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Abstract— We demonstrate the fabrication of microchannels
with specific fluidic behavior due to micro- and/or nanostruc-
tures on the surfaces. With a combination of hot embossing and
microthermoforming it is possible to produce microchannels
with specific surface properties. These surface properties are
highly dependent on the micro- and nanostructures embossed
into the material. Different structure sizes and geometries where
examined by contact angle measurements. Here the dependency
of diameter and pitch of the structures on the contact angle
is examined as well as the material impact. These results
enable the fabrication of highly specific surfaces tunable to
an application.

I. INTRODUCTION

Fabrication of polymeric microfluidic devices at low cost
in high quantities with specific surface properties are eligible
for many applications. Surface properties can be influenced
by micro and nanostructures. They change wetting behavior
[1], [2] and cell behavior [3], [4]. The effect of surface
structures on the wetting behavior is also known from nature.
The most famous representative is the lotus leaf. With
the combination of hierarchical micro- and nanostructures
and wax coatings it is possible to achieve high contact
angles with low tilting angles thus enabling the self-cleaning
effect of the lotus leaf [5]. Also high contact angles with
high adhesion are used in nature like the rose petal [6].
The cell behavior can be influenced greatly by micro- and
nanostructures. Yoon et al. discussed the passive control
of cell locomotion, the cells movement and location, using
micropatterns [3]. Other groups also examined the influence
of surface structures to the cell adhesion or alignment [4].
However the fabrication of controlled structured surfaces for
microfluidic devices is far from mass production.

In this work we introduce a combination of replication
processes for the fabrication of microfluidic devices. The
fabrication is divided into three steps: hot embossing, ther-
moforming and bonding. Hot embossing is a method used
for the fabrication of micro- and nanostructures where high-
precision manufacturing and precise control is needed [7].
Thermoforming or blow molding is a well-known method
for the fabrication of three-dimensional shapes [8], [9].
By heating and introducing a gas pressure thermoplastic
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polymer foils are formed into a mold. Microscopic scale
thermoforming is used for the fabrication of medical devices
like miniature balloons [10]. In the bonding step we achieve a
liquid-tight connection between the thermoformed polymer
foil and a base plate, containing all the necessary fluidic
connectors.

Because of the strong influence of the surface textures it
is important to control surface structures and characterize
the effect. This work also examined the influence of surface
structures on the wetting behavior. Therefore contact angle
measurements for four different materials with different
structures were conducted to evaluate the influence of struc-
ture size, pitch and material on the wetting behavior.

This work shows a promising fabrication process to be ca-
pable of the mass production of low-cost surface-structured,
biocompatible polymeric microfluidic devices for biomedical
applications.

II. EXPERIMENTAL SETUP

The fabrication of microfluidic systems is a three step
process. In the first process step foils with a thickness of
50 pm are structured with micro- and/or nanostructures.
Afterwards these structured foils are brought into a three
dimensional shape by thermoforming. In the last step the
formed channel is bonded to a base plate with all the
necessary connectors like fluid inlet and outlet. Fig. 1 shows
a schematic view of the fabrication steps.

Hot Embossing ‘

‘ 1. Step: |

Structuring of 50 ym thick foils with
micro- and nanostructures on the
surface.

‘ 2. Step: | Microthermoforming

Forming of pre-structured foils by
gas pressure into three dimensional
shapes.

‘ 3. Step: | Bonding

Bonding of the thermoformed foil to
a base plate with all the necessary
fluidic connectors.

Fig. 1. Schematic view of the fabrication steps. In the first step a 50 pm
thick foil is structured by hot embossing. This pre-structured foil is then
brought into a three dimensional shape by microthermoforming. In the last
step the thermoformed foil is bonded to a base plate with all the necessary
fluidic connectors.
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A. Hot Embossing

Hot embossing is used for high-precision manufacturing of
micro- and nanostructures. With hot embossing it is possible
to fabricate structured thermoplastic polymer foils which
can afterwards be used for thermoforming. In this work
Polymethylmethacrylat (PMMA), Cyclic Olefin Copolymer
(COC), Polycarbonate (PC) and Polysulfon (PSU) were cho-
sen as materials due to their biocompatibility and therefore
high usage in biological and medical applications. More
information about the material can be found in the Appendix.
A schematic view of the hot embossing process is shown in
Fig. 2.
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Fig. 2. Schematic view of the hot embossing process. a) A thermoplastic
polymer is put between a mold insert and a substrate plate which are each
connected to a heating plate. b) The system is closed until a touch force
is reached and the system is heated to the molding temperature. c) The
molding force is applied and d) after cooling the embossed polymer foil
can be demolded.

At the beginning one polymer foil is placed between a
mold insert and a substrate plate. Both plates are connected
to heating plates to heat them to the molding temperature.
The molding temperature is highly dependent on the material
and therefore Differential Scanning Calorimetry (DSC) mea-
surements were executed to obtain the thermic properties,
like the glass transition temperature, of the polymer foils.
After inserting the polymer foil the machine closes until a
touch force of 200 N is applied. To improve the molding
process the process chamber is then evacuated. Afterwards
the system is heated to the molding temperature. When the
molding temperature is reached a molding force is applied
and the polymer foil is isothermally structured. The molding
force is between 60 kN and 120 kN depending on the
sturctured area. During cooling the molding force is kept
constant until the demolding temperature is reached. After
demolding the structured foil can be examined by contact
angle measurements.

B. Thermoforming

The structured polymer foils are formed into a three di-
mensional shape by thermoforming. Fig. 3 shows a schematic
view of the thermoforming process. A pre-structured polymer
foil is clamped between a mold insert and a counter plate.
Both plates are connected to heating plates which heat the

inserts and the clamped foil to a temperature below the
polymers glass transition temperature. This low temperature
is necessary to prevent the destruction of the pre-embossed
micro- and nanostructures during the forming process. The
clamping force is around 50 kN to assure an airtight sealing
of the mold. To improve the forming result an evacuation of
the cavities in the mold is done before the forming process.
After reaching the forming temperature pressurized gas is
inserted with a rate of 0.05 MPa/s. The pressure can be set
between 0.05 MPa and 5 MPa. Through the gas pressure the
polymer foil is pressed into the cavities. The pressure as well
as the clamping force is kept constant during cooling until
the demolding temperature is reached.

Fig. 3. Schematic view of the thermoforming process. a) A thermoplastic
polymer foil is put between a mold insert and a counter plate. b) The system
is closed and heated to the forming temperature. A clamping force is applied.
c¢) After reaching the molding temperature the foil is pushed into the cavities
of the mold insert by pressurized gas. The pressure is kept constant until
the demolding temperature is reached. d) After depressurizing the three
dimensional microstructure can be demolded.

C. Bonding

After thermoforming a bonding step is necessary to
achieve a closed channel. Therefore the thermoformed foil
is bonded to a base plate. The base plate is made out
of the same material than the structured foil to facilitate
bonding. Different bonding techniques, like thermobonding,
ultrasonic bonding and solvent assisted bonding, are known
from literature. For first experiments laser welding was used
to bond the foil to the base plate.

For Laser welding a diode laser with a wavelength of
940 nm and a maximum power density of 0.38 mW/um?
was used. The foil was clamped to the base plate. The
material for the base plate was the same as the foil but with a
laser-beam absorbent additive. After clamping the laser was
scanned over the surface. Thus melting the two polymers at
the contact area which lead to a liquid-tight bonding of the
two polymers. A schematic view of the laser welding process
is shown in Fig. 4.

D. Contact Angle Measurements

For contact angle measurements we used a DataPhysics
OC30 contact angle measurement instrument. All experi-
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Fig. 4. Schematic view of the laser welding process. Two polymers are a
clamped together and melted at the contact area by a laser.

ments were done in a clean room environment with a tem-
perature of 26°C =+ 0.8°C and a humidity of 28.5% =+ 2.9%.
Dynamic and static contact angle measurements were con-
ducted depending on the size of the structured area. For static
contact angle measurement a water droplet with a volume of
2 ul was put on the surface. The angle between the surface
and the droplet at the triple point was measured and given
as the contact angle. Three measurements per sample were
taken. For dynamic measurements the “sessile drop needle
in” method was used. A droplet was put on the surface with
the needle inside. The volume is increased from 1 ul to
10 pl at a rate of 0.2 ul/s. The volume of 10 ul is halted
and when a stable contact angle is reached it is taken as the
advancing contact angle. Afterwards the volume is decreased
while taking the receding contact angle before the decrease
of the base diameter. The contact angle hysteresis is a value
for possible contact angles and is calculated as the difference
between advancing contact angle and receding contact angle.

III. RESULTS AND DISCUSSION

A. Fabrication Process

The hot embossing process step provides the necessary
precision to replicate sub-um structures with high accuracy.
Fig. 5 shows two SEM pictures of replicated surfaces.

Fig. 5. SEM picture of two hot embossed surfaces. It shows cylindrical
pillars with a height of 300 nm and a diameter of a) 750 nm and a pitch
of 1500 nm and b) 500 nm and a pitch of 2000 nm from pillar center to
center.

After thermoforming and bonding closed liquid-tight chan-
nels with inner diameters between 200 um and 2 mm and
micro- and nanostructures on the walls were successfully
fabricated as can be seen in Fig. 6. The base plate has the size
of a standard glass slide thus enabling an easy use in every
microscope. All used materials, PMMA, PC, COC and PSU
are transparent and allow the direct observation of biological
and medical experiments inside the channel.

B. Contact Angle Measurements

Static contact angle measurements were conducted to
examine the influence of pitch and diameter of cylindrical
pillars on the contact angle. Fig. 7 shows the used layout of

Fig. 6. Picture of a microfluidic chip with a channel with a cross section
of 0.5 mm to 0.8 mm and a length of 35 mm. The base plate has the size
of a glass slide (26 mm x 76 mm).

the structures. The pitch d is n-@ with n=2..5. The diameters
@ are 250 nm, 500 nm, 750 nm and 1000 nm.
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Fig. 7. Schematic view of the structure alignment. The diameters are
250 nm, 500 nm, 750 nm and 1000 nm while the pitch is n-@ with n=2..5.

Contact angles are widely debated in literature [11]-[15].
Our measurements showed the influence of pitch, diameter
and chosen material on the contact angle. With an increase
in pitch the contact angle is decreased. The highest decrease
can be seen when the pitch increases from 2-@ to 3-@. This
agrees with simulations of a material in the Wenzel state.
Depending on the material an increase of up to 35° from
the unstructured material can be achieved. Because similar
results were obtained for all materials only the results of
COC are shown in this paper. Fig. 8 shows the contact angle
of COC in dependency of pitch and diameter. The error bars
are given by the standard deviation. The contact angle is
increased with decreasing pitch. For COC an increase of
the contact angle from the unstructured contact angle of 85°
(mean value of the dynamic contact angle measurements) to
136° was achieved.
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Fig. 8. Change of contact angle of COC in dependency of pitch and

diameter. The diameters are 250 nm, 500 nm, 750 nm and 1000 nm while the
pitch is n-@ with n=2..5. The error bars are given by the standard deviation.
As a guide for the eye lines were inserted.
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To examine the influence of the material on the contact
angle, dynamic contact angle measurements were conducted.
The foil was structure with cones with a base diameter of
10 um and a height of 6 um. Fig. 9 shows the dynamic
contact angle of the unstructured material in comparison with
a microstructured material for PMMA, PC, PSU and COC.
For all materials the contact angle increases by 20°, while
the absolute value is dependent of the unstructured materials
contact angle.
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Fig. 9. Comparison of PMMA, PSU, PC and COC. The advancing and
receding contact angles of the unstructured (black symbols) and structured
material (gray symbols) is shown.

IV. CONCLUSIONS

This work introduced a three step replication process for
the fabrication of micro- and nanostructured microfluidic
devices. The first step comprises the structuring of the foil by
hot embossing. In the next step the form of the microfluidic
device is shaped by microthermoforming. In the last step
the thermoformed foil is bonded to a base plate with all the
necessary fluidic connectors like fluid inlet and outlet. The
change of wetting behavior inside the channel is shown by
contact angle measurements. An increase of the contact angle
by over 40° for Polycarbonate and Cyclic Olefin Copolymer
is shown, as well as the dependency of the contact angle
from the material and surface structures. We also showed
that only by structuring a hydrophilic material can be made
hydrophobic. This effect was used for a specific adsorption of
BSA. Adsorption experiments showed a specific adsorption
on the structured areas. This can be used for biosensors. We
also fabricated tubes with structures on the inner and outer
surface. Such tubes can be adapted to its application and be
used in the medical field like catheters. Also the housing of
implants can be structured to improve biocompatibility.

APPENDIX

The following glass transition temperatures 7 were mea-
sured at Biirkert GmbH & Co. KG by differential scanning
calorimetry (DSC).

Polymethylmethacrylat (PMMA) from Goodfellow, thick-
ness 0.05 mm, To= 113°C.

Cyclic Olefin Copolymer (COC), Topas Grade 6013 +
25% elastomeric additives, thickness 0.05 mm, T;=136.5°C.

Polysulfon (PSU) from Lipp-Terler GmbH, trade name:
Lite U, thickness 0.05 mm, 7¢=187°C.

Polycarbonate, ordered from itdip, thickness 0.05 mm,
Ta= 149°C.
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