0.05 mL/min created 

using a syringe pump (Harvard Apparatus '11').  As shown in Figure 4.14(a), there was 

no leakage in these hybrid microfluidic devices around interconnections, as well as from 

any other layer within these devices.  The lack of leaks was partially attributed to the 

design of each interconnect.  For the functional testing of the microfluidic devices, the 

outer diameter of the Tygon® tubing was slightly larger than the inner diameter of 

interconnect (importance of this was explored in detail within [4-18]).  The chip-to-world 

or world-to-chip interconnection between the microfluidic interconnect and the Tygon® 

tubing is clearly shown (see Figure 4.14(b)).  However, for the pressurization test, the 

inside diameter of the Tygon® tubing was slightly smaller than the outside diameter of 

the interconnects. 

Besides the microfluidic functional test of the hybrid microfluidic devices, we also 

performed a microfluidic pressurization test of the devices.  For the microfluidic 

pressurization test, a microfluidic device was used that contained different channel 

widths (Figure 4.2).  The microfluidic test set-up was prepared using the syringe pump 

and a pressure sensor (Omega PX26-005GV and Omega PX26-030GV) [4-11].  All the 

pressurization experiments were performed at a flow rate from 0.01 mL/min to 0.10 

mL/min on three separate devices.  The determination of the leakage pressure was 

performed using the 50-µm wide channels with a flow rate from 0.01mL/min until leakage 
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(a) 

 
(b) 

Figure 4.14:  (a) Microfluidic testing of the 'Y-ch annel' mixer.  The Tygon ® tube was 
directly connected to the rigid SU-8 interconnect w ithout any leakage.  
DI water mixed with two different colors was inject ed in the inlet ports of 
the mixer. (b) World-to-chip or chip-to-world inter connection by direct 
connection between the SU-8 interconnect and the Ty gon ® tubing.  
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of the pumping fluid was observed under the optical microscope.  After the microfluidic 

devices are fully fabricated, the accuracy of the fabricated features is optically verified.  

The width and the height of the microfluidic channel is measured during the fabrication 

process for each size of the microchannels and used to simulate (using COMSOL) the 

pressure with respect to different flow rates.  The simulation results obtained from 

COMSOL are used as a base line to select the flow rates for each pressurization test.  

Based on the COMSOL simulation the flow rates for the pressurization test is selected 

so that the maximum pressure is ~50 kPa to avoid leakage during the functional testing.  

The simulation results along with the experimental measurements from three different 

devices are plotted in Figure 4.15. 

As shown in Figure 4.15, the microfluidic pressurization results are plotted in two 

parts.  The upper half of the plot represents the pressurization test results obtained from 

the simulation and from the experimental measurements for the 100-µm, 200-µm, 300-

µm and 500-µm wide channels.  As mentioned above, these tests were performed from 

flow rates of 0.01 mL/min to 0.10 mL/min.  Similarly, the bottom half of the plot 

represents the pressurization test results and simulation associated with the 50-µm wide 

channels.  As shown in Figure 4.15, the pressure in all the microfluidic channels 

increased linearly with the flow rate.  Additionally, none of the channels leaked at flow 

rates up to 0.10 mL/min in all three devices.  Another important aspect for avoiding 

leakage and repeatable pressure responses was consistency of the feature size, which 

is also visible from the plots in Figure 4.15.  The repeatable results from the different 

devices indicated repeatable alignment of the features in all the experiments. 

Similarly, for the leakage pressure measurements using the 50-µm wide 

channels, channels were used from three different devices.  In all three devices, the 

leakage between the Tygon® tubing and the rigid SU-8 interconnect is observed when 

the flow rate is increased to 0.2 mL/min.  The average pressure at which these three 

devices failed was 85.85 ± 3.56 kPa.  Errors were calculated from the standard deviation 

of three independent measurements.   

The hybrid fabrication technology developed using the PDMS and the SU-8 

materials was very useful for fabricating hybrid microfluidic devices that can be 

modularly used for many biomedical and microfluidic applications.  The SU-8 
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interconnects provided easy chip-to-chip and/or world-to-chip/chip-to-world 

interconnections without requiring any gaskets or special set-ups.  This modularity is 

especially useful for the biomedical devices that require polymer-based disposable sub-

systems. 

 

Figure 4.15:  Plot of the microfluidic pressurizati on test results of the COMSOL 
simulation and the experimental measurements of the  hybrid 
microfluidic device with 50- µµµµm, 100-µµµµm, 200-µµµµm, 300-µµµµm and 500- µµµµm 
wide channels.  The channels of widths100 µµµµm, 200 µµµµm, 300 µµµµm and 500 
µµµµm were tested from 0.01 mL/min to 0.10 mL/min flow rate (top most 
plot) and the 50- µµµµm wide channel was tested until leakage was observe d 
from the microfluidic channels (bottom plot).  The 50-µµµµm wide channel 
leaked at 85.85 kPa pressure at a flow rate of 0.20  mL/min. 
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4.6. Conclusions 

A hybrid fabrication technology using the flexible polymer (PDMS) and the rigid 

polymer (SU-8) is successfully presented in this article.  A permanent bond between the 

flexible and rigid polymer layers is achieved using oxygen plasma treatment of the 

PDMS followed by a direct spin-on process to create the SU-8 features.  Additionally, 

very accurate alignment and a reliable process are achieved because of the layer-by-

layer processing and the direct spin-on SU-8 process on top of the PDMS layer. 

To prove the usability of the hybrid fabrication technology, we developed hybrid 

microfluidic devices with rigid interconnects.  The fabrication technology is, however, not 

limited to only this application, it can be utilized to develop many sophisticated 

microfluidic and biomedical applications using these low cost polymers.  Three different 

designs of the hybrid microfluidic device were fabricated and tested. 

From the adhesion tests between the two polymer layers, we conclude that the 

bond strength between the two polymer layers is extremely strong.  Because of such a 

strong bond, the integrity of the PDMS material failed while the bond between the two 

polymer layers remained intact during all experiments.  This proof of permanent bond 

was also tested using different test set-ups at different stages of the technology 

development. 

The microfluidic test performed on the hybrid microfluidic devices proved 

modularity of the rigid SU-8 interconnects for the world-to-chip/chip-to-world 

interconnections.  The microfluidic pressurization test performed on all the devices 

demonstrated a linear response to pressure with respect to flow rates from 0.01 mL/min 

to 0.10 mL/min.  The experimental test response obtained from three different devices 

also demonstrated the precise alignment achieved in this process and the repeatable 

process yield.  The 50-µm wide channels of the hybrid microfluidic devices leaked upon 

reaching a flow rate of 0.20 mL/min and a pressure of 85.85 ± 3.56 kPa.  The Tygon 

tubing connected to the SU-8 interconnect leaked at this pressure.  The joint between 

the SU-8 interconnect and PDMS device as well as the PDMS microfluidic device was 

intact during and after this pressurization test.  Hence, the design of the microfluidic 

interconnect to the Tygon tubing was the weakest link in the proof of concept device.  In 
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future, different designs of the microfluidic interconnect should be fabricated and tested 

to achieve maximum working pressure for the hybrid microfluidic device. 
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5. Flexible 3-D electrochemical glucose sensor 
with improved sensitivity realized in hybrid 
polymer MEMS technique 4 

5.1. Abstract 

5.1.1. Background 

Continuous glucose monitoring for diabetic patients is of paramount importance 

to avoid severe health conditions resulting from hypoglycemia or hyperglycemia.  Most 

available methods require an invasive setup and a health care professional.  Hand-held 

devices available on the market also require finger pricking for every measurement and 

do not provide continuous monitoring.  Hence, continuous glucose monitoring from 

human tears using a glucose sensor embedded in a contact lens has been considered 

as a suitable option.  However, the glucose concentration in human tears is 1/40 of the 

blood glucose concentration.  We propose a sensor that solves the sensitivity problem in 

a new way, is flexible, and constructed onto the oxygen permeable material. 

5.1.2. Methods 

To achieve such sensitivity while maintaining a small sensor footprint suitable for 

placement in a contact lens, we increase the active electrode area by using 3-D 

electrode micropatterning. Fully flexible 3-D electrodes are realized utilizing ordered 

arrays of pillars with different shapes and heights.  

                                                
4 The following chapter has been published in Journal of Diabetes Science and Technology, vol. 

5, issue 5, 1036 - 43 (2011) under co-authorship of Bonnie L. Gray, Bozena Kaminska and 
Byron D. Gates 
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5.1.3. Results 

We have successfully fabricated square and cylindrical pillars with different 

height (50 µm, 100 µm and 200 µm) and uniform metal coverage to realize sensor 

electrodes.  The increased surface area produces high amperometric current that 

increases sensor sensitivity up to 300% using 200 µm tall square pillars.  The sensitivity 

improvement closely follows the improvement in the surface area of the electrode. 

5.1.4. Conclusions 

The proposed flexible glucose sensors with 3-D microstructure electrodes are 

more sensitive to lower glucose concentrations and generate higher current signal than 

the conventional glucose sensors. 

5.2. Introduction 

Different types of glucose sensors have been developed and can be classified by 

different aspects of the detection principle [5-1] – [5-6].  However, the oldest electro-

enzymatic detection principle, developed by Clark in the 1960’s, is still of interest to 

many researchers because of its high selectivity to glucose.  The stage of proof of 

concept for such a device has passed long ago, and currently, efforts are aimed at 

improving the performance of such electro-enzymatic sensors. 

Many recent efforts have been aimed at developing small and reliable sensors 

that would allow continuous glucose monitoring in diabetic patients.  Non-invasive or 

minimally invasive sensing techniques have especially been developed that offer an 

alternative to invasive blood sampling by a needle draw or a pin-prick [5-7]. Recently, 

some alternative biofluids (such as urine, saliva and tears) for non-invasive and 

continuous glucose monitoring have become popular. 

The validity of using tear glucose measurements as an indicator of the blood 

glucose levels is controversial. Some studies conclude that the tear and the blood 

glucose levels are poorly correlated [5-8], whereas more recent studies have found that 

there is a correlation [5-9] – [5-10]. When considering reasons for the discrepancy, it has 



119 

 

been suggested that the act of tear fluid sampling could introduce a false bias in the 

results, and thus obscure possible correlation between the blood and tear glucose 

concentrations. Indeed, there is evidence that the collection methods that irritate the 

conjunctiva can increase the tear glucose significantly [5-10].  

To eliminate the possible biasing of samples via collection methods, a contact 

lens has been suggested as an ideal vehicle for continuous tear glucose monitoring. 

Although a novel platform for sensing purposes, a contact lens is a long-proven concept 

that has been engineered to the point where irritation to the eye is minimal, and 

insertion/removal is a simple process. Despite the promising scenario of the contact 

lens-borne glucose sensing, practical applications have been slow to materialize. 

Previously, a glucose-sensitive contact lens has been prepared by immobilizing 

two types of fluorescent indicators in the lens material as it is polymerized [5-11]. The 

tear glucose level is read using an illumination/recording unit held in front of the eye. A 

similar system is based on embedding photonic crystals in a hydrogel patch, creating a 

holographic hydrogel [5-12]. When the hydrogel is illuminated, the wavelength of the 

refracted light varies with the glucose concentration. It has been proposed that such a 

hydrogel material could be incorporated in a contact lens and the wearer could read out 

the glucose level by matching the color of the patch to a pre-calibrated scale. However, 

a drawback of this technique is that it is only qualitative, and relies on the user to match 

the colors, and thus it is not very accurate. 

Alternatively, preparing an electrochemical sensor on a flat plastic support, either 

by microfabrication methods [5-13] or by screen printing techniques [5-14] has been 

developed recently. Since such sensors are flexible, they can either be attached onto the 

eye directly [5-13] or rolled up and inserted into the tear canal [5-14]. This approach 

shows promise since both devices were demonstrated to have sufficient sensitivity for 

glucose detection by using tear fluids. The current response from the tear glucose level 

is, however, significantly lower than the blood glucose levels, and many times the 

resulting low current was not easily discernible from the noise response of the sensor.  

Additionally, interfering species that are present in the tear fluid (such as ascorbic acid), 

also generate false signals of the same order of magnitude as the tear glucose levels. 
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Sensitivity enhancement is especially important for a successful glucose 

measurement in tears. This is because typical tear glucose levels are on the order of 

1.8–10.8mg/dl, which is considerably lower than the glucose concentration in serum 

(72–108 mg/dl) [5-15]. The blood glucose concentrations below 70 mg/dl are diagnosed 

as hypoglycemic and concentrations above 180 mg/dl are considered as hyperglycemic.  

The tear glucose concentration related to hypoglycemic and hyperglycemic conditions 

are less than 1.8 mg/dl and more than 4.5 mg/dl respectively.  Based on these facts, the 

glucose concentration range between 1.5 mg/dl to 10 mg/dl is important to us.   

Theoritically, the amperometric current produced using the electro-enzymatic 

glucose sensor is presented using the Fick’s law and the Faraday’s law [5-23]: 
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 (5.1) 

Where, I is the sensor output current, n is number of electrons involved in 

electrochemical reaction, F is the Faraday constant, Rk is the kinetic resistance of the 

electrochemical reaction, δ  is the thickness of the glucose oxidase layer, S is the 

solubility of the glucose solution in the glucose oxidase layer, D is diffusion coefficient of 

the glucose solution in the glucose oxidase layer, A is the surface area of the electrode 

(surface area of glucose oxidase), K is a constant, γ  is the activity coefficient of glucose 

solution and C is the concentration of the glucose solution.  Hence, the sensor output 

current is proportional to the surface area of the electrodes (glucose oxidase) and the 

higher surface area electrodes should produce higher current proportionally. 

Hence, it is clear that the increased surface area will increase the glucose sensor 

response.  Previously, pillar electrodes are used for increasing the surface area for 

different applications [5-16]-[5-18].  These applications includes gas sensor to increase 

sensitivity, retinal implant and battery. 

This manuscript describes a novel method of increasing the glucose sensor 

sensitivity employing 3-D electrodes that have been directly integrated onto a flexible 

and gas permeable material. To realize the 3-D electrodes, basic geometrical shapes 
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are selected for the proof of concept glucose sensors.  Hence, the 3-D electrodes here 

are fabricated using square or cylindrical pillars.  If the proof of concept devices show 

desired improvement then in future more complex geometries and optimizations will be 

carried out to fabricate the 3-D glucose sensors.  The proposed polymer micro-

electromechanical system (MEMS) based fabrication process is practical, since all the 

electrodes are prepared using bio-compatible materials. The sensor structure is highly 

flexible and moldable with a very high degree of repeatability and gas permeability.  By 

immobilizing glucose oxidase (GOD) onto the 3-D electrodes, sensitivity can be greatly 

enhanced in comparison to the immobilization of GOD on flat electrodes.  This increased 

sensitivity could satisfy the low level detection requirement for glucose determination in a 

human tear fluid. 

5.3. Methods 

5.3.1. Materials and Supplies 

The gas permeable material, poly dimethylsiloxane (PDMS), is prepared using a 

Sylgard® 184 elastomer kit (from Dow Corning Corp., MI, USA).  Different formulations 

of SU-8 are purchased from Microchem Corp., MA, USA.  SU-8 is mainly used for 

preparing molds for the PDMS based 3-D electrodes.  Additionally, SU-8 is also used as 

a mechanical metal lift-off layer [5-19].  Gold (Au) on chrome (Cr) is used as a working 

electrode material and silver/silver chloride (Ag/AgCl) is used as a reference electrode 

material. 

Glucose oxidase (GOD) from Aspergillus Niger (type VII); bovine serum albumin 

(BSA), D-glucose and clear phosphate buffer solution (pH= 7.4) are purchased from 

Sigma-Aldrich, ON, Canada. 

5.3.2. Sensor design and fabrication 

Sensor Design 

The electro-enzymatic glucose sensors are the most popular glucose sensors 

because of their high selectivity to glucose and ease of operation.  Glucose oxidase 
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(GOD) is the most popular enzyme for fabricating the glucose sensors because it is 

easily available at lower cost than the other enzymes.  The main reaction for such 

glucose sensors is: 

tonegluconolacD+OHglucoseD 22
2 − →− + GODO

 (5.1) 

acidgluconicDOH+tonegluconolacD 2 −→−  (5.2) 

−→ 2e+O+2HOH 2
+

22  (5.3) 

The two electrons generated from reaction (5.3) above are collected by the 

working electrode and measured to evaluate the glucose concentration of the analyte 

solution. 

The proposed electro-enzymatic glucose sensor with 3-D electrodes is 

completely designed on a flexible elastomer (PDMS) (see Figure 5.1).  For our 

experimental purpose, we design the glucose sensors using a two electrode system 

instead of the classical three electrode system because recent developments [5-20] 

indicate that the two electrode system performs similar to the three electrode system.  In 

our design, the first electrode fabricated using chromium and gold (Cr/Au) is utilized as a 

working electrode, as well as an active electrode.  The other electrode is fabricated 

Figure 5.1: Experimental sensor design with metal c onnections.  The glucose 
sensor (2 mm x 3 mm) realized with Cr/Au working el ectrode (2 mm 
x 1 mm) and Ag/AgCl reference electrode (2 mm x 1 m m).  Both 
electrodes are designed with ordered array of 3-D p illars with 
uniform metal coating. 

22mm

7m
m

2mm

2m
m

2mm

1m
m1m

m

Sensor area

Working
electrode

Reference
electrode Design 2

(Circular)
Design 1
(Square)
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using silver/silver chloride (Ag/AgCl), which is a well known reference electrode material 

[5-21].  In our designs, we fabricate both the electrodes with pillars to realize a 3-D 

topology for the electrode surfaces.  Hence, improvement in the surface area is achieved 

for the same footprint of the sensor electrode.  This improvement in the sensing area 

increases the sensitivity of the proposed glucose sensor.  For our experiments, different 

shapes and geometrical height of the pillars are investigated.  The circular and square 

cross-section of the pillars along with different heights (50 µm, 100 µm and 200 µm) is 

selected for our experiments to evaluate the effect of the surface area. 

As shown in Figure 5.1, the working electrode footprint in our design is 2 mm x 1 

mm.  Hence, for the flat electrodes (without 3-D pillar features), the working electrode 

surface area is 2 mm2.  By incorporating the 3-D pillar features, the surface area of the 

working electrode is increased according to the physical geometry and the number of 

pillars.  The different designs utilizing the pillar shape and height are listed in Table 5.1.  

For each square pillar, 100-µm length and 100-µm width is chosen.  Similarly, for each 

cylindrical pillar, a 100-µm diameter is selected (see Figure 5.1 and Table 5.1).  For 2 

mm x 1 mm footprint, we fit 10 pillars length wise and 5 pillars width wise.  Based on the 

different heights (50 µm, 100 µm and 200 µm) investigated here, different surface areas 

for the flexible glucose sensor are achieved (see Table 5.1).  The exact surface area 

calculations for different pillar electrode options are shown in Table 5.1. 

During our experiments, up to 300% increase in the surface area for same 

footprint is achieved using the pillar electrodes.  The increased surface area of the 

working electrode is expected to increase the sensitivity of the glucose sensor.  Hence, 

low concentrations of glucose from human tears can be measured more accurately by 

mounting such a sensor onto a contact lens.  Additionally, the flexible 3-D glucose 

sensor is fabricated on a bio-compatible PDMS material using an easy fabrication 

process flow (see Figure 5.2).  Simple rectangular electrodes are used to prove the 

concept.  However, in the future it would not be difficult to shape them into a form 

compatible with a contact lens and mold them to match the curvature of the human eye. 
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Fabrication 

To fabricate the flexible and 3-D glucose sensor electrode, we start with a clean 

glass substrate.  To prepare mold for the 3-D electrodes using PDMS, the SU-8 layer of 

the desired thickness (50, 100 or 200 µm thick) is spun (Figure 5.2(a)).  The SU-8 layer 

is baked and exposed with the i-line UV source using the mask for pillar electrode 

(Figure 5.2(b)).  Subsequently, the exposed SU-8 layer is baked again and developed 

 

Figure 5.2:  Complete fabrication process flow for the flexible 3- D electrodes.  (a) 
Spin the SU- 8 layer onto a cleaned glass substrate for use as t he 
soft lithography mold, (b) bake and expose the SU- 8 layer with the
desired mask pattern for the pillar array, (c) bake  and develop the 
uncrosslinked SU- 8 to obtain the desired mold pattern, (d) after har d 
baking the mold, pour the PDMS mixture onto the mol d and cure at 
an elevated temperature, (e) transfer the molded PD MS layer (with 
the pillar structures) onto another glass substrate , (f) spin the SU- 8 
layer for the metallization shadow mask, (g) bake a nd expose the 
SU-8 layer to pattern openings for the metal depositio n, (h) bake and 
develop away the uncrosslinked SU-8 to realize the SU-8 shadow 
mask, (i) deposit gold (Au) after chromium (Cr) adh esion layer, (j) 
mechanically peel-off the SU- 8 shadow mask to realize the desired 
metal pattern, and (k) remove the PDMS based glucos e sensor from 
the glass substrate and electro- plate the reference electrode with 
silver (Ag) followed by chloridation to realize the  Ag/AgCl reference 
electrode. 

(a)

(g)

(b)

(h)
(c)

(i)(d)

(j)
(e)

(f)
(k)

Uncrosslinked SU-8

Crosslinked SU-8
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using the SU-8 developer to obtain the mold pattern for the 3-D pillar electrodes (Figure 

5.2(c)).  The Sylgard 184 (PDMS) mixture is prepared and degassed before poured onto 

the prepared mold (Figure 5.2(d)).  After complete curing, the PDMS based 3-D pillars 

are removed from the mold and directly transferred onto another cleaned glass substrate 

with the pillars on the top (Figure 5.2(e)).  An approximately 100-µm thick SU-8 layer is 

spun onto the PDMS layer with pillars and baked using the low temperature baking 

profile [5-22] (Figure 5.2(f)).  This SU-8 layer is exposed with the mask to open areas for 

the following metal deposition step (Figure 5.2(g)).   

By using this technique, we are able to obtain reliable metal coverage onto the 

pillars unlike conventional metal patterning processes.  The metal coverage on the pillar 

sidewalls is verified visually under a high magnification microscope (see Figure 5.4).  

Additionally, continuity of the metal from top of each pillar to the contact pad is also 

verified using digital multimeter.  To test this resistance values, probes of the probing 

stations are aligned on each electrode and the contact pad of the same sensor 

electrode.  The resistance for each pillar to the contact pad is measured and noted.  All 

the electrodes fabricated from same fabrication run (n=30) are tested for resistance.  

Similarly, the resistance from tip of the sensor electrode to the contact pas is also 

measured and compared with the resistance values of the pillar electrodes.  The 

resistance values for all the measurements are closely matched for all the 

measurements without noticeable difference.  Additionally, the reliability of the metal 

coverage is also tested using different concentrations of the glucose as a final validation 

of the continuous metal coverage. 

The SU-8 layer is baked again at low temperature [5-22] and the unexposed SU-

8 is removed using the SU-8 developer (Figure 5.2(h)).  Next, 5 nm chromium (Cr) 

followed by 300 nm gold (Au) is sputtered to obtain uniform metal coverage all over the 

electrode features (Figure 5.2(i)).  The SU-8 layer is then mechanically peeled-off from 

the flexible PDMS based 3-D sensors to obtain the desired metal patterns [5-19] (Figure 

5.2(j)).  The PDMS-based fully-flexible 3-D sensor electrodes are then peeled from the 

glass substrate for subsequent processing.  Finally, one of the electrodes is electro-

plated with silver (Ag) followed by the chloridation of the Ag electrode to obtain the 

Ag/AgCl electrode before enzyme immobilization and testing (Figure 5.2(k)). 
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Immobilizing glucose oxidase 

To prepare the enzyme solution, 5 mg glucose oxidase powder is mixed with 250 

µl of phosphate buffer (7.4 pH).  After mixing 5.5 µl high purity water, 0.55 µl 

glutaraldehyde and bovine serum albumin (BSA) equivalent to 15% weight of phosphate 

buffer, the solution is stored in a 4 ºC fridge for less than 2 days until they are tested.  

Meanwhile, the electrodes are cleaned with oxygen plasma, washed with high purity DI 

water, and dried under a filtered stream of nitrogen gas.  The gold electrodes are flooded 

with the chilled enzyme solution (100 µl) and left at room temperature for 30 min to 

immobilize the enzyme onto the electrodes.  Subsequently, the excessive enzyme 

solution is rinsed using the phosphate buffer.  Same concentration of enzyme solution is 

used for flat and pillar electrodes.  Hence, effective amount of enzyme onto the electrode 

depends upon the surface area of the electrode.  The sensors with the immobilized 

enzyme are again stored at 4 ºC until used for further processing or analysis. 

5.3.3. Experimental methods for evaluation of the s ensor 
characteristics 

For the electro-chemical measurement of the flexible 3-D sensors, current 

response at 0.5 V with different glucose concentrations is measured using a potentiostat 

(AFCBP1 Biopotentiostat from Pine Instrument Company, Pennsylvania, USA).  The 

potential for amperometric measurement is determined from the cyclic voltammetry of 

enzyme immobilized glucose sensor.  Based on the cyclic voltammogram of the glucose 

sensor, maximum reaction is observed at 0.5 V and hence this potential value is used for 

all our subsequent amperometric measurements.  To analyze the performance of the 

fabricated glucose sensors, a range of glucose concentrations are tested.  Based on the 

previous introduction, we are interested to measure glucose concentrations from 1.5 

mg/dl to 10 mg/dl to cover full range of hypoglycemic, normal and hyperglycemic region 

of tear glucose concentrations.  For the amperometric measurements, glucose 

concentrations from 0.75 mg/dl to 15 mg/dl are prepared and the test solution is 

continuously stirred during the entire period of the measurement.  The glucose solution 

is prepared using phosphate buffer (7.4 pH) and glucose powder (VWR #CADX0145-1). 
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5.4. Results and discussions 

5.4.1. Effect of the surface area 

In order to systematically study the effect of the surface area of the sensor, we 

prepared the sensors with different pillar geometries (as described in section 2.2). Figure 

5.3(a) and Figure 5.3(b) shows the measured performance versus different glucose 

concentrations for the different electrode designs.  Different designs of the 3-D electrode 

system are described in Table 5.1. 

As evident from comparing Figure 5.3(a) and (b), the sensors with 3-D features 

(pillars) greatly increases the glucose signals (according to the increased surface area). 

The glucose signals approached a 300% increase in signal using 200 µm high square 

pillar patterns than the flat electrodes.  Additionally, the percentage sensitivity rises in 

the sensor signal closely follow the percentage increase in the surface area of the 

electrode.  This linearly increasing trend is observed for both the square and the 

cylindrical pillar geometry.  Hence, very high sensitivity is achieved using the pillar 

electrode based glucose sensors than the flat electrode based sensors.  Additionally, 3-

D electrodes have a different diffusion profile and could also be a reason for the 

observed sensitivity increase.  The microscopic image of the glucose sensor electrode 

with 100 µm high square pillars are shown in Figure 5.4(a) and Figure 5.4(b). 

Previously, 3-D electrodes were fabricated for retinal implants in order to improve 

their performance [5-24].  However, the fully flexible 3-D electrodes using the ordered 

array of pillars have never been fabricated for electro-chemical glucose sensors.  

Additionally, our system offers fully flexible and ordered arrays of pillar electrodes 

directly a material (PDMS) that offers desired oxygen permeability and bio-compatibility 

[5-20].  Besides patterning electrodes onto a contact lens for the tear glucose 

monitoring, a number of applications that utilize completely conformable 3-D electrodes 

can be easily realized using the proposed technology. 
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(a) 

 
(b) 

Figure 5.3: Measured amperometric response for diff erent 3-D electrode 
geometries.  The response is measured at 0.5 V with  respect to 
the Ag/AgCl (reference) electrode.  (a) Amperometri c response for 
different designs with the cylindrical pillars alon g with the flat 
electrode response.  The amperometric response in p hosphate 
buffer is also shown for comparison of the noise.  The 
amperometric current increases with improvement in the 
electrode surface area.  (b) Amperometric response for different 
designs with the square pillars along with the flat  electrode 
response.  Similar to the cylindrical pillars, the amperometric 
current increases with improvement in the surface a rea of the 
electrode. 
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(a) 

 
(b) 

Figure 5.4:  Microscopic images of the electrodes r ight after the PDMS based 
sensors are removed from the glass backing plate.  (a) Three 
consecutive sensors with pillar electrodes are show n along with 
connecting conductors for testing.  The actual sens or area is 
highlighted in the image.  (b) Magnified view of th e pillar electrodes 
with the square pillars.  Ordered array of square p illars on working 
electrode are uniformly covered with Cr/Au metal la yer.  The square 
pillar feature along with top and bottom of the met al covered pillar is 
pointed in the image. 
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5.4.2. Electro-chemical response and calibration cu rve 

Figure 5.3(a) and (b) shows a typically measured amperometric response 

acquired during the successive addition of 0.75 mg/dl glucose every 60 seconds. The 

response is very quick, reaching 90% of the maximum value in less than 20 seconds, 

which signifies the possibility of its practical application on a contact lens. Figure 5.3(a) 

and (b) also shows the control measurement curve acquired by successive addition of 

the same amount of buffer (no glucose) verifying the specificity of the sensor response. 

The calibration curve in Figure 5.5(a) and (b) is generated by averaging the current 

values between 20–55 seconds following each addition of the glucose solutions. A linear 

relationship between the current and the glucose concentration is observed between 

0.75 mg/dl and 15.0 mg/dl.  The R2 values for different types of the electrodes shown in 

Table 5.2.  The values indicate a very good linear response from all the sensor types. 

Considering the area of the working electrode (2 mm2), the sensitivity of different 

designs are shown in Table 5.2 below. As we can clearly see from Table 5.2, there is 

improvement in the sensitivity of the working electrode with pillars.  Additionally, it is also 

clear that the desired sensitivity of the sensor electrodes can be easily achieved by 

changing the physical geometry of the pillars as well as the pillar array configuration.  

The sensitivity increase is correlated with the increase in the surface area of the pillar 

electrodes (from Table 5.1 and Table 5.2). The improvement in sensitivity is again due to 

the increased surface area of the 3-D pillar electrode. 

Furthermore, it is estimated that the electrodes with pillar structures would be 

capable of measuring the tear glucose levels upto 0.75 mg/dl, which is 1/5 of the 

minimum tear glucose level [5-15], [5-25].  The typical glucose concentration in human 

tear is ~3.2 mg/dl.  The noise current for different type of electrodes is consistently ~ 0.2 

nA.  The noise current is measured using the phosphate buffer solution only to evaluate 

the minimum detection limit of the fabricated sensors.  However, the average current 

generated at 0.75 mg/dl concentration using the flat electrode is ~ 2.25 nA.  The lowest 

detection limit for the pillar electrodes could be below 0.75 mg/dl.  However, we have 

only tested the electrodes upto 0.75 mg/dl concentration and used this value as the 
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(a) 

 
(b) 

Figure 5.5:  Calibration currents for different con centrations of glucose based 
on five different sensors.  The response is measure d at 0.5 V with 
respect to the Ag/AgCl (reference) electrode.  The current signal 
is generated by averaging the current values from 2 0 to 55 
seconds after each successive addition of 0.75 mg/d l glucose.  (a) 
Calibration currents for the pillar electrodes with  circular cross-
section.  (b) Calibration currents for the pillar e lectrodes with 
square cross-section. 
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lowest detection limit for our experiments.  It is also clear from the results that the higher 

surface area electrodes can measure glucose concentrations from 1.5 mg/dl to 10 mg/dl 

which is the range of interest for our experiment here. 

5.4.3. Repeatability and stability of the 3-D flexi ble sensors 

A typical amperometric test arrangement is used to validate the sensor operation. 

The measurement protocol consisted of successive additions of 0.75 mg/dl glucose 

solution in buffer. Figure 5.5 shows average value obtained from three independent 

measurement results of five different sensors. The current response of the sensor 

stabilizes within 20 seconds after adding more glucose to the test solution.  Hence, the 

current signals for each sensor are generated by averaging the current values between 

20–55 seconds following each addition.  The time range to average the current is 

chosen based on the most stable response from the sensor. 

Our results indicate that the sensor has good repeatable and stable 

characteristics. For the proposed flexible 3-D sensors, the worst case standard deviation 

is ±9.63% (among all different options).  To determine the worst case standard deviation 

(SD), the standard deviation for each glucose concentration and each type of glucose 

sensor design is calculated by considering one sigma variation of the over-all response.  

And among all the calculated standard deviations from all the options, the worst case 

value is determined (±9.63%).  Additionally, as we can see from Figure 5.5(a) and (b), all 

the different designs with the pillar electrodes repeatedly give a stable response. 

5.5. Conclusions 

A non-invasive glucose sensor for continuous monitoring on a contact lens could 

make personalized medicine cheaper, simpler and more reliable. Here we have 

successfully fabricated a micro-sized fully flexible and 3-D glucose sensor with improved 

sensitivity for an oxygen permeable polymer. Fabricated with 3-D flexible electrodes, the 

sensors exhibit a fast response, high sensitivity and good repeatability, in the range of 

low concentrations of glucose found in the human tear. Although further testing for long 

term stability and improvements for the same is required, the results lay initial foundation 

to build a multi-functional contact lens capable of chemical analysis in the future. 
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Future improvements for the sensor stability will likely include long term stability 

improvement, as well as protecting and stabilizing the active area with a hydrogel film 

without losing the performance of the 3-D sensor. Interference study using ascorbic and 

uric acid should also be performed along with improvements to overcome the 

interference issue. 
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6. Summary and future work 

6.1. Overview 

The following chapter summarizes the dissertation outcome based on the studies 

that have been reported in chapters 2 through 5 followed by a perspective and outlook 

for future development.  The summary discussion is subjective rather than chronological.  

Each topic is discussed based on the referral studies presented in previous chapters 

followed with a current opinion and the recommended future work.  The summary is 

divided into two categories: 1) technology development and 2) application outcome.  The 

chapter ends with a conclusion section, where the chief outcomes from each of the 

studies, with the entire project contribution are reviewed and tied back to the objectives 

and goals which were planned and described in the introduction section. 

6.1.1. Technology development 

All the technologies developed in chapters 2 through 5 are discussed individually 

in the following subsections along with the discussion of the potential of future work for 

each technology. 

PDMS as a sacrificial substrate material 

A new fabrication technology utilizing PDMS as a peelable sacrificial substrate 

for free-standing SU-8 based structures is presented in chapter 2.  The new process is 

intended for use in microfluidic and biomedical microdevices fabrication.  Towards this 

goal, an SU-8 based microfluidic microchannel network is presented to demonstrate the 

technology for both microfluidic and biomedical applications.  However, the presented 

process is not limited to these applications and can be used for many other applications 

for microfluidics and bio-medical microdevices, especially those involving combinations 

of metals and polymers, or that are required to have some degree of mechanical 

flexibility. 
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The peel-off force required to detach the SU-8 based structures from the PDMS 

layer is only 180.9 mN with a standard deviation of 56.39 mN, which can be easily 

achieved manually or using automated equipment. 

In future, the fabrication process to utilize PDMS as a sacrificial substrate can be 

optimized to achieve higher throughput.  This can be done by experimenting with 

different processing conditions for baking which are most time exhaustive processes.  

Additionally, use of flexible plastic substrate instead of the glass base substrate can also 

be beneficial to quickly detach the fabricated SU-8 devices from the PDMS sacrificial 

substrate. 

SU-8 as a sacrificial layer for PDMS metallization 

A new fabrication technology utilizing SU-8 as a sacrificial mask for metallization 

of a PDMS surface is presented in chapter 3.  The new process is intended for use in the 

fabrication of microfluidic and biomedical microdevices where metal routing on flexible 

substrates may be of paramount importance for probing inter- or intra- device 

metallization. 

SU-8 based sacrificial masks with different aspect ratios and thicknesses are 

presented; sacrificial masks 45 µm to 250 µm in thickness are successfully fabricated 

and utilized for metallization on PDMS.  Metal lines from 10 µm to 500 µm wide and 1 

mm to 50 mm long are successfully patterned and tested.  Furthermore, the sacrificial 

SU-8 mask can be removed within minutes to realize metal patterns on the PDMS, thus 

demonstrating a more reliable and faster method than classical metal lift-off processes 

that can take several hours.  The sacrificial SU-8 mask does not leave any visible 

residue after removal of the SU-8 layer. 

A reliable metallization technology with proof of concept is described in this 

manuscript.  However, further characterization and systematic analytical analysis of the 

metallization process is required in future study.  Also, further improvement in the 

process is desired to eliminate waves and/or wrinkles appeared in the patterned metal 

layers. 
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SU-8 and PDMS based hybrid process for covalently b onded polymer 
layers 

A hybrid fabrication technology using the flexible polymer (PDMS) and the rigid 

polymer (SU-8) is successfully presented in chapter 4.  A permanent bond between the 

flexible and rigid polymer layers is achieved using oxygen plasma treatment of the 

PDMS followed by a direct spin-on process to create the SU-8 features.  Additionally, 

very accurate alignment and a reliable process are achieved because of the layer-by-

layer processing and the direct spin-on SU-8 process on top of the PDMS layer. 

From the adhesion tests between the two polymer layers, it is concluded that the 

bond strength between the two polymer layers is extremely strong.  Because of such a 

strong bond, the integrity of the PDMS material failed while the bond between the two 

polymer layers remained intact during all experiments.  This proof of permanent bond is 

also tested using different test set-ups at different stages of the technology development. 

The new fabrication technology to covalently bond PDMS and SU-8 layers is 

described here with proof of concept device.  The surface treatment parameters for the 

PDMS layer are further needed to characterize and the change in bond strength if any 

should also be systematically analyzed using different surface treatment parameters.  

Additionally, the quantitative analysis of the alignment accuracy because of direct spin 

on process should also be carried out. 

3D electrodes for higher surface area 

In chapter 5, the active electrode area is increased by using 3-D electrode 

micropatterning. Fully flexible 3-D electrodes are realized utilizing ordered arrays of 

pillars with different shapes and heights.  

We have successfully fabricated square and cylindrical pillars with different 

height (50 µm, 100 µm and 200 µm) and uniform metal coverage to realize sensor 

electrodes. 

In future, further process development is required to achieve higher yield of the 

process.  When the PDMS layer after molding is transferred onto the other substrate, 

shrinkage of the PDMS causes the pillar features to shrink as well.  Because of this 

shrinkage, pillar electrodes on the edge of the substrate are mostly unusable.  Hence, 
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the shrinkage of the PDMS should be determined using analytical study and the 

subsequent processes or design should be modified to compensate for the shrinkage 

and hence should improve the process yield.  

6.1.2. Application outcome 

All the applications developed in chapters 2 through 5 are discussed individually 

in the following subsections along with the discussion of the potential of future work for 

each technology. 

PDMS as a sacrificial substrate material 

The new process is intended for use in microfluidic and biomedical microdevices 

fabrication.  Towards this goal, an SU-8 based microfluidic microchannel network is 

presented to demonstrate the technology for both microfluidic and biomedical 

applications.  However, the presented process is not limited to these applications and 

can be used for many other applications for microfluidics and bio-medical microdevices, 

especially those involving combinations of metals and polymers, or that are required to 

have some degree of mechanical flexibility. 

The SU-8 based fully enclosed microfluidic devices with different aspect ratios 

and thicknesses are presented.  A multilayer microfluidic device with two layers of 

microchannels using five stack layers of SU-8 is successfully fabricated.  To accurately 

align this multilayer bonding process, novel alignment structures using unique 

combination of pegs and holes are also presented. 

The freestanding SU-8 chips for different microfluidic applications are 

successfully detached from the PDMS substrate material.  Furthermore, the devices are 

fabricated using the photopatternable material (SU-8) which facilitates the patterning of 

inlet and outlet ports directly in the top SU-8 layer.  Thus, the fabricated devices are 

ready to use as soon as they are released from the PDMS layer. 

Microfluidic chips in SU-8 are successfully fabricated and tested using a 

microfluidic pump and fluidic pressure sensor with the results that the microchannel 

network can reliably withstand flow rates up to 1.5 ml/min and pressurize up to 85.75 
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kPa.  A linear response for fluidic pressure with respect to the flow rate is obtained as 

expected. 

In future, more SU-8 applications using PDMS as a sacrificial substrate should 

be developed. 

SU-8 as a sacrificial layer for PDMS metallization 

Electrodes of a simple electro-enzymatic glucose sensor are presented to 

demonstrate the technology. 

The glucose sensor electrodes are successfully fabricated and tested using 

different concentrations of H2O2.  The electrodes produce a linear current for H2O2 

concentrations up to 15%. 

First of all in near future, the metallized PDMS should be evaluated for flexible 

and stretchable functionality.  In this characterization study, minimum radius of curvature 

without losing electrical conductivity should be determined.  Additionally, change in 

resistance of the metal lines at different radius of curvature should also be quantified.  

After the systematic analysis of the bent metal lines, similar study should be done to 

analyze stretchability of the metallized PDMS.  The electrical conductivity of the 

stretched metal lines with different strain can be evaluated using mechanical tester and 

simple digital multi-meter and limit of functionality can be determined.  After full 

characterization of the metallized PDMS, more flexible and stretchable applications can 

be fabricated. 

SU-8 and PDMS based hybrid process for covalently b onded polymer 
layers 

To prove the usability of the hybrid fabrication technology, we developed hybrid 

microfluidic devices with rigid interconnects.  The fabrication technology is, however, not 

limited to only this application, it can be utilized to develop many sophisticated 

microfluidic and biomedical applications using these low cost polymers.  Three different 

designs of the hybrid microfluidic device are fabricated and tested. 

The microfluidic test performed on the hybrid microfluidic devices proves 

modularity of the rigid SU-8 interconnects for the world-to-chip/chip-to-world 
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interconnections.  The microfluidic pressurization test performed on all the devices 

demonstrate a linear response to pressure with respect to flow rates from 0.01 mL/min to 

0.10 mL/min.  The experimental test response obtained from three different devices also 

demonstrates the precise alignment achieved in this process and the repeatable process 

yield.  The 50-µm wide channels of the hybrid microfluidic devices leak upon reaching a 

flow rate of 0.20 mL/min and a pressure of 85.85 ± 3.56 kPa. 

In future, more applications that can benefit from both flexible and rigid material 

processed together should be fabricated.  Also, after full characterization of the plasma 

parameters and their effect onto the bond strength between SU-8 and PDMS, more 

useful applications can be developed. 

3D electrodes for higher surface area 

A non-invasive glucose sensor for continuous monitoring on a contact lens could 

make personalized medicine cheaper, simpler and more reliable. Here I have 

successfully fabricated a micro-sized fully flexible and 3-D glucose sensor with improved 

sensitivity for an oxygen permeable polymer. Fabricated with 3-D flexible electrodes, the 

sensors exhibit a fast response, high sensitivity and good repeatability, in the range of 

low concentrations of glucose found in the human tear. Although further testing for long 

term stability and improvements for the same is required, the results lay initial foundation 

to build a multi-functional contact lens capable of chemical analysis in the future. 

Future improvements for the sensor stability will likely include long term stability 

improvement, as well as protecting and stabilizing the active area with a hydrogel film 

without losing the performance of the 3-D sensor. Interference study should also be 

performed along with improvements to overcome the interference issue.  Ascorbic acid 

and uric acid are some of the known interference materials that affect glucose sensors.  

Besides, a systematic study should also be performed to determine degradation of the 

enzyme solution as well as the enzyme immobilized glucose sensors at the storage 

temperature.  Also, based on the outcome of this study, required modifications should be 

done to improve degradation behaviour of the glucose sensors. 

To further evaluate the improvement in sensor sensitivity with high surface area, 

limit of improvement should be determined.  In this study, the sensor performance can 
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be evaluated with increasing surface area until the sensitivity improvement is no longer 

observed. 

After, full characterization and performance improvement of the glucose sensor, 

it is advantageous to evaluate from full system perspective.  This future study includes, 

design and development of powering system, power conditioning, sensor signal 

processing, data conversion and storage, data communication and remote monitoring 

system.  By implementing this multi-disciplinary development approach, the glucose 

monitoring for hypo and hyper-glycaemic patients can be realized. 
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7. Conclusions 

In this thesis, different thick-film polymer fabrication technologies along with 

appropriate biomedical and microfluidic applications are described.  The presented 

fabrication technologies are mainly used for fabricating free-standing biomedical and 

microfluidic applications without any post processing requirements.  It is important to 

notice that the goals defined earlier in the thesis are met with appropriate devices 

fabricated successfully to demonstrate each processing technology. 

First, a fabrication technology utilizing PDMS as a peelable sacrificial substrate 

for free-standing SU-8 based structures is presented.  The new process is intended for 

use in microfluidic and biomedical microdevices fabrication.  Towards this goal, an SU-8 

based microfluidic microchannel network is presented to demonstrate the technology for 

both microfluidic and biomedical applications.  However, the presented process is not 

limited to these applications and can be used for many other applications for 

microfluidics and bio-medical microdevices, especially those involving combinations of 

metals and polymers, or that are required to have some degree of mechanical flexibility. 

The SU-8 based fully enclosed microfluidic devices with different aspect ratios 

and thicknesses are presented.  A multilayer microfluidic device with two layers of 

microchannels using five stack layers of SU-8 is successfully fabricated.  To accurately 

align this multilayer bonding process, novel alignment structures using unique 

combination of pegs and holes are also presented. 

The freestanding SU-8 chips for different microfluidic applications are 

successfully detached from the PDMS substrate material.  The peel-off force required to 

detach the SU-8 based structures from the PDMS layer is only 180.9 mN with a standard 

deviation of 56.39 mN, which can be easily achieved manually or using automated 

equipment.  Furthermore, the devices are fabricated using the photopatternable material 

(SU-8) which facilitates the patterning of inlet and outlet ports directly in the top SU-8 
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layer.  Thus, the fabricated devices are ready to use as soon as they are released from 

the PDMS layer. 

Microfluidic chips in SU-8 are successfully fabricated and tested using a 

microfluidic pump and fluidic pressure sensor with the results that the microchannel 

network can reliably withstand flow rates up to 1.5 ml/min and pressurize up to 85.75 

kPa.  A linear response for fluidic pressure with respect to the flow rate is obtained as 

expected. 

Second, another fabrication technology utilizing SU-8 as a sacrificial mask for 

metallization of a PDMS surface is presented in chapter 3 of this thesis.  The new 

technology is intended for use in the fabrication of microfluidic and biomedical 

microdevices where metal routing on flexible substrates may be of paramount 

importance for probing inter- or intra- device metallization.  Towards this goal, electrodes 

of a simple electro-enzymatic glucose sensor are presented to demonstrate the 

technology.  Applications of our technology could include devices that require metalized 

polymers while maintaining mechanical flexibility, such as conforming to a solid surface 

or flexibility to compress into a compact volume. 

SU-8 based sacrificial masks with different aspect ratios and thicknesses are 

presented; sacrificial masks 45 µm to 250 µm in thickness are successfully fabricated 

and utilized for metallization on PDMS.  Metal lines from 10 µm to 500 µm wide and 1 

mm to 50 mm long are successfully patterned and tested.  Furthermore, the sacrificial 

SU-8 mask can be removed within minutes to realize metal patterns on the PDMS, thus 

demonstrating a more reliable and faster method than classical metal lift-off processes 

that can take several hours.  The sacrificial SU-8 mask does not leave any visible 

residue after removal of the SU-8 layer. The glucose sensor electrodes are successfully 

fabricated and tested using different concentrations of H2O2.  The electrodes produce a 

linear current for H2O2 concentrations up to 15%. 

Third, a hybrid fabrication technology using the flexible polymer (PDMS) and the 

rigid polymer (SU-8) is successfully presented in chapter 4 of this thesis.  A permanent 

bond between the flexible and rigid polymer layers is achieved using oxygen plasma 

treatment of the PDMS followed by a direct spin-on process to create the SU-8 features.  



147 

 

Additionally, very accurate alignment and a reliable process are achieved because of the 

layer-by-layer processing and the direct spin-on SU-8 process on top of the PDMS layer. 

To prove the usability of the hybrid fabrication technology, a hybrid microfluidic 

devices with rigid interconnects is designed.  The fabrication technology is, however, not 

limited to only this application, it can be utilized to develop many sophisticated 

microfluidic and biomedical applications using these low cost polymers.  Three different 

designs of the hybrid microfluidic device were fabricated and tested. 

From the adhesion tests between the two polymer layers, we conclude that the 

bond strength between the two polymer layers is extremely strong.  Because of such a 

strong bond, the integrity of the PDMS material failed while the bond between the two 

polymer layers remained intact during all experiments.  This proof of permanent bond is 

also tested using different test set-ups at different stages of the technology development. 

The microfluidic test performed on the hybrid microfluidic devices prove 

modularity of the rigid SU-8 interconnects for the world-to-chip/chip-to-world 

interconnections.  The microfluidic pressurization test performed on all the devices 

demonstrate a linear response to pressure with respect to flow rates from 0.01 mL/min to 

0.10 mL/min.  The experimental test response obtained from three different devices also 

demonstrates the precise alignment achieved in this process and the repeatable process 

yield.  The 50-µm wide channels of the hybrid microfluidic devices leak upon reaching a 

flow rate of 0.20 mL/min and a pressure of 85.85 ± 3.56 kPa. 

Finally, in chapter 5, a micro-sized fully flexible and 3-D glucose sensor with 

improved sensitivity for an oxygen permeable polymer is successfully presented. Fully 

flexible 3-D electrodes are realized on PDMS utilizing ordered arrays of pillars with 

different shapes and heights.  Square and cylindrical pillars with different height (50 µm, 

100 µm and 200 µm) and uniform metal coverage to realize sensor electrodes are 

successfully fabricated.  The active electrode area is increased by using 3-D electrode 

micropatterning which is especially important for achieving high sensitivity while 

maintaining a small sensor footprint suitable for placement in a restricted area such as a 

contact lens.  The proposed sensor that solves the sensitivity problem in a new way, is 

flexible, and constructed onto the oxygen permeable material (PDMS).  The increased 

surface area produces high amperometric current that increases sensor sensitivity up to 
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300% using 200 µm tall square pillars.  The sensitivity improvement closely followed the 

improvement in the surface area of the electrode. 

Fabricated with 3-D flexible electrodes, the sensors exhibit a fast response, high 

sensitivity and good repeatability, in the range of low concentrations of glucose found in 

the human tear. Although further testing for long term stability and improvements for the 

same is required, the results lay initial foundation to build a multi-functional contact lens 

capable of chemical analysis in the future. 

Future improvements for the sensor stability will likely include long term stability 

improvement, as well as protecting and stabilizing the active area with a hydrogel film 

without losing the performance of the 3-D sensor. Interference study should also be 

performed along with improvements to overcome the interference issue. 
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Appendices 



Appendix A  
 
Photomasks 

Figure A.1 : Photomask for patterning different
onto PDMS 
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: Photomask for patterning different  width and length of metal lines 

 

width and length of metal lines 



Figure A.2:  Mask for SU- 8 interconnects onto PDMS (1
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8 interconnects onto PDMS (1 st generation) 

 



Figure A.3:  Mask for SU- 8 channel mold (1
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8 channel mold (1 st generation design) 

 



Figure A.4 :  Mask for inlet and outlet port molds (1
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:  Mask for inlet and outlet port molds (1 st generation design)

 

generation design)  



Figure A.5:  Mask for SU- 8 channel mold (2
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8 channel mold (2 nd generation design) 

 



Figure A.6 :  Mask for male SU
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:  Mask for male SU -8 interconnects onto PDMS (2 nd generation design)

 

generation design)  



Figure A.7 :  Mask for female SU
design) 
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:  Mask for female SU -8 interconnects onto PDMS (2 nd

 

nd generation 



Figure A.8:  Mask for SU- 8 inlet and outlet ports mold (2
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8 inlet and outlet ports mold (2 nd generation design)

 

generation design)  



Figure A.9 :  Mask for SU
fabricate circular pillars on the electrode surface .
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:  Mask for SU -8 mold for pillar electrodes.  This mask is used to  
fabricate circular pillars on the electrode surface . 

 

8 mold for pillar electrodes.  This mask is used to  



Figure A.10 :  Mask for SU
fabricate square
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:  Mask for SU -8 mold for pillar electrodes.  This mas k is used to 
square  pillars on the electrode surface. 

 

k is used to 



Figure A.11 :  Mask for patterning metal layer for 3D electrode s
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:  Mask for patterning metal layer for 3D electrode s 

 



Figure A.12 :  Mask for SU
electrodes 
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:  Mask for SU -8 mold to fabricate PDMS enclosure layer for 3D 

 

8 mold to fabricate PDMS enclosure layer for 3D 


