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Systematic characterization of cleanroom-free
fabricated macrovalves, demonstrating pumps and
mixers for automated fluid handling tuned for
organ-on-chip applications
Elsbeth G. B. M. Bossink1✉, Anke R. Vollertsen1,2, Joshua T. Loessberg-Zahl1, Andries D. van der Meer2,
Loes I. Segerink 1 and Mathieu Odijk 1✉

Abstract
Integrated valves enable automated control in microfluidic systems, as they can be applied for mixing, pumping and
compartmentalization purposes. Such automation would be highly valuable for applications in organ-on-chip (OoC)
systems. However, OoC systems typically have channel dimensions in the range of hundreds of micrometers, which is
an order of magnitude larger than those of typical microfluidic valves. The most-used fabrication process for
integrated, normally open polydimethylsiloxane (PDMS) valves requires a reflow photoresist that limits the achievable
channel height. In addition, the low stroke volumes of these valves make it challenging to achieve flow rates of
microliters per minute, which are typically required in OoC systems. Herein, we present a mechanical ‘macrovalve’
fabricated by multilayer soft lithography using micromilled direct molds. We demonstrate that these valves can close
off rounded channels of up to 700 µm high and 1000 µm wide. Furthermore, we used these macrovalves to create a
peristaltic pump with a pumping rate of up to 48 µL/min and a mixing and metering device that can achieve the
complete mixing of a volume of 6.4 µL within only 17 s. An initial cell culture experiment demonstrated that a device
with integrated macrovalves is biocompatible and allows the cell culture of endothelial cells over multiple days under
continuous perfusion and automated medium refreshment.

Introduction
Organ-on-chips (OoCs) are commonly defined as

microfluidic cell culture devices containing two indepen-
dently addressable, parallel channels that are separated by
a porous membrane. Different cell types can be cultured
on both sides of the membrane, resulting in a complex,
organ-specific, tissue-tissue interface1,2. OoC devices are
considered to be a powerful alternative to conventional
in vitro and animal models3. However, performing on-chip

cell culture experiments is not trivial. OoCs can be labor
intensive and challenging to use, as they require experi-
ence in both microfluidics and cell culturing4,5.
To translate OoCs from proof-of-concept devices into

commercial systems, e.g., drug screening and personalized
medicine, it is crucial that the OoC systems have a higher
throughput. Multiplexed OoCs are a promising approach
for increasing the throughput of OoC experiments5,6. Over
the last few years, several microfluidic systems have been
presented with a higher level of parallelization or
throughput, but each of them has their own drawbacks.
For instance, Mimetas OrganoPlate® is a system with 40
to 96 independent culture wells or OoCs7. However, it
requires many pipetting steps to fill each individual chip,
the cell culture area is small, and the setup requires the use
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of a hydrogel (as a semipermeable barrier and/or as a cell
substrate). Zakharova et al. showed an example of a design
with one common entrance and eight parallel outputs that
can be used to achieve higher levels of throughput, but a
lot of manual handling is still necessary8.
Systems with integrated microfluidic valves are often

used to reduce the need for manual liquid handling, such
as those shown by Vollertsen et al.9,10. These systems
often use integrated normally open valves11, as the valves
are both easy to fabricate and have small footprints rela-
tive to the channel widths when compared to those of
normally closed valves12,13. In 2000, Unger et al. presented
a normally open PDMS valve that is currently often used,
also known as Quake-style valves12. These microvalves are
an essential tool for automated control in microfluidics, as
they can be applied for mixing, pumping, and multi-
plexing purposes in a broad range of applications9,10,14,15.
Although these microfluidic large-scale integration
(mLSI) systems enable a higher throughput, they are not
compatible with the large channel dimensions that are
needed to accommodate relevant cell cultures in OoCs.
The original fabrication process of Quake-style valves

relies on a reflow photoresist to achieve rounded channels
for the full sealing of the valves, limiting its application to
channel heights up to tens of micrometers12. This makes
the valves unsuitable for most OoC applications, as OoCs
often contain channels hundreds of micrometers high and
wide16–20. In addition, 3D cell culture systems, such as cell
spheroids in a PDMS chip, often require channel dimen-
sions of hundreds of micrometers21. Moreover, the peri-
staltic pumps that are fabricated using a reflow photoresist
can usually only achieve flow rates from 0.05 µL/min up to
0.15 µL/min12,14,22–24. However, the flow rates typically
used in OoCs are an order of magnitude higher, between
0.5 µL/min and 3.3 µL/min16–20,25, which can be even
higher in blood vessels-on-chips to achieve physiologically
relevant shear stresses. To transfer the advantages of mLSI
chip technology into OoC technology, new fabrication
methods for normally open PDMS valves are needed.
Although the use of PDMS is under debate13,26,27, it

remains the material of choice for many research
groups:28 it is easy to use in fabrication processes (for
casting, surface coating, and bonding to PDMS or glass),
gas permeable (allowing oxygen to diffuse to the cells),
low cost, and it has a high elasticity (allowing the possi-
bility for Quake-style valves)13,26,29. Previously, new fab-
rication methods using photolithography and 3D printing
have been explored to create valves that can close off
channels hundreds of micrometers high. Freitas et al.30

has shown a method to fabricate a Quake-style valve using
photolithography with a maximal height and width of
approximately 250 and 400 µm, respectively. However,
their method requires extra soft lithography steps and
pressurizing the channels during PDMS curing30,

complicating the fabrication process. 3D printing also
offers an alternative to photolithography for the fabrica-
tion of Quake-style valves, as shown by Lee et al.31 and
Glick et al.32. However, these valves are fully 3D printed
and not made from PDMS, which means that the valves
cannot be directly integrated in a PDMS OoC31. Glick
et al. and Compera et al. both show a Quake-style valve,
closing a 500 µm high and 200 µm high channel, respec-
tively, fabricated by 3D printed direct molds32,33. How-
ever, the 3D printing of molds for PDMS soft lithography
poses challenges in terms of material compatibility, sur-
face finish and the inability to vapor polish, resolution
limit, repeatability, ease of use and fabrication speed34,
and the use of a photocrosslinker, which can interfere
with the curing of PDMS35,36.
Micromilling is a rapidly emerging rapid prototyping

technique for fabricating microfluidic molds that offers a
unique set of advantages over 3D printing and photo-
lithography. Micromilling is a fast, versatile, cleanroom-
free, and thus low-cost fabrication method, allowing
complex 3D geometries within one mold37. A micromilled
mold made of a plastic, such as polymethylmethacrylate
(PMMA), is stronger and thus more resilient than fragile
photoresist masters, which are particularly vulnerable
when relatively large photoresist structures are obtained.
Furthermore, micromilling of molds is less labor intensive
than fabricating molds by the conventional process of
photolithography using reflow photoresist, which also
requires experience to achieve reproducible results.
Although micromilled molds for PDMS macrovalves have
already been reported21,38, the corresponding fabrication
methods require a negative mold and double casting of
PDMS on PDMS21, or a polyethylene terephthalate (PET)
casting step38. In addition, the dimensions of these
rounded channels are limited by the availability of cone-
shaped milling tools21,38.
To our knowledge, we are the first to describe a method

in which micromilling is used to directly fabricate a
positive mold for a Quake-style PDMS macrovalve with
dimensions in the hundreds of micrometers. Our pro-
posed method allows us to create a mold with an
upstanding structure with any shape (e.g., cylindrical or
elliptical) and size (height and width) as desired, without
being limited by the shapes and sizes of the ball or cone
mills available. Such direct positive molds facilitate and
simplify the fabrication process and minimize the poten-
tial error caused by PDMS shrinkage compared to the
double casting methods21,38. In summary, the proposed
micromilled direct molds for fabricating Quake-style
valves allow an easier approach for the commercializa-
tion of molds and the multiplexing of PDMS OoCs.
In this article, we show a completely cleanroom-free

fabrication method for Quake-style PDMS ‘macrovalves’
by using micromilling to fabricate direct positive molds.
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The control channels can form both bridges to cross as
well as valves to close off rounded flow channels. In
addition, we offer a valve design guide by systematically
characterizing the bridge and valve channel heights,
widths and actuation pressures. The macrovalves can
close off rounded channels that are up to 700 µm high and
1000 µm wide. One macrovalve design (for closing a
400 µm high, 1000 µm wide rounded channel) was used
for further experiments. By creating both a peristaltic
pump and a mixing and metering device, we demon-
strated the effectiveness of the macrovalve. The peristaltic
pump can achieve a pumping rate of up to 48 µL/min, and
the mixing and metering device can achieve the complete
mixing of a volume of 6.4 µL within only 17 s. A second
valve design (for closing a 200 µm high, 1000 µm wide
channel) was used for a proof-of-concept cell culture
experiment showing the culture of endothelial cells over
multiple days under peristaltic flow in a PDMS device,
demonstrating its biocompatibility. This experiment also
demonstrates the potential of the macrovalves to be
applied in multiplexed OoCs and allow the automation of
cell culture in OoCs, which is extremely relevant for
obtaining higher throughput OoC research and simulta-
neously reducing the need for manual liquid handling.

Results
Fabrication of PDMS devices with integrated macrovalves
The fabricated devices with integrated macrovalves

(Fig. 1) all consisted of three layers (Fig. 1g): a glass slide, a
thin PDMS layer containing control channels that were
covered by a flexible PDMS membrane (control layer), and
a PDMS layer with a rounded flow channel (flow layer).
Figure 1a, b shows a control channel crossing a 1mm
wide, 400 µm high, rounded flow channel. The flow
channel was filled with blue food dye. If the cross section
of the control channel with the flow channel was suffi-
ciently wide, the membrane of the control channel
deflected upon pressurization into the flow channel and
closed it off (Fig. 1b, c), thereby closing the valve. The
(simplified) fabrication process is illustrated in Fig. 1d–g.
Directly micromilled molds were used for casting the
PDMS for the flow layer and spin coating the PDMS for
the control layer. After precuring both layers, they can be
aligned and bonded to a glass slide based on Unger et al.12.

Reducing the surface roughness of the micromilled mold
To obtain the full sealing of the valve, the flow channel

should have a rounded, ideally smooth profile. Scanning
electron microscopy (SEM) images were taken, showing a
staircase-like structure in the PMMAmold (Fig. 2a, b) as a
result of milling this protruding rounded structure. With
a Dektak profilometer (Veeco), the surface profile of the
milled, rounded structure in the PMMA mold was mea-
sured (Supplementary information S.2). The vertical steps

of the staircase-like structure were measured to be 10 µm.
A cross section of a PDMS cast of the flow channel is
shown in Fig. S1. To reduce the surface roughness of the
channel, a 5-minute chloroform treatment of the PMMA
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Fig. 1 Fabricated PDMS macrovalve. a, b Top-view microscopic
pictures of: a a control layer with an open valve and a bridge, b a
pressurized control channel with a closed valve and a bridge, not
closing the flow channel. The rounded flow channels contain blue
food coloring, and the control channels contain water. c Schematic
illustration of an open and a closed valve from a cross sectional view
at the site of the valve. By pressurizing the control channel (P ↑ ), the
valve closes. d–g Simplified illustration of the fabrication process. d A
micromilled mold with an upstanding, rounded structure is used to
cast PDMS as flow layer. e A micromilled mold with rectangular
structures (control channels) is used as control layer. PDMS can be
spin-coated on the mold, resulting in a thin PDMS membrane
between the control channel and the flow channel. f PDMS can be
precured, and the two layers can be subsequently aligned. g The
control layer is bonded to a glass slide. The final fabricated device
consists of three layers; a glass slide, the control layer, and the
flow layer
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molds was performed based on Ogilvie et al.39. (Supple-
mentary information S.1, Solution 1B). The SEM images
(Fig. 2c, d) show the smoothing effect of the solvent
treatment on the surface of the rounded protruding
structure. This smoothing effect was also seen in a Dektak
measurement of the treated mold (Supplementary infor-
mation S.2, Fig. S3). We found that the valves were leak-
free when closed (limit of detection: 10 nL/min) and
usable for pumping regardless of the additional smooth-
ing step. Hence, we did not use chloroform treatment for
the systematic characterization chips, the peristaltic pump
or the mixing and metering device. Smoothing is per-
formed on the molds for the recirculation chip that is
used for cell culturing.

Systematic characterization of macrovalve actuation as a
function of dimension and pressure
A systematic characterization of valves with different

dimensions and/or control line pressures provides a useful
design tool for manufacturing PDMS devices with various
dimensions and applications. This systematic characteriza-
tion determines the required control channel width for
ranges of flow channel widths and heights at different
actuation pressures. Four characterization chips (each
containing 25 cross sections between a control channel and
a flow channel) were designed and fabricated. For each chip,
the width for the rounded flow channel was fixed (250, 500,
750, or 1000 µm wide; see Fig. 3a, b). A range of heights for

the flow channels, which are given as a percentage (%) of
the flow channel width, was examined. Furthermore, five
control channels with a range of widths, also all given as a
percentage (%) of the flow channel width, were examined.
Cross sections of the PDMS casts of the micromilled molds
can be found in Supplementary information S.3 and S.4 for
the flow and control channels, respectively.
The flow channels were filled with blue food dye, and a

range of actuation pressures (1, 1.25, 1.5, and 1.75 bar)
was applied to the control channels. The control/flow
channel cross sections were observed under a microscope
for the presence of blue food dye in the flow channel (as
shown in Fig. 1b). Figure 3c shows the percentage of valve
closure averaged for all 4 chip versions at the different
actuation pressures. Figure 3c shows that our proposed
fabrication method worked to close off different sizes of
flow channels, with heights of up to 70% of the width.
With a narrow control channel (width of 10–12% of the
flow channel width), bridging a flow channel was never a
problem as long as the flow channel height was higher
than 20% of the width. For closing, a control channel as
wide as the flow channel seemed to be the most robust,
although they had the disadvantage of a large footprint.
When a small footprint is preferred, a control channel
width of 60% of the flow channel width also sufficed at
higher actuation pressures.
As OoCs often have a 1 mm wide channel with a height

varying from 150 µm up to 1mm16–20,25, we chose to
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further examine a valve fitting these OoC dimensions. In
the remainder of this paper, we examined the valve
closing of a 1000 µm wide and 400 µm high channel,
henceforth referred to as the ‘macrovalve’.

Macrovalve actuation and leakage
The closing behavior of the macrovalve was examined

by applying different pressures to the flow and control
channels. Two pressure regulators were used to apply a
differential pressure (dP) to the inlet and outlet of the flow
channel, and one pressure regulator was used to apply
pressure to the control channel. A flow sensor, in series
with the valve, was used to measure the flow at different
pressures (see Fig. 4a). By applying more than 900 mbar to
the control line, the valve could be closed for all four
input pressures ranging from 2.5 mbar to 10 mbar.
Valve leakage was also examined and is shown in Sup-

plementary information S.6. Simply put, the average valve
leakage is in the range of nL/min, which is only 0.1% of
the flow rate with an open valve, from which we could
conclude that the leakage of a closed valve is negligible for
our applications.

Peristaltic pumping rate
Three consecutive valves were used to create a peristaltic

pump. The pumping rate of the peristaltic pump was
examined by the actuation of the valves with a 6-phase

pattern (101, 100, 110, 010, 011, 001; schematically illu-
strated in Fig. 4c) at different frequencies. Figure 4b shows
the linear response between the actuation frequency and
the pumping rate for each actuation pressure. At a fre-
quency of 20Hz, a maximum pumping rate of 47.9 µL/min
was achieved (see Fig. 4b). The measurements within one
pump were reproducible, as indicated by the small, almost
invisible error bars for the measurements at 1 bar. Another
peristaltic pump, shown in Fig. S2, also showed a linear
response. Frequencies above 20Hz were not examined, as
they cannot be achieved with the valve manifold setup
used, which had a maximal switching frequency of 20Hz.

Mixing and metering device: mixing efficiency and dilution
series
The mixing and metering device, schematically shown

in Fig. 5a, contained two inlets, two outlets and an on-
chip peristaltic pump. The mixing and metering device
was characterized by mixing food dye and water in the
flow channels of the chip. During mixing, images of the
fluids in the chip were captured, which were later con-
verted to concentrations using calibration curves, as fur-
ther explained in the Materials and Methods section.
The amount of mixing can be quantified as the differ-

ence between the concentration profiles after mixing and
the perfectly mixed case. When this is taken as a fraction
of the difference between a completely unmixed profile (a
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step function) and the same perfectly mixed case, we
arrive at the previously reported formulation of the mix-
ing efficiency:40

Mixing efficiency ¼ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
N

P

cmeasured � cð Þ2
q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
N

P

c0 � cð Þ2
q

0

B

@

1

C

A

� 100%;

ð1Þ
where N is the number of pixel rows, cmeasured is the
concentration measured along the channel, c is the
average concentration along the channel and c0 is the

completely unmixed concentration profile along the
channel. For this c0 profile, we take a step function from
0 for half the channel width to 2c for the other half of the
channel width as a reference for the unmixed state, as
described by Johnson et al.40.
Figure 5a schematically shows the site where the

intensity was measured and the concentration was cal-
culated. Figure 5b, c shows the actual pictures before and
after mixing, with the calculated concentration along the
distance x shown in Fig. 5e, f. The mixing efficiency
improved from 3.46 ± 1.61% before mixing to 90.4 ± 3.32%
after 17 s of mixing. The mixing efficiency was also
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calculated over time, as shown in Fig. 5d. A video
recording of the mixing process can be found in Supple-
mentary information S.8.
The mixing and metering device was also used to

perform a dilution series (Fig. 5g–i). First, the flow
channels of the device shown in Fig. 5g were filled with
food dye, and after a valve closed the mixing loop, the
main channel was subsequently flushed with 100%
water (Fig. 5g, h). This water was mixed for 17 s with
the food dye present in the mixing loop, diluting the
food dye, which was repeated 5 times, indicated as
dilution cycles. A video recording of the dilution series
performance can be found in Supplementary informa-
tion S.9. The concentration in the channel was calcu-
lated with the same method as that for the mixing
experiments (further explained in the Materials and
Methods and Supplementary information S.7). The
concentration in the channel is plotted per cycle of
dilution in Fig. 5i. The dilution series shows an expo-
nential fit (R2 = 0.999), as expected, since for every
cycle, approximately 37% of the total loop volume is
replaced.

On-chip endothelial cell culture under peristaltic flow
Both shear stress and constant exposure to paracrine

signaling factors play important roles in the integrity of

in vitro cultured endothelium. These two factors can be
achieved by the recirculation of the cell culture med-
ium in a chip either via an off-chip pump41 or an on-
chip pump composed of microvalves24,42. The pre-
sented mixing and metering device allows recirculation
of the medium in a closed loop. The ‘recirculation chip’
has a similar design to that of the mixing and metering
chip (Fig. 6a), but the valves are 1 mm wide and the
flow channel is 1 mm wide and 200 µm high43. The
recirculation chip is used for a proof-of-concept
experiment to culture endothelial cells for 96 h under
peristaltic flow, applying a shear stress to the cells.
During these 96 h, the macrovalves in the peristaltic
pump were switched ON/OFF over 3 × 106 times in
total. The peristaltic pump was programmed to run at
10 Hz with a 3-phase (011-101-110) actuation pattern,
resulting in a pumping rate of 3.7 µL/min (Fig. 6c,
dotted line). This pattern was used for the initial cell
culturing experiments to ensure a consistent volume of
medium recirculating in the loop during pumping, as
there are the same number of closed valves in each step
of the pumping pattern. The same chip was also able to
achieve higher pumping rates with the 6-phase actua-
tion pattern (Fig. 6c, continuous line). The endothelial
cells formed a confluent cell layer in the flow channel
96 h after seeding (Fig. 6b, d).
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Fig. 6 Endothelial cell culture in the recirculation chip43. a Schematic top-view of the device with indications of the peristaltic pump (red) and
the cell chamber (green). The white arrows indicate the medium recirculation loop. b Phase contrast microscopic image of HUVECs (passage number
7) cultured on-chip for 96 h under constant peristaltic flow. Scale bar represents 1 mm. c Measured pumping rate of the on-chip peristaltic pump at
different frequencies with 3-phase and 6-phase actuation patterns (for both, n= 1). d Fluorescence image of the GFP-expressing (green) HUVECs
with stained cell nuclei (NucBlue) and F-actin (red). Scale bar represents 1 mm43
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Discussion
Fabrication process
Our proposed fabrication method (briefly illustrated in

Fig. 1d–g and described in detail in the Materials and
Methods section) provides an approach for the fabrication
of a macrovalve using two positive molds with only one
soft lithography step. This method completely relies on
micromilling, which provides several advantages over the
conventional photolithography process with a reflow
photoresist. Micromilling gives the designer a large
amount of freedom, as it allows for different heights
within one mold, which would be much more cumber-
some for photolithography masters, as this would require
extra masks and fabrication steps. Furthermore, our
proposed method is completely cleanroom-free, and the
micromilled molds do not require priming or coating
after fabrication. The time necessary for micromilling the
two molds is dependent on the size of the mold and the
amount and complexity of the structures in the mold. For
the peristaltic pump and mixing and metering device
demonstrated herein, the milling of both molds for one
device took 1.5 h and 2 h, respectively. This is 3 times
faster than the fabrication process of the photolithography
technique with a reflow photoresist, which requires at
least 6 h to fabricate both wafers.
The larger dimensions of our macrovalve allow a larger

margin of error for the alignment of the two layers than
those of typical microfluidic valves. The alignment can be
performed by using a simple stereo microscope, or even
by the naked eye, and it is not required for the user to be
extremely precise or experienced. The dimensions (height
and width) of the channels and valves are all one order of
magnitude (10x) higher than those commonly obtained
with the conventional reflow photoresist method.

Reducing the surface roughness of the PMMA micromilled
mold
The vertical ‘staircase’ steps of the rounded PMMA

structure (Fig. 2a, b) were measured to be 10 µm, which
can be tuned by a specific parameter in the HSMworks
software (further explained in Supplementary information
S.1, Solution 1A). A higher precision should be possible
but requires more computational power and thus more
computation (and milling) time. Another approach for
smoothing the rounded structure is a chloroform solvent
treatment based on Ogilvie et al.39 (Supplementary
information S.1, Solution 1B). Figure 2 shows a clear
smoothing of the PMMA mold surface due to this
chloroform solvent treatment. However, the effect of
chloroform solvent treatment can depend on several
factors, such as the volume of the petri dish used, the
volume and concentration of chloroform used and the
distance between the chloroform liquid level and the
surface of the PMMA mold. This results in the solvent

treatment requiring optimization before it can be used,
complicating the fabrication process. We found that both
additional smoothing options were not required to close
off the flow channel completely.

Systematic characterization of macrovalve actuation as a
function of dimension and pressure
The systematic characterization performed (Fig. 3 and

Supplementary information S.3–S.5) provides a valuable
design tool for fabricating valves with various sizes and/or
applications. Please note that this valve closure is highly
dependent on the thickness of the thin PDMS membrane
between the control and flow layers. When a different
spinning speed, PDMS ratio, size mold, or PDMS viscosity
is used, this thickness can be different, leading to differ-
ences in valve characteristics (see Supplementary infor-
mation S.1 Problem 2–4). We recommend using the
proposed fabrication technique for closing off rounded
channels with widths of 500 µm or larger, as both the
control layer and the flow layer of the 250 µm chip have
very high percentage deviations in both their widths and
heights (Supplementary information S.3–S.5).

Macrovalve actuation and leakage
The valve leakage when applying a 20 mbar pressure to

the flow channel and a 1.5 bar pressure to the control
channel is in the range of nL/min, which is only 0.1% of
the flow rate with an open valve and below the limit of
detection (10 nL/min) of the flow sensor used. The 90%
response time from an open valve to a 90% closed valve
was less than 0.5 s (Fig. S6). After these 0.5 s, the flow
sensor is not sensitive enough to accurately measure.
However, the flow is measured outside the PDMS chip
with a macrovalve, which may cause a delay in the
response time due to the inertia of the fluid. For com-
partmentalization purposes in OoC applications, this
response time and valve sealing are sufficient.

Peristaltic pumping rate
Figure 4b shows that the pumping rate increases as the

actuation frequency increases, up until a frequency of
20 Hz, which is the maximum switching frequency of the
valve manifold controlling the valves of the peristaltic
pump44. The most commonly used flow rate for OoCs is
0.5 µL/min18,19,25 or 1 µL/min16,17, which can easily be
obtained by the presented peristaltic pump. We report a
maximum pumping rate of 48 µL/min, which is much
higher than the pumping rates reported for peristaltic
pumps fabricated by the conventional reflow photoresist
method. The pumping rates usually achieved by these
pumps range from 0.05 µL/min up to 0.15 µL/
min12,14,22,23. Pumping rates of 7.5 µL/min for devices
using conventional Quake-style valves are documented45.
However, these pumps require very high frequencies

Bossink et al. Microsystems & Nanoengineering            (2022) 8:54 Page 9 of 14



(300–400 Hz) to obtain these pumping rates, which can-
not be obtained by the external solenoid valve manifold
used in this research. High-speed electrovalves, as used by
Goulpeau et al., could resolve this problem. However, the
attainable pressure switch time is also limited by the
actuation volumes (i.e., the volumes of the tubing and the
control channel)45.
Figure 4b shows the almost perfectly linear response of

the actuation frequency and its resulting pumping rate.
Separate pumps show slightly different pumping rates at
different frequencies and actuation pressures, but the
aforementioned linearity facilitates the calibration.
Depending on the desired flow rate, the peristaltic pump
can be calibrated by determining a suitable actuation
pressure and frequency, described in Supplementary
information S.1, Solution 4 (Fig. S2). Within one pump
chip, the flow-to-frequency plot is shown to be very
reproducible (Figs. 4b, 1 bar).

Mixing and metering device: mixing efficiency and dilution
series
We showed that we could improve the mixing efficiency

from 3.46 ± 1.61% before mixing to 90.4 ± 3.32% after 17 s
of mixing (Fig. 5). In comparison, Kondapalli et al. showed
a mixing and metering device with the application of
refolding of a protein on-chip24, where they reported a
required mixing time of 45 s to completely mix. However,
the mixing efficiency has not been quantitatively reported.
A mixing efficiency above 90% is considered to indi-

cate a uniform distribution along the channel46. How-
ever, in the literature, microfluidic mixers are passive
mixers with a specific channel structure causing mixing
and thus have a single mixing efficiency for a given flow
rate. The mixing efficiency in our system is difficult to
compare to those of the passive mixers in the literature
for two reasons: first, mixing is actively achieved via
recirculation, and second, the mixing loop contains a
dead volume that is also recirculated during mixing.
Both effects cause a change in mixing efficiency over
time. The first effect means we can simply recirculate
indefinitely to achieve increasingly better efficiencies.
The second effect means that there are initially some
oscillations in the measured mixing efficiency as the
dead volume recirculates. To overcome this and still be
able to facilitate a comparison to the literature, we
instead characterized the time required for the oscilla-
tions to die out for the mixing efficiency to reach 90%. In
Fig. 5d, we see that the oscillations die out after 10 s of
recirculation, and a mixing efficiency of ~90% is reached
after 17 s.
The dilution series shown in Fig. 5g–i shows an expo-

nential fit, which is expected, since the dye was diluted
with the same amount of water in each cycle. The fit
shows a dilution factor of 0.561, which approaches the

expected dilution factor of 0.584 obtained by calculating
the volumes of the channels in the mixing loop (Supple-
mentary information S.10). Other dilution factors can be
achieved by adjusting the volume ratio in the chip.

Endothelial cell culture under peristaltic flow
With the proof-of-concept cell culture experiment, we

showed that the device is biocompatible and allows the
cell culture of endothelial cells over multiple days. During
the initial long-term experiments, we discovered that the
bond between the control layer and the glass slide was not
sufficiently strong to withstand actuation for more than
24 h. To solve this, we added an additional PDMS layer
under the control layer, which is further described in the
Materials and Methods section. In our initial cell culture
experiment, we demonstrated that it is possible to actuate
the valves over 96 h, during which we switched the valves
ON/OFF over 3 × 106 times.
The peristaltic pump generated a shear stress of

approximately 0.01 Pa when actuated at 10 Hz according
to a 3-phase pattern (calculated using an approximation
of wall shear stress in rectangular channels47). This is not
yet a physiologically relevant shear stress for blood vessels
(>~0.5 Pa)48–50; however, this can be solved by reducing
the cell chamber dimensions or by using the 6-phase
pattern that was shown to achieve much higher pumping
rates. For other organ-on-chip applications, such as gut-
on-chips, the generated shear stress is already sufficient25.

Conclusion and outlook
The presented cleanroom-free fabrication process based

on the micromilling of a direct positive mold for Quake-
style PDMS macrovalves is a method that, to our
knowledge, has not been described before. We show that
we can form both bridges to cross and valves to close off
rounded channels of up to 700 µm high and 1000 µm
wide. A systematic characterization of the valve and
bridge dimensions is performed, which is a valuable
design tool for devices with dimensions on the order of
hundreds of micrometers (250–1000 µm) that cannot be
achieved with the conventional reflow photoresist method
typically used to produce Quake-style valves. The
dimensions are specifically tuned for OoCs, and the
results of an initial cell culture experiment support the
conclusion that cells can be cultured with automated
medium refreshment for at least multiple days by using
this valve technology. In addition, the large stroke
volumes of the macrovalves enable us to achieve pumping
rates up to 48 µL/min using peristaltic pumping. The
integration of these macrovalves will allow the multi-
plexing and automated control of cell culture conditions
in OoCs. These parameters are essential for obtaining
higher throughput OoCs while reducing the need for
manual handling.
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Materials and methods
PMMA mold fabrication
For each design, two PMMA molds were designed in

3D-CAD software (SolidWorks®, 2018) for the control
and flow layers. The dimensions of the protruding
structures depended on the chip design. The inlets and
outlets were on a grid corresponding to the ISO Work-
shop Agreement 23:2016 standards51.
HSMworks, integrated CAD/CAM software in Solid-

Works®, was used to program the milling steps. Specifi-
cally, the tolerance and smoothing settings in the design
for the flow layer were essential for obtaining a smooth,
rounded protruding structure (see Supplementary infor-
mation S.1, Solution 1A). The PMMA stock material was
micromilled (Datron Neo, Germany) to obtain the posi-
tive molds. For the flow layer, a 1 mm diameter mill was
used, and for the smallest features in the control layer, a
0.4 mm diameter mill was used. An optional 5-minute

chloroform solvent treatment of the PMMA molds based
on Oglivie et al.39 can be performed (Supplementary
information S.1, Solution 1B). After micromilling, dust
can be removed by rinsing the molds with water (the use
of an ultrasonic bath to remove eventual burrs and dust is
optionally) and drying them using a nitrogen gun. The
PMMA molds do not need priming or coating and can be
directly used for PDMS casting.

PDMS chip fabrication
The fabrication process for the PDMS devices, illu-

strated in Fig. 7, is based on Unger et al.12. PDMS (RTV
615, Permacol BV, the Netherlands) was mixed (1:7 (w/
w)) for the flow layer and (1:20 (w/w)) for the control layer
and subsequently degassed for 1.5 h. PDMS (1:7 (w/w))
was cast on the mold for the flow layer. For the control
layer, PDMS (1:20 (w/w)) was spin-coated onto the
micromilled PMMA mold for 60 s, resulting in an

Flow layer Control layer

3a. Pour PDMS 7:1 3b. Spin-coat PDMS 20:1
* 500 rpm, 60 s 

1. Micromill your SOLIDWORKS
design in two pieces PMMA  

2. Optional: Perform a 5 min.
solvent treatment to the
PMMA molds 

7. Cure overnight at 60°C 

5. Cure both layers for 45 min.
at 60°C 

9. Punch the inlets of the
control channels

10. Oxygen plasma treatment 
the control layer and PDMS 
10:1, bind and cure overnight 
at 60°C 

Flow layer

Control layer
PDMS 10:1
Glass slide

6. Punch in- and outlets in only 
the flow layer. Align and bond 
the flow layer to the control 
layer

4. Leave the control layer for
20 min. at room temperature
on a flat surface 

8. Cast PDMS 10:1 on a glass 
slide and cure for 14 min.

Fig. 7 Schematic illustration of the fabrication processes of the PDMS devices. *Please note that the spinning speed in step 3b is dependent on the
size of the PMMA control layer mold
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approximately 60 µm thick membrane at the valve site.
The spinning speed required for this 60 µm thick mem-
brane depended on the size of the mold and the control
layer height. The spinning speeds used for the different
chips are summarized, together with other relevant
parameters for the fabrication protocol, in Supplementary
information S.11 (Table S6). The control layer was placed
on a flat surface after spinning for 20minutes at room
temperature, after which both layers were precured for
45minutes at 60 °C. After precuring, inlets for the flow
channel were punched with a 1 mm biopsy punch (Ted
Pella, Inc., USA). Afterward, the two layers were aligned
and pressed together to bond and cure overnight at 60 °C.
Then, inlets for the control channels were punched with a
0.75 mm biopsy punch (Harris Uni-core), and the control
layer was plasma-bonded to a glass slide. The final devices
consisted of three layers: two PDMS layers (flow and
control) and one glass layer.
While using the valves for cell culture over days, dela-

mination of the control layer from the glass slide was
observed. To solve this problem for the recirculation chip,
an additional PDMS layer was added to the glass slide.
PDMS was mixed (1:10 (w/w), Sylgard 184 Silicone elas-
tomer kit, Dow corning), degassed and spin-coated on a

glass slide at 300 rpm. This layer was precured for
14minutes at 60 °C, after which the control layer and the
PDMS-coated glass slide were oxygen plasma-treated.
After bonding, the chip was fully cured at 60 °C. Pre-
liminary results using an alternative method, as described
in Supplementary information S.1, Problem 5, showed
promising improvement for reliability and stability of the
devices. This fabrication method will be explored in more
depth in the future.

Setup measurements
Figure 8a shows the experimental setup for testing the

closing behavior of the valve. Two pressure regulators
(Fluigent, LINEUP™ series) were used to apply pressures
to the inlet and outlet of the flow channel, and the dif-
ference in these pressures is the differential pressure (dP).
One pressure regulator (Fluigent, LINEUP™ series) was
used to apply pressure to the control channel. In series
with the valve, a flow sensor (Fluigent, FRP size L) was
placed.
For the systematic characterization, the flow channels

were filled with a blue food dye (JO-LA), and the valve
closure was observed by using a microscope with a color
CCD camera (FLIR Grasshopper 3, U23S6C) to record the

Computer

Pressure
regulator

dP

Flow 
sensor

Pressure to 
control layer

Closing behavior valve

Pressure to 
control layer

Peristaltic pump

Valve manifold

Pressure
regulator

Inlet B

Inlet A

Outlet

Waste

Mixing and metering 

Actuation of all 8 control 
channels with 1.5 bar 

a b

c

Convergence system 

Fig. 8 Schematic illustration of the experimental setups. Experimental setups for a testing the closing behavior of the valve, b measuring the
pumping rate generated by the peristaltic pump and c measuring the mixing efficiency and dilution series
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images. A custom-made system (Convergence Industry B.
V., the Netherlands) was used for the actuation of the
control channels.
Figure 8b shows the experimental setup for measuring

the peristaltic pumping rate. For the actuation of the three
valves, the pressure to the control channels was applied
via a valve manifold (Festo), which has a maximum
switching frequency of 20 Hz and is controlled by an
Easyport module (Festo). The peristaltic pump was actu-
ated at a certain frequency and pressure for 5 or
10minutes. The outflow was collected in Eppendorf
tubes, which were weighed (Balance SX64, Mettler
Toledo) before and after pumping.
For the mixing and metering device (Fig. 8c), a custom-

made system (Convergence) was used for the actuation of
the control channels. The control channels were actuated
with a pressure of 1.5 bar. For mixing, the three valves
were also actuated with a 6-pattern for 20 cycles at a
frequency of 10 Hz. With a pressure regulator (Fluigent,
LINEUP™ series), pressure was applied to both inlets of
the mixing and metering device. Images were taken using
a greyscale camera (Grasshopper3 GS3-U3-23S6M, Point
Grey camera).

Image processing
Image processing and analysis were performed using

MATLAB (2017b). First, a background correction was
performed to correct for overall intensity variations
(Supplementary information S.7). A calibration session
was conducted in which the flow channels of the mixing
and metering device were filled with known concentra-
tions of food dye diluted in water to obtain a calibration
curve (Fig. S7). Fig. S7a shows that when the flow channel
is filled with food dye, the measured intensity differs along
the width of the channel (distance x in Fig. 5b, c) due to
the rounded profile of the flow channel. To solve this, a
calibration curve was established per pixel row. Three
calibration curves at various sites along the width of the
channel are shown in Fig. S7b–d, where (I0/I) is plotted
against concentration. All calibration curves followed a
second-order polynomial fit. Using these calibration
curves, the unknown concentration along the channel
could be calculated (Fig. 5). By analyzing the separate
picture frames of the mixing process, the mixing effi-
ciency was calculated over time (Fig. 5d). The average
concentration (c) was calculated per picture frame, which
was used to calculate the mixing efficiency at that specific
frame/time point.

Endothelial cell culture
Green fluorescent protein (GFP)-expressing human

umbilical vein endothelial cells (HUVECs) (Angio-Proteo-
mie, USA) were cultured in endothelial growth medium
(EGM) (Cell Applications, Inc., CA, USA) in a collagen

I-coated T75 flask (CELLCOAT®, Greinder Bio-One).
Prior to cell culture, the recirculation chip was sterilized by
performing oxygen plasma-treatment (40 s, 50 Watt, Femto
Science, Cute), and the flow channels were flushed with
70% ethanol (Boom, the Netherlands) and subsequently
with phosphate-buffered saline (PBS, Sigma–Aldrich). GFP-
expressing HUVECs (passage number 7) were seeded in the
cell chamber at a seeding density of 4 × 106 cells/mL. The
on-chip peristaltic pump was programmed to run a 3-phase
(011-101-110) actuation pattern at 10Hz. The cell culture
medium in the loop was partially replaced every 2 h auto-
matically. The valves at inlet 1 and the outlet were opened,
and the cell chamber closed (Fig. 6a), while the on-chip
pump pumped fresh medium in the chip for 1minute.
The on-chip culture experiment was carried out by placing

the device in a custom-built incubation system9 for 96 h.
For fluorescence microscopy analysis, the HUVECs

were fixed with 4% paraformaldehyde (Sigma Aldrich) in
PBS and subsequently permeabilized with 0.3% Triton-X
(Sigma Aldrich) in PBS. The cells were stained with
15 µL/mL of both AcinRed (Thermo Fisher Scientific) and
NucBlue (Thermo Fisher Scientific) in PBS to visualize the
F-actin filaments and the cell nuclei, respectively. Fluor-
escent and phase contrast images were captured using an
EVOS FL cell imaging system.
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