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Leak-tight vertical membrane microvalves’

Jonas Hansson,* Mikael Hillmering,**, Tommy Haraldsson,** and Wouter van der
Wijngaart”

Pneumatic microvalves are fundamental control components in a large range of microfluidic ap-
plications. Their key performance parameters are small size, i.e. occupying a minimum of mi-
crofluidic real estate, low flow resistance in the open state, and leak-tight closing at limited control
pressures. In this work we present the successful design, realization and evaluation of the first
leak-tight, vertical membrane, pneumatic microvalves. The realization of the vertical membrane
microvalves is enabled by a novel dual-sided molding method for microstructuring monolithic 3D
microfluidic networks in PDMS in a single step, eliminating the need for layer-to-layer alignment
during bonding. We demonstrate minimum lateral device features down to 20-30 um in size,
and vertical via density of ~30000 per cm?, which provides significant gains in chip real estate
compared to previously reported PDMS manufacturing methods. In contrast to horizontal mem-
brane microvalves, there are no manufacturing restrictions on the cross-sectional geometry of the
flow channel of the vertical membrane microvalves. This allows tuning the design towards lower
closing pressure or lower open state flow resistance compared to those of horizontal membrane
microvalves.

1 Introduction

For many microfluidic devices effective valving is essential, e.g.
for large scale integration!2, pneumatic logic®* and com-
pact sample handling systems in heterogeneously integrated de-
vices>®.  Consequently, many different types of microvalves
have been developed for Lab-on-a-Chip (LoC) applications, as re-

crochannel layers, positioned on top of each other!!. To improve
the leak-tightness of the horizontal membrane microvalves, the
flow channel cross-section is typically semicircular.

Vertical membranes microvalves were first introduced by Sun-
dararajan et al.12 with the aim to allow both flow and control

viewed in7-8. The valves discussed in this paper are active, ex-
ternally controlled, normally open pneumatic microvalves. Nor-
mally open pneumatic microvalves have become one of the most
common microvalve types’, due to their ease of manufacturing
in polydimethylsiloxane (PDMS) or other rubbery materials 19,

Normally open pneumatic microvalves consist of two channels,
one flow channel and one pneumatic control channel, that are
separated by a thin membrane. When the control channel is
pressurized the membrane deflects, closing the flow channel. Mi-
crofluidic systems are commonly manufactured as 2D microchan-
nel networks. Compared to the plane of the microchannel net-
work, which we will define as horizontal, valve membranes can
be positioned horizontally or vertically.

In horizontal membrane microvalves, the flow channel and
control channel are typically manufactured in separate mi-
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channels to be microstructured in the same layer. Despite sev-
eral efforts 12714, vertical membrane valves have failed to be fully
closed, due to restrictions to the mechanical deformability of the
membrane at its square corners 4. Hence, vertical membranes
microfluidic actuators are not being labeled as a “true valve"”.
Instead, the vertical membrane actuators are used as variable

15 mixers!2, droplet generators!®, droplet manip-
19

flow resistors
ulators 17-18 focusing microlenses!®, and particle traps2?. In
horizontal valve systems, such limit in membrane deformability
is compensated by rounded flow channel cross-sections!!l. In
vertical valve systems, the need for demolding the channel dur-
ing manufacturing has until now not allowed similar geometrical

adaptations.

In this paper, we introduce the first vertical membrane valve
that can be fully closed. We present the valve design as well
as a novel manufacturing technique that enables its realization
in a single microstructured layer. We test the limits and possi-
bilities of this manufacturing technique. We demonstrate a few
variations of the valve design and investigate their performance
through modelling and experiments in terms of control pressure,
flow conductance, and leak-tightness.
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Fig. 1 Vertical valve design. The general valve design is illustrated by (a) 3D rendering, and (b) cross-sectional top view to illustrate the open and
closed states. The two types of cross-sectional geometries: (c-d) bell-valve, and (e-f) circle valve, illustrated by top cross-sectional view of the valves (c
and e), and cross-sectional design principle of the vertical flow channels (d and f). (g) Definition of hydraulic diameter, D, illustrated for a circle valve.

2 Valve Design

In our novel approach, we employ 3D microchannel design,
which allows a high degree of freedom in designing the cross-
sectional shape of vertical channel sections. We designed ver-
tical channels with rounded cross-sectional geometries, similar
to those used in horizontal valve designs, to accomplish vertical
membrane valves with leakage tight closure (Figure 1). Our novel
manufacturing technology with automatic alignment allows valve
manufacturing in a single microstructured layer.

The vertical flow channels were designed with two different
cross-sectional geometries, where each geometry was manufac-
tured in three different sizes to vary the fluidic resistance of the
valve. The first cross-sectional geometry, hereafter referred to as
bell valve, has a shape defined by two bell-shaped sections (Fig-
ure 1, c-d). The bell-shape constitutes smoothly tapered channel
edges, designed to reduce the material strain in the membrane
edge during deformation with the aim to reduce the required
closing pressure. The second cross-sectional geometry, hereafter
referred to as circle valve, has a shape defined by two sections of a
circle (Figure 1, e-f). The circle-valve channel shape is more sim-
ilar to that of horizontal valves molded on reflowed photoresist.
In comparison to the bell valve, the circle valves feature a larger
hydrodynamic diameter, D, = 4A/S, for a given channel width
(see Figure 1g) with the aim to reduce the fluidic resistance of
the flow channel. The geometric details are provided in Table 1.
For a complementary graphical overview on how this design dif-
fers from previous vertical membrane microvalves and horizontal
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membrane microvalves see Table S1 in ESIf.

Symbols for parameters and constants used throughout the pa-
per are summarized in Table S2 in ESI¥.

3 Manufacturing

To realize our design in a single microstructured layer, novel man-
ufacturing techniques were developed. Microstructuring the 3D
valve design in a single layer provides two main manufacturing
challenges: alignment of the two mold sides, and vertical chan-
nel (“via") formation. The manufacturing technique builds on our
previous manufacturing development21-23, Here, we describe the
manufacturing technique in detail for the first time, and charac-
terize the limits of the manufacturing technique in terms of its
alignment and miniaturization.

The manufacturing technique employs two key features: self-
aligning double-sided molds, and a smart surface coating. The
self-aligning double-sided molds features guiding pins and guid-
ing frames that interlocks when pressed together (see Figure 2).
The smart surface coating is 75 nm thick and features reactive
amine groups and PVA. The reactive amine groups ensure open
vertical vias by depletion of the PDMS polymerization catalyst lo-
cally where the mold features are pressed together. >4 PVA is water
dissolvable and hence allows low-stress mold release and trans-
fer, which is especially important for thin and fragile structures. 2!
The manufacturing steps are depicted in Figure 3. The full details
of the manufacturing steps are provided in the ESI{.

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Self-aligning molds using guiding structures. (a) Bottom mold
containing guiding pins, bottom structures, and pins defining vias. (b)
Top side molds containing guiding frame and top structures. (c) Bottom
and top molds automatically aligned by contacting the guiding frames
with the guiding pins. The valves, channels and the self-aligning
features on the molds are oversized for illustrative purposes.
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Fig. 3 Manufacturing process. Process flow for the manufacturing of
double-sided molding of PDMS in three steps: (a) mold surface
preparation, (b-c) PDMS device layer preparation, and (d) transfer
bonding of PDMS layer from molds to assembly.

4 Evaluation Methods

4.1 Manufacturing tests

The manufacturing scheme was characterized in terms of its
alignment accuracy between top and bottom features and minia-
turization of thin vertical membranes and vertical interconnects
(vias).

Alignment accuracy: The mold alignment accuracy was eval-
uated for PDMS structures fabricated in a mold composed of: a
transparent glass micropatterned SU-8 top mold half; and a sil-
icon / micropatterened SU-8 bottom mold half. For the remain-
ing experiments, the manufacturing was performed as previously
described 23, with two silicon based molds. In a first test, mold
alignment relied on the self-aligning structures only, and in a sec-
ond test, optical microscopy was used to fine-tune the alignment.

Downscaling limitations: The lower size limitations of this
manufacturing method were investigated for two types of fea-
tures: vertical vias, and vertical membranes. This was done by
manufacturing arrays of PDMS grid structures with varying vias
widths, and varying the membrane between the vias. The PDMS
grids with varying vias sizes and membranes was defined by SU-
8 molds with arrays of 120um tall square pillars, with increas-
ing pillar widths and gaps, in increments of 10um. The SU-8
pillar arrays were coated with the mold coating previously de-
scribed 23, covered with PDMS prepolymer, and clamped to a
glass slide, with the same mold coating. The structures were
clamped and cured with the recipe described in ESI} (chapter
Microstructured layer preparation), demolded, and finally evalu-
ated with microscopy to determine whether the vias and mem-
branes had been successfully manufactured or not. This method
is schematically depicted in Figure 4a.

4.2 Valve characterization setup

The valve ports were connected with tubing in the following man-
ner: the flow inlet ports to a pressure-controlled container with
deionized (DI) water at pressure P,,; the flow outlet ports via a

This journal is © The Royal Society of Chemistry [year]
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flow sensor (ASL 1600-10, Sensirion AG, CH; sensor accuracy:
for flow > 40 ul/min: 3.0 %, for flow < 40 ul/min: 0.15 %) to a
waste container at atmospheric pressure P, ; the pneumatic con-
trol ports to a piston pneumatic control pressure source at pres-
sure P,,;. Pressure sensors were used to monitor the pressure in
the DI water container (MTX2200DP, ELFA, Sweden; sensor ac-
curacy: 0.25%) and at the pneumatic control source (SPD100G
Smartec, ELFA, Sweden; sensor accuracy: 0.3%). The fluidic
ports were able to withstand up to 300 kPa, hence forming a lim-
itation to the experimental test parameters. The pressure-flow
characteristics for the valves were measured as follows. The DI
water container was pressurized between 0 and 50 kPa, with 12.5
kPa intervals, while the waste container was left at atmospheric
pressure. During every interval, the pneumatic pressure was var-
ied from O and 300 kPa, and the flow was measured with the
flow sensor. The accuracy for regulating both the valve inlet pres-
sure and the pneumatic control pressure is estimated at +5%.
The readout error of the flow measurement data is estimated at
+5ul/min. The “measured closing pressure" is defined as the min-
imum pneumatic pressure for which zero flow was measured. The
“visual closing pressure" is defined as the minimum pneumatic
pressure for which no gap between the membrane and the inner
wall could be observed using microscopy imaging, similar as in
previous work. 11-13:25

5 Results and discussion

5.1 Manufacturing results

Bell-valves and circle-valves were all successfully manufactured
according to the process described.

Alignment accuracy: The measured bottom and top mold
feature misalignment, m,, was <25um when using self-aligning
structures and <15um when using microscopy and transpar-
ent glass molds for alignment. Adjusting for the low-resolution
printed plastic photomask (r, < 10um), the error introduced
during the alignment procedure, e,, can be estimated as ¢, ~
\/m: —r3, i.e. <23um and <11um, respectively, for self-aligning
structures and microscopy assisted alignment. A limiting fac-
tor for alignment was relative movements of the molds during
clamping, according to observations through glass molds. Previ-
ous double-sided molding methods26-28 feature one or two soft
molds, vertical vias features of several hundred ym and require a
manual alignment process during the patterning step which, ac-
cording to Lucas et al.26, limit the structure sizes to minimum
100um. Hence, our method provides a significant (nine-fold)
alignment accuracy improvement.

Downscaling limitations: For 120um tall structures, Figure 4d
shows the smallest successfully manufactured vertical membranes
of thickness 20um (as defined by the distances between the SU-8
pillars) and Figure 4b shows the smallest successfully manufac-
tured vias of width 30um, which results in a vertical vias density
of ~30000 per cm?.

For vias 20um wide or smaller, a thin squeeze film of poly-
merized PDMS blocked the vias at the top (Figure 4c). A slight
overhang of polymerized PDMS could be seen already at 30um
(Figure 4b), although not enough to significantly block the vias.

1-8 |3
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Fig. 4 Manufacturing Results. (a) Schematic side view of a successful instance of the manufacturing method used in this evaluation. (b-e) Microscopy
images and schematic side views of the results from the smallest successfully manufactured vias (b), the biggest failing vias (c), the thinnest
successfully manufactured membranes (d), and the biggest failing membrane (e). (b-e) The insets are zoom-ins with increased contrast

Attempting to manufacture membranes 10um or smaller resulted
in non-polymerized PDMS between the pillars in the SU-8 pillar
mold (Fig. 4e), and hence, unsuccessful release of PDMS from the
mold. However, there is room for optimization of the manufac-
turing parameters in order to achieve even thinner membranes.

Our new manufacturing technique enables several orders of
magnitude higher vertical via density compared to standard hole
punching 11:2> and four-fold downscaling in lateral features com-
pared to previously reported dual sided molding of PDMS26-28,
This provides significant gains in chip real estate.

Compared to horizontal membrane microfluidic devices, our
novel manufacturing method comprises fewer steps and less
stochastic processes than the standard manufacturing method of
horizontal membrane microvalves, hence, potentially provides a
more robust manufacturing method. See Table S3 in ESIf for a
detailed comparison.

5.2 Valve characterization results

Fig. 5 shows images, measurement results, and data analysis from
the valve characterization, and Table 1 summarizes the geome-
tries tested, key performance results, and compare them to those
of a few key references.

First, we actuated and imaged the valves with no liquid flow
(P = Pour), observing closing of valves B2, B3, C2, and C3 (see
Figure 5a and Figure S1 in the ESI}), while the largest valves
(B1 and C1) did not close below the maximum available control
pressure P,,,; ~ 300kPa. This standard characterization technique,
microscopy imaging from the top, is straightforward for horizon-
tal membrane microvalves, but becomes challenging for vertical
membrane microvalves at small effective valve heights, i.e when
the valve is near closing. Therefore, in addition to an indication
of the visual closing pressure (see Table 1), we also pressurize
the flow channels and measure the flow rate during membrane
actuation for a more true characterization.

4] 1-8

A first flow-test of the valves revealed that B2, B3 and C3, could
be successfully closed leak-tight, whereas the other valve designs
(B1, C1 and C2) were not leak tight at the maximum available
control pressure P,.,; ~ 300kPa. Valve B2 was classified differently
in image-based and flow-based testing. Complete pressure-flow
characteristics were only measured for the leak-tight valves.

Fig. 5c-e shows the measured pressure-flow characteristics data
of the experimental setup for B2, B3 and C3 valves, i.e. the mea-
sured flow, Q, in function of the pneumatic control pressure, P/,
for different values of the inlet port pressure, P,,. We can clearly
see that valve B3 closes at the lowest control pressure.

The resulting flows are also influenced by the resistance of con-
necting channels. To obtain the characteristics of only the valves
themselves, i.e. the measured flow, Q, in function of the pres-
sure across the valve membrane, AP,, and of the pressure drop
across the valve channel, AP,, we subtract the influence of inlet
and outlet flow channels from measurements as detailed in the
ESI+.

5.2.1 Valve closing pressures

The lowest pressure drop over the B2, B3 and C3 valve mem-
branes that was required to close the valves were AP, ;o582 =
188 + 10kPa, AP, cjpse 53 = 119 4+ 6kPa, and AP, osec3 = 194+
10kPa respectively.

The closing pressures of horizontal membrane microvalves
have previously been compared to linear models of the mem-
brane; as either a thick beam model, a thick spring model, or
a thin spring model. Push-up horizontal membrane microvalves
have shown to have closest resemblance to the thin spring
model3°, and push-down horizontal membrane microvalves have
shown to have closest resemblance to the thick spring model2.
Using the same models, the valves in this paper seem to have
closest resemblance to the thin spring model, as they provide the
best prediction for Eppys (see Table 2 for results and ESIt for
calculations).These conclusions are from only three valves, but

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Valve measurement results. (a) Microscopy images of the smallest bell valve (B3) at open state and at control pressures of 100 kPa and 300
kPa. (b) Overview sketch of parameters used in valve characterization and calculations (c-e) Measured pressure-flow characterization data of the B2,
B3 and C3 valves in the experimental setup. The lines are added for eye guidance. (f-h) Calculated pressure-flow characteristics of the B2, B3 and C3
valves after subtracting the pressure drop in the inlet and outlet channels. Standard deviations, calculated from measurement uncertainties, are

marked in black (c-e) and red (f-h).

the resemblance with push-down rather than push-up horizon-
tal membrane microvalves is still interesting, as it can aid future
design of vertical membrane microvalves valves to obtain lower
closing pressures.

Neglecting the membrane geometries, but still assuming that
the membranes behave as a linear spring, i.e. APy, = k(h, — h,),
one can derive the spring constant of the membranes as k =

APyciose - _
Spve e kpy = 2.3kPapm™!, kpz = 2.1kPaum™', and kc3 =
3.3kPaum~!. We can expect the membrane spring constant, k, to

increase for increasing values of membrane thickness, ¢, and for
decreasing values of the valve channel width, w: k o< */w® with
k and § exponential parameters > 0. Indeed, whereas the mem-
brane thickness, ¢, was the same for all vertical valve membranes,
their spring constants kg ~ kp3 < k¢3 varied inversely with their
width: wgy, = wgz > wes.

Considering the valve membrane geometry, kg; ~ kg, and k¢q ~
kcy = kc3, we can estimate the respective valve closing pres-
sures for the B1, C1 and C2 valves to be AP, .5 p1 = 540kPa,
AP, close,c1 ~ 400kPa, and AP, c/p5e,c2 = 330kPa, all of which val-
ues are larger than the experimentally available control pressure,
P.;,;, which is in accordance with the fact that these valves could
not be closed leak-tight in our setup.

This journal is © The Royal Society of Chemistry [year]

Studying the valve behavior (Fig. 5f-h) it is apparent that the
valves close with increasing AP,,, as expected. We can also note
that the closing pressure increases with increasing valve pressure
AP,, most apparent in the C3 valve. As previous studies used
AP, = 0, this is to the authors knowledge the first time report of
the dependence of membrane microvalve closing pressure AP, on
the flow channel pressure drop AP,. A previous study, using finite
element simulation for very thin membranes accounting for both
added P,,; and P, reported that an increase actuation pressure
(Petri close) Was equal to the increase in fluidic pressure ap).31
This is not the case for C3, as the closing pressure increases far
more than the increase in fluidic pressure. We can speculate that
the increase in AP, deforms the closed valve asymmetrically, forc-
ing the closing point closer to the outlet channel, and hence de-
manding an increased extension of the membrane, at least along
the L direction. This behavior would be more pronounced with
increasing height, hy and thickness, 7, and decreasing width, w
which is accordance to the observations that this behavior is less
pronounced in B2 and even less in B3. Modelling this behav-
ior lays outside the scope of this work, but future microvalve
modelling (and characterizations) of both vertical and horizontal
membrane microvalves would benefit from taking the flow chan-
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Table 1 Valve geometries, open valve properties, and summary of actuation results for the valves in this paper, two previous vertical membrane
valves '3 and two previous horizontal membrane valves '-25. The valve performance characteristics are rounded values. (Abbr.: n/a = not avaliable,

NP = not possible)

Valve type B1 B2 B3 C1 Cc2 C3 v1i3 V12 H!! H2>
Schematic cross-section ’ _.-._ _._.. = o= -» .....
Valve dimensions (um)

Height, hq 236 78 56 120 100 60 20 30 10 65
Width, w 408 408 408 220 220 220 100 100 100 250
Length, L 140 140 140 140 140 140 250 50 100 250
Membrane thickness, ¢ 70 70 70 70 70 70 14 20 30 15
Valve performance characteristics

Visual closing pressure (kPa) >300 ~150 ~100 >300 ~150 ~100 NP NP 40 40
Measured closing pressure (kPa) n/a 190 120 n/a n/a 190 NP NP n/a n/a
Open state flow (uls~h n/a 5.4 3.7 n/a n/a 3.6 n/a n/a n/a n/a
Fluidic conductance (ulPa—'s™1) 400 20 5 80 40 9 0.1 2 0.01 7

Table 2 Linear model testing. Values for Eppys are calculated from
valve closing pressures and valve geometries. Eppys is 549kPa for
PDMS(1:12.5) and 750kPa for PDMS(1:10).2° We use PDMS(1:10) but
the effective ratio is expected to decrease due to initiator depletion in our
manufacturing process.

Model for Eppys calculation B2 (kPa) B3 (kPa) C3 (kPa)
Thick Beam 6014 5303 3451
Thick Spring 1350 1911 946
Thick Spring 557 576 559

nel pressure profile into account.

Comparing the Bell-valves and Circle-valves, we see that
APy, close.B2 aNd APy, cjose 83 < APy c1osec3- However, it is unclear
whether this is caused by their bell shaped geometry or by their
larger flow channel width, wy (the three designs having similar
values of flow channel height, &y(). Interestingly, for the B2 and
B3 valves, the difference between the measured and visual clos-
ing pressure is < 25%, whereas for the C2 and C3 valves, this
(estimated) difference is approximately 50%. One could specu-
late that, indeed, the slowly tapering side ends of the bell valves
make them more easily sealed off, whereas the higher angle at the
edge of the circle valves results in leaky channel edges, even at
high control pressures. This speculation finds support in previous
work, e.g. by a finite element simulation demonstrating that the
corners in a push-down horizontal membrane microvalve closes
off at much higher pressures than the rest of the valve.32

Compared to previously reported vertical membrane pneu-
matic actuators, 12714 our B2, B3 and C3 valves are the first verti-
cal membrane valves reported that can be closed leak-tight.

Our vertical valves and previous horizontal valves with simi-
lar valve channel width, w, have similar footprint area, Ay, ~ w2,
which allows comparing their performance. Fordyce et al.%> re-
ports on a horizontal valve with geometries wy = 250um, hy ~
65um, and ty ~ 15um with closing pressure AP, o5 n =~ 40kPa,

6| 1-8

which can be compared to the C3 valve with wy = 220um, hy =
60um and 7y = 70um and closing pressure P, .jose.c3 & 200kPa. The
substantial higher closing pressure of the C3 valve compared to
that of the horizontal valve can be attributed to the substantially
higher membrane thickness: #y > ty. The thickness of horizon-
tal PDMS membranes can be made small through layer spinning
but may be practically limited by layer handling during manufac-
turing. Minimizing the thickness of vertical PDMS membranes is
limited by the alignment accuracy of the molds: ty in ~ ¢,. Thus,
the manufacturing limitations for minimizing horizontal and ver-
tical membrane thickness result in similar values: ty in = tr min-
Therefore, although we only manufactured vertical membrane
thicknesses ty > ty i, there is no reason to believe that it would
not be possible to manufacture vertical membrane valves with
similar closing pressure as those for horizontal valves of similar
size.

5.2.2 Valve pressure-flow characteristics

High fluidic resistance valves provide a limitation in flow through-
put, especially when positioned in series in an integrated mi-
crofluidic network.

A first order geometrical analysis can be made to compare re-
sistance in vertical and horizontal membrane valves. The channel
height of horizontal valves is limited by the resist reflow pro-
cess (traditionally /o maxiraq =~ 30um). The resist reflow pro-
cess also suffers from large variations in channel height since it
relies on melting photoresist. A recent systematic study trying
the overcome this limitations have increased the possible height
to hpo,max ~ 80um, however for these heights, the variations are
even larger. The height of vertical valves on the other hand, can
be manufactured arbitrarily large, but is instead limited by the
operational demand of the valve needing to be closed at least
at the maximum available pneumatic pressure P.,;. Assuming
large variations in open channel flow resistance is acceptable, for
channel width values below w ~ Ay uax, both vertical and hori-
zontal valves can be designed with similar open state flow resis-

This journal is © The Royal Society of Chemistry [year]
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tance. For valve width values w > hyg mar, however, the valve
channel flow resistance of horizontal valves, R, g ~ — be-
HO.max

comes severely limited, whereas the flow resistance of the vertical
valves, R,y ~ ﬁ%, does not have such limitation, i.e. they can be
freely increased in size without relative decrease in conductance.

We can also compare the conductance of the valves presented
in literature. The magnitude order higher resistance of our inlet
and outlet flow channels R., compare to that of the valve flow
channel R,, makes estimations of the open state valve channel
flow resistance for measurements highly uncertain, and previous
work has never characterized valve channel flow resistance by
measurements. Instead, we calculate the flow resistance from
the measured channel geometries in this paper, and the reported
channel geometries of others (see Fig. 1 for results and ESI} for
details on the calculations). Here we see that indeed, our valves
provide an order of magnitude larger conductance than most pre-
vious valves, but similar conductance to that of the latest increase
in resist reflow channel heights.

6 Conclusions

We designed, manufactured and evaluated the first vertical mem-
brane PDMS microvalves that can be closed leak tight. A novel
dual-sided mold manufacturing method enables the vertical valve
manufacturing in a single micropatterned layer.

We demonstrated mold side alignment accuracies down to
23um and 11um for automatic self-alignment and manual mi-
croscopy assisted alignment procedures, respectively. Moreover,
we successfully manufactured vertical wall structures as thin as
20um and vertical vias as narrow as 30um, resulting in a verti-
cal vias density of ~30000 per cm?. These results demonstrate
four-fold improvement with respect to feature miniaturization for
double sided molding of PDMS, compared to previous work. Ad-
ditionally, our novel manufacturing method comprises fewer steps
and is potentially more robust than the standard manufacturing
method of horizontal membrane microvalves.

The manufacturing technique allows valves with unconven-
tional flow channel cross sectional shapes to be designed and
manufactured, which we used to realize vertical membrane mi-
crovalves with flow channels of two different geometries, bell-
and circle-valves. Furthermore, this manufacturing technology
opens up more freedom to design the valve membrane in uncon-
ventional shapes, which together with new designs in flow chan-
nel cross section could potentially open up new functionalities in
these types of pneumatic valves and actuators.

The manufacturing technologies for vertical membrane mi-
crovalves allow membrane thicknesses that are close to those of
horizontal membrane microvalves, i.e. with similar closing pres-
sure. The manufacturing of horizontal valves using the resist
reflow technique, however, limits the valve channel height and
therefore induces a larger open state valve channel resistance
than that of our novel vertical valves for geometries with large
width. We manufactured and characterized vertical valves with a
(conservative) membrane thickness of 70um, and demonstrated
leak tight closed valves at membrane pressure drops as low as
119kPa and open state flows of up to 5.4uls™!.

This journal is © The Royal Society of Chemistry [year]

Lab on a Chip

The low fluidic resistances of these valves and alignment free
manufacturing process makes these valves and their manufactur-
ing suitable for high flowrate applications and large scale integra-
tion.
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