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This paper presents a micromixer for the laminar flow
regime based on the principle of flow lamination. The
structure is made up from a glass/silicon/glass sandwich, has
a total internal volume of ~ 600 nL and measures 5 mm 3 10
mm. Flow rates between 1–200 mL min21 have successfully
been used. Fluorescence quenching experiments were car-
ried out for quantification and showed 95% mixing within
15 ms.

In recent years, the interest in microengineered structures for the
analysis and synthesis of chemicals and biochemicals has been
growing. The rationale behind the development of mTAS
(miniaturised total analysis systems)1 lies in the number of
advantages associated with miniaturisation. Shortening the
analysis or reaction time as well as reducing reagent and sample
consumption are important factors. But even more significantly,
miniaturised systems aim to improve performance compared to
conventional instrumentation, e.g. in terms of achievable
reaction efficiencies. Micromixing devices will become crucial
for achieving these goals.

The term micromixing is generally used to describe the
degree of mixing on a molecular scale.2 The time until
homogeneity is reached will be of major importance for systems
where the micromixing time is of the same order as or larger
than the characteristic time constant of the reaction. In those
cases, “mixing” and “reaction” occur simultaneously rather than
consecutively so that reactions may be “throttled” by in-
sufficient mixing. Examples of reactions that depend on
homogeneity at a molecular level are competitive consecutive
reactions, reactions of the Michaelis–Menten type, autocatalytic
reactions and polymerisations.3

Mixing generally involves two steps: First, a heterogeneous
mixture with a finely dispersed structure is created. In a second
step, diffusion between adjacent domains leads to a homoge-
neous mixture at the molecular level. Transport of matter by
diffusion results from random molecular motion along a
concentration gradient and is a rather slow process. In order to
speed up mixing, the size of the pure fluid elements has to be
decreased until the scale of segregation reaches a sufficiently
low level for the rate of molecular diffusion to become
significant. Different methods have been used to achieve this.
Macroscopic mixing of miscible, low viscosity fluids usually
relies on high Reynolds numbers and achieves convective
mixing by creation of turbulence. Mixing of high viscosity
liquids and mixing in microengineered systems generally fall
into the regime of laminar flow where viscous forces dominate
over inertia and dampen out any irregularity in the flow pattern.
Under these conditions, molecular diffusion is the only
mechanism for agitation of particles across the boundaries of
adjacent fluid domains. Efficient mixing in the laminar flow
region usually uses one of the following principles:4 (1)
Elongational flow or laminar shear will deform or stretch fluid
elements such that increased interfacial areas are generated. (2)
Distributive mixing physically splits the fluid streams into
smaller segments and redistributes them in such a way that the
striation thickness is significantly reduced. This can be achieved
by relative motion between the streamlines or changes in flow
channel geometry. A number of publications describe fluid
mixing or the lack thereof in microstructures.5,6

To further extend micromixer technology, this paper presents
the design of a structure with low dead volumes, applicability
for all flow ratios (1 : 100–100 : 1) and a wide range of flow
rates, as well as high pressure stability.

Experimental

Design and principle of presented micromixer

The layout of the micromixer is based on the principle of
distributive mixing. As the time for diffusion is proportional to
the square of the diffusion distance, splitting the flows of both
liquid A and B and rearranging them in alternating thin laminae
will significantly decrease mixing times. A subdivision of each
stream into n laminae leads to n2-times faster mixing as
described elsewhere.7

The microchip is made up from a glass/silicon/glass sand-
wich. The silicon wafer is etched from both sides (referred to as
layer 1 and 2 in the following) and contains a number of wafer-
through holes whereas the Pyrex glass serves as a cover and
bottom plate and contains holes for in- and outlets. On the
silicon wafer, the inlet channel of liquid A is split into 16 partial
flows (Fig. 1). This is achieved by repeated splitting of the
channels in such a way that an array of symmetrical elements
results. On the backside of the silicon wafer (layer 2), liquid B
is split into the same number of partial flows by an identical
arrangement. In order to bring the two liquids together, liquid B
is introduced to layer 1 via a number of wafer-through nozzles.
Coming out of a nozzle, liquid B is allowed to develop into the
full vertical height of the channel before it enters a channel with
liquid A. Sequentially combining two neighbouring channels
into one is repeated until all partial flows are united in one broad
outlet channel. This channel is very long, so as to give enough
time for further diffusion/reaction. To obtain good pressure
stability, the surface of the channel network is kept relatively

Fig. 1 (a) Schematic of layer 1 of the micromixer (including points of
detection). (b) Detail of layer 1 (including points of detection).
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small. In addition, the area between channels was designed to be
sufficiently large so that (anodic) bonding of the silicon wafer to
the glass plates is possible. The critical dimension which
determines diffusion is the thickness of the layers defined by
channel width rather than channel depth. Reactive ion etching
was used to produce channels that are deep (49–58 mm
depending on channel width) but narrow (here down to 20 mm).
The microchips were fabricated by Twente Micro Products
(Enschede, Netherlands).

For the interface between the chip and the capillary, the inlet
developed by Spiering et al. at Twente was used.8 Holes to
accommodate a fused silica capillary were fabricated in the
cover glass plate and etched to a depth of 50 mm in the silicon.
From there, wafer-through nozzles lead the liquids to the other
side of the silicon wafer (layer 1). Here, liquid A goes directly
towards the channel system and liquid B is lead back into layer
2 via a short channel in layer 1 and another wafer-through hole.
The holes in the glass wafers were fabricated by sandblasting
from both sides. This results in conical shaped holes (angle
about 30°). Fused silica capillaries (375 mm od, 50–150 mm id)
are glued into the inlet/outlet holes using 2-component epoxy
glue.

The entire chip measures 5 mm 3 1 cm and has an internal
volume of about 600 nL (long channel alone: 530 nL). Dead
volumes on the chip were calculated to be 12.5 nL (inlet liquid
A) and 23 nL (inlet liquid B).

Assessment of mixer quality

As a first step in the process of characterising the quality of the
mixer, flow visualisation is used as a tool to gain qualitative
information about flow and mixing behaviour on the chip. Fig.
2 shows that lamination and flow patterns can clearly be
observed and information about dead volumes (areas of
stagnant or slowly flowing liquid in the corners of channels as
can be seen from the streamlines), asymmetries, boundary
effects etc. gained. However, visual methods are of rather
restricted use since the last disappearance of non-uniformity is
not easily followed by eye. In order to gain quantitative data
about the mixing efficiency, fluorescence quenching experi-
ments were carried out using a photomultiplier tube to follow
the last traces of fluorescence (see below).

Experimental conditions and set up

The microchip is interfaced to Kloehn (Las Vegas, USA)
syringe pumps (25 mL syringes, 40 000 steps/full stroke) via
fused silica capillaries and PTFE tubing. For flow visualisation,
a microscope (DMIL, Leica, Milton Keynes, UK) with a light
source for reflected light is used. A video camera (SONY, CCD

XC-999P) is mounted onto the microscope and connected to a
TV/VCR (Samsung/Panasonic) as well as a computer with a
frame grabber. For quantitative measurements, the camera is
replaced by a PMT (MEA153, Seefelder Messtechnik, Ger-
many) in connection with an adjustable aperture (custom made).
A LabView program is used to run the pumps and the PMT data
acquisition.

The combination of an adjustable aperture and a translation
xy stage allows facile definition of the detection volume and its
location. This makes it possible to follow the progress of mixing
at different stages in the channel. For every position in the
mixer, the time that has elapsed since the confluence of the two
liquids can be estimated (through knowledge of channel
dimensions and chosen flow rates). For all points of detection,
the window covered the whole channel width. As the channels
vary in size, detection slits were different for the various points
of detection (except for the 1st and 2nd bend which were
identical in size).

Data in Fig. 3 were acquired by measuring the fluorescence
intensity at each point of detection at a number of different flow
rates between 3–200 mL min21 (1 : 1 ratio of introduced
solutions). Reynolds numbers in the long channel range from
0.5 to 31 and as expected laminar flow was observed.

All solutions were prepared using 18 MW Millipore water
and filtered prior to use (0.45 mm pore size). For flow
visualisation, concentrations were adjusted to 40 mmol L21

Fluorescein and 100 mmol L21 Rhodamine B (both from Fluka,
Gillingham, UK). Fluorescence quenching was carried out
using 2 mol L21 KI (Avocado, Heysham, UK) and 20 mmol L21

Fluorescein, in borate buffer solution (pH 9.4, sodium borate
from Sigma, Poole, UK). In all experiments, the halogen lamp

Fig. 3 Fluorescence quenching data (100% corresponds to unquenched, 0% corresponds to quantitatively quenched).

Fig. 2 Flow visualisation using Fluorescein and Rhodamine B at a total
flow rate of 50 mL min21 (time from point of confluence to beginning of
long channel: ~ 9 ms).
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and a blue fluorescence filter cube (lexc = 450–490 nm, lem =
> 515 nm) were used.

Results and discussion

Fluorescence quenching was chosen as a sensitive method to
show unquenched and insufficiently mixed parts in the flow. As
can be seen from the data in Fig. 3, mixing reaches 95%
completion after ~15 ms.

The relatively long time between a high percentage of mixing
being achieved and completion is due to the fact that the fluid
laminae at the edge of the channel are thicker than the ones in
the centre. This results in relatively long diffusion times for
those boundary layers which eventually dominate the overall
mixing time. All laminae are adjacent to 2 layers of the other
liquid. This means diffusion occurs in both directions, apart
from the outermost laminae which can only mix with one
neighbouring layer. This condition is tolerated for the first
generation microstructure. Alteration of the design in such a
manner that those outer layers are only of half the thickness is
not trivial, since factors influencing flow resistances and thus
flow patterns come into play that are hard to quantify and
predict. Surface roughness and boundary effects, for example,
become more significant in microstructures. A more detailed
treatment of lamination theory can be found in Branebjerg et
al.9 The problem of the slow diffusion of the boundary layers is
aggravated by the fact that the flow profile in the long channel
is not uniform. There is a gradient in flow velocity at the edges
of the channel whereas the flow profile in the middle is ‘flat’.
This means fluid layers in the centre will be faster and thinner
than the boundary ones. In addition, the thickness of the
different laminae as they appear in the flow pattern of the long
channel is influenced by the number of walls the fluid was
adjacent to on the way from the point of confluence to the long
channel. This is most likely due to both parabolic flow and
boundary effects.

The data gained from different parts in the long channel are
in good agreement, whereas mixing at earlier stages on the chip
seems to be less rapid. At the point of confluence, slower
diffusion is due to the greater striation thickness compared to
any later point in the flow path: the layers of liquid A and B are
both 10 mm thick whereas they get compressed to ~ 5 mm from
the next junction on. Less efficient mixing at the point 4 3 2 can
be interpreted as follows: First, 1 out of 4 laminae are adjacent
to a wall as opposed to 1 out of 16 in the long channel which
means that a larger percentage of the fluid will mix more slowly
(as discussed previously). In addition, the flow pattern is
asymmetric in that the fluid layer on the inside of the bend gets
compressed whereas the outermost one is stretched (see Fig. 2).
The latter was fluorescent material at the detection point where
measurements were taken. As a consequence, the shortest

possible time between the liquids being combined and reaching
the long channel (i.e. full lamination) appears to be favour-
able.

Conclusions

The feasibility of the chip for mixing in the millisecond regime
has successfully been demonstrated. The mixer proves suitable
for a wide range of flow rates and shows a very fast response to
changes in the flow (i.e. altered flow rate or flow ratio) due to
the small volumes in the inlet channels (dead volume). Future
applications will focus on reactions sensitive to micromixing
quality and will include organic synthesis, bioassays and metal
analysis.
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