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Abstract We present an active fixed-volume mixer based
on the creation of multiple source—sink microfluidic flows
in a polydimethylsiloxane (PDMS) chip without the need
of external or internal pumps. To do so, four different
pressure-controlled actuation chambers are arranged on top
of the 5 pl volume of the mixing chamber. After the
mixing volume is sealed/fixed by microfluidic valves made
using ‘microplumbing technology’, a virtual source—sink
pair is created by pressurizing one of the membranes and,
at the same time, releasing the pressure of a neighboring
one. The pressurized air deforms the thin membrane
between the mixing and control chambers and creates
microfluidic flows from the squeezed region (source) to the
released region (sink) where the PDMS membrane is
turned into the initial state. Several schemes of operation of
virtual source—sink pairs are studied. In the optimized
protocol, mixing is realized in just a sub-second time
interval, thanks to the implementation of chaotic advection.
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1 Introduction

Mixing is one of the crucial steps of biological analysis
protocols in microfluidic devices. The flow inside micro-
channels generally has a low Reynolds number, defined by
Re = Uph/v < 100, where U, is the average flow speed,
h ~ 100 um the typical cross-sectional dimension of the
microchannel (e.g., channel height), and v the kinematic
viscosity of the fluid. Mixing is naturally dominated by a slow
diffusion process, with a characteristic time that is given by
fmix = 12/D, where [ is the striation length over which dif-
fusion needs to take place for mixing, and D is the diffusion
coefficient. Due to the typical size of D, also the Péclet
number is large (Pe = Uyw./D > 100) in a microfluidic cell
or channel of width w.. Several passive and active mixers
were realized using microfluidic chip technology, mainly
by shrinking the striation length (Nguyen and Wu 2005;
deMello 2006). Hydrodynamic focusing (Knight et al. 1998),
lamination (Kamholz et al. 1999; Cieslicki and Piechna
2009), and chaotic advection (Stroock et al. 2002; Xia et al.
2005) are major principles in passive mixers that do not need
any external force other than the flow itself to create mixing.
Most passive mixers are designed for a certain range of
Reynolds number (Re) and Péclet number (Pe) associated
with the fluid flow in the microfluidic channel. On the other
hand, active mixers provide enhanced control potential and
independence of the flow parameters by using external forces
to create perturbed flow (Nguyen and Wu 2005). Such mixers
offer to users a flexible device for ‘on-demand’ mixing (Lu
et al. 2002). Most importantly, active mixers offer fluid
metering when using fixed-volume mixing chambers
(Urbanski et al. 2006), so that precise quantities of reagents
can be dosed. The planar laminar mixer (Evans et al. 1997) is
one of the early examples of an active fixed-volume mixer.
Here, mixing was created by two source—sink pairs, where
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there was a periodic removal of fluid from a mixing reservoir
by a sink and a re-injection into the reservoir from a source.
With only a few liquid removal-injection cycles, complete
mixing was obtained in this powerful device based on chaotic
advection (Aref 1984). However, high-cost micromachining
techniques were used to realize the mixer in a composite
silicon-quartz chip with integrated bubble valves and pumps
to create pulsed source—sink flows (Jones and Aref 1988;
Evans et al. 1997). Several other actuation methods were
introduced in fixed-volume mixers, based on either acoustic
(Rife et al. 2000; Yang et al. 2001; Jang et al. 2007), elec-
trokinetic (Chang et al. 2008; Harnett et al. 2008) or magnetic
(Yuen et al. 2003; Agarwal et al. 2005) principles, which
require either certain electrochemical properties of fluids or
expensive microfabrication and integration techniques.
Magnetic beads manipulation (Rida and Gijs 2004) was also
used for mixing in fixed volumes (Grumann et al. 2005).
Although mixing was generated by simply changing the
magnetic force in time, magnetic beads were needed within
the reagents, necessitating extra fluidic steps in the protocol
and also possibly inducing unwanted aspecific adsorption of
rare molecules on the bead surfaces.

‘Microplumbing technology’ has been presented as
an extremely interesting concept that enables valving,
pumping, and mixing functionalities in affordable poly-
dimethylsiloxane (PDMS) chips for parallel batch pro-
cessing of biological samples (Hong et al. 2004). These
devices were fabricated by the soft lithography technique
and were composed of two distinct elastomer layers, called
the control and fluidic layers (Unger et al. 2000). By
pressurizing the control layer, the deflection of a thin
membrane between the layers blocks the fluidic flow inside
a fluidic channel with half-circular cross-section, thereby
implementing a valving functionality. Valves were the
basic building blocks of this technology, and pumping
could be realized by periodic actuation of three valves in
series. A rotary mixer was realized by pumping the fluid
inside a ring-shaped chamber (Chou et al. 2001). It was
shown that perfect mixing for a 15 nl volume was achieved
in 30 s, which is 170-fold faster than pure diffusion-based
mixing (Chou et al. 2001). In this fixed-volume mixer, the
striation length was decreased algebraically in time using
shear forces (Squires and Quake 2005) that relatively long
mixing time and channels were required to get efficient
mixing even for nanoliter scale. This situation can pose a
bottle neck for applications using higher (microliter) sam-
ple volumes, such as for clinical diagnosis (Nagrath et al.
2007; Gijs et al. 2010), rare molecule detection (Herrmann
et al. 2007; Sivagnanam et al. 2009), and DNA microar-
raying (Yuen et al. 2003). On the other hand, in chaotic
advection, the distance between fluidic streams is reduced
by a constant factor with each mixing cycle, which
involves exponential stretching and folding of the fluidic
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streams (Aref 1984). In the staggered herringbone mixer,
which is one of the most performant chaotic passive mixers
for continuous flow systems, after N mixing cycles, the
striation length is decreased to [y = h2Y (Stroock et al.
2002; Squires and Quake 2005). Mixing is completed when
the time to diffuse over a striation length /2/D is compa-
rable to the cycle time #.yc = N - Loy /Uy, wWhere Ly, is the
geometrical length needed to perform one stretching-fold-
ing cycle (Squires and Quake 2005). The required time for
complete mixing is derived and experimentally validated as
being proportional to (Lcy/Up) - In(Pe) ~ In(Pe)/Pe in the
chaotic mixer (Jones 1991; Stroock et al. 2002; Squires and
Quake 2005). Therefore, continuous flow chaotic advection
mixers are characterized by a fast mixing performance for
high flow rates (large Pe). It was also confirmed in the
staggered herringbone mixer that mixing was completed
for a flow with Pe = 10> in only 1.5 s, i.e., 670-fold faster
than pure diffusion-based mixing (Stroock et al. 2002).

In this paper, we present a new active fixed-volume
chaotic mixing concept, based on multiple source—sink
microfluidic flows without need of external or internal
pumps and implemented using PDMS ‘microplumbing
technology’. To do so, four mixer control chambers are
implemented on top of a simple rectangular-like mixing
chamber and are actuated by pressurized air. A virtual
source—sink pair is generated by pressurizing one control
chamber, while depressurizing the neighboring one. The
pressurized air deforms the thin membrane between the
mixing and control chambers and creates fluidic flows from
the squeezed region (source) to the released region (sink)
where the PDMS membrane is turned into the initial state.
With a periodic operation of source—sink pairs, extremely
fast mixing can be established by chaotic advection within
the closed chamber. Several protocols of operation of
source—sink pairs are studied. In the optimized device,
perfect mixing is achieved in only a sub-second time
interval (~350 ms, i.e., 7000-fold faster than the pure
diffusion-based mixing) for a compact 5 pl mixing volume.

2 Materials and methods
2.1 Materials

GM 1075 SU-8 negative photoresist was purchased from
Gersteltec Sarl (Pully, Switzerland). Propylene glycol
methyl ether acetate (PGMEA) 99% SU-8 developer was
obtained from Sigma-Aldrich Chemie GmbH (Buchs,
Switzerland). PDMS Sylgard 184 was acquired from Dow
Corning GmbH (Wiesbaden, Germany). 4 inch silicon (Si)
test wafers and de-ionized water (DIW) were taken from
the Center of Micro-Nano-Technology (EPFL, Lausanne,
Switzerland). E122 red-colored and E141 green-colored
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solutions diluted in distilled water were purchased from
Coop (Lausanne, Switzerland). 1 ml borosilicate H-TLL-
PE syringes were bought from ILS Innovative Labor
Systeme GmbH (Stutzerbach, Germany). MHP1 normally
closed 3/2 way solenoid valves were obtained from Festo
SA (Yverdon-les-Bains, Switzerland). Micro-line ethyl
vinyl acetate tubes with 0.51 mm inner diameter were
taken from Fisher Scientific (Wohlen, Switzerland).

2.2 Design

The microfluidic device contains a mixing chamber, four
valves and corresponding control chambers. In Fig. 1a, the
device has the mixing chamber and control chamber
channels filled with red- and green-colored solutions,
respectively. The three-dimensional device is composed of
four distinct PDMS layers, like schematically shown in
Fig. 1b. The bottom and top layers are 2.5 mm thick to
give mechanical stability to the structure, while the middle
layers have 160 and 110 pm thickness to implement a thin
PDMS membrane between control and fluidic channels.
Valving and mixing functionalities are realized by actuat-
ing thin PDMS membranes with the applied pressure from
control chamber access ports (shown in Fig. 1a). Valves
are used for the isolation of the mixing chamber so that a
fixed volume is preserved while creating pressure in the
mixer control chambers. A 50 pm-thick disc-shaped PDMS
membrane with 750 um radius is realized between the
valve control chamber and the fluidic channels for valving
(PDMS layer 2 in Fig. 1b). By pressurizing the valve
control chamber, the thin membrane is deformed and it
blocks the connection via having a 100 pm radius and
realized in PDMS layer 3. Even during low pressure
actuation, a perfect leakage-free valve can be obtained.

As the design in Fig. lc shows, four rectangular mixer
control chambers with a width 1500 pm and a length
4000 um are placed on top of the 5 pl rectangular-like
mixing chamber with 250 um depth. Everywhere, a
110 um thick PDMS membrane, called a mixer control
chamber membrane, is formed between the mixing and the
mixer control chambers. As described in Fig. 1d, releasing
the mixer control chamber pressure and, at the same time,
pressurizing another mixer control chamber induces an
unidirectional flow, as if a source and a sink are applied in
the squeezed and released region, respectively. We call
these two control chambers generating a flow a “virtual
source—sink pair” (VSSP); the sequential mixer control
chamber membrane actuation avoids the need of external
or internal pumps connected to the fixed-volume fluidic
chamber (Evans et al. 1997; McQuain et al. 2004).

In the proposed device, after closing all inlet and outlet
valves (shown in Fig. 1a), mixing is realized with multiple

PDMS Layer 1
(2.5 mm)

PDMS Layer 2
(160 pm)

PDMS Layer 4
(2.5 mm)

(b)

4000 pm
Analyzed

Mixing Area
[ Mixer Control Chambers in PDMS Layer 2
I Fluidic Channels in PDMS Layer 3
I 5 pL Mixing Chamber in PDMS Layer 4

(d)

Fig. 1 a Photograph of the final PDMS chip with the control circuit
comprising four leakage-free valves, and a microfluidic mixing chamber
with connecting microchannels that are filled with different colored
solutions. F;,, Fo,, and Py, are referred to fluidic inlet, fluidic outlet, and
pressure inlet, respectively, and dashed lines with arrow heads indicate
the corresponding fluidic or pressurized air flow direction. b Cross-
sectional schematic view showing the four bonded PDMS layers.
¢ Geometrical parameters of the microfluidic mixing chamber with the
four mixer control chambers. d Illustration of virtual source—sink pair
flow generation inside the microfluidic mixing chamber. Actuation of one
mixer control chamber, while releasing at the same time the previously
pressurized mixer control chamber, induces the flow
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VSSPs, created by actuating the mixer control chamber
membranes at a defined sequence. A pulsed source—sink
flow results in a confirmed chaotic advection mixing pro-
cess in a bounded-plane domain (Stremler et al. 2004).
However, in a mixing domain, chaos can coexist with
regular regions where fluidic stretching is only linear in
time (Hertzsch et al. 2007). Fluids inside the regular
regions do not interact with the rest of the domain (except
by diffusion) and hinder fast mixing (Ottino and Wiggins
2004). If a particle is trapped in these regular regions, it
circulates on a closed path in each mixing cycle and turns
to near the same initial position. It was shown that
streamlines of different source—sink pairs should be trans-
versal and also the forming shear should be strong and
monotonic (i.e., acting in the same direction) to break
down the closed paths and make the particle increasingly
fall far away from the original point (Hertzsch et al. 2007;
Beuf et al. 2010). Therefore, the source—sink pairs should
be engineered precisely to reduce the importance of the
regular regions. In this paper, eight different mixing con-
figurations using the four mixer control chambers are
proposed and analyzed experimentally. As described in
Fig. 2, the mixing methods are grouped into four catego-
ries, labeled as no-pair, where source and sink are operated
individually, two-VSSP, three-VSSP and four-VSSP con-
figurations. Each configuration is composed of a number of
periodic strokes creating flows in the mixing chamber and
expressed as a letter ‘s’ followed by a number defining
the sequence in the mixing cycle and a ‘+’ or ‘—’ sign,
indicating a source (pressurized membrane) or a sink
(released membrane) function, respectively. During operation,

PDMS membranes preserve their previous status until a
fresh stroke pressurizes or releases them.

2.3 Microfabrication

SU-8 micropatterns fabricated on 4 inch silicon wafers by
standard photolithography are used as a mold to replicate
the PDMS layers. First, the wafers are treated in oxygen
plasma at 500 W for 7 min and subsequently spin-coated
with GM1075 SU-8 negative photoresist. After the soft-
bake step at 130°C, the resist layer is exposed, and then the
post-exposure baking step is conducted at 100°C. The resist
is developed in PGMEA 99% and the mold micropatterns
are revealed on the Si wafer. 2-layer SU-8 processing is
performed to generate a mold for realizing the microfluidic
vias (Kartalov et al. 2006). To do so, after the post-expo-
sure step of the 60 pum thick first SU-8 layer, a second SU-8
layer with 160 um thickness is processed on top and the
development of the two layers is done together. A scanning
electron microscopy (SEM) image of the final 2-layer SU-8
mold is shown in Fig. S1 of the Supplementary Material. In
total, four distinct PDMS layers are realized by pouring
liquid 10:1 PDMS Sylgard 184 mixture on the molds.
PDMS is spun at 750 and 1000 rpm for 20 s to obtain the
160 um-thick PDMS layer 2 and the 110 pm-thick PDMS
layer 3. The layers are cured for 1 h at 100°C and bonded
together to create a monolithic device in a three-step
assembly process. To create irreversible sealing between
PDMS layers (Duffy et al. 1998), the contact surfaces are
activated using an O, plasma at 12 W for 40 s before each
sealing step. It is hard to handle thin PDMS membranes
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Fig. 2 The eight different active mixing configurations studied,
defined by changing the sequence of actuation of the four mixer
control chambers creating virtual source—sink pairs in different order.
The character ‘s’ on top of a pair of control chambers indicates the
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pressurized source (expressed as ‘+’) or depressurized sink
(expressed as ‘—’), respectively, at a particular sequence of the
mixing cycle (expressed by the number 1, 2, 3 or 4)
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without any support, which is the reason why the second
and third layers are bonded with the others while still
present on their mold. After the bonding step of PDMS
layer 1 and 2, the access ports of fluidic and control layers
are punched using a dispensing needle with 1.37 mm inner
diameter (H. Sigrist + Partner, Matzingen, Switzerland).

2.4 Experimental setup

The experimental setup for mixing in the microfluidic
device is illustrated in Fig. 3. Two syringes are mounted on
a Nemesys dosing system (Cetoni GmbH, KorbufBen,
Germany) and are connected to the fluidic inlets of the
device with elastic tubes. The flow rates of the syringes are
set with the Nemesys software. The valve control chambers
are filled with DIW to eliminate bubble creation originating
from continuous gas diffusion through the thin PDMS
membrane (Metref et al. 2007) into the fluidic channel due
to the steady pressurized air. On the other hand, the mixer
control chambers that are connected also to the exhaust
ports do not need to be filled with DIW, since the thin
mixer control chamber membrane is not exposed to the
steady pressurized air. The precisely adjusted compressed
air is obtained with a MS6-LRP-1/4-D4-A8 pressure reg-
ulator (Festo SA, Yverdon-les-Bains, Switzerland) and
applied through elastic tubes to the control chamber access
ports of the device under the control of solenoid valves. To
power the solenoid valves, electrical signals are com-
manded by a in house-developed C-program on a computer

Fig. 3 Illustration of the

experimental setup for mixing
characterization. After the fluids

(de-ionized water (DIW) and

E122 colored solution) are

introduced side-by-side to the

microfluidic device by a syringe Regulated
pump, microfluidic valves are compl’_essed
pressurized to seal the mixing o

—
chamber and mixing is started
by actuating solenoids valves Tubes partially filled
controlled through a FPGA with DIW connected to
board. The optical micrographs valve control chambers

characterizing the mixing are
captured by an inverted
microscope equipped with a

digital camera !
Fluidic
Qutlets

h. @8

and supplied through a FPGA-based development board
(FPGA4U acquired from IC/EPFL, Lausanne, Switzer-
land), which is equipped with a driving circuitry to supply
high current levels. +5 V are applied to solenoid valves to
pressurize the microfluidic valves on-chip. Square wave-
form electrical signals having +5 V maximum and 0 V
minimum in different phases with a 50% duty cycle power
the four solenoid valves to generate pulsed actuation of the
four mixer control chambers at a certain frequency
(1-20 Hz). The phase difference between the electrical
signals applied to the solenoid valves to provide consecu-
tive pressurized sources on mixer control chambers (shown
in Fig. 2) is set to be 27/Nyp, Where Ny, is the number of
VSSP in the mixing strategies.

2.5 Mixing characterization

For mixing characterization, spreading of E122 red-colored
molecules with a 2 x 107° cm? s~ diffusion coefficient
(Claux and Vittori 2007) is studied in the fluidic chamber
during the various mixing strategies. E122 molecules give
more robust measurements than fluorescent molecules
avoiding the influence of the photobleaching effect (Orhan
et al. 2008). To do the analysis, two syringes are filled with
DIW and red-colored distilled water solution, respectively.
Then, the red-colored solution (E122) and the DIW are
side-by-side introduced at 100 nl s~' flow rates to the
mixing chamber from the fluidic inlets (shown in Fig. 3).
After closing all inlet and outlet valves to seal the mixing

Electrical Signal Driving circuitry for
solenoid valves

- W

Computer
Control

7 Fluidic
Inlets

Exhaust ports for
mixer control chambers

Tubes connected to

mixer control chambers

_ | Optical lens on an inverted microscope
equipped with a digital camera
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chamber, mixing is started. Before and during mixing
operations, optical micrographs are taken using a mono-
chrome digital camera (Pixelink PL-B741U) with a TV
adapter 0.5x (Zeiss 456101) mounted on an inverted
microscope (Zeiss Axio Observer Al) having a 2.5x
optical lens (Zeiss EC-Plan NEOFLUAR).

The mixing performance is characterized by analyzing
the intensity profiles of the chamber from the obtained
images using an in house-developed MATLAB program.
For the analysis, micrographs are converted to negative gray
images, with the maximum intensity achieved on the red-
colored part. We analyze the center mixing area that is
uncovered by the control chambers (shown in Fig. 1c) to
avoid the influence of unsteady intensity profiles under the
actuated PDMS membrane surfaces during the mixing
operation. The studied region covers the most important part
of the mixing area with dimensions of ~2450 x 811 pm
corresponding to 441 x 146 pixels. The analyzed region is
adequate to observe the mixing characteristics, since it has a
central position for all possible regular regions with respect
to the pulsed source—sink pairs (Raynal et al. 2004; Hertzsch
et al. 2007). To quantify the mixing, a mixing index (MI)
corresponding to the image intensities is calculated using the
following expression (Lu et al. 2002):

l > I(tvk)_lavg<t) ?
v () W

k:1

where N is the total pixel number, I(z,k) is the intensity of
the pixel ‘k” and I,.4(?) is the average intensity value of the
pixels in the inspected area at a time ‘#’. This mixing index
is a measure of the standard deviation of the image inten-
sity profile and it approaches zero when uniformity of the
concentration is reached across the chamber.

To allow calculation of the instantaneous Reynolds and
Péclet numbers, one should know the flow speed Uy inside
the mixing chamber, which is obtained as follows. A
deformed mixer control chamber membrane creates an
instantaneous volume displacement of the liquid during
collapsing. To measure the displaced volume (AV), the
mixing chamber is filled with DIW and then all valves are
closed except one valve. By pressurizing the mixer control
chamber, liquid moves through the open valve and fills the

connecting microfluidic channel that has well-defined
dimensions, so that the displaced volume can be easily
quantified under the inverted microscope. The closure time
of the membrane (Af), the time required for totally col-
lapsing the membrane with an applied pressure, is also
measured with the Pixelink high frame rate camera. U, is
calculated from these measured values on the cross-
sectional area of the membrane halve perimeter (the shaded
area shown in Fig. S2 of the Supplementary Material),
through which the displaced volume is spread as:

AV 1
U|=———— 2
|O| At(Wm-l-l)h, ()
with wy, = 1000 um and [/ = 3500 pm the width and
length of the mixer control chamber membrane, respec-
tively, and h =250 um the height of the mixing
chamber.

3 Experimental results and discussion
3.1 Valve

The proposed 3-layer valve structure is realized using the
same operational principle as Beebe’s valve (Beebe et al.
2000), but air instead of pH responsive hydrogel drives our
valve to obtain a faster response time. Within a wide range
of applied pressures to the valve control chamber, the disc-
shaped valving membrane is deflected and it efficiently
blocks the colored solution, as shown in Fig. 4. The
deformed membrane needs to close only the small fluidic
connection hole (via) between fluidic layers for valving and
hence a 15 kPa actuation pressure is more than sufficient to
get a perfect leakage-free valve, avoiding the need of a
very thin PDMS membrane (~ 10 um), like in a 2-layer
soft lithography valve (Studer et al. 2004). Our valve
structures are fabricated using SU-8 molds (Lorenz et al.
1997), which gives us the freedom of using high aspect-
ratio microfluidic channels. On the contrary, due to the fact
that the cross-linked SU-8 is a thermosetting polymer
(Chen et al. 2006), it is impossible to obtain hemispherical
micropatterns as a mold for 2-layer valves, as enabled by
using a resist reflow method (Unger et al. 2000).

Fig. 4 Optical micrographs of a an open valve and b—d closed valves using an actuation pressure of 15, 50, and 200 kPa, respectively
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3.2 Mixer performance: qualitative

After the mixing chamber is filled with parallel laminar
flow streams of red E122 colored solution and DIW, the
inlet and outlet valves are closed, and the mixing is per-
formed. When using pure diffusion-based mixing without
using any actuation, mixing times of the order of 30 min
are needed, as shown in the upper panel row of Fig. 5.
Sequential photographs of the mixing operation for dif-
ferent active mixing strategies using a 70 kPa actuation of
the mixer control chambers at 10 Hz are shown in the
bottom panel rows of Fig. 5. In active mixing configuration
1, where all membranes are actuated at the same time, there
is nearly no color alteration appearing in the chamber.
While creating two VSSPs in the mixing channel, like in
mixing configuration 2—4, only small liquid perturbations
are observed but they are not really adequate for fast
mixing. In these configurations, positions of source and
sink are interchanged in each stroke, during which the flow
direction is changed without affecting the streamline pro-
file in the chamber. Therefore, liquids are shuffled between
actuation regions on the same streamlines, resulting in a
diffusion-dominated mixing process. Three VSSPs are used

o
w

pure t: 10 min t: 30 min
diffusion-
based

mixing

mim

DIw

active
mixing

config. 1

config. 2

config. 3

config. 4

config. 5

config. 6

config. 7

config. 8

IRCELRLL

Fig. 5 Sequential optical micrographs of the mixing of a colored
solution and color-less de-ionized water when using either pure
diffusion-based mixing, or the eight different active mixing strategies
studied using a 70 kPa actuation pressure at 10 Hz

in mixing configuration 5. During mixing, a single vortex
rotating in a counter-clockwise direction is created in half
of the chamber by simply locating the source—sink pairs in
a triangular geometry, as already explained in Fig. 2. The
center of this vortex is altered in each source—sink flow
stroke, but the vortex cannot circulate in the whole
chamber volume. Hence, in large remaining regions in the
mixing chamber, mixing is realized by a slow diffusion
process. Although configuration 5 gives better results than
the mixing configuration with two VSSPs, it is not an
optimized solution for an efficient mixing in the entire
domain.

Four-VSSP configurations (configurations 6, 7, and 8)
are also examined in Fig. 5. The mixing performance using
configuration 6 becomes worse than the three-VSSP case.
Flows generated by consecutive source—sink pairs are
widely separated and almost do not affect each other in
configuration 6; fluid is trapped on a same streamline
profile like in a two-VSSP configuration and the mixing is
governed mainly by a slow diffusion process. On the other
hand, color homogeneity is obtained in a matter of a few
seconds when using mixing configuration 7 or 8, as shown
in the two lower panel rows of Fig. 5. The slow-motion
video clip of the mixing process with configuration 8 is
also supplied in Movie 1 of the Supplementary Material.
Two co-rotating and counter-rotating vortices are gener-
ated in mixing configuration 7 and 8§, respectively.
Figure 6a shows in more detail the experimental observa-
tions obtained for configuration 7 and 8 during the second
stroke (s2) and fourth stroke (s4) of the fifteenth mixing
cycle (~1.5 s) with mixer control chamber actuation at
70 kPa and 10 Hz. For both mixing configurations, the
induced vortices change their centers periodically, as
schematically indicated in Fig. 6a, which is in favor of a
fast mixing process (Sturman and Wiggins 2009).

3.3 Mixer performance: quantitative

We study in more detail now mixing configurations 7 and
8, which have suggested the best mixing performances. For
efficient pulsed source—sink flow mixing, the fluid in the
chamber should behave as a chaotic sea where exponential
stretching and folding of fluids is observed (Cola et al.
2006). However, regular regions, where fluidic stretching is
linear in time, exhibit only slow diffusion-based mixing
(Raynal et al. 2004; Hertzsch et al. 2007). To examine
mixing configuration 7 and 8, streamline simulations of the
generated flows for stroke 1 and 2 are conducted using the
finite element method (COMSOL Multiphysics 3.5a) by
solving the Navier—Stokes equations for incompressible
flows in the three-dimensional domain of a rigid mixing
chamber:
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Mixing Config. 7 Mixing Config. 8

P
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N A T
ol

O g
VL
v g T

Fig. 6 a Optical photographs and schematic flow patterns of mixing
configuration 7 and 8 during the second (s2) and forth (s4) strokes of
the fifteenth mixing cycle with control chamber actuations at 70 kPa
and 10 Hz. Either two co-rotating or two counter-rotating vortices,
whose centers are altered in each stroke, are generated with
configuration 7 and 8, respectively. b, ¢ Streamline profiles of mixing
configuration 7 and 8, respectively, obtained from simulations using
COMSOL Multiphysics 3.5a. Stroke 1 (s/), drawn in dashed lines,
shares the same streamline profile as stroke 3 (s3); stroke 2 (s2),
drawn in dotted lines, shares the same streamline profile as stroke 4
(s4). The ellipses in b, ¢ are zooms on the center of the mixing
chamber, to illustrate the trajectory of a liquid volume element during
subsequent strokes of the mixing process

@ Springer

p@u(t)

o + p(u-Vu) = —Vp +nVu

(3)
V-u=0

where u is the fluid velocity, and p and n are the density
and viscosity of the fluid. The streamline profiles for stroke
3 and 4 are similar to those of stroke 1 and 2, respectively.
As boundary conditions for the steady-state analysis, the
volume displacement generated during a mixer control
chamber membrane deflection is modeled as a volume flow
that is perpendicular to and uniformly distributed over the
actuated mixer control chamber membrane area; this flow
can be either an inlet for a source function, or an outlet for
a sink function. When following an infinitesimal liquid
volume element during four consecutive strokes in con-
figuration 7, fluid at the center of the chamber moves on a
kind of a closed loop inside a regular region, as suggested
in Fig. 6b. Since streamlines of different source—sink pairs
are transversal and also the forming shear is monotonic at
the center of the mixing chamber for configuration 8, the
liquid volume element changes abruptly the sign of its
momentum after each pair of strokes, as suggested in
Fig. 6¢, resembling the folding flow patterns as found in
the chaotic staggered herringbone mixer (Stroock et al.
2002). When the volume element reaches the lower part of
the mixing chamber, it will be transported upwards again
by the two vortices (see Fig. 6a) without entering a regular
region. Hence, much faster mixing is expected with con-
figuration 8 than with configuration 7, based on the
streamline profile analysis (Hertzsch et al. 2007). In order
to verify the mixing quantitatively, MI values for both
configurations are examined for different actuation pres-
sures at 10 Hz. Figure 7a and b shows the MI values
obtained from the image analysis for configuration 7 and 8,
respectively, at different times of the mixing process. The
fast oscillatory behavior of MI, which is superposed to the
decreasing trend line, is a consequence of the mixer control
membrane actuation at 10 Hz that directly affects the
intensity of the colored solution (Hardy et al. 2009). This
oscillatory behavior is more pronounced in configuration 7
that it is characterized by an up-and-down oscillatory flow
in the detection area at the center of the mixing chamber, as
schematically shown in Fig. 6b. From the MI values of
Fig. 7a and b, we observe that the fastest mixing perfor-
mance is achieved for the highest actuation pressures that
evidently give rise to the highest flow velocities (highest Pe
value) in the mixing chamber. Mixing configuration 8 is
clearly better performing than configuration 7. When we
define T ; as the time required to reach a MI value of 0.1,
which is a common criterion for quantifying adequate
mixing (Mao et al. 2010), we can plot the T, ; values for
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Fig. 7 a, b MI values, experimentally obtained from image analysis,
at different times of the mixing process for configuration 7 and
configuration 8, respectively, using different actuation pressures at
10 Hz. ¢ Experimental mixing times 7 ;, derived from graphs of the
type of a, b, as a function of the Péclet number for mixing
configuration 7 with 10 Hz actuation, and for mixing configuration 8
with 1, 5, and 10 Hz actuation frequencies. The dotted lines are
To.1 ~ In(Pe)/Pe fits based on chaotic advection theory

Table 1 Displaced volume in the mixing chamber with a width
we = 2500 pm and corresponding Péclet number of the induced flow
due to actuation of a single PDMS membrane with different control
chamber pressures

Actuation pressure (kPa) Displaced volume (nl) Pe

15 141 1.06 x 10°
30 241 278 x 10°
50 365 3.63 x 10°
70 468 402 x 10°
100 531 4.12 x 10°
200 573 426 x 10°

different actuation frequencies as a function of Pe. The
latter were calculated, taking into account the experimen-
tally observed 15 ms closure time of a single PDMS
actuation membrane, and using the geometrical parameters
illustrated in Fig. S2 of the Supplementary Material; the Pe
values are also listed in Table 1.

The experimental data curves of Fig. 7c show the
dependence of Ty ; on Pe, for a 10 Hz actuation frequency
using mixing configuration 7, and for 1, 5, and 10 Hz
actuation frequencies using configuration 8. The dotted
curves are fits to a In(Pe)/Pe dependence, in line with
mixing based on chaotic advection (Squires and Quake
2005; Mao et al. 2010). The Ty ;—Pe curves corresponding
to configuration 8 with 5 and 10 Hz actuations can be well
fitted. This is clearly not the case when using a 10 Hz
actuation frequency in mixing configuration 7. In the latter,
a liquid volume element in the detection area does not have
the momentum sign changes after each pair of strokes, as is
typical for the chaotic advection-dominated configuration 8
indeed. One also notes that the T, ;—Pe curve correspond-
ing to the use of a 1 Hz actuation frequency in configura-
tion 8 is not well fitted by the In(Pe)/Pe function, which
can be understood as follows. In each stroke, a source—sink
flow is induced during the 15 ms closure time of the
actuation membrane, followed by a waiting time equal to
the half actuation period minus the closure time. For
example, for a 1 Hz actuation frequency, the waiting time
is 485 ms, considerably higher than the closure time. In
this case, mixing is dominated by a diffusion process rather
than by the stretching and folding of fluid streams.

Finally, we want to highlight the excellent performance
of our mixing configuration 8 for the higher actuation
frequencies. Figure 8 shows a sequence of images and
corresponding MI values obtained during mixing using
configuration 8 with an actuation pressure of 200 kPa and
an actuation frequency of 20 Hz (the maximum operation
frequency of the solenoid valves), compared with the MI
values of pure diffusion-based mixing. It shows a mixing
time 7, ; of configuration 8 to be only 350 ms, which is
~7000-fold faster than the pure diffusion-based mixing
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Fig. 8 Optical photographs of three different sequences of the mixing
process and corresponding MI values for configuration 8 using
200 kPa actuation pressure at 20 Hz, compared with the MI values of
pure diffusion-based mixing. The mixing time 7} ; for configuration 8
is only 350 ms, while it is 2500 s in pure diffusion-based mixing

time. This is, to our knowledge, the fastest mixing yet
reported for fixed microliter volumes. Since each mem-
brane becomes source and sink in a mixing cycle, at least
two periods of membrane closure time (A¢) are needed in a
mixing cycle in order to completely collapsing and then
releasing a control membrane. If not, a membrane will only
displace a partial volume underneath and the mixing time
will be increased due to the decrease in flow velocity. One
can increase the actuation frequency up to ~30 Hz and
still have complete deflection of a membrane. Mixer con-
trol chambers can be driven also with high pressures up to
500 kPa, the maximum pressure compatible with PDMS—
PDMS bonding (Eddings et al. 2008). However, an
increase in actuation pressure beyond 200 kPa will only
slightly decrease the mixing time, since the liquid dis-
placement due to a single membrane actuation and so the
flow velocity saturate at 200 kPa, as suggested in Table 1.

4 Conclusion

We presented a novel mixing concept based on multiple
source—sink flows in microfluidic chips that were realized
using PDMS ‘microplumbing technology’. Several proto-
cols of operation of source—sink pairs were studied. In the

@ Springer

optimized device, perfect mixing was achieved in only a
sub-second time interval for a compact 5 pl mixing vol-
umes. This excellent performance was achieved thanks to
the implementation of chaotic advection, characterized by
stretching and folding of the microfluidic streams. The use
of SU-8 molds for replication of the PDMS chips allowed
easy prototyping and provided design freedom, for exam-
ple for choosing the aspect-ratio of the microfluidic
chambers and channels. Also, the performance of the
valves was not critically dependent on actuation pressure,
the degree of hemisphericity of the channels or membrane
thickness, giving rise to a robust technology. We therefore
think that the proposed mixer will offer new opportunities
for integrated, low-cost, fast and high-volume biological
analysis applications.
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