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1 Abbreviations and acronyms

TPE (Thermoplastic elastomer)
PS (Polystyrene)

PC (Polycarbonate)

IPA (Isopropyl alcohol)

HF (hydrofluoric acid)

Si02 (silicone dioxide)

Tg (glass transition temperature)
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2 Abstract

Hot embossing is a manufacturing method which has potential for large scale industrial produc-
tion for microfluidic devices. The goal of this research was to hot emboss microstructures onto
thermoplastic elastomer membranes using different kinds of mould. These microstructures in-
clude Quake valves and check valves in arrays, and a fluidic rectifier and dampeners as additional
features. This research succeeded in replicating microstructures on thermoplastic elastomer mem-
branes, with open discussions over some differences observed between the replica and the design.
Channel width and height characterisation has been performed on the Hot embossed membranes
and the moulds. The moulds were manufactured by casting PDMS on a glass etched negative of
the mould, and by micromilling. A single complete stack was manufactured and fluidic priming
was tested. The defects in fluidic and pneumatic functionalities were documented and discussed.
This research shows the compatibility of industrializable materials and processes used with the
fabrication of active pneumatic elements, and sheds light on the first line of issues that need to
be addressed to progress this further.

2.1 Nederlandse samenvatting

Warmte embossen is een productie methode welke potentie heeft voor industri€le applicatie, op
een grote schaal, voor microfluidische hulpmiddelen. Het doel van dit onderzoek was om ther-
moplastische elastomeer membranen te embossen met gebruik van verschillende soorten mallen.
De microstructuren bevat Quake valves en check valves in rijen, en een fluidische gelijkrichter en
dempers als overige structuren. Dit onderzoek is geslaagd in het repliceren van microstructuren
op thermoplastische membranen, met een open discussie over verschillen tussen de replica en het
ontwerp. The kanaal breedte en hoogte karakterisatie is volbracht op de warm embossed mem-
branen en de mallen. De mallen waren geproduceerd door PDMS of een glas geétste negatief te
gieten, en met behulp van micromilling. Een enkele complete stack was geproduceerd en fluidis-
che actuatie samen met microscopisch onderzoek liet zien dat de twee kanten van het membraan
met elkaar verbonden waren wat impliceerde dat er problemen waren met het binden van de la-
gen. Dit onderzoek laat de compatibiliteit van industrieel op te schalen materialen en processen
zien met het fabriceren van actieve pneumatische elementen, en geeft inzicht op de eerste lijn
van problemen welke moeten worden geadresseerd voordat progressie mogelijk is.
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3 Introduction

A cutting edge field of medicine is personalised medicine. Creating personalised treatments re-
quires high volume production and reliability. Crucial for personalised medicine are methods
of testing which are reproducible and can be manufactured in high quantities. One of the field
with most potential to solve this matter is the field of microfluidics. Microfluidics is used in the
field of bioengineering focused on the control of fluid flow in structures which are micron sized
like channels, chambers, valves and more. The goal is to produce reproducible chips with a wide
variety of functions. In microfluidics, a common method of controlling the fluid’s flow is using
pressure pumps and regulators. This is often applied in combination with valves. A valve is a
fluidic construct enabling control over the flow of fluids by varying the resistance of a channel,
opening or closing it. A valve is constructed into microfluidic devices to enable more fine tuned
control. Microfluidic valves and other fluid control elements can also be used, often together in
networks, to automate workflows. A study has shown the capability of microfluidic elements in
creating chips which have pumps and mixers [IJ.

3.1 Quake valves

One of the most common valve in microfluidics is called a Quake valve[2]. A Quake valve is a
combination of two channels with a membrane in between. The membrane displaces into one of
the channels when pressure is applied to the other. The membrane displaces into the channel
below and closes it.

There is a way to classify different kinds of microfluidic valves. They can be divided into normally
open or closed valves. As the name might suggest the difference is if the valve allows flow through
since the fluidic channel is open in absence of pneumatic over pressure. When pressure is applied
to the pneumatic channel, a deformable membrane is pushed into a channel below. Quake valves
are for example normally open valves as shown below(I}

\—\_\

applied pressure

|

| — [ [T

Figure 1: This figure shows a side view and a cross section of a Quake valve with the arrow
pointing at the membrane displacement into the channel below. [3]

A normally closed valve does not allow flow through the valve unless the pneumatic channel is
actuated. A moving part of the valve needs to be pulled or pushed away for the valve to open.
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This can for example be done by using pressure regulators to apply negative pressure in the
pneumatic channel pulling a deformable structure into it. An example of this is shown below in

figure [2|
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Figure 2: This figure shows a cross section of a normally closed valve[d].

Multiple Quake valves can also be combined into simple structures on their own. A simple
peristaltic pump uses three valves in tandem to produce flow for example. This is shown below
in figure [3]
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Figure 3: This figure shows a peristaltic pump which is made out of three Quake valves. [2].

A peristaltic pump can be made from different types of valves. An example is shown in figure
with circular vertical valves[d].pla

=1beat
T 1
1 Left valve closes, 2 Pumping chamber 3 Right valve closes, 4 Pumping chamber

right valve opens closes to push medium left valve opens opens to increase

into circuit medium amount
E £ § 5 § E & 3 ]
3 i EP i g i H
+ t t t
j b ‘ {ysmg) oLy )

Figure 4: This figure shows a peristaltic pump which is made out of three circular valves. [5].
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3.2 Manufacturing methods

Normally open valves can be made in a multitude of ways. Some common methods include
photolitohography, micromilling, PDMS casting and hot embossing.

3.2.1 Photolithography

Photolithography is a general term for the use of light to produce accurately patterned thin films
of resist material over a substrate, like for example a silicon wafer or SU-8. Patterned thin films
are used to protect selected areas of it during subsequent processing, like etching or deposition.
This will then create microstructures which can result in valves such as Quake valves. The
pattern on the thin film can be a negative or a positive of the desired structures according to
the subsequent processing step which is used. A positive means that the mask only does not
cover the intended structures. An example of this is UV-photolithography, which uses a mask to
block UV light from the intended structures, cross linking a prepolymer where UV light passes
the mask.

A negative implies that the pattern covers the intended structures. Subsequent manufacturing
steps like PDMS casting can then take the negative and use it as a mould to arrive at the intended
structure.

— Resist

Positive Resist

Negative Resist

‘ . i Etch-back
Lift-off

Figure 5: This diagram shows a simple step by step for UV photolithography using both a
negative resistant and a positive resist.[6].

N

Photolithography is a manufacturing method which has high precision and can produce microflu-
idic structures only limited to the details of the mask and the wavelength of the UV light (in
the range of 254-365 nm). The process does have difficulties when trying to produce microfluidic
structures with multiple layers, as stacking of multiple layers seems to be one of the only few
options with its own limitations.
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3.2.2 PDMS casting

PDMS casting uses a negative mould which has the wanted structures on its topography. The
PDMS prepolymer is mixed with its cross-linker, after which the mixture is added on top of the
negative mould in a surrounding frame. This frame allows the PDMS mixture to fill the created
cavity. The PDMS are the structures now transferred from the negative mould onto the PDMS
after baking and hardening. This process is shown below using a 3D printed mould, but the
mould can be manufactured in many ways including glass etching, 3D printing, micromilling or
lithography.

3D Printed Mold Cast Resin PDMS Circuit

-

Figure 6: This diagram shows the process of PDMS casting creating a PDMS circuit chip. [7].

PDMS casting as a manufacturing method is reliable and easy to handle. Limitations for PDMS
casting are the need for a mould for structuring and that removing the mould and frame from
the PDMS, if not coated properly, can prove to be difficult.

3.2.3 Micromilling

Micromilling is another manufacturing methods as mentioned before. Micromilling uses a pre-
cision drill to carve out structures from a stock material. The precision drill can use a variety
of shaped drills to carve out channels, chambers and inlets using programmed instructions in a
repeatable manner.
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3.3 Hot embossing

Quake valves are widely accepted, but have their limitations. It has been shown that Quake
valves can be made with a density of up to 1.000.000 valves/cm? [8][9], which means that high
volume integration of these valves has been shown to be possible. However the researches which
include that level of high volume integration just includes high density woven Quake valves and
little to no higher microfluidic tech integration.

pen 8 pm Open b
I valves

TU001G

Figure 7: This image shows Quake valves opening and closing at a density nearing 1.000.000
valves/cm?[]].

From literature it becomes apparent that this high density integration of the Quake valves have
been published since 2012, and this has not been shown to be applied to products for the market.
More intricate designs including Quake valves have been shown to work, like for example the
Wyss Institute’s Octobot, an entirely soft autonomous microfluidic robot [I0][I1]. This research
shows great use of intricate microfluidic circuits, but has no high density integration of valves.
Past researches have shown industry that the concept and use of these types of valves is possible,
but large scale integration into industry is yet to be seen. The methods with which the high den-
sity Quake valves[8] or the Octobot [I0][I1] manufacture their designs are PDMS casting and 3D
printing, both methods which are hard to translate high scale production for industry. Research
has shown that there are methods which use soft materials and membranes with milled channels
that are able to be upscaled into industry[12][13], but they do not allow for the miniaturized
valves this research is aiming for.

A method with potential for industry is hot embossing. Hot embossing uses thermoplastics
on a mould and such a method can easily be repeated and applied to large volume production.
One of the goals of this research is to create down scaled microfluidic structures with a method
capable of being upscaled into industry. The method chosen is a combination of micromilling
and structures which are hot embossed into a TPE (Thermoplastic Elastomer) membrane.
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Hot embossing is a micro-fabrication technique in which micron-scale structures on a mould
are replicated on to a polymer substrate by the application of pressure and heat[I4]. This is
commonly done by using a hot press [I5] to both heat up and press down onto a mould, which
can be manufactured in different methods but needs to be heat resistant.

Hot embossing

3D pnnlmg - Plastic replica

Figure 8: This figure shows the simplified steps of Hot embossing microfluidic chips with a 3D
printed mould [16].

Fig |8 shows a parallel plate architecture, but there are also more intricate ways to perform
the embossing such as using hot roller embossing[17]. There are also different variations of hot
embossing to increase the cycle time or to apply non-uniform pressure distribution like gas-
pressurized embossing, ultrasonic hot embossing, inductive hot embossing, laser assisted hot
embossing[17], etc.

There is another practical issue why hot embossing the structures into the membrane of the
Quake valve is a good idea. As the depth of the channel, which is able to close, becomes rela-
tively smaller than the membrane’s thickness, it becomes increasingly more difficult to displace
the membrane into a channel enough to close it off. If lets say a membrane of 100pm tries to
displace into a 50um channel, the flexibility of the TPE (thermoplastic elastomer) might not be
enough to completely close the channel. This research aims to use Hot embossing to manufacture
microfluidic channels and valves which structures are partially embedded as indentations in a
100 pm TPE membrane. The channel which is to be able to close in a Quake valve is now an
indentation in the TPE. The TPE will displace and the embedded channel will collapse into
itself closing the flow through the channel completely when pressure is applied in the pneumatic
channel will . Which bring us to the goal of this research: to hot emboss microstructures onto
TPE membranes using different kinds of moulds applied on down scaling upscalable microfluidic
elements.

Quake valves are common in microfluidics but of course there are many other types of flow
control elements. This research aims to apply the same methods of hot embossing microstruc-
tures on a TPE to create Quake and check valves and describe other elements like dampeners or
a fluidic rectifier[I8].

10
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4 System design

4.1 Concept

The goal of this research as mentioned in section 3, is to create microstructures in a deformable
membrane to make small valves that can be made by the industrially usable process of emboss-
ing. In this case industrially usable implies a process which can be upscaled and mass produced
using the repeatable method of hot embossing.

When trying to create small Quake valves in thermoplastics an issue arises as the ratio between
the thickness of the membrane and the depth of the channel becomes too deep. The thicker the
membrane is opposite to the depth of the channel, the more difficult it is to have the membrane
push into the channel. This is shown in figure [J] [a] below.

I
!

|
]
[a] e [b]

Static material

e Deformable TPE

Figure 9: Two diagrams with [a] exhibiting the size difference between a channel and a membrane
causing difficulties displacing the membrane into the channel, and [b] a diagram exhibiting the
method of closing the embossed channel using pressure.

The size difference causes the membrane to not be fully able to be pushed into the channel. To
counter this issue, channel structures will be embedded into a TPE which allows the membrane
to close onto itself instead of needing to be pushed into a channel below. This will allow the
channel to be downscaled and this concept is shown above in figure 9] [b]. This in combination
with hot embossing being a very upscalable method for production brings the system concept to
an upscalable manufacturing method for Quake valves in thermoplastics.

Current researches uses a variety of manufacturing methods for their microfluidic valves. A
simple overview of these different manufacturing methods and their features is shown below.

fabrication method

minimum feature size

average area used

usability for this research

UV  Lithography

[19] 365 nm or more 2000 cm? high precision, not upscalable

. - 2000 cm? (machine | precise, flexible, use in mould
Micromilling [20] 10 pm dependent) and plates
3D printing [21] 7.5 pm Table and setup de- flexible, not precise enough

pendent

Next to manufacturing methods there are also methods to transfer microfluidic features between
processing steps. Examples are masks for lithography or etching and moulds for .

11
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Transfer method minimum feature size average area usability
Hot embossing [14] | 10 pm machine specific precise, reproducible, use in
membrane features
Glass ctching [22] 5 um 2000 cm? precision, smooth curves, use for
H negative mould
PDMS casting [23] | 5 pm mould specific casy precise method, use for

transferring from glass mould

Micromilling and glass etching were chosen as the methods for creating the moulds used in this
research. The other manufacturing or transfer methods were not used due to the mentioned
limitations. The glass etching was not the process with which the mould was manufactured, but
rather transferred from the mask unto the glass. This mask was ordered at an external company
from the Solidworks design.

The embossed features will come from the use of moulds which have been manufactured by glass
etching and micromilling. The structures were transferred after embossing a 100 pm membrane
onto these mould with 50 pm features.

A bottom PS plate was used to close off the embossed channels. This plate does not need any
fluidic features but included alignment features for visual alignment and pinholes for physical
alignment. On the other side of the membrane there needs to be another chamber or channel
to apply the pneumatic pressure to close the Quake valves. This research used micromilled PS
channels. Both sides of the valve could be theoretically embossed, but this research will first aim
at one side of the valve being embossed. This concludes the concept in a three layer stack of a
top PS plate with fluidic inlets on one side and pneumatic channels on the other, an embossed
TPE with features on one side and a bottom PS plate without any valve features.

4.2 SolidWorks design

After the concept, the first step is creating a SolidWorks design for fabrication of the mould used
for embossing the TPE. A replica of the combined layers and of the mould was designed. Central
in the 6inch wafer are three microscope slide sized arrays. This size was chosen for the ease of
using the chips as its the same size as a standard glass slide.

12
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Figure 10: An image portraying a tilted view of the replica (left) and the mould (right) in
Solid Works.

4.2.1 Three array chips

The first and second chip have 3 horizontal pneumatic lines in the PS layer and 14 vertical em-
bossed channels within the TPE membrane. The vertical and horizontal channels are connected
with tubing to a pressure controller. The variable in the array of the first chip is the width of
the vertical fluidic channels. The aim of this chip is to characterise the closing and opening of
Quake valves with different sized overlap between the pneumatic and the fluidic channels. The
wider the fluidic channel, the more surface area there will be and the more the actuation of the
pneumatic channel will cause the membrane to displace. The widths of the embossed channel
range between 110 and 550 pm in width increasing in equal increments of 31.4 pm. These sizes
were chosen by the limitations of the glass etched mould. The glass etched channel was at least
twice the depth of the channel, which was 50 pum, as it is an isotropic process. Leaving enough
material for the mask causes the smallest fluidic channel to have a chosen width of 110 pym. To
enable the use of the Quake valves and channels as a peristaltic pump 3 pneumatic lines are
used.

13
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Figure 11: This figure shows the first chip with an array of channels with a width between 110
and 550 micron width.

On the second chip it was decided that the embossed channels would form a Y-shape with the
variable being the width of the embossed channels ranging between 110 and 550 micron in width
increasing in equal increments of 31.4 ym. The Y-shape for this array was chosen to be able to
make a selection between two converging channels, either choosing which of two substances gets
to the outlet or choosing if one substance goes to one outlet, to the other or splits between the
two. The Y-shape channels can also be tested with colorant for visualisation purposes, as using
colorant and switching the pneumatic actuation could lead to selective mixing of colours.

The first 2 pneumatic channels are shaped differently with the goal to multiplex control over the
channels without using difficult routing of pneumatic channels to not cross the fluidic channels.
The first 2 pneumatic channels are thinned around one of the fluidic channels of the Y-shapes.
Theoretically, the smaller the pneumatic channel with respect to the fluidic channel, the less it
will close[l] as the surface area between the two channels becomes less. This should prevent the
TPE to displace completely into the fluidic channel, allowing flow through and in such selectively
keeping that fluidic channel open.

Figure 12: This figure shows the second chip with an Y-array of channels with a width between
110 and 550 pm width.

The third chip holds an array with check valves. Check valves are valves which allow flow through
one way but not the other way often with the use of a moving membrane[24][25]. This is referred
to as forward and backward flow. The designed check valves are moon-like shaped and shown in
more detail below. The 14 check valves are divided up into experimenting with different features
of the moon shape, which division is listed below.

14
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Figure 13: This figure shows the third chip with a multitude of check valves.

1. 4 moon shape widths
2. 2 moon shape heights
3. 5 different length of the skip

4. 3 extra standard sized for use in different sized slits

G stepover \_ /
q e Stepover

(a) (b)

Figure 14: This figure shows an angled view (a) and a top view (b) of the check valve.

Shown in figure 4] (a) is an angled view of the sketch defining the edges of the embossed chamber.
The moonshape in orange is the embossed side, and what can be seen is that between the moon
shape and the channel there is a ”stepover” where there is no channel. What can be seen in figure
is that the milled chamber below does cover the area where the stepover is. This stepover is
used to enable better closing of the check valve. The fluid will pass through the membrane in
a curved cut shown in figure [I4] as a blue line. This will be cut using a drag knife on the NEO
milling machine. A drag knife is a knife which is able to turn towards the direction the knife is
pulled, allowing for clean cuts following a pattern programmed for the micromilling machine.

15
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=

Figure 15: This diagram shows the cross section of the check valve design when pressure is
applied closing it above or opening it below.

Figure [15| above shows how the check valve closes with the aid of the stepover. When pressure is
applied forward through the check valve will the stepover and the TPE open up into the chamber
below allowing flow through. The pressure will push down the TPE when the flow is backwards
over the check valve. The stepover then, as the protruding feature, functions as a barrier.
4.2.2 Additional structures

Next to the central three arrays there are additional structures on the sides of the wafer.

\

,/f:*TJ x;‘:\*[ﬂ
|
Q QO

Figure 16: This figure shows an array of dampeners with widths ranging between 110 and 550
in width increasing in equal increments of 146 pm.

The additional structure shown above in figure[16]is a small array of dampeners with the widths of
the channels ranging between 110 and 550 micron. As the embossed channel crosses the connected
micromilled channel, when non-constant flow is applied to the dampener the pressure will partly
close the channel below dampening the pressure peaks. This will increase the impedance. There

16
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was no modelling or calculations done for the impedance, so till testing it will remain unclear if
the impedance increase is big enough to cause dampening.

Figure 17: This figure shows a fluidic rectifier made from the same moonshaped check valves.

A famous circuit in electrical engineering is called a Wheatstone bridge and is commonly used
to accurately measure unknown resistance forces or calibrating equipment[I8]. In microfluidics a
similar concept can be applied using check valves as diodes instead of impedance, called a fluidic
rectifier. The basic principle is that no matter which the direction the flow is between the two
inputs, due to the nature of the check valves, flow passes the middle vertical channel always in
the same direction. This concept is called a fluidic rectifier[26]. This is an useful application
of a check valve used commonly in recreating unidirectional flow through cell chambers for for
example emulating blood flow.

17



UNIVERSITY OF TWENTE.

4.2.3 alignment features

O@Asymmetrical pinholes

«<ACircular alignment

O
Shallow
alignment
®
O

&
> {1
3 o

Figure 18: This figure shows a part of the replica with all 3 different alignment features.

Figure [I8] above shows a part of the replica which includes the 3 different alignment features.
Firstly there are small asymmetrical pinholes used for assembly. This is shown in figure at
the very top. Then at the edges of chip one there are circular alignment features. These circular
alignment features are designed in both the top and bottom PS plate and the TPE with slightly
different diameters. These alignment features allow more control and vision on the alignment
of each individual structure. Lastly there are 4 square pockets in the diagonal corners of the
design. These pockets are of a specific size which allows the use of a ”shallow alignment” program
designed by Micronit. This allows the micromilling machine to allign on these shallow pockets
pockets in the diagonal corners of the design. These are used for the alignment of the TPE for
cutting with the drag knife.

|

©

Figure 19: This figure shows a small array of lines as a ruler.

18
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As the method of Hot embossing the TPE has been known to cause the materials to expand and
contract due to the temperature changes, a "ruler” was added. This ruler is an array of straight
lines near the edge. This is to check how homogeneous the division of the structures are due to
the shrinking/expanding during the hot embossing process.

19
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5 Materials and methods

5.1 Micromilling

For the top and bottom PS plates and one of the moulds, micromilling was used to mill the
microstructures. This was done using the SolidCam software extension to generate the code
needed for milling. Milling was done using a high speed CNC machine (Datron Neo [20]) on PS
6-inch-wide plates. The Datron Neo machine uses a toolbox which allows to load up to 24 tools,
and can automatically switch them during milling procedure. Different tools can be added to
the drill head by hand, like a drag knife or elongated tools.

The mould was first produced in PS and then in PC (polycarbonate). PS is easier to mi-
cromill leaving less burring while PC has the necessary heat resistance, denoted as Tg (glass
transition temperature), for the hot embossing process. Tg defines at what temperature the
base material changes from a hard/glassy state to a soft state[27]. The Tg of PC is around 147
degrees Celsius[28] and the Tg of PS is around 100 degrees Celsius[29]. PC is a viable option as
the TPE used in this research is embossable above 100 degrees Celcius, but the PS will reach its
Tg and become mechanically unstable.

The PS/PC plates were first cleaned with IPA (isopropyl alcohol) and lined with a protective
layer of plastic. The plates are then suction stuck to the milling table. The exact coordinates
of the plate were defined using an embedded probe system and subsequently the milling was
performed. This research used micromilling not only for the mould but also as for micromilled
plates above and below the TPE in PS. For the moulds and the bottom PS plate only one side
was milled but for the top PS plate both sides were milled in separate instances. The TPE was
cut with the same machine using a drag knife. To define the coordinated of the TPE for the
milling machine a ”shallow alignment” program was used. This is a program used by Micronit
which uses the built in probe system of the milling machine to align on very shallow features.

5.2 Glass etching and PDMS casting

For the second mould it was decided to use the glass etching production Micronit had in place.
The design was converted into a Clewin file [30] after which a photolithographic mask needed for
glass etching in HF (hydrofluoric acid) was ordered from an external manufacturer. The produc-
tion of the etched glass was performed by the production team of Micronit in their cleanroom in
the High-Tech-Factory. The glass etching results into a negative of the mould.

The etched negative was then coated using a standard protocol from Micronit to avoid the PDMS
sticking to the glass. PDMS was then casted onto the negative using a casting frame to create the
same 6inch size around the glass negative after the glass etched negative was coated to prevent
adhesion to the PDMS. The PDMS cure and prepolymer are mixed in a ratio of 1:10 respectively
and soft baked at 65 degrees for 4 hours and hard baked at 200 degrees for 1 hour.

5.3 Characterisation of intermediary parts

In between the production steps of the different PS plates, PC plates, TPE membranes and
etched glass characterisation was done to check the width and depth of the channels. The width
of the channels was characterised using a Research Stereo-microscope System SZX16[31] with
Olympus stream image and video analysis software[32]. The depth of the channels was charac-
terised using a Quickvision Profilometer [33]. This profilometer works by using the focussing of a
scope on different planes. The height the microscope in the profilometer moves to focus between
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two planes is the same depth difference the planes have. The machine applies this principe and
can be used either by hand or by creating a simple instruction program to focus on the different
planes and display the height difference. The QV profilometer was in some cases not producing
consistent results. When repeated qualatitive reapeted measurements were taken on the same
features it produced very different results. A hand profilometer was used in those cases. This
was a small electrical device which has a stick which can be pushed in. The electrical device
accurately measures how far the stick is pushed in. This device is then mounted just above a
microscope’s table. When the microscope is then focussed on the two different planes of interest
can the distance between the two planes be calculated by subtracting the two measurements of
the device.

Both the width and the depth measurements were done on different parts of the channels on
each chips. In chip 1 and 2 one measurement near the top and one near the lowest part of the
channels was taken. For the Y shape channels in chip 2 four measurement were taken at each
branch and the middle of the Y shape. This concludes in 56 measurement points.

=
b

Figure 20: This figure shows the chosen locations for width and depth measurements for the
Y-shaped channels.
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5.4 Hot embossing

The hot embossing was performed using a hot press. The hot press transfers heat and pressure
between two metal plates. As protection slates of rubber and white heat resistant cloth is used
above and below the mould and the TPE. This was done in a 5 step process.

1. TO (=~ RT) and no pressure
2. T1 (>Tg) and no pressure for X1 seconds
T1 and P1 pressure for X2 seconds

T2 (<Tg) and P1 pressure for X3 seconds

A

TO0 and P1 pressure for X4 seconds

The TPE was then carefully removed from the mould.

5.5 Shallow alignment and drag knife.

The embossed TPE now has the features of the channels and chambers, but it still needs to
allow fluid to pass the membrane at the inlets and check valves. For this a drag knife was used
attached to the drill of the NEO micromilling machine. The drag knife is able to rotate around
its vertical axis allowing the knife to rotate and follow the milling machines movements. The
micromilling machine needs to define the coordinate system of whatever stock it is working on.
For the micromilling machine to be able to cut the circular holes it needed to be able to do this
on the features on the embossed TPE. For this a tool was used which was developed at Micronit
to align on shallow embossed features using the touch probe of the Neo. It uses a set program
with the Imm touch probe which the machine is equipped with to align on square pockets in 4
corners of the sample.

Figure 21: This image shows the taping of the corner pockets to increase the height of the pocket
edges to ease the use of the shallow alignment tool.

The drag knife tool was then added to the milling machine and the turning of the drill head
piece was turned off in the code for the milling. The machine is then given instructions to follow
the generated instructions and drag the knife.
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5.6 Stack assembly

The two PS plated and the TPE were aligned using the pinholes and circular alignment features.
Both the PS plates are first coated using gas deposition using a standard program from Micronit.
The assembly starts with the top PS plate on which first the TPE and then the bottom PS plate
are places. The TPE is applied to an expansion ring with a plastic film which has a 6 inch circle
cut out. Only the corners of the square TPE are attached to the plastic film in the expansion
ring.

Figure 22: This image shows the TPE attached to a plastic film which is stretched on an expansion
ring.
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The TPE in the expansion ring was then precisely stacked on the top PS plate with the embossed
features facing away from the top PS plate, after which the "bottom” PS plate is added on top.
This stack is then hot pressed together so the PS and TPE bond together. This was done in a
4 step process in the hot press.

1. TO (=RT) and no pressure
2. T1 (>Tg) and no pressure for X1 seconds
3. T1 degrees and P1/P2 pressure for X2 seconds

4. TO degrees and P1/P2 bar pressure for X3 seconds

After the combining of the stack was the extra TPE cut away. From the original pneumatic
top PS plate was only one side micromilled. Now that the stack is complete the rest of the
micromilling was done. First a program drilled all of the fluidic inlets, and after cleaning a drill
connected the pneumatic lines in the stack with the fluidic inlets.

5.7 Fluidic priming

The first step of the fluidic characterisation was to prime the chips. This was done using the
fluidic inlets. A mini luer is inserted in the inlets and tubing is connected to the mini luer. This
tubing connects to a syringe with which colourless and blue coloured liquid was pushed through.

Due to the results of the fluidic priming no further fluidic characterisation was done. See section
6.1 for further explanation.
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6 Results

The results of this research consist mostly of the depth and width characterisation of the features
on the moulds, the embossed TPE and the stack itself. There are also some qualitative fluidic
results.

6.1 PDMS and PC moulds

The characterisation of the features on the milled and embossed parts includes measurements
of the depth and the width of the features. The first parts which were characterised where the
milled PC mould and the casted PDMS mould. For each chip measurements were taken on
predefined locations on each channel in the array. The results below show the average error of
each of those locations compared to what was designed. This includes features of 50 pm depth
and widths between 110 and 550 pm and these results are grouped per chip and the ruler. For
the ruler what is measured is not the width of the features but the distance between them. This
was designed to be 1150 pm and should give some insight in what the effects are if features are
near the edge.
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Figure 23: This figure shows the average error of the width of the PDMS mould (a) and the PC
mould (b) with a positive number being an increase in width.

Figure (b) shows the average error of the widths which were measured on the PC mould
and what was designed in Solidworks. What becomes apparent is that the micromilling machine
produced channels with widths close to the widths which were intended. During the measuring of
the widths of the PC mould the microscopy showed that there was a lot of burring. Burring are
defects which are left over material near the edges of the micromilling. The not brittle material
being milled left a lot of artifacts as seen in figure
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(a) - (b)

Figure 24: These images show the burring with (a) being a thinner channel with more burring
and (b) a wider channel with less burring.

These artefacts are more frequent with the thinner channels than with the wider channels, as
seen in figure The right image shows a wider channel where almost always it could be seen
where the edge of the channel was. The smaller channels showed a lot of burring which often
caused it to be unclear where the edges of the channels were. More examples of the burring
making it harder to assess the width of the PC mould are shown below.

(a) - (b)

Figure 25: These images show heavy burring around the channels on the PC mould.

The results shown in figure [23| (a) from the PDMS mould show that all of the widths have de-
creased from the original design. That the channels are less wide was to be expected as PDMS
shrinks around 1-2% during casting [23]. The decrease of the width of the channels however
exceeds this expected percentage, so it can be concluded that with this protocol the channels
have decreased in width significantly. Especially chip one shows an average decrease of -11.24
which is 22.5% compared to the feature size. The characterisation via microscopy went well as
no burring were blocking the view of the walls. This can be seen in figure
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Figure 26: This image shows a channel on the PDMS mould.

The next characterisation for the moulds was done using the QV profilometer to measure the
depth differences between the milled channels and the plate. Here it started to become more
apparent that the QV profilometer was not producing consistent depth differences as the ma-
chine focused on the burrs as well. A hand profilometer was used to get the depth differences
like mentioned in section 5.3. This was necessart for the PC mould and for the TPE.

What becomes clear from the graphs below graphs is that the depth differences for both moulds
is close to what was designed. The biggest error is 3.96 pum for chip 2 of the PDMS mould which
opposite to a designed depth difference of 50 pm is an error of around 8%.
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Figure 27: This figure shows the average error of the depth difference of the features of the
PDMS mould (a) and the PC mould (b) with a positive number being an increase in depth.

27



UNIVERSITY OF TWENTE.

6.2 Embossed TPE

Both the width and the depth differences of the features on the embossed TPE were also char-
acterised. Firstly two runs were performed with the PC mould. After these runs it became clear
that the embossed TPE showed areas around the features where the TPE was clear. The TPE
would be opaque if the embossing went correctly as the TPE was heated enough till above its Tg
to start to reflow around the features. When the TPE reflows against the PC then the rougher
patterning left by the pathing of the micromilling is transferred to the TPE causing the TPE to
turn more opaque. This implies that with the current Hot embossing settings the TPE does not
reflow completely around the features.

(a)

Figure 28: These images show the difference in opacity near the features on the embossed
TPE from the PC mould with (a) being from a lower temperature run and (b) from a higher
temperature run.

This originates from the fact that the PC mould’s surface is not smooth since the micromilling
could not achieve optical quality/grade finishing. This "shadowing” effect indicates that either
the pressure was not high enough, or the temperature was to low. As the pressure was deemed
high enough it was decided to increase the temperature. Another run of two embossings using
the PC mould was done increasing the temperature in steps of 10 degrees. The results for these
runs show the same shadowing effect as seen in figure 28] (b).

Because of the shadowing effect and the difficulty with the profilometer it was decided to continue
with the PDMS mould’s embossed TPE only. First microscopic characterisation showed that the
The width characterisation of 2 runs of embossed TPE is shown below. The protocol which was
uses was the same one as the last run of the PC mould with the highest temperature.
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Figure 29: This figure shows the average error of the widths of the features of 2 embossed TPE
from the PDMS mould.

Figure [29] shows the results for the average width error of the channels for each chip. All the
features show an increase of width, contradicting the decreased width of the PDMS mould.
The profilometer results of the embossed TPE is shown below.

Profilometer height error TPE 1 Profilometer height error TPE 2
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Average error in micron
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Figure 30: This figure shows the average error of the depth difference of the features of 2 embossed
TPE from the PDMS mould.

Figure 30| shows that both TPE have a decrease in depth difference between the channels and the
plate surface. The results are consistent between the 2 runs with the same protocol. This data
set was the first profilometer characterisation. At first was chip 3 not included but all subsequent
characterisations did include chip 3. From these results it also becomes clear that there is a very
large standard deviation for both data sets. This implies that the results vary greatly. Looking
at the results shows that the results vary between around 25 pym up to around 75 pm.
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6.3 Stack

Nearing the end of this project a single stack was manufactured consisting out of the pneumatic
PS plate, the bottom PS plate and the first of the PDMS mould embossed TPE. This stack
was first hot pressed with the pressure at P1 bar. After the fusion bonding it became apparent,
during microscopic assessment, that there were large areas that did not bond properly. This is
shown below in figure [31}

:
|
!
!
R

(b)
Figure 31: These images shows parts of chip 1 (a) and chip 2 (b) with darker areas being bonded.

The stack was hot pressed once more after the microscopic assessment, now with P2 pressure.
This showed to increase the bonding but still far from complete bonding.

(a) )

Figure 32: These images shows parts of chip 1 (a) and chip 2 (b) with darker areas being bonded.

Figure [32|shows that the bonding is not complete yet, but the bonding does envelop the channels
completely. Due to the bonding around the channels and time constraints, no further repeat of
the fusion bonding process was performed.
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The widths of the features in the stack were then characterised and the results are shown below.

Width error stack

30

17.83

20

10

-7.83

Average error in micron

Mchipl mchip2 mchip3 mruler
Figure 33: This figure shows the average error of the widths of the stack

What becomes apparent is that for chip 1, chip 2 and the ruler the widths of the channels de-
creased. Unlike the width results of the TPE before the assembly of the stack are the results of
the third chip the odd one out, increasing in width rather than decreasing.

During microscopic assessment it became clear that the features on the third chip were mis-
aligned.

Figure 34: These images show chip 3 and the misalignment of the TPE and milled PS features.

As the other features did not seem to be misaligned this could explain the different results shown
in figure The misalignment of the features could cause the TPE to fold and increase the
depth difference together with the burring so the third chip could not bond properly.
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6.4 Fluidic priming

As mentioned before was a single stack manufactured nearing the end of the project. Fluidic
priming was performed on both chip 1 and chip 2. The rest of the features did not have their
inlets finalised and were not primed due to time constraints. What became quickly apparent is
that the fluidic embossed channels were connected to the pneumatic channels.

Blue liquid was used for visualisation purposes and microscopic assessment shows clearly that
blue liquid enters into all three of the pneumatic channels. This implies that the fluidic and
pneumatic layers were connected. What did become apparent is that the fluid did follow the
embossed channels before entering the pneumatic channels. The fluid passed from the fluidic to
the pneumatic side where the two channels cross. This shows that Hot embossed channels work,
but that the method of use for the valves is incorrect.

32



UNIVERSITY OF TWENTE.

7 Discussion

7.1 Mould design

The designing of the mould was a gradual learning process. Many versions were created and
checked and improved upon with the colleagues of Micronit. The locations and shape of the
alignment markers for example went through a few versions until the circular design was chosen.
The design of the moon shape cavities and which feature of that shape to change for the array
was a difficult process, but eventually after many versions a final design was chosen.

Learning SolidWorks for designing a microfluidic device from the ground up was a process and a
lot was personally learned during the many iterations. This project has also been a process for
Micronit concerning the work for embossing and bonding the TPE. Another detail for example
to improve the design was the use of 3D program extensions of SolidWorks to have the channels
in chip 1 and 2 be rounded for the PC mould. This was not possible for the third chip as it could
interfere with the check valves movement.

In the end a complex file was made with different configurations for the replica, the pneumatic
side PS plate, the bottom PS plate and a separate body consisting out of the mould replica.

7.2 Micromilling and shallow alignment

The micromilling process is one which required trial and error. The code generation from Solid-
Works is automatically loaded into the machine and needs to be checked or altered for different
purposes, like disabling the spindle rotation for the drag knife.

Before starting the milling, the part was aligned to the coordinate system of the machine using
the standard procedure programmed by Datron. This procedure uses a camera and a touch-
probe to identify the center of the part.

The shallow alignment process was also one of trial and error. The features were 50 micron
deep, and the probe had a tip of Imm. A colleague within Micronit made a program called
”Shallow alignment”. This is a script developed by Micronit to allow the alignment on shallow
pockets, using a probe with a size way bigger than the pocket. It was commonly used for hard
thermoplastics so the use of the program was adapted to try on the soft TPE. This adaptation
caused the process to often go wrong as the size of the features on the embossed TPE is near
the bottom of the sensitivity of the Shallow alignment program. To ease this process some tape
was cut and precisely applied to the 4 corner pockets to increase the depth of the edges.

7.3 Choosing the manufacturing methods

Before deciding that micromilling and glass etching were the manufacturing methods for the
moulds, more methods were discussed. There have been meetings with MESA+ at the university
for the possibility of using a direct writer lithography machine. This machine could accurately
target areas for lithography but this was eventually discarded as the desired thickness for the
design could not be achieved with the parameters the university allows for projects. 3D printing
was also a manufacturing method which was discussed and researched at length. 3D printing is a
versatile method but a machine with the resolution and process area at the same time compatible
with our process was not available.
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7.4 Manufacturing PDMS and PC moulds

The PDMS mould was created using the etched glass negative. The transfer from the design into
the glass negative was mostly done in cooperation with colleagues of Micronit, and was produced
using their own production facilities. 3 glass negatives were produced. The first run went awry
as the PDMS was not able to seperate from the glass. The glass negative broke when more force
was used and it was decided to recoat the other glass negatives. It is important to note that
between the soft bake and the hard bake the PDMS and the glass negative were left for a week
due to timing with the holidays. This could’ve caused the coating to go bad or the PDMS to
crosslink over time causing the separation issues. The second run with the new coating and no
waiting time in between went well and a third run was not necessary.

Manufacturing the PC mould turned out to be more difficult than expected. The malleable
material left a lot of burring, even after thorough cleaning, which made subsequent characterisa-
tion harder. It is also hypothesized that the leftover burr and rough edges caused the shadowing
effect seen in the embossed TPE. The burr has a height which pushes the TPE further away from
the features. Due to time restrains no further TPE embossing runs with increased temperature
or different iterations of the micromilling for the PC could with different settings were done to
try to improve the used design.

7.5 Hot embossing

The starting settings used for the Hot embossing came from the expertise of Micronit. This
meant that a lot of the settings were predefined from earlier researches. Hot embossing is a man-
ufacturing method which Micronit has experience with, but not with features of on this small of
a scale embossed into a TPE. It was decided to use the temperature as a variable keeping the
other settings constant.

The first runs were performed on the PC mould as mentioned before. From the characteri-
sation it became apparent that there was a lot of burring near the edges, especially with the
smaller channels. After the iterations of temperature increases did not help the shadowing effect
and difficulties measuring the depth mentioned in section 6.2, it was decided to continue with
the PDMS mould due to timing constraints. The cause for the shadowing could be that the
temperature or pressure settings were not optimal for the embossing on PC, but with the burr
seen from the microscopic characterisation the cause could also be the increase of the depth of
the edges of the channel. Edge artifacts like the burring could increase the depth of the features
by a lot as the features are 50 pm deep, making it harder for the TPE to reflow until the foot of
the channels.
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7.6 fusion bonding

The settings used for the fusion bonding of the stack were also defined from Micronit’s earlier
experiences. Those researches included a higher stack with many more layers, so settings were
used for this three layer design which had lower pressure and temperature. Micronit has experi-
ence with bonding TPE to thermoplastics but not to embossed thermoplastics.

Due to the deposition machine in the cleanroom needing maintenance for a while, together with
other time constraints, only one stack could be made. This meant that for the bonding of the
stack it was decided to start with low pressure settings and increase when necessary. The pressure
started at P1 pressure, and was increased to P2 pressure after inspection showed areas which
were not bonded. The same stack was hot pressed again, but still showed non-bonded areas.
The areas around the features seemed to be bonded and, combining this with time constraints
as it was the last week of the research, it was decided to try the fluidic characterisation on that
final version of the stack.

7.7 Characterisation PDMS and PC moulds

The characterisation of the intermediary parts was a gradual process. The width measurements
were often obstructed by burring or other artefacts, but qualitative checks showed that the width
characterisation was consistent.

The PDMS mould widths in figure [23| (a) showed that the widths had decreased for all the fea-
tures. This is partly in line with expectations as PDMS shrinks 1-2% during casting. However,
the highest decrease in average width was 11.24 pym. This, opposite to the average widths of
chip 1 being 330 pm, is a decrease of 3.4%. This is only slightly higher than expected.

Figure (b) showed that the PC mould’s features were close to what was designed with the
exception of the third chip showing an average positive error of 13.99 ym. This exception of chip
3 showing other results is apparent in the PC mould, the embossed TPE from the PDMS mould
and the stack as shown in figure 23| (b), figure [29| and figure [33| respectively. Chip 3 deviating
from the other features does not seem to show in the width results of the PDMS mould. For the
PC mould the difference could only be explained by a manufacturing error, as the micromilled
channels are very similar to the other chip’s channels. Chip 3 does have the moon shape features
but what was characterised was the width of the channels leading to the moon shape, not the
moon shape itself. It remains unclear what caused the manufacturing error.

The profilometer results in figure [27] show that both the PDMS mould and the PC mould have
a depth difference between the bottom of the channels and the face of the PS plate which is
very close to what was intended. The highest error of 3.96um for chip 2 of the PDMS mould
is still very close to what was designed. The PC mould did have trouble being characterised by
the QV profilometer. As mentioned before an electrical device was used in combination with
a microscope as a hand profilometer. The probable cause of the QV not working properly on
the PC mould could be the burring near the edges. Research has shown that, depending on the
speed and depth of the tool pathing in microdrilling, a burr can reach up to 100 pm in height
from PC[34].
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7.8 Characterisation Embossed TPE

What became apparent during the width characterisation of the embossed TPE is that the third
chip, as mentioned before, was showing different results than the other features. In this case it
could not be from the burring as seen with the PC mould, as the characterised TPE came from
the PDMS mould which showed no shadowing effect. It is unclear why the third chips embossed
channels in the stack averaged out to be less wide than designed opposite to the other features
increasing in width, other than a manufacturing error.

The increase in width from the other features can be explained by the expansion due to increased
temperature of PDMS. PDMS has an expansion coefficient of 310 ym/m~*C~1 [35]. This ex-
pansion causes the PDMS to expand during the embossing and makes the embossed features
wider. This supports the results seen from the other features however contradicts the results of
chip 3 even further.

Figure shows the profilometer results for the embossed TPE. It shows that for both the
embossed TPE the channels were more shallow than designed. This contradicts the expansion
due to the thermal expansion of the PDMS mold. What could explain this decrease in feature
depth is the fact that PDMS is a elastomeric material, and that the features on the PDMS mould
could be squished down slightly during the pressurisation of the hot press. This would cause
the feature depth to decrease and the channels to widen slightly. This increase in width further
supports the results of chip 1, chip 2 and the ruler. What could explain these results further is
the inaccuracy shown in the standard deviation. These runs with the profilometer were the first
and it is possible that the method for the profilometer was not correct. This characterisation is
recommended for repetition.

7.9 Stack

After the first run of fusion bonding the stack it became apparent that there were large areas
which were not bonded. After a repeat fusion bonding with higher pressure more bonding oc-
curred but still far from complete bonding as seen in figure This implies that the settings for
the fusion bonding were off, or other problems occurred in manufacturing. For example trapped
air pockets could also cause problems with the bonding. No more iterations for the settings for
the fusion bonding were tried due to time constraints. Due to the same time limitations no other
stack was manufactured.

The results of the width characterisation of the channels in the stack show that the channels of
chip 3 were not consistent with the rest of the features. Chip 1, chip 2 and the ruler all showed a
decrease in channel width. This was to be expected, as the pressing of the stack could cause the
embossed channel’s edges to be pressed against the PS and bond. This bonding near the edges
could lead to a decrease in channel width.

Possible causes for the third chip to have wider channels are the misalignment of the complex
features of the check valves, namely the embossed moon shape in the TPE and the PS. This
misalignment could be the cause of the TPE folding in places, which could increase the distance
between the plate and the TPE. This increase could lead to the absence of pressure causing the
channel’s edges not to bond with the PS and keeping its original width. This however does not
explain the increase in width seen in figure and figure 31 shows us that there is bonding
around the channels of the third chip so that implies that the distance between the two layers is
not the issue. Next to possible manufacturing errors possibly involving the misalignment of the
features on the third chip it is unclear why the results of third chip deviate from the rest of the
features.
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What could be the cause for the results to deviate is measurement precision. The features
and distances which are characterised are very small. Both the QV and hand profilometer have
shown inconsistent results. If the rack on which the hand profilometer was slightly slanted, or the
QV profilometer auto focuses on the wrong layer, it could have been possible that a profilometer
data set was off from reality. Routinely qualitative measurements were repeated to check if the
profilometer provided consistent results, and if so the process was adjusted. Repetition will be
required to show consistency and confirm the patterns which we discuss in this research.

7.10 Fluidic priming

Coloured liquid was used to visualize the fluidic priming of chip 1 and chip 2 the stack after the
assembly. It became quickly apparent by microscopic assessment that the pneumatic channels
and fluidic channels were connected in chip 1 and chip 2. This could have been caused by burring
near the edges of the micromilled pneumatic channels cutting the TPE during the assembly and
causing connections. As mentioned before can a burr reach 100 pm from PC[34].

As mentioned before microscopic assessment showed that the bonding of the stack was not
complete. This lack of bonding could also have caused the fluid to pass the TPE to the side of
the pneumatic channels already at the inlets. This however seemed to be not the case, because
through microscopy was the blue liquid seen following the embossed channels before reaching the
pneumatic channels and filling them up.
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8 Conclusion

The goal of this research was to hot emboss microstructures onto TPE membranes using dif-
ferent kinds of moulds applied on down-scaling upscalable microfluidic elements. This research
succeeded in replicating microstructures on TPE, with open discussions over some differences
observed between the replica and the design. Embossed TPE from a PDMS mould casted on a
glass etched negative and a micromilled mould were manufactured. The PDMS mould showed
the best results as the PC showed a lot of burr and with the used method showed a ”shadowing”
effect around the features. This shadowing was attributed to the TPE not reflowing completely
around the features. This could be the burring causing the TPE to be pushed further from the
PC plate.

Characterisation for the width and the depth of the features has been performed on the three
intermediary parts and their different iterations. The results show that the features on chip 3
deviated from the rest of the features in channel width error for the PC mould, the TPE and the
stack. The deviated results from the TPE and the stack are contradictory. This could have been
caused by manufacturing errors or the results deviate because of the measurement precision.
Fluidic priming with microscopy assessment showed that fluid was passing through the embossed
channels correctly until reaching the crossover with the pneumatic channels. At the crossover
were the two sides of the TPE connected. What could have possibly caused this is the cutting
of the TPE by the edges of the pneumatic channels. No further fluidic characterisation could
be done and due to time constraints no further stacks were manufactured. This research shows
the compatibility of industrializable materials and processes used with the fabrication of active
pneumatic elements, and sheds light on the first line of issues that need to be addressed to
progress this further.
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9 Future recommendations

The results of this research has proven that hot embossing fluidic channels has potential for the
use in microfluidics. Recommendations for further research include repetition of manufacturing
the intermediary parts and the final stack. Many different iterations of intermediary parts were
manufactured, but due to time constraints and the many iterations no large scale quantitative
assessment was done. After more testing future research could decide upon a final design and
characterise on a larger volume of that design.

Recommended for future research is to continue on the fluidic priming and start the fluidic
characterisation of the quake valves, check valves and side structures.

What is also recommended for future research is to further work on the settings for the fusion
bonding and Hot embossing. Some iterations of settings were used but could definitely be
improved upon.
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