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Developing scalable and cost-effective fabrication methods for microfluidic lab-on-a-chip devices is crit-
ical to bridging the gap between rapid prototyping and mass production. We present a rapid and afford-
able prototyping method for lab-on-a-foil devices with multi-scale fluidic features ranging from picoliters
(features size: 20 pum) to microliters (feature size: 100-1500 pm). Our three-step approach — thermo-
forming, hot embossing, and thermal sealing — enables the co-integration of picoliter wells with nano-
to microliter channels and chambers using cyclic olefin copolymer (COC), a thermoplastic polymer suit-

Key ‘.’Vords" . able for scalable manufacturing without requiring additional surface treatments. This method overcomes
Rapid prototyping e . . . e .

€oC film the limitations of non-scalable polydimethylsiloxane (PDMS) prototyping and the high initial cost of ther-
Microstructures moplastic injection molding. With low tooling costs, rapid turnaround times, and material compatibility
Nanostructures with high-precision mass production, this technique offers an efficient pathway for the development of
Microfluidics multi-scale lab-on-a-chip devices for applications such as digital PCR and solid phase extraction.

© 2025 The Authors. Published by Elsevier Ltd on behalf of Society of Manufacturing Engineers (SME).
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Lab-on-a-chip applications can require integration of pico- to
microliter features in one device, termed as multi-scale, e.g. for
methods like digital polymerase chain reaction (dPCR) [1-3], solid
phase extraction [4,5] or chromatography columns [6]. Combining
pico- to microliter features in one device enables combination of
macroscopic sample preparation structures with highly-
integrated and miniaturized analysis structures. Current replica-
tion techniques merging tools from lithography (for picoliter pat-
terns) and micro-milling (for microliter features) often rely on
expensive or non-scalable materials like silicon [7] or poly-
dimethylsiloxane (PDMS) [1,8,9]. These limitations can lead to
undesired material changes during next stages of product develop-
ment, posing a risk to the functionality of the microfluidic chip.
Alternatively, multi-scale devices can be fabricated by injection
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molding [2,10,11]. However, injection molding has too high lead
time and initial tooling cost to be applied for rapid prototyping.
3D printing, such as fused deposition modelling (FDM) can provide
rapid and low-cost prototyping, however, the limited resolution
still limits its widespread use for microfluidics. Film-based poly-
mer replication, known as lab-on-a-foil, presents a solution for
rapid, low-cost prototyping with thermoplastic film materials such
as cyclic olefin copolymer (COC) [12,13]. However, existing lab-on-
a-foil devices have focused primarily on the micro- to nanoliter
range [5,14-17]. This paper introduces a prototyping method for
integrating pico- to microliter features into COC lab-on-a-foil
devices using a three-step process.

2. Materials and methods
2.1. Fabrication concept

The three-step fabrication process (Fig. 1) allows for the
decoupling of feature sizes in a multi-scale device. It utilizes a
co-extruded COC film, made of a low melting layer (20 pm, COC
8007) and a high melting layer (180 pwm, COC 6013).

2213-8463/© 2025 The Authors. Published by Elsevier Ltd on behalf of Society of Manufacturing Engineers (SME).
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Fabrication process: 1.) Replication of milled nano- to microliter features via microthermoforming in COC film. 2.) Replication of picoliter features from lithography via

hot embossing into a second COC film. 3.) Both COC films bonded via thermal sealing.

Step 1: Microfluidic channels and chambers (nano- to microliter
features) and world-to-chip interfaces (e.g. inlet ports and vents)
are fabricated using microthermoforming of a COC film [18,19].
For this purpose, a microfluidic CAD model (SolidWorks, Dassault
Systémes) is transferred into a polymethyl-methacrylate (PMMA)
plate by micro-milling (EVO, KERN Microtechnik) to create a neg-
ative master. Based on the PMMA plate a positive master is cast
in PDMS (Elastosil RT-607, Wacker Chemie). It is important to note
that the PDMS master should be renewed after 20 COC film repli-
cations to ensure high replication quality. Finally, microthermo-
forming of COC film is performed using a hot embossing machine
(Wickert Maschinenbau) at 170°C (bottom) / 165°C (top) plus air
pressure of 700 mbar (300 s) and 3000 mbar (600 s). Optionally,
a stack of up to three 200 pm thick COC films as substrates is
merged, resulting in a 600 pm thick thermoform part for enhanced
mechanical robustness.

Step 2: A lithography process, e.g. photomask-based ultraviolet
lithography or maskless interference lithography, generates a neg-
ative master with picoliter features which is transferred into sili-
con (Si) or nickel (Ni). From Si or Ni a positive PDMS master is
cast, followed by hot embossing in a 200 pm COC film to replicate
the features. The process is performed with the same hot emboss-
ing machine as in step 1, using the following process parameters:
160°C (bottom) |/ 180°C (top), plus air pressure of 200 mbar
(200 s) and 3000 mbar (200 s).

Step 3: Finally, the two structured films are thermally sealed. By
attaching the low-melting COC 8007 sides of both films (750 mbar
for 60 s, followed by 1500 mbar for 5 s, both at 120 °C) in a mod-
ified hot embossing machine (Hex 01, JENOPTIK) a seal is created,
while their outer high-melting COC 6013 sides ensure structural
integrity. Further details on this process can be found in an earlier
publication from our group [20].
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2.2. Multi-scale microfluidic chip design

To demonstrate the fabrication concept, we designed a multi-
scale microfluidic chip (Fig. 2). The top layer includes vents, pipet-
ting ports, and chambers (up to 1500 pm feature size). The bottom
layer features one of two designs: pyramidal microwell array
(25 pm side length, 17 pm depth, 3.6 pl volume, 115,000 microw-
ells/cm?) or conical microwell array (20 um diameter, 11 um
depth, 2.6 pl volume, 184,750 microwells/cm?).

(i) Vent
(ii) Inlet chamber.
(iii) Inlet channel~

Design 1: g
Pyramids|
(PN

10 mm

Fig. 2. The chip design consists of a top layer containing channels and chambers,
and a bottom layer containing one of two exemplary picoliter-sized array features
(pyramidal and conical microwells).
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2.3. Chip characterization

The top layer was examined by confocal microscopy (TOOLin-
spect, Confovis) to verify dimensional accuracy (ESI Fig. S1-S2,
Tab. S1). The bottom layer’s picoliter features were characterized
by scanning electron microscopy (SEM) (MAIA-3, TESCAN) (ESI
Fig. S3). In microfluidic proof-of-concept experiments the picoliter
microwells were filled with dPCR reagents and sealed with oil (ESI
Tab. S2) Filling was carried out in a custom-made centrifuge
(EULER 3.0, BioFluidix GmbH) and evaluated by fluorescence
microscopy (Axio Observer Z1, Carl Zeiss) using either an object-
slide or a disk-shaped layout (ESI Fig. S4, Tab. S3). Test of sealing
strength was performed in a custom-made PCR-centrifuge (Lab-
Disk Player 1, Dialunox).

3. Results
3.1. Characterization of nano- to microliter-features

Measurements using confocal microscopy confirmed that the
desired dimensions were accurately replicated in the COC film
(Table 1). Overall, we achieved a fabrication accuracy below
+10 um and a coefficient of variation (CV) between 0.1 % and
3.1 % for feature sizes between 25 and 1500 pm. Details on the fab-
rication accuracy across the earlier processes of step 1 (PMMA
micro-milling, PDMS casting and COC microthermoforming) can
be found in the ESI (Tab. S1).

3.2. Characterization of picoliter-features
SEM images (Fig. 3a-d) taken after step 2 (hot embossing)

showed successful transfer of patterns from the lithography
masters in the COC films. The evaluation of pyramidal and conical

Table 1
Exemplary dimensions of the fabricated multi-scale devices in COC film (N = 3).
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features indicated minor deviations from the model, summarized
in Table 1. These results demonstrate that the structural integrity
of the picoliter patterns is largely maintained during the replica-
tion process. Post-sealing SEM images taken after step 3 revealed
that the structural integrity of the patterns remained intact, though
some thermal effects, in particular rounded edges, were visible. As
an example, the side length of the pyramids changed from
26.4 + 0.1 um (before sealing) to 25.8 + 0.4 um (after sealing).
For the conical wells, the bottom diameter shifted from 18.7 +
0.1 um to 19.1 £ 0.1 pm. Surface smoothening was also observed
following thermal sealing, as seen in Fig. 3e-f. Cross-sectional
SEM images before and after sealing of COC films with conical
wells can be found in the ESI (Fig. S3).

3.3. Application demonstration

Utilizing a centrifugal microfluidic filling protocol (ESI Fig. S5,
Tab. S4), we confirmed the microfluidic functionality. First, using
stroboscopic microscopy imaging, we demonstrated microfluidic
filling, draining and oil-sealing of the array chamber (ESI Fig. S7).
Second, by imaging of fluorescent dPCR mix, we confirm robust
and homogeneous filling of both picoliter microwell designs
(Fig. 3g-h). Mechanical sealing strength was tested through
centrifugal microfluidic experiments, where a liquid column inside
the sealed device generated pressures of up to 1.85 bar at a rota-
tional frequency of 60 Hz (ESI Eq. 1). The sealing remained intact
even under prolonged heating times (up to 3 h, up to 95 °C).

4. Discussion

Our fabrication concept effectively decouples the production of
different feature sizes within a multi-scale device, enabling
independent design and optimization of picoliter and nano- to

Feature CAD Model Dimension before sealing (x * s) CV before sealing Dimension after sealing CV after sealing
(i) Vent (width) 300 um (302.0 £ 0.9) pm 03% - -

(ii) Inlet chamber (depth) 1500 pm (1496 + 1.6) pm 0.1% - -

(iii) Inlet channel (depth) 100 pm (94.7 £ 0.5) um 05% - -

(iv) Array chamber (depth) 25 um (22.7 £ 0.7) pm 31% - -

Pyramids (side length) 25 pm (264 +£0.1) um 04 % (25.8 £ 0.4) um 1.6 %

Cones (diameter) 20 pm (18.7 £ 0.1) um 05 % (19.1 £ 0.1) um 05 %

Pyramids

i
:

Before thermal sealing  After thermal sealing

After filling

Cones

.

100 pm

Fig. 3. SEM images of the picoliter-sized features in COC film before (c and d) and after (e and f) thermal sealing, confirming structural integrity throughout the procedure.

Fluorescence images of pyramids (g) and cones (h) filled with dPCR mix.
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microliter features. In contrast to an existing work, where sealing
of 8 nm-sized features in thermoplastic films with minimal size
change (+2 nm) was demonstrated [21], our fabrication and sealing
approach does not require any surface treatment (e.g. plasma acti-
vation) [21-23] or additives (e.g. laser welding adsorbents) [2,24].
Aside from the cost of additional process steps, surface treatment
can have a negative impact on the microfluidic functionality as
well as on biomolecule adsorption behavior [21,22,25].

We achieved deviations from nominal CAD values below 10 pm
for nano- to microliter features in microthermoformed COC films.
Variations in measurements were mainly attributed to tolerances
in micro-milling and shrinkage effects during PDMS curing and
polymer film cooling, confirming earlier findings [12]. Such devia-
tions of up to 10 pm are typically acceptable for larger features
from 50 pm and highlight the need for complementary mastering
processes for features below 25 to 50 um. In the two investigated
picoliter features, deviations from nominal values were below
2 um, similar to previous findings on micropillar replications in
COP plates [6]. This indicates improved accuracy compared to the
nano- to microliter features. Our approach allows for seamless
transitions between larger and smaller feature sizes.

Microfluidic experiments demonstrated strong sealing capabil-
ities, even at temperatures up to 95 °C, suitable for demanding
applications like PCR. Fluorescence imaging confirmed the
microfluidic functionality of the microwells, despite observed sur-
face smoothing during thermal sealing.

5. Conclusions

This work presents a novel method that allows affordable and
scalable fabrication of patterned microstructures inside of
microfluidic chips. It facilitates quick design iterations and reduces
tooling costs while allowing early integration of product-grade
thermoplastic materials, thus accelerating time-to-market and
minimizing risks in development. The decoupling of picoliter and
nano- to microliter feature fabrication enables the rapid produc-
tion of complex geometries and high-density microstructures effi-
ciently. Unlike many rapid prototyping techniques, our approach
relies solely on COC material, avoiding non-scalable options like
PDMS and eliminating the need for additives or surface treatments.
This technology holds promise for diverse applications in multi-
scale lab-on-a-chip devices, including digital assays [2,7], inte-
grated biomolecule extraction [5] and nanochannel sequencing
[21].
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