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(54) Mixing junction

(57)  Theinvention is directed to a process for mixing
two or more streams in a microfluidic device and to a
microfluidic device for carrying out said process.

The process involves providing at least a first fluid
stream in a first channel having a width and length which
define a plane, providing at least a second fluid stream
in a second channel lying out of said plane, and combin-
ing said first fluid stream and second fluid stream in a
junction, which junction joins at least said firstand second
channel, wherein said first channel has a height which is
smaller than the width of said first channel and which
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height is smaller than at least one dimension of said sec-
ond channel, said dimension lying in said plane.

The microfluidic device of the invention comprises a
junction, which junction joins two or more channels,
wherein the width and length of a first of said two or more
channels define a plane and at least a second of said
three or more channels lies out of said plane, said first
channel having a height being smaller than the width of
said first channel and which height is smaller than at least
one dimension of said second channel, said dimension
lying in said plane.
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Description

[0001] Theinventionis directed to a process for mixing
two or more streams in a microfluidic device and to a
microfluidic mixer for carrying out said process, and to a
microfluidic device comprising said microfluidic mixer.
[0002] Microfluidics deals with the behaviour, precise
control and manipulation of microliter to picoliter volumes
of fluids. It is a multidisciplinary field intersecting engi-
neering, physics, chemistry, microtechnology and bio-
technology. Microfluidics is a relatively new field of tech-
nology and is used e.g. in the development of lab-on-a-
chip technology. Microfluidics can be applied to a variety
of technical areas including biochemical analysis, med-
ical diagnostics, chemical synthesis, and environmental
monitoring. For example, use of microfluidic systems for
acquiring chemical and biological information presents
certain advantages. In particular, microfluidic systems in-
crease the response time of reactions and reduce rea-
gent consumption. Furthermore, when conducted in mi-
crofluidic volumes, a large number of complicated bio-
chemical reactions and/or processes may be carried out
in a small area, such as in a single integrated device.
Examples of desirable applications for microfluidic tech-
nology include analytical chemistry, chemical and bio-
logical synthesis, DNA ampilification, and screening of
chemical and biological agents i.a. for activity.

[0003] In particular, microfluidic technology is of inter-
est for microreactor chip technology. Microreactor chips
are chips which are designed for the production of chem-
ical substances. Such microreactor chips can be used,
for instance, for the synthesis of chemical products
which, for whatever reason, is impossible or unfavoura-
ble when using conventional batch technology. Exam-
ples thereof include very exothermic chemical reactions
for which temperature control is very important.

[0004] The behaviour of fluids at the microscale can
differ from "macrofluidic" behaviour in that factors such
as surface tension, energy dissipation, and fluidic resist-
ance start to dominate the system. When working with
fluids in conventional macroscopic volumes, achieving
effective mixing between two or more fluid streams is a
relatively straightforward task. Various conventional
strategies may be employed to induce turbulent regions
that cause fluid streams to mix rapidly. For example, ac-
tive stirring or mixing elements (e.g. mechanically or
magnetically driving) may be employed. Alternatively
special geometries may be employed in flow channels
to promote mixing without the use of moving elements.
[0005] Applying conventional mixing strategies to mi-
crofluidic volumes is generally ineffective and/or imprac-
tical, because at the small scales of microfluidic channels
some interesting and unintuitive properties appear. To
begin with, microfluidic systems are characterised by ex-
tremely high surface-to-volume ratios and correspond-
ingly the Reynolds number, which characterises the pres-
ence of turbulent flow, is extremely low (typically less
than 2 000) for most achievable fluid flow rates. At such
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low Reynolds numbers, fluid flow within most microfluidic
systems is surely within the laminar regime, and mixing
between fluid streams is motivated primarily by diffusion.
In the laminar regime, using conventional geometric
modifications such as baffles is generally ineffective for
promoting mixing. Moreover, the task of integrating
moveable stirring elements and/or their drive means in
microfluidic systems using conventional methods is ex-
tremely difficult due to volumetric and/or cost constraints,
in addition to concerns regarding their complexity and
reliability.

[0006] Inthe prior art, a number of attempts have been
made in order to solve this microfluidic mixing problem.
[0007] WO-A-03/059498, forinstance, describes a mi-
crofluidic device, which combines two fluid streams of
reagents in a mixing channel. Subsequently, the com-
bined stream is passed over a contraction/expansion re-
gion, which is said to promote mixing, in particular at high
fluid flow rates and multiple contraction/expansion re-
gions. Effective mixing according to this system only
starts after the junction of the two fluid streams at the
contraction/expansion region. In addition, effective mix-
ing requires multiple contraction/expansion regions
which considerably increase costs and volume on the
microfluidic chip.

[0008] WO-A-03/059499 describes a microfluidic de-
vice in which a first fluid stream of reagent flows from a
first wide channel through a multiple of small apertures
into a second wide channel to join a second fluid stream
of reagent. By virtue of flowing through the multiple small
apertures, the first fluid is divided into several sub-
streams that appear as "streaks" in the second fluid,
which are said to provide a large interfacial contact area
between the two fluids and promote mixing. Apart from
the fact that it is technically difficult and expensive to con-
struct this system (in particular when a large number of
apertures is applied with a very small distance between
the apertures), the diffusion distance of the first fluid in
the direction perpendicular to the second fluid is relatively
long. Moreover, the first fluid also needs to diffuse in the
direction parallel to the second fluid stream for complete
mixing. This can be a rather slow process.

[0009] There remains a strong need for improved mix-
ing of fluid streams in a microfluidic system or device.
Such improved mixing should not be accompanied with
technically complicated or costly structures, but should
be accomplished through a simple and effective design.
[0010] Object of the invention is to fulfil this need in the
art.

[0011] The inventors surprisingly found that this object
can be met by a process in which the different fluid
streams are joined in a junction having a specific three-
dimensional design, such that the distance for diffusion
of the separate reactants is significantly reduced.
[0012] Accordingly, in a first aspect the invention is di-
rected to a process for mixing two or more fluid streams
in a microfluidic device, comprising
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- providing at least a first fluid stream in a first channel
having a width and length which define a plane,

- providing at least a second fluid stream,

- combining said first fluid stream and second fluid
stream in a junction, which junction joins at least said
first and a second channel lying out of said plane,

wherein said first channel has a height which is smaller
than the width of said first channel and which height is
smaller than at least one dimension of said second chan-
nel, said dimension lying in said plane.

[0013] In a further aspect, the invention is directed to
a microfluidic mixer for carrying out the process of the
invention, said mixer comprising a junction, which junc-
tion joins two or more channels, wherein the width and
length of a first of said two or more channels define a
plane and at least a second of said two or more channels
lies out of said plane, said first channel having a height
being smaller than the width of said first channel and
which height is smaller than at least one dimension of
said second channel, said dimension lying in said plane.
[0014] In yet another aspect, the invention is directed
to a microfluidic device comprising said microfluidic mix-
er.

[0015] Current fabrication processes for microfluidic
devices allow the production of devices with multiple lay-
ers and hence three-dimensional designs. The present
invention advantageously uses this relatively new field
of technology to provide a highly effective way of mixing
streams of fluids in a microfluidic device.

[0016] The term "microfluidic" as used in this applica-
tion is meant to refer to structures or devices through
which fluid(s) are capable of being passed or directed,
wherein one or more of the dimensions is less than 500
pm.

[0017] The term "length of a channel" as used in this
application is meant to refer to the largest dimension of
the channel. Normally, the length of the channel is the
direction of the channel in which fluid flows.

[0018] The term "width of a channel" as used in this
application is meant to refer to the largest dimension of
the channel perpendicular to the length of the channel.

[0019] The term "height of a channel" as used in this
application is meant to refer to the dimension perpendic-
ular to the length of the channel and perpendicular to the
width of the channel.

[0020] The invention involves a process for mixing two
or more fluid streams in a microfluidic device. The micro-
fluidic device can be any microfluidic device in which two
or more fluid streams require effective mixing. In partic-
ular, the invention is advantageous when applied in a
microreactor chip in which multiple reactants are mixed
in order to react with each other. Depending on the re-
action to be performed quick and effective mixing may
be essential to achieve a satisfactory reaction and high
through-put. Also chemical and biological analysis sys-
tems can benefit of the invention, where e.g. pH-buffers,
markers or reagents need to be mixed with the chemical
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sample to achieve proper analysis.

[0021] A very convenient and relatively cheap method
of manufacturing microfluidic devices is by wet etching
a specific channel structure in a wafer, such as a glass
wafer, and subsequently covering the wet-etched glass
with a cover wafer. This results in a microfluidic device
having atwo-dimensional channel structure. Wet-etching
normally yields channels that have a width (in the plane
of the wafer) which is at least two times the height (per-
pendicular to the plane of the wafer) of the channel. In
practice, the width of the channels is often approximately
at least five times the height of the channel.

[0022] Different methods can be used to achieve mi-
crofluidic devices where the microfluidic channels are di-
vided over two or more planes, i.e. where three or more
wafers, or other materials, are stacked, e.g. wafer bond-
ing, wafer clamping, and wafers sealed with membranes.
Though, due to the aggressive property of many reagents
used in microreactors, glass and stainless steel are the
preferred materials for microfluidic devices for microre-
actor technology. Due to better chemical properties, the
transparency and the smaller sizes of glass microfluidic
devices over stainless steel microfluidic devices, glass
is much more popular for fabrication of microfluidic de-
vices. To avoid risk of leakage and to resist high pres-
sures, multistack bonding technology is used to achieve
multistack glass microfluidic devices.

[0023] Multistack bonding technology (described for
instance by Pigeon et al. in Electronics Letters 1995, 31
(10), 792-793) allows bonding more than two wafers
(such as glass wafers). This allows for the manufacture
of microfluidic devices having multiple floors with channel
structures. Three-dimensional structures can be de-
signed in which for instance channels run above each
other. This enables the process in the microfluidic device
to be parallelised, which is highly advantageous for in-
stance to scale up synthetic reactions performed in a
microfluidic device. Atthe same time such a three-dimen-
sional channel design allows for a junction across differ-
ent layers. Such a junction can be utilised for carrying
out the invention.

[0024] In accordance with the process of the invention
at least two fluid streams are provided. These streams
can be gaseous or liquid. Typically, the streams can be
reagents of a reaction (such as a synthetic reaction) to
be performed in the microfluidic device. Such reagents
can all be provided separately, but it is also possible that
two or more reagents are provided as a mixture in one
stream and another reagent is provided separately in an-
other stream. The streams can be introduced in the mi-
crofluidic device through a number of inlets.

[0025] In the microfluidic device the different streams
are guided through different channels. The channels can
have any shape. The cross-section of the channels can
forinstance be circular or semicircular, ellipsoidal or semi
ellipsoidal, square, rectangular, or mixtures thereof. In
practice, many microfluidic channels are prepared by wet
etching of glass. This process has an isotropic character,
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giving rise to channels of which the cross-section always
has a characteristic shape: two quarter circles at the edg-
es and rectangular in the middle. The two quarter circles
are a result of the etching agent (such as HF or BHF),
which also causes channels prepared in this way to have
a width which is at least twice the height of the channel.
[0026] At least a first channel has a length and a width
that define a plane. This plane is usually the plane of the
microfluidic device defined by the (multi)layer wafer
structure. The first channel has a height (perpendicular
to the plane defined by the length and width of the chan-
nel) which is smaller than the width of the channel. Such
channels are easy and relatively cheap to produce ac-
cording to the above described wet etching technique.
The aspect ratio, defined as the ratio between the width
of the channel and the height of the channel, of the first
channel is preferably at least 2, more preferably at least
5, and even more preferably at least 10. From a technical
point of view the aspect ratio is normally not more than
500, preferably not more than 100.

[0027] The first channel enters a junction wherein the
stream flowing through said first channel is joined with
at least a second stream entering the junction. The junc-
tion can join two or more channels, such as 2, 3, 4, 5, 6,
7 or 8 channels. Junctions that join more than 8 channels
are technically more difficult to produce, but are not ex-
cluded from the invention. A very convenient junction is
a three-way junction such as an Y-junction or a T-junc-
tion, wherein one of the channels lies out of the plane
defined by the length and the width of the first channel.
In practice, the fabrication of T-junctions is less involved
and these junctions are therefore preferred.

[0028] Apart from the first channel, also a second
channel enters the junction. This channel lies out of the
plane defined by the length and the width of the first chan-
nel described above. Normally, this channel will also lie
out of the plane of the microfluidic device (defined by the
multilayer wafer structure). The angle between the sec-
ond channel and the plane defined by the length and
width of the first channel is not of particular importance
and can for instance range from 10-170°. The angle of
incidence of the second channel does not influence the
diffusion length, because the angle does not determine
the flow distribution of the combined stream in the mixing
channel, where the actual mixing takes place. In practice
it is technically more convenient to manufacture micro-
fluidic devices having a T-junction than microfluidic de-
vices having an Y-junction. Therefore, in a preferred em-
bodiment the second channel lying out of the plane is
essentially perpendicular to the plane defined by the
length and the width of the first channel.

[0029] The second channel can be used to introduce
a fluid stream (such as the second fluid stream) into the
junction, but it can also be used as a mixing channel to
carry off the combined stream of at least the first and the
second fluid from the junction. Thus, itis possible to guide
the first fluid stream and the second fluid stream through
channels both lying in the plane defined by the length
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and width of the first channel and carry off the combined
fluid stream through the second channel lying out of the
plane.

[0030] In accordance with the invention the height of
the first channel is smaller than the width of the first chan-
nel. In addition, the height of the first channel is smaller
than at least one dimension of said second channel,
wherein said dimension lies in the plane defined by the
length and the width of the first channel. Preferably, said
at least one dimension is the width or height of said sec-
ond channel. This combination of features has the ad-
vantageous effect that the diffusion distance of the dif-
ferent streams for mixing becomes relatively small. This
is for instance illustrated in the embodiment shown in
Figure 1b. Figure 1 compares a prior art two-dimensional
junction (front view shown in Figure 1a) with a junction
utilised in the invention (front view shown in Figure 1b).
In a conventional junction of channels having a width to
heightaspect ratio of at least two the distance for diffusion
for the different streams to mix is mainly determined by
the width of the channel. This diffusion distance is rela-
tively long compared to the junction utilised in the inven-
tion shown in Figure 1b. This embodiment shows a first
channel having an aspect ratio similar to the channels
shown in Figure la (thus the height of the first channel is
smaller than the width of the first channel), which is joined
with a second channel lying out of the plane defined by
the length and width of the first channel. In the embodi-
ment of Figure 1b the height of the first channel is smaller
than the width of the second channel. The distance for
diffusion for the different streams to mix is in this way
mainly determined by the height of the first channel. As
a result the distance for diffusion is much smaller than in
the case of the conventional junction shown in Figure 1a.
The effect of the invention is even more pronounced be-
cause the diffusion time increases quadratically with the
diffusion distance.

[0031] It is preferred that said second channel joins
the first channel at the junction over at least the full width
of the first channel, preferably over the full width. This
has the effect that during mixing of the fluid streams, dif-
fusion only has to take place in one dimension. In con-
trast, when the second channel joins the first channel at
the junction over less than the full width of the first chan-
nel, diffusion must take place in two dimensions. In an
embodiment, the dimension of the second channel in the
direction of the width of the first channel corresponds to
the width of the first channel.

[0032] Since mixing of the different fluid streams in the
process and in the microfluidic device of the invention is
very fast, the need for additional mixers is at least signif-
icantly reduced, if not entirely removed.

[0033] In practice, the channels lying in the plane de-
fined by the length and width of the first channel will nor-
mally be manufactured by wet etching. However, also
other manufacturing methods are possible. Examples
thereof include dry-etching such as (Deep) Reactive lon
Etching ((D)RIE), powder blasting, milling, drilling, and
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photon enhanced etching. For glass structures wet-
chemical etching and powder blasting are the common
techniques due to economical reasons. Powder blasting
gives the possibility for a fast and cheap way of etching
glass structures, also with high aspect ratios. Though,
due to the aggressive and demolishing character of pow-
der blasting it is not suitable for etching channels with
high accuracy. Therefore, when good control over the
etching process is needed, wet-chemical etching is the
standard.

[0034] Channels lying out of the plane defined by the
length and width of the first channel will normally be man-
ufactured by powder blasting. Other examples of fabri-
cation processes include dry-etching such as (Deep) Re-
active lon Etching ((D)RIE), milling, drilling, and photon
enhanced etching. A disadvantage of using (D)RIE is that
for instance glass is not easily processed with (D)RIE. It
is a slow and costly process. In addition, it is believed
that multiple runs are required for deep channels, due to
deposits on the substrate during the process. This proc-
ess (also known as the BOSCH-process) is therefore not
commonly used for glass substrates. Photon etching is
in principle also possible, but is rather costly. Further-
more, the manufacture of microchannels by milling or
drilling can be technically difficult, in particular when the
channels have very small dimensions.

[0035] The invention will now be illustrated by the fol-
lowing examples, which are not intended to limit the in-
vention in any way.

Example

[0036] The invention was successfully implemented in
the parallel microreactor chip depicted in Figure 2. This
parallel microreactor chip was fabricated out of three
fused silica wafers. The channels were wet-etched, the
second channel in the mixer was powder-blasted and the
three fused silica wafers were bonded together. The dif-
ferent channels and regions in the microreactor chip are
indicated using dyed fluids. The microreactor chip has
inlets on the left side, a set of meanders which are part
of a flow splitter, where two channels are located above
each other, a set of meanders on the right side which
serve as microreactors and in the middle eight mixers
where the two fluid streams are mixed. Two of these mix-
ers are indicated by the circle. The used microreactor
chip, with integrated invention, is schematically shown in
Figure 3, which is a schematic side view of the microre-
actor used and Figure 4, which is a schematic top view
of the microreactor used. A detailed schematic drawing
of the used mixer is shown in Figure 5.

[0037] The 8-parallel microreactor chip was used to
perform a Michael addition reaction for the synthesis of
4-(diethylamino)butan-2-one from methyl vinyl ketone
and diethylamine. Figure 6 shows the obtained conver-
sion results. CDue to the use of the invented mixer no
additional mixers were necessary to obtain a conversion
of 96 % can be achieved in a microreactor with a cross
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section of 60 pm X 300 pm without additional mixers
within a total retention time (including mixing time) of only
7.2 seconds. Using conventional mixers this would not
have been possible. Calculation of the diffusion time was
done by using the equation for the diffusion time for a
diffusion along a single axis: ty= x2/2D. Based on an
estimated diffusion coefficient of the used reagents in
anhydrous acetonitrile (MeCN) of 3 X 105 cm2/s and a
channel height of 60 wm we find a diffusion time of 0.6 s
with our mixer. We estimate that proper mixing is
achieved after 3 Xty thus after 1.8 s, which is short
enough for our reaction with a total retention time of 7.2
s. Conventional mixing with a Y- or T-mixer with the same
channel geometries would have given a t,;= 15 s, and
3 X tyir= 45 s, which is far too long for use in the micro-
reactor chip. Therefore, this example clearly shows the
benefits of the invention.

Claims

1. Process for mixing two or more fluid streams in a
microfluidic device, comprising

- providing at least a first fluid stream in a first
channel having a width and length which define
a plane,

- providing at least a second fluid stream,

- combining said first fluid stream and second
fluid stream in a junction, which junction joins at
least said first and a second channel lying out
of said plane,

wherein said first channel has a height which is small-
er than the width of said first channel and which
height is smaller than at least one dimension of said
second channel, said dimension lying in said plane.

2. Process according to claim 1, wherein said second
channel joins the first channel at the junction over at
least the full width of the first channel.

3. Process according to claim 1 or 2, wherein said at
least one dimension is the width or height of said
second channel.

4. Process according to any one of the preceding
claims, wherein said said second fluid stream enters
said junction through said second channel.

5. Process according to any one of claims 1-3, wherein
said first fluid stream and said second fluid stream
enter said junction through a channel lying in said
plane and a combined stream of said firstand second
fluid streams leaves said junction through said sec-
ond channel.

6. Process according to any one of the preceding
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claims, wherein said junction is a three-way junction,
preferably a T-junction.

Microfluidic mixer for carrying out a process accord-
ing to any one of the preceding claims, said mixer
comprising a junction, which junction joins two or
more channels, wherein the width and length of a
first of said two or more channels define a plane and
at least a second of said two or more channels lies
out of said plane, said first channel having a height
being smaller than the width of said first channel and
which height is smaller than at least one dimension
of said second channel, said dimension lying in said
plane.

Microfluidic mixer according to claim 7, wherein said
second channel joins the first channel at the junction
over at least the full width of the first channel.

Microfluidic mixer according to claim 7 or 8, wherein
said at least one dimension is the width or height of
said second channel.

Microfluidic mixer according to any one of claims 7-9,
wherein said first channel has a width to height as-
pect ratio of at least 2, preferably at least 5, more
preferably at least 10.

Microfluidic mixer according to any one of claims
7-10, wherein said junction is a three-way junction,
preferably a T-junction.

Microfluidic device comprising a microfluidic mixer
according to any one of claims 7-11.

Microfluidic device according to claims 12 in the form
of a microreactor chip.
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Figure 2
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Figure 4

connection hole

inlet

reactant A
|

flow splitter
reactant A
~ reactor channels

outlet product
/

I \
inlet flow splitter

reactant B reactant B

Figure 5

Second channel

10



EP 2 106 846 A1

Figure 6
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