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ABSTRACT A modular microfluidic system can be used to quickly set up an individually adaptable
microfluidic network by linking and delinking different functional building blocks. We present a convenient
and reliable connection technology, which is based on magnets and casted O-ring-like structures leading
to a sealed connection without the need of additional sealing materials. Based on an improved, previ-
ously presented fabrication technology, modular microfluidic polydimethylsiloxane (PDMS) blocks using a
polyurethane (PU) mold, 3D printed acrylonitrile butadiene styrene (ABS) channel structures and a magnetic
connection system in combination with a casted O-ring link, featuring various integration technologies have
now been designed and experimentally evaluated. In particular, this paper will address the realization of
directional valves, reciprocating pumps, finger pumps, directly-cast check- and Tesla-valves, fluidic flow
sensors, fluidic mixers, commercial valves, and various sensors. By using different measurement setups, the
feasibility of these devices is demonstrated. Moreover, limitations and issues encountered during fabrication
as well as future work are discussed.

INDEX TERMS Magnetic connection, fabrication technology, flow sensor, fluidic mixer, modular microflu-

idics, PDMS, PU mold, pumps, valves.

I. INTRODUCTION

The field of microfluidics has gained increasing interest over
the last years and has become a standard approach to han-
dle small amount of liquids. Microfluidic chips are applied
in various fields ranging from biological sensing, chemical
analysis, medicine, science, food industry, and environmental
engineering [1], [2], [3], [4], [5], [6]. Compared to liquids at
the macroscopic scale for which body forces like gravitation
play a major role, microfluidics is dominated by surface
forces and associated surface energies. Because of the typi-
cally encountered small Reynolds numbers, microfluidic flow
is dominated by viscous forces and thus can be assumed to be
laminar, which leads to a more predictable and controllable
liquid behavior compared to macroscopic systems [7].
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Due to the wide range of applications for microfluidic
chips, the availability of tools for developing, testing and
prototyping designs and design ideas is of particular impor-
tance. Current state of the art fabrication techniques like hot
embossing, injection molding, laser ablation, 3D printing,
and focused ion beam machining enable the fabrication of
high-quality microfluidic chips [8]. However, the obtained
chips cannot be easily adapted and adjusted by the users
themselves [9]. The greatest advantage of a modular sys-
tem lies in the reusability and exchangeability of individual
blocks. While for a commonly used specific single chip, it is
not possible to change parts of the implemented microflu-
idic network, a modular system allows the exchange and
rearrangement of components by splitting up the network
into different parts separated in different blocks or mod-
ules. Applications requiring disposable components (e.g.,
for hygienic reasons), biology, chemistry, medicine, food
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companies, science, and teaching are only a few of the many
fields that could benefit from such a modular microfluidic
system [4], [9], [10], [11], [12].

One intuitive approach to achieve such a modular system
is to utilize the design of LEGO@ blocks. Owens et al. [5]
micromilled microchannels into the faces of commercially
available LEGO®) bricks and sealed them with a polyethy-
lene film, whereas Vittayarukskul et al. [6] presented PDMS
replica with incorporated microchannels. Similarly, a puzzle-
like interlocking structure can be used which relies on
the interlocking design for sealed connections [13]. Both
approaches have the advantage that the used components can
be combined in any way. Yet, a baseplate is necessary to
warrant the stability of the entire arrangement.

It has been shown that the modular approach works also
for open microfluidic networks [14] and three-dimensional
networks [15], [16], [17]. When using PDMS as base
material, even whole organ-on-a-chip systems can be fab-
ricated [18], [19]. However, a general drawback of mod-
ular approaches is the need for sealed interconnections in
between the individual blocks. While form-fit structures can
be sufficient to obtain sealed connections for low pres-
sures [5], [6], [14], [20], [21], additional components like
glass tubes [19], O-rings [5], [22], [23], [24], or a bottom
plate [25] have to be used.

A permanent magnet-based connecting mechanism was
also used in earlier works [24], [26]. Both 3D printed and
PMDS-based modules were, e.g., presented by Yuen [24].
Here, an additional sealing medium (square O-ring or Kapton
polyimide adhesive tape) was required for the employed mag-
netic connections. The placement of the magnets, due to their
orientation, requires connection to a module port featuring
the suitable opposite magnetic pole, which is not the case for
our system as described below. In [26], a PDMS gasket and
an external magnetic connector module (magnetic clamp) are
additionally needed to connect the modules.

In contrast to existing approaches, we present modular
microfluidic blocks (MMBs) based on PDMS that provide
reversible, self-sealing and self-aligning connections using
a mechanism that is based on magnetic forces. Rather than
having dedicated connector modules [18], [26], we employ
a symmetric block design allowing blocks with up to four
liquid in- or outlets in the present configuration. Leak-free
operation for pressures up to 175 kPa is ensured due to an O-
ring-inspired protrusion directly included in the PDMS MMB
around the connection interface, without the need of any extra
components.

Il. CONNECTION SYSTEM

To enable a simple and flexible connection of two arbitrary
modular microfluidic blocks (MMBs), a connection system
based on neodymium permanent magnets, which are directly
integrated into the MMB, is used. It is important that the mag-
nets are glued into the MMB in a properly aligned manner.

In Fig. 1a the orientation of the magnetic moment 7, asso-
ciated with each magnet is indicated. With this arrangement
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FIGURE 1. Principle of the connection system. a) Modular microfluidic
block with shown arrangement of the magnets on each port. The size of
the MMB is 30 mm x 30 mm x 10 mm. b) Magnetic force during
connection to press the O-ring-like structures together to achieve a sealed
connection. c¢) Two connected blocks with visible connection surface.
Width of the half MMB is 30 mm d) Detailed view of the sealing surface.

of the magnets it is possible to connect every connection
interface of any MMB with every other one. If two connection
interfaces of MMBs get in the nearfield of each other, the
magnetic forces F automatically align the interfaces properly
and connect the MMBs securely. The O-ring-like structures
which are present at each connection interface due to the
casting process, protrude a bit from the surface (see Fig. 1).
Upon connection, two of these O-ring-like structures are
pressed together due to these forces exerted by the attracting
magnets (Fig. 1b) and establish a sealed interface. Because
the channels always start or end in the center of the O-ring-
like structures, a sealed connection between the channels
of the two connected MMBs is established. Because of the
transparency of PDMS, it is possible to observe the sealing
interface of two connected MMBs (Fig. 1c and Fig. 1d).

The easiest way to delink the MMBs is to hold one and
tilt the other one up or down and pull a bit at the same time.
With the current square design of the MMBs a maximum of
four ports per MMB are possible. If more ports are necessary,
the principle could be extended to hexagonal geometries with
six ports or also it should be possible to create two ports per
interface using three magnets.

Ill. MATERIALS

The aim from the very beginning was to produce a transparent
module to ensure the visibility of the test fluids in the channel
structures. The first tests showed that, in order to create
a leak-free connection interface, it is mandatory to have a
rather smooth surface at the sealing surface. Therefore, 3D

82883



IEEE Access

R. Ecker et al.: Self-Sealing Modular Microfluidic System Using PDMS Blocks With Magnetic Connections

printing of the MMBs with a filament-based printer or other
methods such as using laser engraved polymethyl methacry-
late (PMMA) plates with a top plate to seal the block, e.g.
as shown in [27], at least need an additional quite complex
smoothing step of the sealing surfaces. Furthermore, there is a
decisive disadvantage when the MMBs are made out of a hard
material, since in order to seal the connection, an additional
flexible component, usually an O-ring, is required. This part
must be inserted during each connection operation.

Taking into account these circumstances, the choice of
the material of the MMBs fell on the well-known PDMS.
Disadvantageously, the use of PDMS as material requires
a mold. However, the use of a casting process allows the
simple integration of external components already during the
molding step and therefore also complex outer geometries
(such as the placeholders for the magnets, O-rings, etc.) of the
MMB can be realized in a single molding step. Additionally,
the use of PDMS as a material allows for multiple mold
reuses, which opens up the opportunity of mass production.
The ability to replicate shapes at the nanoscale is another
benefit of PDMS. On the downside, PDMS absorbs different
kinds of molecules and starts to swell. The evaporation of
different kind of fluids e.g. water through PDMS is another
challenge and may potentially lead to issues in long term
experiments [28].

Such complex outer geometries like the sealing interface
require an associated negatively shaped mold. A template
is required to fabricate the mold, which itself has to be
fabricated out of a very flexible material in order to enable
the removal of the template from the mold. To be able to
produce almost any shape with high accuracy, the template
is printed with a 3D printer (Stratasys, Objet30 Pro) out of
resin (Stratasys, VeroBlack).

After the definition of the materials for the MMB (PDMS)
and the template (VeroBlack), the task was to find a flexible
and castable material for the mold. Due to the fact that some
of the tested materials adhered very well to each other, we also
considered the use of a separating agent. Because of the extra
step in fabrication, it is desired to limit the use of a separating
agent to the fabrication of the mold solely, where the extra
step is not so critical, because one mold can be used for the
production of several MMBs.

Tests have shown that the material combination of a
polyurethane (PU) mold, using the separating agent only for
the mold fabrication, with both selected materials (PDMS
for the MMB and VeroBlack for the template) work very
well. Therefore, PU is used as material for fabrication of the
mold. In Fig. 2 an overview of the main parts, their outline
and the selected materials is given. In Table 1 the different
tested material combinations to determine the mold material
are summarized.

IV. FABRICATION

In this section every step of the fabrication procedure is
illustrated and discussed starting with the fabrication of the
reusable template which is needed for the fabrication of the
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FIGURE 2. Overview of the main parts and the selected materials.

reusable PU mold, which again is needed for casting the
MMBs. The basic and preliminary fabrication steps were
previously shown in our conference paper [29], went through
some final improvements and are described in detail in the
following sections.

A. TEMPLATE

The template with the outer contour of the MMB is first
designed in a CAD program with dimensions as shown in
Fig. 3 and then 3D printed using the mentioned printer and
material.

The side walls (Fig. 3 green marked areas) have an angle
(slope) of 2° in order to compensate the different thermal
expansions of the fully PU-filled bottom and the top of the
PU mold during the curing of the PDMS in the mold at
high temperatures. This makes it possible to fabricate MMBs
with almost perfectly vertical walls. Cylindrical cutouts (gray
marked areas in Fig. 3) are provided as placeholders for the
neodymium permanent magnets used for the magnetic con-
nection. To fix the magnets in the PDMS modules, they are
glued to washers featuring a larger diameter. Doing so, in the
final MMB, the outer portion of the washer is fully embedded
in the PDMS providing a form-fitting reliably mounting of the
magnet/washer arrangement. Respective cutouts for washer
and magnet thus need to be provided in the template (Fig. 3
orange marked areas: washer location, grey marked areas:
magnet location).

The yellow marked cuboids in Fig. 3 serve as placeholders
for the mounting of the negative channel structures in the
PU mold and hence are the ports of the later MMB. Around
these cubes, embossed structures looking like a half O-ring
(blue marked in Fig. 3) are placed. These structures serve as
a sealing surface in the later casted MMB.
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TABLE 1. Compatibility of mold materials with the template and the modular microfluidic blocks (MMBs) materials.

Materials for MMB/ VeroBlack ® (template)
Template : — PDMS * (MMB)
Mold material Without separating agent :Z;g;:gg?;ggj:lf g*and
PDMS * N.A. (MMB molding impossible) N.A. (MMB molding Cannot be molded without disintegration
impossible)

PU° Molding of straight surfaces possible, Molding is possible Molding is possible, curing of PDMS at
yet detailed structures are not possible high temperatures is necessary

SF45-RTV2 f Molding of straight surfaces possible, Molding is possible Cannot be molded without disintegration
yet detailed structures are not possible

RT 622 A/B ¢ Molding is possible Not tested Cannot be molded without disintegration

Sylgard, 184 silicone elastomer kit; *Stratasys, VeroBlack, ‘R&G Faserverbundwerstoffe GmbH, Epoxy Resin HT 2 and Hardener HT 2; “Henkel, Loctite LB 8192;
“Biresin®, U1404 Comp. A and U1404 Comp. B; ‘Silikonfabrik, SF45-RTV2; ¢Elastosil®, RT 622 A/B;

30

A

(a) (b)

(d)

FIGURE 3. Dimensions of the template with marked surfaces for the special parts. (a) Side view, (b) top view, (c) detailed view of the sealing interface, (d)
3D view. Green marked - side walls, grey marked - cutouts for magnets, orange marked - cutouts for washer mounting, yellow marked - placeholder for
the channel structures, blue marked - O-ring-like structures as sealing interface.

B. PUMOLD

The main fabrication steps of the PU mold are shown in
Fig. 4. We start with the described template (black in Fig. 4a)
from which the support structure (associated with the design
used for 3D printing) is removed with water after the printing
process. The template is first dried and afterwards coated with
low-viscosity two-component epoxy resin (R&G Faserver-
bundwerstoffe GmbH, epoxy resin HT 2 and hardener HT 2)
using a common fine brush (Fig. 4b). For curing the epoxy
resin coating, the template is put in the oven at 55 °C for 5 h,
see Fig. 4c. This coating, which leads to a smooth surface,
in combination with an additional spray coated polytetraflu-
oroethylene (PTFE) separating agent (Henkel, Loctite LB
8192, see Fig. 4d) enables the subsequent removal of the
template out of the PU mold.

A reusable and demountable box is built out of 1.5 mm
thick laser cut PMMA plates with the inner dimensions of
about 50 mm x 50 mm x 40 mm. The height is needed
to accommodate the later expansion of the PU mass during
evacuation. To enable the filling of the box, the top is not
closed. In the next step (Fig. 4e) the template is glued to
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the center of the bottom plate of the PMMA box using a
double-sided adhesive foil (Aslan, DK 4). It is important that
the template is aligned such that the slopes of the sidewalls are
correctly aligned, i.e. that they are tapered from the bottom
upwards.

As base material for the mold, a castable PU (Biresin@,
U1404 Comp. A and U1404 Comp. B) is used. For prepara-
tion components A and B are mixed together using a weight
ratio of 8:10 (Comp. A: Comp. B.). The next steps have
to happen quite fast, because the pot life of the mixture is
only about 25 minutes at room temperature. As a next step,
the PU is poured into the PMMA box until the template is
covered with about 5 mm PU on top (Fig. 4f). The box is
directly put into the vacuum desiccator (Fig. 4g) afterwards
for about 15 min, to remove all air bubbles and other air which
otherwise would remain in the cutouts. For faster curing of the
PU, it is put into the oven at 55 °C for 5 h, see Fig. 4h.

As a final step after cooling down to room temperature, the
PMMA box and the template are removed out of the PU mold
(Fig. 41). To do this, first the side walls of the demountable
box are tilted to the side at the top, as the PU then slowly
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FIGURE 4. Fabrication procedure of the PU mold [23]. a) 3D printing of the template and removing support structure. b) Coating of the template with low
viscosity epoxy resin using a common brush. c) Curing of the epoxy resin in the oven at 55 °C for 5 h. d) Spray coating the template with a PTFE layer. e)
Placement and fixing of the template into a demountable PMMA box using a double-adhesive foil. f) PU preparation and casting. g) Air bubble removal

by evacuation for 15 min. h) Curing of the PU into the oven at 55 °C for 5 h. i) Removal of the PMMA box and the template, final PU mold.

detaches from the walls. Then the same is done with the
bottom PMMA plate afterwards. Since the cured PU is very
flexible, the template can be removed by pressing the PU
mold at the interfaces and then lifting it out. To enable the
curing of the PDMS, the PU mold has to rest for at least 3 days
allowing the remaining curing agents to escape. Additionally,
the PU mold is cleaned with isopropanol before every use.

C. CHANNEL STRUCTURES (NEGATIVES)

In order to fabricate the MMBs with different fluidic func-
tions using a PDMS casting process, in addition to the mold
already described, negatives of the desired channel structures
are required to prevent the desired channels being filled
during the casting process. After the casting process, these
negatives of the channel structures must be removed from
the PDMS MMB so that the channels are free and the MMB
works as desired. For simple, straight channels, the associ-
ated negatives can most often simply be removed by pulling
them out of the cast MMB (and they can even be reused in
this case). For more complex channel geometries, however,
materials that can be chemically dissolved have to be selected
for these negatives. Acrylonitrile butadiene styrene (ABS)
in combination with acetone as solvent fulfills exactly the
desired property and has previously been successfully used
for the desired application [30]. Another key advantage of
using ABS as material for the channel negatives is that it is
one of the most widely used materials for fused deposition
modeling (FDM) 3D printing [7]. The material itself is there-
fore readily available on the market. Due to the use of an 3D
printer (Ultimaker, 2+ Extended), the fabrication of almost
any 3D (negative) channel shape is possible. On the down-
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side, the use of an FDM printer limits the channel geometries
in size downwards, due to the used nozzle diameter (400 pm)
and the accuracy of the printer itself. With the used setup,
it was possible to print channel structures with the smallest
dimensions of 300 um width and 60 pm height.

In order to keep the negatives in the desired position during
the later casting process of the PDMS they are printed 2 mm
longer at the later ports and inserted into the placeholder of
the PU mold (Fig. 3 and Fig. 5a).

D. MODULAR MICROFLUIDIC PDMS BLOCK
Fig. 5 shows the main fabrication steps of a PDMS MMB.
After cleaning the PU mold using isopropanol and drying it
again the already printed ABS channel negative is inserted
into the placeholders of the reusable PU mold (Fig. 5a).
As next step (Fig. 5b) the washers, to which the magnets will
be glued later on, featuring an outer diameter of 9 mm and
3.2 mm inner diameter (standard washers for M3 screws) are
placed onto the holders of those sides of the PU mold where
aport is provided. Because of the special shape of the holders
(see Fig. 3a orange marked area) the washers remain in place
even during movements and pouring. Experiments showed
that it is virtually impossible to glue the permanent magnets
directly to the PDMS, due to its low surface energy, which is
why the washers were introduced in the design. The washers
themselves are casted into the PDMS MMB yielding a form-
fitting connection.

To cast one MMB with the dimensions of 30 mm x 30 mm
x 10 mm, about 12 g PDMS (Dow Silicones Deutschland
GmbH, Sylgard™ Silicone Elastomer Kit) is mixed accord-
ing to manufacturer specifications using a weight ratio of
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FIGURE 5. Fabrication procedure of the PMMA MMB [23]. a) Inserting the printed channel structures into the placeholders of the PU mold. b) Placing the
washers onto the holders of each used connection port. c) Mixing and degassing of the PDMS base material. d) Casting of the PDMS. e) Bubble removing
by evacuation. f) Curing of the casted MMB. g) Demolding of the PDMS MMB. h) Dissolving of the ABS channel structure in acetone. i) Removing of the
absorbed acetone. j) Adhering the magnet to the washers using a glue. k) Fabricated and usable PDMS MMB.

10:1 (base to curing agent). The mixture is afterwards put
into the vacuum desiccator (Fig. 5¢) for about 15 min for
degassing (before pouring it into the mold). As shown in
Fig. 5d, next the PDMS is poured into the PU mold until
the mold is brimful. To remove trapped gas which otherwise
will remain in the PU mold and under to channel structure
the filled PU mold is evacuated once more, see Fig. Se. The
PDMS is then cured in the oven at 90 °C for 1 h (Fig. 5f). In a
series of initial experiments, it was found that such a high
curing temperature is needed to avoid curing problems at the
PDMS/PU interface.

After cooling down, the PDMS MMB is removed out of
the PU mold (Fig. 5g), which is easily possible because both
the PDMS and the PU mold are quite flexible. As already
described, after the casting process, the ABS negative, which
is still embedded into the MMB, has to be dissolved using
acetone (or pulled out in simpler cases, as described above).
To do so, the MMB is put into acetone for typically two days
(Fig. 5h) and afterwards additionally flushed with acetone,
which removes the remaining ABS. During the time the
PDMS stays in acetone it absorbs some of it and therefore
swells. To remove the absorbed acetone, the MMB is after-
wards placed into the oven at 55 °C for 5 h (Fig. 5i).

Due to the casting process in combination with the evac-
uation, the washers are covered with a thin layer of PDMS
on the side of the cutout for the magnet. Therefore, before
the neodymium permanent magnets (Webcraft GmbH, S-06-
02-N), with a diameter of 6 mm and a height of 2 mm, are
attached to the washers using a glue (Loctite@, 4850), see
Fig. 5j, this layer has to be removed using a scalpel. Finally,
the overlaying PDMS at the top and the former place holders
is cut off using a wire cutter. The fabricated and usable PDMS
MMB is shown in Fig. 5k.
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FIGURE 6. Modular microfluidic network using only connection MMBs. a)
Start or end blocks. b) Curves. c) Crossover block. d) Three-way block.

V. FABRICATED MODULAR MICROFLUIDIC BLOCKS
(DEMONSTRATORS)
A. CONNECTION BLOCKS, ROUTING AND MIXING
Start and end blocks (see Fig. 6a) are made as a half block
(dimensions 30 x 15x10 mm) and therefore require their
own PU mold. The “removed” half is used to host a Luer
connector, which allows easy and standardized connection to
external syringes, tubes, valves, pumps, and much more.
The most fundamental MMBs are simple “through” con-
nections. The basic connection blocks are straight, curve,
crossover, three-way, and four-way connectors. Fig. 6 shows
a modular microfluidic network (MMN) build up using only
connection blocks with colored water in the channels to make
them more visible. To fabricate the crossover MMB, two
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(f)

FIGURE 7. Fabricated mixer and valve MMBs. a) Fluidic mixer with
colored ink to see the mixing because of diffusion. b) Integrated
commercial three-way-valve. c) Integrated commercial nonreturn valve. d)
Tesla valve. e) PDMS only nonreturn valve. f) Sectional view of the
channel structure of the PDMS only nonreturn valve. The PDMS is gray
marked in this view. The size of each MMB is 30 mm x 30 mm x 10 mm.

straight channels are used, one about 1 mm longer than the
mold. Both are inserted into the mold (Fig. 5a), because one is
a bit too long it bends upwards or downwards. It is important
that the bend direction is specified such that both channels do
not touch each other.

Flows in the microfluidic range are virtually always lam-
inar [31], consequently the mixing of two different fluids
happens mainly due to diffusion, which is a slow process [32].
To enable the mixing of two fluids, channel structures with
long interfaces and small dimensions as well as low flow rates
are necessary. A fabricated mixer which mixes colored water
is shown in Fig. 7a. Such a device is well-suited to demon-
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FIGURE 8. Pressure sensor and flow sensor MMBs. a) Pressure sensor
plugged into the corresponding MMB. b) Circuit board with the pressure
sensor separated from the MMB. c) Unplugged flow sensor circuit board
using two pressure sensors for measurement and the corresponding
MMB. d) Flow sensor MMB using flexible connection tubes to eliminate
the sealing issues. The size of each MMB 30 mm x 30 mm x 10 mm.

strate the mixing behavior at the microscale. The different
stages of the diffusion process are visible clearly and even at
the end of the structure the different colors are visible.

B. VALVES

In order to be able to control the flows in an MMN, dif-
ferent valves are required. The easiest way to build MMBs
with valve functionality is to embed commercially available
ones directly into the MMB during the casting process. The
connection between the valve and the connection interface
of the MMB is again achieved using printed ABS channel
structures. Because many of the plastic parts of the standard
valves also dissolve in acetone, in this case only straight
channels are used enabling removal using the pulling-out
method as outlined above. Using this technique, three-way
valves (Teqler@®), three-way stopcock) and nonreturn valves
(BD, check valve) for Luer connections were integrated suc-
cessfully (see Fig. 7b and 7c). It is possible to integrate
virtually every device, as long as the dimensions of the valve
fit into the MMB.

The direct fabrication of fully PDMS based valves is also
possible. A so-called Tesla valve is geometrically designed
to allow the fluids to flow through easily in one direction and
to restrict the other flow direction [33]. Therefore, the flow
resistance is different between the forward and reverse flow
directions. A fabricated Tesla valve is shown in Fig. 7d.

To build up a castable PDMS nonreturn valve (Fig. 7e)
we printed a special channel structure (Fig. 7f). After fab-
rication, a small chamber remains in the MMB with an
input on top and an output on the bottom. A small move-
able PDMS wall, which is loose on three sides, closes the
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FIGURE 9. Diaphragm pumps MMBs. a) Finger pump with integrated
Tesla valves. b) MMB with integrated magnet for pumping with the
electromagnetic actuators (EAs). ¢) Pump with small EA, fixed onto the
MMB with a 3D printed mounting structure. d) Diaphragm pump for
higher pressures using a bigger EA. The size of each MMB is 30 mm x
30 mm x 10 mm.

output in one direction if the flow rate is high enough. In the
other flow direction, the PDMS wall (gray small strip on
the bottom of the white chamber in Fig. 7f) cannot block
the output, because the distance between the wall and the
output is too high. Due to the limited print size, the wall has
to move a bit (about 100 pwm) to close the output. In this
design, the required flow rate to close this valve is quite
high, compared to smaller microfluidic chips (in the range of
500 pl/min).

C. SENSORS

Sensors are required to determine the fluid and flow prop-
erties of an MMN at the desired points. For liquid-based
systems, the two most important variables are the pressure
and the flow velocity. Therefore, as a first step a pressure
sensor MMB was fabricated, see Fig. 8a and 8b. The mea-
surement is performed by a commercially available pressure
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FIGURE 10. Calibrations curves and measurements using the flow sensor
MMB and a commercial flow sensor. a) Measured calibration curve with
the corresponding linear fit. b) Measured calibration curve and its
piecewise linear fit. c) and d) Example measurements using the
commercial and the fabricated flow sensor for comparison.

sensor (Honeywell, MPRLS0030PG0O00O0SA) mounted on a
custom designed circuit board (fabricated by JCLPCB Ltd.).
The sensor is plugged into a port on top of a specially
designed MMB. In future it is planned to directly integrate
the sensor with the circuit board into the PDMS MMB during
the fabrication process.

Based on a differential pressure measurement between two
sides of a fluidic resistor, it is possible to build a flow sensor
MMB, which is shown in Fig. 8c. The flow velocity v can be
calculated ideally from the measured pressure difference Ap
and the flow resistance Ry using

_Ar

V= .
Ry

ey

Because PDMS is flexible, the channel geometry changes
a bit if the pressure varies. Consequently, the flow resistance
Ry of a particular channel segment depends on the applied
pressure difference Ap. The behavior is therefore not ideally
linear and was calibrated using an external flow sensor (Sen-
sirion, SLI-1000).
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To realize the flow sensor MMB, two pressure sensors
(Honeywell, MPRLS0030PG0000SA) are mounted onto a
printed circuit board (PCB) and again plugged into a specially
designed MMB (see Fig. 8c and 8d). To achieve a sealed
interface between the two sensors, which, by virtue of the
PCB setup, are arranged at a pre-defined distance, and the
two MMB plugs on top, it is quite important to work exactly
and with small tolerances. The flow sensor MMB in Fig. 8d
relaxes this challenge by using flexible connection tubes. The
direct integration of the sensors with the circuit board will
automatically eliminate this problem.

For the readout of the measurement data from the sensors,
a microcontroller (Arduino, Nano) in combination with a
custom-made circuit board was used. Furthermore, the mea-
sured data was displayed on an LCD and transferred to a
PC via the serial interface, which enables to store the data
permanently and to display them in a diagram.

The integration of many other sensors for characterizing
liquids such as viscosity or conductivity sensors is easily
possible as long as the sensors fit geometrically into an MMB.
Due to the high transparency of PDMS, the opportunity to
integrate optical sensors like turbidity sensors, sensors for
bubble detection, measurement of oxygen saturation in blood,
etc. is also given. If necessary, it would be possible to fab-
ricate geometrically lager MMBs, which cover two, four,
or more standard MMBs with an adaptable height.

D. PUMPS
To generate a fluidic flow within the MMN, pumps are
required. In combination with the start/end MMBs and the
Luer connector, the use of external pumps is easily possi-
ble. The integration of commercially available micropumps
directly into the MMB is also possible and straightforward.
Due to the flexibility of PDMS, the fabrication of a
diaphragm pump was near at hand. The basic idea here
was to fabricate an MMB featuring a reservoir with a thin
deformable upper PDMS wall (approx. 1 — 1.5 mm in our
design). In combination with two nonreturn valves or Tesla
valves, the pumps will work as follows. Reducing the volume
in the pump reservoir by pressing on the upper wall would
normally lead to a flow at both openings (inlet and outlet
respectively) of the reservoir. However, the valve situated at
the inlet closes in this case and prevents a backflow. The
second valve remains open, which creates a fluidic flow
in the desired direction. After releasing the pressure, the
upper PDMS wall returns the initial position and generates
a negative pressure. Now the situation is exactly reversed and
the valve at the outlet is closed. The valve at the input opens
and water is sucked into the pump via the inlet. A fabricated
pump with manual operation (using, e.g., a finger to press the
PDMS MMB) is shown in Fig. 9a. To automate this pump
and in addition increase the working speed, a neodymium
magnet (Webcraft GmbH, S-10-0.6-STIC or S-10-01-STIC)
was integrated into the upper wall (diaphragm) of the pump,
see Fig. 9b. At the outside an electromagnetic actuator (EA) is
placed, which can move a piston up and down. By placing an
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TABLE 2. Leakage test of the connection system.

Pressure where

Number of first leak
connected st feaxage Used blocks
blocks was notable in
kPa
2 195 2 x start/end block
2 200 2 x start/end block
2 195 2 x start/end block
3 190 2 x start/end block, 1 x curve
3 175 2 x start/end block, 1 x curve
3 190 2 x start/end block, 1 x finger pump
3 205 2 x start/end block,
1 x diaphragm pump
3 180 2 x start/end block, 1 x crossover
3 195 2 x start/end block, 1 x Tesla valve
4 210 2 x start/end block, 2 x curve
4 205 2 x start/end block, 1 x curve,
1 x Tesla valve
5 175 2 x start/end block, 2 x curve,
1 x three-way-valve
5 185 2 x start/end block, 1 x curve,
1 x Tesla valve, 1 x crossover
6 175 2 x start/end block, 2 x curve,
1 x Tesla valve, 1 x crossover
6 190 2 x start/end block, 2 x curve,

1 x Tesla valve, 1 x finger pump

additional magnet onto the top of the piston, the connection
to the integrated magnet was established. With this system it
was possible to displace the diaphragm in both directions, i.e.
up and down, maximizing the pumping volume. Two different
sizes were fabricated and are shown in Fig. 9c and Fig. 9d.

VI. RESULTS

A. CONNECTION SYSTEM

To evaluate the devised connection system, different MMBs
were connected and all ports were closed except for one
input and one output. The output was connected to a pres-
sure sensor (Honeywell, ABPMANV030PG2A3) and at the
input, water was slowly and manually pressed into the system
using a syringe. Doing so, the pressure in the MMN starts
to rise. At a specific pressure the system becomes leaky at a
connections interface. This pressure is measured and given
in Tab. 2 for a different number of devices. Overall, the
system stays sealed up to a pressure of at least 175 kPa. For
every individual connection this value varies a bit. For bigger
MMNss the connection with the lowest value is the limiting
one. However, the connections remain sealed up to fairly
high pressures which means that, except from these sealing
tests, such pressures would have never been reached in any
of the other experiments concerning the MMBs functionality.
If necessary, an increase of the maximal possible pressure can
be achieved, e.g., by using stronger or additional magnets,
though.

B. FLOW SENSOR MMB

The function of the fabricated flow sensor MMB is shown
by setting different fluidic flows using an external syringe
pump (Cellix, ExiGo pump) and simultaneously measuring
the actual flow with a commercial flow sensor (Sensirion,

VOLUME 11, 2023



R. Ecker et al.: Self-Sealing Modular Microfluidic System Using PDMS Blocks With Magnetic Connections

IEEE Access

700 1 —-- 50 Hz small EA
—-- 20 Hz small EA
--- 5 Hz small EA
—— 50 Hz big EA
—— 20 Hz big EA
500 A 5 Hz big EA

600 1

400 A

300 4 I

flow in pi/min

200 4

100 s

supply voltage in v
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SLI- 1000) and the corresponding differential pressure of the
flow sensor MMB. Such a measurement is shown in Fig. 10a
(blue curve). According to (1), the mathematical relationship
between the flow velocity and the pressure difference in a
microfluidic channel with constant flow resistance is approxi-
mately linear. The measurement curve (blue curve) in Fig. 10a
is fairly linear, but the linear fit (red curve) shows that it is not
perfectly linear. The reason for this is the already mentioned
elasticity of PDMS causing the flow resistance to depend on
the actually present pressure. To compensate this, a piecewise
linear fit was used for the calculation of the flow velocity
from the pressure difference. Fig. 10b shows the comparison
between the measurement curve (blue curve) and the calibra-
tion curve (orange dashed curve) of the flow sensor MMB
using the piecewise linear fit. The difference between both
curves is quite small and therefore the piecewise linear fit
function is used for the following measurements. Two sample
measurements (see Fig. 10c and Fig. 10d) demonstrate the
feasibility of the developed and calibrated flow sensor MMB
when compared to the values obtained using the commercial
flow sensor.

C. DIAPHRAGM PUMPS
The tests showed that the pumps work reliably up to a fre-
quency of about 50 Hz. When the frequency was increased
further, the output flowrate decreased significantly with
increasing frequency. This maximum frequency can therefore
be used to obtain high flow rates but keeping the pulsation
of the output flow small at the same time. We note that
due to the elasticity of the PDMS, the pulsation happens to
be increasingly attenuated for increasing frequencies. The
output flow rate of the two fabricated pumps versus the peak
voltage of the pulse width modulated (PWM) signal with a
duty cycle of 50 % at different frequencies is shown in Fig. 11.
After overcoming a minimum voltage, the maximum pos-
sible flow rate is reached quickly. Further increase of the
voltage virtually does not increase the flow rate any further.
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The maximal possible output pressure is determined by the
spring and its force on the MMB. The increment of the
voltage leads to an increase of the output pressure until this
maximum. Using different springs, the pressure could be
changed to meet different requirements. With the current
pumps, the maximum pressures achieved are 150 mbar using
the bigger EA and 60 mbar using the smaller EA.

VIl. CONCLUSION AND OUTLOOK

In this paper a low-cost fabrication procedure of PDMS
MMBs and the required PU mold was shown. Using 3D
printed ABS channel structures, as well as the possibility to
integrate commercially available devices, enables an enor-
mous flexibility and variety of different possible MMBs.

The devised magnetic connections system offers a
self-sealing and self-aligning property, which allows an easy
linking and delinking of the MMBs, while at the same time
it stays sealed up to fairly high pressures of about 175 kPa.
The variety of different fabricated demonstrator MMBs in
combination with presented results as well as the outlined
possibilities to fabricate further MMBs illustrates a wide field
of possible applications.

Future work will focus on the fabrication and integration
of more sensors, e.g., optical sensors or actuators. To enable
the downscaling of the system using the current fabrication
procedure, a high-resolution 3D printer, being able to print a
dissolvable polymer, is required. Such a printer is currently
not available to our knowledge. Another option might be to
use a conventional SU-8 photolithography process to create
channels with dimensions in the lower micrometer range. For
this purpose, it would be necessary to cast the PDMS MMBs
with a cuboid cutout in the center of the block (at the location
of the microfluidic channels). A high-precision technology,
such as SU-8 photolithography, would have to be used to
create the cuboid with the desired channel structure on the
bottom, and it then would have to be bonded with the channels
side down into the MMB using an oxygen plasma treatment
procedure. The connecting systems would remain unchanged
in this case.
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