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Preface
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general: the fitness of prototypes for scale-up to enable the production of chips for the pharmaceutical industry.
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the workshop. Jia Wei from the Else Kooi Laboratory helped me out with the measurements on the laser
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1
Introduction

Developing drugs comes with high costs which can be reduced if more accurate models of the human body
would be available. At the moment, large-scale drug tests are performed in setups with cells cultured in petri
dish like devices. These setups do not represent the in vivo situation of the cells adequately. As a consequence,
a large amount of drugs that pass the in vitro developmental phase fail in clinical trials [34]. More realis-
tic and cheaper models for testing in an early stage would decrease the amount of failed candidates in the
clinical trials and drastically reduce the costs of drug development. This could be achieved by using Organ-on-
Chips (OoCs). OoCs are microfluidic chips in which cells are cultured and in which hydrostatic pressure, shear
stress, and medium composition can be mimicked more accurately than in conventional in vitro test platforms.

At the Radiation Science & Technology department (RST) of the faculty TNW at the Delft University of Tech-
nology nanocarriers are developed for the treatment of glioblastomas, which is an aggressive type of brain
cancer. One of the major challenges in the treatment of brain diseases in general is the development of drugs
that are able to cross the blood-brain barrier (BBB). The BBB is formed by the cells that form the walls of the
capillaries in the brain. It acts as a barrier between the brain and blood to protect the brain against harmful
substances. This protective barrier function of the BBB restricts the delivery of drugs to the brain. The RST
asked to develop a BBB-on-Chip, a specific type of an OoC, for testing the ability of developed nanocarriers to
cross the BBB and reach a glioblastoma spheroid in the brain, and to test the effect of the nanocarriers on the
growth of the glioblastoma spheroid.

A literature study on BBB-on-Chip development showed that the development of a complete, functional
BBB-on-Chip prototype was neither very novel, nor realistic within the scope of an MSc thesis, without
thorough (bio-)medical training and or without collaboration with a biomedical research group. The main
challenge of producing a realistic BBB-on-Chip prototype namely lays in the biomedical field: relatively small
changes to the design, material, cell line, cell culture etc., are followed by labour intensive cell culturing
experiments that have to be executed by experienced (bio)medical professionals.

Multiple research groups are engaged in developing BBB-on-Chips, employing materials and techniques
workable for the production of prototypes, but unsuited for mass production. However, the necessary reduc-
tion of the high costs accompanying drug development requires the use of realistic models of the BBB for
high-throughput drug testing. For this reason it was decided to focus on a different aspect of the research
on BBB-on-Chip and Organ-on-Chip models in general: the fitness of prototypes for scale-up to enable the
production of chips for the pharmaceutical industry.

The following contributions are the result of this thesis: Firstly, a process plan is designed for the production of
BBB-on-Chip prototypes, consisting of a mold fabrication step, a spin coating step, a soft embossing step and
a bonding step. All processes are low-cost, time-efficient, simple, and executable in basic labs. The resulting
prototypes are fit for mass production. Secondly, a force and temperature controlled press which is required
for the process plan is designed, fabricated, calibrated and tested. The press is low-cost, usable on a benchtop,
easy and time-efficient in use, and enables experiments with high repeatability. Thirdly, for all steps preceding
the bonding step protocols are developed and performed.
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2 1. Introduction

Figure 1.1: Schematic of a brain capillary with the most important elements forming the Blood Brain Barrier. A single layer of endothelial
cells (ECs) form the walls of the capillaries. The basal lamina acts as a support structure for the ECs, which are attached to each other
and the basal lamina with adherens junctions. Tight junctions seal the pores between ECs. Permeability of the ECs is affected by the
interaction between ECs, astrocytes and pericytes (not shown in figure).

In the following chapter first a short background on the BBB-on-Chip and the drugs developed at the RST
department is given. This information leads to the requirements on the chip in terms of functioning and
fabrication. Next, the conventional and some alternative fabrication techniques and materials are discussed.
Furthermore, from the alternatives a selection is made to design the process plan for BBB-on-Chip prototypes.
The selected methods require the design and fabrication of a temperature and force controlled press for which
the requirements are presented in the following section. Thereafter, the conclusions from this chapter are
summarized and the milestones and deliverables are listed. Finally, the structure of this thesis is explained.

1.1. Blood-Brain-Barrier on Chip
1.1.1. The Blood Brain Barrier and the treatment of glioblastoma
The cells of interest in this thesis are the cells that form the Blood Brain Barrier (BBB). Exchange of substances,
such as nutrients and oxygen, between the blood and the cerebrospinal fluid in the brain occurs across the
walls of capillaries. Neurons are very sensitive to changes in concentrations of compounds in the extracellular
fluid and to many different compounds that should not enter the brain. The BBB protects the brain by making
sure the exchange of compounds between the blood and cerebrospinal fluid occurs very selectively. The BBB is
formed by the walls of the capillaries and consists of specialized endothelial cells, astrocytes, pericytes and the
basal lamina [72], see Figure 1.1. A capillary measures less than 1 mm in length and about 10 µm in diameter
[28]. The walls are lined with a single layer of endothelial cells which adhere to the basal lamina, a support
structure. The endothelial cells are connected to each other with adherens junctions and the pores between
the cells are sealed with tight junctions. The permeability of the endothelial cells is affected by the interaction
between the astrocytes, pericytes and endothelial cells. Also neurons, microglia and blood-borne immune
cells are possible regulators of the functioning of the endothelial cells [77].

One of the major challenges in the treatment of brain diseases is the development of drugs that are able
to cross the BBB: the protective barrier function of the BBB also restricts the delivery of drugs to the brain. At
the RST nanocarriers in the form of polymersomes and polymeric micelles are developed for the treatment
of glioblastomas, which are brain tumours developed from astrocytes. The surface of these nanocarriers will
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Figure 1.2: Transwell platform consisting of a Transwell insert
hanging in a well plate. The bottom of the insert consists of
a semi-permeable membrane with cells growing on top of
the membrane. Both compartments are filled with culture
medium

Figure 1.3: Schematic representation of a typical BBB-on-Chip.
In both the top (1) and the bottom part (3) an open channel
is produced. The two crossing channels are separated by a
membrane (2) and connected to inlets and outlets (4). Some
chips are also equipped with electrodes for trans endothelial
electrical resistance (TEER) measurements, see Appendix A
section 2.

be equipped with targeting agents, namely glutathione and lactoferrin, to enable the crossing of the BBB.
The nanocarriers are largely 80-100 nm in diameter, with outliers up to 200 nm. Both targeting agents are
naturally transported using a mechanism called receptor-mediated transcytosis. Various radionuclides and/or
radiosensitizers will be encapsulated in the nanocarriers, which are released when reaching the glioblastoma
cells for the treatment and imaging of the cells.

1.1.2. In vitro drug assays
An important part of drug discovery and development occurs in in vitro drug assays, meaning with cells
or tissues cultured outside of their normal biological environment. The behaviour of cells is regulated by
genetic information inside the cell and by signals, e.g. hormones and mechanical stress, from outside the
cell. The way cells react on external signals is dependent on the genetic information in the cell. Changing the
microenvironment of the cell changes the behaviour of the cell accordingly. To obtain a representative model
of the BBB, the cells need to behave as in vivo and therefore the microenvironment needs to be mimicked as
well as possible.

Conventional in vitro models In vitro models that are mostly used at the moment and which are commer-
cially available are Transwell® platforms [87]. The Transwell platform consists of a Transwell insert with a
porous, semi-permeable membrane, hanging in a well plate, see Figure 1.2. Cells are cultured on top of the
membrane. More complex models are used as well: different cell types are cultured at the opposite site of
the membrane, at the bottom of the system and different types are mixed on the same membrane. Cells take
up nutrients and excrete waste via the culture medium in the well plates and inserts. The culture medium is
therefore refreshed at fixed times. However, in Transwell platforms many factors cannot be represented very
well. The medium for example is static, whereas many cell types in the human body are subjected to flow. Sig-
nalling agents are diluted strongly in Transwell models, because of the high ratio of medium-to-cell volume [13].

BBB-on-chip models In order to make a better representation of the microenvironment of the cell, microflu-
idic models are in development. In microfluidic models a representative flow can be applied, small culture
medium volumes are used, nutrient concentrations remain constant and numerous other relevant factors can
be applied. For the BBB for example, a sufficiently high shear stress induces by flow is necessary to trigger the
barrier function. A typical BBB-on-chip device consists of two crossing channels separated by a porous mem-
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brane, see Figure 1.3. The mostly rectangular channels typically measure 100-300 µm in height, 200 µm up to a
few millimetres in width and up to a couple centimetres in length [10, 32, 64, 85]. The upper channel represents
a capillary, the bottom channel the cerebrospinal fluid. In the blood channel endothelial cells are cultured.
The cerebrospinal channel is either left without cell cultures [32], or multicultures are established by filling
the chamber with astrocyte conditioned gel [64] or medium [22, 59] or by seeding astrocytes [10, 11, 22, 93],
pericytes, neural cells, glial cells, or a combination of gels and/or different cells is used [2, 13, 85]. Before the
sell are seeded the channels are coated with one or more proteins found in the extracellular matrix, such that
the cells are able to adhere to the device. The chips are fabricated in polydimethylsiloxane (PDMS) and have
channels with rectangular cross sections, separated by polycarbonate (PC) [2, 10, 11, 32], polyethylene (PE) [64],
polytetrafluoroethylene (PTFE) [64] or polyethylene terephthalate (PET) [85] membranes with constant pore
sizes ranging from 0.4 µm to 8 µm. Different methods are used to characterize the functioning of the cells: most
used are immunohistofluorescence staining to visualise various (parts of) cells [2, 10, 11, 13, 22, 32, 64, 85, 93],
permeability assays using fluorescently marked substances [2, 10, 11, 13, 22, 59, 63, 85, 93] and trans endothelial
electrical resistance (TEER) measurements [10, 11, 13, 22, 32, 85], which give quantitative information on the
functioning of the cells. For TEER measurements electrodes need to be incorporated in the design. Currently,
research is focused on the influence of different aspects on endothelial cell function: the composition of cell
culture medium and protein coatings [74, 91], membrane material [64] and pore size [90], shear stress induced
by flow [4, 11, 21, 53, 82], the interaction with device materials [83], and on incorporating electrodes for TEER
measurements to retrieve reliable measurement data[56]. See table 2.1 and 2.2 of Appendix A for an overview
of the currently reported BBB-on-Chip models and their characteristics, advantages and disadvantages.

1.1.3. Requirements on the BBB-on-Chip
In this section the requirements on the BBB-on-Chip and on the fabrication process are presented. They
originate from the requirements of the intended user, the RST department, and from a literature study on the
BBB and BBB-on-Chip, see Appendix A.

Layout of the BBB-on-Chip Drug transport from the bloodstream to a tumour in the brain and tumour
growth are to be studied with the BBB-on-Chip. The nanocarriers will be tracked using fluorescent labels.
Hereto the BBB-on-Chip should consist of:

Blood channel Represents a capillary in the brain, cell culture medium replaces blood
Brain channel Represents the brain and can hold a glioblastoma spheroid, cell culture

medium replaces the cerebrospinal fluid
Permeable membrane A permeable membrane on which endothelial cells will be cultured should

separate the two channels to construct the blood-brain barrier
Fluidic inlets and outlets Both channels should have an inlet and outlet: the blood channel to ad-

minister medium with nutrients and fluorescently labelled nanocarriers
and the brain channel to collect medium to evaluate transport trough the
blood-brain barrier using a fluorometer.

Cell culturing The cell culturing conditions should be as close as possible to the in vivo situation to achieve
a monolayer of endothelial cells which function as similar as possible as in vivo.

Biocompatibility Device and membrane materials should be suited for long term (two weeks)
cell culturing and have no significant interaction with cells and medium
compounds.

Wall shear stress (WSS) The WSS exerted on the endothelial cells should be between 1.5 and 6.4 Pa.
WSS should be uniform along the membrane width, to ensure similar culture
conditions along the membrane width.

Hydrostatic pressure A pressure of 30 mmHg in the blood channel of the device should be with-
stood

Permeable membrane Membrane pore diameter cannot be bigger than 0.4 um, to avoid penetration
of the endothelial cells into the pores.
The membrane should be coatable with proteins, e.g. laminin and fi-
bronectin, to stimulate cell adhesion and proliferation.
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Permeability Oxygen and carbon-dioxide levels should be maintained as in vivo. This
could be accomplished by controlling the concentration of the gases in the
medium or, when the permeability of gases through the material is high
enough, by controlling the concentration of the gases in the atmosphere
where the device is placed.
The permeability to water vapour should be low enough to avoid high fluctu-
ations in medium osmolarity and volume.

Sterilization Before culturing, the device needs to be sterilized to avoid contamination of
the cells. For example using an autoclave, UV-light or radiation.

Testing barrier function The endothelial cells will be seeded and once grown to confluency (i.e. the cells
formed a monolayer covering the whole culture surface) drug testing is possible. To efficiently evaluate conflu-
ency and functioning of the endothelial cells, TEER measurement should be performed intermittently. Next to
that, it should be possible to check the endothelial cells visually. Electrodes will not be incorporated in this
project, but it should be possible to extend the model later on with electrodes.

Electrodes Space should be available to integrate electrodes directly above the mem-
brane in the blood channel and below the membrane in the brain channel.
Electrode material should be transparent to allow for visual inspection of the
cells.

Transparent material Transparent device material to allow for visual inspection of the cells

Testing drug transport Drug transport can be tested in different ways, quantitatively, by counting labelled
nanocarriers in the brain channel using a fluorometer, and qualitatively, by fluorescent imaging of the device
to locate the nanocarriers in the device. The size of the to be tested nanocarriers is 80-100 nm. Exceptionally
they could be 200 nm. The nanocarriers are hydrophilic.

Permeability membrane Permeability of the empty membrane to the nanocarriers should be high to
minimally influence transport through the blood-brain barrier.

Autofluorescence materials Low autofluorescence of the materials used to avoid noise during fluorescent
imaging

Testing the effect of drugs on tumor growth The glioblastoma spheroids to be tested need to be cultured for
five to seven days before the drugs are added, either inside or outside the device. The diameter of the spheroid
at the start of the experiments is 400-500 µm. The therapeutic effect of the drugs on the spheroids will be
tested up to two weeks. The diameter of the spheroids will then be maximally 600 µm. The spheroids are very
brittle and should not fall apart before experiments are finished. After two weeks the spheroids are sliced to
inspect the necrotic core. Hereto the spheroids need to be removed from the device either by disassembling
the device or cutting out the spheroid. Since the experiments inside the device take more than two weeks (first
culturing endothelial cells, next two weeks of tests) the endothelial cell culture should last for more than two
weeks on the membrane.

Dimensions brain channel Minimum width and height of the brain channel below the membrane is 700
µm, such that a maximally grown spheroid can be reached by the drugs from
above and from the sides.

Flow in brain channel No high flow around the spheroid is allowed to prevent the spheroid from
falling apart

Spheroid removable Glioblastoma spheroid should be removable from the device after experi-
ments

Fabrication The BBB-on-Chip model is intended to be used for high throughput drug testing. However, first
different prototypes need to be fabricated to come to an optimal design. For this reason production should
be efficient for small quantities. In prototyping the use of molds is not desirable if fabrication of the mold is
not very efficient, since small changes need complete new molds. The fabrication of the prototype should
be possible at the Delft Technical University (DUT) or partners. Eventually the device is to be fabricated in
high quantities, hence the prototype should be fit for mass production, without the need for redesigning and
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retesting.

Fabrication technique The material should be suitable for machining with the available microfab-
rication methods. A low surface roughness for optical imaging should be
obtainable with the technique used.

Bonding The different parts of the device (microfluidic channels, membrane, elec-
trodes and in and outlet tubes) should be bonded leak-proof and without
compromising bio-compatibility.

Efficient prototyping Production for single devices should be efficient, since iterations are as-
sumed to be needed to come to an optimal design.

Scale-up possible The design should be suitable for scale-up to mass production

1.2. BBB-on-Chip fabrication
1.2.1. State of the art techniques and materials
Current BBB-on-Chip models [2, 10, 11, 13, 32, 59, 64, 85, 93] are fabricated out of PDMS, sometimes in combi-
nation with glass. The PDMS BBB-on-Chip models are fabricated using soft lithography: Hereto first a mold
is made, typically by etching in SU-8 photoresist on silicon. PDMS pre-polymer, obtained by mixing a base
and curing agent, is then poured over the mold and cured to obtain the PDMS chip. Curing at 25o C will take
approximately 48 h, at higher temperature curing will be faster. At 150o C for example it takes about 10 minutes
[18]. However, the higher the curing temperature, the higher the percentage of shrinkage when cooling to
room temperature, which should be taken into account when designing a mold [46].

The use of PDMS comes with many advantages. Soft lithography is a simple process without the need of
special equipment that is not already present in most laboratories. For PDMS no complex molds or expensive
equipment is needed, which makes the fabrication of prototypes economically and time efficient. The material
is transparent and has a low autofluorescence, which makes it suitable for optical and fluorescent imaging.
Procedures for adequate bonding of PDMS with another PDMS surface and many other materials are available.
PDMS is highly permeable to O2 and CO2, which makes the control of the concentration of these gases in the
medium during cell culturing very simple.

Nevertheless, the following disadvantages are reasons to search for alternative techniques and materials:
Soft lithography of PDMS is especially useful for the production of prototypes, but PDMS in combination
with soft lithography is not suited for high-throughput fabrication, because of the long curing times inside a
mold. The PDMS surface is hydrophobic, which could be reduced with plasma treatments or coatings with
extra cellular matrix (ECM) proteins [74]. However, after plasma treatment hydrophobicity recovers almost
completely within hours to days [29, 83], which makes it unfit for storage, and coatings might be unwanted
in some cases. The bio-compatibility of PDMS is controversial [8, 62]: In general PDMS is assumed to be
bio-compatible, but might leak irritants such as xylene and ethylbenzene [33], uncrosslinked oligomers can be
found in cells cultured on PDMS [60] and hydrophobic compounds in cell culture medium or excreted by cells
are absorbed by the material, which influences cell culture experiments [60, 86]. Where the high permeability
to O2 and CO2 could be beneficial, the high permeability to water vapour could adversely affect cell culture
experiments, since it causes fluctuations in medium osmolarity and volume. Treatments exist to limit the
absorption of hydrophobic compounds and water vapour permeability, but these cause extra production steps
with unknown effect on cell for some treatments [1, 8, 33, 58, 75].

To conclude, PDMS, the state-of-the-art material, and the corresponding fabrication technique, soft lithogra-
phy, lend itself well for prototyping. However, they are less suited for the production of large amounts of chips,
which is one of the requirements. For more detailed considerations of the advantages and disadvantages of
PDMS and soft lithography the reader is referred to Appendix A section 5.2.

1.2.2. Alternatives suitable for mass production
To allow for faster prototyping and to enable scaling up the production, alternative materials and fabrication
techniques are required. An extensive literature review on alternatives is performed and the considerations for
the selection of the best alternative are described extensively in Appendix A section 5.3-5.5. Here the alternative
fabrication techniques and materials are summarized.
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Table 1.1: Properties and manufacturing possibilities of PS, PC and COPs.

PS PC COC

Injection molding Common practice [8] Common practice [89] Often reported for microscale
structures [55]

Hot embossing Often used for microfluidic de-
vice fabrication [8]. Molds are
made of metals using CNC ma-
chining or laser ablation or
made of PDMS or an epoxy
cast on PDMS. Small struc-
tures in the order of tens of
micrometers [31, 49, 78] have
been produced and also 200
µm deep rectangular channels
[49].

Becker and Heim [7] fabri-
cated channels with a width of
20 µm and a depth of 140 µm.

Many studies report on hot
embossing of COC with differ-
ent mold materials and differ-
ent feature sizes, e.g. 100 µm
wide, 50 µm deep channels.
Good temperature control re-
quired to avoid crazing.

Laser ablation Few studies reported, results
are unsatisfactory [43, 44]

Structures with widths down
to 50 µm and aspect ratios
up to 10 have been fabricated
[89].

Few studies performed with
varying results, none with a
laser comparable to the one
available [24, 42, 47, 61, 66,
70].

Milling Microchannels of 276± 3 µm
wide and 223 ± 9 µm to 452 ± 5
µm deep have been fabricated,
but did not yield transparent
surfaces [17].

Microchannels with widths
down to 250 µm and a pre-
cision of < 28 µm have been
fabricated, but needed surface
treatments, sandpapering and
vapor polishing, to obtain sur-
faces suitable for optical imag-
ing [92].

Structures down to 25 µm have
been fabricated [15]. Marginal
information available about
surface quality. Issues with
surface roughness and burr
formation are reported [15].

Bonding Solvent, thermal, lamination
film and surface treatment
bonding. Thermal fusion
bonding is prone to result in
deformed channels and in-
creases autofluorescence. Sol-
vent bonding requires ade-
quate removal of solvents [8,
94].

Solvent, thermal, adhesive,
surface treatment and lamina-
tion film bonding. The risk
of adhesive bonding is chan-
nel clogging. Thermal bond-
ing could result in channel de-
formation, which could be lim-
ited by using solvents in the
process [57, 80].

Thermal bonding, solvent
bonding and surface treat-
ment bonding are possible
techniques. Thermal bonding
with lower glass transition
temperature layer to avoid
channel deformation has
been demonstrated (3.2 Mpa
burst strength [36]).

Many polymers suitable for microfabrication are available. A smaller amount is used for lab- and organ-
on-chips: cyclic olefin (co)polymer (COP), parylene C, PDMS, PC, PE, PET, poly(methyl methacrylate) (PMMA),
polyimide, polystyrene (PS) and polyurethane (PU). PS and PC have been used for cell culturing for decades,
meaning biologists have a lot of experience with these polymers already. COP is a newer class of polymers, but
has very good optical quality, is biocompatible and the many different grades give various opportunities in
microfabrication. Table 1.2 summarizes relevant properties of these materials.

The most common fabrication techniques suitable for the fabrication of microfluidic devices to be used
in combination with PS, PC and COP are injection molding, hot embossing, laser ablation, and micromilling.
Injection molding is only suitable for higher production quantities, since relatively complex molds are needed.
For commercial production quantities the use of injection molding is the most economic choice. Although
injection molding will not be used in this project, being able to produce the device with injection molding
as well would be beneficial. Eventually it could then be produced in large quantities efficiently. For the
production of the prototypes hot embossing, laser ablation and micromilling are considered for all three
materials separately, Table 1.1 gives a summary of the findings.
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Table 1.2: Comparison of relevant material properties of PS, PC and COC. Unless otherwise indicated the information on COC is true for
all formulations.

PS PC COC

Biocompatibility ISO 10993 compliant Of-
ten used in lab equip-
ment and culture wells
Leaching of xenobiotic
compounds [48]

ISO 10993 compliant Of-
ten used in lab equip-
ment and culture wells
Leaching of BPA (xenoe-
strogen) [73]

ISO 10993 compliant
Possible leaching of ad-
ditives affecting cell vi-
ability from certain for-
mulas (TOPAS) [55]

Chemical inertia poor concentrated acids,
ether, hydrocarbons,
most organic solvents

Hydrocarbons, ketones,
KOH, most organic sol-
vents

Nonpolar solvents, hy-
drocarbon oil [96]

good Bases, alcohols Alcohols, acids Acids, bases, DMSO, hy-
drogen peroxide, ethy-
lene oxide, polar sol-
vents, fluorinated oil,
silicone oil [96]

Adsorption and absorption of hy-
drophobic substances [83]

low low low

Water vapor permeability [54, 76] low low very low
Water absorption [80] very low - low low very low
Gas permeability O2 [54] low low very low

CO2 [30] low low no data found
Contact angle [23, 35] high high high
Hydrophobic UV-ozone [83] very low very low low
recovery O2-plasma [83] low moderate moderate
CTE [80] 10-150 ·10−6m/mC 60-70 ·10−6m/mC 60-80 ·10−6m/mC
Youngs modulus [5, 89] 3600 MPa 2200 MPa 3000 MPa
Tensile strength [5, 89] ∼ 57 MPa 65 MPa 60 MPa
Glass transition temperature [80, 95] 92-100◦C 145-148◦C 30-180◦C (adaptable)
Melting temperature [80] 240-260◦C 260-270◦C 190-320◦C
Heat distortion temperature [6] 70◦C 125◦C 140-170◦C
Transparency [5, 20, 55, 73] 400-800 nm: very high 400-1100 nm: very high 300-1200 nm: very high
Refractive index [5, 20, 55] 1.59 1.57-1.64 1.53
Birefringence [55] no data found no data found low
Abbé number [5, 20, 55] low low high
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1.3. Process plan for BBB-on-Chip prototypes
For this project soft embossing and thermal fusion bonding of cyclic olefin copolymer (COC) for chip fabri-
cation in combination with soft lithography and 3D-printing for the fabrication of molds are selected as the
best option, and will be discussed in this section. For thermal fusion bonding of COC a spin coating step is
required. Soft lithography and the versatile 3D-printing process are time-efficient and relatively cheap for the
fabrication of molds. Thermoplastic polymers can be efficiently molded using soft or hot embossing in small
as well as large quantities. The thermoplastic polymer COC is biocompatible, has a low autofluorescence, good
optical properties and can be efficiently bonded using thermal fusion bonding. See Figure 1.4 for an overview
of the proposed process plan.

Figure 1.4: Proposed process steps for the fabrication of the BBB-on-Chip. First a PDMS mold is fabricated by printing a positive mold in
HTM-140 and next creating a negative PDMS mold using soft lithograpy. In the next step a thermal bonding layer of TOPAS® 5013 is
spin coated on a TOPAS 6015 substrate. Finally, channels are created in the TOPAS 6015 substrate with the spin coated layer of TOPAS
5013 using the soft embossing technique. In the thermal fusion bonding step, which will not be investigated in this thesis, two embossed
substrates are bonded to each other while sandwiching a porous membrane.

1.3.1. Cyclic olefin copolymer
Cyclic olefin polymers are a class of amorphous thermoplastic polymers. Various brands offer COPs, which
differ from each other depending on the cyclic monomer and polymerisation process used. Two different
methods are used: Chain polymerisation of cyclic monomers with ethene (TOPAS and APEL™), and ring-
opening metasthesis polymerisation of cyclic monomers followed by hydrogenation (ARTON®, ZEONEX®
and ZEONOR®) [55], see Figure 1.5. The first process yields a material that is referred to as a cyclic olefin
copolymer (COC), since two different types of monomers are used. COP (and COC) is available in pellet form,
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Figure 1.5: Two different polymerisation reactions for the synthesis of cyclic olefin polymer. Reproduced from Shin et al. [65]

solution or in sheets [55].

Various grades of COPs are biocompatible according to ISO 10993 tests and are often used for biomedi-
cal applications already [69]. Untreated COP is hydrophobic, which could result in protein adsorption, i.e.
the accumulation and adhesion of proteins in the culture medium on the surface of the material. However,
after UV-ozone treatment COC was shown to be resistant to adsorption of 7-ethoxycoumarin and testosterone
and their metabolites, which are often used when testing metabolitic activity of liver cells and tissue [83].
The adsorption of proteins can be reduced by photografting poly(ethylene glycol) methacrylate, by means of
a dynamic coating of hydroxyethyl cellulose [55] or by reducing the hydrophobicity by means of UV-ozone
treatments [83].

One of the advantages of COP is the low water absorption (<0.01%), since absorption of water causes di-
mensional changes and could influence other mechanical and chemical properties [55]. The water vapour
permeability is relatively low, which confines the evaporation of water from the culture medium.

The optical quality of COP is high: it has a high optical transparency from 300− 1200 nm, a high refrac-
tive index (n = 1.53 for TOPAS 5013), low birefringence and a large Abbé number (56.4 for TOPAS 5013). The
transmittance of UV light is higher than for other polymers like PMMA, PC and PS. The autofluorescence is in
the same order of magnitude as PMMA and PC, sufficiently low for fluorescent imaging.

The glass transition temperature Tg can be influenced by the fraction of norbornene molecules. A higher
norbornene content makes the polymers chains more rigid resulting in less chain entanglement, increasing
Tg , but also making the polymer more brittle [95]. COPs with Tg values between 30 and 180oC are available.
The availability of one material with different glass transition temperatures makes the clean thermal fusion
bonding very applicable, see Section 1.3.3.

1.3.2. Soft embossing of COC
In soft (and hot) embossing a negative mold is pressed onto a substrate at elevated temperature, see Figure 1.6,
following the steps:

(a) A sheet of polymer, the substrate, is heated to a temperature slightly above Tg in a vacuum. The mold to
be replicated is heated to the same temperature or slightly warmer.

(b) The mold is gradually pressed into the polymer substrate. The force is kept constant for a couple of
minutes. Force, temperature and time depend on the mold design, the polymer to be embossed and the
mold material.
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(c) The mold and substrate are cooled down at equal rates to just below Tg to avoid deformation during
demolding.

(d) Mold and substrate are separated.

Figure 1.6: Soft embossing process. a. Mold and substrate are heated to a temperature above Tg , the embossing temperature Te . b.
Embossing force is applied gradually while keeping the temperature constant at Te . c. Embossing force is kept contstant while cooling
mold and substrate to the demolding temperature. d. Substrate is released from mold.

The soft embossing procedure takes about 10-30 minutes [79] per product, which is very reasonable for pro-
totyping. Hot embossing essentially follows the same steps. The difference lies in the mold material: soft
embossing uses soft mold materials like PDMS, in hot embossing molds are made of hard materials like metals.
The difference in mold material makes hot embossing somewhat faster. Not much literature was found on
soft embossing of COP. Hot embossing of COP is reported more often. In view of the similarities between the
techniques, general findings in literature on hot embossing of COP are summarized here.

Replication accuracy depends on the uniformity of the temperature across the mold, the vacuum quality to
prevent air bubbles in the substrate, the surface quality of the mold and the chemical compatibility between
mold and substrate [6]. The difference in temperature during the compression step and demolding step
should be as small as possible to minimize thermal stresses and ’replication errors due to the different thermal
expansion coefficients of tool and substrate’ [7].

The resolution is predominantly determined by the resolution reached in fabricating the mold. Replica-
tion accuracies of tens of nanometers have been reached.

Surface quality mainly depends on the surface quality of the mold, but can worsen due to shrinkage, which
can produce sink marks. The surface roughness could be deteriorated during the demolding process. For
example, if there is a relative motion between the mold and the replicate during demolding, small defects can
scratch the demolded structure [88, 89]. Residual mechanical stresses typically remain small in hot embossed
parts, since no phase transitions take place during the process. This has the advantage that birefringence and
warpage remain small, which is beneficial for the optical quality of the product [6].

1.3.3. Thermal fusion bonding and spin coating
COC can be bonded using thermal fusion bonding, solvent bonding, surface treatment bonding and adhesive
bonding [80]. The possibilty of tweaking the Tg of COCs allows to use a grade with low Tg as a sealant. Layers
with microchannels which are prone to deform during thermal bonding can be fabricated out of COC with a
high Tg and a cover plate out of COC with a lower Tg . The thermal bonding temperature can now be higher
than the Tg of the cover plate and lower than the Tg of the microchannel layer, such that the microchannels
will not deform. Jena et al. [36] accomplished a burst strength of 3.2MPa for their device with two crossing
channels of 100 µm wide and about 15 and 10 mm long respectively. However, bonding two crossing channels
separated by a membrane has not been done before.

In this process plan it is proposed to apply the thermal bonding layer by spin coating. For the spin coat-
ing process the to be spin coated material is dissolved in a solvent, e.g. toluene in the case of COC. The solution
is then deposited on the substrate, after which the substrate is rotated around the vertical axes with a high
rotation speed to spread the solution evenly while the solvent evaporates. Spin coating COC with a lower Tg
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on top of a substrate with a higher Tg has been done before [15, 68]. However, a satisfyingly accurate method
to determine the thickness of the spin coated layer has not been reported to the knowledge of the writer and
needs to be experimented with.

1.3.4. Mold fabrication: 3D-printing and soft lithography
The mold should have sufficient surface quality and should sustain high temperatures. The mold will be heated
to a temperature around the glass temperature of the COP used. The TOPAS grades available and their glass
transition temperatures are given in Table 1.3.

In 3D-printing a structure is built layer by layer. A suitable printer available at the department is the Mi-
cro Plus Hi-Res printer from EnvisionTEC. This printer produces the layers by curing a resin through UV
exposure on the x-y-plane. The cured material is then lifted in z-direction, such that the next layer can be
cured. The resolution in the xy-plane is 30 µm, in z direction 25 µm. Especially in the direction of added layers
the surface is not smooth, but a visual interface between the different layers remains present.

Table 1.3: Glass transition temperature of different TOPAS grades

Grade 9903 9506 8007 7010
Tg 33◦C 65◦C 78◦C 110◦C

Grade 5013 6013 6015 6017
Tg 134◦C 138◦C 158◦C 178◦C

Table 1.4: Properties of HTM 140 M

Tensile Strength 56 MPa
Elongation at Break 3.5 %
Flexural Strength 115 MPa
Flexural Modulus 3350 MPa
Heat Deflection Temperature 140 ◦C

For high temperature molding the material HTM140 M is available for this printer. Properties of this material
are given in Table 1.4. The heat deflection temperature of HTM140 M is quite low compared to the Tg of the
first four grades listed in Table 1.3, so when using HTM140 M as mold material the mold could deform during
the embossing process when using TOPAS 5013 or a grade with an even higher Tg . Instead of turning to Topas
grades with low Tg , a positive mold will be created using 3D-printing and next soft lithography is used to
fabricate the negative mold out of PDMS, which is able to endure high temperatures.

1.4. Easy-manufacturable benchtop press for embossing and bonding
Producing a prototype of the BBB-on-Chip with the materials and methods described in the previous section,
namely embossing and thermal fusion bonding of COC, require a device which can exert a calibrated force at
a controlled high temperature. A readily available press for embossing relatively large-scale structures and
thermal fusion bonding is not present at the department. Therefore an easy-manufacturable benchtop press is
designed, manufactured, calibrated and tested in this thesis. The basic requirements on a press needed for
this project are explained in this section.

During the embossing and bonding process substrates are pressed together under elevated temperature.
The substrates need to stay parallel to each other and flat during the complete process: bending or tilting will
yield deformed parts. The temperature of the substrates and the temperature of the parts in direct contact
with the substrates need to be at about the same temperature to avoid thermal stresses.

The substrates will be placed between two heated plates which need to stay as parallel as possible while
exerting a pressure. The temperature of the plates needs to be measurable, controlled and uniform. Also
the force exerted on the substrates needs to be controllable and measurable. The press should withstand
temperatures up to 200 ◦C, determined by taking the expected maximum temperature of 180◦C needed for
embossing plus a safety factor of 20 ◦C. The experiments will be performed in the chemical lab, hence the
materials need to have a high resistance to different chemical vapours to prevent corrosion. Forces upto 3 kN
are used for similar experiments in literature. Preliminary experiments showed that forces higher than 3 kN
are not necessary. The press should therefore withstand a force of at least 3 kN.
Additionally, ease of use is an important requirement since a large amount of experiments needs to be per-
formed. Placing and removing the substrates and mold in the press, applying the desired force and controlling
the temperature should be quick and easy.
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Next to these process imposed requirements the press should be manufacturable. Preferably in the workshop
of the faculty of 3ME where lathes, milling machines, laser cutters and some auxiliary machines are available.
The press should be manufacturable by a person with little metalworking experience in a foreseeable time,
about 4 ECTS.

To summarize, the requirements are as follows:
Compression force The plates applying compression force move parallel to each other

A maximum compression force of 3 kN can be exerted
The compression force can be controlled and measured

Heating of substrates The plates have a uniform temperature distribution
A maximum temperature of 200 ◦C can be withstood
The temperature can be controlled and measured

Environment The materials have a high chemical resistance for use in a chemical lab
Usability The press is easy to use in terms of substrate handling and force application
Fabrication The press is manufacturable by lathing, milling or laser cutting and by a

person with no metalworking experience in maximally 4 ECTS.

1.5. Project aims and outline
High throughput drug testing is currently still performed in setups with cells cultured in petri dish like devices.
The culture conditions in these setups are very different from the in vivo situation. More realistic testing of
drugs will reduce the high costs accompanying drug development and the need for animal testing and can be
achieved by using BBB-on-Chips, where i.a. hydrostatic pressure, shear stress, and medium composition can be
mimicked more accurately. Different research groups are developing BBB-on-Chips. The chips consist typically
of two channels separated by a permeable membrane on which cells are cultured and are mostly produced
from PDMS. PDMS is a rewarding material to prototype with, but it is less suitable for mass production.
Therefore a different prototyping strategy is necessary.

The aim of this thesis is to deliver a process plan for the production of BBB-on-Chip prototypes and to
deliver the required equipment and protocols for this process plan. The prototypes must be fit for mass
production, without redesign and subsequent retesting. The processes need to be low-cost, time-efficient,
simple, and executable in basic labs. Two of the processes in the proposed plan, embossing and bonding,
require the use of a temperature and force controlled press. The requirements imposed on the processes
also apply to (the use of) the press. However, a press which matches these requirements is not available.
Therefore, an easily-manufacturable low-cost benchtop press for experiments with high repeatability is
designed, fabricated, calibrated, and tested in this thesis. The mold manufacturing steps, spin coating step,
and soft embossing step are performed and developed.

The BBB-on-Chip will have the typical layout of two substrates with an open channel, sandwiching a
permeable membrane. The channels will be produced by soft embossing of COC. COC is a biocompatible
polymer with low autofluorescence and good optical qualities. Good results have been obtained in literature
for hot and soft embossing of COC. Molds needed for soft embossing will be fabricated using rapid prototyping
techniques: Soft lithography will be employed to produce a negative PDMS mold. The positive mold needed
for soft lithography will be produced by additive manufacturing.

COC is available with different glass transition temperatures which makes it a suitable product for thermal
bonding of patterned substrates. Hereto, the COC substrates require a thin layer of COC with a lower glass
transition temperature. The substrates can then be bonded at a temperature below the glass transition
temperature of the embossed substrate, preventing damage to the embossed structures. The bonding process
itself will not be performed in this project.

The thin COC layer with low glass transition temperature and specific thickness will be applied on the
substrates before the soft embossing procedure by spin coating. The relation between spin coating parameters
and the thickness needs to be determined experimentally.

Machines for soft embossing and bonding experiments are not present at the department. Therefore,
a device capable of embossing and bonding at temperatures up to 200◦C and forces up to 3kN will be fabricated.

Table 1.5 summarizes the goals listed above in the form of milestones and deliverables. To reach the set
of milestones and produce the deliverables a number of process steps are needed. Figure 1.4 gives an overview
of the proposed process steps for the fabrication of the BBB-on-Chip. The risks concerning the different
process steps are considered in Appendix G, in which also a risk mitigation plan is proposed when needed.
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Table 1.5: Milestones and the corresponding deliverables.

Milestones Deliverables

Functioning, calibrated, temperature and
force controlled benchtop press

Functioning press
Calibrated force control of the press
Calibrated temperature control of the press
Successful embossing experiments to illustrate functioning of
the press

Substrates prepared for embossing Spin coating protocol to obtain a specific TOPAS 5013 layer
thickness on a TOPAS 5016 substrate
Simplified design of a BBB-on-Chip device
Fabrication of HTM140 mold for soft lithography
Fabrication of a PDMS mold for soft embossing

Substrates prepared for bonding Soft embossing of a TOPAS 5016 substrate
Soft embossing of a TOPAS 5016 substrate with a TOPAS 5013
bonding layer (out of scope for this project)

1.6. Structure of this thesis
The embossing and bonding press is the subject of the first following chapter: Chapter 2 contains a paper
presenting the design and capabilities of an easily-manufacturable low-cost benchtop press, with which em-
bossing and bonding experiments can be performed with high repeatability. Chapter 3 covers the development
of a protocol to obtain a COC substrate with a layer of COC with a different glass transition temperature and
a specific thickness. In Chapter 4 the design of the heater of the press and the control loop to regulate the
temperature of the press is described. Finally, in Chapter 5 a conclusion of this thesis is given.
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Abstract A benchtop press is presented for low-cost
and time-efficient soft embossing and thermal fusion

bonding experiments with high repeatability. The press
enables the production of microfluidic chip prototypes
in small labs, after which scaling-up the production is

straight-forward because of the nature of soft embossing
and thermal fusion bonding. Heating elements and PID
control are integrated in the press to facilitate temper-
ature control up to a maximum calibrated temperature

of 180◦C with a precision of ±0.25◦C. A maximum cali-
brated force of 2000 N can be exerted with an accuracy
of ±80 N, for a maximum calibrated force of 1330 N an

accuracy of ±32 N can be reached. Microfluidic chips up
to 30×40 mm2 can be produced. The press is fabricated
in a standard machine shop using a lathe, mill and hand

press and standard materials and parts are used. Soft
embossing experiments demonstrate the performance of
the press: 1000× 100 µm2 channels of 170 µm deep are
soft embossed in cyclic olefin copolymer (COC) using

a polydimethylsiloxane (PDMS) mold, with a replica-
tion accuracy similar to previously reported numbers
for soft embossing. Embossing of smaller channels with

depths between 140 and 560 nm is demonstrated with
a mold made of MD700 on a glass wafer.
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1 Introduction

In 2017 the Organ-on-Chip (OoC) market was esti-
mated to grow from $7.5M in 2016 to $60M - $117M
in 2022 by the Yolé market report (Mastrangeli et al.,
2019). The OoC market is currently mainly made up of

relatively small companies. The difference between the
upper and lower boundary of the estimation lays in the
ability of these small companies to scale-up from proto-

typing and small scale production to mass production
and in the conservative nature of the pharmaceutical
industry (Mastrangeli et al., 2019). The process of in-

dustrializing production requires the redesign of already
extensively tested OoC models. The redesign process is
currently inherent to the conventional method of pro-
totyping, namely soft lithography of PDMS, making it

costly.

1.1 Downsides of current fabrication techniques and

materials

Microfluidic devices, including OoC models, are
predominantly fabricated using soft lithography of

PDMS or photolithography in glass. Photolithography
requires costly equipment, labour and time and is,
although well suited for mass-production, not efficient

for prototyping. In contrast, soft lithography itself is a
lot more cost- and time-effective for prototyping and
can be performed in a benchtop lab. However, the long
curing times make it a time consuming method when

fabricating slightly larger quantities, let alone high
amounts for commercial use.

Currently, OoCs are optimized and tested for PDMS.
Materials suited for mass-production have dissimilar
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Fig. 1 Soft and hot embossing process. a. Mold and sub-
strate are heated to a temperature above Tg. b. Embossing
force is applied gradually while keeping the temperature con-
stant. c. Embossing force is kept contstant while cooling mold
and substrate to the demolding temperature. d. Substrate is
released from mold.

material properties, such that optimizing and testing

needs to be redone when scaling-up.

Furthermore, PDMS itself comes with disadvan-
tages when used in biomedical devices as well. Cell

culturing experiments are obscured by the high water
vapour permeability of PDMS, leaking oligomers
(Regehr et al., 2009) and absorption of hydrophobic

compounds (Van Midwoud et al., 2012).

To conclude, eliminating the step of redesigning

and retesting would speed up commercialisation of
OoC prototypes. This could be accomplished by using a
method which is both available for benchtop laboratory
settings and directly translatable to mass-production.

Additionally, the method should support the use
of biocompatible materials with low hydrophobic
adsorption and high optical quality.

1.2 Soft and hot embossing

Two methods that meet the requirements set above
are soft and hot embossing. Both are fast replication

techniques when more then one device is needed:
producing one replica takes 10-30 minutes and a
submicron process resolution can be reached (Tsao,
2016). In soft embossing a mold of soft material, for

example PDMS, is pressed in a polymer substrate
at a temperature around the glass transition of the
polymer. The soft mold can be reused multiple times.

The mold used in hot embossing is made of a hard
material and usually lasts longer than a soft mold.
Substrate and mold are typically heated to a temper-
ature of ∼ Tg − 20◦C to Tg + 20◦C, where Tg is the

glass transition temperature, and consequently pressed
together with a force of typically 0.5-2.0 kN/cm2 for a
few seconds to minutes. Figure 1 illustrates the process

of hot and soft embossing.

A multitude of polymers can be used as hot or

soft embossing substrate: for example polystyrene,
which has been used in the biomedical field for decades,

PMMA, polycarbonate, and cyclic olefin (co)polymer.

Compared to PDMS, these polymers have a better
optical quality, are less vulnerable to mechanical
damage, show less swelling, have lower water vapour

permeability and lower absorption and adsorption of
hydrophobic compounds. Additionally, material costs
are 6-75 times lower (Tsao, 2016). Polymers used for
embossing are suitable for injection moulding and

roller imprinting, both taking 10-30 sec/cycle, making
embossed prototypes directly fit for mass-production
(Tsao, 2016). The favourable low Young’s modulus of

PDMS is not met by polymers, but can be matched by
applying gels or coatings.

1.3 Cyclic Olefin Copolymer

Cyclic olefin copolymer (COC) is used in this work

both as a substrate and as a bonding layer. COC has
a high optical quality, is biocompatible, inert to many
chemical substances including polar solvents, has a low
absorption of water and hydrophobic compounds (Van

Midwoud et al., 2012), low water vapor permeability
and low autofluorescence. The glass transition temper-
ature, Tg, of COC can be altered by varying the nor-

bornene content. This feature can be utilized for ther-
mal fusion bonding (Jena et al., 2012; Steigert et al.,
2007). Hereto a thin layer of COC with a Tg lower than
that of the substrate is applied on the COC substrate as

a thermal bonding layer. Thermal fusion bonding can
then take place at a temperature lower than the Tg of
the substrate, avoiding deformations of the structures

embossed in the substrates.

1.4 Easily-manufacturable low-cost benchtop press

In this study we propose the fabrication of OoCs by
embossing in COC with a benchtop press for proto-
typing purposes. Hot embossing systems with precise

temperature and force control are available, but might
not always be affordable or practical. For this reason
a benchtop press device is produced which is easily-

manufacturable and inexpensive. Both temperature
and force are controlled. The press can be used in a
benchtop lab and can be operated by hand to emboss

and bond substrates of maximally 30 × 40 mm2. In this
work the design, fabrication, capabilities and function-
ing of this easiliy-manufacturable low-cost benchtop
press is presented. Functioning of the press is validated

by embossing various channel sizes in a COC substrate.

For the design of this press the following factors

of influence regarding the hot embossing machine are
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considered: stiffness of the device, parallel movement of
the embossing plates, rate of force increase, uniformity
of temperature, rate of heating and cooling, and heat
conductivity. Worgull (2009) extensively discusses in

chapter 4.4 and 5.4 why these factors are relevant, as
is summarized below:

– The device should have a high stiffness to avoid
significant bending of the embossing plates during
molding. Bending of the plates results in a non-

uniform distribution of force and a non-uniform
thickness of the substrate, risking warping of the
substrate. In extreme cases a hard mold could dam-
age a bended substrate during demolding.

– A non parallel motion of the embossing plates re-
sults in a non-uniform force distribution, which
could cause damage during demolding, a non-

uniform substrate thickness and warpage of the sub-
strate.

– The molding force should be applied slowly to avoid

damaging the mold and control internal stresses in
the polymer.

– A non-uniform temperature distribution during
heating, molding and cooling causes the polymer to

soften, flow and solidify non-uniformly. Non uniform
flow results in an uneven substrate thickness. Non-
uniform solidification causes anisotropic shrinkage,

and hence warping of the substrate.
– The grade of crystallization of semi-crystalline poly-

mers depends on the temperature and cooling
rate. To increase reproducibility the cooling process

should be reproducible.
– Surface roughness of the embossing plates of pro-

fessional machines is optimized to be low enough

for sufficient surface quality of the mold (e.g. when
needed for optical purposes) and high enough to
provide for a high adhesion force to overcome the

demolding force, needed to separate mold and sub-
strate. When demolding by hand, the movement of
the mold will not be parallel to the substrate, raising
the risk of damaging the structures on the substrate.

PDMS however, is softer than COC. Damaging the
substrate with the mold is therefore unlikely. Also
in terms of pressure distribution soft embossing is

more forgiving than hot embossing.

Finally, for this work a number of quantitative require-

ments on the table-top press is set, as summarized in
Table 1.

Table 1 Quantitative requirements on the table-top press.

Value Motivation

Fmax 2.0kN Maximum embossing force needed.
Successfully used embossing pressures,
defined as the embossing force divided
by the area of the mold, found in lit-
erature for COC with Tg = 158◦C
and comparable polymers are in the
range of 27-97 N/mm2 (Fanzio et al.,
2017a; Lee et al., 2005; Narasimhan and
Papautsky, 2003; Steigert et al., 2007;
Zhou and Papautsky, 2007). For the
maximum chip size of 50x30 mm the
embossing force will thus not exceed
1.5kN, which is rounded to 2 kN for the
sake of a process margin.

eF 5% Error in applied force. The sensitiv-
ity of replication accuracy appears to
be relatively low to force variation
(Zhou and Papautsky, 2007). A mini-
mum force is required to obtain suffi-
cient filling of the cavities. Within a rel-
atively large range above this minimum
force similar results will be obtained,
until compression of the soft mold op-
poses replication accuracy. However,
for bonding only a small force range
can be used. If the force is too low,
thermal bonding will not take place. A
too high force could result in deformed
structures.

Tmax 200◦C The expected embossing temperature
needed lays 10-30◦C above the Tg,
translating to an embossing tempera-
ture of 170-190◦C for COC with Tg ≈
158◦C Fanzio et al. (2017a); Jena et al.
(2012); Lee et al. (2005); Zhou and Pa-
pautsky (2007). A process margin of
10◦C is taken into account.

Mp 1.0◦C Overshoot of the plate temperature
when it is altered. Above the Tg the vis-
cosity of the polymer decreases dramat-
ically. The polymer will only be com-
pressed after a stable temperature is
reached, but to avoid excessive soften-
ing of the polymer and impose precise
temperature control of the polymer a
high overshoot is not desired.

error
band

0.25◦C Band around the set point in which the
plate temperature stays. The press will
be used for both embossing and ther-
mal bonding. Thermal bonding takes
place above the Tg of the thermal bond-
ing layer and below the Tg of the
substrate to avoid deformations of the
structures. This results in a small tem-
perature gap. Therefore the errorband
needs to be small and is set to 0.25◦C.

ts 5 min Settling time of the plate tempera-
ture. The press is used for prototyp-
ing and thus does not need to be oper-
ated very efficiently. However, settling
time is preferably not greater than the
hold time for soft embossing, which is
in the order of 5-15 min (Fanzio et al.,
2017a,b; Lee et al., 2005; Steigert et al.,
2007; Zhou and Papautsky, 2007).
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Fig. 2 Schematic representation of the hand-held table-top
press with heater block. (A) Bottom embossing plate, fixed
(B) Top embossing plate, sliding (C) Sliding bushings (D)
Precision axes (E) Sliding bushings (F) Measurement plate
moving with top of spring (G) Spindle flange nut (H) Fixed
top plate (I) Spindle with (J) Bolt (K) Heater block (L) Part
enabling lifting of the sliding plate (M) Washers (N) Spring
(O) Hooks lifting part L (P) Steel ring fixed to spindle (Q)
Bushing (R) Ring fixing the measurement plate to Q (S)
Caliper indicating spring indentation.

2 Materials and methods

2.1 Benchtop press with temperature control

2.1.1 Design overview of the press

A schematic representation of the benchtop embossing
and bonding press is given in Figure 2, with letters

referring to the part described bellow, a picture of
the press is shown in Figure 3 and a picture with
the complete set-up is shown in Figure 4. The main

structure of the press consists of two axes, D, and four
plates (A,B,F,H). Plates A and H are fixed to the axis
with a dowel pin, and plates B and F slide freely along
the axes. Substrates to be embossed or bonded are

placed between plates A and B. By tightening spindle
I, which rotates in the spindle flange nut G, spring N
is compressed and plate B is pushed down. Plate F is

fixed on top of the spring and moves down with the
top of the spring.

Fig. 3 Picture of the embossing press

The spring serves two goals: Firstly, the jaws of
caliper S is fixed to plates B and F, such that the
length of the spring can be measured and hence the
force exerted on the substrate can be determined. Sec-

ondly, during embossing the mold will be pushed down
slowly into the substrate, decreasing the thickness of
the mold-substrate combination. Without the presence

of the spring between the spindle I and plate B, there
would not be any contact between the parts any more.
Using a spring with a relatively low spring constant

will make sure the decrease in force is negligible.

Vertical displacement of the spindle is transferred
to the spring by steel ring P. The two washers M

enable the spring to rotate along with the spindle.
Part L holds the washers in place and passes the force
through at the center of plate B.

Ring R is fixed on spindle I to press plate F on
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Fig. 4 Picture of the press with the complete setup as used in the soft embossing experiments and force calibration. A)
Press B) Laptop computer with temperature control in LabView. C) Data acquisition (DAQ) device for signal condition of the
thermocouples (NI USB-9211A, National Instruments Corporation, Austin, TX, USA) D) Multifunction DAQ device controlling
fan and heater action (NI USB-6211, National Instruments Corporation, Austin, TX, USA) E) Control box containing PCBs
for controlling the fan and heater. Extra in set up for the force calibration: F) Strain gage conditioner (CPJ, SCAIME S.A.S.,
Juvigny, France G) Loadcell (Futek LCM300 2KN, Pimzos, Wierden, The Netherlands)

top of the spring. To allow ring R to rotate along with
the spindle, ring R is fabricated out of brass and a

brass flanged bushing Q is placed between parts P and
R.

Plates B and F have a large thickness and are
provided with high flanged bushings (C,E) to min-
imize wiggling of the plates during sliding. Parallel

movement of the plates in promoted by applying the
compression force in the centre of the plate and the
high bushings. Surfaces of plates A and B in contact
with the substrates are polished, to obtain substrates

with an optical surface quality, and protected with
easily replaceable Kapton foil or tape.

Substrates between the two embossing plates are
heated indirectly by heating plate A with heater block
K. To improve heat conduction the aluminium heater
block is clamped to plate A with bolts. A type K

thermocouple is applied to the top surface of plate A
to measure temperature. Active convective cooling is
enforced with a 5V case fan (not shown in Figure 2),

placed horizontally at the height of the heater block.

2.1.2 Materials

To prevent degradation of the polished surfaces of

plates A and B by chemical vapours these parts are
made of stainless steel (AISI 316L). For the other two
plates (E, H) the same material is used for consistency.
All bushes and washers (C, E, M, Q, R) are made of

brass. All less critical parts are made of steel (L, O, P).
For the axes (D) silver steel precision shafts are used.
Part L has a threaded end and is screwed on plate

B. High temperature resistant adhesive (LOCTITE R©
638TM, Henkel AG & Co. KGaA, Düsseldorf, Ger-

many) is applied between part L and plate B to prevent
loosening during demolding.

Standard die springs (N) with four different spring
constants, but of equal lengths, are used to preload
the press (natural length: 38 mm, inner diameter: 12.5

mm, outer diameter: 25 mm, spring constant: 62, 93,
219 and 346 N/mm respectively, Amatec Technische
Veren, Alphen aan den Rijn). For a small molding or

bonding force, a spring with low stiffness will be used,
such that the indentation of the spring remains large.
This makes the determination of the force as precise as

possible, and the decrease in force during the process
as small as possible.

A caliper (S) of hardened steel with a vernier

constant of 0.02 mm is used. The heater block (K)
is fabricated out of aluminium, which has a high
thermal conductivity and allows for uniform tem-

perature distribution of the block. Three cartridge
heaters (ø 6.5 mm, length 50 mm, 150W, 230V, Acim
Jouanin, Évreux, France) are installed in the three

holes with bore tolerance H7. Heat conduction and
uniformity of the temperature is increased by applying
boron nitride paste (Mosquito Boron Nitride Paste,
Slice Engineering, Gainesville, FL, USA) between the

cartridges and the holes. Two thermocouples (Type
K (Nickel-Chromium / Nickel-Alumel)) with exposed
bead are used. One is placed in an indentation in the

top surface of plate A. At the bottom of the heater
block a second thermocouple is installed to detect
overheating of the cartridges. Thermocouple signal
is processed using a thermocouple read-out module

(NI 9211, National Instruments, Austin, TX, USA).
Required heater power is calculated using PID control
in LabView. Heater and fan are controlled with a
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multifunction DAQ device (NI USB-6211, National
Instruments, Austin, TX, USA).

2.1.3 Fabrication of the individual parts

The four stainless steel plates (A,B,F,H) are first
milled to size in length and width, while being clamped
together. Next, the large surfaces are milled to size in
height by making multiple strokes with a relatively

small mill, such that any error in the vertical alignment
of the milling head is minimized. After the second
surface is milled, the workpiece remains clamped and

the holes are drilled directly. In this way the axis of the
hole and the surface will be as close to perpendicular
as the alignment of the milling machine allows.

The two surfaces in contact with the substrates
(surfaces of plates A and B), are face milled last.
For plates H and F the order of face milling is not

important, here the bottom surface (for H) and top
surface (for F) are face milled last.

The surfaces in contact with the substrates (A,
B) are sanded and polished, since the surface profile
will be transmitted to the substrates. Before sanding
and polishing the bronze bushes are pressed in place,

so that they do not stick out of the surface of the final
product. After polishing the surfaces are protected
from dust, chemicals and fingerprints to avoid scratch-

ing and etching of the surface using Kapton R© tape.

All bushes and washers and parts P and L are

made on a lathe.

2.1.4 Assembly of the press

The dowel hole through the steel ring (P) and spindle
(I) is drilled through both parts simultaneously. All

bushes (C,E,Q) are pressed into place with a hand
press. The bolt (J) with inner spindle thread is welded
on the spindle. The four plates (A,B,F,H) are slid on

the axes (D). The whole press is now clamped in a
milling machine to drill the dowel holes fixing plate
A and H and the holes for caliper attachment. The
holes in the caliper are drilled separately in a milling

machine and drilled larger than the bolts that will be
used to attach the caliper, to allow for some play and
circumvent minor misalignment of the plates, which

would block the caliper.

The plates will not slide smoothly along the axes

right away, some misalignment is inevitable. Sliding
the plates a few times up and down will wear out the
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Fig. 5 Mean and standard deviation of the natural length
and spring constant of different springs at varying tempera-
ture. For the blue and red spring n = 10 at T = 20◦C and
n = 5 for all other measurement points. n = 3 for the yellow
spring. The blue and yellow spring are uniformly heated in
the press in an oven. The yellow spring is heated in the press
using the heater block.

bronze bushes and make the sliding smoother.

Alignment of the four plates would be better if
all holes are drilled simultaneously while clamping the
plates together. However, in this way it would not be

possible to reach as much perpendicularity between
the polished faces of the plates and the axes.

2.2 Error estimation and calibration of the press

2.2.1 Force control

Errors in force determination originate from, among

other sources, read-out errors, resolution of the caliper,
thermal expansion of the press and wear and play of
the press. The resolution of the caliper equals 0.02 mm,

translating to a fraction of er = 0.01 k
F of random error

on F , the force determined. Compliance of the parts
between the caliper jaws, and therefore also the de-

crease in Young’s modulus with increasing temperature
of these parts, is negligible compared to the spring com-
pliance. Thermal expansion introduces a systematic er-
ror in force determination dependent on temperature.

Random error By calibrating the press the uncertainty
introduced by the total of random errors is determined.
Natural length, l0, and spring constant, k, of the dif-

ferent springs combined with the parts between the
caliper jaws is determined by noting caliper read-out for
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Table 2 Spring stiffness, natural length and random uncer-
tainty in force determination for a new observation. A sample
size of respectively 100, 116 and 18 is used for the blue, red
and yellow spring. Measurements are taken at 20◦C, 45◦C
and 70◦C and averaged.

k l0 δF (95%)
Spring (N/mm) (mm) (N)

Blue 99.91 63.64 ± 31.82
Red 216.87 64.43 ± 96.48

Yellow 315.50 63.17 ± 80.03

three loads, measured with a load cell (Futek LCM300

FSH03887, FUTEK Advanced Sensor Technology, Inc.,
Irvine, CA, USA), evenly distributed over the force
range of the spring at room temperature, 45 ◦C and

70 ◦C, the maximum compensated temperature of the
load cell. No significant temperature dependence was
found in these measurements, see Figure 5. l0 and k are
therefore assumed constant for 20◦C < Te < 70◦C. See

Table 2 for the calibration results.

Systematic error The systematic error originating from
thermal expansion is estimated as follows: Expansion of

the parts between the jaws of the caliper cause an over-
estimation of the force on the substrate, countered by
an underestimation of the force originating from the ex-
pansion of the caliper itself. The measured indentation

is equal to:

u = δs − δT

=
Fs

k
−
∑

αi∆Tili + αc∆Tclc
(1)

where:

δs = Spring indentation following Hooke’s law (m)

δT = Thermal expansion (m)
Fs = Force on spring (N)
F = ku (N)

k = Spring constant (N/m)
l = Length of part (m)
α = Coefficient of linear thermal expansion

(m/mK)

∆T = Difference in temperature during force
measurement and calibration of spring (◦C)

i = Indicating parts between caliper jaws

c = Indicating main scale of the caliper

The fraction of systematic error on u induced by tem-

perature effects then becomes:

eT =
F − Fs

F

=
(∑

αi∆Tili − αc∆Tclc

) k
F

(2)

Table 3 Temperature and thermal expansion of the different
parts between the jaws of the caliper and the caliper itself
at an embossing temperature of Te=180◦C. A temperature
difference of ∆T = T − 45◦C is used, since k and l0 are
determined at an average temperature of 45◦C .

α× 10−6 l T δT
(◦C−1) (mm) (◦C) (mm)

Ring 12.0 7 100 0.0046
Spring 12.2 38 110 0.0301
Ring 21.0 2 120 0.0032
Stop 12.0 16 140 0.0182
Plate 2 15.9 5 150 0.0083
Plate 3 15.9 3 100 0.0026
Ring 21.0 2 90 0.0019
Caliper 15.9 73 87 -0.0487

Total 0.0203

Fig. 6 Temperature distribution of the press at Te = 180◦C,
imaged using thermography (FLIR E74, FLIR R© systems,
Inc., Wilsonville, OR, USA). On all relevant parts a strip
of Kapton tape with ε ≈ 0.925 is applied.

The systematic error is estimated as function of force
at Te = 180 ◦C, the expected maximum temperature
needed for embossing of many polymers, and will from

here decrease to zero monotonically with the temper-
ature decreasing to the calibration temperature. The
temperatures of the parts are measured at Te=180◦C
using a heat camera (FLIR E74, FLIR R© systems, Inc.,

Wilsonville, OR, USA), to determine the fraction of er-
ror. Figure 6 shows the thermogram of the heated press,
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Table 4 Overshoot and settling time for cooling and heating
of the press and an error band of ±0.25◦C. Measured for
different set-point changes: 140 to 155, 160 and 165◦C and
vice versa. Settling time for cooling strongly depends on the
decrease in set-point and the temperature difference with the
environment, since it is governed by the convective cooling
rate.

Mode Mp (◦C) ts (min)

Heating 0.83 ± 0.08 1.97 ± 0.04
Cooling 0.39 ± 0.03 2.61 ± 0.40

Table 3 lists the temperatures found from the thermo-
gram and the corresponding thermal expansion of the

parts. The fraction of systematic error at Te =180 ◦C
follows from Table 3 and eq. 2 and equals eT =0.02 k

F .
At temperatures around T = 180◦C this value is to be

subtracted from the force determined using the calibra-
tion values for k and l0, but is very small compared to
the random errors listed in Table 2.

2.2.2 Temperature control

Temperature of the samples is controlled by regulating
the temperature of the heating plate. Using PID con-
trol and pulse width modulation the cartridge heaters

are controlled. Temperature of the heating plate is mea-
sured using a type K thermocouple, whose accuracy is
determined by a systematic error of ±2.2◦C. This is
larger than is allowed per the requirements, but since

all experiments are performed while keeping the envi-
ronment constant and with relatively small changes in
temperature, this systematic error could be determined

once using a more accurate temperature measurement
if necessary. During embossing the temperature of the
heating plate remains within an errorband of 0.25◦C.

Overshoot and settling time are given in Table 4 for
different settings.

2.3 Functionality test method

Functioning of the benchtop soft embossing and bond-

ing press is characterized by means of soft embossing
experiments. The replication accuracy for a range of
feature sizes is investigated. Hereto two different molds

are used, one fabricated in PDMS and the second in
perfluoropolyether-urethane dimethacrylate, or MD700
(Fluorolink R© MD700, Solvay SA, Brussels, Belgium).
The MD700 mold is fabricated as described by Fanzio

et al. (2017a). The soft PDMS mold is produced by em-
ploying soft lithography in a 3D-printed mold. All pro-
cedures prior to the soft embossing experiments and the

soft embossing experiments themselves are described in
the following sections.

Fig. 7 Direction of writing and movement during printing of
the mold. Hole for air escape in light grey.

2.3.1 Photopolymerisation

A positive mold is fabricated with a negative photore-
sist (HTM140 M V2, EnvisionTEC GmbH, Gladbeck,

Germany) using the Micro Plus Hi-Res printer from
EnvisionTEC, which makes use of UV photopoly-
merisation. The resolution in the xy-plane is 30 µm,

in z direction 25 µm. Around the mold a container
is printed, such that the mold can be used for soft
lithography directly.

The printed layers are produced by curing a resin
in the x-y-plane through UV exposure from below. The
cured material is then lifted in z-direction to let in new

resin and pushed back to touch the bottom of the resin
container again, such that the next layer can be cured
from below. The open side of the container is facing
down during printing, to avoid trapping of liquid resin

by the up and down movements during printing, see
Figure 7. Trapped air can escape via the hole in the
wall of the container.

2.3.2 Soft lithography

After the positive mold is produced the PDMS mold is

fabricated. Base and curing agent are mixed in a 5:1 ra-
tio (SYLGARDTM 184, Dow Chemical Company, Mid-
land, MI, USA), poured in the HTM140M molds, de-

gassed and cured overnight at 60 ◦C. The cured PDMS
molds are released using a scalpel and 99.9% ethanol,
dried and stored in a petri dish. See Figure 8 for a
drawing with the dimensions of the PDMS mold.

2.3.3 Soft embossing

The embossing process is summarized in Table 5 and
6 and visualised in Figure 10 and discussed in more
detail in the following:

The PDMS mold is cleaned by applying Scotch
tape (beschrijfbaar plakband, HEMA, Amsterdam,
the Netherlands) and removing the tape again, hence

picking up electrostatic dust particles from the mold,
to avoid the use of solvents which cause swelling of
PDMS. The substrates are cut to size (36 × 15 × 1

mm3) from a large TOPAS plate, which comes sealed
with a protective foil on the top and bottom face
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Fig. 8 Dimensions of the PDMS mold (mm)

(TOPAS R© 6015, TOPAS Advanced Polymers, Inc.,
Florence, KY, USA). A substrate is placed on a clean
piece of Kapton foil after removing the protective foil.

The cleaned mold is placed on top of the substrate and
covered with a piece of Kapton foil. The Kapton foil
is used to prevent the substrate and mold to remain

stuck to the press plates after embossing.

At t0, the substrate-mold-Kapton foil sandwich is

placed in the centre of the bottom plate of the
preheated press and pressed together lightly with a
hold force Fh of a few Newtons to prevent in plane
movement. The temperature of the press is kept

constant at demolding temperature Td, for 2 min to
heat up the substrate and mold. Next, at t1 the press
is heated to the embossing temperature Te. At t2
the embossing force Fe is imposed slowly and kept
constant during the embossing time te. At t3 the press
is cooled down to the demolding temperature Td, the

compression force remains at Fe. Finally at t4 the
compression force is removed slowly. The substrate
and mold are removed from the press and separated
from each other, during which the temperature of the

mold and substrate drops quickly to room temperature.

The process times are set independently from the

temperatures of the device, mold and substrate, but
are chosen such that the temperatures of the device,
mold and substrate settle completely before moving to

the next step.

Embossing time, force and temperature are var-
ied to investigate the effect on replication accuracy in

terms of depth, width and straightness of the embossed
channels. As a measure for straightness the angle of
the channel borders with the horizontal and the area

of the channel borders outside a linearly fitted line on
the channels borders is determined, see Figure 9.

8th degree polynomial fitted on the traced channel borders
Linear polynomial fitted on the 8th degree polynomial

Fig. 9 Detail of sample 1 of set 4. Channel deformation is
determined by first tracing the channel border (not shown in
picture) and fitting a 8th degree polynomial on the tracing
lines. A linear line is fitted through the 8th degree polynomial.
The area between the linear fit and the 8th degree polynomial
is divided by the area of the channel to obtain a relative value
for the deviation from a straight channel border.

Table 5 Description of the embossing process

t T F Actions

t0 Td 0 Mold and substrate are aligned by hand
and placed on the bottom plate with the
substrate facing down.
A small holding force Fh is applied to hold
mold and substrate in place.

t1 Td Fh Mold and substrate are heated to embossing
temperature Te.

t2 Te Fe Embossing force Fe is applied.
t3 Te Fe Mold and substrate are cooled down to

demolding temperature Td.
t4 Td 0 Substrate and mold are removed from the

press and separated from each other.
The temperature of the substrate drops
quickly to room temperature, since it is not
in contact any more with a heated element.

MD700 mold The embossing parameters from the ex-

periments with the PDMS mold resulting in the best
replication accuracies are used for embossing with the
MD700 mold: Te = 175 ◦C, te = 20 min. The embossing

force is scaled with the surface area to Fe = 400 N. A
piece of approximately one eighth of the original mold
is used, such that it fits in the press. Prior to emboss-

ing the mold is cleaned in Liquinox 1% in an ultrasonic
bath for 5 min, rinsed with DI water, cleaned in 99.9 %
2-propanol in an ultrasonic bath for 3 min and dried in
a clean, dry air stream. Between the sliding plate and

the MD700 mold a thin layer of PDMS (t < 0.1mm) is
placed to prevent breaking of the mold. Further emboss-
ing steps are as described above for the PDMS mold.

Replication accuracy is evaluated in terms of channel
depth.
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Table 6 Embossing parameters used per sample set, with te
= t3-t2, Td = 150 ◦C, t1-t0 = 2 min, t2-t1 = 5 min, t4-t3 = 5
min. Where a is the maximum change in temperature during
heating and cooling.

Set te Te Fe Mold aheat acool
(min) (◦C) (N) (◦C/s) (◦C/s)

1 10 170 400 C 0.42 -0.25
2 10 175 400 B 0.50 -0.26
3 10 180 400 B 0.53 -0.30
4 20 175 200 A 0.50 -0.26
5 10 175 200 A 0.50 -0.26

Fig. 10 Schematic of temperature (red) and force (green)
during embossing as a function of time.

3 Results and discussion

3.1 Embossing with PDMS

Figure 11 shows the replication accuracy of the em-
bossing process while independently varying embossing
temperature, embossing time and embossing force.

Embossing temperature The difference between the
thermal expansion coefficients of PDMS and TOPAS R©
introduces a replication error of:

dm
ds

= (1 + αPDMS∆T ) (1 − αTOPAS∆T ) (3)

This means that thermal expansion causes features
to be 3.3%, 3.4% and 3.5% larger in the TOPAS R©
substrates than in the PDMS molds at molding

temperatures of 170◦C, 175◦C and 180◦C respectively,
for αPDMS = 284ppm/◦C (Müller et al., 2019) and
αTOPAS = 60 ppm/◦C (Topas Advanced Polymers,
2015). The difference in thermal expansion between

the different temperatures, 0.1%/◦C, is insignificant
compared to the uncertainty in replication accuracy. In
vertical direction the compression of the mold counter-

acts the effect of thermal expansion. However, for the
width of the channels the compression of the mold and

the thermal expansion both work in the same direction.

The variation of temperature does not have a
clear influence on the replication of channel depth and

deformation. The width of the channels and plateaus
between the channels becomes more accurately repli-
cated with higher temperature: the mold is less

stretched in plane at higher temperature. The overall
performance is best at 180◦C: the relative channel
depth is the nearest to 1, the relative channel and

plateau widths are closest to each other, the angle of
the channels does not show a significant difference from
the lower temperatures, but the area deviating from
the area of a straight channel is slightly larger than at

170◦C. However, at 180◦C gas bubbles appeared at the
edges of the TOPAS R© substrates. Further experiments
are therefore performed at 175◦C.

Hold time Increasing the embossing time from 10 min
to 20 min, with Tm = 175◦C and Fm = 400 N, gives

a clear improvement on the channel depth replication.
Presumably because more time is available for the mold
to decompress again. Also the replication of channel

width is more accurate, especially the difference be-
tween channel and plateau width decreases. However,
the directions of the channels diverge when increasing
embossing time as indicated by the increased spread in

angle.

Embossing force A reduction in force from 400 N to
200 N further lessens the spread in channel depth and
channel width, while also decreasing the deformation of
the channel in terms of both angle and area.

Optimal parameters The best embossing results are

found for Te = 175◦C, te = 20 min, Fe = 200 N. Hold
time and embossing force have the strongest influence
on the embossing result.

Source of deformations It is difficult to derive the ex-
act origin of the deformations in the replicates since

there are multiple sources. Firstly, the embossing plates
might not be exactly parallel and polishing of the plates
could have resulted in slightly convex surfaces. Sec-
ondly, the walls of the container of the printed mold are

not perfectly parallel with the face on which the chan-
nels are printed, causing the thickness of the PMDS
mold to vary. Thirdly, the PDMS might not have cured

uniformly because of temperature fluctuations, causing
variations in the stiffness of the mold and introduc-
ing internal stresses which warp the mold. Variations

in thickness and stiffness cause a non-uniform emboss-
ing pressure, hence deforming the mold non-uniformly.
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(b) Relative width of the channels and the plateaus between
the channels. Per substrate one channel in the center and the
two channels in the upper left and bottom right corner are
considered.
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Fig. 11 Replication accuracy of soft embossing experiments with the benchtop press device. A soft PDMS mold with six
parallel channels of 100 µm deep, 1000 µmm wide and 30 mm long is used to emboss in TOPAS R© 6015 substrates. One
embossing variable is varied per experiment, while the other two are kept constant. Varying temperature: te = 10 min, Fe =
400 N. Varying time: Te = 175 ◦C, Fe = 400 N. Varying force: te = 20 min, Te = 175 ◦C. 2 - 4 samples are used per setting.

Warpage of the mold hinders accurate alignment with
the substrate, which could deform the mold when pres-
sure is applied. Lastly, in the current set up the mold
and substrate are aligned and placed freely in the press.

Combining this with the high elasticity of PDMS the
deformation of the mold under load is considerable.
However, the in plane deformation could be decreased

significantly by placing the mold in a holder to prevent

the edges of the mold to expand to the sides.

3.2 Embossing with MD700

In Figure 12 the deviation of the depth of the embossed
channels from the original depth of the channels in the
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Fig. 12 Deviation of the embossed depth from the original
depth of the channels in the mold. Te = 175◦C, te = 20 min,
Fe = 400 N. Remarkably, the channels in both the substrates
and the mold after embossing are in some cases deeper than
in the original mold. At location 1 the channel depth before
embossing is measured with insufficient magnification, result-
ing in an inaccurate depth measurement. At location 2 the
mold is presumably damaged during demolding in experiment
3. 82% of the measurements lays within the ±20% bounds,
49% lays within the ±10% bounds.

mold is plotted as function of the original depth of the
channels in the mold. Roughly half of the data points

show a deeper channel in the substrate than in the
mold. Next to that, in some cases the mold has deeper
channels after the embossing experiments than before
use. This difference cannot be caused by a difference

in α between TOPAS R© and MD700, since it’s in a
different order of magnitude and would not explain the
deformed mold. Where demolding the PDMS mold did

not require any force, the demolding force necessary
to separate the MD700 mold from the embossed
TOPAS R© substrate was considerable. During emboss-
ing the pressure is, at least initially, highest at the

location of first contact: the bottom of the channels. A
possible explanation of the deeper channels could be
that during demolding a (thicker) layer of TOPAS R©
remains on the mold at these locations caused by the
locally higher embossing pressure. This would make
the channels of the substrates deeper, and the plateaus

of the mold higher. Another explanation could be
that the plateaus are overstretched during demolding:
Adherence between mold and substrate and/or friction
between the vertical parts of the mold and substrate

are so high that the yield stress of the TOPAS R© and
MD700 are overcome. See Figure 13 for an illustration
of the two principles.

Unfortunately the used imaging techniques are

Fig. 13 Failure during demolding causing the channels of
the substrate to be deeper than the channels of the origi-
nal mold. a) A layer of TOPAS R© remains stuck to the mold
during demolding caused by a high adhesion force. b) Over-
stretched structures on both the mold and substrate caused
by adhesion and/or friction forces exceeding the yield point
(Worgull, 2009).

not precise enough to obtain reliable measurements for
the width of the channels.

3.3 Design of the press

The springs used in this work are not certified for
long term use on high temperatures. The springs were

calibrated before and after use, but did not show
significant stress relaxation. However, to ensure stable
performance the springs could be replaced by springs
designed for use at high temperatures.

The substrate is heated from below, the mold is
not heated directly, but only via the substrate. Tem-

perature is measured at the surface of the bottom plate,
therefore the temperature of the interface between
mold and substrate is not exactly known and will

vary per material and thickness of the substrate and
mold. A more accurate temperature control could be
obtained when also the top plate, and hence the mold,
is heated directly. It is advised to implement this for

example when the results of various mold and substrate
materials are compared or when a high reproducibil-
ity of the experiments on different equipment is needed.

The requirement on the maximum allowed error
in force, eF ≤ 5%, is not met for low press forces, F <
600 N, and a small range of intermediate press forces,

1330 < F < 1600 N. If low embossing or bonding
forces are needed with a high accuracy, a sping with
lower spring stiffness could be used. Next to that,

the measurement plate displays some play along its
long axis. Increasing the thickness of both the plate
and its bushes will decrease this play and increase

the accuracy of the force measurement, permitting a
higher accuracy for intermediate force measurements.
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4 Conclusion

In this work an easily-manufacturable low-cost bench-
top press is presented and its value for the production

of microfluidic chip prototypes is demonstrated. The
small size of the press and the necessary connection
to a laptop computer and the mains allow operation
on workbenches without the need for an external oven

or a device to apply compression force. Using a lathe
and a mill the press can be fabricated in about 2-3
days by a skilled metal worker costing no more than

e 250,-. The temperature of the heated plate can be
regulated within ±0.25◦C up to a maximum calibrated
temperature of 180◦C. A maximum calibrated force

of 2000 N can be applied with an error of ±79.90 N
(95%), a maximum force of 1330 N can be applied with
an accuracy of ±31.82 (95%). The maximum allowed
force is 3500 N. One chip of maximally 30 × 40 mm2

or multiple smaller chips can be embossed at a time.

The above-mentioned characteristics make the

benchtop press valuable for low-cost and time-efficient
prototyping of microfluidic chips with high repeata-
bility in basic labs. The production of the chips can

be easily scaled-up after prototyping and testing:
hot embossing is employed for prototyping as well as
for mass production and for even larger quantities
injection molding can be used without major changes

to the chip design.

The embossing of TOPAS R© with a Tg of ∼ 160◦C has

been demonstrated to be successful for a channel depth
of 170 µm. Replication accuracies of 0.37% ±3.83%
(95%) (center of the mold) and −0.33% ±1.60% (95%)
(corners of the mold) in depth and 6.82% ±0.50%

(95%) (channels) and 1.57% ±1.85% (95%) (plateaus)
in width are achieved. The in plane replication accu-
racy lays in the order of magnitude of the in plane

replication accuracies reported in literature.

Embossing smaller feature sizes, with depths be-

tween 140 and 560 nm, with a harder MD700 mold
was also shown to be successful, but resulted in less
accurate replication. The replication accuracy of more
than 80% of the channels lays within ±20% and almost

half of the channels deviate maximally ±10%.

The usability of the press can be further evaluated by

soft embossing with a PDMS mold in a container to
prevent in plane deformation due to the Poisson effect.
Embossing experiments with small feature sizes should

be repeated with a smaller mold, which fits directly
into the press and adequate equipment should be used

to evaluate the replication accuracy of the in plane

dimensions.
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J, Zengerle R, Ducrée J (2007) Rapid prototyping
of microfluidic chips in COC. Journal of Microme-

chanics and Microengineering 17(2):333–341, DOI
10.1088/0960-1317/17/2/020

Topas Advanced Polymers (2015) TOPAS- Cyclic

Olefin Copolymers. URL http://www.topas.com/
sites/default/files/files/TOPAS Brochure E 2014 06
(1).pdf

Tsao CW (2016) Polymer microfluidics: Simple, low-
cost fabrication process bridging academic lab re-
search to commercialized production. Micromachines
7(12), DOI 10.3390/mi7120225

Van Midwoud P, Janse A, Merema M, Groothuis G,
Verpoorte E (2012) Comparison of biocompatibility
and adsorption properties of different plastics for ad-

vanced microfluidic cell and tissue culture models.
Analytical Chemistry 84(9), DOI 10.1021/ac300771z

Worgull M (2009) Hot Embossing: Theory and

Technology of Microreplication. Elsevier Sci-
ence, DOI 10.1016/B978-0-8155-1579-1.50001-X,
ISBN:978-0-8155-1579-1

Zhou K, Papautsky I (2007) Optimization of COC

hot embossing with soft PDMS tools. Microfluidics,
BioMEMS, and Medical Microsystems V 6465(Jan-
uary 2007):64650R, DOI 10.1117/12.701281





3
Substrate preparation

Before soft embossing, a layer of TOPAS 5013 is applied on the TOPAS 6015 substrates by spin coating to serve
as a bonding layer. After soft embossing two substrates will be bonded with a membrane in between using
thermal fusion bonding at a temperature lower than the soft embossing temperature to avoid deformations, as
described in Section 1.3.1. The presence of the spin coated TOPAS 5013 makes bonding at low temperature
possible.
In this chapter a protocol is determined to obtain a film of TOPAS 5013 on TOPAS 6015 with a tunable thickness.
The thickness of the spin coated layer depends mainly on solvent choice, spin-speed and time. In the following,
first the theory of spin coating is described followed by the spin coating experiments performed to determine
a relation between spin speed and thickness.

3.1. Spin coating in theory
Spin coating is a technique used to produce thin films of several nanometers to tens of micrometers on flat
substrates. The desired film material is dissolved in a solvent. The solution is applied on the usually circular
substrate, which will be spinned to form a uniform layer of the solution. The solvent will evaporate, leaving
behind a uniform thin film. The process is generally divided into four phases [81]:

1. Dispense of the solution. The solution can either be dispensed statically, the substrate having no
angular velocity, or dynamically, the substrate rotating at a low speed, typically around 500-1000 rpm.
Depending on the viscosity and substrate size typically a few millilitre of solution is deposited using a
pipette. Dynamical deposition gives better reproducibility, since the time for the solution to evaporate
before spinning is smaller. However, it is more difficult to wet the complete surface of the substrate,
especially when the wettability is poor.

2. The substrate is accelerated at a constant rate to the desired rotational speed. During this phase the solu-
tion is spread out due to the centripetal force and a large amount is flung off of the edge of the substrate.
Vortices might be present in the fluid caused by the faster moving substrate underneath, but while the
film gets thinner the fluid will eventually move along with the substrate and the inhomogeneities will
disappear.

3. The substrate spins at constant rate and film thinning is dominated by viscous forces. The fluid flows to
the edges and flings off when the surface tension is overcome by the centripetal force. Along the edge of
the substrate beads could form, depending mainly on surface tension, viscosity and rotational speed.

4. The substrate is still spinning at constant rate but the thin film thinning is now dominated by evaporation
of the solvent. The evaporation rate depends, among others, on vapour pressure, boiling point, substrate
temperature and rotational speed. As the solvent evaporates, the viscosity of the solution increases and
the solution will stop flowing.

The processes in phase 3 and 4 will both occur at the same time, but the dominant phase will gradually change
from phase 3 to phase 4. After the spin coating process the substrates are typically annealed at low temperature
to force out the remaining solvent.

31



32 3. Substrate preparation

Film thickness Film thickness can be influenced by alternating the viscosity of the solution and the spin
speed. Madou [45] proposes the following empirical relation to approach film thickness T :

T = K ·Cβ ·ηγ
ωα

(3.1)

With concentration (C) of the polymer in solvent (g/100ml), the intrinsic viscosity (η) of the polymer, the
rotational speed (ω in rpm) and constants, (α, β, γ, K), to be determined empirically.
In the case of TOPAS substrates the hydrophobicity can be varied to influence surface tension and hence film
thickness.

3.2. Spin coating in practice
Bonding experiments were to be started with a target of 10 µm of TOPAS 5013 on both TOPAS 6015 substrates
to be bonded. During the bonding experiments the thickness might need to be altered. Thickness as function
of spin speed is plotted in the coming section to accommodate for this. The layers need to completely cover
the substrates and to have an acceptable surface roughness. The solvent sec-butyl benzene appeared to be
more suitable in this regard than toluene.

Measuring the thickness of a TOPAS layer spin coated on a TOPAS substrate brings along some complications.
Starting with a good initial guess of the spin coating parameters will speed up the process of optimizing the film
thickness. Hereto experiments are started by spin coating on a glass substrate. The parameters found to obtain
the desired layer thickness then give a good indication how to set the parameters when experimenting with a
TOPAS substrate. Different methods were tried to measure the thickness. In the first method a gold/palladium
coating is used to create a visible interface and measure the thickness using white light interferometry. In
the second method the thickness of the complete substrate is measured before and after spin coating with
confocal laser scanning microscopy.

In the following sections first the methods are described. Hereafter the results and a motivation for the
individual experiments will be given.

3.2.1. Methods

Table 3.1: Solution composition, substrates and measurement method used per experiment

Experiment Solvent
TOPAS weight

percentage wt%
Substrate material

Substrate size
mm

Measurement
method

1 Toluene 12.5 Borosilicate glass ø54 scratch + WLI
2 Sec-butyl benzene 25.0 Borosilicate glass 26x76x1 scratch + WLI
3 Sec-butyl benzene 25.0 TOPAS 6015 + Au/Pd 15x36x1 step + WLI
4 Sec-butyl benzene 15.0 TOPAS 6015 + Au/Pd 15x36x1 step + WLI
5 Sec-butyl benzene 15.0 TOPAS 6015 15x36x1 CLSM
i Sec-butyl benzene 25.0 Borosilicate glass 15x36x1 scratch + WLI

WLI: white light interferometry CLSM: confocal laser scanning microscopy

Table 3.2: Spin coating program used in experiments 1-5. All spin coating parameters are kept constant as indicated in this table, except
for the spin speed in step 1, ω1, which is varied between 1000 and 5000 rpm.

spin speed acceleration time
(rpm) (rpm/s) (s)

Step 1 1000-5000 250 50
Step 2 100 250 30
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Spin coating Prior to spin coating samples were cleaned in Liquinox 1% in an ultrasonic bath for 5 min,
rinsed with DI water, cleaned in 99.9 % 2-propanol in an ultrasonic bath for 3 min and dried in a clean, dry air
stream. After mounting a substrate on the spin coater, it is cleaned again by applying 2-propanol and removing
it by spinning.

The spin coating solution consists of TOPAS 5013 granules (rinsed with Liquinox 1%, DI water and 2-propanol
consecutively and dried) dissolved in the respective solvents. The TOPAS 5013 granules are dissolved in the
solvent in a glass bottle with screw cap with PTFE inlay by placing the bottle on an orbital shaker at room
temperature for ∼ 3 hours until fully dissolved.

All relevant spin coating experiments performed are summarized in Section 3.2.1 and Table 3.2. Table 3.2 gives
the used spin coating programs, derived from Kapel [38]. In step 1 a spin speed between 1000 and 5000 rpm is
used. All other parameters are kept constant as in Table 3.2. The solution is dispensed statically, since dynamic
dispense resulted in incomplete coverage of the substrate due to very low wettability.

After mounting the substrates on the vacuum chuck of the spin coater, the spin coating solution is applied
statically using a glass pipette. Care was taken to wet the complete surface of the TOPAS substrates. After spin
coating samples were left in the fume hood for ∼ 3 days to let the solvent evaporate.

Substrates of experiment 5 were hard baked at ∼ 70 ◦C for a few hours before thickness measurements
were performed.

Sputter coating The TOPAS substrates of experiments 3 and 4 are sputter coated before spin coating: Masks
(Figure 3.1) are cut from a layer of ∼1 µm thick PDMS, cleaned in 2-propanol, dried and applied on the
substrates. Three to four substrates at the same time are sputter coated at ∼ 12.5 mA for 180 s using a Au/Pd
target.

Figure 3.1: PDMS mask (17x38 mm) ap-
plied for sputter coating Au/Pd on TOPAS
6015 substrates.

Figure 3.2: Schematic of the sputtered and spin coated substrate. The sputtered
Au/Pd is transparent. Above the Au/Pd layer, the spin coated TOPAS 5013 layer
is a lot thinner than at places where it is directly spin coated on the TOPAS 6015
substrate. The red dimension, indicated with a question mark, could not be deter-
mined because of the transparency of the Au/Pd layer. The green dimensions is a
measure for the minimum thickness of the spin coated layer. Dimensions are not
to scale.

Layer thickness measurement using white light interferometry Experiments on glass and experiments on
TOPAS 6015 substrates with a Au-Pd coating where evaluated using the same method (experiments 1-4). After
coating on glass, part of the coating is scratched away using a scalpel, revealing the glass surface and resulting
in two areas with different surface heights. The step size determines the layer thickness of the TOPAS 5013 on
glass. Complete removal of the TOPAS and leaving the glass surface unaffected is confirmed when white light
interferometry shows a surface with very low surface roughness, similar to untreated microscope slides. The
TOPAS 5013 layer on top of the Au-Pd coating, which only partly covers the substrate, is thinner than the layer
on top of the rest of the substrate. This also results in two areas with different surface heights. See Figure 3.2
for a schematic of the substrate to illustrate the difference in surface height.

Using white light interferometry areas of 1.8 x 2.7 mm, containing both areas with different surface heights, are
imaged. Processing of the image starts with levelling the images by linearly fitting the xy-plane to a horizontal
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(a) Non-manipulated white light interferometry image (b) Image fitted to the xy-plane. Horizontal and vertical fit axes and the
areas used for height measurements are indicated

(c) Histogram of the surface height of the TOPAS 5013 layer on top of the
Au-Pd coating, used for determination of the mode of the surface height.

(d) Histogram of the surface height of the TOPAS 5013 layer on top of a bare
TOPAS 6015 substrate, used for determination of the mode of the surface
height.

Figure 3.3: Determining the height of sample 1 of experiment 4. (15wt% TOPAS 5013 in sec-butylbenzene on TOPAS 6015 with Au-Pd
coating, spin coated at 2500 rpm)

line (y,z = c) and a vertical line (x,z = c) consecutively. On both parts (small and large heights) an area is selected,
avoiding major defects in the coating. In these areas the mode of the z-values (i.e. the height of the surface) is
determined. The step size is calculated as the difference between the modes of the two areas. See Figure 3.3 for
the consecutive steps.

Layer thickness measurement using laser microscopy The thickness of the sample is measured before and
after spin coating, the difference determining the spin coated layer thickness. Samples are placed flat and
suspended in air under a laser microscope. A depth image is made which captures both the top and bottom
surface of the samples. The height of the top and bottom surface is determined by calculating the average
height of respectively 10 and 20 lines of ∼1 cm in an area close to the centre of the sample.

Experiment i Samples are spin coated according to the protocol in Table 3.2 with a spin speed of ω = 1500
rpm in step 1. White light interferometry images of a strip of the substrate depicted in Figure 3.4 are levelled
with the xy-plane as described above in layer thickness measurements using white light interferometry. The
average height of the surface is determined at areas with constant width and increasing distance r to the centre
of the substrate, see Figure 3.4. The layer thickness is determined for three samples at |r | = 8 mm by scratching
part of the film and proceeding as in layer thickness measurements using white light interferometry.
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Figure 3.4: The light-blue strip is imaged using white light interferometry. The strip is divided in intervals of w = 250 µm. The average
height of every interval is determined. Intervals on the left and right side of the centre with equal distance r to the centre are taken
together.

Table 3.3: Properties of toluene and sec-butyl benzene. Reproduced from Bundgaard [15]

Substance
Boiling
point

Vapor pressure
@ 20 ◦C

Molecular
formula

Structure
formula

Toluene 110 ◦C 5.4 kPa C7H8

Sec-butyl benzene 174 ◦C 0.133 kPa C10H14

3.2.2. Results and discussion - Solvent choice
The first experiment is performed using toluene as a solvent in the spin coating solution, as was done before in
the department. Visual inspection of the results of experiment 1 shows ripples in radial direction: see Figure 3.5
for a typical substrate, see remaining substrates in Appendix D.2. The ripples are suspected to be caused by the
high evaporation rate of toluene. During the spin coating process, evaporative cooling causes temperature
gradients. Concentration gradients occur when evaporation takes place at a higher rate than diffusion of
solvent through the film. These gradients induce a gradient in surface tension, causing convective currents
and hence variations in film thickness, visible as the radial striations in the spin coated film. This phenomenon
is known as a subset of the Marangoni effect and can be diminished by decreasing the evaporation rate [9, 67].

Bundgaard et al. [14], who had similar difficulties with the use of toluene as solvent as described above,
switched the solvent for sec-butylbenzene. Sec-butylbenzene has a higher boiling point and a lower vapour
pressure, thus evaporating slower, see Table 3.3. Figure 3.6 is a typical result for experiment 2, where sec-
butylbenzene is used. The surface of the TOPAS 5013 layer is indeed a lot smoother than when using toluene
as in experiment 1. For this reason toluene is exchanged for sec-butyl benzene in all following experiments.
However, the surface is still not smooth. Small holes are visible, which are also present in the first experiment
but less visible because of the striations. This is a common issue in spin coating and is attributed to the use of
solvents with high volatility. Lai [39] found that this orange peel effect disappears when using a solvent with
lower volatility. The scale of the irregularities is low compared to the to be embossed feature sizes and will
likely disappear during embossing. It is therefore decided to work with the result as is.

3.2.3. Results and discussion - Film thickness
Layer thickness is first determined on glass substrates. TOPAS coatings on glass are easier to measure than
on TOPAS substrates and the measurements on glass make it possible to predict the parameters needed to
obtain the desired layer thickness of 10 µm on TOPAS substrates. The experiments are started with a protocol
that was set up at the department by Kapel [38] and altered step by step to get the desired result. Spin coating
protocols sometimes contain two coating steps. Layer thickness is mainly determined by the first step. In
the second step the rotational speed is mostly accelerated rapidly to remove edge and corner beads. In the
protocol of Kapel [38] the second step has a very low velocity. The aim of this step is not very clear, but it is
noted that this step was added to spread the solution ore slowly on the substrate. For this project the second
step appeared useful to allow the solvent to evaporate sufficiently, such that the substrate can be removed
without damaging the spin coated layer, while at the same time the low spin speed does not influence layer
thickness significantly.

Figure 3.7 summarizes the results of experiments 1 to 5. The measurement data is fitted to the relation
proposed by Madou [45], simplified to T = aωb .
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(a) Result of sample 6 from experiment 1, ω1= 3900 rpm. Along the centre
of the petri dish the TOPAS film is scratched away to allow for thickness
measurements. The surface is not smooth but shows radial ripples.

(b) Location of the images on the substrate. Dimensions not to scale

(c) Surface at location a. Ripples direct upward with an angle of ∼ 45
degrees.

(d) Surface at location b. Ripples are parallel with the x-axis.

(e) Surface at location c. Direction of the ripples changes from parallel with
the x-axis at the bottom, to slightly upwards. The ripples are higher, but
less wide than further from the centre of the substrate (note the adjusted
colorbar).

(f) Surface at location c. Small holes with diameters in the order of 10-20
µm are present.

Figure 3.5: Images of the surface of sample 6 of experiment 1 captured using white light interferometry. From the images at different
locations it can be seen that the ripples are directed radially and decrease in height and increase in width further from the centre of the
substrate. (Scratches are assumed to originate from manipulation for thickness measurements after spin coating).
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(a) Image of the surface of sample 4 of experiment 2 captured using white
light interferometry. No ripples are present, but small holes appear, a phe-
nomenon called ’orange peel’ by [39].

(b) Result of sample 4 of experiment 2, ω1= 3900 rpm. The surface is
smooth, no defects visible for the naked eye. Irregularities along the edges
are caused by insufficient wetting of the surface.

Figure 3.6: Surface quality of sample 4 of experiment 2. The ripples seen in experiment 1 are not visible anymore for the naked eye or with
white light interferometry. Smaller defects are however visible using white light interferometry.
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Figure 3.7: Layer thickness of a TOPAS 5013 spin coated on different substrates, for varying weight percentage, solvent and substrate size,
see Section 3.2.1. Fitted curves of the form T = aωb are obtained with the Nelder-Mead Simplex Method. Every measurement point in
experiment 1 to 5 indicates the average of the height of multiple samples. Three samples per spin speed are evaluated for experiment 4
and 5, three to seven for experiment 2 and 3. The error bars give the standard deviation.

Experiment 1 - Toluene 12.5 wt% on glass As a starting point, the protocol determined by Kapel [38] for
spin coating TOPAS 8007 is used, since the same layer thickness is needed, namely 10 µm. Kapel [38] used
a solution of 20 wt% TOPAS 8007 in toluene to obtain a layer of 10 µm TOPAS 8007 on a glass petri dish of
54 mm with the protocol in Table 3.2, with a spin speed of 3900 rpm in the first step. With increasing Tg , the
solubility of TOPAS in toluene appears to decrease and the viscosity of the solution appears to increase [15].
Therefore a solution with a lower weight percentage of TOPAS 5013 is used, namely 12.5 wt%, which gives a
visually comparable viscosity.
Figure 3.7(*) shows the results of the thickness measurements. The layers are about 2 µm thick, a lot thinner
than expected and than the desired 10 µm.
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Figure 3.8: Sperical defects in the spin coated TOPAS layer on top of the sputter coated coated Au/Pd line. Picture made with a confocal
microscope, 300× magnified.

Experiment 2 - SSB 25.0 wt% on glass As described in Section 3.2.2 toluene is exchanged for sec-butylbenzene
in experiment 2 due to rippling. The weight percentage needed to obtain comparable results with two different
solvents can not be determined easily without experiments, since it depends on multiple adverse elements:
evaporation rate, solubility, contact angle and viscosity among other things. It was decided to double the weight
percentage to 25 wt% TOPAS 5013 in sec-butylbenzene. This resulted in layers of 2 - 7.5 µm, see Figure 3.7 (Φ).
The desired 10 µm is not reached. Bundgaard [15] showed that spin coating solutions with high TOPAS 8007
content (20-30 %) on thin TOPAS 8007 layers yields 1.5-2 x thicker layers than when spin coating on silicon.
Therefore in the next experiment, which is performed on TOPAS substrates instead of glass substrates, the
same weight percentage is used to obtain a thicker layer in experiment 3 than in experiment 2.

Experiments 3 and 4 - SSB 25.0 and 15.0 wt% on TOPAS + Au/Pd A thin line is sputter coated on the sub-
strate before spin coating to provide for an interface between the substrate and spin coated layer. The interface
should be visible with white light interferometry, such that the height of both the sputter coated layer and the
spin coated layer could be determined. Unfortunately, sputter coating programs which should yield layers of >
100 nm did not result in an interface visible with white light interferometry. This could be explained by the
fact that the sputter coated layers could be thinner than expected from the sputter coating programs used.
Next to that, the refractive index of the sputter coated Au-Pd layer could be a lot closer to the refractive index
of Pd, n = 1.6175 @ 540 nm[37] than to that of Au, n = 0.48899 @ 540 nm[37], resulting in a layer with a high
transparency at 100 nm thickness, see Appendix B.2.4. Recently Şenay [25] determined the refractive index of
sputtered Au/Pd layers of 20 and 80 nm to be indeed n ≈ 1.74 and n ≈ 1.63 respectively.

Nevertheless, a minimum layer thickness could be determined: Above the sputtered lines the spin coated
layers are a lot thinner, see Figure 3.2 for a schematic of the substrate. This is believed to be caused by the small
contact angle of the solution on the sputtered Au-Pd and the physical barrier the Au-Pd layer forms between
the solvent and the substrate. Edge effects influence the layer thickness in a small region along the Au-Pd line,
see Figure 3.9. Edge effects are only significant up to 0.2 mm from the Au-Pd line. The thickness is determined
by taking the mode of the height data from an area with a height of about 0.3 - 1.2 mm above the Au-Pd
line. Edge effect will therefore not influence the layer thickness determination. The minimum thicknesses
determined as in Section 3.2.1 show that 25 wt% is too high (12-16 µm), but 15 wt% looks promising (7-10 µm),
see Figure 3.7 (Φ,Φ).

On top of the Au-Pd layer spherical defects appear in the TOPAS layer, see Figure 3.8. These defects are
presumably caused by colloidal TOPAS particles in the spin coated solution which did not properly dissolve in
the solvent. The defects are not visible in the thicker spin coated layers and might appear when the layer is
thinner than the colloidal particles. Because the size of the particles is unknown, the layer thickness on top of
the AU-Pd layer cannot be approximated using the size of the smallest spherical defects in the TOPAS layer.

Different strategies could be employed to determine the thickness of the TOPAS layer on top of the Au/Pd



3.2. Spin coating in practice 39

Figure 3.9: Height measurements areas of sample 1 (2000 rpm) of experiment 4. Edge effects cause a higher layer thickness along the Au-Pd
line. The effect is visible up to 0.3 mm next to the Au-Pd line. The edge effect does not influence the layer thickness determination since
the height measurement area is selected above this area with heightened layer thickness. Next to that, the layer thickness is determined by
taking the mode of the height data, which further cancels out any errors in area selection.

layer. The TOPAS layer on top of the Au/Pd layer could be removed by plasma etching after partially masking
the sample with a material less affected by plasma etching such as aluminium. Another method could be by
depositing an extra Au/Pd layer on top of the spin coated TOPAS, making a cross section of the samples and
determining the distance between the Au/Pd layers using electron microscopy. Attempts have been made
to cut the samples to make a cross section. However, verifying if the cutting process did not affect the layer
thicknesses was difficult. Hence, experiment 5 is performed to determine the thickness of the TOPAS films.

Experiment 5 - SSB 15.0 wt% on TOPAS In the last experiment samples are measured using confocal laser
scanning microscopy. The previous experiments give a good approximation of the necessary weight percentage
of TOPAS, such that the relative expensive laser microscopy measurements only need to be performed once.
By using 15 wt% TOPAS 5013 in sec-butylbenzene for spin coating speeds between 1000 and 5000, layers of
7.5-14 µm can be obtained, see Figure 3.7(Φ).

In experiment 4 the minimum thickness obtained using the same settings is indeed slightly smaller (0.5-
1 µm). However, the thickness measurements are not performed at the same location. In experiment 4
thickness measurements are performed as close to |r |=8 mm as the surface quality would allow (the surface
quality is affected by presumably colloidal particles), in experiment 5 the measurements are taken close to
|r |=1 mm. At |r | = 1.125 mm, the thickness in experiment i is (6.85 ± 2.00)% smaller than at |r | = 8 mm. This
difference dependent on measurement location exceeds the difference between experiment 4 and 5 at spin
speeds ≥ 2500 rpm. Possible causes of this discrepancy might be the sputter coated layer influencing the layer
thickness and the influence of spin speed and substrate material on the uniformity of the layer thickness.

The target thickness of 10 µm can be obtained by statically depositing a solution of 15.0 wt% TOPAS 5013 in
sec-butylbenzene, spinning for 50 s at 2355 rpm, followed by 30 s at 100 rpm, using an acceleration of ± 250
rpm/s for both steps. The most accurate thickness measurements are obtained by measuring the thickness of
the samples before and after spin coating using confocal laser scanning microscopy.

Experiment i - SSB 25.0 wt% on glass, height profile Experiment i is performed to determine the depen-
dency of the layer thickness on the distance from the centre of the substrate. A spin speed of 1500 rpm is used
in step 1 of the protocol in Table 3.2. It was found in experiment 4 and 5 that the spin coated substrates warp
during or after spin coating and could therefore not be used to determine the thickness-distance relation. To
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Table 3.4: Measurement locations per experiment expressed as r , the distance from the center of the substrate. All locations lay on the
long axis (rectangular substrates) or diagonal (circular substrates) of the substrates.

Experiment
Measurement location r

mm
Substrate size

mm

1 Averaged at r = 0, 10 and 20 ø54
2 35 26 x 76 x 1
3 6-8 15 x 36 x 1
4 1.7- 12.9 15 x 36 x 1
5 0-2 15 x 36 x 1

reduce warping experiment i is performed on 1 mm thick glass microscope slides. For three different samples
the layer thickness is determined along the long axis of the samples.

Thickness measurements are performed along the long axes of the substrates (rectangular substrates) or
along an arbitrary diagonal (circular substrates). In experiment 1 the height of every sample was determined
by taking the average of three points along the diagonal: at 0, 10 and 20 mm from the centre. Because of the
amount of time it takes to image and process one measurement point it was decided to measure one point
per sample only for the remaining experiments. In experiment 3 and 4 the location of the measurement is
determined by the quality of the surface: Above the gold coated layer many spherical defects, presumably
caused by colloidal particles, are present. Measurements are taken at spots with the least amount of defects.
See Table 3.4 for the measurement locations per experiment.

Figure 3.10 shows the variation in layer thickness along the long axis of the samples. This variation de-
pends on spin speed, viscosity of the solution, substrate material and size, and is therefore not one-to-one
transferable to experiments 1 to 5. However, it gives an idea of the influence of the measurement location.
No measurements in experiment 3-5 are taken at r > 12.9 mm, which is considered to be a safe limit, since
only at r > 14.72 mm edge bead effects alter thickness drastically. In the range 1.16 mm≤ |r | ≤14.72 mm, the
maximum deviation in layer thickness is (0.24 ± 0.15) µm, which lays well within the error of the thickness
measurements of experiment 1 to 5.

Substrate size The spin coating experiments are performed on substrates with different dimensions for
practical reasons. The first series is performed on petridishes to first gain experience on a substrate with the
relatively simple circular shape, giving the most uniform results. At the start of the second set of experiments
the lab ran out of petridishes and standard microscope slide were used. For the remaining experiments TOPAS
and glass substrates were cut to the target size of the microfluidic device to be embossed.
The dimensions of the substrate influence film thickness. A small increase in substrate size will result in a
smaller film thickness, since the centrifugal force that needs to overcome the surface tension at the edges,
increases when the rotational speed remains constant. Since also the fluid-air interface increases with in-
creasing substrate size, viscosity of the solution will increase faster an slow down film thinning. The effect
of increasing substrate size on film thickness is therefore not straightforward. However, experiment 3 to 5
and i are performed on the target substrate size on which the film thickness needs to be determined, so the
substrate size does not have a relevant influence on the final result.

3.3. Conclusions
Surface quality of the spin coated layer is strongly influenced by the solvent used. When the evaporation rate
of the solvent is too high, gradients in temperature and viscosity cause ripples in the film. The use of toluene, a
solvent with a very high evaporation rate, results in non uniform films. Using sec-butyl benzene, which has a
lower evaporation rate, results in films with a better surface quality.
The thickness of the TOPAS 5013 layer on the TOPAS 6015 substrate is measured with two different methods,
resulting in similar outcomes. For the first method a Au/Pd line was sputter coated on the substrate before
spin coating. The line acts as a physical barrier between the substrate and the spin coating solution, such
that the substrate could not be dissolved by the solvent, and the Au/Pd layer has a higher wettability. The film
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Figure 3.10: Surface height variation as function of distance r from the centre of the substrate, based on three samples spin coated at ω=
1500 mm. The substrate is divided in intervals of 0.39 mm along the long axis of the substrate. On one quarter of the substrate the TOPAS
layer is scratched away. Using white light interferometry the layer height is determined for every interval. Surface height as function of |r |
per sample is obtained by subtracting the average surface height over the range |r |=1.16-17.05 mm of that sample from the average height
as function of |r | of the sample. Measurements at distances |r | ≤ 1.16 contain many defects caused by e.g. centre marks and are therefore
not displayed in this graph. Upward of |r | = 14.72, the edge bead effect causes the surface height to increase rapidly.

thickness on top of the sputter coated layer is very low, but not measurable. With this method therefore only a
minimum film thickness can be measured.
In the second method the thickness of the whole substrate was determined before and after spin coating with
laser microscopy. The resulting calculated film thickness is in accordance with the minimum thickness defined
with the sputter coating experiment: maximally 0.5 µm larger. However, accounting for the error in thickness
caused by the measurement location, the thickness in experiment 4 is even smaller than in experiment 5. To
get a better knowledge on the uniformity of the layer used for bonding, experiment i should be repeated for
different spin speeds and a weight percentage of 15 wt%.
Substrates with a specific desired film thickness can now be produced using the obtained thickness-rotational
speed relation for future bonding experiments. A thickness of 10 µm TOPAS 5013 on a TOPAS 6015 substrate of
15 x 36 mm desired for bonding can be obtained by statically depositing a solution of 15.0 wt% TOPAS 5013 in
sec-butylbenzene, spinning for 50 s at 2355 rpm, followed by 30 s at 100 rpm, using an acceleration of ± 250
rpm/s for both steps.





4
Temperature Control

4.1. Introduction
In commercial hot embossing machines sample temperature is controlled by actively heating and cooling
thin plates in contact with the sample. The initial plan for controlling the temperature of the device in this
thesis was to place the complete device in an oven with precise temperature control. The thick stainless steel
plates needed for structural strength of the device would then benefit another cause: The high heat capacity
of the tool would make sure that the temperature of the steel plates would remain relatively stable during
fluctuations in temperature in the oven caused by opening the oven door. After fabricating the device and
testing its embossing performance in the oven, it became clear that this setup was not optimal. Handling the
device to load and unload a sample and applying a force while standing in the oven appeared inconvenient.
The temperature of the device dropped more than expected and even more limitative: The temperature control
of the oven appeared very unstable when opening the door. The temperature sensor in the cooled down door
would register a much lower temperature than that of the bulk material of the oven, causing the temperature
to overshoot dramatically when closing the door.
After some tests on a rotary knob controlled hot plate it was decided to fabricate a controllable heater on
which the table-top press can be placed. Heating the sample directly instead of indirectly by heating the whole
device would be faster and more precise. However, affordable, sufficiently flat heaters which can sustain high
amounts of pressure, without inducing unwanted deformation or imprints of the samples, could not be found.

The following chapters describes the steps that where taken to obtain control of the temperature of the
bottom stainless steel plate within 0.25◦C precise, and with a settling time of 2 minutes for heating and 3
minutes for cooling. First an overview of the control scheme made in LabView is given. A description of how
the PID gains are predicted and tuned to reach the requirements of the temperature control follows next.
Finally, some recommendation are given for the design of the complete device to gain faster temperature
control of the device.

4.2. Requirements
The largest part of the embossing or bonding experiments should not consist of waiting for the temperature of
the device and substrate to settle to a desired value. Therefore, a maximum settling time equal to the holding
time is aimed for. Typical holding times in hot embossing are in the order of seconds to minutes. During soft
embossing the PDMS mold will deform initially when the embossing force is applied and slowly decompress
again while displacing the material of the substrate [41]. To allow the PDMS mold to return to its original shape
and obtain high replication accuracies, holding times for soft embossing will be higher, in the order of 5 to 15
minutes [26, 27, 41, 68, 97]. This leads to the requirement on the settling time ts ≤ 5 minutes.
The embossing force will only be applied when the device and sample are heated to the desired temperature.
It is therefore not necessary to eliminate all overshoot, but an overshoot of Mp ≤ 1 ◦C is permitted to avoid too
much softening of the material when operating in the proximity of the glass transition temperature.
During the embossing and bonding steps, when the force is applied, a higher accuracy is desired. In the
bonding step the spin coated TOPAS 5013 layer should be soft enough to allow for thermal fusion bonding, but
low enough to prevent deformations in the Topas 6015 substrate. The Tg of Topas 5013 and Topas 6015 are

43
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Figure 4.1: Typical and maximum errors for thermocouple type K when
used with the NI 9211 over the full temperature range and auto zero on.
The figures account for gain errors, offset errors, differential and integral
non linearity, quantization errors, noise errors,and isothermal errors.
The figure does not account for the accuracy of the thermocouple itself.
Figure and description adapted from National Instruments [52].

Table 4.1: Design requirements of the temperature con-
trol

ts 5 min
Mp 1 ◦C

error band 0.25 ◦C

Table 4.2: Thermocouple Type K accuracy[50]

Systematic
uncertainty

max(± 2.2 ◦C or 0.75%)

Random
uncertainty

0 ◦C

134◦C and 158◦C respectively; a difference of 14◦C only. Thermal fusion bonding takes place at temperatures
above the Tg , from where the shear modulus decreases dramatically with increasing temperature. The TOPAS
5013 bonding layer will be heated indirectly via the TOPAS 6015 substrate, so the substrate will be slightly
warmer than the TOPAS 5013 bonding layer. This means that the window in which thermal fusion bonding
could be possible without deforming the substrate, will be a small fraction of the difference between the Tg of
the two TOPAS grades. The error band therefore needs to be low and is set to ± 0.25 ◦C. To accomplish this the
temperature measurements need to have a high precision and sensitivity. To be able to repeat the experiments
using a different setup, a high accuracy is needed. Table 4.1 summarises the requirements on the design of the
temperature control.

4.3. LabView control layout
4.3.1. Temperature measurement
Measuring the temperature of the stainless steel plate is done by applying a standard type K thermocouple
with exposed bead to the surface of the plate. The bead is electrically isolated by applying Kapton tape as a
shield between the thermocouple bead and the steel plate. Another thermocouple is attached to the heater
block to be able to register overheating of the heater. Characteristics of the used thermocouples are shown in
Table 4.2.
The signals of the thermocouples are processed with a NI 9211 thermocouple readout module from National
Instruments, which has a maximum sample rate of 14 samples per second. Figure 4.1 shows the typical and
maximum errors for temperature measurements with the NI 9211 module when using type K thermocouples,
when gain-, offset-, quantization-, noise-, and isothermal errors, and differential and integral non linearity are
considered. The overall error is obtained by taking the root of the sum of squares of the thermocouple and the
NI9211 module errors: At 175◦C this gives a typical overall error of ±2.53◦C and a maximum overall error of
±3.11◦C.

4.3.2. Computing
The PID controller that is used is a modified version of the basic built-in LabView PID controller, see Appendix C
for an overview of the LabView program. In Figure 4.2 the block diagram of the control scheme for the heater
is given.

The PID algorithm implemented by LabView is in standard form:

u(t ) = Kc

(
e(t )+ 1

Ti

∫ t

0
e(τ)dτ+Td

d

d t
e(t )

)
(4.1)

where:
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Figure 4.2: Block diagram of the heating action control. Proportional control and integral control are calculated using the error. Derivative
control is based on the measured process variable y only. Before calculating the derivative action, the process variable is filtered by taking
the arithmetic mean of the 7 most recent measured values to filter out measurement noise. Determination of integral action depends
on the error and set-point change: normally the switch is in position b, if the error is larger than the maximum set error (e(k) ≥ 2◦C) the
switch is in position c, at set-point changes (S(k) 6= S(k −1)) the switch is in position a. The actuator model encompasses coercion of the
output signal u to the limits of the actuator. Active cooling using the fan is not represented in this block diagram.

e(t ) = Error
Kc = Gain factor
Ti = Integral time
Td = Derivative time

The modification is applied to the anti-windup algorithm, which affects the integral action. Integral action is
calculated using trapezoidal integration:

uI (k) = uI (k −1)+ Kc

Ti

(
e(k)−e(k −1)

2

)
∆T (4.2)

where:

∆T = sampling time
k = time step

The PID action indicates the desired fraction of power the heater should deliver. This fraction cannot be lower
than zero or higher than one, since the heater cannot deliver negative power or more than its maximum. When
the set-point and process variable differ greatly, the calculated PID action will exceed the physical bounds of
the heater. Calculated PID actions exceeding these bounds will therefore be coerced to its limits:

u(k) =
{

umax if u(k) ≥ umax

umi n if u(k) ≤ umi n
(4.3)

In the case the calculated PID actions exceed the output limits the integral error will build up, while less
action is provided to the setup than expected from the calculated PID actions. Eventually the set-point will be
reached, but it takes time before the integral error is reduced again, resulting in a large overshoot. To avoid this
wind-up LabView implemented the following anti-windup algorithm:

uI (k) =
{

umax −up (k) if up (k)+uI (k) ≥ umax

umi n −up (k) if up (k)+uI (k) ≤ umi n
(4.4)

This implementation appeared to impede fast control action, see Figure 4.3. The bump in the temperature
graph prior to reaching the set-point is caused by the integral action. After a set-point increase of 20◦C uP
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Figure 4.3: The LabView anti-windup algorithm counteracts fast
control action in its attempt to avoid overshoot. Settings: control
output is coerced to 0 ≤ u ≤ 0.5, Kc = 0.05, Ti = 3 min and no
derivative control is used. The set-point is changed from 140 to 160
◦C and strip heater 1 is used. At t = 0s the proportional control alone
is already larger than umax : up = 1.003. uI therefore takes the value
umax −up =−0.503. The anti-windup action causes integral wind-
up in the opposite direction from what it was meant to prevent. At
t ' 220 s, uI is ’unwound’, which is indicated by the jump in both
uI and u.
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Figure 4.4: Step response from room temperature with varying PWM
frequency and α= 0.05. Heater temperature shows oscillating be-
haviour for high PWM frequency, which causes an inconsistent
heater power. Strip heater 1 is used.

would become so large that, when using this anti-windup algorithm, the integral error would wind-up in
opposite direction. For Kc = 0.057, the gain obtained after tuning, this results in uI =−0.14:

up (k) = Kc e(k)

uI (k) = umax −up (k)

= 1−0.057×20

=−0.14

(4.5)

The choice is therefore made to replace the anti-windup algorithm of LabView and to keep the integral error
constant during large set-point changes, a strategy called conditional integration or integrator clamping[84].
The condition when to use this algorithm is changed. It replaces the summation of integral action if the error
becomes larger than 2:

uI (k) =
{

uI (k −1)+ Kc
Ti

(
e(k)−e(k−1)

2

)
∆T if |e(k)| ≤ 2

uI (k −1) if |e(k)| > 2
(4.6)

Next to that, a form of preloading [84] is used when changing the set-point to shorten the settling time: uI will
be given the steady state value of u at the applied set-point. At steady state the value of uI (k) will be equal
to the steady state action of the heater, since uP and uD will approach zero. The table-top press will be used
many times at temperatures very close to each other. Determining the steady state heater action for a few
relevant temperatures and recording them in a look-up table will cost relatively little work and can be used to
speed up settling time. When changing the set-point, uI (k) will then be obtained by linear interpolation of the
values in the look-up table:

uI (k) =
{

uI (k −1)+ Kp

Ti

(
e(k)−e(k−1)

2

)
∆T if S(k) = S(k −1)

f (S(k)) if S(k) 6= S(k −1)
(4.7)

4.3.3. Output
Pulse Width Modulation (PWM) in combination with a solid state relay is used to convert the output signal
of the PID controller to be able to operate the heater. Hereto a suitable PWM switching frequency has to be
chosen. If the frequency is high and combined with a low duty cycle, α, the fraction of time the heater is
switched on is small, the power delivered becomes unpredictable. The heater will be switched on for a period
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Figure 4.5: Extracting the parameters L (here Tdel ), the delay time
of the system, and a from the step response to obtain good starting
values for the PID parameters. The circle indicates the point of
inflection, with the tangent line in red. Figure reproduced from
[3].

Controller Kc Ti Td

P
1

a

PI
0.9

a
3L

PID
1.2

a
2L 0.5L

Table 4.3: PID parameters obtained with the Ziegler-Nichols step
response method. Table modified from Åström and Murray [3].

of α
fPW M

. The main supply has a period of 1
50 s. So for α= 0.01 and fPW M = 10 Hz, the heater is switched on for

only a fraction of the period TM of the main supply:

α 1
fPW M

1
fM

= 0.05× 1
10

1
50

= 0.25

(4.8)

The power delivered thus depends significantly on the moment the heater is switched on. However, the lower
fPW M is set, the slower the heater power can be modified. Therefore, a trade-off has to be made. A fPW M of
2 Hz is chosen, which is still high compared to the lag and delay times determined in Section 4.4. Figure 4.4
shows the temperature of the heater and stainless steel plate for a step response at 5% heater power using two
different PWM frequencies.

4.4. Tuning of PID controller
4.4.1. Ziegler-Nichols’ step response method
Many different PID-tuning methods have been developed for various types of systems. Two of the most
well-known and most used methods are the Ziegler-Nichols methods. One of the reasons of their popularity is
the ease of application [3]. Tuning the PID controller of the heater is done by using the step response method
from Ziegler and Nichols. In this method an open-loop step response of the system needs to be recorded. From
this response the parameters L, the delay time of the system, and a are extracted to define Kc , Ti and Td from
Equation (4.1). At the point of steepest descent of the step response the tangent is drawn. The parameters a and
L are defined as the intersections of the tangent and the coordinate axes, see Figure 4.5. The PID parameters
are then defined as in Table 4.3.

4.4.2. Results
The open-loop step response of the system is recorded for a heater power of 22.5 W, 5% of the total heater
power, see Figure 4.6. The systems consists of the heater and the press, placed in a closed box to prevent
perturbations caused by air flow. The press is clamping a representative load: a TOPAS substrate and a PDMS
mold. Recording the step response is time consuming and only an estimation of the PID parameters are
retrieved: afterwards they can be tuned further. Therefore, the open-loop step response is recorded once only.

Using the parameters a and L, obtained from the open-loop step response as in Figure 4.6b, gives the parame-
ters for the PID controller in Table 4.4.

Table 4.4: PID parameters obtained with the Ziegler-Nichols step response method

Kc = 0.057
Ti = 0.85 min
Td = 0.21 min
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Figure 4.6: Open-loop step response of the heater and press combination. The press is closed with a representative load (TOPAS 6015
substrate with PDMS mold).

The closed-loop response with the values for Kc , Ti and Td as in Table 4.4 is recorded for typical set-point
changes for the embossing experiments. To fill out the look-up table described in Section 4.3.2, the steady-state
heater power at every set-point is determined. Next, the response to every set-point change is recorded three
times, see Figure 4.7. The responses are evaluated in terms of overshoot and settling time, see Table 4.5. For all
these set-point changes the requirements of Table 4.1 are met. The settling time could be decreased further
by increasing the damping of the system, such that the undershoot during heating would be decreased to
maximally 0.25 ◦C. Since the requirements are met already, further tuning is not carried out.

4.5. Discussion and conclusions
The requirements in terms of precision of the temperature control are met: Overshoot, settling time and error
band are well below the demanded values, see Table 4.6. The high precision ensures a high reproducibility if
the experiments were to be repeated on the same equipment.
Accuracy of the temperature measurements is limited by the used temperature sensors. The K-type ther-
mocouples introduce a systematic error of typically 1.28◦C and maximaly 2.28◦C. A higher reproducibility
when switching to a different setup could be achieved by using a different temperature sensor. For example,
a DIN/IEC 751 class A RTD, a Resistance Temperature Detector, has an accuracy of ±0.55◦C at 200◦C and,
depending on the size of the sensor, a sufficiently low response time.
The press was originally designed to use in an oven, on a later moment it was decided to apply heat directly.
Therefore, the heating block is not integrated in the press, but is clamped to the thick stainless steel bottom
plate. The thermal resistance between the bottom plate and the cartridge heaters could be removed by in-
tegrating the heaters directly in to the press. The bending stiffness of the stainless steel bottom plate is still
needed. Durability of the cartridge heaters is ensured when mounted in a material with a high conductivity.
Also temperature uniformity is higher for a material with high conductivity. Therefore, a good option would be
to place an aluminium heating block with cartridge heaters on top of the bottom plate, heating the substrate
directly.
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Figure 4.7: Closed-loop responses for different set-point changes, using the parameters of Table 4.4. Temperature is measured at the
top surface of the bottom plate of the press. The response for every set-point change is recorded three times. The three individual
measurements are partly visible in the lower plot only, because of the very similar responses.

Table 4.5: Overshoot and settling time per set-point change.
Settling time and overshoot do not show a dependency on
temperature change for increasing set-point. Decreasing the
set-point shows a strong dependency of settling time on the
temperature difference of the set-point, caused by the low
cooling rate.

Set-point
change (◦C)

Mp (◦C) ts (min)

140 - 155 0.86 ±0.08 1.93 ±0.03
140 - 160 0.88 ±0.05 1.98 ±0.01
140 - 165 0.76 ±0.04 2.01 ±0.02
155 - 140 0.36 ±0.02 2.15 ±0.00
160 - 140 0.40 ±0.05 2.61 ±0.02
165 - 140 0.40 ±0.02 3.08 ±0.02

Table 4.6: Overview of the requirements and results in terms of precision
of the temperature control.

Required Accomplished
Heating Cooling

ts (min) 5 1.97 ±0.04 2.61 ±0.401

Mp (◦C) 1.0 0.83 ±0.08 0.39 ±0.03
error band (◦C) 0.25 0.25 0.25

1 Highly dependent on temperature difference, see Table 4.5.





5
Conclusion

The Organ on Chip market is fast-growing with the promise to drastically reduce the cost of drug development
and the need for animal testing. The promise lays in the ability to more realistically mimic the microen-
vironment of the cell than conventional cell culture platforms are capable of. However, the growth could
be obstructed by difficulties in the production scale-up of organ on chip prototypes. Most Organ on Chip
prototypes are fabricated out of polydimethylsiloxane (PDMS), which cannot be used for the mass production
of these microfluidic devices. This indicates the need for a change in the state-of-the-art prototyping procedure
for Organ on Chip models. In this thesis, three steps are taken towards a new prototyping procedure. First of
all a prototyping process plan is designed, which enables fast, simple, and low-cost prototyping of Blood-Brain
barrier-on-Chips (BBB-on-Chips), while the resulting prototypes are fit for mass production. Secondly, an
easily-manufacturable, low-cost table-top press is developed with precise force and temperature control, hence
enabling embossing and bonding experiments, both part of the prototyping process, with high repeatability.
Thirdly, the mold fabrication steps are performed, a spin coating protocol is produced to deposit a cyclic olefin
copolymer (COC) film with controllable thickness on top of a COC substrate, and the soft embossing protocol
is optimized.

First, a BBB-on-Chip prototyping process is developed which can be carried out in smaller labs without
expensive equipment and can be directly scaled up to mass production. Like the conventional BBB-on-Chips
the chips will consist of a bottom plate with a channel, a top plate with a channel perpendicular to the bottom
channel, and a membrane which is sandwiched between the two plates. The polymer COC is used instead
of PDMS, which is suitable for mass production. The designed prototyping process consists of four main
components: First a mold is fabricated using 3D printing and soft lithography, which are cheaper, faster and
less complicated processes for the production of small quantities than the conventional etching processes for
mold fabrication. Second, a layer of COC is spincoated on top of a COC substrate. Third, the substrate with
spincoated COC film is soft embossed using the mold. Finally the parts are assembled using thermal fusion
bonding. These steps require relatively simple equipment, namely a 3D printer, spin coater, fume hood, and
basic lab ware. Next to that, a press for embossing and bonding is required.

In the second part, a press for embossing and bonding experiments is designed, fabricated, calibrated and
tested. The press enables embossing and bonding experiments with high repeatability on a simple desktop
and can be fabricated in roughly 2 - 3 days in a workshop with standard materials costing no more than €250.
Temperature of the compression platens can be controlled up to 180◦C and precise within 0.25◦C. Hereto
a program is made in LabView using PID control. Compression forces up to 3.5 kN can be applied and an
accuracy of ±32 N (95%) and ±80 N (95%) for forces up to 1.3 kN and 2.0 kN respectively can be reached. The
design and the fabrication process of the press ensure parallel movement of the platens relative to each other
to facilitate uniform pressure distribution. The performance of the press is tested by carrying out embossing
experiments, which yielded replication accuracies comparable with literature for channels of 170 µm deep.

Lastly, all necessary steps for prototype production preceding the bonding experiments are developed and
performed. First, designs and strategies for mold fabrication are delivered using 3D printing and soft lithog-
raphy. Secondly, for the proposed bonding procedure a COC substrate is required with an additional thin
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film of COC with a lower glass transition temperature. The thin film is applied by spin coating a solution of
COC in sec-butylbenzene. For this, a protocol is delivered to spin coat layers of COC with a specific thickness
between 7.5 - 14 µm. Furthermore, different methods are studied to measure the thickness of the film on top
of the visually similar material of the substrate. Eventually the film thickness is determined by measuring
the substrate thickness before and after spin coating by using laser microscopy. Thirdly, the soft embossing
process of COC substrates with the fabricated mold is optimized for the embossing and bonding press.

The steps taken in this thesis cleared the way for investigation of the proposed bonding procedure, fab-
rication of a complete Organ on Chip model, and for quick and easy embossing experiments at the department
without the need for clean room access.
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A
Literature study

The literature study as submitted for the first part of this thesis is presented in this appendix. Some parts have
been adapted with advancing insights and reused in the main part of the thesis.
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1. Blood Brain Barrier and the treatment
of glioblastoma

In 1885 Paul Ehrlich, a microbiologist, injected various laboratory animals with a blue dye and found out
that in mammalians all organs were stained to a certain degree, except for the brain. Ehrlich thought this
was because cells in the brain had no affinity for the dye. However in 1913 his student Edwin Goldmann
injected trypan blue into the brain of a young rabbit and saw that now parts of the brain where stained,
but no other organs. This phenomenon is attributed to the blood-brain-barrier.110

Exchange of substances, such as nutrients and oxygen, between the blood and the cerebrospinal fluid
in the brain occurs across the capillaries’ walls. Neurons are very sensitive to changes in concentrations
and to many different compounds that should not enter the brain. The Blood Brain Barrier (BBB)
protects the brain by making sure the exchange of compounds between the blood and cerebrospinal fluid
occurs very selectively. This barrier is formed by the walls of the capillaries and consists of specialized
endothelial cells, astrocytes, pericytes and the basal lamina, see fig. 1.1.121 A capillary measures less than
1 mm in length and about 10 µm in diameter.45 The walls are lined with a single layer of endothelial cells
which adhere to the basal lamina, which acts as a support structure. The endothelial cells are connected
to each other with adherens junctions, the pores between the cells are sealed with tight junctions. The
permeability of the endothelial cells is affected by the interaction between the astrocytes, pericytes and
endothelial cells. Also neurons, microglia and blood-borne immune cells might regulate the functioning
of the endothelial cells.127

Molecules cross the blood brain barrier via the paracellular pathway or the transcellular pathway. Trans-
port via the paracellular pathway is the passive diffusion of small water soluble compounds through the
pores between the endothelial cells. The transport is driven by electrochemical, osmotic and hydrostatic
gradient. Adherens junctions and in particular tight junctions restrict the rate of passive paracellular
diffusion.
Other compounds, such as hormones, high molecular mass proteins and amino acids, cross the blood brain
barrier via the transcellular pathway. The compounds are transported actively or passively through the
endothelial cells . Different mechanism take care of the transport.121

One of these mechanisms is called receptor mediated transcytosis, see fig. 1.2 for a schematic repres-
entation. Receptor-mediated transcytosis is the mechanism which is used to transport hormones and
high molecular mass proteins to the brain. In this mechanism a ligand (the to be transported hormone or
protein) binds to a receptor present on the luminal side of the cell membrane. Inside of the cell a protein
coat forms over the cell membrane at the location of the receptor. This coating enables the formation
of a vesicle, called endocytic vesicle, formed out of the cell membrane and enclosing the ligand-receptor
complex104. Inside the cell the ligand is dissociated from the receptor after fusion with an endosome.
Next the ligand is delivered to the abluminal side of the endothelial cell by exocytosis. Not all ligands
reach the abluminal side since some vesicles fuse with lysosomes, which break down the ligand. The
mechanism of receptor-mediated transport does not depend on size or lipophilicity of the compound that
is transported.121 Once compounds reach the cerebrospinal fluid, they can again be transported back to
the blood by efflux transporters.

One of the challenges in the treatment of brain diseases is the development of drugs that are able to
cross the BBB. At the Radiation Science & Technology department of the faculty TNW at the Delft
University of Technology nano-carriers (polymersomes and polymeric micelles) are developed for the
treatment of glioblastomas, brain tumors arisen from astrocytes. These nano-carriers can be equipped
with targeting agents, namely glutathione and lactoferrin. Both are naturally transported using receptor-
mediated transcytosis, and bind to receptors on the cell membrane.
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Figure 1.1: Figure from Tornabene and Brodin 127 .
Capillary in the brain.

Figure 1.2: Figure from Marieb et al. 80 permission.
Receptor-mediated transcytosis

Next to these targeting agents also radionuclides and/or radiosensitizers will be encapsulated in the
nano-carriers. Different radionuclides will be used: 111In, emitting gamma radiation which can be used
for diagnosis using SPECT; 177Lu, emitting gamma and beta radiation which makes it suitable for both
diagnosis and therapy; 225Ac and 213Bi, both emitting alpha radiation suitable for therapy. Radiosensit-
izers increase the effect of radiation therapy on tumour cells, for example by inhibiting DNA repair.
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2. In vitro BBB models
Developing drugs for brain diseases comes with high costs, which could be reduced when more accurate
models of the BBB are available. At the moment a large amount of drugs that passed the developmental
phase fail in clinical trials57. The costs of developing drugs could be reduced when better and cheaper
models are present to use for testing in an early stage, such that fewer candidates fail in the clinical trials.

The Radiation Science & Technology department of the faculty TNW at the Delft University of Tech-
nology asked to develop such a model. In this model it should be possible to test the ability of the
nanocarriers in development to cross the blood brain barrier and reach a glioblastoma spheroid in the
brain. Next to that it should be possible to study the effect of the nanocarriers transported through the
blood-brain barrier on the growth of the glioblastoma spheroid. In the following chapter the models that
are currently available and how their performance can be tested will be discussed.

2.1 Transwell models

In vitro models that are mostly used at the moment for drug assays and which are commercially available
are Transwell® platforms141. The Transwell® platform consists of a Transwell® insert with a porous
semi-permeable membrane, hanging in a well plate, see fig. 2.1. The now formed upper chamber typic-
ally represents the lumen of the capillary and the bottom chamber the abluminal side of the endothelial
cells. The simplest model is a monoculture, as in fig. 2.1, here only endothelial cells are cultured on the
membrane.

The endothelial cells are obtained by isolating endothelial cells from for example isolated brain microves-
sels. These primary cells are modified such that they can proliferate indefinitely, creating a cell line.
Different primary cells and cell lines, from different animals or from humans can be used. See for ex-
ample the reviews of Wolff et al. 141 , Abbott et al. 5 , Bicker et al. 16 and Wilhelm and Krizbai 138 for
overviews of primary cells and cell lines used in BBB models with their characteristics.

Astrocytes, pericytes and microglia interact with the endothelial cells and thereby influence the per-
meability of the BBB. To make a better representation of the in vivo situation and to maintain or induce
the barrier properties of the endothelial cells, also coculture models and multicultures are developed, see
fig. 2.2 for some examples.

2.1.1 Characterisation techniques

The barrier properties of the endothelial cells can be characterized in two ways, by measuring the Transen-
dothelial Electrical Resistance (TEER) and by determining the permeability to different compounds.

Figure 2.1: Transwell platform.
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Figure 2.2: Figure adapted from Wilhelm and Krizbai 138 . Different multicultures in Transwell systems. Astrocytes, a
type of glial cells, are noted here as glial cells

TEER measurements

The TEER is the electrical resistance of the endothelial cells from the luminal to abluminal side. It
is mainly defined by the tight junctions, which prevent the transport of ions through the paracellular
pathway.138 TEER measurements are non-destructive, label-free and enable real-time characterization of
the barrier function94.

Voltohmmeter
Determining the TEER in a Transwell platform is mostly done by applying a potential difference over the
membrane and measuring the electric current, see fig. 2.3. Mostly a ’chopstick’ electrode is placed in both
chambers. The instruments to perform such measurements are called volt-ohmmeters. The membrane
with the endothelial cells and the rest of the Transwell model is represented by an equivalent circuit with
the resistance of the endothelial cells and the combined resistance of the medium, the membrane and the
electrode-medium interface resistance connected in series. By performing measurements on empty mod-
els and models with endothelial cells cultured, the resistance of the endothelial cells and the combined
resistance of the rest of the models follows from Ohm’s law. The resistance of the endothelial cells is then
multiplied by the surface area of the membrane, which gives the TEER in Ωcm2.5

Benson et al. 14 note that a DC voltage source could charge the electrodes and the cell layer. A commonly
used system, the EVOM2, World Precision Instruments, Sarasota, USA, uses an AC square wave at 12.5
HZ to avoid this. An amplitude of 10 µA is used.

The measurements are dependent on temperature and electrode placement. For accurate results a uniform
current distribution over the membrane is needed. For larger membranes, >12 mm, the manufacturer of
EVOM2 recommends to place the to be measured culture insert in their Endohm chamber. The location
of the electrodes relative to the culture inserts is fixed and the shape of the electrodes is concentric, to
enhance a more uniform current density through the membrane.117,42

Medium conductivity and diffusion coefficient depend on temperature.128 Therefore it is desirable to
measure TEER at a steady state temperature, for example in an incubator. If it is not possible to
perform the measurements inside an incubator (37oC) and TEER is measured outside the incubator at
room temperature(20oC), the device needs about 20 minutes to cool down to room temperature com-
pletely.Blume et al. 17 To overcome this problem Blume et al. 17 developed a numerical method to calculate
TEER from measurements during heating and cooling.

Impedance Spectroscopy
Another method to measure the TEER can be applied using an Impedance Spectroscopy System, for ex-
ample the cellZscope sytem from nanoAnalytics. The set-up is the same as for voltohmmeters, but now
the amplitude and phase of the current is measured over a range of AC frequencies. From the acquired
data the TEER and the transendothelial electrical capacitance is calculated. In the cellZscope sytem
hereto it is assumed that the equivalent circuit of fig. 2.4 is valid88. The tight-junctions are responsible
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Figure 2.3: Characterization of the barrier function by
measuring the TEER

Figure 2.4: Equivalent circuit used in impedance spectroscopy to
calculate the TEER (TER in figure), defined by the paracellular
pathway, and the transendothelial electrical capacitance (Ccl),

defined by the transcellular pathway. Other contributions to the
total impedance of the cell layer, for example the ohmic resistance
of the cell membrane, can be neglected in first approximation 88.

for an ohmic restistance, TER in the figure. The impedance of the transcellular pathway is represented
by an electrical capacitance, Ccl, resulting from the cell-membranes on apical and basolateral side. Other
contributions to the impedance of the cell layers are neglected. For example the ohmic resistance of the
cell-membrane parallel to the capacitance Ccl is very high, which results in the current flowing mainly
across the capacitor and allowing to neglect this resistance14. Furthermore, the medium on both sides
of the membrane can be modeled as a simple ohmic resistance, Rmed. The electrodes and the interface
between the electrodes and the medium introduce a constant phase element, CPE. A capacitor like ele-
ment with a phase shift between 0° and 90°. The impedance of the constant phase element depends on
the parameters Acpe and ncpe. The phase shift of the CPE is equal to 90° · ncpe.

With the equivalent circuit the total impedance of the device can be described with an analytical function
depending on TER, Ccl, Rmed, Acpe and ncpe. The impedance and phase shift of the system is measured
over a range of frequencies. The five parameters are then obtained by non-linear least-square fitting of
the analytical expression to the experimental data.88

Impedance spectroscopy yields more accurate TEER values than measurements with the voltohmmeter,
since also the capacitive effects of the cell membranes and the electrode-medium interface are taken into
account.

Permeability assays

Two characteristics of the barrier function can be quantified using permeability assays: barrier tightness
and transporter function.

Permeability
The permeability of the layer of endothelial cells can be quantified by adding marker molecules to one
side of the membrane and monitoring the amount which reaches the other side of the membrane. The
permeability to these molecules is a measure for the tightness of the barrier.
For characterizing the paracellular permeability small molucules such as radiolabelled sucrose and man-
nitol or fluorescent markers such as Lucifer Yellow and sodium fluorescein can be used. For less tight
barriers larger molucules such as inulin, dextrans, and serum albumin can be used.4

Transporter function
The efflux ratio of a compound is equal to the permeability from apical to basolateral (AB) side of the
cell layer divided by the permeability from basolateral to apical (BA) side of the cell layer. It is the ratio
at which compounds are actively transported from one side of the cell layer to the other side. Transport
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Figure 2.5: Dependency of the permeability to sodium fluorescein (FLU) and FITC-labeled dextran (FD4) on TEER in
bovine brain endothelial cells in coculture with murine astrocytes. Figure reproduced from Gaillard and De Boer 48

of a substance is said to be active when the efflux ratio of this substance is greater than 1.5-2.0 or smaller
than 0.5.139

According to Abbott et al. 5 permeability assays are labour-intensive and time-consuming, the time-
resolution is low and additional assays and analytical delays can not be avoided. When the permeability
assays are for instance performed at the same moment as the permeability of fluorescent labelled drugs
are tested the tests could interfere with each other.

Relation TEER and permeability assays

For low TEER values, the permeability decreases, but when a certain threshold in TEER is reached the
permeability becomes independent on TEER. Gaillard and De Boer 48 showed this by culturing brain
endothelial cells from calves on Transwell filters and measuring TEER accross the filter insert and the
permeability to sodium fluorescein and FITC-labeld dextran, see fig. 2.5. This means that the TEER
should be high enough to obtain reliable permeability assays, but may not need to be as high as the in
vivo TEER value. Gaillard and De Boer 48 found that the permeability became independent of TEER
upward of ∼150 Ωcm2 in their experiments. This value depends on cell type and culture conditions.

Fluorescence staining

Fluorescence microscopy is often used to visualize tight junction and adherense junction proteins. Also
cell viability, cytoskeleton, transporters, vesicular trafficking and more can be visualized.25 Staining tight
junctions and adherens junctions gives a good insight into the functioning of the endothelial cells, since
it shows the intensity and orientation of the junctions.
Mostly fluorescence imaging of the BBB is done after fixating the cells. It is also possible to use fluores-
cence staining in live cells. However, the intense illumination of the cells needed in fluorescence microscopy
is phototoxic. Fluorescence microscopy of live cells could therefore influence the behaviour of the cells
and can not be performed for an extended time period.41

2.2 Microfluidic models

The behaviour of cells is regulated by genetic information inside the cell and by signals from outside the
cell. The way cells react on external signals is dependent on the genetic information in the cell. When the
microenvironment of the cell changes, external signals and therefore the behaviour of the cell changes. To
be able to get a representative model of the blood-brain-barrier, the cells need to behave as in vivo and
therefore the microenvironment needs to be mimicked as good as possible. In Transwell platforms many
factors cannot be represented well. The medium for example is static, whereas the blood flows and the
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dimensions of the blood chamber do not comply with those of a capillary. Brown et al. 22 points out that
the ratio of medium-to-cell volume in Transwell models is high, which causes signalling agents to dilute
strongly. In order to make a better representation of the microenvironment of the brain endothelial cell,
microfluidic models are in development. In microfluidic models a representative flow and other relevant
factors can be applied. This section gives an overview of the microfluidic models currently in development.

Two main groups of microfluidic devices can be distinguished: hollow fiber models and BBB-on-chip
models. A typical BBB-on-chip model consists of two chambers separated by a porous membrane. The
upper chamber represents a capillary, the bottom chamber the cerebrospinal fluid. In the blood chamber
endothelial cells are cultured. The cerebrospinal chamber is left empty, or multicultures can be estab-
lished by filling the chamber with astrocyte conditioned gel or medium or by seeding astrocytes, pericytes
and/or glial cells. The blood chamber and upper part of the membrane are coated with one or more
proteins found in the extracellular matrix, such that the cells are able to adhere to the device.
Three papers present a completely different layout, Prabhakarpandian et al. 99 , Deosarkar et al. 37 (con-
tinuation on Prabhakarpandian et al. 99) and Yeon et al. 149 . In theses devices the blood and brain com-
partments are placed side by side instead of on top of each other. A membrane is not used, but microholes
are fabricated in the PDMS wall separating the brain and blood compartment. The first two devices
are coated such that a monolayer of endothelial cells is formed in the whole channel. In the device of
Yeon et al. 149 coating is not reported, but cells get trapped in the microholes and then form a monolayer.

Hollow fiber models are presented by Cucullo et al. 34 and Neuhaus et al. 91 . They consists of a hol-
low fiber made of polypropylene, with a relatively large wall thickness (150 um for Neuhaus’ model).
Endothelial cells are cultured on the luminal side of the fiber wall, on the abluminal side for example
astrocytes can be cultured. The design does not allow for visualization during cell culture and cell char-
acterization requires removal of the cells from the hollow fiber.86 It is therefore chosen to focus on the
BBB-on-Chip devices.

In table 2.1 devices with used dimensions, materials and fabrication procedures are noted. Not all
information in this overview will be discussed in this chapter, but throughout this literature review this
overview will be used. Table 2.2 gives an overview of the methods used to characterize the function of
the BBB grown in the devices.

Dimensions and shear stress

The cross-sections of the chambers all have rectangular shapes, for the blood chamber the width x height
ranges from 200x100 µm to 62000x100 µm. This means the cross-section in the devices is a lot larger than
the cross-sections of capillaries in the brain ( 10 µm). The ratio width/height determines the flow pattern
and thus the variation in wall shear stress over the width of the channel. Shear stress is an important
factor in BBB function. In section 3.1 and section 3.3 more information can be found about the shear
stress in capillaries and its influence and the flow pattern of media in a rectangular channel.

Materials and fabrication

The main structure of all devices is fabricated out of polydimethylsiloxane (PDMS). PDMS has many
properties that make the material suitable for the fabrication of organ-on-chip models, but also some
drawbacks. It is for example inexpensive and transparent, but deposition for electrode integration is
difficult. Transparency is practical for real time optical monitoring of the cell culture.
To overcome the problem of electrode integration some groups use loose electrodes that are inserted by
hand (Griep et al. 51 , Deosarkar et al. 37 , Brown et al. 22 , Prabhakarpandian et al. 99), others by using
a glass slide cover on which the electrodes are sputtered (Booth and Kim 1920 , Walter et al. 136). The
devices are all fabricated using molds and soft lithography. These molds are almost all fabricated using
photolithography processes, which are time consuming fabrication steps. Fabrication techniques for which
molds are not needed would be more practical to produce these prototypes, since minor changes to the
design require complete new molds. Next to that, soft lithography can not be scaled up efficiently for
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Table 2.3: Fabrication techniques by number, used for the different BBB-on-Chip models

1 Bonding using APTES 12 Punching in PDMS
2 Bonding with PDMS mortar 13 Sealing by heating
3 Brass mold fabrication 14 Sealing with silicone
4 Dicing glass/silicium 15 Soaking membranes in APTMS and bonding
5 DRIE process 16 Soft lithography of PDMS
6 Embedding glass slide in PDMS 17 Spin coating of PDMS
7 Glueing of wires to electrodes 18 Standard photolithography using SU-8
8 Glueing PDMS parts, tubing and/or membrane together 19 Trimming PDMS
9 Laser patterning glass 20 Vapor deposition of metal on glass

10 laser patterning PDMS 21 Vapor depostion of metal on PDMS
11 Oxygen plasma bonding 22 Vapor deposition of release agent on mold

higher production quantities. The desired properties of the material of the device and the possibilities of
processing different materials will be discussed in chapter 5.

Membrane

The most used membrane material is polycarbonate (PC), which is translucent. Translucency makes it
possible to optically inspect both compartments at the same time. Also polyethylene (PE), polytetra-
fluoroethylene (PTFE)111 and polyethylene terephthalate (PET)136 are used, which are all transparent.
In most devices the pores in the membrane have a diameter of 0.4µ. Only the pore size in the device
of Achyuta et al. 6 (8µm) and in the side-by-side models of Prabhakarpandian et al. 99 and Deosarkar
et al. 37 (3x3µm) is much larger. Yeon et al. 149 do not note the dimensions of the pores. Different coat-
ings of ECM proteins, fibronectin, collagen I, collagen IV and laminin are used to allow the endothelial
cells to adhere to the PDMS and the membrane. A more comprehensive discussion on the performance
of different membrane materials, pore sizes and coatings can be found in section 3.5.2.

2.2.1 Characterisation techniques

The techniques described in section 2.1.1 to characterise the quality of the BBB in Transwell models can
be used for the characterisation of the BBB in the microfluidic devices as well. Permeability assays can
be performed in the same way, but for TEER measurements some adjustments need to be made.

Teer measurements

TEER values reported in different papers vary greatly, also when the same experimental set up is used
or even same cell lines. Odijk et al. 94 discuss the origin of these variations, focussing mainly on DC
measurements in microfluidic organ-on-chips. See Odijk et al. 94 for an overview of various cell types and
different reported TEER values.

In Transwell models chopstick electrodes can be inserted in the medium and the potential will be distrib-
uted evenly over the membrane. In microfluidic chips the electrodes are sometimes placed in the inlet
of one channel and in the outlet of the other channel. Since the channels are narrow the medium in
the channel will cause a significant resistance, which leads to a non-uniform potential distribution over
the membrane. The current will flow mainly through the membrane at the beginning and end of the
membrane and not in the middle, leading to a higher apparent TEER than in Transwell models. Odijk
et al. 94 report a theoretical model and comparison method to correct for this. It would be best to not
have to make the measurement errors, for instance by placing the electrodes above and underneath the
channels, covering the whole membrane area. The electrodes of Booth and Kim 19 , Booth and Kim 20 and
Walter et al. 136 are implemented this way using vapor deposition. In the model of Griep et al. 51 loose
platinum electrodes are inserted in a channel running up to above the membrane. They note that this
resulted in a different position from batch to batch and that they will use vapor deposition in future as
well. The use of transparent electrodes would be preferred, such that optical inspection of the membrane
remains possible.
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Figure 2.6: Equivalent circuit of an endothelial
cell monolayer with gaps in the monolayer, with

Ra: apical cell membrane resistance, Rb:
basolateral cell membrane resistance, Rtj tight
junction resistance, Ric: intercellular resistance
and Rgap the gap resistance. Reproduced from

Odijk et al. 94

Figure 2.7: Calculated relative Transwell TEER
vs. cell coverage. Figure and description

reproduced from Odijk et al. 94

When performing and evaluating TEER measurements some factors of influence need to be considered.
Odijk et al. 94 modelled the effect of gaps in the monolayer cultured in a Transwell system on the TEER
value, by using the equivalent system in fig. 2.6. They found a dramatic decrease in TEER for only minor
defects in the monolayer, expressed by percentage of coverage. For a coverage of 99.6% a decrease in
TEER of 20% is found, see fig. 2.7.

Next to the above phenomenon, also temperature differences and material, quality and surface state
of the electrodes have a significant influence on TEER measurements. Multicultures are known to in-
crease the tightness of the BBB, however, care should be taken that the measured increase in TEER is
not caused by the resistance of the extra layer of cells.94

TEER measurements can thus not only be used to evaluate the performance of an intact monolayer,
but are also quick and simple tests to check when a confluent monolayer, 100% coverage, is reached. At
this moment drug assays can be performed. During these tests temperature differences should be avoided,
or taken into account when determining the TEER value. Electrodes need to be fabricated adequately,
to prevent high noise caused by bad electrode state and placement and to allow for optical inspection of
the cells on the membrane.

2.3 Conclusion

The ability of drugs to cross the BBB ex vivo is tested in the pharmaceutical industry by using Transwell
models. Unfortunately many drug candidates that looked promising in the developmental stage fail dur-
ing clinical tests, which brings along high costs. Developing models that better represent the BBB is
therefore necessary. Microfluidic chips have the capability of mimicking the microenvironment of the
endothelial cells forming the BBB more closely than Transwell models. For example, the endothelial
cells can be subjected to flow, like to blood also induces a flow in the capillaries. In microfluidic chips
also smaller volumes of culture medium are needed than in Transwell models, which results in signal-
ing agent excreted by the endothelial cells being diluted far less, complying better to the in vivo situation.

The in vitro BBB in both Transwell models and BBB-on-Chip models van be characterized using differ-
ent methods: The resistivity of the cell monolayer (TEER) can be measured, permeability assays can be
performed, and relevant structures of the endothelial cells can be visualised using fluorescence staining.
Generally accepted guidelines for performing TEER measurements in microfluidic chips do not exist. This
makes it difficult to make reliable comparisons between different models, but when performed correctly
TEER measurements could give valuable information on boundary integrity.
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In this section an overview was given of the currently published BBB-on-Chip models and important
characteristics of these models. The influence on BBB function and consequences for the fabrication of
different design choices made for these models will be discussed in the next chapter.
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3. Mechanical factors influencing the BBB
External stimuli have a big influence on the behaviour of cells, as explained in section 2.2. The flow
of blood for example causes the endothelial cells to be sheared and stretched, which influences both
morphology and physiology of the endothelial cells. The specifications of a microfluidic device will define
the microenvironment of the cells. For instance the dimensions of the blood chamber determine the flow
pattern of the medium and therefore the shear stress on the cells. In this section an overview, as complete
as possible, of the factors influencing the blood-brain-barrier in vivo and in vitro is given, in order to set
up the requirements for a new model.

3.1 Shear stress

3.1.1 Influence of shear stress in in vitro experiments

Vascular endothelial cells are subjected to shear stress, caused by blood flow. In vitro experiments from
different studies show that subjecting endothelial cells to shear stress affects function and morphology.
Ballermann et al. 10 report a difference in response to acute and chronic shear stress. Sudden exposure
to shear stress during seconds or hours is referred to as exposure to acute shear stress. The term chronic
shear stress is used when endothelial cells are cultured under shear stress during days or weeks. Un-
der chronic shear stress the level of shear stress can have acute alterations. Chronic shear stress is the
normal in vivo situation. Acute shear stress can occur in vivo for example when a new vessel is formed
or after temporary vessel occlusion. Acute shear stress causes activation of ion channels, remodelling
of the cytoskeleton and gene transcription. Under influence of chronic shear stress the endothelial cells
align themselves in the direction of the flow, actin microfilaments rearrange and increase in amount, and
cells become flatter. Cells become bigger (hypertrophy) and more focal adhesion-associated proteins (for
adhesion of the cells to the extracellular matrix) are present.

Cucullo et al. 34 found ‘a significant upregulation of tight and adherens junctions proteins and genes’
in a study with a coculture of normal human brain microvascular endothelial cells (HBMEC) and human
astrocytes (HA) in a hollow fiber model. Subjecting endothelial cells to a level of shear stress of 6.2
dyne/cm2 (shear stress was gradually increased from static condition to 6.2 dyne/cm2 within ten days)
resulted in a more tight and more selective BBB. After 30 days of culture under the influence of shear
stress a TEER of 700 cm2 was reached, where the culture under static conditions reached a TEER of
only 100 cm2. Booth et al. 21 studied the effect on permeability of propidium-iodide and FITC-Dextran
and cell morphology by exposing bEnd.3 cells to shear levels in the range of 1-86 dyne/cm2 for 24 h. The
permeability of both substances decreased with increasing shear stress. With increasing shear stress cells
elongate more and align closer to the flow direction. See Koutsiaris 65 for an extensive summary of the
effects of shear stress on brain endothelial cells.

Whereas the morphology of endothelial cells throughout the body is found to change significantly under
the influence of shear stress, Reinitz et al. 101 find that HBMECs resist these morphological changes. The
behaviour of human umbilical vein endothelial celss (HUVECs) and HBMECs under influence of a shear
stress ranging from 4 to 16 dyne/cm2 is compared. HUVECs aligned and elongated in the direction of
flow, but HBMECs did not. Reinitz et al. 101 state that this suggest that HBMECs are programmed to
resist elongation and alignment under shear stress.

From current models it appears to be difficult to grow endothelial cells in microchips which form a
tight in vivo like blood brain barrier. In vivo endothelial cells are chronically exposed to a level of shear
stress. Applying shear stress in vitro changes the EC morphology and physiology. The tightness of the
BBB depends on the tight- and adherens junctions. Shear stress increases the expression of the pro-
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teins forming the tight and adherens junctions. The TEER increases when shear stress is applied and
permeability decreases with increasing shear stress. Since shear stress has such a big influence on the
behaviour of endothelial cells it is desirable to mimic the in vivo level of shear stress in an in vitro BBB
model.

3.1.2 Shear stress in vivo

No consensus is reached about the in vivo level of shear stress in the capillaries of the brain. Most authors
assume values around 0.3-2 Pa132,142,64 referring to an article of Kamiya and Togawa 63 , in which data
from different studies is compared. In the article wall shear stress in capillaries in different parts of a
rat and cats is estimated from the measured gradient of the pressure drop along a capillary assuming
Poiseuille flow. In different parts of the arterial tree of different animals the blood flow velocity and lumen
diameter was measured and from that the wall shear stress and apparent blood viscosity was calculated,
assuming laminar flow. The wall shear stress level estimated in the different parts of the arterial tree
fell around 1.5 Pa within a range of ±50%. Kamiya concludes that the wall shear stress in the entire
arterial system and the capillary beds is controlled at a constant level. However, Tangelder et al. 122

showed that the velocity profiles in arterioles of rabbit mesentery are flattened parabolas rather than
fully developed parabolas, using fluorescently labelled nanoparticles as velocity tracers in vivo. Reneman
et al. 102 measured the velocity profile in vivo in large arteries by using ultrasound and also found a more
flattened parabolic velocity profile. Cheng et al. 29 performed a literature study on wall shear stress levels
in different parts of the arterial system in humans and in different animals. The study shows that the
level of shear stress in all straight vessels of the arterial tree is not constant and not approximately 1.5
Pa. The shear stress level also varies largely between species.

The commonly accepted level of wall shear stress in human brain capillaries is estimated assuming a
fully developed parabolic velocity profile, using measurements in capillaries in the rat cremaster muscle,
cat tenuissimus muscle and the cat mesentery. The measurements are performed in capillaries in a dif-
ferent part of the artery tree and in different species. However, the velocity profile is not parabolic but
more flattened and the shear stress level differs throughout the arterial tree and across species.Reneman
et al. 102 The in vivo value of wall shear stress in human brain capillaries could therefore be different from
what is commonly used.

Koutsiaris et al. 67 quantified the wall shear stress in the human conjunctival pre-capillary arterioles
in vivo. During the cardiac cycle velocity, volume flow, wall shear rate and wall shear stress changes.
Peak systolic, end diastolic and average values are measured and calculated. The best fit power laws for
wall shear stress levels give in arterioles of 10 µm a peak systolic value of 4.5 Pa, an end diastolic value
of 2.0 Pa and an average value of 3.2 Pa.
In another study of Koutsiaris et al. 66 the wall shear stress in human conjunctival capillaries and post-
capillary venules, with diameters ranging from 4 to 24 µm, is determined. In the smallest capillaries a
maximum value of 9.55 Pa was observed and in the largest post-capillary venules a minimum value of
0.28 Pa was observed. A best power law fit on the WSS calculation in the human conjunctival capillaries
and post-capillary venules gives for small capillaries, 4 µm in diameter, an average wall shear stress of
6.41 Pa, and for large capillaries, 10 µm in diameter, an average wall shear stress of 1.51 Pa.

Shear stress values applied in BBB-on-chip models mostly do not reach the average levels determined in
even the larger capillaries of 10 µm66. Booth and Kim 20 applied a shear stress value of 1.5 Pa, in all
other models the shear stress does not go higher than 0.6 Pa. Cucullo et al. 33 reach a level of 1.63 Pa in
their hollow fiber model. See section 3.1.2 for an overview of applied shear stress values.
In the absence of measurements in the brain capillaries the measurements for the human conjunctival
capillaries will be used as an estimation of the wall shear stress in the brain capillaries. Therefore the
level of wall shear stress applied in the in vitro model should be at least 1.51 Pa, as encountered in large
capillaries of 10 µm, and could be as high as 6.41 Pa, as encountered in small capilleries of 4 µm.
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Table 3.1: Shear stress values in in vitro models

Shear stress Pulse
(Pa)

Hollow fiber
Cucullo et al. 33 1.63 pulsatile
Neuhaus et al. 91 0.27 - 0.39 pulsatile
BBB-on-chip
Sellgren et al. 111 0.5 constant
Booth and Kim 20 1.5 constant
Griep et al. 51 0.58 constant
Yeon et al. 149 0.028 - 0.819 constant

Figure 3.1: Figure and text from Williams et al. 140 :
Comparison between computerized superimposition (a) and
averaging (b) of 34 capillary pulse waveforms and the radial

artery pulse (c) in age-matched subjects. All timings are
relative to the peak of the R-wave of the ECG. Capillary

pressure = 32/25 mmHg; arterial pressure = 138/75 mm Hg.
Abbrevations: F, foot of pulse wave; S, peak of systolic

pulse; D, dicrotic notch

3.2 Intraluminal pressure and pulsatile flow

3.2.1 Intraluminal pulsatile pressure in vivo

Although blood pressure, blood flow and shear stress is pulsatile in vivo, no BBB-on-chip models, but
only hollow fiber models, incorporate this pulsatile behaviour. No studies were found in which the pres-
sure in the brain capillaries is calculated or measured. Williams et al. 140 and Shore et al. 113 measured
the capillary pressure in the finger nail fold, both using the same measuring technique. Williams et al.
note that the mean capillary pressure differs per location, but found a pressure of 37.7 ±3.7 mmHg in
the arteriolar limb, 19.4 ±1.0 mmHg in the apex limb and 14.6 ±0.5 mmHg in the venular limb. In ca-
pillaries with high mean pressures also a high capillary pulse pressure amplitude (CPPA) was measured.
The average CPPA was 3.6 ±3.4 mmHg. The pulse wave form in 34 capillaries were superimposed and
averaged, and compared to the blood pressure in the radial artery, see fig. 3.1. As can be seen, the shape
of the capillary pressure waves and the shape of the pressure wave in the radial artery comply well. Shore
et al. measure the capillary pressure (location at capillary is not specified) in men and women younger
and older than 50 years. In these four groups capillary pressures between 15.0 ±2.4 mmHg and 18.4 ±2.0
mmHg and CPPA between 4.0 ±3.0 mmHg and 6.4 ±2.8 mmHg were measured. In this literature study
the average intraluminal pressure in vivo is assumed to be 19.4 mmHg iwth a CPPA of 3.6 mmHg, the
value found in the apex limb of a capillary in the nail fold140.

3.2.2 Intraluminal pressure in in vitro experiments

Sato and Ohashi 108 reviewed research on the effect of shear stress and hydrostatic pressure on cell mor-
phology and cytoskeletal structure. Under influence of shear stress it seems like first stress fibers, large
bundles of actin filaments, appear along the cell long axis and then cells elongate and align in the dir-
ection of the flow. Sato et al. 109 reported that endothelial cells (ECs) become stiffer when fluid flow
is applied. In both circumstances, shear stress and hydrostatic pressure, the area of the cells decreases.
Under influence of hydrostatic pressure (100mmHg) cells show elongation and orientation, as when shear
stress is applied, but in random directions. The tortuosity index of the cells (P/P’, where P is the cell
perimeter and P’the equivalent ellipse perimeter of the cell) increases when exposed to pressure. ECs
form multilayered structures with less VE-cadherin expression. Adherens junctions are mainly composed
of VE-cadherin and other transmembrane glycoproteins of the cadherin superfamily121. In the control
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cells VE-cadherin was found at the entire periphery of the cells, whereas under hydrostatic pressure only
(100mmHg) VE-cadherin was found ’sparsely distributed’ at the periphery. VE-cadherin simultaneously
contributes to inhibition of cell growth and stimulation of cell proliferation. A decrease of VE-cadherin
expression may cause morphological changes and the formation of stress fibers, which are important for
cell adhesion, via the protein family Rho. See Sato and Ohashi 108 for the suggested underlying mechan-
ism.

Multilayering has not been found to occur in vivo. Sato and Ohashi 108 suggest that multilayering un-
der hydrostatic pressure is caused by vascular endothelial growth factor (VEGF). VEGF-2 expression is
pressure sensitive and VEGF induces EC proliferation, migration and differentiation and also ‘stimulates
dephosphorylation of catenins, which is associated with vascular endothelial- (VE-)cadherin and localize
to adherens junctions.’ When a confluent monolayer is formed ECs do not grow further. Proliferative
signals of VEGF influence confluent ECs marginally. Sato and Ohashi 108 conclude that the combined
effect of shear stress and hydrostatic pressure alters the role of VEGF on ECs.

Vozzi et al. 135 measured the release of nitric oxide (NO) and endothelin-1 (ET-1) after subjecting en-
dothelial cells to various levels of shear stress and hydrostatic pressure. In the pressure experiments a
pressure of 70 mmHg was imposed and no flow, in the control experiment a pressure of 0 mmHg and no
flow was imposed. Imposing pressure resulted in down-regulation of ET-1 production compared to the
control experiment. No significant changes in NO level or cell morphology where observed.
Vozzi notes that NO and ET-1 act on the smooth muscle cells forming the outside of a vessel. These
muscle cells are not present in capillaries, but not all functions of NO and ET-1 are known. Eibl et al. 40

administered ET-1 and ET-1 receptor antagonist to animals with induced pancreatitis (inflammation
of the pancreas). The capillary permeability in the pancreas increased significantly in the group that
received ET-1. ET-1 receptor blockade caused a significant decrease in capillary permeability. This effect
might also be present in brain capillaries.

3.2.3 Intraluminal pressure and shear stress combined in in vitro experiments

Sato and Ohashi 108 compared cells exposed to hydrostatic pressure (100mmHg), shear stress (2 Pa), a
control group with no pressure or shear stress exposure and the two factors combined (100 mmHg and
3 Pa). The ECs in the first three groups are described in section 3.2.2. Imposing both shear stress and
hydrostatic pressure resulted in elongated cells aligned with the direction of the flow. The distribution
of VE-cadherin at the periphery of the cells was uniform. The combination of shear stress and pressure
did not result in multilayering.

3.2.4 Intraluminal pulsatile pressure in in vitro BBB models

Cucullo et al. and Neuhaus et al. mimic pulsatile behaviour in their hollow fiber models. In both stud-
ies the CellMax ®QUAD Artificial Capillary Cell Culture System is used to generate a pulsatile flow.
Neuhaus et al. 91 do not specify the height of the intraluminal pressure over time, only an average flow
rate of 14 ml/min and a shear stress between 2.7 and 3.9 dyne/cm2 (written is dyne/m2, but I assume
dyne/cm2 is meant). Cucullo et al. 35 show the shape of the blood pressure before entering a module
of three hollow fibers, see figure, and note that the CellMax mimics 60 beats/min. The systolic like
pressure before entering is approximately 70 mmHg, when leaving it amounts approximately 25 mmHg.
The shape of the intraluminal pressure looks more damped after leaving compared to the shape before
entering. Within the capillaries a pressure of 25.5 mmHg is noted. The pressure varies with about 75
mmHg before the capillaries and about 30 mmHg after the capillaries. It is noted that a pumping mech-
anism is used which allows to establish different pulsatile rates. However, experiments where different
pulsatile rates are compared are not reported.

In the research of Neuhaus et al. 91 the pulsatile rate and pressure is not specified. It is noted that
an average flow rate of 14 ml/min is used, which causes a shear stress between 270 and 390 mN/m2. No
variations in pulsatile rate were made, but it is assumed that the pulsatile flow causes ‘ morphological
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change of PBMEC/C12 from polygonal form in bi-dimensional models to an elongated form’.

From these papers the influence of pulsatile versus continuous flow can not be determined, since the
different flow types are not studied separately.

3.2.5 Conclusion

From the studies mentioned above it becomes clear that hydrostatic pressure has a significant influ-
ence on the cell behaviour. Imposing hydrostatic pressure only and no shear stress causes the cells to
elongate in random directions, the cells become more tortuous, multilayers are formed in stead of mono-
layers, VE-cadherin expression, important for adherens junctions, becomes lower and ET-1 production,
possibly influencing capillary permeability, is down-regulated. When hydrostatic pressure is applied in
combination with shear stress, the cells align in the direction of the flow, which induces the shear stress,
VE-cadherin is distributed uniformly and the endothelial cells form a monolayer.

Studies on the effect of pulsatility of the blood flow are not found. In two studies a pulsatile flow is
imposed on the endothelial cells in a hollow fiber model. However, the results are not compared with the
results from a model where a continuous flow is used. Therefore it is difficult to draw a conclusion about
the role of pulsatility in cell behaviour.

In a new BBB model a physiological relevant level of hydrostatic pressure should be imposed in com-
bination with shear stress, because of the influence it has on the cell behaviour. The flow will not be
pulsatile, since no information is available on the influence of pulsatility of the medium flow and studying
the influence is beyond the scope of this study.

3.3 Flow pattern in rectangular channels

Van der Helm et al.132 point out the relevance of the dimensions of the channels in which the fluid flows
across the endothelial cells. Blood vessels have circular cross sections and therefore the wall shear stress
will be uniform along the wall. Most BBB-on-chip models make use of rectangular channels, which causes
a non-uniform shear stress along the wall. The shear stress at the edges will be lower than in the middle
of the channel. Since shear stress has a major influence on the morphology and function of the endothelial
cells, the behaviour of the cells will vary along the width of the channel. Next to that, medium with
substances for permeability analyses will flow slower in the edges, which result in a longer retention time
in the edges. The aspect ratio h/w defines the flow pattern of the fluid. The wall shear stress can be
approximated for Newtonian fluids as a function of the width, w and height, h of the channel and flow
rate, Q:115,132
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From eq. 3.2 we see that the smaller the ratio h
w gets, the flatter the fluid velocity profile gets.132 Van

der Helm et al.132 plotted the flow profiles for different aspect ratios and included the aspect ratios used
in the models of Prabhakarpandian et al. 99 and Booth and Kim 19 , see fig. 3.2.
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Figure 3.2: Flow profiles inside the BBB chip of Prabhakarpandian et al. 99 (A) and Booth and Kim 19 and at different
aspect ratios (C), modeled with Matlab R2013a. The endothelial cells are cultured at the bottom surface of the depicted

channel. Figure and description reproduced from van der Helm et al. 132

It is clear that the variation in shear stress on the cells in the width of the channel in Prabhakarpandian’s
model is a lot higher than in Booth’s model. To make sure the shear stress on the endothelial cells is
distributed uniformly when using a rectangular channel, the channel should be sufficiently wide compared
to the channel height.

3.4 Curvature

The endothelial cells in most microfluidic models are cultured on a flat surface, whereas in a capillary the
endothelial cells are curved to form a tube. Ye et al. 147 investigated the effect of curvature on HBMECs
and human umbilical vein endothelial cells (HUVECs) under the influence of shear stress by seeding the
cells on glass rods with diameters ranging from 10 to 500 µm. The morphology of HUVECs appeared
to depend on curvature a lot more then HBMECs. HUVECs elongate and align increasingly in opposite
direction of curvature with decreasing diameter, i.e. with increasing curvature. HBMECs respond to
increasing curvature only slightly with changing morphology. Ye et al. 147 suggest that HBMECs are
programmed to resist elongation in response to curvature (and shear stress) and pose the hypothesis that
the HBMECs ’evolved to minimize the length of tight junctions per unit length of capillary and hence
minimize paracellular transport into the brain’.

To conclude: Publication on the influence of curvature on barrier function have not been found, but
morphological changes and a difference in response to curvature between HBMECs and HUVECs has
been shown. It could be interesting to design the device such that the membrane is curved, such that the
influence of curvature on permeability and TEER could be studied. However, the focus of this project
is not on studying different factors on endothelial cell function, so for the moment curvature will be
neglected, but could be considered at a later time.

3.5 Permeable membrane

3.5.1 Protein coating

The basement membrane is a 30-40 nm thick85 sheet of extracellular matrix, which consists of molecules
secreted by cells. The basement membrane gives structural support to endothelial cells and regulates
communication between different cells in the neurovascular unit. It consists of molecules secreted by
endothelial cells and brain parenchyma cells, summarized by Baeten and Akassoglou 9 as "structural
elements (e.g., type IV collagens and elastin), specialized proteins (e.g., laminins, entactin/nidogen,
fibronectin, and vitronectin), and proteoglycans (e.g., heparan sulfate proteoglycans (HSPG) perlecan
and agrin". For an extensive overview of the functions and variations of these proteins, see Baeten and
Akassoglou 9 . Endothelial cells are anchored to the basement membrane with focal adhesion points. Focal
adhesion points mainly consist of integrins, which are, directly or indirectly via linker protein, connected
to the proteins in the basement membrane.152
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To enhance cell adhesion, devices are coated with ECM proteins. In most models a fibronectin coat-
ing is used. However, other proteins or protein mixtures might result in tighter barriers.
Tilling et al. 124 investigated the influence of various ECM proteins on barrier function by culturing por-
cine brain capillary endothelial cells on filter inserts coated with laminin, fibronectin, collagen IV or 1:1
composition of these proteins. Different culture preparations were tested. Preparation yielding a low
TEER (~350 Ωcm2) on rat tail collagen used as reference yielded a 2.3 to 2.9 fold higher TEER, reference
preparations yielding a higher TEER (~1000 Ωcm2) on rat tail collagen yielded a 1.1-1.2 fold increase
in TEER when using the different coatings. A 1:1 fibronectin/laminin coating performed best. Also
SPARC, secreted protein acidic and rich in cysteine, was tested in combination with collagen IV, but
here the presence of SPARC decreased the TEER value of the cell culture.
Yao et al. 146 found that the absence of astrocytic laminin (laminin-111 and -211) in mice induces pericyte
function to change from BBB stabilizing to BBB compromising.

In short, different proteins in the basement membrane have a significant effect on BBB-function. Tilling
et al. 124 found that from the coatings they tested, a 1:1 fibronectin/laminin coating performed best. The
use of this coating is therefore desired in the BBB-glioblastoma device.

3.5.2 Membrane material and pore size

The models in table 2.1 mostly use polycarbonate (PC) membranes with small pore sizes, 0.4 microns or
even smaller. Wuest et al. 145 compare membranes with different pore sizes (0.4, 1.0, 3.0 and 8.0 microns),
materials (PC and polyethylene terephtalate (PET)) and manufacturers for culturing of primary murine
BMEC, in monoculture and in contact and non-contact coculture with primary mouse astrocytes, and
b.end3 monocultures. TEER measurements, permeability assays and tight junctions protein staining
were used for characterization.
Membranes with a pore size of 0.4 µm, yielded a significant higher TEER and lower permeability than
the membranes with larger pores. At 1.0 µm cytoplasm is observed in the pores, at 3.0 and 8.0 µm an
extra monolayer was observed on the bottom side of the membrane. Using the three larger pore sizes,
also overlapping cell growth was observed.
PET membranes from three manufacturers resulted in significant higher TEER values and lower per-
meability than PC membranes from Corning. For the BMEC cells a PET membrane from BD Falcon
resulted in the highest TEER and lowest permeability, for b.End3 cells a PET membrane from Corning
performed best in terms of TEER and permeability. Finally Wuest et al. 145 note that the translucent
Corning and BD Falcon membranes made visualization of the the cells under light microscope possible
as opposed to the transparent Corning PC and Millipore PET membranes.

Sellgren et al. 111 compared polyethylene (PE) and polytetrafluoroethylene (PTFE) membranes in a
microfluidic device culturing b.End3 cells in coculture with C8D1A (astrocytes). The devices with both
membranes withstood 4 days of shear stress without leaking. However, the cells on the PE membranes
did not show claudin-5 expression and the cells were peeled off at 5 dyne/cm2.

In summary, a PET membrane with 0.4 um pores performs best compared to PC membranes and larger
pore sizes. Literature about the performance of PTFE compared to PET or PC are not present, therefore
a PET membrane with 0.4 um pores will be the preferred material in terms of biocompatibility in this
study. If needed because of fabrication limitations the material of the membrane could be changed to
PC. However, the pores of the membrane should not exceed 0.4 µm, since membrane with larger pores
will not result in endothelial cell monolayers.

3.6 Conclusion

To conclude, many factors influence endothelial cell functions. Some of these factors are known, other are
not understood or known yet. Shear stress is a well known factor influencing endothelial cell function. In
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some models therefore shear stress is applied. However, only in the BBB-on-Chip device of Booth and
Kim 20 the lower limit of shear stress in large capillaries in vivo is reached, namely 1.5 Pa. In our model
the goal in terms of wall shear stress applied will be 1.5-6.4 Pa, based on the levels of wall shear stress
found in human conjunctival capillaries.66

The effect of pulsatility of the flow is not known, the flow will therefore be kept constant. Applying
hydrostatic pressure does have an effect on cell morphology and physiology. Barrier function of the
endothelial cells is not investigated, but could be influenced by the morphological and physiological
changes under hydrostatic pressure. It is therefore desirable to design the device such that a hydrostatic
pressure level of 30 mmHg can be withstood. This value is based on the pressure in the apex limb of a
capillary in the nail fold found by140 and by taking a margin into account.
The ratio between the width and height of the channels should be high enough to prevent low shear
stresses at the sides of the channel. Finally some requirements on the permeable membrane are found.
To prevent endothelial cells to penetrate into the pores of the membrane, the diameter of the pores should
be no larger than 0.4 um. To stimulate cell adhesion and proliferation some materials in combination
with protein coatings are preferred over other. Especially PET appears to perform well, but PC is also a
good and often used candidate. Protein coatings are necessary to allow for cell adhesion, in a comparative
study a 1:1 preparation of laminin and fibronectin performed superior to preparations with different ratios
and proteins.
In chapter 4 the information found in this chapter and chapter 2 will be summarized by means of a list
of requirements.

25



4. Requirements
In this chapter the demands on the BBB-on-Chip model of the Radiation Science & Technology de-
partment, the intended user, and the conclusions drawn in chapter 2 and chapter 3 are used to compile
the requirements for the BBB-on-Chip model. Except for the first set, section 4.1, which are the initial
questions of the user, the requirements are organized by the different functionalities it should fulfil.

4.1 Layout of the BBB-on-Chip

A model is desired to study drug transport from blood to a tumor in the brain and to study the effect
of tumor growth. The drugs, nanocarriers, should be followed by fluorescently labelling them. Hereto a
BBB-on-Chip model will be designed which should consist of:

Blood channel Represents a capillary in the brain, medium replaces blood
Brain channel Represents the brain and can hold a glioblastoma spheroid
Permeable membrane A permeable membrane on which endothelial cells will be cultured should

separate the two channels to construct the blood-brain barrier
Fluidic inlets and outlets Both channels should have an inlet and outlet to administer medium with

nutrients and fluorescently labelled nanocarriers to the blood channel and
collect medium from the brain channel to evaluate transport trough the
blood-brain barrier using a fluorimeter.

4.2 Cell culturing

The cell culturing conditions should be as close as possible to the in vivo situation to achieve a mono-
layer of endothelial cells which function as similar as possible as in vivo. From chapter 3 the following
requirements are added:

Biocompatibility Since cells and medium come into contact with the device material, it
should be bio-compatible to obtain good viability of the cells and no
significant interaction between the material and the cells and medium
compounds.

Wall shear stress (WSS) The WSS exerted on the endothelial cells should be between 1.5 and 6.4
Pa
WSS should be uniform along the membrane width, to ensure similar
culture conditions along the membrane width

Hydrostatic pressure A pressure of 30 mmHg in the blood channel of the device should be
withstood

Permeable membrane Membrane pore diameter cannot be bigger than 0.4 um, to avoid
penetration of the endothelial cells into the pores
The membrane should be coatable with proteins, e.g. laminin and
fibronectin to stimulate cell adhesion and proliferation

Permeability Oxygen and carbon-dioxide levels should be maintained as in vivo. This
could be accomplished by controlling the concentration of the gases in
the medium or, when the permeability of gases through the material is
high enough, by controlling the concentration of the gases in the
atmosphere where the device is placed.
The permeability to water vapor should be low enough to avoid high
fluctuations in medium osmolarity and volume.
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Sterilization Before culturing, the device needs to be sterilized to avoid contamination
of the cells.

4.3 Testing barrier function

The endothelial cells will be seeded and grow to confluency, the moment when drug testing is possible.
To efficiently evaluate confluency and functioning of the endothelial cells, TEER measurement should be
performed intermittently. Next to that, it should be possible to check the endothelial cells visually. This
gives the following requirements:

Electrodes Electrodes should be integrated directly above the membrane in the
blood channel and below the membrane in the brain channel
Electrode material should be transparent to allow for visual inspection
of the cells

Transparent material Transparent device material to allow for visual inspection of the cells

4.4 Testing drug transport

Drug transport can be tested in different ways, quantitatively, by counting labeled nanocarriers in the
brain channel using a fluorimeter, and qualitatively, by fluorscent imaging of the device to locate the
nanocarriers in the device. The size of the to be tested nanocarriers is 80-100 nm. Exceptionally they
could be 200 nm. The nanocarriers are hydrophilic.

Permeability membrane Permeability of the empty membrane to the nanocarriers should be high
to minimally influence transport through the blood-brain barrier

Autofluorescence materi-
als

Low autofluorescence of the materials used to avoid noise during fluores-
cent imaging

4.5 Testing the effect of drugs on tumor growth

The glioblastoma spheroids to be tested need to be cultured for five to seven days before the drugs are ad-
ded, this can be inside or outside the device. The diameter of the spheroid at the start of the experiments
is 400-500 mu. The therapeutic effect of the drugs on the spheroids will be tested for two weeks, after
two weeks the diameter of the spheroids will be maximally 600 mu. The spheroids are very brittle and
should not fall apart before experiments are finished. After two weeks the spheroids are sliced to inspect
the necrotic core. Hereto the spheroids need to be removed from the device either by disassembling the
device or cutting out the spheroid. Since the experiments inside the device take more than two weeks
(first culturing endothelial cells, next two weeks of tests) the endothelial cell culture should last for more
than two weeks on the membrane.

Dimensions brain channel Minimim width and heigth of the brain channel bellow the membrane is
700 um, such that a maximally grown spheroid can be reached by the
drugs from above and from the sides.

Flow in brain channel No high flow around the spheroid is allowed to prevent the spheroid from
falling apart

Spheroid removable Glioblastoma spheroid should be removable from the device after experi-
ments

Biocompatibility Device and membrane materials suitable for long term cell culturing (two
weeks), which is not necessarily the case for all ’biocompatible’ materials
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4.6 Fabrication

The BBB-on-Chip model is intended to be used for high throughput drug testing. However, first different
prototypes need to be fabricated to come to an optimal design. For this reason production should be
efficient for small quantities. In prototyping the use of molds is not desirable if fabrication of the mold
is not very efficient, since small changes need complete new molds. The fabrication of the prototype
should be possible at the TU or partners. Eventually the device should be fabricated in high quantities,
so production scale-up should be possible.

Fabrication technique The material should be suitable for machining with the available micro-
fabrication methods. A low surface roughness for optical imaging should
be obtainable with the technique used.

Bonding Techniques should be available to properly bond the different parts of the
device, the microfluidic channels, membrane, electrodes and in and outlet
tubes, to each other such that there will be no leakage. The bonding
technique should not oppose the bio-compatibility of the device.

Efficient prototyping Since iterations are assumed to be needed to come to an optimal design,
efficient production for singular devices is desired.

Scale-up possible The design should be suitable for scale-up to mass production
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5. Fabrication techniques and material
In the following chapter it is determined which fabrication techniques and materials will be used for
the production of the BBB-on-chip prototype. Hereto first a description of how current BBB-on-chip
models are fabricated, using PDMS in combination with soft lithography, and what the advantages and
disadvantages are of the fabrication method and material. Available alternative fabrication methods
will then be described in section 5.3 and next in section 5.4 the advantages and disadvantages of three
polymers in combination with the alternative methods will be investigated. Since the physical properties
of polymers are important for the different fabrication techniques and polymer related terminology is
used throughout this chapter, the chapter starts with an introduction to polymers.

5.1 Introduction to polymers

The main structures of microfluidic devices are mostly made out of polymer. A huge amount of different
polymers exists, varying greatly in chemical, mechanical, electrical and optical properties and suitable for
different fabrication methods. A polymer consists of chains of repeating smaller molecules, monomers.
The chains are linked to each other with H-bonds, van der Waals bonds, covalent bonds or they are mech-
anically intertwined. The chains are linear, branched, cross-linked or form networks when the monomer
can react with other monomers on three instead of two points.12

A way to classify polymers uses the characteristic temperatures Tg, the glass transition temperature,
HDT, the heat distortion temperature and TD, the decomposition temperature. Below the glass trans-
ition temperature a polymer behaves like an amorphous solid. Above Tg the polymer shows rubbery
behaviour, it softens and is flexible. Enough energy is present to overcome the forces between the poly-
mer chains when a force is exerted, parts of the chains (20-50 atoms long) are able to slide along each
other. The HDT is determined as the temperature at which a polymer will show a certain measure of
distortion under a given load. Practically it describes the maximum temperature for structural use of the
polymer. Heating even further the decomposition temperature TD will be reached, where the polymer
chains are irreversibly broken.12

Using these characteristic temperatures, polymers can be divided in three classes12,90:

Thermosets
Thermosets are formed out of resins, which are liquid or in soft solid state. When heated, exposed to
radiation or mixed with a catalyst or hardener the polymer chains cross-link to form a network polymer,
by forming covalent bonds. After curing thermosets are hard and brittle. Curing is irreversible, when
heated the thermoset will not become soft and flexible. Thermosets have high glass temperatures, which
lay close to their decomposition temperature. In microfabrication thermosets are used as resist material
in lithography. For example SU-8 is used in photolithography.

Thermoplastics
Thermoplastics have few cross-links and soften when heated to Tg. The distortion temperature TD is a
lot higher than Tg. The changes in material behaviour when cooling and heating are reversible, although
every cycle the material will degrade to some degree. At temperatures between Tg and TD the material
can be reshaped using for example injection molding or hot embossing. Thermoplastics often used in
microfabrication are for example polycarbonate (PC) and poly(methyl methacrylate) (PMMA). In mi-
crofluidics often cycloolefin polymer (COP) and cycloolefin copolymer (COC).

Elastomers
Elastomers have long chains, which are mechanically entangled and have few cross-links. When a force
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Figure 5.1: Cross-linking reaction. 1 Vinyl ended oligomers, 2 Cross-linking oligomers. Adapted from Campbell et al. 24

is applied the chains which are coiled up and entangled randomly, align in the direction of the applied
force, the material can elongate multiple times its original length. When the force is removed the chains
get back to their equilibrium configurations by forming cross-links and the elastomer gets in its original
shape immediately. Elastomers have a low rate of crystallinity and exist above their glass transition
temperatures. An often used elastomer in microfluidic devices is poly(dimethylsiloxan) (PDMS).

Different properties are important for the selection of the materials to fabricate the microfluidic channels,
which include:

5.2 State of the art: PDMS and soft lithography

Current BBB-on-Chip models are all fabricated out of PDMS, sometimes in combination with glass.
Poly(dimethylsiloxane), CH3[Si(CH3)2O]nSi(CH3), exists in different forms, such as fluid, elastomer or
resin.144 Microfluidic devices out of PDMS are typically fabricated using soft lithography. Hereto first a
mold is made typically by etching in a layer of SU-8 photoresist on silicon. The PDMS is then poured
on the obtained negative mold. Mostly the kit Sylgard 184 from Dow Corning is used, which consists of
a base (resin) and a curing agent. The base contains vinyl ended oligomers, a platinum based catalyst
and silica fillers, the agent contains the same vinyl ended oligomers and cross-linking oligomers. The
cross-linking oligomers are shorter (n =∼ 10) than the vinyl ended oligomers (n =∼ 60) and have at least
three silicon-hydride bonds instead of a silicon-methyl bond.24

Base and agent are typically mixed in a 10:1 ratio. The catalyst and the application of heat inhibit
the addition of the silicon-hydride bond to the vinyl groups, which is called hydrosilation, see fig. 5.1.24

Curing at 25o C will take approximately 48 h, at higher temperature curing will be faster. At 150o C for
example it takes about 10 minutes.31

In the following section the most important advantages and drawbacks of PDMS will be discussed.
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5.2.1 Fabrication throughput

The fabrication of PDMS microfluidic devices using soft lithography is especially useful for the production
of prototypes. It is a fast and cheap method when small volumes of devices are being fabricated. As
described above, curing PDMS at low temperatures can take up to two days, at high temperatures
(150oC) it takes about 10 minutes. All this time the mold cannot be used for the next device. PDMS in
combination with soft lithography is therefore not suitable for high-throughput fabrication.

5.2.2 Bonding and hydrophobicity

The surface of PDMS is hydrophobic. To make the surface suitable for bonding with different materials
or to allow for cell attachment, the surface should be treated to become hydrophilic. One method is
to expose the surface to oxygen plasma. During plasma treatment hydrophilic Si CH2OH and SiOH
groups are formed at the surface at the place of Si CH3 groups. The hydrophilic surface is now ready
for bonding with various materials. Wu et al. 144 sums up materials bonded in different studies: PDMS,
glass, silicon, PSG, USG, Si2NH4 and SiO2. In contact with another plasma treated PDMS surface, the
hydroxyl groups will form Si O Si bonds. Plasma treatment using other gases enables bonding with
even more materials: 1:2 Argon:Oxygen for bonding between PDMS and PETG, COC and PS, SF6:N2
for bonding with parylene. Many more bonding techniques are investigated with various materials, see
Rezai et al. 103 for an extensive overview.

The PDMS surface will not remain hydrophilic permanently. Uncross-linked oligomers will diffuse to
the surface and cause ’hydrophobic recovery’ within a week.47 When the surface of the microfluidic
channels needs to be hydrophilic during cell culture, hydrophobic recovery restricts the duration of the
experiments and causes a short shelf life.

Hydrophobicity of the surface is also greatly reduced by applying ECM coatings or with charged molecules
like poly-D-lysine. The effect of different ECM coatings on cell behaviour is discussed in section 3.5.1.

5.2.3 Bio-compatibility

PDMS is mostly assumed to be bio-compatible. However, some studies raise objections.106,15 Sylgard 184,
but also RTV-615 from Momentive Materials, also used for microfluidic devices, both contain irritants
such as xylene and ethylbenzene. According to Halldorsson et al. 55 the effects of these irritants on cell
cultures is unknown. Furthermore, after curing uncross-linked oligomers will still be present in the bulk
material100. The uncross-linked oligomers diffuse through the material to the surface. Regehr et al. 100

showed that the oligomers were present in water which was incubated for 24 hours in microfluidic channels
made of PDMS. Also after Soxhet extraction using ethanol, oligomers where still present. Normal mouse
mammary epitelial cells where cultured in microfluidic devices with and without the Soxhet extraction.
In both cases oligomers were found in the celmembranes, but in a lesser extent in the channels that
underwent the Soxhet extraction before culturing. The effect of oligomers on cell behaviour is unknown.
The leaching of oligomers can be reduced by first extracting the oligomers with a solvent. However, these
solvents need to be removed before culturing as well. Lee et al. 70 tested the rate of extraction of various
solvents.

PDMS is hydrophobic, very permeable and prone to absorb small hydrophobic molecules. Wang et al. 137

show a correlation between logP value and absorption by PDMS, by studying the absorption of five
molecules with different logP values. Molecules with logP < 2.47 show small absorption by PDMS and
molecules with logP > 2.62 extensive absorption. The absorption by PDMS of hydrophobic compounds
in the culture media or cell signalling agents excreted by the cells in culture could influence cell beha-
viour. Indeed, Regehr et al. 100 found that estrogen signaling is inhibited in MCF-7 cells when cultured
directly on PDMS, which could be explained by a reduced availability of estrogen, which is absorbed by
the PDMS substrate. Also drugs could be absorbed by PDMS, which could cause inaccurate information
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about the concentration of drugs, the nanocarriers in our case, provided to the cells. Predicting the ab-
sorption to compensate for the absorption is difficult according to Toepke and Beebe 125 , since they found
a pH dependence in the amount of absorption by PDMS in their study on the uptake of nile red by PDMS.

So, if PDMS is used to fabricate the microfluidic channels, first it should be studied to what extend
the nanocarriers will be absorbed by PDMS and if this could influence drug tests.

As a solution, Halldorsson et al. 55 list different studies (Gomez-Sjoberg et al. 49 , Abate et al. 3 , Orhan
et al. 97) which report on treatments to reduce the absorption of small molecules by PDMS. However,
they also note that the effects of these treatments on cell cultures should still be tested first.

PDMS has a very low Youngs

5.2.4 Permeability

High O2 and CO2 diffusion rates are often noted as beneficial characteristic of PDMS to achieve sufficient
exchange of these gases between the medium inside the device and the environment in which the device
is located. In our case, the medium inside the BBB-on-Chip model will continuously flow through the
channels, so it might not be necessary to regulate the gas concentration in another way than by con-
trolling the concentrations in the medium before it enters the device.

Besides to gases, the permeability of PDMS to water vapor (∼ 1000 − 6000µm2/s) is also very high.
The amount of medium in a microfluidic device is very low, evaporation of water could therefore have a
big influence on volumes, concentrations, chemical balance and other factors. This is mainly a problem in
cultures under static conditions, such as in the tumor compartment in this study.15 These factors should
be kept as stable as possible for accurate test results and steady cell cultures. To prevent evaporation,
a parylene coating could be applied56. Another method could be placing the device in an isoosmotic
bath69.
Surface modifications by plasma treatment, applying coatings and the adsorption of proteins changes
te permeability of PDMS to gases and water vapor, but precisely to what extend is unknown.55 Only
the effect of plasma treatment on oxygen diffusivity has been studied before.Markov et al. 81 This makes
it difficult to predict what will happen to medium volume, osmolarity and gas concentrations during
experiments and to anticipate during the design of the device.

In short, the high permeability of PDMS to gases makes it possible to control the gas concentrations
within the medium via the concentrations in the surrounding air of the device, but this might not be
relevant in our case because of the continuous refreshing of medium. However, the high permeability to
water vapor could cause harmful fluctuation in medium osmolarity and volume. Different methods exist
to prevent water evaporation, but induce extra steps in the production or experiments.

5.2.5 Optical properties

PDMS has a low autofluorescence and is optically transparent. The refractive index of PDMS is 1.41-1.43
in the visible light spectrum.98 PDMS is therefore suitable for optical imaging and fluorescence micro-
scopy.

5.2.6 Conclusion

The use of PDMS comes with many advantages. Soft lithography is a simple process without the need
of special equipment that is not already present in most laboratories. To start with, different prototypes
need to be fabricated. It is therefore practical if small changes to the design of the device can be easily
made. For PDMS no complex molds or expensive equipment is needed, which makes the fabrication of
prototypes economically and time efficient. The material is transparent and has a low autofluorescence,
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which makes it suitable for optical and fluorescent imaging. Procedures for adequate bonding of PDMS
with another PDMS surface and many other materials are available. PDMS is highly permeable to O2
and CO2, which makes the control of the concentration of these gasses in the medium during cell culture
very simple.
However, the following disadvantages direct to search for different techniques and materials: The PDMS
surface is hydrophobic, treatments exist but the hydrophobicity of the surface recovers quickly, com-
pletely within a week, such that before use after storage treatments have to be performed to reduce
hydrophobicity. The bio-compatibility of PDMS is controversial. In general PDMS is assumed to be
bio-compatible, but uncrosslinked oligomers can be found in cells cultured on PDMS and hydrophobic
compounds in medium or excreted by cells are absorbed by the material, which influences cell culture
experiments. Where the high permeability to O2 and CO2 could be beneficial, the high permeability
to water vapor could adversely affect cell culture experiments, since it causes fluctuations in medium
osmolarity and volume. Treatments exist to limit the absorption of hydrophobic compounds and water
vapor permeability, but these cause extra production steps and effects on cell cultures are not know for
all treatments. Eventually the aim is to design a device which can be used for high-throughput testing.
Therefore, the design should be suitable for scale up to bulk production, but this is not the case for
PDMS in combination with soft lithography.

5.3 Alternative fabrication techniques

In the following section four fabrication techniques suitable for machining of thermoplastics are given.
The advantages and disadvantages of these methods in combination with different materials are discussed
in section 5.4. Injection molding is only suitable for higher production quantities, since relatively complex
molds are needed. For commercial production quantities the use of injection molding is the best economic
choice. Although injection molding will not be used in this project, it is desirable to produce a prototype
which is suitable for injection molding as well, such that eventually it could be produced in large quantities
efficiently. For the production of the prototypes hot embossing, laser ablation and micro-milling are
considered.

5.3.1 Injection molding

Injection molding is a replication process which is cost effective for high production quantities. This
process will not be used for the fabrication of prototypes, but scale-up could be desirable in a later
stadium.
During injection molding polymer in granulate form is transported into a screw, in which the polymer is
heated above the melting temperature and consequently compressed. The polymer is then injected into
the mold by a translatory movement of the screw. The molding tool is designed such that demolding is
an automated process. Because of this, the starting costs are relatively high, but the cycle times, between
a few seconds to ten minutes, are very low.143

5.3.2 Hot embossing

Hot embossing is a suitable method for thermoplastics only, since the replication process takes place
above the glass transition temperature. The procedure of hot embossing consists of the following steps:

1. A sheet of polymer, the substrate, is heated to just above Tg in a vacuum.

2. The mold to be replicated is heated to the same temperature or slightly warmer.

3. The mold is pressed into the polymer substrate. For PMMA or PC the force used is about 500N/cm2

and is dependent on the design, the polymer to be embossed and the mold material.

4. The mold and substrate are cooled down at equal rates to just below Tg, such that the substrate
can be pealed off the mold.
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Table 5.1: Charateristics of the Talon 355-15 laser. 116

Wavelength 355 nm
Power 4W @ 300 kHz (typical)
Repetition Rate 0-500 Hz
Pulse width <25 ns @ 100 kHz

Replication results depend on the uniformity of the temperature distribution across the mold, the vacuum
quality to prevent air bubbles in the substrate, the surface quality of the mold and the chemical com-
patibility between mold and substrate.12 The difference in temperature during the compression step and
demolding step should be as small as possible to minimize thermal stresses and the ’replication errors due
to the different thermal expansion coefficients of tool and substrate’.13 The resolution mainly depends on
the resolution reached in fabricating the mold. Replication accuracies of tens of nanometers have been
reached.144 Residual mechanical stresses typically remain small in hot embossed parts, since no phase
transitions take place during the process. This has the advantage that birefringence and warpage remain
small, which is beneficial for the optical quality of the product.12 The hot embossing procedure takes
about 10-30 minutes per product.130 The surface quality mainly depends on the surface quality of the
mold, but can be decreased due to shrinkage, which can produce sink marks. The surface roughness can
be increased during the demolding process. For example, during demolding there is a relative motion
between the mold and the replicate, small defects can scratch the demolded structure.143

The fabrication of through-holes with hot embossing is possible, but needs an extra post processing
step or the use of an extra layer during the embossing step.

5.3.3 Laser ablation

In laser ablation a high intensity laser causes decomposition of the polymer at the focal point of the laser.
The polymer can be irradiated by direct writing or by applying a mask on the polymer and irradiating
the mask. One laser shot will ablate about 1µm deep. For deeper cuts repeated laser shots are needed,
which results in a typical surface roughness. Ablated material, debris, remains in the cutted structure
and needs to be removed with suitable methods. The interaction of the laser with the polymer surface
changes surface chemistry and surface charge to an extend difficult to predict.
The mechanism behind the decomposition is complex and controversial. Photochemical and photothermal
reactions play an important role in ablation. The contribution of different mechanisms in the ablation
process depends on the ablated polymer, the wavelength and pulse length of the laser and the sub-
strate.75Lippert 75 wrote an extensive review on the mechanisms and relevant parameters in UV laser
ablation of polymers.

Lasers with different wavelengths and intensity and pulse length ranges are available. The laser available
at the department is a Talon 355-15 laser, the output and beam characteristics are listed in table 5.1.

5.3.4 Micro milling

In micromilling material is removed mechanically from the workpiece using a rotating cutting tool. Pro-
duction costs for small quantities are low, since no mold is needed. Milling is extensively characterised
for large scale structures in many metals, producing micro scale structures in polymers is much less
characterised.53 note that ’devices with features ranging in size from several microns to several meters’
can be fabricated using micromilling. The surface roughness, defining the optical quality, depends on the
cutting tool and the operational parameters, spindle speed, feed rate and depth of cut.53,28,30

Guckenberger et al. 53 published an extensive tutorial review on micromilling for microfluidic devices, in
which they also compare micromilling with other fabrication techniques.
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5.4 Alternative materials

Many polymers suitable for microfabrication are available. A smaller amount is used for lab- and organ-
on-chip devices: COC, parylene C, PDMS, PC, PE, PET, PMMA, polyimide, PS and PU. In this section
PS, PC and COC will be compared with PDMS. PS and PC have been used in cell culture for decades,
so biologists have a lot of experience with these polymers already. COC is a newer class of polymers, but
has very good optical quality, is biocompatible and the many different grades give various opportunities
in microfabrication.

5.4.1 Polystyrene

Polystyrene, a thermoplastic synthesized from styrene, or ethenylbenzene, C6H5CH CH2, is one of the
most used materials in products for cell culture parts and has been used since the 1960s. Polystyrene
is manufactured by mixing styrene, with or without diluents with a free radical initiator and heating
the mixture to 120oC. Unreacted monomer and diluent are removed by flashing under vacuum.107 The
fabrication of microfluidic devices out of polystyrene, and thermoplastics in general, is a more challenging
task and more expensive than soft lithography of PDMS. Therefore, most of the time PDMS is chosen
above PS for academic use.

Bio-compatibility

Since PS has been used for decades in cell culture ware, a lot of experience and knowledge from research
has been gained by biologists and culture procedures are optimized for culturing on PS. Various grades
of PS are available which meet the ISO 10993 biocompatibility standards. However, McDonald et al. 83

reported activation of human monoamine oxidase-B, an enzyme recognizing xenobiotic substrates, which
indicates leaching of compounds out of PS well plates.

PS and all thermoplastics, including PC and COP, are only subject to surface adsorption of hydro-
phobic compounds, which stands in contrast to the bulk absorption seen in PDMS.15 The uptake of
hydrophobic compounds in thermoplastics will therefore be a lot lower for thermoplastics than for PDMS
in general.

A drawback of cell culture on PS is the high stiffness of the material, a property PS has in common
with both PC and COP, which is not comparable to the in vivo situation and affects cell adhesion.

Fabrication methods

Challenges in the fabrication of PS microfluidic devices include the need for molds which resist the high
temperatures and pressures occuring in the hot embossing process, creating inlets and outlets and bond-
ing of thermoplastic materials.

Injection molding and hot embossing
The most used methods for PS microfluidic device fabrication are injection molding and hot embossing.
For these methods the molds are often fabricated using CNC or laser ablation machining of metals, since
the molds need to resist high temperatures. These methods bring along a significant surface roughness,
which can have negative effects on bonding and optical microscopy results, or need an extra step polishing
the device.15

To avoid the high surface roughness, devices have also been made by casting a high strength epoxy
on a PDMS mold, which is obtained by soft-lithography of PDMS on a SU-8-silicon mold. The PS is
then embossed using the epoxy mold. PS can also be directily embossed using a PDMS mold, making
use of the flexibility of PDMS at the demolding step.15
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Tran et al. 129 hot embossed 1.5mm × 22mm channels with a second layer consisting of a checkerboard
pattern of 15 µm squares and circles 2 µm high within the channels using a PDMS mold with silanized
surface. Young et al. 150 produces arrays of channels of 150 µm deep, 1.5 mm wide and 22 mm long using
epoxy molds and used a sacrificial layer of COC underneath the PS to be able to produce through-holes.
Mehta et al. 84 produced 30 µm high bell shaped channels and 200 µm high rectangular channels using
epoxy molds. Goral et al. 50 produced holes with different shapes with cross sections of 5 - 10 µm and 15
µm deep by pressing PDMS molds on PS sheets with binder clips.

Laser ablation
Laser ablation is a suitable technique to produce polystyrene devices.76 Only few studies report on laser
ablating in polystyrene. Li et al. 73 report on the use of a CO2 laser with a focal spot size of 0.127 mm
in diameter to produce bell shaped channels of about 250 µm wide, without reporting on the surface
roughness. These results would not be sufficient for this study, however, the spot size of the available
laser can be as small as size .

Micromilling
Christ et al. 30 studied the ’effects of tool speed, feed rate and depth of cut on finished channel width,
bottom surface roughness, and burring along the channel sides’, and produced channels of 276 ± 3 µm
wide and 223 ± 9 µm to 452 pm 5 µm deep. The micromilling procedure did not result in optically
transparent surfaces.

Bonding
Berthier et al. 15 point out that bonding of PS has received less attention than other thermoplastics like
PC and PMMA, partly because PS can deform below the Tg, making thermal bonding difficult. Next
to that, thermal fusion bonding increases autofluorescence of polystyrene significantly at wavelengths of
350nm, 492nm and 572nm.150

Tsao and DeVoe 131 report the use of lamination film bonding and surface treatment bonding. Solvent
bonding and thermal diffusion bonding are most often used. The organic solvents used in solvent bonding
should be adequately removed, since even picomolar concentrations could ’affect culture cells and bias
results’. Furthermore, solvent bonding brings along the risk of channel deformation, especially in the
height of the channels. In low temperature bonding the surfaces are treated with UV or ozone prior
to bonding. Also laser bonding and ultrasonic welding have been developed, but both need specialized
equipment.15

Since PS is a lot stiffer than PDMS, connecting tubes tightly to the inlets and outlets is more difficult
than with the more flexible PDMS.

5.4.2 Polycarbonate

Polycarbonate, PC, is a class of mainly amorphous thermoplastic polymers, named after the carbon-
ate group (O(C O)O), present in the polymers. The most used polycarbonate is synthesized from the
monomer bisphenol-A ((CH3)2C(C6H4OH)2) and phosgene (COCl2).123

Polycarbonates have a good optical quality and a high transparency from 400 to 1650 nm. They are
a lot less brittle then most other thermoplastics. The high glass temperature (Tg = 147oC) allows for
sterilization by heating. Polycarbonates are however less chemical inert to many substances, especially
bases and organic solvents, than other polymers, but this can be influenced by different factors.123 See
Thakur and Thakur 123 for an overview of the chemical stability of PC under various conditions.

The quality of polycarbonate can be affected by different degradation mechanisms, Thakur and Thakur 123

lists some examples: ’thermolysis, thermal oxidation, hydrolysis, photolysis or photooxidation’.
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Bio-compatibility

Polycarbonate based on bisphenol-A (BPA), has been used for a long time for medical instruments and
cell culture inserts. Medical grades from Makrolon®from Bayer AG are biocompatible according to ISO
10993-1 test requirements, or some of them. However, BPA is known to leach from the bulk material
under certain conditions such as higher temperatures or in neutral or alkaline pH. BPA is a xenoestrogen
which has endocrine-disruptive effects at very low (nanomolar) concentrations. Different studies indicate
that BPA is also cytotoxic. The effect of leached BPA from PC on the results of cell culture experiments
in not known.123

Fabrication methods

Polycarbonate structures can be directly fabricated using laser ablation or micromachining or indirectly
by replication with injection molding or hot embossing. Becker and Heim 13 fabricated channels with a
width of 20 µm and a depth of 140 µm. The process parameters are given, but it is mentioned that these
will vary slightly for every design. Using laser ablation structures with widths down to 50µm and aspect
ratios up to 10 can be fabricated.144

Micromilling
Yen et al. 148 reported a precision of < 28µm for micromilling channels with a width of 250 µm in
polycarbonate, when using a 1/64” (379µm) end mill. The diameter of the mill defines the minimum
width of milled channels. The surface quality of the micromilled polycarbonate surface in the report
of Yen et al. 148 was not sufficient for optical imaging. Yen et al. 148 therefore treated the surfaces first
with sand paper, which reduced the average roughness Ra from ∼ 1.0000 − 1.7000µm, depending on end
mill size, to ∼ 0.2500µm. In microchannels however, sand paper can not be used, so a different method
should be used. After that, vapor-polishing using methylene chloride gas was performed which did not
affect Ra significantly. However, where non vapor-polished surfaces had an avarage absorbance of visible
light of ∼ 0.2 − 0.48 the vapor-polish treatment turned the surface to ’almost completely transparent’.
Chen et al. 28 minimized the surface roughness obtained with their micromilling machine, by investigating
the role of spindle speed, the feed rate and the depth of cut. Spindle speed appeared to by the most
influential factor. A surface roughness of 0.147µm was obtained with a spindle speed of 20, 000rpm, a
feed rate of 300mm/min and depth of cut of 10µm. The authors note that in a different micro milling
machine, these parameters might lead to different results, since other parameters such as substrate grain
size or tool edge geometry, might dominate the surface roughness.

Bonding
Ogonczyk et al. 96 summarize different bonding techniques used in literature: ’thermal, chemical, and
adhesive methods’. Thermal bonding is used to bond slabs and to laminate thin foils. The material is
heated to Tg and compressed96, diffusion of polymer chains between the two surfaces leads to a strong
bond, which could theoretically be as strong as the cohesive strength of the bulk material130. Due to the
compression at Tg, the microchannels could be deformed. Deformations can be diminished by heating to
much higher temperatures than Tg and applying a much lower pressure than needed at Tg. Ogonczyk
et al. 96 report a method where the PC parts are exposed to solvents (DCM, MEK and MMK) prior heat-
ing and compression to reduce channel deformations. Rupture strengths up to 0.6MPa were reached.
In chemical bonding the surfaces are treated with plasma or active surface groups are introduced, before
the surfaces are brought together. A maximum bond strength of 6.8MPa can be reached. In addition,
glues or adhesives can be used.144 However, Tsao and DeVoe 131 note that only few successful examples
of bonding using glue have been published, which is probably due to channel clogging.
Also solvent bonding and lamination film bonding is used for bonding of PC.131

5.4.3 Cyclic Olefin Polymers

Cyclic olefin polymers are a class of amorphous thermoplastic polymers. Various brands offer COPs,
which differ from each other depending on the cyclic monomer and polymerisation process used. Two
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Figure 5.2: Two different polymerisation reactions for cyclic olefin polymer. Reproduced from 112

different methods are used: ’Chain polymerisation of cyclic monomers with ethene (Topas and Apel), and
ring-opening metasthesis polymerisation of cyclic monomers followed by hydrogenation (Arton, Zeonex
and Zeonor)’93, see fig. 5.2. The first process yields a material that is referred to as a cyclic olefin
copolymer, since two different types of monomers are used. COP is available in pellet form, solution or
in sheets.93

Bio-compatibility

Various grades of COPs are biocompatible according to ISO 10993 tests. COPs are already used a lot for
biomedical applications.119 Van Midwoud et al. 133 investigated the biocompatibility of different polymers
(PDMS, PMMA, PC, PS and COC) by culturing HepG2 cells on these polymers coated with collagen
after UV-ozone treatment. In terms of cell adherence and viability, COC performed as well as PDMS, PC
and PS. Johansson et al. 61 compared cell growth of HeLa cervix carcinoma cells on COPs (Zeonex®an-
dTopas®), PMMA , styreneacrylonitrilecopolymer(SAN) and PS after different radiofrequency air plasma
treatment intensities, with cell growth on commercial PS substrates. Where Zeonor, PS and SAN per-
formed as good as commercial substrates, Topas performed worse. The difference between Topas and
Zeonor could be explained by cytotoxic substances leaching from the surfaces originating from nonspecific
additives Johansson et al. 61 .
Untreated COP is hydrophobic, which increases protein adsorption. The adsorption of proteins can
be reduced by photographting poly(ethylene glycol) methacrylate or by means of a dynamic coating of
hydroxyethyl cellulose.93.

Fabrication methods

One of the advantages of COP is the low water absorption (<0.01%), since absorption of water causes
dimensional changes and could influence other mechanical and chemical properties.93 The water vapor
permeability is relatively low, which confines the evaporation of water from the culture medium. The op-
tical quality of COP is high, since it has a high optical transparency from 300−1200nm, a high refractive
index (n=1.53 for Topas5013), low birefringence and a large Abbe number (56.4 for Topas5013). The
transmittance of UV light is higher than other polymers like PMMA, PC and PS. The autofluorescence
is in the same order of magnitude as PMMA and PC.
The glass transition temperature Tg can be influenced by the fraction of norbornene molecules, COPs
with Tg values between 30 and 180oC are available. A higher norbornene content makes the polymers
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chains more rigid resulting in less chain entanglement, increasing Tg, but also making the polymer more
brittle.151

COP structures can be obtained with replication techniques: injection molding, hot embossing, nanoim-
print technology, soft lithograpy and even lamination have been used, or usind direct structuring methods:
milling and laser ablation.

Injection molding
Injection molding, which is not interesting for prototyping but for mass production, can be done using
COP in pellet form. Because of the high mold temperatures, mostly metal molds are used. The quality
of the replicated structure mainly depends on parameters as injection speed, mould wall temperature and
structure depth. To avoid a skin-shear-core structures with different molecular structure higher temper-
atures in various parts of the injection molding machine can be applied. Strucutres of 600 nm wide and
200 nm in height have been replicated with high quality.93

Hot embossing
For hot embossing COP in wafer or sheet form is used. Different mold materials are used like nickel/stain-
less steel, steel, silicon and SU-8, see Nunes et al. 93 for the different studies in which these mold materials
are used. Typically SU-8 molds can only be used for less than 10 times and coatings are used to facilitate
demolding.93 Dhouib et al. 38 did not need an anti-stick layer on their laser machined steel mold to get
replication results with ’good fidelity’ of channels of 100µm wide and 50µm in depth.
Crazing or shear stress whitening, visible whitened areas on the polymer surface, can occur during the
replication process. This is caused by localized yielding behaviour when the mold temperature is too
high, the cooling rate is too high, the demolding temperature is too low and when stress is applied to the
replicate during demolding.46

Laser ablation
Nunes et al. 93 note that no intensive studies on laser ablation in COC have been published yet (2010).
Sabbert et al. 105 experimented with a 193nm ArF laser and where able to produce flat structures up to
200µm deep with smooth surfaces and almost no deposition debris. Since Nunes et al. 93 ’s review few
studies on the cutting performance of different lasers in COC have been published. Leech 72 investigated
the norbornene content on the performance of a 248nm/5ns laser, McCann et al. 82 experimented with
a 1064nm/750ps laser, Suriano et al. 120 and Eaton et al. 39 with a 800nm and 40fs and 50fs laser
respectively and Singaravelu et al. 114 used a 343nm/200fs and 1064nm/15ns laser. Since the lasers
used in these studies are all very different from the laser available at the department, they will only be
useful to a small extend in tweaking the ablation parameters for the Talon 355-15 laser and in predicting
if sufficient quality can be obtained.

Micromilling
Few studies have been published about micromilling in COPs. Bundgaard 23 investigated the process
of micromilling in COC and fabricated channels with dimensions down to 25 µm.23 reports that next
to surface roughness control also burr formation is an important issue. Since COC is a ductile material
relatively large burrs that remain attached to the material are formed. Mechanical polishing of the soft
Topas23 used appeared to be more difficult than polishing of metal and PMMA.
Other studies have used micromilling to fabricate channels in COC, but do not report on the surface
quality explicitly95,118,52.

Bonding
COC can be bonded using thermal fusion bonding, solvent bonding, surface treatment bonding and ad-
hesive bonding.131 The possibilty of tweaking the Tg of COCs allows to use a low Tg COC as a sealant.
Layers with microchannels which are prone to deform during thermal bonding can be fabricated out of
COC with a high Tg and a cover plate out of COC with a lower Tg. The thermal bonding temperature
can now be higher than the Tg of the cover plate and lower than the Tg of the microchannel layer, such
that the microchannels will not deform. Jena et al. 59 accomplished a burst strength of 3.2MPa for their
device with two crossing channels of 100µm wide and about 15 and 10mm long respectively.
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Another significant advantage of COP is the experience already gained at the department.

5.5 Choice of material and fabrication method

The goal of this study is to fabricate a device, not to investigate the use and possibilities of a certain
fabrication method. If possible, the use of methods about which only marginal information is available
will therefore be avoided. The properties and manufacturing possibilities given above are summarized in
table 5.2, on the basis of the list a choice will be made in terms of fabrication method and material.

Most literature on fabrication of microchannels was found about hot embossing. Structures of suffi-
cient aspect ratio and resolution for this study have been accomplished. The surface quality depends
mainly on the surface quality of the mold, so adequate mold fabrication techniques are yet to be chosen.
Hot embossing has been done more often at the department successfully, which makes it a more conveni-
ent choice than PS and PC.
For laser ablation some literature was found on the fabrication of microchannels. However, for PS rhe
results where not sufficient for this study and for all materials the lasers used are not comparable to the
Talon 355 laser at the department. This implies experiments have to be performed to get to the right
operating parameters first, which could be quite time consuming.
Not many studies have been published yet about milling. In theses studies no sufficient surface quality
for optical imaging has been reached for microchannels in PS. In the case of COP information on sur-
face quality is not reported. Milling in combination with PS or COP will therefore not be used. PC
microchannels have been fabricated with sufficient aspect ratio and resolution. To obtain a surface of
optical quality, sandpapering and vapor polishing is needed, which adds an extra production step and is
complex inside a microchannel.

Both PS and PC have been successfully used in conventional cell culture experiments for decades, which
makes them the preferred materials among biologists, even though leaching of xenobiotic compounds has
been signalled by human enzymes in the case of PD and the xenoestrogen BPA leaches from PC. Like
PC and PC, COP meets the ISO 10993 standards for biocompatibility. The formula Zeonor® performed
in experiments with HeLa cervix carcinoma cells as good as PS in terms of viability. However, the for-
mula Topas® might leach cytotoxic additives affecting cell viability. For this reason Zeonor® would be
preferred above Topas®.

One important shortcoming of PDMS is its tendency to absorb hydrophobic compounds into the bulk
material. This property could influence cell culture experiments when for example signalling agents or
drugs are absorbed from the medium. Thermoplastics are only subject to surface adsorption of hydro-
phobic compounds, which makes the interplay of the material with the cells in culture smaller. Indeed
absorption of testosterone and some other compounds is shown to be significantly lower in PS, PC and
COP than in PDMS.
Another problem that could arise when using PDMS is its high permeability to water vapor, which causes
problems with medium osmolarity in especially static culture conditions. For all three alternative mater-
ials the water vapor permeability is a lot lower, especially for COP, which has a water vapor permeability
50× and 100× lower than PS and PC respectively.

The surfaces of the three thermoplastics are less hydrophobic (contact angles between 82° and 88°) than
PDMS, but still need treatments to reduce the hydrophobicity to enhance cell adhesion and for bonding.
Using UV-ozone treatment low hydrophobic recovery was found for all three materials, in contrast to
PDMS.

An advantageous property of PDMS is its low Young’s modulus, which is in the same order of mag-
nitude as the stiffness of the basement membrane in vivo. The Young’s moduli of the three alternative
materials are four orders of magnitude higher, which makes the mutual differences (< 1.5x) negligible.

All materials have sufficient optical quality.
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To conclude, COP has no major disadvantages to PS and PC, except for the wealth of experience with
PS and PC present among biologists. The biggest disadvantage of COP (and PS and PC) to PDMS is
the high stiffness. In a later stadium the use of gels for example could be investigated to overcome the
high stiffness. Hot embossing appears to be the most researched microfabrication method in combination
with PS, PC and COP. It comes with sufficient results in terms of aspect ratio and resolution. Sufficient
surface quality can be accomplished by fabricating a mold with high surface quality. On top of that, a
lot of experience on hot embossing in COP is present at the department.
On the basis of these reasons it is determined to use hot embossing to fabricate a device out of COP.

The COP used at the department is Topas® grade 6013, from TOPAS Advanced Polymers. It was found
that Zeonor® performed better in terms of cell viability. However, since Topas® 6013 and experience
with Topas® 6013 are already present at the department, it is chosen to use this formula.

5.6 Mold fabrication

The next choice to be made is the mold fabrication procedure and mold material. The mold should have
sufficient surface quality and should sustain high temperatures. The mold will be heated to a temperature
around the glass temperature of the COP used. The TOPAS ® grades available and their glass transition
temperatures are given in table 5.3. Jena et al. 59 studied the effect of embossing temperature, embossing
load and embossing time on the formation of microchannels using Topas grades 6015 and 5013 and report
an ideal temperature of 10 ◦C above the Tg of Topas. Most procedures used at the department to emboss
Topas prescribe temperatures 20 ◦C below Tg. To start with, these procedures will be used because of
the available experience.

Table 5.3: Glass transition temperature of different TOPAS grades

Grade 9903 9506 8007 7010 5013 6013 6015 6017
Tg 33◦C 65◦C 78◦C 110◦C 134◦C 138◦C 158◦C 178◦C

5.6.1 3D-printing

In 3D-printing a structure is built layer by layer. At the department two 3D-printers are available which
could be used to fabricate the mold. Both use a different principle to built the layers. Especially in the
direction of added layers the surface is not smooth, but the different layers remain present to a greater
or lesser extend.

EnvisionTEC Micro Plus Hi-Res

The Micro Plus Hi-Res printer from EnvisionTEC produces the layers by curing a resin through UV
exposure on the x-y-plane. The cured material is then lifted in z-direction, such that the next layer can
be cured. The resolution in the xy-plane is 30 µm, in z direction 25-75 µm, depending on the material
used. For high temperature molding EnvisionTEC has the material HTM140 M available for this printer.
Properties of this material are given in table 5.4. The heat deflection temperature of HTM140 M is
quite low compared to the Tg of half of the grades listed in table 5.4, so when using HTM140 M as mold
material, it should be taken into account that the mold could deform during the embossing process when
using Topas 5013 or a grade with an even higher Tg. Instead of turning to Topas® grades with low Tg, it
is also possible to create a positive mold using 3D-printing and next using soft lithography to fabricate
the negative mold out of PDMS, which is able to endure high temperatures.
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Table 5.4: Properties of HTM 140 M

Tensile Strength 56 MPa
Elongation at Break 3.5%
Flexural Strength 115 MPa
Flexural Modulus 3350 MPa
HDT 140◦C

Nanoscribe

The 3d-printer from Nanoscribe makes use of a nonlinear two-photon absorption process to fabricate
structures. A structure is drawn with an ultra short pulse laser in a droplet of photoresist material on a
substrate, for example silicon. The high instensity of the laser allows the molecules in the photoresist to
take up two photons simultaneously. The energy of the two photons combined induces the polymerization
process. The photoresist materials available for the Nanoscribe printer are thermosetting materials.
Depolymerization temperatures are not given by the manufacturer, but the materials have been used for
hot embossing at high temperatures (>165degree) already before at the department.
The resolution of the printing process is defined by the size of the laser spot and focal depth. One laser
pulse induces the polymerization of a sphere, a voxel, with a diameter of 20nm, in practice this appears
to be about 100 nm. Resolutions are thus high enough for our application. The range in which the laser
can be moved in the xy-plane is 300 µm x 300 µm and about a centimeter in height. For larger structures,
as in our case, moving the base plate on which the droplet is placed is needed. Different smaller objects
are then stitched together. With previous models of the Nanoscribe this has been tried before, but
performance in terms of accuracy and time efficiency were not sufficient. Therefore the Nanoscribe will
only be used if other techniques fail.

5.6.2 Laser ablation

For the production of a mold using laser ablation, the same laser cutter as presented in section 5.3.3 is
available. The performance of the laser cutter in terms of the surface quality has been studied at the
department by Jia 60 . Beams with a width of 70 µm were fabricated in 300 µm thick silicon wafers.
Optimization of the parameters resulted in beams with a taper of 15.66σdegree and a surface roughness
of the side walls of Ra = 0.802 µm. Since the grooves where completely cut through the material, the
surface roughness of the bottom side of a groove is not available, which is important for optical imaging.
However, it will be in the same order of magnitude, which is too high for optical applications.

5.6.3 Conclusion

The resulting quality of laser ablated silicon surfaces is assumed not to be good enough for optical
applications, since the bottom side of a groove will have a surface roughness lower, but in the same order
of magnitude as the sidewalls of the groove, which is too high for optical applications. The Nanoscibe
has been used before at the department for embossing of small structures. The performance of the
Nanoscribe is good enough for small structures (>300x300 µm), but becomes more time consuming and
less accurate for larger structures, as in our case. Prints from the EnvisionTec have not been used
yet at the department in combination with soft embossing and little can be found about the surface
quality of the prints. However, the resolution is high enough and the process is less time- and labour
consuming then with the Nanoscribe. It is assumed that the surface roughness will be low enough to
yield transparent surfaces. Therefore the first devices will be embossed using PDMS molds, which in
their turn are produced by soft lithography on molds printed with the EnvisionTEC. If the quality is not
sufficient, soft embossing with molds directly from the Nanoscribe will be used.
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Figure 5.3: Hot embossing of a TOPAS®substrate with a layer of PEDOT. At the edge with a 90degree angle the PEDOT
is separated into two pieces. Reproduced from Kafka et al. 62 .

5.7 Electrode fabrication by hot embossing COC with a con-
ductive polymer layer

One of the requirements for the device is the possibility of performing TEER measurements. Hereto elec-
trodes need to be incorporated. As stated in chapter 4 these electrodes need to be transparent to allow
for optical imaging. In the following section it is described how the fabrication of these electrodes would
be addressed. However, these steps will not be mentioned in the project proposal, since it is assumed
that they will not fit in the timeframe of the project.

In only one of the devices discussed in section 2.2 transparent electrodes are used136. These electrodes
are fabricated by sputter coating a thin layer of gold on a glass slide. The slot for the channel goes com-
pletely through a layer of PDMS, such that one side of the channel is formed by the coated glass slide.
In section 5.3 the choice is made to construct the channels by making slots that do not run completely
through the materials, such that less bonding steps are needed.

Technique

The choice is made to use a technique that has been used at the department more often by Chang 26 ,
Fanzio et al. 4344 , either in combination with hot embossing or soft embossing. The electrodes are
produced by applying a thin layer of conductive polymer before embossing. During the embossing process
the layer of conductive polymer will be interrupted at edges with a slope above a certain degree, see fig. 5.3.
Hot embossing of a polymeric substrate with a thin film layer of conductive polymer has been done
before by Kafka et al. 62 and at the department by Chang 26 . In both studies COC is used as substrate
and the conductive polymer poly(3,4 ethylenedioxythiophene) (PEDOT). Chang 26 explains in his thesis
why the conductive polymer PEDOT is chosen in his study. For this, polypyrrole (PPy), polyaniline
(PANI) and PEDOT were compared in terms of electrical conductivity, electrochemical stability and
compatibility. In all three subjects PEDOT outperformed the other three. See Chang 26 for a discussion
on the characteristics of PPy and PANI. Below it will be clarified why PEDOT is a good material electrode
candidate.

Biocompatibility of PEDOT

Hadjizadeh and Doillon 54 give a summary of studies on biocompatibility of PEDOT: The biocompatib-
ility of PEDOT with epithelial cells36 and NIH3T3 fibroblasts78 have been shown. In vivo implantation
experiments in mice showed ’very low cytotoxicity and no inflammatory response’.78 ’Adhesion and prolif-
eration of neuronal cells on PEDOT-coated PET’ was found to be excellent18 and in vitro L929 fibroblasts
and human neuroblastoma SH-SY5Y cell cultures and in vivo mice studies with PEDOT-coated platinum
electrodes suggest that these electrodes are non-cytotoxic and induce no aberrant immunological response
compared to platinum electrodes.7
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Electrochemical stability of PEDOT

Kros et al. 68 characterised the electrochemical stability of PEDOT (and PPy) in a phosphate buffered
saline solution (PBS) with a pH of 7.4, which has the same pH of blood and osmolarity of the human
body. Over a period of two weeks no loss of DC-resistance of PEDOT was found, contrary to PPy. Using
cyclic voltammetry it was shown that PEDOT remain electrochemically stable for at least two weeks, as
opposed to PPy, which loses most of its electrochemical activity in the first day.

Conductivity of PEDOT

The conductivity of PEDOT depends on the processing method. Applying a thin film layer of PEDOT can
be done by spin coating or spraying. In the report of Kafka et al. 62 and the reports of Fanzio et al. 43 and
Fanzio et al. 44 , performed at the department, spin coating is used to produce the thin film on TOPAS®.
In order to use spincoating to apply the PEDOT layer, the PEDOT is mixed with a compound to increase
the water-solubility of PEDOT. The compound used in the work of Chang 26 , Fanzio et al. 4344 is PSS.
Mixing PEDOT with PSS results in a decreased conductivity. By using solvents with a high boiling point
in the coating solution, Louwet et al. 77 were able to produce PEDOT electrodes with a sheet resistance
of 350 Ω/cm2 and a transparency of 80% to visual light.

47



6. Project proposal
Based on the literature study in this chapter a plan is proposed for the rest of the project. In the first
place will be determined what exactly will be researched in this project by means of research questions.
Next milestones and deliverables will be determined. After that the major activities to reach the deliver-
ables and milestones are described and possible risks are evaluated. When needed, a plan B is proposed
to mitigate risks. Finally, the time needed for these activities, milestones and deliverables determined
and represented on a timeline.

6.1 Research question

The goal of this project is as follows:

To fabricate a bio-mimicking Blood-Brain Barrier on Chip device which can be efficiently
produced in large quantities.

To reach this goal the following subquestions have been defined:

• Is it possible to to recreate the mechanical factors influencing the Blood-Brain Barrier in an Organ-
on-Chip model?

• Is it possible to manufacture this BBB-on-Chip device using up-scalable methods as additive man-
ufacturing and mold replication?

• Is it possible to integrate thin membranes by sandwiching the membrane between two TOPAS
layers using thermal fusion bonding?

6.2 Milestones and deliverables

Milestones:

• Thermal fusion bonding protocol for the integration of a membrane

• Functional BBB-on-Chip

Deliverables:

• Design of the BBB-on-Chip and molds, implementing the mechanical factors influencing the Blood-
Brain Barrier

• Optimal protocols for soft lithography, substrate preparation and soft embossing for the fabrication
of the two separate layers of the device

• Optimal protocol to integrate a membrane in a TOPAS device using thermal fusion bonding

• Characterized BBB-on-Chip model

6.3 Activities and risk mitigation

To reach the set milestones and produce the deliverables a number of process steps are needed. These
processes are discussed in this section. For every process possible risks are considered and a risk mitigation
plan is written when needed. Figure 6.1 gives an overview of the processing steps.
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Figure 6.1: Process steps
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6.3.1 Design and simulation

The requirements on dimensions and fluid flow will be taken into account to design a first concept of the
BBB-on-Chip. The fabrication protocols will be optimized in order to fabricate this design. However, it
can be adjusted during the rest of the project if needed to make the production feasible or more efficient.
The design stage firstly consists of designing the BBB-on-Chip itself. Next, the soft embossing mold will
be designed by taking into account the fabrication process. Lastly, the to be printed soft lithography
mold will be designed. During the design stage the behaviour of the fluid and particles in the fluid need
to determined. This summarizes as the following actions in the design stage:

• Design passive device

• Design soft embossing mold

• Design soft lithography mold

• Simulate fluidics in the device

The risks in the design stage are not significant, since the design is not complex and the flow through
rectangular channels and diffusion and convection through membranes is well described.

6.3.2 Mold fabrication

The fabrication of the soft embossing mold consists of two steps. First a mold will be made using the
Micro Plus HiRes printer from EnvisionTEC with the material HTM140. Using this as a soft lithography
mold, the soft embossing mold will be made.

Printing mold using UV-light induced polymerization
Known Structures have been printed at the department with similar dimensions using the

same material (HTM140) and printer. The surface quality of these structures is high
at the fluid side of the structure, lower at the sides of the structure and the substrate
side.

Unknown The printed products have not been used yet to fabricate soft embossing molds out
of PDMS to emboss COC. If the surface roughness of the prints is high, the surface
roughness of the channels in COC will be high.

Risks Low:
Optical imaging becomes complicated or impossible and air bubbles might remain on
the channel walls when a medium flow is applied.

Mitigation Using the printer from Nanoscribe for mold fabrication or applying a vapor solvent
treatment on the COC product of channel fabrication to smoothen the surface.

Soft lithography of soft embossing mold
Known Soft lithography of PDMS with a HTM140 mold has been done before at the depart-

ment. There are some problems with the surface roughness of the sidewalls of the
molds, which cause the PDMS to stick to the mold.

Unknown Soft lithography in combination with a HTM140 mold has not been used yet at the
department to create standing structures in PDMS, but only for the fabrication of
channels in PDMS.

Risks Medium:
Stiction of the sidewalls when peeling off the mold could be more problematic for
standing structures than for the channels which have been produced so far. The
structures could tear.

Mitigation After printing the mold an anti-stiction coating could be applied on the mold. The
coating could be either chemically attached or applied as a layer covering the surface.
If this does not work, instead of HTM140 another material could be used to print
the mold. For example, different ABS like materials are available for the Micro Plus
Hi-Res printer.
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6.3.3 Substrate preparation

Now the mold is ready, the substrate to be embossed should be produced. The base material is a TOPAS
6015 substrate. On top of this substrate a thin layer of TOPAS 5013 is needed as for the thermal fusion
bonding step. A sacrificial layer is needed at the bottom side of the TOPAS substrate to make embossing
through holes possible. A layer of water dissolvable poly(acrylic acid) (PAA) is hereto spincoated on the
substrate. Since a layer of 2 µm maximum was reached in previous experiments at the department, a
sheet of TOPAS is attached to this PAA layer to make sure the total sacrificial layer is thick enough
to create through holes. Adhering a sheet of TOPAS to the PAA layer brings an insignificant risk and
will therefore not be discussed. Next to the adhering of a TOPAS sheet to the PAA layer the substrate
preparation step consists thus of the following actions:

Spincoating PAA on TOPAS 6015
Known Based on protocols in a publication of Linder et al. 74 the following protocol was used

at the department before:
- PAA is used as sacrificial layer for soft embossing in TOPAS 5013 with a layer of
PEDOT. Hereto PAA in powder form is mixed in DI water in a ratio of 3g:10 ml in a
falcon tube and shaked until completely dissolved.
- The TOPAS 5013 substrate is treated with oxygen plasma for 30 second at 60
Watt. The solution is spin coated on TOPAS for 15 second at 3000 rpm
- The substrate with PAA layer is placed in an oven for 20 minute at 70 ◦C to harden
the PAA.

Unknown In our case TOPAS 6015 will be used as substrate instead of TOPAS 5013. To begin
with, the same procedure will be used. The oxygen plasma treatment might have to
be altered since a different TOPAS grade is used.

Risks Low:
It is very unlikely that the procedure will be complicated a lot only by changing the
TOPAS grade. The risks in this fabrication step are therefore low and a risk mitigation
plan is not needed.

Spincoating 3-5 µm TOPAS 5013 on TOPAS 6015
Known Steigert et al. 118 spin coated a 3-5 µm thick layer of TOPAS 8007 on a 500 µm thick

TOPAS 6013 foil by dissolving 5% wt in toluene and spinning at 5000 rpm. The
composite was annealed for 1 h at 75 ° to drive out the remaining solvent.
Bundgaard 23 reports the use of sec-butyl benzene instead of toluene as solvent, which
has a higher boiling point, thus evaporating slower, but similar chemical structure.
They found that toluene evaporated too quickly and resulted in inhomogeneities, which
they account for by the fact that ’the evaporation from thin film areas takes place more
rapidly than from thicker areas. The thin areas become gel-like and the liquid can not
flow to level out, leaving thicker areas confined.’
The thickness (T) of a spin coated layer depends on the concentration (C) of the
polymer in solvent (g/100 ml), the intrinsic viscosity (η) of the polymer, the rotational
speed (ω in rpm) and some constants (α, β, γ, K) and can be calculated according to
the empirical relation until the point centripetal forces exceed the surface tension at
the edges:79

T = K · Cβ · ηγ

ωα
(6.1)

However, the solvent mixture will cause swelling of the substrate and affect the obtained
layer thickness. Bundgaard 23 performed experiments with TOPAS 8007 solved in
sec-butyl benzene and found an empirical relation for the layer thickness of TOPAS
8007 on a TOPAS substrate for a wt% of 10-30:
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T (C, ω) = 9.88 · C3.78

ω0.740 − 165 (6.2)

This expression gives a negative layer thickness for a 5wt% solution, but fits the ex-
perimental data of the other solutions well.

Unknown In our case the TOPAS 6013 foil in the report of Steigert et al. 118 is replaced by a
TOPAS 6015 substrate and a bonding layer of TOPAS 5013 instead of TOPAS 8007.
An empirical relation for layer thickness or a published procedure on spin coating
TOPAS 5013 has not been found.

Risks Low:
The solvent in the solution attacks the substrate. Bundgaard 23 writes that the solu-
tions therefore needs to be applied to the substrate all at once, while spinning, in a
continuous flow. In this way isolated drops are avoided, which would penetrate deeper
into the substrate and cause a non-uniform layer.
At the department typically toluene has been used to dissolve TOPAS, this would
therefore be the solvent of choice. However, although Steigert et al. 118 were able to
use toluene as solvent to spin coat the TOPAS 8007, Bundgaard 23 reports the toluene
evaporated to quick to obtain homogeneous layers of TOPAS 8007. Therefore there is
a chance a different solvent than toluene needs to be used. This will only bring a small
risk, since Bundgaard 23 succesfully used a different solvent, sec-butyl benzene.
Since different TOPAS grades are used than the ones used before in literature, the
optimum procedures will most likely differ from the ones in literature.

Mitigation Since experience is at the department, at first it will be attempted to spin coat TOPAS
5013 dissolved in toluene. The same procedure will be used as Steigert et al. 118

used at first and will be adapted during experiments. If toluene indeed appears to
evaporate too quick, sec-butyl benzene or another non-polar solvent with a higher
boiling temperature could be used.

6.3.4 Soft embossing

Using the soft PDMS mold fabricated in section 6.3.2 the substrate obtained from the step in section 6.3.3
can be embossed. Some experience is already present at the department and in literature some studies
can be found on soft embossing TOPAS. However, different TOPAS grades are used and different feature
sizes are fabricated, which leads to medium-high risks:

Soft embossing in TOPAS 6015 with thermal bonding- and sacrificial layers
Known Soft embossing in COC with a PDMS mold has been done before by Lee et al. 71 ,

Narasimhan and Papautsky 89 , Fanzio et al. 43 . Narasimhan and Papautsky 89 pro-
duced 1 mm wide and 110 µm deep channels in PMMA using a PDMS mold. A force
of 4.5 kN and an embossing temperature of 147 ◦C, 40 ◦C above the Tg, was used.
PMMA has a similar density and Young’s modulus, see table 6.1, so the applied force
needs to be in the same order for COC as for PMMA. The embossing temperature will
be higher because of the higher Tg of TOPAS.
Lee et al. 71 were able to produce channels of 100 µm wide and 40 µm deep in TO-
PAS 5013 and found that a lower force, complying with the fact that the density of
COC is lower than that of PMMA. This also implies that in COC a larger area could
be embossed than in PMMA. Lee et al. 71 used a force in the range 2.4-4.5 kN and
reported that for channels wider than 100 µm only a small force dependence of the
replication accuracy was found. The lowest embossing temperature tested was 165 ◦C
and appeared to be sufficiently high for 100 µm wide channels.
Applying the right force is important, since if the force will be too high, the PDMS
molds gets compressed and replication accuracy decreases. If the force is too low, mold
features will not penetrate the COC substrate.
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Table 6.1: Mechanical properties of PMMA and COC. Adapted from Lee et al. 71

PMMA COC
Density (g/m3) 1.17-1.20 1.02
Youngs Modulus Gpa 2.2-3.1 3.1
Thermal Expansion Coefficient at 25◦C (10−6K−1) 20-30 < Tg, 60 > Tg 60
Thermal Conductivity( W/m K) 0.193 -
Tensile strength (Mpa) 48-76 66
Poissons Ratio 0.35 -
Refractive Index 1.49 1.53

Jena et al. 59 obtained excellent replication results by hot embossing 100 µm wide, 60
µm deep channels in COC using a silicon mold at 2.94 kN, 170◦C and 180 s.
Since manufacturing channels of 1 mm wide and 110 µm deep was shown to be suc-
cessful in PMMA and 100 µm wide and 40 µm deep channels in TOPAS 5013 using
PDMS molds, it is expected that embossing the 500 - 1000 µm wide, 100 µm deep
channels of the BBB-on-Chip device will be possible in COC 6015 by using higher
embossing temperatures. This temperature will be higher for soft embossing than for
hot embossing, so a temperature above 170◦C will be needed, as used by Jena et al. 59 .
Lee et al. 70 fabricated 20 µm thick structures with an aspect ration of 2.00, but with
high replication errors (∼17.0 % change in width). These replication errors appeared to
become higher with decreasing structure thickness. The microfluidic inlets and outlets
will be manufactured by soft embossing through holes, with aspect ratios depending
on the thickness of the TOPAS substrate.

Unknown The process parameters needed to soft emboss TOPAS 6015 with a PDMS mold are
not known. Publications on soft embossing through-holes have not been found.

Risks Medium-high:
Fabricating through holes during embossing will be difficult if high aspect ratios need
to be reached. The elastic PDMS could buckle or bend during the embossing process.
Furthermore, the volume that needs to be displaced to create the through-holes is quite
large. It could be difficult to apply enough force to displace all this volume without
compressing or tearing the PDMS mold.

Mitigation It was shown that wide channels with low aspect ratios and small structures with
aspect ratios up to 2.0, if a lower accuracy is allowed, can be fabricated. Replication
errors decrease with increasing feature size. Since the diameter of the through-holes
can be as large as the channel width, the feature size can be as large as 500 - 1000 µm.
If through-holes will only be fabricated in the top layer, this layer can be very thin,
for example 300 µm. Stiffness can then be obtained from a thick bottom layer which
does not need through-holes.
If the volume to be displaced appears to large, the through-holes could be fabricated
by milling.

6.3.5 Thermal fusion bonding

The embossed TOPAS substrates now need to be bonded while sandwiching a PC membrane. This will
be done by using thermal fusion bonding. In this process different parts are pressed together under a
determined force and heated to above the Tg of the to be bonded material.

Thermal fusion bonding
Known Thermal fusion bonding brings along the risk of channel deformation, since the poly-

mers have to be heated above the glass temperature to induce bonding. However, a
method published by ? will be used were the bonding is accomplished by heating a
layer of TOPAS with a lower Tg than that of the TOPAS layer in which the channel
is fabricated. In this way channel deformation will be limited.
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The protocol publised by Steigert et al. 118 can be used as a base and is as follows:
- A TOPAS 5013 substrate with a microstructured channel is pressed on a TOPAS
6013 foil with a 3-5 µm thick TOPAS 8007 layer in a lamination machine.
- The two cylinders in the lamination machine are pressed together with a force of 5
bar and heated to 120 °.
A sealed cavity with a diameter of 2 mm was tested to withstand 4 bar, which is high
enough for the BBB-on-Chip device. The channel geometry was not affected.

Unknown In our case a permeable polycarbonate membrane will be sandwiched between the two
substrates with respectively the blood and brain channel and bonded to the TOPAS
substrate by thermal fusion bonding. This has not been done before.

Risks High risk:
No experience at the department is present in thermal fusion bonding, but procedures
are found in literature for thermal fusion bonding TOPAS.
The assembly is heated above the Tg of TOPAS 5013, so the bonding layer melts. If
the bonding force and temperature are high enough the TOPAS 5013 could flow into
the channels and clogg the channels and membrane.
It is possible that a strong bond will not be formed between TOPAS and polycarbonate.

Mitigation Clogging of the channels or membrane can be avoided by optimizing the bonding
parameters. In the case the polycarbonate and TOPAS do not bond firmly, a TOPAS
membrane could be used instead.

6.3.6 Characterization

In the characterization step the performance of the BBB-on-Chip device is determined. One important
parameter is the wall shear stress exerted on the permeable membrane, where later endothelial cells will
be cultured. The shear stress could be influenced by the surface roughness of the channels and membrane
and by the edges of the membrane. To validate the shear stress calculation, the velocity profile in the
channels will be visualised. The maximum hydrostatic pressure that can be withstood before leakage will
be determined and transport of the nano-carriers across the permeable membrane will be evaluated. The
usabilty of the device in terms of imaging is determined by imaging the membrane on luminal side and
the brain channel at the location of the glioblastoma spheroid.
Imaging and applying pressure to the blood channel are both simple tests and do not need risk mitigation
plans.

Flow characterization and permeability of the membrane
Known Babetski Holton et al. 8 visualised the flow through their micorfluidic channels by

injecting fluorescently conjucated beads (Molecular Probes® FluoSpheres® beads, Life
Technologies) in the channels. A concentration of 1 × 106 beads/mL was diluted in
phosphate buffer and perfused through the microfluidic channel by using a peristaltic
pump. The channel is 10 mm long, 600 µm wide and 125 µm in height. The flow
was then visualised by recording the fluorecently conjucated beads with a fluorescence
microscope. By using a long exposure time the velocity of the beads can be determined.
The fluorescently labeled nano-carriers can be used both to visualize the flow inside
the device and to test the permeability of the membrane to the nano-carriers. The flow
will be visualised and velocity calculated as described by Babetski Holton et al. 8 . The
permeability can be measured by adding a known concentration of nano-carriers to the
input of the blood channel and perfusing the solution through the blood channel. The
solution is collected from the output of the blood channel and after the experiment the
medium from the brain channel is collected as well. The concentration of nano-carriers
in the fluids can than be determined using a fluorimeter.

Unknown The tendency of the nano-carriers to clogg the membrane is unknown, but assumed
to be low since the nano-carriers are hydrophilic and small compared to the pore
diameters.
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Risks Low risk:
The nano-carriers could clogg the membrane, but the chance is small.

Mitigation At the moment a research project is being performed at the department on preventing
membrane fouling. If clogging of the membrane by the nano-carriers appears to be
a problem the knowledge acquired in the membrane fouling project could be used to
avoid fouling in the BBB-on-Chip project.

6.4 Timeline

To conclude this chapter the milestones, deliverables and activities are represented on a timeline. The red
line defines the estimated time needed per activity. The coloured bars indicate the maximum scheduled
time per activity, which should preferably not be exceeded to make sure the project will be finished within
50 ECTS.

Figure 6.2: Timeline of the design, fabrication and characterization processes, with deliverables in green and milestones in
blue.
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B
Procedures

All procedures used in this thesis are documented in this appendix. Procedures that can not be found elsewhere
in e.g. a manual are documented step by step, for other procedures the reader is referred to the source.

B.1. Mold fabrication
3D printed mold
A positive mold is fabricated out of a negative photoresist (HTM140 M V2, Envisiontec) using the Micro Plus
Hi-Res printer from EnvisionTEC, which makes use of UV photopolymerization. The resolution in the xy-plane
is 30 µm, in z direction 25. Around the mold a container is printed, such that the mold can be used for soft
lithography directly.

Printing and curing is performed following the operation manual from the department. Particularities are
noted below:

The printed layers are produced by curing a resin through UV exposure in the x-y-plane from below. The
cured material is then lifted in z-direction to let in new resin and pushed back to touch the bottom of the resin
container again, such that the next layer can be cured from below. The open side of the container is facing
down during printing, to avoid trapping of liquid resin by the up and down movements during printing, see
figure B.1. Trapped air can escape via holes in the walls of the container. See Appendix E.2 for a drawing of the
printed part.

At the beginning of the project the Envisiontec printer was new and the mold could be printed horizontally
without any problems. However, with time the prints seemed to cure to a lesser degree. The mold would bend
under the weight of the resin which flows between the support structure between every step. To avoid this
bending the bottom of the mold is tilted, see Figure B.3.

After printing and before curing in the UV curing machine, the print is sandwiched between two micro-
scope slides. The two slides are taped together to apply stress. The print is cured in the UV curing machine
in between the microscope slides. This prevents the print from warping, see Figure B.2, during the curing
process.

Figure B.1: Direction of writing and movement during printing of the mold.
Holes for air escape in light grey.

Figure B.2: HTM140 warps if not fixed straight during UV curing

Figure B.3: Model of the printed mold. The bottom is
tilted with 15o to advance drainage of the resin to the
side.
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PDMS mold
After the positive mold has been produced the PDMS mold is fabricated. Base and curing agent are mixed in a
5:1 ratio (SYLGARD™ 184, Dow), poured in the HTM140M molds, degassed and cured overnight at 60 ◦C. The
cured PDMS molds are released using a scalpel and 99.9% ethanol, dried and stored between Scotch tape.

B.2. Spin coating
In this section first the preparation of the spin coating solutions is described and next the spin coating
procedure itself. Some substrates are sputter coated before spin coating, the sputter coating procedure is
described next. Lastly the reflectance of the sputter coated layer is approximated, to determine the visibility of
this layer using white light interferometry after spin coating.

B.2.1. Spin coating solution
In the spin coating experiments different solvents and weight percentages are used for the spin coating solution.
The preparation of these spin coating solutions are described below. The solvents and weight percentages
used are given in Table B.1.

Note: Toluene and sec-butylbenzene are both strong solvents. Take care when selecting lab ware, since
many plastics are not resistant to these solvents.

Materials
Chemicals

1. TOPAS® 5013 granulate
2. Solvent: toluene ≥99.8% or sec-butylbenzene ≥99%
3. Liquinox 1%
4. Isopropanol ≥99.9%
5. Deionized water

Equipment
1. Pipetting balloon
2. Precision balance
3. Balance
4. Orbital shaker

Glass ware
1. Glass bottle with a PTFE cap or a PTFE film to line the inside of the cap, to prevent interaction between

cap and solvent.
2. Small beaker
3. Disposable glass pipette of 5 ml

Consumables
1. Small funnel
2. Pipette tip
3. Aluminium foil

Procedure
Cleaning

1. Clean the glass bottle, beaker and a glass pipette using Liquinox, DI water and isopropanol consecutively.
Let evaporate until completely dry.

2. Clean TOPAS granulate in a clean glass bottle consecutively with Liquinox and isopropanol in an ultra-
sound bath for 15 and 10 minutes respectively. Rinse with DI water after both cleaning steps. Drain and
dry using a clean, dry airstream. Let evaporate in an oven at elevated temperature to dry the granulate
completely.

Weighing
The weight percentages of the solutions used are listed in Table B.1.

1. Weigh the TOPAS granulate on the precision balance in a cup folded from aluminium foil
2. Pour approximately the corresponding weight of solvent in the cleaned beaker glass using the balance in

the fume hood.
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Table B.1: Solvent and weight percentages of the solutions used for spin coating

Solvent Weight percentage (wt%)

Toluene ≥99.8% 12.5
20.0

Sec-butylbenzene ≥99% 15.0
25.0

3. Place the glass bottle on the balance in the fume hood and transfer the precise amount of solvent from
the beaker to the glass bottle using the glass pipette.

Mixing
1. Using a funnel or folded piece of weighing paper, add the TOPAS granulate slowly to the glass bottle with

the solvent while shaking the bottel carefully to prevent the granulates from clumping together. Close
the bottle with the PTFE cap or PTFE lined cap.

2. Leave the glass bottle on an orbital shaker until the granulate is completely dissolved. Depending on the
solvent, weight percentage and degree of clumping of the granulates in the previous step, this could take
a couple of hours to days.

3. Store the solution in a lab-safe refrigerator.

B.2.2. Spincoating
The programs as entered in the spin coater and as used for the spin coating experiments are given in Table B.2.
The steps taken in the preparation and execution of the spin coating experiments follow below.

Table B.2: Spin coating program used in spin coating experiments 1-5. All spin coating parameters are kept constant as indicated in this
table, except for the spin speed in step 1, ω1, which is varied between 1000 and 5000 rpm. To obtain the desired 10 µm layer thickness the
spin speed of the first step is set to ω1 2355 rpm and a solution of 15.0 wt% of TOPAS® in sec-butylbenzene is used.

spin speed acceleration time
(rpm) (rpm/s) (s)

Step 1 1000-5000 250 50
Step 2 100 250 30

Materials
Substrates
One of the following substrate materials:

• TOPAS 6015 sheet, t =1.0 mm
• Glass microscope slides, 26x76x1 mm
• Glass petridishes, ø54 mm

Chemicals
1. Spin coating solution as produced in Appendix B.2.1
2. Solvent: toluene ≥99.8% or sec-butylbenzene ≥99%, choose the same as used for the spin coating

solution
3. Liquinox 1%
4. Isopropanol ≥99.9%
5. Deionized water

Equipment
1. Lab support stand
2. Spin coater (Polos spin150i)
3. Pipettor 100-1000 µl
4. Metal ruler
5. Razor blade
6. Glass cutter
7. Marker pen
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8. Tweezers
Glass ware

1. 2 glass bottles
2. Small beaker or petridish
3. Large petridish
4. Disposable glass pipette of 5 ml

Consumables
1. Pipetting tip 1 ml
2. Syringe 20 ml
3. Duct tape
4. PET process chamber liner set for spin coater
5. Double sided tape
6. Aluminium foil

Procedures
Prepare substrates

1. When needed, cut substrates to size using the glass cutter (glass substrates) or the razor blade (TOPAS
substrates) and the ruler.

2. Clean the glass substrates: Place the substrates in a holder in a beaker that keeps the individual substrates
separated. Clean consecutively with Liquinox and isopropanol in an ultrasonic bath for respectively 15
and 10 minutes. Drain, and rinse with DI water after both cleaning steps and switch. Use a second beaker
to facilitate draining and rinsing. Let evaporate (to speed up the process in an oven) until completely dry.

3. Store in clean and closed petridish.

Prepare equipment
1. Clean two glass bottles and the glass pipette, using Liquinox, DI water and isopropanol consecutively

and dry.
2. Add DI water to a clean small petridish. Using a pipettor and the DI water measure 3 ml with step of 0.5

ml on the glass pipette with a marker pen.
3. Attach a 20 ml syringe to the glass pipette, using duct tape to seal properly.
4. Cover the insides of a PET process chamber liner set from the spin coater with aluminium foil using

double sided tape.
5. Cover the two chucks with aluminium foil. Remove foil covering the O-rings.
6. Cover the chuck holder with a ’skirt’ of aluminium foil such that it can still rotate.
7. Assemble all parts of the spin coater while making sure that all part exposed to the spin coating solution

during spin coating are covered with aluminium foil.
8. Add a slightly larger amount of spin coating solution than needed for spin coating to one of the glass

bottles.
9. Add approximately 50 ml of solvent to the second glass bottle.

10. Cover the glass bottles with aluminium foil and punch a hole for the glass pipette.
11. Place the spin coater, air outlet of the vacuum pump, lab stand, the two glass bottles in the fume hood.

Hang the pipette with syringe in the lab stand such that it hangs just above the fluids in the glass bottles.

Spin coating
1. Place a sample in the center of the vacuum chuck using tweezers. In case of TOPAS samples: remove

protective foil first.
2. Apply vacuum
3. Using the glass pipette and syringe apply 0.5 - 1.5 ml solution to the substrate while spreading the

solution evenly over the surface of the substrate. Prevent the ejection of air bubbles.
4. Close the lid of the spin coater promptly and start the spin coating program.
5. Empty the glass pipette in the glass bottle with the solution. Rinse the pipette with solvent from the

second glass bottle and empty meticulously to ensure a constant weight percentage.
6. Remove the sample using tweezers and place in an aluminium foil covered large petridish in the fume

hood.
7. Repeat step 1-6 for the next samples.
8. Let the samples evaporate in the fume hood for 3 days.
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Cleaning
Remove the liners and aluminium foil directly form the spin coater to prevent the solvent to damage the spin
coater. Let the liners and aluminium foil evaporate in the fume hood.

B.2.3. Sputter coating
The sputter coating procedure is performed using PDMS masks. The PDMS masks are cut from a sheet of
PDMS produced by pouring a layer of PDMS (SYLGARD™ 184, Dow, 10:1 mixing ratio) of about 0.5 mm in a
clean petridish (PS, ø180 mm). The masks, see Figure B.4, are cut using a scalpel for the straight edges and a
needle (Microlance 1.2x40 mm) for the dot shape.

Materials
1. Substrates (36x15x1 mm)
2. 4 PDMS masks
3. Scotch tape
4. Sputter coater

Figure B.4: PDMS mask for sputter coating (37x16mm)

Procedure
1. Remove protecting foil from 4
2. Clean PDMS masks using Scotch tape if necessary
3. Cover all 4 substrates with a PDMS mask
4. Place the substrates with PDMS masks in the sputter coater ordered in a rosette
5. Sputter coat the substrates according to the manual from the sputter coater for 180 s at 25 mA with the

Au/Pd target
6. Repeat until the desired amount of substrates is sputter coated

B.2.4. Thin film reflectance
Reflectance due to thin film interactions of the combination of thin films of TOPAS®and gold or palladium is
calculated using the Spectral Reflectance Calculator from Filmetrics[19], which uses calculations based on the
complex-matrix form of the Fresnel equations. The entries used in the calculator are given in table B.3 and
table B.4. At λ= 550nm a reflectance of 0.832 and 0.059 is found when using respectively gold and palladium
as second layer material.

Table B.3: Layer build-up entered in the Spectral Re-
flectance Calculator of Filmetrics[19]

Material type Thickness (µm)

Medium Air
Layer 1 TOPAS 10
Layer 2 Au or Pd 0.1

Substrate TOPAS

Table B.4: Reflective indices selected or
entered in the Spectral Reflectance Cal-
culator of filmetrics [19]. For Pd and
TOPAS® n(550 nm) is used.

Reflective index

Air from calculator
Au from calculator
Pd 1.6175

TOPAS® 1.53

B.3. Soft embossing
The steps to be taken to perform the soft embossing experiments is described in the procedure below. The em-
bossing process itself is described in Table B.6 and Figure B.5. The parameters used in the different embossing
experiments with the PDMS mold are given in Table B.5.

Materials
1. TOPAS 6015 substrates (36x15x1 mm)
2. PDMS mold
3. Kapton foil (≈45x120 mm)
4. Wafer tweezers
5. Scotch tape
6. Clean room wipes



136 B. Procedures

7. Isopropanol ≥99.9%
8. PreheatPress.vi
9. EmbossingProcess.vi

10. Hand press with connected thermocouples, fan, DAQ device and computer

Procedure
Preparation

1. Open EmbossingProcess.vi and set the desired temperatures and times in the embossing process.
2. Preheat the press to the desired starting temperature using PreheatPress.vi.

Embossing process

1. Clean the Kapton foil with isopropanol and a clean room wipe if necessary and fold in half along the
short axis.

2. Clean the PDMS mold by applying Scotch tape, picking up dust, and removing the tape again.
3. Remove the protecting foil from both sides of one substrate.
4. Place the PDMS mold on top of the substrate with the features facing the substrate and place in between

the folded Kapton foil.
5. Using tweezers place the package in the press with the substrate facing down and the fold in the Kapton

foil facing backwards. Apply a minimum compression force to hold the package in place.
6. Stop PreheatPress.vi and run EmbossingProcess.vi to start the embossing process (or click continue in

EmbossingProcess.vi after the first experiment.)
7. Wait until the press is heated to the molding temperature, indicated by a single beep and the burning

red ’Molding’ sign in the VI.
8. Apply the molding force by screwing down the sliding plate until the deflection (indicated by the caliper)

corresponding to the desired molding force is reached. Apply the force slowly and smoothly, avoiding
any jerk.

9. Wait until the molding step and cooling step are finished, indicated by two beeps and the burning green
’Waiting’ sign in the VI.

10. Slowly remove the compression force and remove the package of foil, mold and substrate using tweezers.
Separate mold from substrate and store the embossed substrate.

11. Repeat step 1-11 until finished.

Figure B.5: Schematic of temperature (red) and force (green) during embossing as a
function of time.

Set te Te Fe Mold
(min) (◦C) (N)

1 10 170 400 C
2 10 175 400 B
3 10 180 400 B
4 20 175 200 A
5 10 175 200 A

Table B.5: Embossing parameters used per sam-
ple set, with te = t3 - t2
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Table B.6: Description of the embossing process

t T F Actions

t0 Td 0

Mold and substrate are aligned by hand and placed on
the bottom plate with the substrate facing down.
A small holding force Fh is applied to hold mold and substrate in place.

t1 Td Fh Mold and substrate are heated to embossing temperature Te .
t2 Te Fe Embossing force Fe is applied.
t3 Te Fe Mold and substrate are cooled down to demolding temperature Td .

t4 Td 0

Substrate and mold are removed from the press and separated from each other.
The temperature of the substrate drops quickly to room temperature,
since it is not in contact any more with a heated element.

B.4. Benchtop press
Working drawings of the hand press are given in Appendix E. Particularities for the fabrication of the individual
parts are given below:

B.4.1. Machining of the separate parts
1. Mill the four stainless steel plates (parts 1, 2, 14 and 22) to size in length and width, preferably all at the

same time while clamped together.
2. Flatten one side of the large surfaces of the stainless steel plates to size. Make multiple strokes with a

relatively small mill, such that any error in the vertical alignment of the milling head are minimized.
3. Mill the stainless steel plates to size in thickness one at a time, again using multiple strokes with a small

mill. Keep the workpiece clamped and drill the holes. In this way the axis of the hole and the surface
will be as close to perpendicular as the alignment of the milling machine allows. For the two plates
sandwiching the substrates, the last surface to be face milled are the ones in contact with the substrate.
For the top and spring plate it is not important which surface is face milled last, but it is chosen to take
the bottom surface and top surface respectively.

4. Machine the bushes for the sliding axis (parts 5 and 9).
5. Press the bushes in place, to make sure these do not stick out of the surface in the final product after

sanding and polishing.
6. Sand and polish the surfaces in contact with the substrates, since the surface profile will be transmitted

to the substrates.
7. Protect the surfaces from dust, chemicals and fingerprints to avoid scratching and etching.

B.4.2. Assembly of the parts
1. Assemble parts 15 and 16 by welding
2. Assemble parts 1, 14 and 7 and drill the dowel holes through parts 1 and 7, and 14 and 7.
3. Pressed all bushes into place, use a hand press for parts 5 and 9 when necessary.
4. Assemble parts 1, 5, 7-9, 11, 13-19 and 20 and drill the dowel hole trough parts 8 and 15, and 20 and 15.
5. Assemble parts 1-20 22, and 24-26 and clamp the assembly in a milling machine to drill the dowel

holes and the holes for caliper attachment. The holes in the caliper are drilled separately in a milling
machine and drilled larger than the bolts that will be used to attach the caliper, to allow for some play
and circumvent minor misalignment of the plates, which would block the caliper.

6. Disassemble the press and deburr all holes drilles in steps 2-5.
7. Assembly parts 1-27. The plates will most probably not slide smoothly along the axes right away, some

misalignment is inevitable. Sliding the plates a few hundred times up and down will wear out the bronze
bushes and make the sliding smoother. Alignment of the four plates would be better if all holes would be
drilled simultaneously while clamping the plates togheter. However, in this way is would not be possible
to reach as much perpendicularity between the sandwiching surfaces and the axes.

B.4.3. Calibration of force control
Equipment

1. Hand press with connected thermocouples and DAQ device
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2. Futek LCM300 loadcell 2 kN
3. Strain gauge analogue signal conditioner CPJ
4. Computer to run LabView
5. Force Displacement Temperature.vi
6. 2 pieces of flattened steel (30x50x10 mm) with a perpendicular, tapped hole in the center (M6x1)
7. 2 strips of rubber (≈ 40x50x1 mm) resistant to a maximum temperature of 80 ◦C

Procedure
1. Screw the pieces of steel on the load cell, avoiding contact between the steel and the large cylinder of the

load cell.
2. Cover the bottom and sliding plate of the press with the strips of rubber and place the load cell in

between.
3. Connect the load cell, strain gauge conditioner, DAQ device and connection of the hand press and run

the VI.
4. Tighten the hand press and save the deflection indicated by the caliper for three different loads equally

spaced along the working range of the spring.
5. Completely unscrew the press and move the spring around to simulate interchanging the spring.
6. Repeat step 4-5 two times
7. Repeat step 4-6 at 45◦C and 70◦C by setting the desired temperature in the VI.

B.4.4. Calibration of temperature control
Determination of Kc , Ti and Td

Materials

1. Hand press with connected thermocouples, fan, DAQ device and computer
2. StepResponse.vi
3. PreHeat.vi
4. Substrate
5. Piece of PDMS simulating mold

Procedure
Tuning Kc , Ti and Td

1. Open StepResponse.vi
2. Set Tmax heater, the maximum temperature of the heater, to 200 ◦C.
3. Set PWM duty cycle to 0.05 for a duty cycle of 5%.
4. Place a substrate on the bottom plate and the PDMS on top of the substrate
5. Apply a force in the order of magnitude of the force that will be used in the experiments for which the

press is calibrated
6. Run StepResponse.vi
7. Click Stop heater and Stop program when the temperature chart clearly shows that the slope of the

temperature deflects again.
8. Determine Kc , Ti and Td for PID control as indicated in Figure B.6 and Table B.7 and as explained by [3]
9. Fine-tune Kc , Ti and Td further if necessary.

Filling out look-up table

1. Open PreHeat.vi and set the PID Gains as determined in step 6
2. Run PreHeat.vi and change the Set point to a temperature which is going to be used as set point in the

embossing process
3. Wait until the temperature is settled. Note the value of uI . Add the set point and corresponding value for

uI in the look-up table.
4. Repeat for all temperatures settings needed in the embossing process. Skip temperatures that vary less

than 10 ◦C from previous examined values since adding will not increase the settling time significantly.

B.4.5. Emissivity of Kapton foil
The emissivity of Kapton foil is needed to obtain accurate temperature measurements with a heat camera,
FLIR E75 from FLIR®. The emissivity of Kapton foil could not be found in literature and is therefore, based on
the FLIR E75 manual[71], determined as follows:

1. The reflected apparent temperature is determined by placing crumpled aluminium foil on top of the
bottom embossing plate of the press, while the emissivity is set to ε= 1.0.
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Figure B.6: Extracting the parameters L (here Tdel ), the delay time
of the system, and a from the step response to obtain good starting
values for the PID parameters. The circle indicates the point of
inflection, with the tangent line in red. Figure reproduced from
[3].

Controller Kc Ti Td

P
1

a

PI
0.9

a
3L

PID
1.2

a
2L 0.5L

Table B.7: PID parameters obtained with the Ziegler-Nichols step
response method. Table modified from Åström and Murray [3].

2. The bottom embossing plate is masked with Kapton foil and partly with electrical tape with a known
emissivity of ε= 0.97.

3. The embossing plate is heated to T ≈ 50 ◦C.
4. The average temperature of the area covered with electrical tape is measured with the settings ε= 0.97

and the reflected temperature as mesaured in step 1.
5. The average temperature of the area with Kapton foil is measured. The reflected temperature is kept

constant at the measured temperature in step 1. The emissivity is adjusted until the average temperature
of the Kapton foil equals the measured temperature of the electrical tape in step 4.

6. Repeat step 2-5 but now switch the location of the electrical tape to cancel out differences in temperature
and reflections between the two locations.

7. Average the emissivities found in step 5. and 6.





C
LabView control layout

Temperature control of the hand press is implemented using LabView. The graphical user interface and the
block diagrams of the program used to control the temperature during a series of embossing experiments is
shown in figures C.1 to C.6.

141
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Figure C.1: GUI. The programs runs through the listed set points from top to bottom starting with the left column. Per row the hold time of
the set points can be set in the column Hold time (min). The bottom set point is held until the button continue is clicked to proceed with
the next column.
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Figure C.2: Frame 0/2 and 2/2 of the program.
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Figure C.3: While loop 1 in frame 1/2 of the program in which temperature is measured and the PWM duty cycle and fan activity is
determined.
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Figure C.4: While loop 2 and 3 in frame 1/2 of the program in which the process steps are respectively timed and displayed.
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Figure C.5: PID controller adapted from the standard PID controller from LabView. False cases are shown in figure C.6.
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Figure C.6: Details of the PID controller. A. Loop cycle time determination (unaltered from the standard LabView PID controller) B.
Derivative control (unaltered from the standard LabView PID controller). C. Reset integral control to uI = f (set poi nt ) from the lookup
table when the error is larger than the set value. D. Integral control





D
Measurement data

D.1. Calibration of embossing tool

D.1.1. Force calibration using torque wrench

In the first attempt to control the compression force a torque wrench was used. The torque wrench used can
be set with steps of minimally 0.1 Nm. During calibration the accuracy and precision of this method appeared
insufficient, see Figure D.1.
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Figure D.1: Measured compression force for applied torque. Two series of increasing torque values are measured and partly a decreasing
torque value.

D.1.2. Calibration of blue spring before and after experiments

The blue spring is used in the embossing press during the embossing experiments with the PMDS mold and
MD700 mold. The embossing press in combination with the blue spring is calibrated before and after the
experiments to ensure constant behaviour of the combination. No significant changes were observed, see
Figure D.2 for the results.
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Figure D.2: Calibration results for the blue spring before and after all embossing experiments reported in the paper. The linear fit and the
95% prediction interval for new observations is plotted for both calibration series. At a small, medium and large indentation of the spring
and at three different temperatures (room temperature, 45◦C and 60◦C) three measurements are taken per calibration series, resulting in
27 measurement points per calibration series.

D.1.3. Emissivity of Kapton foil

Table D.1: Determination of the emissivity of Kapton foil. See Appendix B.4.5 for the procedure followed to obtain these values.

Measurement Telectrical tape TKapton foil ε setting
(◦C) (◦C) (-)

1 a 48.6±0.4 0.970
1 b 48.6±0.3 0.935
2 a 48.8±0.2 0.970
2 b 48.8±0.2 0.915

D.2. Substrate preparation
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(a) 12.5 % Topas 5013 in Toluene, ω1=
3900 rpm, α1= 250 rpm/s, t = 50 s,
long waiting time between dispense
and first spincoating step

(b) 20 % Topas 5013 in Toluene, ω1=
3900 rpm, α1= 250 rpm/s, t = 50 s

(c) 12.5 % Topas 5013 in Toluene, ω1=
3900 rpm, α1= 250 rpm/s, t = 50 s

(d) 12.5 % Topas 5013 in Toluene, ω1=
100 rpm, α1= 20 rpm/s, t =50 s

(e) 12.5 % Topas 5013 in Toluene, ω1=
5000 rpm, α1= 400 rpm/s, t = 50 s

(f) 12.5 % Topas 5013 in Toluene, ω1=
3900 rpm, α1= 250 rpm/s, t = 50 s

(g) 12.5 % Topas 5013 in Toluene, ω1=
3000 rpm, α1= 250 rpm/s, t = 50 s

(h) 12.5 % Topas 5013 in Toluene, ω1=
2000 rpm, α1= 250 rpm/s, t = 50 s

(i) 12.5 % Topas 5013 in Toluene, ω1=
2000 rpm, α1= 100 rpm/s, t = 50 s

Figure D.3: Spincoating results of dissolved Topas 5013 in toluene. Along the center of the petridish the Topas film is scratched away to
allow for thickness measurements. Speed and acceleration of the first spincoating step and weight percentage of the solution have been
varied. The second spincoating step has been kept constant at ω2= 100 rpm and α2= 250 rpm/s
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(a) ω1= 1000 rpm (b) ω1= 1000 rpm (c) ω1= 1000 rpm

(d) ω1= 1000 rpm (e) ω1= 3000 rpm (f) ω1= 3000 rpm

(g) ω1= 3000 rpm (h) ω1= 3000 rpm (i) ω1= 3000 rpm

(j) ω1= 3000 rpm (k) ω1= 3000 rpm (l) ω1= 5000 rpm

(m) ω1= 5000 rpm (n) ω1= 5000 rpm (o) ω1= 5000 rpm

(p) ω1= 5000 rpm

Figure D.4: Spincoating results of dissolved 25wt% Topas 5013 in sec-butylbenzene. Along the center of the microscope slides the Topas
film is scratched away to allow for thickness measurements. Velocity of the first spincoating step is varied, acceleration is kept constant at
α1=250 rpm/s. The second spincoating step has been kept constant at ω2= 100 rpm and α2= 250 rpm/s



E
Design drawings

E.1. Embossing and bonding press
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4 2 Washer large CuZn39Pb3 See drawing no. 9 
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Steel See drawing no. 5
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10 1 Dowel pin 3 mm ISO 8734 - 3 x 20 - A - St
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17 4 Dowel pin 4 mm ISO 8734 - 4 x 40 - A - St
18 5 Washer - Spindle flange nut ISO 10673-4.55-S
19 5 Bolt - Spindle flange nut ISO 4762 M5 x 20 - 20N
20 1 Ring for Measuring Plate CuZn39Pb3 See drawing no. 13
21 1 Caliper Nonius scale See drawing no. 15
22 1 Measuring Plate AISI 316L See drawing no. 3
23 2 Bolt - Caliper ISO 4762 M3 x 8 - 8N

24 3 Washer - Pull-up rod ANSI B18.22M - Plain 
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25 3 Bolt - Pull-up rod ANSI B18.3.1M - 4 x 0.7 x 
6 Hex SHCS -- 6NHX

26 3 Pull-up rod EN AW-1050A H14 See drawing no. 16
27 1 Caliper main scale See drawing no. 14
28 1 Heater Block EN AW-6082T6 See drawing no. 17

29 3 Cartridge heater
Acim Jouanin - standard 
cartridge heater, 
6.5x50mm, 150W, 230V 

30 2 Washer - Heater Block ISO 10669-4-N
31 2 Bolt - Heater Block ISO 4762 M4 x 20 - 20N
32 4 Bolt - Heater Block legs ISO 4014 - M4 x 40 x 14-N
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E.2. Soft lithography and soft embossing molds
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Glioblastoma spheroid
Study uptake of and response to therapeutics 
administered in blood channel

Blood-Brain Barrier on Chip for
the Development of Glioblastoma
Therapeutics
Sarah Aalbers, Antonia Denkova, Luigi Sasso

The blood-brain barrier (BBB) is a highly restrictive barrier in the
capillaries of the brain, formed by endothelial cells. It protects the brain
from harmful substances in the blood and at the same time allows
nutrients, oxygen and waste products to cross. Therapeutics to treat
glioblastoma (brain tumor) need to be specially designed to be able to
reach the brain via the BBB.
Goal: Developing a BBB-on-chip to test the ability of glioblastoma
therapeutics to 1) cross the BBB and 2) treat a glioblastoma spheroid.

Endothelial cells
Sealed to each other with tight junctions to form a 
tight barrier. 
Mimic in vivo situation of endothelial cells as good 
as possible to obtain a well functioning BBB.

Astrocytes
Interact with endothelial cells 
to influence BBB function 
together with other types of 
cells

Brain capillary

Permeable membrane

Flow
Flow induces in vivo levels of shear stress on the
cells which stimulates the formation of a tight BBB

Microfluidic device
A blood channel and a brain channel are
fabricated in polymer. In between the channels
a permeable membrane is placed. In the blood
channel endothelial cells are cultured.

Blood channel

Brain channel

Red blood cell

Basal lamina

Micro and Nano Engineering
Department of Precision & Microsystems Engineering
Faculty of Mechanical, Maritime and Materials Engineering

Testing of BBB:
- Permeability assays of known substances
- Electrical resistance of  endothelial cells
- Staining junction proteins

Radiation and Isotopes for Health
Department of Radiation Science & Technology
Faculty of Applied Sciences



G
Risk mitigation plan

All steps planned to reach the milestones of this thesis are analysed. Risks involving the steps are considered
and a risk mitigation plan is proposed when needed.

Easily-manufacturable table-top hand press The delivery of the press consists of designing and manufac-
turing the press and next calibrating the force and temperature control.

Design and fabrication

Known A list of requirements is set up in Section 1.4 already. Worgull [88] extensively discusses
requirements on hot embossing machines. Chen et al. [16] fabricated a hand press for
embossing before, which is however not very convenient to use: the embossing force is
applied with a separate device, during which the press cannot be heated.

Unknown
Risks Medium:

Manufacturing the press could be too difficult or time consuming for a person not experi-
enced in metalworking.
Fabrication of the parts of the press could be not precise enough, obstructing parallel
movement of the embossing plates.
A straightforward design consists of plates sliding along two or four axes, which is enables
by brass or bronze bushings press fitted in the plates. Temperature cycles could cause
stress relaxation in the bushings, which could result in the bushings coming loose from
the plates or clamping the axes. Both obstruct smooth and parallel movement of the
embossing plates.

Mitigation A commercial die press, whose plates’ parallelism is sufficient could be ordered and
adapted to be able to manually apply a controlled force and temperature.
Caution has to be taken when designing and manufacturing the bushings and housings.
An intermediate fitting should be selected. Loose bushings can be fastened with high
temperature resistant glue or by clamping the bushings to the plates in axial direction.

Force calibration

Known Load cells with sufficient accuracy and load capacity are available at the department to
calibrate the force control.

Unknown The temperature dependent behaviour of the press and its influence on the exerted force
is unknown and the force control can only be calibrated within a small temperature range.

Risks Low:
The influence of temperature on the exerted force could be significant and non-linear.

Mitigation Consider thermal expansion and its influence on the exerted force in the design stage.
When the influence of temperature appears to be not sufficiently mitigated an experimen-
tal setup needs to be designed to measure the embossing force at high temperatures.

183
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Temperature control

Known Some embossing experiments have been performed at the department using an oven to
control the temperature. Also [16] placed their press in an oven.

Unknown The above mentioned experiments were performed to obtain one functioning embossed
device, not to study the influence of temperature on embossing results. The accuracy of
the temperature of the mold and substrate using the oven at the department is unknown.

Risks High:
The accuracy of the temperature when using an oven could be insufficient.

Mitigation Us a hot plate or integrate a heating element with temperature control in the press.

Design of the chip and molds The design stage firstly consists of designing the BBB-on-Chip itself. Next
to that, the soft embossing mold and soft lithography molds will be designed by taking into account the
fabrication process. During the design stage the behaviour of the fluid and particles in the fluid need to
determined. This results into the following actions in the design stage:

• Design of device
• Design of soft embossing mold
• Design of soft lithography mold
• Simulate fluidics in the device

The risks in the design stage are not significant, since the design is not complex and the flow through rectangular
channels and diffusion and convection through membranes is well described.

Mold fabrication The fabrication of the soft embossing mold consists of fabricating a soft lithography mold
using the Micro Plus HiRes printer from EnvisionTEC with the material HTM140, and making the soft emboss-
ing mold using soft lithography.

Printing mold using UV-light induced polymerization

Known Structures have been printed at the department with similar dimensions using the same
material (HTM140) and printer. The surface quality of these structures is high at the
bottom side, when printed exactly orthogonal to the print direction, and lower at the sides
and top of the structure.

Unknown The printed products have not been used yet to fabricate soft embossing molds out of
PDMS to emboss COC. If the surface roughness of the prints is high, the surface roughness
of the channels in COC will be high.

Risks Low:
Optical imaging becomes complicated or impossible and air bubbles might remain on
the walls of the channels when a medium flow is applied and the wall surface is too rough.

Mitigation Using the printer from Nanoscribe for mold fabrication or applying a vapor solvent
treatment on the COC product of channel fabrication to smooth the surface.

Soft lithography of soft embossing mold

Known Soft lithography of PDMS with a HTM140 mold has been done before at the department
to produce channels in PDMS. There are some problems with the surface roughness of
the sidewalls of the molds, which cause the PDMS to stick to the mold.

Unknown Soft lithography in combination with a HTM140 mold has not been used yet at the
department to create standing structures in PDMS, but only for the fabrication of channels
in PDMS.

Risks Medium:
Stiction of the sidewalls when peeling off the mold could be more problematic for standing
structures than for the channels which have been produced so far. The structures could
tear.
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Mitigation After printing the mold an anti-stiction coating could be applied on the mold. The coating
could be either chemically attached or applied as a layer covering the surface. If this
does not work, instead of HTM140 another material could be used to print the mold. For
example, different ABS like materials are available for the Micro Plus Hi-Res printer.

Substrate preparation The substrate to be embossed consists of two materials. The base material is a
TOPAS® 6015 substrate. On top of this substrate a thin layer of TOPAS® 5013 is needed for the thermal fusion
bonding step.

Spincoating 10 µm TOPAS® 5013 on TOPAS® 6015

Known Steigert et al. [68] spin coated a 3-5 µm thick layer of TOPAS® 8007 on a 500 µm thick
TOPAS® 6013 foil by dissolving 5% wt in toluene and spinning at 5000 rpm. The composite
was annealed for 1 h at 75 ° to drive out the remaining solvent.
Bundgaard [15] reports the use of sec-butyl benzene instead of toluene as solvent, which
has a similar chemical structure and a higher boiling point, thus evaporating slower. They
found that toluene evaporated too quickly and resulted in inhomogeneities, which they
account for by the fact that ’the evaporation from thin film areas takes place more rapidly
than from thicker areas. The thin areas become gel-like and the liquid can not flow to
level out, leaving thicker areas confined.’
The thickness (T) of a spin coated layer depends on the concentration (C) of the polymer
in solvent (g/100ml), the intrinsic viscosity (η) of the polymer, the rotational speed (ω in
rpm) and some constants (α, β, γ, K), until centripetal forces exceed the surface tension
at the edges, according to the empirical relation :[45]

T = K ·Cβ ·ηγ
ωα

(G.1)

The solvent mixture will cause swelling of the substrate and affect the obtained layer
thickness. Bundgaard [15] performed experiments with TOPAS® 8007 dissolved in sec-
butyl benzene and reported layer thickness - spin speed relations of TOPAS® 8007 on a
TOPAS® substrate for a wt% of 10-30.

Unknown In our case the TOPAS® 6013 foil in the report of Steigert et al. [68] is replaced by a
TOPAS® 6015 substrate and a bonding layer of TOPAS® 5013 instead of TOPAS® 8007. An
empirical relation for layer thickness or a published procedure on spin coating TOPAS®
5013 has not been found.

Risks Low: The solvent in the solution attacks the substrate. Bundgaard [15] writes that the
solutions therefore needs to be applied to the substrate all at once, while spinning, in a
continuous flow. In this way isolated drops are avoided, which would penetrate deeper
into the substrate and cause a non-uniform layer.
At the department typically toluene has been used to dissolve TOPAS, this would therefore
be the solvent of choice. Steigert et al. [68] were able to use toluene as solvent to spin coat
the TOPAS® 8007, but Bundgaard [15] reports the toluene evaporated to quick to obtain
homogeneous layers of TOPAS® 8007. A different solvent than toluene might be needed.
This brings a small risk only, since Bundgaard [15] succesfully used sec-butyl benzene as
alternative.
The TOPAS® grades in different than the ones used before in literature, so the optimum
procedures will differ as well.

Mitigation Since experience is at the department, at first it will be attempted to spin coat TOPAS®
5013 dissolved in toluene. The same procedure will be used as Steigert et al. [68] used at
first and will be adapted during experiments. If toluene indeed appears to evaporate too
quickly, sec-butyl benzene or another non-polar solvent with a higher boiling temperature
could be used.

Soft embossing Using the soft PDMS mold fabricated in Appendix G the substrate obtained from the step in
Appendix G can be embossed. Some experience is already present at the department and in literature some
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studies can be found on soft embossing TOPAS:

Soft embossing in TOPAS® 6015 with thermal bonding layer

Known Soft embossing in COC with a PDMS mold has been done before in a few studies [12,
26, 41]), hot embossing COC has been reported more often, see Niles and Coassin [54]
for a summary. Narasimhan and Papautsky [51] produced 1 mm wide and 110 µm deep
channels in PMMA using a PDMS mold, a force of 4.5 kN and an embossing temperature
of 147 ◦C, 40 ◦C above the Tg . PMMA has a similar density and Young’s modulus, see
table 6.1 of Appendix A, so the applied force needs to be in the same order for COC as for
PMMA. The embossing temperature will be higher because of the higher Tg of TOPAS.
Lee et al. [41] produced channels of 100 µm wide and 40 µm deep in TOPAS® 5013 using
a force in the range 2.4-4.5 kN and 165 ◦C or higher. For channels wider than 100 µm only
a small force dependence of the replication accuracy was found.
Jena et al. [36] obtained excellent replication results by hot embossing 100 µm wide, 60
µm deep channels in COC using a silicon mold at 2.94 kN, 170◦C and 180 s.
It is expected that embossing the 500 - 1000 µm wide, 100 µm deep channels of the BBB-on-
Chip device will be possible in COC 6015 by using higher embossing temperatures. This
temperature will be higher for soft embossing than for hot embossing, so a temperature
above 170◦C will be needed, as used by Jena et al. [36].
Lee et al. [40] fabricated 20 µm thick structures with an aspect ratio of 2.00, but with
high replication errors (∼ 17.0 % change in width). These replication errors appeared to
become higher with decreasing structure thickness.

Unknown Soft embossing the exact same material and grade, TOPAS® 6015 with a PDMS mold, has
not been reported.

Risks Medium: Air bubbles between mold and substrate could negatively affect the replication
accuracy and surface quality of the substrate when not performed in vacuum.
Medium: The PDMS mold could deform under the pressure needed to emboss in TOPAS,
which would leave a deformed imprint in the substrate.

Mitigation Mold and substrate could be placed on a convex surface to drive out air pockets from the
centre of the substrate.
Deformations could be anticipated on by altering the design of the mold, aiming to obtain
the intended mold shape after deformation. Alternatively the mold could be placed in
a stiff container during embossing to obstruct deformation of the mold, or could be
completely fabricated out of a stiff material, like an epoxy.
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