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Abstract

This paper presents a comparison of two differeittadevices able to produce oil in water dropletishaut
wall treatment or surfactant. A fast technique told capillaries assembled devices and a processificon-
glass microdevices are exposed The aim of thisrgape compare those devices in terms of drofgjetseration
and to show that the capillary assembled device lmamused for preliminary tests in droplet genenatias a
precursor for silicon-glass microdevices.

1. Introduction

For chemical engineering, controlling liquid-liquldws in a microchannel is a major challenge. One
main application for this kind of systems is to @icg data to identify kinetic [1], thermal [2] ora®s
transfer [3] models. Furthermore, the microscalealso directly used to generate objects at a
controlled dimension. Applications can be foundrystallization [4] or polymerization [5].

For the experimentation, first stage is to devedomicrofluidic device design which often presents
different parts in terms of operations (mixing, pleis generation, residence time for the reaction
activation, phases separation).

A lot of iterations between design and manufacgudould be needed to obtain a complete operating
device. It is then of interest to be able to geteefast built and cheap systems to explore theyearl
stage designs.

Liquid-liquid flows in microchannel are governed imany parameters such as the nature of the fluids,
the injection mode, the geometry and the surfaegadheristics of the channels. As interfacial gffec
are a key factor, lots of works have been madenjection geometry and different materials have been
used for microfluidic devices.

Many regimes of droplet generation have been sfiubieusing microfluidic flow focusing in two-
dimension [6]. Regular flows are obtained with sienpross-junction [7]. T-junction is also used to
form droplets [8]. Water-in-oil emulsions are mariten studied than oil-in-water in these devices
except in microchannel emulsions [9]. These difiegeometries are developed to increase the shear
rate on the dispersed phase. But, the interactietseen liquids and walls are also an important
parameter for the droplet generation. In particulae continuous phase should be wetting the sairfac
and the dispersed one non-wetting [10].

Intrinsic fluid properties such as viscosity, dénsor interfacial tension and flow conditions are
responsible of the droplet break-up. To explails flhenomenon, investigations have been made on
dimensionless humbers: Capillary, Reynolds or Webenbers [11-13].

It is possible to modify these fluids propertiesl drelp droplet generation and stabilization with th
use of surfactants or viscous additives [14,15ffebent techniques of wall treatment can also be
applied on surfaces to make them hydrophilic orrbgtobic: siliconization, silanization or polymer
coating for glass or silicon [16]; UV/ozone treatihéor elastomers [17].But the simpler is to adapt
material to the kind of emulsions needed. Consedtyyenanufacturing techniques are often adapted
to the material used.

Plastic (PDMS, PU, PMMA....) devices are made by plitbtmgraphy [18]. A silicon mask with the
desired design is first created. Then polymer isilded on this mask and cured with temperature; a



flat polymer layer is then sealed to the polyme@tica by plasma oxidation. PDMS is a cheap material
and allows rapid prototyping by replica mouldingt buis not suitable for oil-in-water droplets.
Although PDMS can be treated to become hydrophilis, not long-term available [19,20]. Silicon or
glass devices are fabricated in two main stepsaratla formation by dry [21] or wet [22] etching,
device capping by anodic or diffusion bonding [Z3lass or silicon microstructuring is a reprodugibl
and reliable technique but it requires specificiponent and use restrictive operating conditions.ssl
and silicon devices are suitable for oil-in watesplets generation but are very expensive.

Based on the work of Hisamoto [24] that embeddedttfanalized capillaries in a PDMS network for
analytical purposes, we propose to use untreateetifailica capillaries embedded in Plexiglas plates
to generate oil-in-water droplets. Nisisako [16diPMMA milled plates to generate water in oil
droplets and Xu [14] added a quartzose capillathenPMMA network to provide aqueous phase. In
order to approach silicon-glass devices, the dtspllew directly in the fused silica capillaries,
Plexiglas plates are just a support for capillaries

This paper proposes a comparison between two eiffemicrofluidic devices: a silicon-glass
microchip and a device based on fused silica b assembly. The objectives of this paper are (i
to describe a fast technique to build capillariasdal microsystems; (ii) to present results obtained
with this device in term of droplets generationi) o show that such a device can be used as a
precursor of silicon-glass devices.

2. Device Manufacturing

2.1. Silicon-glass device

Silicon-glass devices are fabricated with two magteps: plasma etching to define both the
microchannel and the inlet and outlet holes throtlnghsilicon wafer and anodic bonding to seal the
channel with the glass wafer. Deep Reactive lomiBtc(DRIE) is commonly used for the fabrication
of silicon microstructures when high aspect ratipsto 30:1 and vertical sidewalls are required. For
the fabrication of a microchannel with a precisptiea single photoresist layer is usually necgssar
to mask the silicon wafer during etching. For thigrostructuration of microchannels with various
depths on a same silicon wafer, it is necessaryus® more complex masking layers. For our
application, we needed to etch channels of 10pmp68nd 100pum depth, the two smallest emerging
into the widest one. To do that we used a techicdbgrocess developed at IMM [21] (Huber 2623
al).

This process necessitates to deposit four mashkiyers (thermal and PECVD silicon oxides §i®
chromium layer and AZ4562 photoresist layer), tdqren three photolithographies, three dry etching
of the oxides, two wet etching and three deepasilietching. A schematized description is reported o
figure 1.

a) b)
PECVD SiO2
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Figure 1 Cross-sectional schematic view of the multileviedai depths and widths process. (a) Patterning of
the 10um, 60um and 100pum-wide channels. (b) Figh#deep etching for the 100um-wide channel. (dEDR
etching of 50um and 10um-deep respectively to wihe three desired channel depths.

The different steps are described here: after diepba 0.5um thermal oxide on the silicon wafée t
three channels are patterned; deposit of 0.lumvaparated chromium layer followed by 1pum
PECVD silicon oxide (figure 1a); after the 60um d@um channels opening by PECVD Sy
etching, a first DRIE of 40um-depth is performedyfe 1b); after AZ4562 resist removing, a second
DRIE of 50pm-depth is made; after PECVD SiO2 anabetium removing, the last DRIE of 10pum-
depth is performed (figure 1c). As a result all thannels are structured.

Figure 2 shows a MEB view of a 60um wide and dekgoe channel emerging into a 100um wide
and deep channel.

$4800 10.0kV x600 SE(U) 50.0um
Figure 2 MEB view of a 60um wide and deep silicon channerging into a 100um wide and deep channel.

There are two possibilities to define the inlet aodet of the channels: either perform holes tgtou
the cap glass wafer by drilling, or perform throughfer holes into the silicon wafer by DRIE. The
first method is easier but not appropriate for glaafers of 500um-thick. So we opted for dry etghin
of holes of Imm-diameter through silicon. At thedeosf the process the glass wafer (Pyrex 7740
from Corning) and the structured silicon wafer sealed by anodic bonding.

2.2. Capillary device

In this device, capillaries are imprisoned and dliuretwo Plexiglas support plates. The lower plate
first etched thanks to a computer numerical coletomilling machine and a micro drill which width

is closed to the outer diameter of capillariesr Tross junctions, as generating areas, are tleatert

on the centre of the plate by computer-aided desigtuitional channels of larger dimension are
machined far around the generating area: theyredive the excess of glue and prevent the clogging
of the junction while capping the device. The uppkate is flat and provides confinement to the
device.

Capillary tube lengths (at least 20 centimeterg) atjusted to that of the channels; an additional
length is needed to make the connections with ymmges and prevent capillary breaking when
bending is important. The cutting has to be stiaighich is achievable with a simple ceramic cutter;



imperfect cutting can play a negative role on theptkt generation. It is checked with a microscope
before using the capillary in the device. For ette, in order to eliminate the protective coatifg,
side used for the generating zone is stripped bpibg and cleaned with ethanol. This provides a
window where phenomena can be observed. The seftitige capillaries in the channels is described
on figure 3.

(@) (b) (©)

Figure 3 Steps of capillary placement in the etched chanfwgla T-junction: (a) dispersed phase supply, (b)
continuous phase supply, (c) two-phase flow capill€apillaries are in full lines and channesl walh dotted
lines

It starts with the lateral one (figure 1a). Itslettreaches the end of the etched channel. Once the
positioning is right, quick setting glue is usedfitothe tube with an adhesive dot on the edgehef t
plate.

The first longitudinal tube is then added to theicke (figure 1b). The end of the tube coincideshwit
the output of the dispersed-phase tube. The wallkeorespective tubes can touch each other. Once
the tube is precisely set, another adhesive detréi®the distance between the two outlets.

The last tube is finally set on the plate (figutg. In order to have a symmetrical device, the nazid

the continuous phase tube are at the same distameehe centre of the dispersed phase one.

As all the capillaries are fixed to the plate, gelaof low setting glue is spread in the channeks¢pt

in the drop generating site or the enlargement treaoid obstructing the tubes) in order to deseea
the dead-volumes. The glue should not overpasstthenels. During the time the glue is thickening,
it is possible to adjust the placement of the tads tubes laterally to make them touch eachrothe
Precision of the T is strongly dependant on thahefcapillary cutting.

When the glue is hardened, the cap is ready taxee.flts dimensions are slightly inferior to the
lower plate to favour the bonding. The gluing psxé described on figure 4. The same low setting
glue is used: a few clusters are set all aroundiatiger channels. The cap is settled and bothplate
pressed against each other by hand. The presspliedapas to make the glue spread in the larger
channels and around the T but not reach the gemgsite. The pressure is kept a few minutes until
the glue is starting to harden. It is then, possibladd a glue layer all around the junctionsheftivo
plates to increase the tightness of the device.




Figure 4 Schematic view of the sealing process: when prgdsith plates, the glue (grey) spreads out of the
cap (bold square) and into the larger channel (ddtlines) preserving the T-Junction.

The complete manufacturing takes less than a dayédetarting experiments. The key step of the
fabrication is the cap bonding: there must be ehaglge to bring tightness to the device but glug ha
to be cautiously spread to avoid capillary cloggiRgure 4 presents two examples of devices built
following this protocol with different generatingrjctions: T (a) or Cross (b)

(a) (b)

Figure 5 Examples of devices built: (a) T junction, (b) &ggnction. On the bottom righf,'there is a zoom on
the generation area

By using the same gluing technique, it is posdibleonnect capillaries. An enlargement (respedtivel
a reduction) of the main tube diameter can be nbgdsdding a second capillary of different diameter
end to end with it (figure 5a). This junction re@s a good precision of capillary cutting and also
needs confinement so it has to locate betweenntbdtexiglas plates. As it is difficult to handletkv
short-length capillaries, the contact is then miaeleveen the larger channel and the edge of the.plat
The enlargement can be useful to transform a phwgto a droplet flow

(@) (b)

Figure 6 Examples of connections between capillaries: (ajrditer enlargement, (b) 2-block connection

In order to connect different devices made of ¢aés, a larger capillary can be used. Standard
capillary is 360 microns outer diameter. If 360 rarcs capillaries are stripped of their coatingythe
can be inserted into a larger capillary with areindiameter of 320 microns. Only a few centimetres
of larger capillary are needed and it is bette¢hdf both small capillaries are inserted symmetsicad
shown on figure 5b. Once both small capillaries@rein contact they are fixed with the larger one
with two dots of quick setting glue.

The capillary technique presented here does ntgnqté¢o be completely reproducible. Capillaries are
indeed cut and placed in the channels by hang, thius nearly impossible to reproduce exactly the
same device twice.

Another key point is the reliability of such devi¢e clear attention has to be paid to which saéven
are used in these devices: for example, acetoriedamhage Plexiglas plates. Some solvents may
dissolve the glue used to seal the device or ctdatk connections. The commercial glues used for
the fabrication are resistant to temperature inrtimge of -30 to 70°C and Plexiglas can affordaip t
80°C. If extended temperature range (up to 35058@keded, it is possible to thermostat the capillar
at the outside of the device. In terms of mechamisistance, the capillary device can be fed at 10



ml.h* with 100 microns square section capillaries oerayth of 50 centimeters, which corresponds
roughly to 4,5 bars, the devices may then work etitieakage up to 5 bars.

The fabrication of such devices is pretty fast druhly uses cheap materials. As a wide collectibn
capillaries is available through the market, thgilay device is then modular: with the same ndille
plates, it is possible to produce many differenticks with varying inner diameters; it is also pbles

to change the diameter of the mill to adapt ith® ¢apillary outer diameter. The connection tealmiq
presented above extends further the possibilifissich devices beyond the simple droplet generation

3. Experimental material

The capillary tubes used have either a squareose(tide 10Qum) or a round section: standard 360
microns outer diameter and larger ones. They amenod fused silica and coated with a protective
polyimide layer.

The quick setting glue is cyanolite glue. The lettiag one is a bi-component araldite. The plates a
made of Lexan Plexiglas or polycarbonate.

The fluids are stocked into 1 to 20 ml syringexethon syringe pumps. They are injected at constant
flow through polyethylene tubing. The connectiorthMhe capillaries is then assured with fittings
without dead-volumes (figure 4b).

To protect Si-Glass microreactors and make the exttion with syringes, a case has been designed.
The case is composed of two Plexiglas round plaigstained by screws. The inferior plate is bored
and threaded: each hole corresponds to each inpututput of the microreactor. The same
polyethylene tubing is then used to connect sysrtgeheadless nanoports mounted with viton joints.
These nanoports are screwed in the inferior platad the microreactor touches the upper plate.
Openings are made on the upper plate in ordereokcifi the microreactor is well-centred on the case
Viton joints bring the tightness to the system.

The dispersed phase is silicone oil (20 ¢St visgpand the continuous phase is demineralised water
As the channels have a small width and consequettitty droplets velocities are very high, the
observation is made with a fast CCD Camera coupléid a microscope (Nikon SMZ-10). Images
acquisition rate is 1800 frames per second. Expostime (0.55 ms) is chosen in order to have
enough light for contrast distinction and short @sipon for the droplets edges sharpness. A 100W
spot lamp is used to provide necessary light.

The images are acquired with transmission lighthatexit of the capillary device whereas they are
acquired just after droplet generation with reftexlight with Si-Glass microreactors.

4. Results and discussion

This part describes results obtained with silictasg microreactors and capillary devices while
generating oil droplets in water. Both devices @mpared and an empirical model of droplet size is
proposed.

4.1. Silicon-glass device

First fluid admittance in the Si-Glass microreastoan be difficult, so before first use, they agptkin
water for a few hours. Because of microscope lioites and difficulty to introduce fluids, it was
difficult to handle with 10 microns microchannetben only reactors with 60 microns and 100
microns microchannels are presented in this article

Before starting droplets generation, it was impdrt® determine the range of flow rates in each
device. In order to find these operating conditjahe oil flow rate (F) is set at 10QuL.h™, while
water flow (F,) rate is changed.

For 60-microns microchannels, oil flow rate varfiesn 10 to ZOQlL.h'l and water flow rate from 100
to 1500uL.h™. For 100-microns microchannels, oil flow rate & between 50 to 500L.h™ while
water flow rate between 500 to 4000.h™. More important water flow rates can be delivetedugh



the channels but there is a strong observatiortdtion due to reflection light. At high flow rateghe
interface between water and oil becomes less awdslearp up to having difficulty to distinguish oil
droplets.

At first use, flow becomes stable after 15-20 masuand slug regime is observed. The time of flow
stabilization is lower when just a parameter isngeal. Frames are acquired just after the generation
site. Slugs appear to be monodisperse (slug lerggthtion < 5%). As expected, when the water flow
rate increases, the droplet size decreases anlisthace between droplets increases.

120 4
y = 433, 15002458
110 R?= 09989
£
=
£ 100 _
=)
& p—
2 g[] -
}2 -
o
S E0 - _
O -
70 4 y = 342 g3 013
R?=09932
60 : : : )
200 400 600 300 1000

Continuous flow rate (UL.h "
Figure 7 Slug length function of water flow rate at differeii flow rates: 5QuL.h™* (¢) and 10uL.h* (5

Dispersed phase flow rate has also an impact ags'slength. Figure 6 presents data on 60x60
microchannels: reducing oil flow rate from 50 to dloh™ involves a 10% decrease of slug length.
Whatever the size of the channels, a potency lswell the plug length in function of water flow o
either Ca number. The exponent is within de rarfigé.15 to 0.25 whatever the conditions or the
channels’ diameter.

The Si-Glass microreactors have a good reprodigibffigure 7 shows the data obtained for two
different plates at the same water and oil (1Qth™) flow rates. The difference on the slug lengths
and slug velocities is pretty thin.
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Figure 8 Reproducibility of droplet generation on differemicroreactors in terms of slug flow and velocity
(upper graph)

The upper graph of the figure represents the medsuglocity function of the imposed superficial
velocity. The different measured velocities areyvelose to the imposed one (dotted line); it seems
then that there is no slippery of the slug in thetimuous phase.

On the 100x100 microchannels, it is possible td ties influence of the dispersed phase channel
diameter on the slug length. Data are shown ondi@u Results are pretty interesting because for th



same oil flow rate there is a slug length decreds% by changing a 100 microns channel to a 60
microns. Distance between slugs is also reducelbwhking a 60 microns channel.
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Figure 9 Slug length function of water flow rate at the saaileflow rates (100uL.h?) but with different
dispersed channel size: 100 micror$ &nd 60 microns)

Si-Glass microreactors are very simple of use andige interesting results and good reproducibility
Nevertheless, they are pretty expensive and cdongeto fabricate. It can then be interesting teeha
reactors much simple to produce and with companadsalts in order to make preliminary tests and
design conception. As fused silica is closed tosgland silicon, capillaries devices have been
constructed on this purpose.

4.2. Capillary device

Before starting droplets generation, the air imgored in the device while bonding the plates, hdseto
removed. The presence of air in the device cankliloe flow or provokes serious turbulences. The
aim of this article is not to present a detaileowflchart but to show the feasibility of droplets
generation in this kind of device. As capillariesvb the same diameter and square section, the same
operating conditions are used. Despite the imporaad-volumes, oil does not seem to enter in
contact with the walls of the plates. A thin oihdi follows the water flow line until the inlet dig
output tube where the droplet break-up takes plBice.water wets well the capillary walls while isil
relatively non-wetting. The flow becomes stableeaft few minutes and droplets are monodisperse
(variation < 5%).
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The measures are at constant oil flow rate=(R00puL.h™) and water flow rate is varied from, E

500 uL.h™* to F, = 4000uL.h™. As expected, when the water flow rate increates,droplet size
decreases and the distance between droplets ipsrdass noticeable on the frames of figure 9. The
range of slug lengths decreases from i8bto 125um. An increment in water flow rate may further
reduce droplet length but it also reduces the steap of the droplets edge and makes difficult the
length determination. In terms of droplets velestithe range is from 20 to 120 m.m this device
also, there does not seem to be a droplet sligigloy comparison with the applied velocities.

4.3. Devices Comparison

The capillary used for the hand-made devices haM@0amicrons square section. The dimensions are
thus comparable to a 100 microns microchannel ensilicon-glass microreactor. A comparison of
the slug length is presented on figure 11: a Ttjonds used in both cases for the droplet germmati
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Figure 11 Slug length in function of water flow rate at tre® oil flow rates (20@L.h%), injection mode (T
junction) and channel size (100 microns) for thpitary device () and the silicon-glass chips)

A variation of 30 to 40 microns slug length is reble between the capillary device and the silicon
glass chip. The difference seems to reduce at hitghwe rate. Nevertheless both curves have quige th
same shape. As the same flow rates, injection randadiameter are used, it seems that this differenc
is due to the material. The other difference betwketh devices is the presence of dead-volumes
around the generation area (figure 5a), but thaiinraffect is to slightly reduce the shear rat¢hef
continuous phase on the dispersed phase. Dead @slshould consequently have a negative impact
on rather than helping the droplet generation.

4.4. Empirical model

Based on the precedent considerations, main pasasnetluencing the droplet generation [14,15,25]
are listed: channels geometry, intrinsic fluid mudjes and flow rates. As it is easier to handlghwi
dimensionless numbers, slug length is divided ke hilgdraulic diameter. Dimensionless numbers:
Capillary number, that measures the magnitude sdouis to surface tension forces and Reynolds
number, that measures the magnitude of inertigldoous forces, are also worth entering the model.
A potential law is used as it fits well the expesimal data (figure 4). The resulting model is
developed on equation 1.

a
Looax| 8 x Ca,? xCa,” xRe,’x Re,* 1)
d d;

L is the length of the plug and d the hydraulicaiger of the channel. The capillary number is emitt
Ca =uQ/Ss with p as the viscosity of the fluid, Q the flow ratefH® section of the channel,the
interfacial tension between continuous and dispeptases and Reynolds number ReQel/Su with



p the density of the fluid. Ag, B, v, 6, ande are constants. 1 refers to the continuous phasefie
dispersed phase.

The model has been applied to the data presengtibpsly on Si-Glass and capillary devices. The
model parameters are identified by fitting the eipental values. Results are shown on table 1.

Table 1 Constants of the model obtained for a T junctiondpillary and Si-Glass devices.
Models A o B Y ) €
T junction Capillary 055 0.25 -0.11 -0.23 -0.07 0.29
T junction Si-Glass 0.65 0.25 -0.11 -0.23 -0.07 0.29

The comparison of the models and the data is repted on figure 12. Experimental data are placed
on abscissa and calculated values on ordinatestfaight line symbolizes the perfect correspondence
between models and experimental data; dotted #raesviation of 10%. Calculated values for Si-glass
devices (black squares) and capillary devices (dmg) are closed to the experimental data. Models

can thus be validated.
+10% x;/
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| |
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Figure 12 Comparison of the model with the data gatheredHercapillary device {) and the silicon-glass chip
(=) in the range of slug aspect ratio between 1.1 @22

The only difference between the two models is @ndbnstant A: it is higher for the Si-Glass device
and this constant has approximately the same velaviation than the variation of slug length in
favour of capillary devices noticeable on figure The exponents are common to both devices. This
proves that is possible to build a model that cothdracterize and make the link between two
microdevices using the same geometry and sames fluitldifferent materials.

This similarity between the two devices is interest it offers the possibility to make preliminary
tests on a capillary device before designing aailiglass microchip. Capillary devices are indesd f
less cost effective and faster to build. They caovide for example, data on the design or the
residence time needed for special applications. sili@n glass device, more reproducible, will then
be directly designed and functional for the desapglication.

With the capillary device, it is also possible tnoect different capillary blocks in order to apply
further actions on droplets or provide more resigetime. The connection described on figure 3b has
been tested and three different blocks have beemected without leakage or perturbation on the two-
phase flow.



5. Conclusion

This paper presents two different techniques taterenicrofluidic devices. Both devices are used to
generate oil-in-water droplets without surfactantvall treatment and present comparable results in
terms of droplet size and velocity. The first devis a silicon glass microchip obtained by dry etgh
and anodic bonding. Its fabrication is complex asquires specific equipment and is cost effective
but is very precise and reproducible. On the oltzard, a simple and rather fast technique is used to
create a device based on fused silica capillaRésgiglas plates and commercial glues. This device
has the advantage to be cheap and modular. lermsalpractical tool to make a preliminary study on
droplet generation before designing a more complexice. As connections are possible between
capillary devices, this droplet generator can besimtered as the first operating unit in a chemical
engineering approach. The connection between bilaikgrovide further microfluidic units such as
reactive chamber, residence time or separatioresgstThanks to the similarity of both devices, the
capillary device can be defined as a precursoiliobs-glass chips
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