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ABSTRACT iii

Abstract

The field of micro total analysis systems (µTAS) aims at developments toward minia-
turized and fully integrated lab-on-a-chip systems for applications, such as drug
screening, drug delivery, cellular assays, protein analysis, genomic analysis and hand-
held point-of-care diagnostics. Such systems offer to dramatically reduce liquid sample
and reagent quantities, increase sensitivity as well as speed of analysis and facilitate
portable systems via the integration of components such as pumps, valves, mixers,
separation units, reactors and detectors. Precise microfluidic control for such systems
has long been considered one of the most difficult technical barriers due to integration
of on-chip fluidic handling components and complicated off-chip liquid control as well
as fluidic interconnections. Actuation principles and materials with the advantages
of low cost, easy fabrication, easy integration, high reliability, and compact size are
required to promote the development of such systems.

Within this thesis, liquid displacement in microfluidic applications, by means of
expandable microspheres, is presented as an innovative approach addressing some
of the previously mentioned issues. Furthermore, these expandable microspheres are
embedded into a PDMS matrix, which composes a novel thermally responsive silicone
elastomer composite actuator for liquid handling. Due to the merits of PDMS and
expandable microspheres, the composite actuator’s main characteristic to expand irre-
versibly upon generated heat makes it possible to locally alter its surface topography.
The composite actuator concept, along with a novel adhesive PDMS bonding tech-
nique, is used to design and fabricate liquid handling components such as pumps and
valves, which operate at work-ranges from nanoliters to microliters. The integration
of several such microfluidic components promotes the development of disposable lab-
on-a-chip platforms for precise sample volume control addressing, e.g. active dosing,
transportation, merging and mixing of nanoliter liquid volumes. Moreover, microflu-
idic pumps based on the composite actuator have been incorporated with sharp and
hollow microneedles to realize a microneedle-based transdermal patch which exhibits
on-board liquid storage and active dispensing functionality. Such a system represents
a first step toward painless, minimally invasive and transdermal administration of
macromolecular drugs such as insulin or vaccines.

The presented on-chip liquid handling concept does not require external actuators
for pumping and valving, uses low-cost materials and wafer-level processes only, is
highly integrable and potentially enables controlled and cost-effective transdermal
microfluidic applications, as well as large-scale integrated fluidic networks for point-of
care diagnostics, disposable biochips or lab-on-a-chip applications.

This thesis discusses several design concepts for a large variety of microfluidic
components, which are promoted by the use of the novel composite actuator. Results
on the successful fabrication and evaluation of prototype devices are reported herein
along with comprehensive process parameters on a novel full-wafer adhesive bonding
technique for the fabrication of PDMS based microfluidic devices.
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True knowledge exists in knowing that you know nothing. And in knowing that you
know nothing, that makes you the smartest of all.

Socrates
469–399BC, Greek Philosopher of Athens
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1 INTRODUCTION 1

Imagination is more important than
knowledge, for knowledge is limited
while imagination embraces the entire
world.

Albert Einstein
1879–1955, German-born American

Physicist

1 Introduction

1.1 A paradigm shift

Historically, engineers have been fascinated by a sole maxim above all others that
fired their imagination by far and beyond. Equivalent to the Olympic motto “Citius,
Altius, Fortius”, the aim has always been trying to surpass prevailing ideas in order to
create faster cars, airplanes and trains, higher bridges and taller skyscrapers as well as
stronger trucks and boats. Scientists and engineers continuously cross the line of what
is feasible at present by inventing new materials and fabrication techniques. Bigger
was, until not long ago, thought to be better when a new trend made an appearance.
In today’s society we feel the urge to possess handy gadgets of ever smaller size,
such as cell phones, computers and cameras – at its best all-in-one. Evidently, size
reduction has become an important aspect of our lives.

Similar to the progress in the semiconductor industry, other research areas have
experienced a great effort of miniaturization as well, among them, the fields of an-
alytical chemistry and biology. The research field that has most impact on these
disciplines, from a size reductive point of view, is referred to as microfluidics and
deals with the science and technology of systems that have to do with the behavior,
control and manipulation of small amounts of liquid volumes, typically in the range of
picoliters to nanoliters and microliters. The miniaturization of analytical techniques
by means of microfluidics is associated with several beneficial aspects; the ability to
reduce liquid sample and reagent quantities as well as the overall size of the used
analytical instrumentation; the capability to conduct separations and detections with
increased sensitivity at high resolution within very short time. In addition, microflu-
idics potentially allows parallel analyses of multiple samples on a single chip and offers
the possibility of portable as well as disposable devices.

To achieve this, microfluidic devices are produced by means of microfabrication
techniques [1–3]. In early developments, conventional materials such as silicon and
glass were used along with their associated fabrication techniques which were adapted
from the semiconductor industries [4–7]. These primarily utilized standard pho-
tolithography, wet and dry etching and various other micromachining techniques
which all require the use of a cleanroom facility and expensive laboratory equip-
ment. The use of silicon as a material for the fabrication of microfluidic systems is
not only costly but also inappropriate since it does not allow conventional optical
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detection methods to be used due to its opaqueness to visible and ultraviolet light.
Glass on the other hand will supposedly be used in emerging developments due to its
beneficial material characteristics, such as optical transparency, compatibility with
solvents, surface stability as well as its established and comprehensive fabrication and
application techniques [8–10]. Nonetheless, microfluidic systems must contain a series
of integrated components such as pumps, valves, mixers, separation units, reactors
and detectors to conduct the standard analytical operations. The fabrication of these,
using materials such as silicon and glass makes this a particularly delicate and costly
task.

Today, techniques and materials adapted from the polymer forming industries,
such as replica molding, injection molding and hot embossing are widely used within
the filed of microfluidics. Yet, the conventional micromachining techniques are of-
ten used in the context of fabricating a master from which polymers can be repli-
cated [11, 12]. Using polymers is very attractive because they offer the possibility to
be engineered within a wide range of physical and chemical properties. Furthermore,
they allow for mass manufacturing of polymeric microfluidic devices and are cheap
and easy to duplicate when using the above mentioned fabrication techniques.

Researchers and scientists active in the microfluidic field have committed them-
selves to developing a device which is able to perform numerous tasks that are gen-
erally conducted in a standard analytical laboratory [13]. Their ultimate vision is to
shrink down such a laboratory onto a single chip, eventually about the size of a palm.
Such a “lab on a chip” (LOC) is envisioned to be easy to use and could at the same
time be operated remotely by a patient instead of visiting a hospital in order to get
a diagnostic test carried out. The devices will be capable of diagnosing multiple con-
ditions or pathogens at point-of-care using only a small bodily fluid sample and the
results could be available shortly after. The possibility to use such LOCs in a vastly
remote environment has been perceived as a powerful application, not at least to ad-
dress the challenges for global health which involve the diagnosis and measurement
of patients’ health statuses on an individual as well as a quantitative basis [14–17].
Besides, such portable chemical detection systems are also of great interest to safety,
forensic and defense authorities.

The field of microfluidics, maiden as it is, still lacks the indispensable to reveal
its powers concealed within; complete integrated systems that may be used by the
“Average Joe” to monitor each and everybody’s condition in a home environment.
Holding great potential – conceivably even revolutionary – yet a lot of effort is required
in the future to make it live up to its expectations and literally shrink down the
centralized “lab on a chip”.

1.2 Organization

The thesis is organized as follows. Chapter 2 provides a brief overview of polymer
based microfluidics, with particular emphasis on microfluidic device fabrication using
Poly(dimethysiloxane).

An overview of applicable wafer bonding methods for sealing of microfluidic devices
is given in Chapter 3, along with the most common techniques that are used to
permanently seal PDMS based microfluidic devices. The bulk of this chapter describes
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a novel technique for sealing of such devices adhesively by means of PDMS curing-
agent. While this approach originally was pursued with the purpose of eliminating
bonding issues, it may be useful in complex and novel applications due to its many
processing advantages compared to alternative methods. Results of adhesively and
selectively sealed microstructures, as well as process parameters thereof are discussed
for various applications.

Chapter 4 provides an introduction to the use of expandable microspheres within
the microfluidic field, which has culminated in the development of a thermally re-
sponsive PDMS composite. Fabrication and application techniques, as well as basic
characteristics of this novel PDMS composite, are discussed and presented herein.

The successful demonstration of functional microfluidic components and devices
based on the new thermally responsive PDMS composite are presented in Chapter 5.
The diversity of components presented in this chapter ranges from valves, to various
kinds of pumps, to mixers and to a complete lab-on-a-chip platform covering the
manipulation of nanoliter to microliter volumes. Detailed results of prototype devices
are illustrated along with the fabrication issues. This chapter moreover shows a
feasibility study of a complete patch-like transdermal drug delivery system based
on the PDMS composite, which is electrically controllable and straightforward to
fabricate. The proposed device represents a first step toward painless and convenient
administration of macromolecular drugs, such as insulin or vaccines.
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It is easy to build a philosophy – it
doesn’t have to run.

Charles F. Kettering
1876–1958, American Engineer, Inventor

2 Introduction to PDMS based microfluidics

2.1 Polymers for microfabrication

Microfluidic systems are growing increasingly attractive for the field of micro total
analysis systems (µTAS) [4, 7, 13, 18] and aim at miniaturized and integrated lab-
on-a-chip applications toward drug screening, drug delivery, cellular assays, protein
analysis, genomic analysis and handheld point-of-care diagnostics [19–22]. As earlier
described, such systems potentially allow to reduce sample and reagent volumes, in-
crease sensitivity and speed of analysis, offer portability and reduce production costs
through high volume production and batch fabrication.

In such microfluidic systems various components such as pumps, valves, mixers
and reactors are integrated on a single microfluidic chip in order to manipulate liq-
uids in a controlled manner. In early developments materials well known from the
conventional semiconductor industry, such as silicon and glass, were used [4–6,23,24].
However, the complexity of devices based on these materials and their associated
fabrication techniques makes integration into such systems difficult and costly. The
requirements on microfluidic components are various; they should be easy to inte-
grate, straightforward to fabricate, easy to use, robust, free of dead volume and cheap
to duplicate.

Therefore, polymer microfabricated devices based on new materials and actuation
methods have gained increased attention from the MEMS society. Using polymers is
very attractive because of a number of reasons. They are cheap compared to single-
crystalline silicon and easy to process allowing various molding as well as embossing
techniques. The fabrication of polymer based devices at low cost is attractive for the
production of single-use applications, e.g. to reduce the risk for contamination in
medical applications. Moreover, polymers offer the possibility to tailor their physical
and chemical properties.

A considerable number of polymers have recently entered the MEMS field. Among
these are thermoplastic polymers, polyimide, polycarbonate, acrylic plastics parylene,
polymethyl methacrylate (PMMA), SU-8, etc. [25–30]. Furthermore, several promis-
ing polymer based actuation principles have been utilized to address the above men-
tioned issues and to potentially promote the development of integrated microfluidic
systems. They exploit a variety of both mechanical and chemical actuation princi-
ples such as external pressure sources [31, 32], stimuli responsive polymers [33–36],
centrifugal forces on a rotating disc [37], electrochemical gas generation through elec-
trolysis [38, 39], electroosmosis with ion exchange membranes [40, 41], decomposition
of hydrogene-peroxide [42] or AIBN (azobis-isobutyronitrile) [43], melting of paraf-
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fin [44–46], thermal expansion of gas [47, 48], and expansion of a condensed gas en-
capsulated in a microcavity [49] or in chemically inert microspheres [50].

2.2 Poly(dimethysiloxane)

One polymer in particular has become one of the most popular polymer materials for
fabricating microfluidic systems: Poly(dimethylsiloxane) (PDMS). This elastomeric
polymer has enabled the fabrication of microfluidic systems with two-dimensional as
well as more complex three-dimensional structures, such as integrated microfluidic
channels, pumps, valves, switches, µCE systems and chaotic mixers [31, 32, 51–56].
PDMS is also used in the fabrication of micromachined mechanical and chemical
sensors as e.g. the spring material in accelerometers or the ion selective membrane in
ISFETs [57,58]. Other applications can be as an adhesive in wafer bonding, as a cover
material in tactile sensors or as a mechanical decoupling zone in sensor packagings [59].

The use of PDMS offers several beneficial characteristics; it is elastomeric with a
shear elastic modulus G ≈ 250 kPa due to one of the lowest glass transition tempera-
tures of any polymer (Tg ≈ −125◦C), optically transparent down to 240 nm, durable,
chemically inert and nontoxic. It allows for the use of several detection methods and
the integration of functional components, enables straight-forward interfacing to the
macroscopic world as well as the fabrication of microscopic features via soft litho-
graphic and rapid prototyping techniques [51, 60]. Other advantages of PDMS are
that it provides unique permeability characteristics [61–63] and the possibility to al-
ter its surface chemistry, which is useful when creating reversible or irreversible bonds
with other smooth surfaces. Without surface chemistry the intrinsic surface property
of PDMS exhibits hydrophobic surface characteristics [64]. The structural formula
for PDMS is given in Figure 1, where n is the number of repeating monomer units.

 

 

Si

CH3

CH3

O

n

Figure 1. Structural formula of PDMS (n can be in the order of thousands).

One commercially available and commonly used silicone rubber is supplied in two
parts (Sylgard R© 184 Silicone Elastomer Kit, Dow Corning); a liquid base oligomer
(dimethylsiloxane with the vinyl functional group, SiH=CH2), and a catalyst or
curing-agent (pre-mixture of a platinum complex and copolymers of methylhydrosilox-
ane and dimethylsiloxane, SiH). When mixing base and curing-agent at a typical ratio
of 10 parts base to one part curing-agent, by weight, the catalyst promotes a hydrosi-
lylation reaction between base and curing-agent [65, 66].

2.3 Soft lithography, rapid prototyping and replica molding

One particularly important contribution to the microfluidic field has been a method
for fabricating prototype devices in PDMS, namely soft-lithography [64]. Soft-lithogra-
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phy represents a non-photolithographic approach to micro- and nanofabrication which
is based on self-assembly as well as replica molding and enables rapid prototyping of
devices. It typically involves a soft polymer (PDMS) for patterning relief structures on
its surface to facilitate, e.g. microcontact printing (µCP), replica molding (REM), mi-
crotransfer molding (µTM), micromolding in capillaries (MIMIC) and solvent-assisted
micromolding (SAMIM) [65]. These processes are particularly attractive since they
allow microfabrication of devices in the range of 20-100 µm at very low cost and
without the need for expensive laboratory equipment. Using these methods, pro-
totype devices can be fabricated in a time period that is considerably shorter than
what is generally needed in silicon processing (approximately two days compared to
one month or more). Figure 2 shows the principal fabrication steps used in rapid
prototyping of PDMS.
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Figure 2. Rapid prototyping process scheme.

In this work rapid prototyping and replica molding are the primarily used tech-
niques for the fabrication of microfluidic prototype devices. The process begins by
designing a desired pattern via computer-aided-design (CAD) software which is then
printed on a high resolution transparency. This transparency is used as a photomask
to carry out standard photolithographic processes [2, 3]. In photolithography a thin
photosensitive polymer layer (photoresist) is illuminated with UV-light through the
photomask to initiate a polymerization process in a pattern at defined regions. The
unpolymerized photoresist is then dissolved in a developer solution. This leaves a
relief structure on the wafer which is then used as a master to cast PDMS and create
an imprint of the relief structure.

After fabrication of the master, the surface of the wafer needs to be treated to
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eventually enable removal of the PDMS after casting and curing. In this work, the
fabricated masters are covered with a teflon-like layer prior to replica molding. To
accomplish this, the master wafers are treated in an inductively coupled plasma (ICP)
using C4F8 gas for about one minute, which leaves its surface hydrophobic. The pro-
cess is based on the degradation of C4F8 in several steps to (CF )x which polymerizes
at the wafer surface. This is enforced by an induced magnetic field which triggers
the release of electrons from Ar. The free electrons initiate the degradation of C4F8.
The deposited layer prevents a permanent bond to be formed between the silicon and
PDMS, which enables the cured PDMS layer to be easily peeled off the master.

Using such a master, the negative relief structures are imprinted in PDMS by
replica molding. This involves casting of the mixed and degassed PDMS pre-polymer
on the master, heat curing and eventually peeling it off the master. The replicated
PDMS layer can then be bonded to other flat surfaces reversibly or irreversibly, which
seals the chip.

2.4 PDMS microfluidics

Another particularly important contribution to the microfluidic field has been the
development of pneumatically actuated valves by means of soft-lithographic fabrica-
tion techniques [31]. These valves make use of a two-level PDMS channel network
where one level of channels contains the fluid to be controlled and the other level of
channels pneumatically controls the adjacent fluid channels. The operation of such
valves resembles the idea of someone stepping on a water hose and squeezing the hose
until water cannot flow through any longer. When applying pressure to the control
channel and increasing it, a membrane, at the position where channels of both levels
cross (seen from above), deforms into the fluid channel, which reduces the size of
the channel until the fluid channel is completely blocked. When the pressure in the
control channel is reduced, the membrane moves back to its original state due to the
elasticity of PDMS, which renders the fluid channel normally open.

�����������
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Figure 3. Photograph of a two-level PDMS based microfluidic valve commercialized by
Fluidigm Corporation in (a) open state and (b) closed state. Control and fluid channel are
100 µm wide channels crossing perpendicularly. Adapted and modified from [67]

Figure 3 shows photographs of such a microvalve in its normally open state as well
as the closed state from above. By configuring such valves in a multiple arrangement,
effective microfluidic components such as pumps, mixers and biochips are feasible
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to perform chemical and biological experiments [31,68,69]. Nevertheless, using these
valves requires an off-chip controller for each independent valve structure. This means
that the number of independent valves that may be integrated on a lab-on-a-chip
device is limited by the use of these off-chip controllers due to their size, cost, and
power consumption. A microfluidic latching valve instead remains in its open or closed
state without the need for continuous external actuation, which can reduce the amount
of external controls. PDMS latching valves have shown to sustain their state for more
than ten minutes until depressurization occurs due to the permeability of PDMS. Such
latching valves have been presented in networks for microfluidic large scale integration
(mLSI), similar to electronic integrated circuits, to realize microfluidic multiplexers
and memory where 20 pneumatic control channels are sufficient to individually control
as many as 1024 fluidic channels [69, 70].

Figure 4. A demultiplexer using vacuum-latched valves in four rows of valves, where each
valve is alternately connected to off-chip vacuum or pressure by 4/2 solenoid valves. The 16
vacuum latch valves at the bottom of the device are actuated via the demultiplexer. Adapted
and modified from [71].

Normally closed membrane seat valves have been presented as latching valves
based on a three- or four-valve network to further reduce the amount of external con-
trols [72]. These valves comprise a PDMS membrane which is sandwiched in between
etched glass wafers containing the fluidic channel network. The latching microflu-
idic valve structures can be controlled independently using an on-chip demultiplexer,
which makes them suitable for integration into large-scale, high-throughput lab-on-a-
chip devices [71–73]. Figure 4 shows a four-bit binary demultiplexer which addresses
sixteen independent latching valves, distributing pressure and vacuum pulses to each
of them in turn, by a single input connection (pressure/vacuum) at the top of the
device.

The technology of microfluidic large-scale integration enables hundreds of assays
to be performed in a highly automated parallel manner with multiple reagents. It is a
potential candidate to replace the established methods of biological fluidic automation
such as pipetting robots.
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The true delight is in the finding out
rather than in the knowing.

Isaac Asimov
1920–1992, Russian-born American
Biochemist, Science Fiction Writer

3 Sealing of microfluidic structures

3.1 Introduction

In MEMS fabrication, bonding of substrates to one another has become an impor-
tant process which utilizes a diverse range of wafer-bonding techniques. Among the
most commonly used semiconductor bonding techniques are anodic and direct bond-
ing [74–76], eutectic bonding [77], low-temperature melting glass bonding [78], solder
bonding [79], thermocompression bonding [80], ultrasonic bonding [81] as well as ad-
hesive bonding [82].

The rapid development of microfluidic systems toward µTAS has triggered the
need for new fabrication techniques to realize microfluidic channels, devices and sys-
tems, which may even be integrated with complimentary metal oxide silicon (CMOS)
circuits, e.g. for on-chip signal analysis of large amounts of data in such systems.
Surface micromachining techniques, as well as various kinds of bonding methods for
chip- and wafer-bonding, have been introduced to fabricate such microfluidic struc-
tures, which most commonly are based on materials such as silicon, glass and poly-
mers [83–86].

All bonding techniques are based on a common principle: if two materials are
brought into sufficiently close contact, they fuse and adhere to each other. A number
of basic bond types, i.e. covalent bonds, van der Waals bonds, metallic bonds and
ionic bonds, ensure that atoms and molecules in a solid or between two solids cohere
and adhere, respectively. These bond types are based on electromagnetic (coulombic)
forces, which result from the attraction of opposing electrical charges. Most wafer
bonding techniques are dominated by the bonding mechanism of covalent bonds and
van der Waals bonds. These mechanisms occur when atoms of two opposing surfaces
are less than 0.5 nm apart from one another. Direct coulombic forces arise whenever
charging occurs. These are usually strong and dominating, unless water vapor or
water is present in the environment, which partly neutralizes the charged surfaces.

3.2 Adhesive wafer bonding

Adhesive wafer bonding is widely used in the manufacturing industries, e.g. for the
production of airplanes and cars, to join materials of various kinds. The technique
utilizes organic as well as inorganic intermediate layers to create a bond between
two wafer surfaces [83–85, 87–90]. Like other bonding techniques, adhesive bonding
occurs when atoms and molecules are brought into sufficiently close contact, which is
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promoted by the adhesive material deforming and wetting the surfaces to be bonded.

The intermediate adhesive layer can be deposited on one or both surfaces by spin
coating, laminating, spraying or other suitable deposition techniques. To finally create
a bond, the wafers are brought into close contact and the adhesive layer is generally
cured by applying heat and pressure. The exact procedure is dependent on which
adhesive material is used. Various organic adhesives (mainly polymers) with different
material properties and chemistries are available [91]. When using polymer adhesives,
the bonding temperatures may vary between room temperature and 450◦C, which
makes adhesive bonding compatible with CMOS. A detailed discussion of different
adhesive bonding materials and the relevant bonding parameters can be found in [92].

3.3 Sealing of PDMS structures

Bonding of PDMS layers with imprinted microchannels is a critical step in the micro-
fabrication process. PDMS based microfluidic device fabrication commonly utilizes
the property that PDMS can conformally contact and reversibly seal to other smooth
surfaces, which is provided by simple van der Waals contact. Such contact is water-
tight up to fluid pressures of 35 kPa [64].

The most commonly used technique to form an irreversible seal is to expose PDMS
shortly to oxygen plasma [53, 64]. Plasma oxidation is commonly used to alter the
surface chemistry of PDMS. Surface-oxidized PDMS can seal to itself, glass, silicon
and others [93]. Most of the research on the chemistry happening during such plasma
treatment indicates the generation of silanol groups (Si-OH) on the surface of the
PDMS at the expense of methyl groups (-CH3), which renders the PDMS surface
hydrophilic. The concentration of hydroxyl groups is increased upon the oxidation of
the surface layer, which leads to the formation of strong intermolecular bonds upon
contact [64, 93, 94]. These bonds form the basis of a tight irreversible seal that can
withstand pressures of 350-500 kPa [95]. The formation of such irreversible seals in
PDMS have recently been presented by means of a handheld corona system [96].

When using this bonding technique it may be necessary to try various exposure
parameters for a given plasma setup. Furthermore, it requires technical skill to align
two surfaces and bring them into contact quickly after oxidation (<1 min), since the
surface of the oxidized PDMS reconfigures in air [60,97]. In case of fabricating multi-
layered microfluidic systems the use of micromanipulators is required, since oxidative
sealing occurs upon contact. Experience shows that this sealing approach works best
in a clean environment, when the samples themselves are clean and dry, and the
surfaces to be bonded are not bent during handling.

As alternative methods for sealing PDMS irreversibly one approach utilizes an
excess of the monomer to one layer of PDMS and an excess of curing-agent to the
other [31]. The layers are brought into conformal contact and again cured at higher
temperatures to form the seal. This method has the advantage that it allows the two
layers to be aligned properly, since sealing is initiated upon heat. On the other hand
it is limited to sealing of layers consisting of PDMS.
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3.4 Selective PDMS bonding

In standard wafer bonding applications it is often attractive to only bond specific areas
of a wafer, whereas others remain unbonded, in particular in the fabrication of three-
dimensional or multilayered structures. In adhesive wafer bonding a localized bond
formation is achieved by simply applying the adhesive only at the designated positions.
Methods to deposit the polymer adhesive at certain positions involve spraying with a
shadow mask, lamination of a patterned polymer sheet, local dispensing and screen-
printing of a liquid polymer precursor.

As PDMS conventionally is bonded using an oxygen plasma, and not an adhesive
intermediate layer, the use of such methods is not an option. To selectively bond
PDMS to a substrate, designated areas would need to be masked during the plasma
oxidation process. On chip-level such selective bonding would be rather straightfor-
ward, as long as the smallest feature sizes are in a feasible range to pick and place
the mask accurately. However, to create areas in between bonded PDMS structures
on wafer-level, that are separable from one another, we introduce an anti-sticktion
pattern into the system, which remains on the structures after the plasma oxidation
process. To achieve this, the idea used in adhesive wafer bonding, of using a shadow
mask and spraying the adhesive, is picked up. Instead of spraying an adhesive we
sputter thin Au-patterns, at a thickness in the range of nanometers, through the
shadow mask on both PDMS surfaces. The formation of a permanent bond at these
designated positions is prevented, since the surfaces are not oxidized properly dur-
ing the plasma oxidation step. At the positions where Au is present no permanent
bond is formed, whereas the surrounding areas form a proper bond. This allows for
the layers at these areas to be separable from one another after the bonding process
is completed. Paper 6 describes this bonding process by means of fabricating out-
of-plane liquid handling devices. There a sheet of Scotchpak release liner (3M) is
patterned at designated areas, by using a standard drilling machine, and laminated
on the PDMS prior to sputtering of Au. This approach is limited to relatively large
feature sizes (∼1mm) and circular patterns. In case smaller feature sizes with im-
proved precision and/or other geometries are desirable, a polymer can be patterned
via photolithography and used as the shadow mask. The use of SU-8 photoresist
would provide high precision as well as the possibility to achieve thick layers. A thick
layer of SU-8 photoresist is straightforward to fabricate and involves photolithograph-
ical fabrication steps only. The mask could be fabricated on a release layer which is
removed after the lithographic steps to release the SU-8 sheet. Other ways that would
enable the fabrication of an accurate shadow mask would be to use Parylene-C [98],
epoxy-functionalized-PDMS [99] or photosensitive-PDMS [100].

3.5 Full-wafer adhesive PDMS bonding

Adhesive bonding, utilizing PDMS-prepolymer, has been described previously for the
purpose of fabricating microfluidic chips [101], where the PDMS-prepolymer is di-
luted with the organic solvent toluene. However, PDMS based microfluidic devices
have shown limited compatibility with various organic solvents such as toluene, due
to swelling [102]. Some organic solvents, e.g. methanol and glycerol, swell PDMS
only to a small extent so that they could still be used within channels of PDMS based
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microfluidic devices. Others swell PDMS to a greater extent, thus they are not com-
patible with the use in PDMS based systems. The ratio of swelling is approximately
inversely related to the solubility parameter of the solvent that is used.

Therefore, a straightforward PDMS bonding technique, utilizing solely the curing-
agent of the two-component silicone rubber (Sylgard R© 184) as the intermediate layer
for adhesive bonding, is evaluated. Its applicability is verified by means of fabricating
microfluidic structures using two different approaches.

One utilizes a technique where the structural layer is placed directly on the in-
termediate layer, as depicted in Figure 5(a). For that purpose a structural PDMS
layer with integrated microchannels is fabricated through replica molding using stan-
dard photolithographical means. Another unstructured PDMS layer is fabricated on
a plane silicon wafer, coated with curing-agent at a desired speed and transferred onto
the structured PDMS layer. Finally, heat curing forms an irreversible seal at the inter-
face. A cross-sectional view of the resulting microchannel, where the inside geometry
has slightly curved edges, is shown in Figure 5(b). We believe that after bringing
both layers into contact the curing-agent is wetting the inside of the microchannel,
due to surface tension, and thereafter reacts with uncured monomers dissolved in the
PDMS bulk. This renders the edges curved after polymerization. This phenomenon
could be useful in microfluidic devices that require round and multi-depth channels.
A similar approach has been presented to fabricate round channels and a dual-depth
serpentine micromixer, using the surface tension of PDMS [103].
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(a) (b)

Figure 5. (a) Principal fabrication scheme for fabricating directly bonded microfluidic
structures. (b) Cross-sectional picture of an imprinted microchannel in PDMS bonded to
another PDMS layer which was spin coated with curing-agent prior to bonding. The edges of
the microchannels become slightly curved. The dashed line indicates the interface between
the two layers.

Another approach uses a patterned adhesive bonding technique [104] to fabricate
microfluidic structures. Its fabrication scheme is depicted in Figure 6(a). A structural
PDMS layer with imprinted microchannels is again fabricated through replica mold-
ing. Spin-coating curing-agent on a carrier substrate allows the structural PDMS
layer to be stamped onto the coated carrier substrate to pick up the curing-agent.
Then this PDMS layer can be transferred onto another unstructured PDMS layer
and finally heat cured to generate a permanent bond at the interface. Figure 6(b)
shows a cross-sectional view of the resulting microchannel, where the inside geometry
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of the microchannel remains unchanged.
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Figure 6. (a) Principal fabrication scheme for patterned adhesive bonding of microfluidic
structures. (b) Cross-sectional picture of an imprinted microchannel in PDMS which was
stamped onto a curing-agent coated substrate prior to bonding to another PDMS layer. The
geometry of the microchannel remains untreated when using this patterned adhesive bonding
method. The dashed line indicates the interface between the two layers.
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Figure 7. (a) Schematic of the fabrication of test devices. Flanged capillary tubing is
cast in PDMS and cured. Curing-agent is spin coated on a substrate at various spinning
speeds. The fabricated parts are brought into conformal contact and heat cured at different
temperatures.(b) Picture of the test device after pulling apart the flanged capillary tubing.
The picture shows that the PDMS tears off through the bulk instead of separating at the
bond interface. Clearly visible is the previously unbonded area, at the position of the flanged
capillary tubing, as well as the previously bonded area, which was torn off.

To further characterize this bonding technique, bond strength measurements are
conducted on test devices, using the destructive blister test method [105]. A schematic
of the fabrication of test devices used for the blister test is shown in Figure 7(a). A
compressed air supply and pressure transducer are connected to the fabricated devices.
Increasing the pressure at the inlet eventually leads to failure of the bond interface at
a critical pressure. The crack propagates through the bond interface and a distinct
pressure drop can be noted. Table 1 shows the results for bond strength measurements
at different fabrication parameters and shows that the resulting bond strength is
comparable to, or even stronger than, plasma assisted PDMS bonding [95]. For
each fabrication parameter several experiments have been conducted. Additionally,
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Table 1. Bond strength measurements using the blister test method. The bond is failing
and a crack propagates through the bond interface and a distinct pressure drop can be noted.

Bonded
material

Spin
speed

Curing
temper-
ature a

Bond
strength

Relative
standard
deviation

/ rpm / ◦C / kPa / %

PDMS
to
PDMS

2000

65 455 13.1

100 538 9.7

120 462 4.5

4000

65 545 1.9

100 393 1.7

120 365 7.9

6000

65 531 13.4

100 372 9.0

120 531 6.0

PDMS
to
Silicon

2000

65 572 15.3

100 600 7.4

120 669 5.2

4000

65 800 5.6

100 593 5.3

120 696 3.8

6000

65 400 14.5

100 414 9.2

120 400 3.8

PDMS
to
Glass

2000

65 407 7.6

100 345 5.0

120 414 9.7

4000

65 393 5.8

100 338 10.4

120 400 18.4

6000

65 290 8.6

100 269 6.9

120 386 6.0

aCuring times according to typical values for PDMS curing: 4 h@65◦C, 1 h@100◦C, 1/2 h@120◦C.

test devices have been pulled apart manually, as shown in Figure 7(b). Instead of
separating at the bond interface the device tears off through the PDMS bulk, which
indicates that the bond strength is comparable to the cohesion of bulk PDMS.

The presented experiments show that the adhesive PDMS bonding technique is ap-
plicable for wafer-level fabrication. Using this technique is straightforward and utilizes
solely the curing-agent of the standard two-component silicone rubber (Sylgard R© 184)
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as the intermediate layer for adhesive bonding. Spin coating the curing-agent on var-
ious substrates, such as PDMS, silicon or glass, allows microfluidic components to
be fabricated and sealed irreversibly at very low cost without the need for expen-
sive laboratory equipment. Bond strength measurements show that the bond created
using this bonding technique is comparable to, or stronger than, plasma assisted
bonding [95]. Moreover, the fabrication of round channels is feasible due to surface
tension of the curing-agent. Utilizing a straightforward patterned adhesive bonding
technique instead [104], the inside of the bonded microchannels remain untreated.
During the fabrication of multilayered microfluidic chips, the structural layers can be
aligned accurately since curing is initiated upon heat, which is an advantage over the
widely used plasma assisted PDMS bonding technique. Additionally, the presented
adhesive bonding technique is compatible with room-temperature curing and allows
the functionalized immobilization of biomolecules in microstructures prior to sealing.
Table 2 shows an evaluating comparison of various PDMS bonding techniques and
their practical applicability.

Figure 8. Photograph of a rolled micro tube based on PDMS which contains enclosed
microchannels.

Using this adhesive PDMS bonding technique furthermore allows the fabrication
of rolled micro tubes made of PDMS, as shown in Figure 8. Such rolled PDMS micro
tubes could contain microchannels, immobilized biomolecules, sensors and circuitry,
etc. taking advantage of the unique PDMS characteristics, such as permeability. Its
fabrication would start on an initially flat PDMS layer prior to rolling and sealing,
which provides the possibility for fabricating e.g. sensors on both the inside and
outside of the micro tube. Then a flexible layer could be rolled to form micro tubes
with various diameters. A similar approach of fabricating biosensors on a spirally
rolled micro tube by means of a flexible Kapton substrate has been presented recently
for microcatheter-based cardiovascular in vivo monitoring [106].

3.6 Selective full-wafer adhesive PDMS bonding

Within wafer bonding it is often attractive to bond specific areas of a wafer, whereas
others remain unbonded. The adhesive PDMS bonding technique described in Sec-
tion 3.5 has shown promising results, where the bonds created using this method are
as strong as, or even stronger than, the bonds created by the widely used plasma
assisted PDMS bonding technique. Furthermore, using such an adhesive approach
allows PDMS surfaces to be bonded selectively to another by means of a suitable
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deposition technique.
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Figure 9. (a) Schematic of the principal fabrication steps when selectively bonding PDMS
microchannels utilizing microcontact printing of PDMS curing-agent. (b) Picture sequence
of a liquid filled microchannel containing a selectively bonded area with the channel inlet at
(I) zero pressure , (II) pressurized, and (III) depressurized, subsequently.

To selectively bond PDMS, by means of this adhesive PDMS bonding method,
we utilize a softlithographic approach of microcontact printing PDMS curing-agent
onto one of the surfaces to be bonded, as depicted in Figure 9(a). First, a PDMS
stamp for microcontact printing as well as a structural PDMS layer with imprinted
microchannels are fabricated using the replica molding technique, as described in
Section 2.3. Then PDMS curing-agent, that will be used as the intermediate layer
for adhesive bonding, is spun on another substrate. The previously fabricated PDMS
stamp is pressed on the coated substrate to pick up the curing-agent and again placed
on another substrate in order to transfer a pattern and prepare for bonding. This
renders specific areas on the substrate coated with curing-agent according to the
”inked” stamp pattern. The transferred curing-agent represents a patterned inter-
mediate layer for adhesive bonding, which fulfills the bonding function at designated
areas after curing. Finally, another PDMS layer is placed on the ”inked” substrate
and a permanent bond, at the interface where curing-agent is present, is accomplished
by heat- or room-temperature curing. Figure 9(b) shows a picture sequence of an un-
bonded area before and after external pressure is applied to the channel inlet. The
applicability of this selective full-wafer adhesive PDMS bonding method, via micro-
contact printing PDMS curing-agent, is shown by means of fabricating in-plane liquid
handling devices, as shown in Paper 6.
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Table 2. Comparison of various alternative PDMS bonding methods. The different PDMS
bonding techniques are evaluated according to various attributes that are of importance
for PDMS microfluidic device fabrication. If a technique features beneficial characteristics
toward a certain attribute, it is marked as positive, and in the contrary as negative.

Attributes
Plasma
oxidation
[53,64]

Handheld
corona dis-
charge [96]

Different
PDMS
composi-
tion [31]

Curing-
agent
adhesive
bonding
[Paper 7]

Sensitivity
to
environment

– – – + ++

Urgency of
post-
processing

– – – ++ ++

Equipment
requirements

– ◦ ++ ◦

Selective
bond
formation

◦ ◦ ◦ ++

Wafer-level
applicability

+ – – ++ ++

Layer
alignment

– – ◦ + ++

Versatility
toward
novel
applications

◦ ◦ + ++

++ = very good, + = good, ◦ = neutral, – = poor, – – = very poor.
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When inspiration does not come to me,
I go halfway to meet it.

Sigmund Freud
1856–1939, Austrian Physician, Founder

of Psychoanalysis

4 Expandable microspheres

4.1 Introduction

Thermally expandable microspheres (XB) are small spherical polymeric particles
which have been industrially produced for several years. Thermoplastic microspheres
were first described by Dow Chemical Co. [107] and developed further by others [108–
110]. They are used in a wide variety of application areas, e.g. as additives in printing
inks to form topographical patterns on paper, wallpapers and textiles, in polyurethane
applications to compensate for normal shrinkage and as blowing agent to decrease the
density of plastics or to achieve a controlled and predictable foaming process while at
the same time improving shock, vibration and sound absorption properties. Moreover,
expandable microspheres have been used to produce highly porous ceramics with high
uniformity of the cell size and shape or in car protection applications for improved
anti-corrosion resistance and increased acoustical insulation levels [111–113]. The
dominating technique to manufacture expandable microspheres is based on suspen-
sion polymerization of vinyl type monomers with in situ encapsulation of a volatile
organic propellant in an aqueous medium [114–116].

4.2 Material characteristics

Expandable microspheres are micrometer-size beads that increase their volume upon
heat. Their gastight thermoplastic shell is typically made of polymers or copoly-
mers of vinyl chloride, vinylidene chloride, acrylonitrile, methacrylonitrile, methyl
methacrylate and styrene. This thermoplastic shell typically encloses small amounts
of condensed liquid hydrocarbon, such as n-pentane, isobutane, isopentane, hexane,
butane etc. The particle size of unexpanded microspheres is typically within 5 µm
and 50 µm in diameter. When heated above a certain temperature the thermoplastic
shell softens and the enclosed hydrocarbon changes phase from liquid to gas. This
phase transition results in a considerable increase of internal hydrocarbon pressure,
thus the microspheres are literally inflated, much like a balloon, which is illustrated
in Figure 10(a). This volume increase proceeds until a new equilibrium between in-
ternal hydrocarbon pressure and stress in the shell is reached. After cooling down
the microspheres retain in their expanded state since the thermoplastic shell hardens
again, thus this volume increase is irreversible.

An example of commercially available expandable microspheres is Expancel (Akzo
Nobel, Sundsvall, Sweden). In this work solely dry and unexpanded Expancel R© mi-
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crospheres (820DU) have been used. Various types of expandable microspheres are
commercially available, featuring expansion temperatures in the range from 80-190◦C
(Figure 10(b)), whereby the initial size of the microspheres is increased with higher
expansion temperatures. Upon heating, the volume of the microspheres can increase
up to 40 times, which leads to a decrease of its initial true density, typically from
1000 kg/m3 down to 30 kg/m3 [111]. During the expansion process, the initial par-
ticle size of a few microns in diameter is changed to several tenths of microns after
expansion. At temperatures above the expansion temperature Tmax of the micro-
spheres the thermoplastic shell gradually collapses and the encapsulated propellant
volatilizes, which leads to collapsing of the microspheres. Furthermore, Expancel R©

microspheres show excellent chemical resistance and can be used in contact with vari-
ous chemicals, including many solvents, without negatively effecting their properties.
All available grades are highly compressible, and retain their original volume after
numerous pressure loading and unloading cycles.
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Figure 10. a) Heating of the microspheres causes the propellant inside the spheres to gasify
which results in a dramatic volume increase of up to 40 times. b) Graph showing different
expansion intervals for various types of commercially available expandable microspheres.

4.3 Expandable microspheres in microfluidics

Microspheres, also known as beads, are commonly used as the solid phase for separa-
tion, synthesis and detection of molecules in various fields, such as medical diagnostics,
microbiology, cancer research, immunology and molecular biology. These beads of-
fer to modify their surface chemistry via functional groups, which can change surface
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properties to hydrophilic, hydrophobic, fluorescent or active for special ligand binding
proteins.

Utilizing functionalized beads as the solid phase, allows to chemically modify and
at the same time increase the reactive surface area in e.g. a reaction chamber or
microchannel. The effective use of functionalized beads in microfluidic devices requires
their localization at specific positions in the system. Several designs addressing this
issue utilize integrated mechanical barriers made from different materials, such as
glass, quartz and silicon, and aim at bead-based DNA analysis, chromatography and
immunoassay applications [117–120].

Expandable microspheres exhibit the possibility to expand upon heat and at the
same time possess the features of standard beads, which could be very attractive for
microfluidic applications. Two first approaches of how to utilize expandable micro-
spheres as a novel component in the microfluidic field have been described in 2002.

One approach suggests methods for selective immobilization of expandable micro-
spheres without the use of a mechanical barrier, including patterning by means of
photolithography as well as microcontact printing combined with self-assembly based
on surface chemistry [121].

Patterning by photolithography is achieved by mixing expandable microspheres
with standard positive photoresist from Shipley (Microdeposit S1813). Such a resin
can be spin coated on a substrate and subsequently be patterned by standard pho-
tolithographical means. When spin coating a single layer of this resin, some of the
expandable microspheres remain at the exposed area even though the photoresist is
dissolved completely after developing, as depicted in Figure 11. The remaining ex-
pandable microspheres could be removed by overdeveloping the wafer, however this
in turn would decrease the selectivity to the unexposed area drastically. Therefore, a
thin layer of pure S1813 photoresist is first spin coated on a substrate, serving as a
release layer, following spin coating of the mixed resin on top. This enables complete
removal of the expandable microspheres at the exposed areas as depicted in Figure 11.

(a) (b)

Figure 11. Images showing expandable microspheres immobilized and patterned on a
surface by means of photolithography. (a) Some microspheres remain at the exposed area
even after dissolving the photoresist. (b) When using a release layer of pure photoresist
beneath, the surface is patterned successfully. Adapted and modified from [121].
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Alternatively, the microspheres can be patterned and immobilized by self-assembly
based on surface chemistry [122]. This is accomplished by chemically patterning the
surface via microcontact printing and utilizing a self-assembly process of the micro-
spheres. Immobilization of hydroxy-functionalized beads on silicon substrates has
been presented earlier by means of surface chemistry [123, 124]. The formation of
covalent ester bonds between anhydride-functionalized surfaces and hydroxyl groups
on beads is assumed, since beads do not attach on non-functionalized surfaces, i.e.
the printed 4-(chlorosulfonyl) benzoic acid is not transformed into anhydride. Al-
though, the surface chemistry of expandable microspheres was not known, a similar
methodology as for the hydroxy-functionalized beads has been applied to immobilize
expandable microspheres. Figure 12 shows an SEM image of an immobilized self-
assembled monolayer of expandable microspheres on a functionalized surface before
and after expansion. No microspheres could be identified outside the printed anhy-
dride pattern, which shows that expandable microspheres can be immobilized using
this methodology.

Preliminary experiments show that it is also possible to immobilize monolayers of
expandable microspheres in deep reactive ion etched channels. In such an application
the expandable microspheres might be used to coat the internal walls of microfluidic
channels, in order to enlarge the reactive surface area.

(a) (b)

Figure 12. SEM images of expandable microspheres using immobilization via self-assembly
based on surface chemistry. An immobilized monolayer of expandable microspheres before
(a) and after (b) expansion. Adapted and modified from [121].

In another approach expandable microspheres are directly mixed in deionized wa-
ter, which is utilized as a liquid actuator for the purpose of active liquid handling in a
microfluidic system [50]. The liquid actuator is localized at a specific position on the
chip by means of a mechanical filter structure inside a microchannel which entraps
the expandable microspheres. Heating is achieved by either integrated heaters or by
heating the entire system which triggers microsphere expansion and accomplishes flu-
idic actuation. Pumping and valving of liquids, using this approach, can be achieved
with nearly identical microstructures. Figure 13 depicts the design of the microfluidic
device which determines whether the system works as a pump or a valve.
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Figure 13. Schematic exemplifying the concept of expandable microspheres used as a pump
(a) or valve (b). Adapted and modified from [50].

4.4 Incorporation of expandable microspheres into a paste

The incorporation of expandable microspheres into other liquid materials simplifies
their handling characteristics to a great extent. Expandable microspheres are mixed
together with glycerin, which resembles a paste, allowing for volume expansion of
several times its original volume. This paste is used as an actuator material to re-
alize a compact, low-cost liquid dispenser with high precision, which is suitable for
disposable drug delivery applications. Glycerin is chosen as the carrier liquid for
the microspheres, since its thermal properties promote good heat distribution and it
shows a lower heat capacity compared to water. Additionally, its low vapor pres-
sure prevents evaporation and keeps the microsphere mixture intact. Figure 14 shows
an exploded view of a prototype device which is used to evaluate the approach of
confining microspheres in a paste.
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Figure 14. Exploded view of the prototype device. Ring, membrane and the expandable
paste are clamped into the notch of the liquid container, which stretches the vinyl membrane.

The paste is separated from a liquid container by a thin elastic vinyl membrane
which is stretched over a plastic ring and clamped into a notch in the container. A
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(a) (b) (c)

Figure 15. Photographs of the expandable paste on a PCB. (a) Unexpanded state with an
initial volume of 35µl of expandable paste. (b) Expanded state after removal of the liquid
container. (c) Expanded state without a liquid container attached during operation.

lithographically defined heater on a standard printed circuit board (PCB) is used to
enclose the expandable paste from the other side. As electrical power is applied to
the heater on the PCB, heat is generated which causes the microspheres inside the
paste to expand. The expanding paste dispenses liquid from the container through a
small opening, which capillary tubing can be attached to. Photos of different states
of the actuator paste are shown in Figure 15 and depict the expansion potential of
this approach. The device is entirely fabricated using low-cost materials, allows for
easy-integration and is able to deliver liquid in the range of microliters to milliliters.

4.5 A thermally responsive PDMS composite

Expancel R© microspheres take the initial shape of a fine white powder, which makes
handling of small volumes of expandable microspheres as well as the issue of localizing
them in a microfluidic system rather time consuming and complicated [50, 121, 125].
Instead of placing the expandable microspheres at specific positions in the system,
e.g. by means of mechanical filter structures, surface chemistry or manually, we in-
corporate them into a PDMS matrix. This simplifies their handling characteristics to
a great extent and at the same time addresses the issue of localization. The result-
ing novel thermally responsive silicone elastomer composite actuator combines the
merits of PDMS and expandable microspheres (XB) and can be applied as a homo-
geneous layer over the entire wafer, forming a matrix which confines the expandable
microspheres within.

The composite is obtained by mixing PDMS base (Sylgard R© 184 Silicone Elas-
tomer Kit, Dow Corning) with expandable microspheres (Expancel R© 820DU) and
subsequent degassing in vacuum. To achieve a resin ready for spinning on or casting
against a wafer the desired amount of curing-agent is added and mixed thoroughly,
followed by a degassing step in vacuum. To prevent the incorporated expandable
microspheres from premature expansion during cross-linking of the PDMS matrix,
curing of the composite is performed at a maximum of 65◦C for 4 hours or alter-
natively at room temperature for at least 24 hours [126], i.e. below the actuation
temperature of the expandable microspheres. Figure 16 shows the distribution and
size of incorporated microspheres inside the cured composite before and after expan-
sion.
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(a) (b)

Figure 16. SEM photographs showing the size and distribution of expandable microspheres
(DU 820) inside the composite before (a) and after (b) actuation.

4.6 Composite characteristics

In this section the expansion characteristics of the novel elastic polymer compos-
ite are presented along with fabrication and application techniques as an integrated
actuator material. The uncured composite has novel application possibilities and
beneficial processing properties which allow wafer-level processes and the well-known
rapid prototyping techniques to be used [60]. Figure 17(a) depicts the replica molding
procedure: pouring the uncured composite on a master, degassing, heat curing and
subsequently peeling off the master. Figure 17(b) shows an SEM image of a high-
resolution imprint of a replica-molded structure in the fully cured composite layer.
The composite retains the characteristic of pure PDMS to replicate inverse features
with high fidelity when cast against a master and subsequently peeled off.
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Figure 17. (a) Schematic of the replica molding process resulting in imprinted structures in
the PDMS-XB composite. (b) SEM picture of a high-resolution imprint of a replica molded
structure in PDMS-XB composite using the well-established fabrication techniques known
for pure PDMS.

Yet, the composite actuator’s main characteristic is to expand irreversibly upon
generated heat, which makes it possible to alter its surface topography locally without
patterning it. A thin composite film, spun on a wafer and covered with a rigid reser-
voir, serving as a precisely defined volume, is used to show the expansion capability
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of the composite actuator. Upon heat the composite fills out deep as well as small
voids, which is revealed after removal of the rigid reservoir (Figure 18). The height
of the expanded composite structures conforms to the height of the structures used
as reservoirs.
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Figure 18. Initially flat layers of the PDMS-XB composite fill out voids upon heat. (a) SEM
picture of the expanded composite after inducing heat to the entire system and removing
the rigid reservoir. A 80 µm deep replicated plastic reservoir was used. (b) SEM picture of
the expanded composite after using a 30 µm deep DRIE etched microchannel as the rigid
reservoir.

To properly control the expansion of the composite actuator at specific positions
on a wafer, integrated heaters are defined lithographically. Adequate power applied
to the heaters introduces heat to the composite and hence expansion is effectuated
locally. A thin, initially flat, composite film on a microheater covering an area of
1 mm x 100 µm enables local expansion according to the shape of the heater and
reaches 110 µm in height as can be seen in Figure 19.
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Figure 19. Concept of an integrated resistor generating a heat pulse which initiates the
expansion of the composite. The graph represents the resulting local expansion of the com-
posite (inset) measured with a profilometer along the length axis.

To evaluate spin-coating characteristics of the composite, as well as its operational
parameters, both the resulting film thickness of the spin-coated composite as well as
its expansion behavior are measured. At various mixing ratios of PDMS prepolymer
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and expandable microspheres, the resulting composite film thickness is evaluated as
a function of spinning speed. After spin coating and curing various composite resins,
film thickness measurements are conducted by cutting out pieces from the composite
layer and using a surface profiler across the cut area. Figure 20 shows the dependence
of the resulting composite film thickness for various mixing ratios as a function of
spin speed.
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Figure 20. Resulting composite thickness for various mixing ratios of expandable micro-
spheres incorporated into the uncured PDMS matrix as a function of spin speed.
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Figure 21. Relative volume change as a function of different mixing ratios of expandable
microspheres. The volume change is determined by measuring the dimension variations after
heating to 80◦C and subsequent cooling.

The expansion behavior of the composite is evaluated according to the relative
volume change when heat is applied to the composite. The diameter and thickness
of circular discs, punched out from plane composite films, is measured with a caliper
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gauge before and after expansion to calculate the relative volume change. When
heated, the microspheres expand and deform the elastic composite drastically, as
depicted in Figure 21(a). Different concentrations of incorporated expandable mi-
crospheres in the PDMS matrix are evaluated and show a maximum volume change
of approximately 270% for a concentration of 600 mg microspheres per 1 ml PDMS
prepolymer at a typical mixing ratio of ten parts base to one part curing-agent, which
is depicted in Figure 21(b). The higher the bead concentration in the PDMS pre-
polymer, the more viscous the composite resin becomes. Too high concentrations of
microspheres in the PDMS degrade its simple handling characteristics, e.g. for spin-
on processing on wafer-level. The microsphere concentration in the PDMS matrix
has a significant influence on the expansion of the composite. However, varying the
mixing ratio for the PDMS prepolymer (base:curing-agent) shows only little influence
on the overall expansion. The relatively high standard deviation could originate from
the measurement method (caliper gauge) and the elastomeric nature of PDMS. How-
ever, the use of the actuator in a digital mode compensates for possible variations
in volume change of the material. On-chip liquid reservoirs, holding a specific liquid
volume, can be accurately defined during fabrication and, in one shot, the complete
liquid volume inside the reservoir can be released. For such digital use no compli-
cated feedback system to deliver a certain dose is required, since the liquid dose is
predefined.
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Figure 22. Measured average temperature response of the NTC on top of the composite
for various heating times; (solid line) heating for 2 sec, (dotted line) heating for 1 sec only
according to configuration (a) and (dashed line) heating for 2 sec according to configuration
(b).

To investigate applications where the thermal behavior of the system is of im-
portance we evaluated the impact of the thermal actuation energy. The dynamic
heat response of the composite actuator is characterized in order to understand heat
conduction through the composite with a small mounted device (SMD) negative tem-
perature coefficient (NTC) thermistor placed on top of the PDMS-XB composite.
Two different setups are used to measure the temperature response. First, a sim-
plified measurement is conducted on the bare composite on top of a glass substrate
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with an integrated heater, which constitutes only natural heat convection and ther-
mal conduction to the glass substrate, as depicted in Figure 22(a). This results in a
measured average maximum temperature of 43◦C (solid line) and 35◦C (dotted line)
when heating for two seconds or one, respectively. Figure 22(b) shows a more repre-
sentative configuration of a liquid handling platform based on the composite actuator.
The NTC is cast into PDMS to measure the temperature response inside a reservoir
made of pure PDMS which additionally introduces thermal conduction to the PDMS
reservoir layer. The dashed line shows the temperature inside the PDMS mold reach-
ing an average maximum temperature of 32◦C when heating for two seconds. For
all experiments the expansion of the composite actuator was validated after the mea-
surement. These measurements show that the thermal actuation concept can be used
for liquid handling components. The thermal load on liquid transported within such
a system is expected to lie well below the temperature of 80◦C, which is needed to
actuate the expandable microspheres.
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Impossible is a word only to be found in
the dictionary of fools.

Napoleon Bonaparte
1769–1821, French Soldier, Emperor

5 Composite based microfluidic devices

5.1 Design and fabrication of fluidic components

Microfluidic components are designed according to the characteristic behavior of the
composite actuator. As discussed in Section 4.6, the standard deviation of the com-
posite expansion is relatively high. To compensate for this, microfluidic components
are designed to operate in a digital mode, i.e. in the case of a micropump the liquid
volume which is enclosed in a reservoir is being released completely upon composite
expansion. On-chip liquid reservoirs holding a certain liquid volume can be precisely
defined during the fabrication process. The use of the composite actuator in digital
mode has further advantages, such that a complicated feedback system to deliver a
certain dose is not required, since the liquid dose is predefined by the size of the liq-
uid reservoir. To achieve a certain dose, a multitude of such units can be arrayed in
parallel. Using the composite actuator in digital mode decreases the overall system-
complexity and increases delivery precision.

Devices using the composite actuator are fabricated in a multilayer fashion, which
involves the following steps. First, integrated heater structures defining the actuation
position are fabricated on standard FR4 printed circuit boards (PCB) using stan-
dard photolithographical means; exposure to UV-light, developing of photoresist and
etching of copper. All photolithographical fabrication steps use high-resolution trans-
parencies as photomasks. Microheaters are fabricated in a meander shaped fashion to
cover a desired area and their geometry can be adapted to generate a tailored heat pro-
file. Finite element modeling (FEM) simulation, based on the Comsol multiphysics R©

simulation package, is used to optimize such tailored heat profiles. In contrast to
microheaters with constant geometry, where the highest temperature occurs at the
center of the heater and hence induces composite expansion at this location first, the
heater geometry can be adapted to match a desired heat profile. Such heaters could
be designed to generate e.g. a flat temperature profile which induces, spatially as well
as temporally, even composite expansion across the heater area or, a sloped tempera-
ture profile which corresponds to a gradually progressive expansion of the composite,
vertically as well as laterally.

After preparation of the heater structures, the composite actuator is prepared as
described previously in Section 4.5 and spin coated onto the PCBs to achieve a desired
composite thickness.

Thereafter, reservoirs and microchannel networks are formed on a master by us-
ing the the replica molding techniques described in Section 2.3. Since expansion of
the composite actuator creates rounded profiles, which eventually fill out reservoirs,
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the structures on the master should preferably exhibit round edges to enable proper
depletion of a microfluidic reservoir during operation. Structures that are used for
replica molding, ranging from micro- to millimeters in size, are fabricated to enable
microfluidic components for various work ranges. A rather straightforward reflow
process, based on standard photoresist, is utilized to create rounded profiles in the
micrometer range. The creation of rounded structures in the size range of millimeters
instead, by means of standard micromachining techniques, is yet far more challeng-
ing. Therefore, a simple process for fabricating such a reservoir master is developed,
where UV-curing epoxy droplets are dispensed with a commercially available pipette.
After the master is readily fabricated, liquid PDMS prepolymer is spin coated onto
it, cured accordingly and eventually peeled off. An exploded view of the multilayer
structure is shown in Figure 23(b).

As a last fabrication step, the replica molded PDMS structures and the previously
fabricated stack of PCB/PDMS-XB have to be sealed permanently. Such a perma-
nent seal is achieved utilizing either the plasma oxidation treatment (Section 3.3)
or alternatively the full-wafer adhesive PDMS bonding technique described in Sec-
tion 3.5. Figure 23(b) depicts a cross-sectional view of a fabricated device showing
the semi-circular microchannel and the expandable microspheres inside the PDMS
matrix. Finally, the devices are fully operational and ready to be filled with liquid.
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Figure 23. (a) Schematic exemplifying the exploded view of an application, such as a pump
or a valve. (b) Crossectional SEM image of the PCB/PDMS-XB/PDMS stack, depicting
the semi-circular microchannel molded in PDMS and the PDMX-XB matrix.

5.2 Single-use pumps

The operating principle of single-use microfluidic pumps is described in Figure 24.
Precise spatial and temporal control of the composite expansion is achieved by means
of lithographically defined integrated heaters. This allows expanding the composite
locally without patterning it. Such controlled composite expansion results in the
filling of a reservoir causing initially stored liquid to be released into a microchannel.

To investigate the performance of the fabricated pumps the on-chip liquid reser-
voirs are filled under vacuum or manually with either paraffin oil or glycol and ethanol
based colored dyes diluted in deionized water. Vacuum filling is conducted by either
submerging the device into liquid [127] or adding a liquid droplet at the microchannel
inlet after vacuum treatment of the device for 1 hour [128]. As sufficient power is
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Figure 24. Schematic of the working principle, showing the device before and after actu-
ation. Upon heat the PDMS-XB composite expands and consequently fills out a reservoir,
resulting in dispensing of initially stored liquid.

applied to the system, the composite expands at the location of the integrated heater
underneath and the stored liquid inside the reservoir is consequently released into the
microchannel.

In a prototype device with a 100 µm thick composite layer and reservoir dimensions
of 1.5 mm in diameter, holding a liquid volume of 24 nL, the liquid is released into
the microchannel upon applying 850 mW of mean power during 3 seconds. The
complete release of stored liquid from the pump reservoir within 1.6 seconds is shown
in Figure 25. Even against back pressures of up to 100 kPa, liquid could be pumped
efficiently.
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Figure 25. Picture sequence (a-e) showing the release of liquid from a reservoir. The
reservoir is completely depleted after 1.6 seconds.
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5.3 Single-use valves

The use of the device as a normally open single-use valve is based on the same working
principle used for the pump. Due to the volume expansion of the composite actuator
a microchannel section can be closed off effectively. Figure 26 shows the effect of
external pressure on an earlier closed valve. Increasing the external pressure at one
of the channel inlets makes the liquid front proceed into the blocked microchannel
and cleaves the valve area until breakthrough occurs, which reopens the microchan-
nel. The pressure where the microchannel is being reopened is highly dependent on
the power input during the valve closure. This phenomenon could be used to de-
sign microfluidic networks with integrated valves for directional liquid transportation
according to the power input at a certain location on the chip.
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Figure 26. Picture sequence of the valve in its open (a) and closed (b) state. The closed
microchannel can be reopened by applying external pressure to one of the inlets as shown
in (c-f).

5.4 Microfluidic networks

The interaction of several pumps and valves allows fabrication of highly integrated
microfluidic networks, e.g. for lab-on-a-chip applications. When designing such net-
works it is important that liquid is released completely from a reservoir into the
designated outlet. When using microheaters with constant geometry, where the high-
est obtained temperature occurs at the center of the heater, liquid pinch-off could
occur due to inaccurate reservoir to heater alignment during fabrication, as shown in
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Figure 27(a). To prevent such residual liquid trapping during operation, the use of
a special microheater pattern, i.e. a decreasingly dense resistor meander to gener-
ate a well defined sloped temperature profile, is suggested. Such a heater geometry
generates a well defined sloped temperature profile, which corresponds to a gradu-
ally progressive expansion of the composite actuator, vertically as well as laterally.
This progressive expansion guides the liquid into a desired direction, according to the
heater orientation as depicted in Figure 27(b). Additionally embedding active valves
prevents backflow during liquid transportation. Using this increasingly dense micro-
heater pattern makes alignment of the microfluidic channel and reservoir network to
the underlying heater structure uncomplicated during the fabrication process of the
devices and ensures complete liquid release during operation.
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Figure 27. (a) Exemplifying the problem of liquid pinch-off when a heater with constant
geometry is used, which leads to a maximum temperature across the heater occurring at the
center. Therefore composite expansion is induced at this location first and might lead to
liquid pinch-off. (b) The solution to the problem is a decreasingly dense heater meander,
which leads to a directional gradually progressive composite expansion and thus preventing
liquid pinch-off.

The design of such microfluidic networks includes these special microheater ge-
ometries, as well as integrated valves for sealing off on-chip liquid reservoirs after the
filling procedure. Thereafter, the chip is ready for further use, its handling is easy
and convenient, e.g. when conducting a biochemical reaction under a microscope.
When applying sufficient power to the system, the composite expands locally at the
integrated heaters so that liquid stored in the reservoirs is consequently released into
the microchannels. Figure 28 shows transportation, merging and mixing of liquid
samples on such a microfluidic network.
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Figure 28. Video snapshots showing the operation scheme: (I) sample loading; (II) trans-
portation into reaction chamber; (III) further transportation, (IV) of mixed liquid into down-
stream reservoir for increased mixing. Note the evolving expansion profile of the composite
in (III) and (IV).

The applicability of such microfluidic networks as a disposable lab-on-a-chip is con-
firmed by demonstrating an enzyme reaction experiment based on a bioluminometric
reaction. Detectable light is produced during a reaction mediated by the enzyme
luciferase. Luciferase has been used extensively in molecular and cell biology, in par-
ticular for the efficient detection and quantification of ATP, and as a reporter enzyme
for studies of gene regulation and expression [129]. The enzyme also plays a central
role in DNA pyrosequencing technology. In the presence of adenosine triphosphate
(ATP), luciferine is oxidized into an exited state and light is emitted upon the return
to the ground state.

After preparation of the solutions, ATP is loaded into one and the pyrosequencing
solution into another reservoir. When adequate voltage is applied to the system, the
samples are pumped into a reaction chamber and come into contact, which instantly
initiates the light emitting reaction. The enzymatic reaction is carried out in a dark
environment and recorded with a CCD camera in real time. Post data processing
allows to create false-color snapshots of the real-time reaction, which is shown in
Figure 29(a). The instantly initiated reaction is indicated by the rapid increase of
light intensity upon contact of the samples, as depicted in Figure 29(b). The reaction
kinetics of the system is comparable to the luminometric assay conducted on an
earlier reported silicon based microfluidic platform [130]. Although only the luciferase
reaction is shown, all necessary components to perform allele-specific extension for
single-nucleotide polymorphism analysis based on pyrosequencing chemistry are there.
Bioluminometric assays are limited to the optimal temperature of firefly luciferase
(22◦C-28◦C) and thermal denaturation of firefly luciferase has been reported to occur
at about 39◦C [131]. This shows that biological assays with limited thermostability
can be manipulated effectively on such a microfluidic platform.
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Figure 29. (a) False-color snapshot of the light emission during the bioluminescence re-
action on the LOC platform. (b) The graph corresponds to the light emission during the
reaction. The reaction is initiated instantly as the solutions are transported and come into
contact, indicated by the rapid increase of light intensity.

5.5 Microliter range pumps

The size of the liquid volume that is manipulated by a microfluidic system can vary to
a great extent and is determined by its practical application. Single-cell monitoring
for example, may require handling of liquid volumes of about one picoliter whereas
the administration of therapeutic agents, such as insulin or vaccines, requires the
manipulation of liquid volumes ranging from hundreds of picoliters up to hundreds of
microliters.

Previously presented applications are capable of manipulating liquids in the range
of nanoliters, where the composite expansion leads to filling of a reservoir merely
with solid matter. This holds restrictions in terms of practically achievable maximum
stroke lengths, which limits its applicability for microliter range applications. To
realize the manipulation of liquid volumes in the range of microliters instead, a method
of buckling of the composite actuator film is adopted. The buckling phenomenon of
the composite actuator film is based on the characteristic bond between the PDMS-
XB and PCB, which is of moderate and reversible nature. The character of pure
PDMS to bond reversibly to plastics [60] is preserved by the PDMS-XB composite.
The expandable microspheres incorporated inside the composite actuator layer expand
isotropically upon heat, which introduces compressive stress into the composite and
leads to unseaming of the bond between the PDMS-XB layer and the PCB substrate.
The expansion induces buckling of the composite layer, which allows for larger stroke
lengths and eventually displacement of larger volumes. The operating principle of
microliter range pumps is described in Figure 30, where precise control is also achieved
by means of lithographically defined integrated heaters. The maximum stroke length,
i.e. the buckled state where the layer eventually finds its stress equilibrium is highly
dependent on the power input, heater area, composite layer thickness and the amount
of expandable microspheres in the composite layer and can be tailored towards a
desired stroke.

Tests of only expanding the bare composite actuator film on the PCB substrate,
i.e. no reservoir is attached, show that the expansion profile results in a spherically



40 Novel Microfluidic Devices Based on a Thermally Responsive PDMS Composite

�,

����+,

�	�
�����.���
���
���
 ��


���� �
��
��.����/:0�

�1������
����+,

���	�	��%!��

Figure 30. Schematic of the working principle for microliter range pumping by means of
the buckling composite actuator film, showing the device before and after actuation. Upon
heat the PDMS-XB composite expands and consequently fills out a reservoir, which results
in dispensing of initially stored liquid.

shaped structure, which is induced by the buckling of the composite actuator film,
indicated in Figure 31(a). To ensure device performance and proper depletion of
microfluidic pumps, the shape of the used liquid reservoirs should conform to the
spherical profile of the buckling composite actuator as well as possible. The fabrication
of such structures, by means of standard micromachining techniques in the range of
millimeters, is a challenging task. Therefore, a simple fabrication process for the
reservoir master for PDMS replica molding is developed, where UV-curing epoxy
droplets are dispensed with a commercially available pipette and subsequently cured
under UV-light. Figure 31(b) depicts the fabricated master showing the spherically
shaped reservoirs on the wafer substrate. The resulting spherical shape of the liquid
reservoirs, fabricated by the pipetting method, is beneficial for conformal filling by
the buckling unimorph composite.

"���

(a) (b)

Figure 31. (a) Photograph showing the resulting spherical profile of the buckling unimorph
composite film after actuation. Note that no reservoir was used during actuation. (b) Pho-
tograph showing the fabricated master mold for replica molding. UV-curing epoxy (Epotek
OG 142-13) droplets are placed over the entire wafer, using an Eppendorf pipette.

To investigate the thermal load on a liquid sample, the dynamic temperature
response during liquid sample transportation is measured using the method of flu-
orescence based thermometry. This has effectively been presented earlier, using a
standard fluorescence microscope and a charge-coupled device (CCD) camera [132].
A fluorophore, with a strongly temperature dependent quantum yield, is used to mea-
sure the temperature response of an aqueous solution. Rhodamine B is chosen as the
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fluorophore because its quantum yield is strongly temperature dependent in the range
of 0-100 ◦C, which makes it ideal to determine the temperature by comparing its flu-
orescence intensity at an unknown and potentially nonuniform temperature with its
intensity at a known, uniform temperature. Figure 32 depicts a fluorescence micro-
scope image of a micropump, which is filled with rhodamine dye solution and shows
the area where temperature values are extracted during image analysis.

Figure 32. Fluorescence microscope image of the filled pump reservoir and access hole
prior to dynamic temperature measurements. The dashed window depicts the area where
measurement data was extracted during image analysis.

First a calibration curve for the relationship between relative change of fluores-
cent intensity and temperature has to be recorded. To generate such a calibration
curve the average fluorescent intensity of the recorded images is determined via a cal-
ibration setup for each corresponding temperature after background subtraction and
normalized by intensity at room temperature. Figure 33(a) shows the normalized
fluorescent intensity as a function of temperature, which is due to the quantum yield
of Rhodamine B. Open circles in the graph correspond to averaged measured data
points, while the solid line is a third-order polynomial fit of the following form

T = p1 · I3 + p2 · I2 + p3 · I + p4 (1)

where T is the temperature and I the fluorescent intensity normalized by its value
at room temperature, p1 = (−71 ± 7) ◦C, p2 = (195 ± 13) ◦C, p3 = (−233 ± 11) ◦C,
and p4 = (132 ± 3) ◦C. These calibration results correspond well to earlier pre-
sented data [132]. The calibration data is then used to calculate the temperature
of the diluted Rhodamine B solution inside the system by measuring the intensity
of fluorescence during operation of a micropump. The micropumps are filled with
Rhodamine B solution under vacuum and dynamic temperature measurements are
conducted based on the recorded fluorescent images during the experiment and the
earlier measured calibration data.

Temperature values are extracted during operation of the pump in an area across
the access hole. The temperature of liquid passing through the access hole reaches
a maximum temperature of 50 ◦C, which is shown in Figure 33(b). The graph ad-
ditionally depicts the dynamic liquid depletion of the pump reservoir, which shows
that the temperature of two thirds of the delivered liquid volume is below 43 ◦C.
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Figure 33. (a) Normalized fluorescent intensity of Rhodamine B dye solution as a function
of measured temperature during calibration. The solid line represents a third-order polyno-
mial fit to the averaged data points. (b) Dynamic temperature response inside the access
hole during operation of the pump as well as the liquid volume remaining inside the pump
reservoir as a function of time.

This is below the critical temperature for many bioliquids, above which thermal de-
naturation occurs. For micropumps handling lower volumes of liquid the maximum
temperature is expected to drop to lower values due to considerably shorter heating
cycles. Temperature sensitive liquids could also be manipulated indirectly, by using
a buffer liquid in direct contact to the composite actuator instead.

5.6 Liquid aspiration and dispensing

The irreversible behavior of expandable microspheres gives the composite actuator its
characteristic to expand once. The use of the expandable composite actuator is very
convenient and the realization of microfluidic pumps and valves rather straightfor-
ward. The one-time expanding nature of the composite is restraining its applicability
to uncomplicated devices.

Extra functionality may be added due to the fact that the composite actuator
offers the possibility to locally alter its surface topography by means of generated
heat. Such active surface patterning is adopted to fabricate devices for controlled in-
plane and out-of-plane liquid volume aspiration and release by creating an enclosed
cavity in the system. The expansion of the composite actuator leads to generation
of negative pressure when such a cavity is created in the system. Such an enclosed
cavity may be achieved by means of lithographically defined integrated heaters. When
voltage is applied to the integrated heaters, the composite actuator expands along the
geometry of the heaters, which in turn leads to the lifting of the device-lid and cavity
generation. To enable this lifting procedure, and accomplish cavity formation, several
fabrication and design aspects have to be addressed.

Firstly, an appropriate cover-lid needs to be implemented. A lid made of PDMS
would be too flexible, due to its elastomeric nature, and would not allow adequate
lifting during operation to form a cavity. Using glass as the cover material would
restrict the wafer-level fabrication process of the devices. Instead, a reinforced cover-
lid is fabricated by spinning a PDMS layer on a 3M-polyester-film, which counteracts
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the low young’s modulus of PDMS, giving additional stiffness to the lid. This enables
the lifting process during operation and at the same time retains its straight-forward
fabrication characteristics.

Secondly, to ensure device functionality, the reinforced cover-lid and the bottom
part of the device have to be bonded together in such a manner that there are re-
versibly as well as irreversibly bonded areas on the same wafer. To achieve an area
where no bonding occurs, i.e. the area where a cavity is being created during de-
vice operation, the formation of a permanent bond at these specific positions has to
be prevented in order not to impair the lifting of the cover-lid. To accomplish this
functionality, two different PDMS bonding techniques are applied, as described pre-
viously in Section 3.3, to fabricate liquid aspiration units to operate either vertically
or laterally.

One technique utilizes the widely used PDMS plasma bonding process, where a
patterned anti-sticktion layer is deposited onto the PDMS surface prior to plasma
exposure, which prevents areas from being oxidized during plasma oxidation. The
use of this technique is shown by fabricating vertically operating liquid aspiration
units by means of a patterned Au anti-sticktion layer. These units are based on the
composite actuator and a heater design consisting of an outer heater ring and an
inner heater structure. As adequate voltage is applied to the outer heater ring, the
composite expands along this heater geometry which results in lifting of the reinforced
cover-lid and hence formation of a cavity. As a consequence, negative pressure is
generated and the cavity fills with liquid, which is present at the access port as shown
in Figure 34(I-II). Addressing the inner heater of the device subsequently results in
composite expansion into the cavity and release of the before aspirated liquid volume
as can be seen in Figure 34(III-IV).

The fabrication of laterally operating liquid aspiration units is shown by means of
another selective PDMS bonding technique. This approach utilizes a novel full-wafer
adhesive bonding technique, where PDMS curing-agent is used as the intermediate
layer for adhesive bonding. To selectively bond PDMS by means of this technique a
softlithographic approach of microcontact printing PDMS curing-agent onto one of
the PMDS surfaces is utilized. The transferred curing-agent represents a patterned
intermediate layer for adhesive bonding, which fulfills the bonding function at specific
regions after curing.

Similarly to the vertically operating units a cover-lid is being lifted upwards upon
the event of aspiration and consequently a cavity is being created. The design is
based on the composite actuator and utilizes a reinforced cover-lid with an imprinted
microchannel and integrated heaters, comprising of inlet and outlet valve heaters,
outer heaters as well as an inner heater structure. The initial state of the device
inlet is normally open, whereas the channel outlet is normally closed prior to liquid
aspiration. This is accomplished via a supplementary barrier in the microchannel
outlet which is reversibly bonded at the PDMS-XB/PDMS interface, much like the
area where the cavity is being created during operation.

Figure 35(I) shows the initial structure after filling prior to device operation. Liq-
uid aspiration is induced as voltage is applied to the outer heaters, which makes the
composite expand along this heater geometry resulting in lifting of the reinforced
cover-lid and cavity formation, as shown in Figure 35(II). Consequently, this cavity
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Figure 34. Picture sequence showing the operation scheme of a vertically operating device:
I) filled capillary tubing after sample loading; II) triggering the outer heater ring leads to
liquid aspiration into the created cavity with liquid front moving downwards; III) Subsequent
liquid release by triggering the inner heater and liquid front moving upwards; IV) liquid front
moves back to its original position.

fills with liquid present at the device inlet. Addressing the inlet valve heater subse-
quently results in closing off the device inlet, whereas the two outlet heaters along the
microchannel outlet are triggered to open the channel outlet by lifting the supplemen-
tary barrier, as depicted in Figure 35(III). Triggering the inner heater of the device
next, results in composite expansion into the cavity and release of the previously
aspirated liquid volume through the channel outlet, as shown in Figure 35(IV).

5.7 Transdermal drug delivery

In the 1990s silicon based microfabrication techniques enabled the development of
micrometer-sized needles [133]. Their use for drug delivery as minimally invasive
transdermal administration tools has been anticipated for delivery of macromolecular
drugs that do not passively diffuse through the dermal layer [134–137]. This admin-
istration form is painless [138,139] since microneedles, a few hundred micrometers in
length, would only be inserted through the outmost skinlayers, yet not deep enough
to reach the nerve receptors in the lower reticular dermis. Such a microneedle-based
transdermal patch may offer attractive and patient-friendly administration of vaccines
or insulin.

Until now, research has focused on the development of microneedles which have
been tested for delivery of various drug formulations [139–146], but also as a gen-
eral tool to circumvent the barrier function of the skin, as for example in EEG-
measurements [147] or impedance-based skin cancer detection [148]. Both solid (i.e.
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Figure 35. Picture sequence showing the operation of a laterally operating device: I) filled
microchannel inlet after sample loading in vacuum; II) triggering the outer heaters leads to
liquid aspiration into the created cavity; III) Subsequently triggering the integrated valve
heaters closes off the device inlet and opens the channel outlet; IV) Triggering the inner
heater results in release of before aspirated liquid into the microchannel outlet.

needles without a bore) and hollow microneedle designs have been used for the pur-
pose of active and passive drug delivery, respectively [140–142, 145, 146]. Active ad-
ministration is the preferred solution to deliver a significant volume of a drug over
a limited period, however only pharmacodynamic response and blood flux, without
quantification of the delivered drug, have been reported [139,143,144].

The use of a minimally invasive transdermal patch would potentially have advan-
tages in terms of injection safety, acceptability and therefore patient compliance [149].
Additionally, intradermal injections intended for immunization purposes offer to di-
rectly target the highly immuno-competent Langerhans’ cells of the dermis and epi-
dermis [150].

In contrast, their use for rapid bolus administration is difficult since the amount
of liquid that can be absorbed by the skin tissue is highly limited. Therefore, such in-
jections would require an extended period to accomplish delivery of a particular dose.
A patch-like system with integrated dispensing functionality, that slowly delivers the
drug into the tissue could overcome this limitation. Moreover, such an integrated
and electrically controllable system would potentially allow variable infusion rates
for advanced delivery schemes by means of feedback control for, e.g. insulin deliv-
ery. Besides comfort and patient-compliance issues, reliability and cost-efficiency are
important requirements on active patch controlled solutions.

To realize such a complete patch-like system with active dispensing functionality
for the controlled release of liquid, the composite actuator, designed as a microliter
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range pump, has been implemented in conjunction with minimally invasive, side-
opened, microneedles, which is depicted in Figure 36(a). This approach addresses
several important fabrication and handling issues and represents a complete patch-like
transdermal drug delivery system. The patch is electrically controllable, straightfor-
ward to fabricate, exhibits low system-complexity, constitutes a disposable unit and
yet offers to deliver liquid volumes both at high and low flow-rates. Furthermore,
the insertion procedure of the patch is simple, due to the integrated ultra-sharp mi-
croneedles, which have been developed for reliable skin penetration [151].

(a) (b)

Figure 36. (a) Exploded view of the microfabricated transdermal patch. (b) Photograph
of an assembled transdermal patch.

To evaluate the fabricated system, which is shown in Figure 36(b), an experimental
study comparing active and passive in-vivo insulin delivery into diabetic rats was
performed. Two different delivery schemes, active as well as passive, are evaluated on
rats receiving infusions at 2 µl/h as well as rats receiving diffusion-driven infusions
through actuated and non-actuated delivery devices, respectively. After 3 h infusion
time the devices are removed from the rats. Blood glucose levels as well as blood
plasma insulin concentrations are measured hourly throughout the infusion time at
shifted time periods and additionally one hour after device removal.

Insulin delivery using active dispensing through the patch-like system shows sta-
tistically significant decrease in blood glucose levels throughout the measurement,
whereas passive (diffusion-driven) insulin delivery shows statistically significant de-
crease in blood glucose levels after 120 min of delivery, as depicted in Figure 37(a).
Consistent with the decrease of blood glucose for active delivery, the blood plasma
insulin concentration for active delivery clearly increases, as shown in Figure 37(b),
whereas passively delivered plasma insulin concentrations show no significant increase.
After a 3 h delivery period the insulin concentration is five times larger compared to
passive delivery. This effect is related to the transport mechanism, where active in-
fusion delivers insulin into the tissue for subsequent systemic distribution, whereas
passive delivery is limited to diffusive mass transport at the needle openings. The
measured insulin concentration solely reflects administration of synthetic insulin ana-
logue.

This study shows the feasibility of a patch-like system with on-board liquid storage
and active dispensing capability. The proposed device represents a first step toward
painless and convenient administration of macromolecular drugs, such as insulin or
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Figure 37. Results of insulin delivery to diabetic rats using the patch system. (a) Graph
showing the measured blood glucose levels during the experiments. (b) Graph showing the
measured insulin concentration from blood plasma samples during the same experiments.
Solid lines indicate active delivery through the transdermal patch, using a delivery rate of
2 µl/h (n = 4). Dash-dotted lines indicate passive delivery through the transdermal patch,
without an active delivery rate (n = 4). Dotted line in (a) represents vehicle-infused time
controls (n = 4).

vaccines, and allows its application onto the body without particular skin prepara-
tion, using moderate finger-force only. Although, rather low flow-rates are required
for leak-free delivery, the effect of insulin delivery is clearly detectable and represents
a significant improvement compared to passive delivery. This suggests a future ad-
ministration form where drugs, such as insulin or vaccines, can be delivered in an
efficient, convenient as well as patient-friendly manner.

5.8 Discussion

In Table 3, the developed actuation methods presented in this thesis are evaluated
according to several features. These include fabrication issues, performance of the
actuator as well as its versatility toward a wide range of different applications. Ta-
ble 3 presents a comparison between the expandable microsphere actuator concepts
and several other actuation principles that clearly shows the advantages of the PDMS
composite actuator concept. The PDMS composite actuator exhibits beneficial char-
acteristics due to its simple fabrication and integration as well as its flexibility to be
used for various applications. This has been shown by means of fabricating various
microfluidic components for different purposes, e.g. positive and negative liquid dis-
placement pumps, valves, as well as fully integrated networks and microneedle-based
transdermal patches. The thermal impact on the manipulated liquid during opera-
tion is moderate and could be further improved by introducing a buffer liquid into the
system. Its low price and the possibility to fabricate highly integrated microfluidic
networks makes this actuator interesting for applications in the medical field, such
as controlled and cost-effective transdermal microfluidic applications, point-of care
diagnostics, disposable biochips or lab-on-a-chip applications.
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Table 3. Comparison of various actuation methods. The different actuation principles are
evaluated according to various attributes, such as fabrication, application and performance.
If a technique features beneficial characteristics toward a certain attribute, it is marked as
positive, and in the contrary as negative.

Actuator
principles

Large
scale inte-
gration

High-
volume
Fabrication

Versatility
toward ap-
plications

Flexible
work-
range

Force
Impact
on liquid

Paraffin
[44,46]

◦ ◦ ◦ + ++ ◦

Hydrogel
[33,35,36]

+ + + + ◦ +

AIBN
[43]

– – – + + ◦

Air-burst
[49]

◦ ◦ ◦ + ++ +

Electrolysis
[38,39]

– – ◦ ◦ + ◦ ◦

Pneumatic
PDMS
valves [31]

++ ++ ++ + + ++

Thermal
expansion
[47,48]

– – ◦ ◦ + + ◦

XB in liquid
[50]

– – – – + ++ – –

XB in paste
[Paper 1]

– – ◦ ◦ + ++ ◦

PDMS-XB
[Paper 2−6]

+ ++ ++ ++ + ◦

++ = very good, + = good, ◦ = neutral, – = poor, – – = very poor.
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They always say that time changes
things, but you actually have to change
them yourself.

Andy Warhol
1928–1987, American Artist, Author

6 Summary of appended papers

Quick summary

Paper 1 shows the development of a liquid dispenser for dispensing of liquid volumes
in the range from microliters to milliliters.

Paper 2 describes a novel thermally responsive composite actuator, which consists
of expandable microspheres incorporated in a PDMS matrix for controlled liquid
actuation in microsystems.

Paper 3 reports on a disposable liquid handling lab-on-a-chip (LOC) platform with
smart microfluidic manipulation and on-chip active microfluidic components for
applications in analytical chemistry.

Paper 4 investigates disposable single-use microfluidic pumps for integrated active
dosing in the microliter range, which are entirely based on a wafer-level fabrica-
tion scheme.

Paper 5 shows the development of an electrically controlled microneedle-based trans-
dermal patch, capable of controlled liquid release at low flow-rates.

Paper 6 reports on vertical, as well as lateral, liquid aspiration and dispensing units,
which are based on an expanding PDMS composite actuator.

Paper 7 investigates a novel adhesive PDMS full-wafer bonding technique, which
utilizes PDMS curing-agent as the intermediate layer for adhesive bonding.

Detailed summary

Paper 1: A Compact, Low-cost Microliter-range Liquid Dispenser Based on Expand-
able Microspheres

This paper presents a low-cost liquid dispenser for dispensing of microliters to
milliliter liquid volumes. The dispensing mechanism is based on a thermal actu-
ator, where highly expandable microspheres expand into a liquid reservoir conse-
quently displacing stored liquid. All device components are made out of low-cost
materials and the fabrication process has the potential for high volume batch
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manufacturing. The device utilizes the property of the expandable microspheres
to form a heat insulating layer between the heat source and the delivered liq-
uid. Moreover, it does not require any feed back or complicated flow metering.
The device was successfully tested for accurate and precise dispensing of liquid
volumes. The dispenser is capable of liquid delivery against counter pressures.
The device can also function as a low flow-rate dispenser, as demonstrated in a
microfluidic dye laser application, where the flow rate is controlled by adjusting
the actuation power.

Paper 2: A Thermally Responsive PDMS Composite and Its Microfluidic Applica-
tions

This work describes a novel composite actuator for controlled liquid actuation in
microsystems, which is based on a thermally responsive elastomer. The compos-
ite actuator consists of expandable microspheres incorporated in a polydimethyl-
siloxane (PDMS) matrix and entails the merits of both PDMS and expandable
microspheres. The main characteristic of the composite actuator is to expand
irreversibly upon heat. The composite was used to fabricate single-use microflu-
idic pumps for the displacement of liquids in the range of nanoliters, even against
counter pressures. Moreover, liquid flow in microchannels was entirely blocked
by means of the integrated valves. The devices are fabricated using low-cost ma-
terials only, and the composite actuator allows using wafer-level processing. The
fluidic components based on the novel composite are highly integrable and do not
require external actuators.

Paper 3: A Disposable Lab-on-a-chip Platform with Embedded Fluid Actuators for
Active Nanoliter Liquid Handling

This paper reports on the development of a disposable liquid handling lab-on-a-
chip (LOC) platform with embedded actuators for applications in analytical chem-
istry. The proposed platform for nanoliter liquid handling is based on a thermally
responsive silicone elastomer composite, consisting of PDMS and expandable mi-
crospheres. In this LOC platform, we integrate active dosing, transportation and
merging of nanoliter liquid volumes. The disposable platform successfully demon-
strates precise sample volume control with smart microfluidic manipulation and
on-chip active microfluidic components. It is entirely fabricated from low-cost ma-
terials using wafer-level processing. Moreover, enzymatic reaction and real-time
detection was successfully conducted to exemplify its applicability as an LOC.

Paper 4: Wafer-level Process for Single-use Buckling-film Microliter-range Pumps

This paper presents the development of disposable single-use microfluidic pumps
entirely based on a straight-forward wafer-level fabrication scheme, which allows
for precise and accurate integrated active dosing in the microliter range. To ac-
complish stroke-lengths needed for microliter range applications we utilize a new
method of bending of a unimorph composite actuator film. The unimorph com-
posite actuator consists of a temperature sensitive silicone elastomer composite,
i.e. PDMS with incorporated expandable microspheres. The fabricated microp-
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umps successfully demonstrated precise liquid volume control, both at low and
high flow-rates. Moreover, the method of fluorescent thermometry was used to
measure the thermal load on liquid volumes dispensed with the micropumps. The
presented fully integrated single-use micropumps are electrically controllable, do
not require external means for liquid actuation, are made of low-cost materials
only and might potentially be used in drug delivery applications.

Paper 5: Painless Drug Delivery through Microneedle-based Transdermal Patches
featuring Active Infusion

This paper reports on the first microneedle-based transdermal patch with inte-
grated active dispensing functionality. The electrically controlled system consists
of a low-cost dosing and actuation unit capable of controlled release of liquid, in
the microliter range, at low flow-rates, through minimally invasive, side-opened,
microneedles. The system has been tested successfully in-vivo by insulin ad-
ministration to diabetic rats. Active infusion of insulin is compared to passive,
diffusion-driven, delivery. Continuous active infusion causes significantly higher
insulin concentrations in blood plasma. Consistent with insulin concentrations,
actively administered insulin results in a significant decrease of blood glucose lev-
els. Additionally, insertion and liquid injection is verified on human skin. The
study shows the feasibility of a patch-like system with on-board liquid storage
and dispensing capability. The proposed device represents a first step towards
painless and convenient administration of macromolecular drugs, such as insulin
or vaccines.

Paper 6: Liquid Aspiration and Dispensing Based on an Expanding PDMS Compos-
ite

This paper presents the development of active liquid aspiration and dispensing
units designed for vertical as well as lateral liquid aspiration. The devices are
based on a single-use thermally expanding PDMS composite actuator consisting
of expandable microspheres incorporated into a PDMS matrix, which allows for
locally altering its surface topography by means of generated heat. Liquid aspira-
tion is induced by creating an enclosed cavity upon the expansion of the composite
actuator, which in turn leads to generation of negative pressure in the system.
To accomplish this functionality, two different techniques of bonding PMDS se-
lectively on wafer-scale have been developed. Such selective PDMS bonding is
achieved utilizing plasma assisted bonding with a patterned anti-sticktion layer
or adhesive bonding via microcontact printed PDMS catalyst as the intermediate
layer for adhesive bonding. Fabricated devices successfully demonstrated actively
controlled vertical as well as lateral liquid aspiration and release of liquid volumes.
The devices are entirely fabricated from low-cost materials using wafer-level pro-
cesses only and do not require external means for liquid actuation.

Paper 7: The Fabrication of Microfluidic Structures by means of Full-wafer Adhesive
Bonding using a Poly(dimethylsiloxane) Catalyst

An adhesive bonding method, using PDMS curing-agent as the intermediate layer,
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is presented for adhesive full-wafer bonding suitable for fabrication of microfluidic
structures. The curing agent of the two-component silicone rubber (Sylgard 184)
is spin coated on a substrate, brought into contact with another PDMS layer and
heat cured to create an irreversible seal which is as strong as, or even stronger
than, plasma assisted PDMS bonding. The applicability of the new PDMS adhe-
sive bonding method is verified by means of fabricating microfluidic structures.
Using this method allows for wafer-level bonding of PDMS to various materials
such as PDMS itself, glass or silicon and more importantly to selectively bond
different layers by using a patterned adhesive bonding technique. Moreover, pre-
cise alignment of the structural layers is facilitated, since curing is initiated upon
heat, which is an advantage when fabricating multilayer microfluidic devices.
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As for the future, your task is not to
forsee it, but to enable it.

Antoine de Saint-Exupéry
1900-1944, French Aviator, Writer

7 Conclusions

This thesis presents novel microfluidic components based on the use of expandable
microspheres, primarily incorporated in a PDMS matrix, which results in a thermally
responsive composite actuator. Microfluidic components are fabricated in a multi-
layer fashion consisting of a patterned PCB with integrated heaters, the thermally
responsive actuator and a structural PDMS layer comprising microfluidic networks or
pumps. This approach is characterized by the following advantages:

• simplified and convenient handling of expandable microspheres

• capability to design microfluidic pumps operating over a wide range of liquid
volumes (nanoliters to microliters)

• highly integrable actuator allows for on-chip integration of pumps, valves, mixers
and reactors

• handling of temperature sensitive liquids

• precise microfluidic control

• straightforward fabrication process

• wafer-level fabrication for high volume production

• entirely fabricated using low-cost materials allowing for disposable applications

• no external liquid control with complicated fluidic interconnections

• low system complexity

• high reliability

The thesis

• introduces and discusses the concept of incorporating expandable microspheres
into other materials

• presents results on the characterization of a novel thermally responsive compos-
ite actuator

• provides information on design and fabrication issues concerning the composite
actuator
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• reports on the performance of fabricated microfluidic prototype components

• shows the versatility of the composite actuator toward various microfluidic com-
ponents

Prototype devices utilizing expandable microspheres show great potential for the mi-
crofludic field, despite the single-use characteristic of the actuator. The thermally re-
sponsive PDMS composite was found to be suitable for single-use microfluidic devices,
which could be used in the medical field as therapeutic or diagnostic applications.

Furthermore, this thesis presents a novel idea of bonding PDMS by an adhesive
full-wafer bonding approach utilizing the curing-agent of the two-component silicone
rubber (Sylgard R© 184) as the intermediate layer for adhesive bonding:

• The process parameters of this adhesive bonding technique were investigated.
The technique was successfully applied to fabricate microchannels inside PDMS
layers.

• Various fabrication techniques were applied to create directly bonded, patterned
adhesive bonded and selectively bonded microchannels.

• Selective PDMS bonding has been accomplished via microcontact printing of
PDMS curing-agent, as the intermediate layer, for full-wafer adhesive bonding.

• PDMS bonding of various materials such as PDMS, silicon and glass has suc-
cessfully been demonstrated on a wafer-scale.

• Bond strength measurements have been conducted using the blister test method
and show that using this method enables the formation of a bond interface that
is comparable to, or stronger than, plasma assisted bonding.

• When applying this bonding technique precise alignment of structural layers
is facilitated, since curing is initiated upon heat, which is an advantage when
fabricating multilayer microfluidic devices.

• This adhesive bonding technique is compatible with room-temperature curing
and would therefore allow for the functionalized immobilization of biomolecules
in microstructures prior to sealing.

• Spin coating the curing-agent allows microfluidic components to be fabricated
and sealed irreversibly at very low cost without the need for expensive laboratory
equipment.

Adhesive full-wafer PDMS bonding utilizing solely the curing-agent of a two-
component silicone rubber was found to be a simple process compared to the com-
monly used plasma assisted bonding process. No expensive laboratory equipment is
needed and the time-consuming adjustment of process parameters is no longer re-
quired.
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