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Abstract In this study, we present a novel three-dimen-
sional hydrodynamic sheath flow chip that allows full
control of a sample stream. The chip offers the possibility
to steer each of the four side sheath flows individually. The
design of the flow-cell exhibits high flexibility in creating
different sample stream profiles (width and height) and
allows navigation of the sample stream to every desired
position inside the microchannel (vertical and horizontal).
This can be used to bring the sample stream to a sensing
area for analysis, or to an area of actuation (e.g. for cell
sorting). In addition, we studied the creation of very small
sample stream diameters. In microchannels (typically
25 x 40 pmz), we created sample stream diameters that
were five to ten times smaller than the channel dimensions,
and the smallest measured sample stream width was
1.5 pm. Typical flow rates are 0.5 pl/min for the sample
flow and around 100 pl/min for the cumulated sheath
flows. The planar microfabricated chip, consisting of a
silicon—glass sandwich with an intermediate SU-8 layer, is
much smaller (6 x 9 mm?) than the previously presented
sheath flow devices, which makes it also cost-effective. We
present the chip design, fluidic simulation results and
experiments, where the size, shape and position of the
sample stream have been established by laser scanning
confocal microscopy and dye intensity analysis.
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1 Introduction

In recent years, microfluidic technology has shown a wide
variety of applications in the field of on-chip analysis
systems (Stone et al. 2004; DeMello 2006). Microfluidic
devices have been utilised for analysis of chemical or bio-
logical assays in biochemistry, biophysics, medicine and
life sciences (Dittrich et al. 2006). Manipulation of the
samples inside the microchannel is an essential aspect for
fluidic systems. Therefore, different focusing techniques are
used providing the possibility of controlling the passage of
the bio-samples or chemical reagents through the micro-
fluidic channels. Advantages are that the channel wall
interaction with the sample gets reduced and, in the case of
particle analysis, channel clogging can be avoided. Also, a
small volume of analytes can be positioned precisely to the
region of detection. This sample manipulation finds appli-
cation in the field of micro-flow cytometry to sort and count
cells or particles (Huh et al. 2005), which includes fluo-
rescence-activated cell sorting (FACS) (Wolff et al. 2003;
Tung et al. 2004) and Coulter counting (Nieuwenhuis
et al. 2004; Rodriguez-Trujillo et al. 2007). In addition, the
focusing approach has been applied to a number of dif-
ferent microfluidic applications, including cell patterning
(Takayama et al. 1999; Regenberg et al. 2004), molecule
handling (Lipman et al. 2003; Wang et al. 2008), DNA
stretching (Wong et al. 2003), micro-flow switching (Yang
et al. 2005b), rapid mixing or dilution (Knight et al. 1998;
Lipman et al. 2003; DeMello 2006), bubbles and droplets
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generation (Takeuchi et al. 2005; Haeberle et al. 2007),
fabrication of monodisperse particles or liposomes (Xu
et al. 2005; Huang et al. 2008) and electrospinning of
nanofibres (Srivastava et al. 2008).

In literature different focusing approaches have been
presented, including electro-kinetic (Shi et al. 2008),
dielectrophoretic (DEP) (Yu et al. 2005; Holmes et al.
2006) and hydrodynamic focusing (Knight et al. 1998;
Nieuwenhuis et al. 2003; Tsai et al. 2008). The first two
techniques are able to focus cells or particles by applying a
force field directly to them, which premises certain types of
cells or particles; electro-kinetic focusing requires charged
species and DEP focusing relies on the polarisation of the
particles in the fluid. In the third method mentioned, the
hydrodynamic focusing, the sample stream is squeezed by
sheath flows. First hydrodynamic focusing devices had a
sample flow that was squeezed vertically or horizontally
by one or two neighbouring sheath flows. Examples of
such an application can be found in Knight et al. (1998)
and Simonnet and Groisman (2005). In particle analysis
applications, this so called two-dimensional (2D) hydro-
dynamic focusing technique exhibits the drawback that it
does not provide the possibility of single particle analysis
even though the focused stream width is of the same order
of magnitude as the particles. The particles can be dis-
tributed over the total height in the microchannel (see in
Fig. 1, left). Further investigations show devices allowing
sample focusing in vertical and horizontal directions. This
three-dimensional (3D) hydrodynamic focusing technique
allows narrowing down the sample stream diameter to the
order of the size of the particles and single particle analysis
will be possible (see Fig. 1, right). The sample stream can
be either hydrodynamically focused on three sides, while at
the fourth side the stream moves along the channel bottom
(non-coaxial sheath flow), or it can be squeezed on all four
sides, where the flow stream flows in the centre of the
microchannel (coaxial sheath flow). In both cases, the
diameter of the sample stream can be controlled and
positioned inside the channel by varying the flow rate ratio
between the different sheath flows and the sample flow, as
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Fig. 1 Schematic of the microchannel cross-section showing four
different hydrodynamic focusing types. 2D focusing: one or two
sheath flows squeezes the sample stream, 3D focusing: at three (non-
coaxial sheath flow) or all four (coaxial sheath flow) sides the sample
is focused
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shown in Nieuwenhuis et al. (2003). Applications of non-
coaxial sheath flow microdevices are Coulter counters,
where the sample flow has to be in contact with the mea-
suring electrodes at one channel side (Chung et al. 2003;
Scott et al. 2008), and optical detection systems, where
the sample stream has to be close to the detection
area (Kostner and Vellekoop 2008). Arakawa et al. (2007)
uses a non-coaxial sheath flow for particle sorting. Inves-
tigations on sample profile characterisations, sample
uniformity and focus limitation of non-coaxial sheath flows
inside the microchannel have been presented in Hairer
et al. (2008).

In recent years, microfluidic devices have been intro-
duced, allowing hydrodynamic focusing by completely
surrounding the sample stream with a coaxial sheath flow.
Applications of such devices are found in the optical area
(Wolff et al. 2003; Holmes et al. 2006). Shoji et al. (2001)
fabricated one of the first coaxial sheath flow microdevices
using microsystem technology. To realise the vertical
sheath flows, a two step introduction of carrier flows was
considered and for lateral sheathing the sample inlet was
designed smaller than the channel width. Wolff et al.
(2003) fabricated a “chimney-like” structure in a micro-
channel for coaxial sheathing. Sundararajan et al. (2004)
fabricated a chip with several PDMS layers using a sand-
wich technique to achieve a coaxial carrier flow. Later,
Yang et al. (2005a) have shown a device using 3D pho-
tolithography in SU-8, generating a microchannel to allow
3D sample focusing. Chang et al. (2007) presented a PDMS
fabricated scheme, where the sample stream is lifted by an
additional inlet forming a coaxial sheath flow, and Mao
et al. (2007) introduced the “microfluidic drifting” tech-
nique to focus the sample stream. Here, the sample flow
drifts to the centre of the microchannel induced by the
centrifugal effect in the curve of a microfluidics channel.
Sato et al. (2007) reported another way to form passively
a coaxial sample flow inside the microchannel. The
group realised symmetrically slanted microgrooves at the
microchannel walls generating local directional streams,
which lifts the sample flow to the centre region of the
microchannel. Recently, Tsai et al. (2008) presented a
focusing technique where the non-coaxial focused sam-
ple stream passes a micro-weir structure for lifting the
species. These microfluidic devices are only able to focus
the chemical or biological reagents to the central region
of the microchannel. Additionally, the channel dimen-
sions of the devices are in the range of 100 um or even
more.

In this paper we present the realisation of a novel three-
dimensional hydrodynamic focusing device, which allows
creating sample stream dimensions in the range of a few
microns and features high versatility. The chip exhibits a
number of orthogonal control mechanisms for adjusting the
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sample stream dimensions and to navigate it to any position
inside the microchannel. Apart from the smaller channel
dimensions, the design of the flow-cell exhibits an addi-
tional access port compared to that one demonstrated in
Hairer et al. (2008), where a sample stream is focused by a
non-coaxial sheath flow. The added access port (lifting
sheath inlet) features the possibility to form a coaxial
sheath flow, allowing full sample stream control inside the
microchannel. The idea for such a coaxial fluidic system
was firstly published by Nieuwenhuis et al. (2003), who
also included initial CFD simulations. In this work, coaxial
sheath flow devices have been simulated, fabricated and
characterised. The fabricated flow-cell can create an opti-
mal sample stream for several applications (e.g. Coulter
counter or FACS). With this device, a sample stream width
is achieved featuring a comparable size of, e.g. bacteria and
platelets. Additionally, the dimensions of the chip are small
(6 x 9 mm?). The major limiting factor for the chip size is
that the inlets need an appropriate distance between each
other to avoid fluidic short-circuits. For the device, a fluidic
interface with a custom-moulded silicone gasket is devel-
oped handling narrow inlet distances. The significance of
producing smaller flow-focusing devices is that the amount
of chips on one wafer is considerably increased (more than
90 chips on one 100 mm-diameter wafer), which results in
an important cost reduction, also when integrated sensors
will be included. Flow rates between 0.05 and 40 pl/min
are applied at the inlets, which results in a flow velocity
between 0.1 and 3 m/s inside the microchannel. For these
liquid flow rates and the given channel dimensions, the
Reynolds number is between 1 and 50. Therefore, a lami-
nar flow occurs inside the microchannel. The Péclet
number, describing the convection/diffusion dispersion, is
in the range of 100,000. Such a high Péclet number indi-
cates that convection dominates the transfer and diffusion
hardly takes place within the 900 um-long channel. The
laminar flow inside the microchannel with that high Péclet
number exhibits an ideal environment for controlling the
sample stream. We analysed the fluidic behaviour of the
sample stream inside the microchannel using computa-
tional fluid dynamic (CFD) simulations and show for the
first time experiments of the four-sided coaxial sheath flow
control, including confocal laser scanning microscope
measurements and dye intensity analysis. These measure-
ments validate the CFD results.

2 Experimental section

2.1 Chip fabrication and description

A photograph of the fabricated device is shown in Fig. 2.
The whole chip fabrication and clean room logistics were
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Fig. 2 Photograph of the 3D hydrodynamic focusing sheath flow-
cell. Back sheath inlet, side sheath ports and outlet: 330 x 330 umz;
sample inlet: 25 x 25 pm® and lifting sheath inlet: 25 x 50 pm?;
channel dimensions at the channel cross: 25 x 40 pm? (width x
height)

carried out on 100 mm-diameter wafers. The chip consists
of a silicon—glass sandwich with an intermediate layer of
SU-8. The access holes for the fluidic interface were
anisotropically wet etched in the silicon wafer using a
KOH water solution. The silicon wafer has a thickness of
360 um. As the next step, a 200 um-thick PYREX glass
wafer was coated with the epoxy resist SU-8. The thickness
of the SU-8 layer (40 pm) controlled by the spin rate
defines the height of the microchannel. The fluidic geom-
etry was generated by structuring the SU-8 layer with
standard lithography. To achieve a microfluidic device, the
glass wafer including the structured SU-8 layer was ther-
mally irreversibly bonded at 150°C to the silicon wafer
(Svasek et al. 2004). Finally, the bonded wafer was diced
using a conventional wafer saw.

The resulting hydrodynamic focusing device allows
multiple sheath flows. Each sheath flow has its own access
port and can be steered individually. The chip has four
sheath inlets; three are 330 x 330 pum? large and the lifting
sheath inlet measures 25 x 50 pm?® To compensate the
tolerances of the wafer-to-wafer alignment, the size of the
lifting sheath inlet in the silicon wafer was designed a little
larger (50 x 50 pm?) and after wafer bonding the inlet
achieves the resulting size of 25 x 50 pm? because of the
channel width. The dimensions of the sample inlet are
25 x 25 pm?, and the outlet is 330 x 330 pm? large. The
channel dimensions at the channel cross are 25 pm width
and 40 um height.

In Fig. 3, the principle of the three-dimensional hydro-
dynamic sheath chip is depicted. The sample liquid is
vertically injected into the channel, where a sheath liquid is
already flowing from the back (non-coaxial sheath flow).
The flow rate ratio between the sample flow and sheath
flow defines the sample height in the channel. The sample
flow moves along the channel bottom. After a first geo-
metrical focusing section (transversal compression from
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Fig. 3 Schematic of the flow-cell. The sample liquid is vertically
injected into the microchannel, where a sheath liquid from the back is
already flowing. After a first geometrical focusing step (taper section),
the sample stream is lifted and then navigated from the side sheath
ports

400 to 25 pum), the sample liquid is lifted by adding sheath
liquid through the lifting inlet and a coaxial sheath flow is
formed. The additional sheath liquids at the side ports can
navigate the sample liquid in the horizontal direction. The
sample stream dimensions and its position are controllable
by adjusting the flow rates of the sheath inlets and the
sample inlet.

2.2 Fluidic connection to the chip

For the hydrodynamic focusing experiments, a fluidic
connection to the chip is needed. Therefore, a custom-
made plastic holder is fabricated, which includes Teflon
tubes to syringes. To combine the chip with the holder,
the chip is aligned and glued on an adapted printed cir-
cuit board (PCB). This PCB is afterwards mounted on the
plastic holder, while a custom-moulded silicone gasket
(0.8 mm-thick) is placed between the holder and the
fluidic chip to achieve a tight connection. A self-made
gasket for tight sealing is needed because the access
holes on the chip are very close to each other, which
makes the applications of O-rings difficult. In Fig. 4
(bottom right), a cross-section sketch shows the principle.
This fluidic connection system has the advantage that at
the glass side of the chip near optical measurement can
be performed where the microscope objective is directly
in contact with the glass of the chip. Figure 4 illustrates
details of the fluidic connection and shows the microchip
(dimensions: 6 x 9 mm?) from the backside with the six
access ports.

2.3 Experimental setup
In order to obtain information on the cross-section profiles
of the sample stream inside the microchannel, the confocal

laser scanning microscope technique (Confocal C1 TE-
2000, Nikon, USA) is constituted. The wavelength of the
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Fig. 4 The holder, PCB, silicone gasket and silicon chip (not
assembled yet). Before the PCB is mounted to the holder, the chip
is glued on the PCB and the silicone gasket is placed between the
holder and the chip. At the bottom right, a cross-section sketch shows
the principle

laser amounts to 488 nm and the used filter shows an
excitation wavelength spectrum of 450-490 nm and an
emission wavelength of 520 nm. This computer-controlled
microscope focuses onto a specific horizontal focal plane in
the microchannel and scans this area on their fluorescent
intensities point-by-point. Repeating the scanning process
on several neighbouring channel planes through the total
channel height, the measured data are rendered and a 3D
image is generated. The resulting pictures give information
on the sample stream cross-section (profile) and its position
inside the microchannel.

Because dye intensity analysis can be made much faster
than confocal microscope measurements, such analysis are
carried out using a microscope (Axiotron, Zeiss, Germany)
that is coupled to a digital still camera (Cybershot DSC-
S75, Sony, Japan). The setup allows capturing vertical
images of the device for quantitative sample stream anal-
ysis in relation with different applied flow rates at the
inlets. However, because of determining the height of the
different sheath and sample layers that flow on top of each
other, it is also possible to derive three-dimensional
information through this method.

For the experiments, the microchip with its fluidic
connections is positioned on the scanning area of the
(confocal) microscope. The other ends of the Teflon tubes
are connected to glass syringes (Hamilton, USA). As
sample liquid, the suitable fluorescent dye acridine orange
diluted with de-ionised water (concentration: 0.15 mg/ml)
is used, and the sheath liquid consists of de-ionised water.
The liquids are driven through the device by different
volumetric flow rates, which are controlled with syringe
pumps (kdScientific model 200 series, USA). In order to
prevent the forming of air bubbles, we filled the tubes and
the chip with liquid before the chip was mounted on the
holder.
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3 Numerical simulations

To verify the fluidic behaviour of the sample stream inside
the microchannel, numerical simulations are conducted.
For the computational fluid dynamic (CFD) simulations,
the software tool COMSOL Multiphysics is used. The
steady-state flow in the microchannel is governed by the
incompressible Navier—Stokes equation, and to visualise
the sample stream the coupled convection—diffusion
equation with flux is solved. After modelling the geometry
of the flow-cell, the physical properties of the sub-domains
are defined. As inlet boundary conditions, different flow
rates are applied and at the sample inlet a dye concentration
is added. The outlet boundary condition is set as neutral
with a convective flux. The diffusion coefficient of the
diluted fluorescent dye acridine orange in de-ionised water
has the value of 3.65 x 107° cm® s~ (see Pappaert et al.
2005). In order to get a suitable balance between compu-
tational solving time and achieving a satisfactory resolution
of the numerical result, a mesh of about 100,000 tetrahedral
elements for solving the Navier—Stokes equation is gener-
ated and approximately 580,000 tetrahedral elements for
the convection—diffusion equation. Once the flow fields
have been established, the velocity field is substituted into
the species of the convection—diffusion equation to calcu-
late the dye concentration field.

4 Results and discussion
4.1 Variety of sample stream profiles and its navigation

Due to the fact that each sheath flow has its own inlet, the
chip allows high flexibility in controlling the sample stream
(profile and position) inside the channel. The inlets can be
either not used (zero flow rates) or exhibit different flow
rates, which can also be varied in direction by adding or
removing sheath liquid. For the desired sample flow pro-
files, the corresponding flow rates have to be applied at the
inlets. Figure 5 depicts CFD simulation results directly
after the side sheath focusing area, showing the possibility
of 2D hydrodynamic sample focusing with the microfluidic
chip. The images show the dye concentration field in the
channel cross-section; black represents the minimum con-
centration and white the maximum one. In image I, the
sample flow is squeezed at one side, where only the left
side sheath port is used. Image II shows horizontal sample
focusing with two neighbouring side sheath flows (unequal
flow rates), and image III highlights vertical sample
focusing. To achieve the 2D vertical focusing, liquid has to
be removed from the side sheath ports. It can be seen that
the confinement of the sample flow in image II is much
stronger than in image III. That is not only because of the

5 um
—

Fig. 5 Simulated 2D hydrodynamic focusing inside the microfluidic
device; numerical images of the channel cross-section (directly after
the side sheath focusing area) with different sample stream profiles.
The sample can be focused with one or two neighbouring sheath flows
either horizontally (I and II) or vertically (III). Flow rates (pl/min):
back sheath inlet: 1 (I), 1 (II) and 15 (IIT); sample inlet: 5 (I), 5 (I)
and 0.5 (III); lifting sheath inlet: O (I), O (II) and 12 (III); left side
sheath inlet: 10 (I), 10 (II) and —10 (III); right side sheath inlet: O (I),
2 (II) and —10 (III)

defined flow rates at the inlets, but also because of the chip
design. Due to the geometrical focusing step of the sample
stream (see Fig. 3, taper), the back sheath flow does not
have the same hydrodynamic focusing power in the vertical
direction as the side sheath flows in the horizontal focusing
direction. The sample stream profiles shown in image II
and III can also be shifted inside the microchannel by
adapting the flow rates of the side sheaths, back sheath or
lifting sheath ports, respectively.

Figure 6 depicts CFD simulation results showing
examples of varied sample profiles at different positions
inside the microchannel using the 3D hydrodynamic
focusing technique. Note that these images represent the

— — —
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Fig. 6 Simulated 3D hydrodynamic focusing inside the microfluidic
device; numerical images of the channel cross-section (directly after
the side sheath focusing area) with different sample flow profiles. The
sample stream can be focused either to one channel wall (IV) or
dynamically controlled inside the channel by adjustable sample
diameter (V and VI). Flow rates (ul/min): back sheath inlet: 15 (IV),
20 (V) and 10 (VI); sample inlet: 0.05 (IV), 0.1 (V) and 0.5 (VI);
lifting sheath inlet: O (IV), 5 (V) and 30 (VI); left side sheath inlet: —8
(IV), 0 (V) and 10 (VI); right side sheath inlet: 5 (IV), 0 (V) and —8
(VD
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situation directly after the side sheath ports in the down-
stream direction. Image IV shows a non-coaxial focusing
of the sample stream, which is shifted a bit to the left-hand
side (at the left side sheath port, liquid is removed, and at
the right side sheath port, liquid is added). The middle
image V shows a lifted sample stream (coaxial sheath flow)
and image VI depicts the sample stream positioned at
the top right corner. These images show the versatility in
sample stream control of the fluidic chip.

4.2 Confocal microscope measurements
of the sample stream

In this section, experiments with the confocal microscope
are described where the sample stream surrounded by a
coaxial sheath flow is measured. Figure 7 shows a three-
dimensional confocal image of the sample stream at the
channel region where the sample stream is lifted initially
and focused afterwards from the sides. The scanning area
of the microscope is set to a square of 220 x 220 pm?,
which is covered by 512 x 512 pixels and the vertical step
size amounts to 0.5 pm. This image presents the emitted
light of the fluorescent dye. For orientation of the sample
stream, the channel geometry is outlined, whereas at the
front left corner some lines are left out for better visibility
of the sample stream. It can be seen that the sample stream
inside the channel is first lifted and then horizontally
focused. This image shows that the principle of the coaxial
sheathing at all four sides is successful.

Fig. 7 Measured result with the confocal laser scanning microscope.
The sample stream is initially lifted and then squeezed by the flows at
the side ports. Flow rates: 15 pl/min (back sheath inlet), 0.5 pl/min
(sample inlet), 12.5 pl/min (lifting sheath inlet) and 40 pl/min (side
sheath ports). (The edges of the channels are outlined, whereas at the
front left corner some lines are left out for better visibility of the
sample stream)
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As a next step, we analysed the fluidic dynamics of the
sample stream and its focusing behaviour. In Fig. 8, top
and side views of the sample stream at the lifting and side
ports area are shown. The flow rates at the inlet ports were
15 pl/min (back sheath inlet), 0.5 pl/min (sample inlet),
12.5 pl/min (lifting sheath inlet) and 40 pl/min (side sheath
inlets). The sample stream is centred to the middle of the
channel and additionally horizontally focused. The top
view shows that the sample stream broadens a bit after the
lifting inlet. This broadening comes from the lifting liquid,
pushing the sample to the channel centre. At the channel
cross area, the sample stream accumulates a little before it
is squeezed. This can also be seen at the side view, where
the dye intensity rises. The reason for this sample accu-
mulation is that the flow rates at the side sheath inlets
(2 x 40 pl/min) are fairly high compared to the flow
coming from the main channel, where the stream has a flow
rate of approximately 28 pl/min.

The confocal technology also allows cross-section
views, which show the sample flow profile. Figure 9 depicts
three channel cross-sections at the region before sample
lifting (A), after sample lifting (B) and after side focusing
(C). The regions are also depicted in Fig. 8 (top view).
Figure 9a shows a non-coaxial sample profile, where the
sample moves along the channel bottom. The height of the
sample flow reaches approximately one-third of the channel
height. After lifting the sample flow, the profile gets
somewhat broader in width and its height decreases; see

Top view:

Lifting inlet

Side view:

Fig. 8 Measurement result with the confocal laser scanning micro-
scope. Top plan view of the section with lifting inlet and side ports.
(The edges of the channels are outlined with a dashed line and the
lifting inlet in silicon is outlined with a dotted line. The arrows
indicate the flow direction). Bottom side view of the microchannel.
The flow rates at the inlet ports are held at 15 pl/min (back sheath
inlet), 0.5 pl/min (sample inlet), 12.5 pl/min (lifting sheath inlet) and
40 pl/min (side sheath inlets)
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Fig. 9 Confocal measurements inside the microchannel; the pictures
reveal from a cross-section perspective the sample flow profiles at the
positions A, B and C (Fig. 8, top view)

Fig. 9b. This phenomenon comes from the lifting liquid,
which pushes the sample stream up. The size of the sample
stream amounts to about one-fifth of the microchannel
dimensions. These dimensions of the sample stream will
allow focusing single particles of about 6 pm in diameter.
In order to test the focusing limit in the horizontal direction,
the sample stream is additionally squeezed (40 pl/min at
each side port). Figure 9c illustrates the resulting profile;
the sample stream is further focused in width, whereas the
height of the profile stays almost the same. The minimal
measured width amounts to approximately 1.5 pm.

Figure 10 depicts the CFD simulation results of the sam-
ple flow profile at the regions A, B and C in Fig. 8 (top view).
Here, the same flow rates at the channel inlets are applied as
in the presented experiment. These results can be directly
compared with the measured ones in Fig. 9. It can be con-
cluded that the simulation results for all three profiles (a, b
and c) are in very good agreement with the measurements.

4.3 Dye intensity analysis of the focused sample stream

In this section, we discuss more in detail the resulting
sample stream dimensions and its position inside the

A C
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Fig. 10 Simulation results of the flow-cell using the flow rate settings
that were applied for the measurements of Fig. 9; the pictures reveal
from a cross-section perspective the sample flow profiles at the
positions A, B and C (Fig. 8, top view)

microchannel in relation to the applied flow rates at the
different channel inlets. The experiments are carried out by
dye intensity analyses and the results are compared with
CFD simulations.

4.3.1 Vertical control of the sample stream dimensions

A series of measurements were performed in which the
vertical dimensions of the sample stream were controlled.
First, the penetration of the sample flow into the micro-
channel was analysed in relation to the flow rate ratio
between the back sheath flow and the sample flow. During
the experiment, the flow rate of the back sheath flow was
kept constant at 15 pl/min, while the sample liquid was
injected at different flow rates: 0.05, 0.1, 0.5, 1, 2, 3 and
4 pl/min. The measurements were carried out at the region
A (Fig. 8, top). At the top of Fig. 11, images of the dye
intensity (sample flow) are depicted, showing the intensity
change caused by increasing the sample flow rate. These
top-viewed images were captured with a digital camera
coupled to the microscope. At the left image, the sample
flow rate was kept constant at 0.05 pl/min and at the right
image at 4 pl/min. For the images in between, the sample

Sample flow rates (ul/min):

0.05 0.1 0.5 1 2 3 4
E
e
& v
250 : : -
reference line Sample flow rates
200 (pl/min):

—

Dye intensity (a.u.)

50

-6 -3 0 3 6
Postiton inside channel (um)
Fig. 11 Top plan-viewed dye intensity images of the sample flow by
varying the sample flow rate. The back sheath flow is kept at 15 pl/
min. Sample flow rates are according to increase in the dye intensity:
0.05, 0.1, 0.5, 1, 2, 3 and 4 pl/min. The images are a part of the total
channel width (25 pm) and the shown channel region is at position A
(Fig. 8, top view); bottom the different dye intensities of the sample
stream over a part of the channel width in relation to the sample flow

rates. The reference line depicts the maximum dye intensity, where
the channel is fully filled with dye
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flow rates that were mentioned before were applied in an
upward trend. In Fig. 11 (bottom), the graph shows the
different dye intensities of the sample streams over a part
at the middle of the channel width. To obtain a reliable
result, the intensity of the dye was averaged over 100
adjacent lines. The reference line was achieved by filling
the microchannel totally with dye. Under the conditions
that the colour intensity of the camera is not in saturation
and the absorption of the light in water will be neglected,
it can be assumed that this maximum intensity value of
the sample represents the height of the microchannel.
Therefore, the height of the sample stream inside the
microchannel can be calculated by comparing the dye
intensity of the sample flow with the reference line. In
Hairer et al. (2008), the method for determining the height
of the sample stream by intensity analysis is proved with
adequate confocal images. The different sample flow
heights were calculated by taking the highest intensity
value of each curve as shown in Fig. 11. To obtain infor-
mation on the uncertainty of the measurement results, the
same procedure was repeated with additional four images
for each sample flow rate. Figure 12 shows the resulting
mean value of the different sample flow heights, including
the determined error bar. At a sample flow rate of 4 pl/min,
the sample flow always reaches the channel ceiling, which
results in an error bar of zero. The sample heights resulting
from the experiments are additionally compared with CFD
simulations. The results show a good match and the sample
height inside the channel can be steered between approx-
imately 10 and 40 pm.

40 T T T " T T m

Hl Simulation

35 L. . :I Experiment .........................................

30 ..............................................................

25 .................................................. .
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Fig. 12 Comparison of the simulated sample flow height (black bars)
inside the microchannel at region A (Fig. 8, top view) and the
determined mean value of the sample height (white bars) resulting
from five individual dye intensity images; one is shown in Fig. 11.
The error bars are additionally included. The back sheath flow is held
stable at 15 pl/min
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As a next step, the height of the sample lifting inside the
microchannel is determined in relation to the flow rate ratio
between the lifting sheath flow and the combination of the
back sheath flow and sample flow. During this experiment,
the back sheath flow and the sample flow were kept con-
stant (15 pl/min at the back sheath inlet and 0.5 pl/min at
the sample inlet). At these flow conditions, the sample flow
height is about one-third of the channel height (see Fig. 12,
or for the sample profile see Fig. 9a). The lifting sheath
flow rate was varied from 1 to 16 pl/min (see Fig. 13). In
order to measure the height of sample lifting, the dye was
not injected at the sample inlet, but at the sheath lifting
inlet. Dye intensity analyses were carried out the same way
as discussed in the previous paragraph. The images were
taken at the region B (Fig. 8, top). From the achieved
intensity images of the lifting sheath flow, the height of the
lifting flow (equivalent to the sample lifting height) was
calculated. Figure 13 (bottom) shows the results of the
experiment (mean value of height and error bar based on
five images with the same flow conditions) and the corre-
sponding CFD simulations, which are in good agreement.
At a sheath lifting flow rate of 1 pl/min, the sample stream
is lifted to about 4 um from the channel bottom. By
increasing the sheath lifting flow rate, the sample stream is

25 um
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Fig. 13 Top simulated cross-section view of the sample stream in
relation to different lifting sheath flow rates; bottom comparison of
the simulated sample lifting height (black bars) inside the micro-
channel at region B (Fig. 8, top view) and the determined mean value
of the sample lifting height (white bars) resulting from dye intensity
analysis (data not shown). The back sheath flow is held stable at
15 pl/min and the sample flow at 0.5 pl/min
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lifted further to the channel centre. For sheath lifting flow
rates higher than 12 pl/min, the sample lifting does not
change much anymore with these flow conditions. If the
sample stream has to be shifted further to the channel
ceiling, the flow rate of the back sheath inlet has to be
reduced (see Fig. 6, VI). Figure 13 (top) depicts CFD
simulation images of the sample stream profile in a cross-
view perspective, which correspond to the lifting sheath
flow rate shown beneath. The image series shows that if the
flow rate of the lifting sheath inlet is increased, the sample
stream will not only be lifted to the centre of the micro-
channel, but it will also be squeezed in a vertical direction.
For achieving the desired sample stream height at a defined
sample lifting place inside the microchannel, all three flow
rates form the back sheath inlet, the sample inlet and the
lifting sheath inlet have to be taken into account. It can be
concluded that the above shows the high flexibility of the
device in controlling the sample lifting height.

4.3.2 Horizontal control of the sample stream dimensions

Beside the experiments for the vertical control of the
sample flow, additionally a series of measurements were
carried out to analyse the horizontal control of the sample
stream, where the width of the sample flow and the sample
flow shifting steered by the side sheath ports were ana-
lysed. During the experiment, the flow rates at the back
sheath inlet, sample inlet and the lifting sheath inlet were
kept constant at 15, 0.5 and 12.5 pl/min, respectively. For
these flow conditions, the sample stream is surrounded by a
coaxial sheath flow and the sample stream flows in the
centre of the microchannel. The sample stream exhibits a
size of about 6 um in diameter, as shown in Fig. 9b. The
flow rates at the side sheath ports were varied to control the
width of the sample stream and its flow position in the
horizontal direction. At the side sheath ports, liquid was
either added or removed. If liquid is removed we call the
flow rate negative. For the experiments, images were taken
with the digital camera at the area of the side sheath ports.
The dye intensity of the sample stream was analysed at the
region C shown in Fig. 8 (top).

In a first step, the width of the sample stream was
controlled, where the same flow rate at both side sheath
ports were applied and varied in the range from —10 to
40 pl/min. Figure 14 shows the determined sample width
over the different flow rates of the side sheath ports, which
can be controlled over a wide range. Each depicted sample
width represents the mean value of the sample widths
derived from five images under the same flow conditions.
The resulting error bars are additionally included. At
negative side sheath flow rates, the sample width responds
very sensitive to flow rate changes at the side sheath ports,
which leaks in measurement accuracy. At a flow rate of

Hl Simulation
[ Experiment

Side sheath ports flow rate (ul/min)

Sample width (um)

Fig. 14 Comparison of the simulated sample flow width (black bars)
inside the channel at region C (Fig. 8, top view) and the determined
mean value of the sample width (white bars) resulting from its dye
intensity analysis (data not shown). Other flow rates: 15 pl/min (back
sheath flow), 0.5 pl/min (sample flow) and 12.5 pl/min (lifting sheath
flow)

—10 pl/min at both the side ports, the sample stream is
enlarged to the channel width of 25 pum. This flow rate is
also the limit where still no sample liquid is flowing into
the side ports, which will occur if more liquid is removed
from the side ports. By adding sheath liquid through the
side ports, the sample stream is squeezed horizontally. At
the flow rate of 40 pul/min at both side ports, the sample
width amounts to approximately 1.5 pm. The resulting
sample profile is shown in Fig. 9c. This width exhibits the
horizontal focusing limit of the flow-cell. Further decrease
of the sample flow width appeared not possible, because
the flow rates between sample and sheath flows became so
large that the regular sample flow was disturbed and not
visible any more.

Finally, the horizontal sample flow positioning in rela-
tion to the applied flow rates at the side ports was analysed.
The flow rates for the other inlets (back sheath, sample and
lifting sheath) were kept constant at the values mentioned
before, where the sample stream exhibits the profile as
shown in Fig. 9b. To shift the sample stream inside the
microchannel, the sheath liquid flow at the side sheath
ports were applied in the opposite direction. Figure 15
shows images at the side ports area with different applied
flow rates at the side ports. On the left-hand side, some
illustrative top-viewed images of the experimental results
are depicted, and at the right-hand side, the corresponding
CFD simulations in a cross-section perspective are shown.
The simulated images show the sample profile directly
after the side ports in the flow direction, and they illustrate
where the sample stream flows inside the microchannel.
The horizontal control of the sample flow dimension shows
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Side sheath ports Simulation

flow rate:

Experiment

0 plfmin

+12 pl/min

Channel cross-section view
after side sheath ports

Fig. 15 Left measured images of the sample stream at the side ports
area in relation to the flow rates at the sheath side ports (the channel
edges are outline with a dashed line. The arrows indicate the flow
direction); right corresponding simulated results after the side ports in
the flow direction. Other flow rates: 15 pl/min (back sheath flow),
0.5 pl/min (sample flow) and 12.5 pl/min (lifting sheath flow)

a good match between experimental results and the CFD
simulations. By increasing the flow rates at both side ports,
the sample stream is shifted to one channel side wall,
whereas the sample stream diameter stays almost the same.
At flow rates of 10 pl/min, the sample stream flows along
the channel wall. If the flow rates are even further
increased, the sample stream starts to split up and a part of
the flow runs through one side sheath port. At the flow rates
of £12 pl/min, the sample stream completely flows
through one side channel, as shown in Fig. 15 (bottom).
The flow rates can be further increased so that the sample
stream does not even touch any channel wall.

Figure 16 shows the quantitative results of the hori-
zontal sample flow shifting for the presented images in
Fig. 15, where 100 adjacent lines of the dye intensity were
averaged to obtain reliable results. The dye intensity stays
the same and the sample width hardly changes. It becomes
only a little bit broader when the sample stream is shifted
to the channel wall side. If the flow rates at the side sheath
ports are not only applied in opposite direction, but also
exhibit absolute different flow rates, the width of the hor-
izontal shifted sample stream can additionally be varied
(focused or expanded). These examples emphasise the
versatility of the flow-cell.

In combination with (integrated) sensors, this microflu-
idic device is suitable for on-chip flow cytometry to
analyse single cells. Even more, it allows the integration of
electrodes for a Coulter counter at the non-coaxial sheath
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Fig. 16 Dye intensity of the sample stream over the channel width in
relation to the flow rates at the side sheath ports at region C (Fig. 8,
top view). At one side sheath port, liquid is added, whereas at the
other liquid is removed with the same flow rate. The sample stream
moves to the right-hand side. Flow rates: 15 pl/min (back sheath
flow), 0.5 pl/min (sample flow) and 12.5 pl/min (lifting sheath flow)

flow region or mounting of glass fibres for FACS at the
coaxial sheath flow to form a complete integrated analysis
system. Another possibility would be to use the flow-cell in
cell sorting applications.

5 Conclusions

We have developed a microfabricated flow-cell that is very
versatile in sample stream focusing. Due to the fact that
each of all four sheath flow sides can be individually
steered, the flow-cell can not only adjust the sample stream
profile and its dimensions, but it can also freely position the
sample stream inside the microchannel. CFD simulations
confirm the flexible sample stream control. The flow-cell
allows hydrodynamic focusing of the sample stream either
in two or in three dimensions. It can also generate non-
coaxial and coaxial sheath flows in different parts of the
channel. Experiments have been carried out using a con-
focal laser scanning microscope, where the generated
sample flow profiles were characterised. Additionally,
intensity analyses of the sample stream in relation to the
applied flow rates at all inlets were made to establish
the resulting sample stream size and its position inside the
microchannel. These results were compared with the
numerical simulations showing that the complicated flow
behaviour of the flow-cell can be accurately modelled. The
flow-cell allows the forming of very small sample streams.
In the horizontal direction, we achieved a sample width of
approximately 1.5 pum, and in the vertical direction this
was about 8 um. This microfluidic device allows precise
focusing and positioning of molecules or particles inside
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the microchannel. The advantages of this microfluidic
system are the possibility to steer the sample flow to
optimal analysis positions in the channel (e.g. in the focal
point of an optical sensor or to the channel bottom where
measurement electrodes are located) and the control of the
coaxial sample flow diameter, allowing the lineup of single
cells in the channel and enhancing single cell analysis.
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