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Research Article

Handling of Polymer Particles

in Microchannels

This paper deals with solid-liquid operations in microchannels. Continuous op-

erations on solids (modification of frequency, change of solvent, encapsulation)
in order to handle polymer particles in microchannels are described in terms of

the limits of operating conditions and their possible applications. A methodology

to design and implement operations on polymer particles is presented here. It is
applied for the generation of onion-like structures. A microdevice completely

built with Plexiglas plates and fused silica capillaries is used. The device includes

droplet generation, polymerization and microparticle flow manipulation. The
particles manipulated are in the range of 70 to 200 microns with a very low index

of polydispersity.

Keywords: Design principles, Microcapsules, Microreactors, Polymerization

1 Introduction

Microreactors are receiving growing interest in polymerization

processes [1, 2]. The micron-sized dimension is directly used

for precise size distribution of the solid obtained [3, 4]. The

use of microfluidics allows the attainment of polymeric parti-

cles with different shapes and compositions. Directly derived

from the shape of the droplets, polymer beads [5–7], disks,

and plugs [7, 8] were thus synthesized. Moreover, microflui-

dics enables the formation of multiphase droplets [9] from

which partial polymer spheres [10], Janus [11], and ternary

polymer particles [12] were obtained. In each case, synthesized

polymeric particles have an extreme regularity and a broad

range of size is available.

An important issue is now to be able to implement opera-

tions in continuous on the generated microparticles. This will

allow the construction of more complex structures (onion-

structured microparticles, assemblies of particles, etc.). From a

process engineering point of view, multiple operations and

their couplings are then needed (multiple operation connec-

tion, addition of a secondary fluid, solvent change or increase,

or the decrease of interval length between two particles). This

study is focused on a methodology to analyze a complex mul-

ti-operation system to produce a specific micro-object. From

the analysis, a technological solution is proposed and validated

in terms of operations performed and coupling feasibility.

Three main operations are considered: droplet generation, re-

action, and successive encapsulation.

2 System Analysis

In order to create onion-like structures, a clear sequence to ap-

ply to the particle flow has first to be developed. Preliminary

analysis of the system is proposed in order to define which

steps are necessary and what could be the technological re-

sponses to meet the objectives.

With a hypothesis on the shape factor of the droplet, a geo-

metric pattern (Fig. 1) of a droplet chain moving in a continu-

ous flow can be described by four measurable variables: drop

length (Lg
1)), width (wg), velocity (v), and frequency of genera-

tion (f); the characterization of flow is reduced to three vari-

ables in the case of spherical droplets. From these data, it is

possible to calculate the other dimensions: length of the pat-

tern (Lpattern), length of the interval between droplets (Li), vol-

umes, etc. In addition, the two immiscible phases are charac-

Alain Marcati1

Christophe Serra2

Michael Bouquey2

Laurent Prat1

1
Institut National

Polytechnique de Toulouse,

Université de Toulouse,

Laboratoire de Génie

Chimique, Toulouse, France.

2
Ecole Européenne de Chimie,

Polymères et Matériaux de

Strasbourg, Laboratoire

d’Ingénierie des Polymères

pour les Hautes Technologies,

Strasbourg, France.

–
Correspondence: Dr. L. Prat (Laurent.Prat@ensiacet.fr), Institut

National Polytechnique de Toulouse, Université de Toulouse, Labor-

atoire de Génie Chimique, UMR CNRS 5503, Toulouse, France.

Figure 1. Droplet pattern inside the microchannels.
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terized with their physico-chemical properties (uv): viscosity,

density, and surface tension between the two phases.

The whole microsystem can thus be characterized with this

geometric pattern (Fig. 2). Each block has entry variables, out-

let variables, action parameters, and discrete parameters.

The generation block forms the droplet pattern; the flow

rates of the continuous phase, Qc, and dispersed phase, Qd, are

directly responsible of the variables of the pattern. The geome-

try of the reactor, for instance, T or cross-junction and the ma-

terial of the channel, especially its roughness (Rc) or the con-

tact angle with the fluid (h), also have an impact on the

pattern, but this impact is much more difficult to quantify.

The reaction block transforms the droplet pattern into a

particle pattern depending on the length (lp), width (wp), ve-

locity, and frequency of the particle. The length, L, and the di-

ameter, d, of the channel influence the exposition time of

droplets flowing at a velocity, v. Energy brought by tempera-

ture (T°) or UV light (ht) in our case creates the particles.

The encapsulation of the particles needs the injection of a

new phase at a flow rate, Q3. The third phase makes the pat-

tern more complicated to characterize. New variables appear,

such as the number of particles included (Nint), the length

(Lext), the width (wext), the velocity (vext), and the frequency

(fext) of the generation of the external droplet. In this case

again, the roughness and the geometry of the encapsulation

area have discrete parameters.

These three blocks can be directly connected to each other,

but a transfer block can also be added between them in order

to change the frequency of the droplet, or particles flow, or

change the solvent around the dispersion. It can be composed

of a single or some secondary channels having an angle, a, with

the main channel. This block is the most complex, because it

has to deal with the compatibility between the phases added or

withdrawn, or the compatibility between the fluids and the

material. It will then define some of the limits of the operation

conditions for each intervention on the flow, such as the flow

rate of injection or aspiration and the global geometry of the

block.

Thanks to these transfer blocks, the manipulation of the

flow and the selection of phases involved in the multiple-layer

structure are possible. After the encapsulation block, a new re-

action block can be connected in order to create a new solid

layer and then encapsulate again. Each new layer added makes

the geometrical pattern more complex to describe and an in-

creasing number of variables will be necessary to describe it.

3 Experimental Material

3.1 Multi-Block Microsystem

The microparticle management unit system (Fig. 3) is divided

into three parts, providing three different process operations:

droplet generation, the polymerization part, and the micropar-

ticle management unit. A detailed description of device manu-

facturing is presented in a previous article [13] but, in this ar-

ticle, chloroform – which has the property to dissolve Plexiglas

– is used to seal the devices.

Figure 2. Characterization of the whole microsystem using the droplet pattern.



3.1.1 Droplet Generation Unit

The droplet generation unit can either be a T or a cross-junc-

tion. It is composed of two Plexiglas plates and standard 360-

micron outer diameter (OD) capillaries; different inner diame-

ters (ID) can be used. The first plate is worked with a micro-

milling machine and a 300-micron drill. The channels thus

created host the capillaries that are put in contact all together

at the T-junction and fixed with glue when correctly set. The

second plate is then sealed thereupon to close the generator

thanks to chloroform. Capillaries of 180-micron inner diame-

ters are used in this study.

3.1.2 Connections and Polymerization Block

The polymerization unit is composed of a single capillary

whose length can vary to ensure good exposure time to UV

light. Standard 360-lm capillaries made of fused silica have 20

microns-thick polyimide coating. This coating is useful to pro-

tect against capillary breaking, but absorbs UV light which

prohibits polymerization, so it has to be removed. The connec-

tion between the different units is possible due to larger capil-

laries (320-lm ID, 465-lm OD). Polyimide coating is to be re-

moved from 360-lm capillaries in order to be inserted into the

larger ones. Capillaries from both units are set in straight con-

tact and glued. No leakage is observed and there is neither

droplet deformation nor clogging due to polymer particles.

3.1.3 Microparticle Management Unit

The last part of the microfluidic system is derived from pre-

vious studies on secondary channels [14], which have shown

that it is possible to act on the continuous phase without dis-

turbance on the dispersed phase. The secondary channels will

either extract continuous phase or inject a second fluid. Fluid

extraction has to face the respective pressure drop within the

main or secondary channels. A right balance is to be found for

effective aspiration.

As for the droplet generator, two Plexiglas plates and stan-

dard 360-lm OD capillaries are used to produce this unit. The

first plate is milled with 300-lm drills according to a prede-

fined computer-aided design. When all the capillaries are in

place, the second plate is added and both plates are sealed with

chloroform injected into secondary channels. All the channels

have a square section of 380 × 380 lm so that they can host

360-lm capillaries. The angles between the main and second-

ary channels have been fixed to 90° or 20°. This last value is

the minimum possible to ensure a good design during the

milling process.

3.2 Chemical System and Solutions

Tripropylen-glycol diacrylate is used as the organic phase liq-

uid. An initiator of photo-induced polymerization (hydroxyl-

cyclohexyl-phenyl ketone) is added to the monomer to pro-

duce a 5.0-wt % mixture [5]. This chemical system is described

in previous studies on polymerization in microchannels. It has

the advantage to be very reactive thanks to two acrylate groups

and, thus, interesting to produce microparticles with short ex-

position time.

An aqueous solution of bromothymol blue (BTB) is used

during the manufacturing process in order to protect the main

channels during the injection of chloroform. 1,4-Butanediol is

used as a test fluid for the change of continuous phase around

particles and 1-octanol is used as a test fluid for the encapsula-

tion of particles.

Figure 3. Schematic representation of the complete microparticle management unit system.



3.3 Surrounding Equipment

The fluids are stocked into 1 to 20-mL syringes (Terumo, BD)

placed on syringe pumps (Harvard 2000, Picoplus). The con-

nection with the capillaries is made with a 22G needle (Teru-

mo) directly glued onto them with cyanolithe glue. The obser-

vation is made with a fast CCD camera (NV1000) coupled

with a microscope (Nikon SMZ-10). The image acquisition

rate is 900 frames per second. Exposition time is chosen in or-

der to have enough light for contrast distinction and short ex-

position for the droplet edge sharpness. A 100-W spot lamp is

used to provide the necessary light. The images are acquired

with transmission light through Plexiglas.

4 Results and Discussion

In the first part, the generation and the polymerization of

droplets inside capillaries are described. Then, a microparticle

management unit is connected to the reaction part in order to

perform operations on the particle flow. The complete device

(connections and sealing) is resistant up to 30 mL h–1, which

can be evaluated as a 0.2 bar m–1 pressure drop. In the experi-

mental domain studied, no leakage is observed but sensible

points concern the glue which ensures the sealing between the

capillaries and Plexiglas channels.

4.1 Monomer Droplet Generation and
Polymerization

Before polymerizing the droplets, several experiments were

performed in order to find an operating domain where drop-

lets and, consequently, particles have a spherical shape. The

generation of the monomer droplets at a cross-junction is de-

scribed by Fig. 4. The dispersed phase is injected from the cap-

illary on the left and is maintained between the two inlets of

the continuous phase. The generation of the droplet is ob-

tained in the outlet capillaries; a thin film enters the capillary

and starts to develop until it forms a droplet while advancing

in the tube. When the drop is fully created, it is released and

the film of dispersed phase goes back to the entrance of the

outlet capillary.

The size of the droplets follows the same correlation ob-

served for silicon oil in water in a previous article [13]. The

operating domain is now set: the dispersed phase varies from

20 to 500 lL h–1 and the continuous phase from 4000 to

10 000 lL h–1. Due to the very low thickness of the fluid in the

capillary submitted to the UV lamp, the residence time neces-

sary to obtain solid particles is reduces down to about 5 s or

even less. Fig. 5 shows the particle size distribution through the

operating conditions.

Monodisperse particles of different size and shape are ob-

tained in the range of 70 to 200 microns. Classically, particle

size decreases with the increase in continuous phase flow rate

and increases when the dispersed phase is raised. Particle shape

varies with monomer flow rate; a hydrodynamic break on the

dimension of the particles is observed for each continuous

flow rate. As water flow rate increases, the break happens for

higher monomer flow rate. It is marked in Fig. 5, and cor-

responds to the limit between polymer beads and bullet-

shaped particles. At low monomer flow rate (inferior to

200 lL h–1), particles are thus spherical and no satellite parti-

cles are observed; when they are recovered on a glass sheet,

they automatically set themselves in regular hexagonal struc-

tures. The coefficient of variation in the particle diameter is

measured on over 150 particles by image analysis. For all the

spherical particles, it is located between 0.8 and 1.5 %. An ex-

ample is given on the upper graph of Fig. 5. At higher mono-

mer flow rates, particles assume this bullet shape, and satellites

become as numerous and visible as the flow rate is high.

4.2 Continuous Phase Aspiration

The frequency of particles flowing inside the microchannel is

originally determined by the ratio of the continuous and dis-

persed flow rates. It can easily be regulated by withdrawing or

adding continuous phase. Particle velocity is then reduced or

accelerated. In order to select the best configuration and oper-

ating conditions to change the continuous phase around the

particles, a comparison between a Y junction with an angle of

20° and a T-junction is made. Even if the particles are not per-

fectly spherical, these experiments are lead with a dense medi-

um of particles (water flow rate of 4 mL h–1; monomer flow

rate of 100 lL h–1). The flows with particles widely spaced seem

indeed simpler to manipulate than particles flowing very close

to each other. As particles may clog the secondary channel if

they are brought in by the aspiration, it is important to find

the limit in the flow rates of aspiration applied. Consequently,

a comparison between a particle flow and a droplet flow is first

made.

4.2.1 Aspiration with Droplets and Particles

The images taken during the manipulation of the flow are pre-

sented in Fig. 6. With particle flow, the withdrawal flow rate is

cautiously increased. The distance between particles decreases

progressively until they touch each other at 2 mL h–1, but this

state is unstable and particles begin to

put themselves in staggered rows. At

2.5 mL h–1, particles move into the

withdrawal channel. The aspiration

flow should then be lower than

2 mL h–1.

With droplet flow, the aspiration

flow rate is increased until all the drop-

lets are drained into the secondary
Figure 4. Generation of monomer droplets at a cross-junction inside capillaries: water flow
rate at 10 mL h–1; monomer flow rate at 0.2 mL h–1.



channel. The distance between droplets and walls slowly de-

creases until some may explode with the shock. At 3 mL h–1,

flow starts to be chaotic and droplets can switch to the second-

ary channel. At 4 mL h–1, droplets move into the secondary

channel after a few seconds. Then flow is regular in the with-

drawal channel and droplets do not touch the walls. An aspira-

tion flow rate of 2.5 mL h–1 is then a limit to prevent droplets

from directing into the secondary channel.

Figure 5. Cartography of particles obtained in a cross-junction and measurement of the variation coefficient for the particle diameter
(upper graph).

Figure 6. Progressive aspiration of the continuous phase in a particle flow (left) and a droplet flow (right).



There is a little difference in the maximum flow rate of as-

piration, but the behavior of droplets and particles during con-

tinuous phase aspiration is similar. It is simpler then to study

the withdrawal of the continuous phase with droplets because,

even if they explode by contact with the walls, they can be

cleaned, whereas particles may totally clog the channels and

consequently the microsystem.

4.2.2 Determination of the Angle of the Aspiration Channel

The withdrawal of continuous phase around droplets is then

tested in a T-junction with the same operating conditions

(Fig. 7). The aspiration flow rate is progressively increased

until droplets are drained into the secondary channel. At

1.5 mL h–1, the droplets are very close to the angle of the sec-

ondary channels. When the aspiration flow rate is at 2 mL h–1,

some droplets may explode at the angle and some droplets are

attracted into the secondary channel.

Fig. 7 compares the aspiration efficiency with an angle of 20°

and an angle of 90° function of the aspiration flow rate. The

aspiration efficiency is defined as the difference between dis-

tance without aspiration (initial interval between droplets)

and the distance with aspiration, divided by the initial interval

between droplets. At low aspiration flow rate, the response is

pretty similar for each angle but, when aspiration is further in-

creased, there is a strong disparity between the two angles. Not

only the angle of 20° allows recovering more continuous phase,

but the limit of aspiration is even higher than that of the T-

junction. The angle of 20° seems thus much more interesting

for the withdrawal of the continuous phase. This difference

can be explained by the manufacturing of the channel of 20°.

As the angle is narrow, the mill creates, close to the main chan-

nel, an area where the width of the secondary channel is much

larger than its height. So, there is part of the main flow that is

automatically driven into this area (Fig. 8) and this makes easi-

er the aspiration of the continuous phase into the secondary

channel.

Nevertheless, it also brings the droplets closer to the walls

even when there is no aspiration flow rate applied. Due to the

mechanical stress applied during milling, the roughness of the

channels is pretty important and difficult to control. In some

cases, the explosion of droplets by contact with the secondary

channel walls is observed, and this will automatically interfere

with the regularity of the droplet and, consequently, the parti-

cles. To prevent this, a T-junction that keeps more droplets at

the centre of the channels is used in order to withdraw contin-

uous phase for experiments during the change of solvent

around particles.

Figure 7. Progressive aspiration of the continuous phase in a T-junction (left), and comparison of the aspiration efficiency between an an-
gle of 20° (~) and 90° (h).

Figure 8. Droplet explosion by contact with a wall in a Y-junction
with an angle of 20° when there is no aspiration applied.



4.3 Change of Continuous Phase

In order to change the continuous phase around the particles,

the injection of a new phase and the withdrawal of the old

phase must be coupled. The aim is to find operating condi-

tions where carrier fluid can be easily replaced by a new one.

To obtain the change of continuous phase, it is necessary to

create a laminar flow between the old and the new one; the

new phase must then be injected from one part of the channel

and the old one withdrawn from the other part. Considering

the limitations on the flow rates of aspiration, more than one

secondary channel is necessary to withdraw the old phase. Pre-

liminary tests showed that it was necessary to inject a phase

miscible with the aqueous phase carrying the particles. Even if

the angle of 20° has proved to create unstable flows, a first ex-

periment is conducted in a device with this type of secondary

channels (Fig. 9).

The initial particle flow was generated with an aqueous flow

rate of 4 mL h–1. A solution of BTB is used as miscible fluid

and the flow rate of injection is fixed at 4 mL h–1. As the initial

aqueous phase and the BTB solution have comparable physi-

co-chemical properties and flow is laminar, half of the channel

is occupied by BTB and half by the aqueous solution. In this

configuration, any change of level in the channel is easily no-

ticeable. The first aspiration site is located at 10 cm from the

injection site and the second aspiration site at 20 cm.

A first aspiration is applied; aspiration flow rate is increased

up to 2 mL h–1. At this flow rate, the water level has appreciably

decreased to a half. Due to wall effects, some BTB is aspired

though the withdrawal channel. A second aspiration is then

added with the first aspiration set at 2 mL h–1. Aspiration flow

rate is again raised up to 2 mL h–1. The main channel is practi-

cally full of BTB after the second aspiration, but again some

BTB is aspired through the secondary channel. It seems then

that the two aspiration channels were necessary to first remove

carrier fluid after the injection of the BTB solution. This num-

ber may eventually be reduced if carrier fluid is aspired before

the injection of BTB and the injection flow rate is increased. In

order to reduce diffusion phenomena, withdrawal channels

should be placed closer to secondary fluid injection.

A new device is then built with the T-junction as secondary

channels in order to keep a regular particle flow. In this device,

a third aspiration site is added because a higher aqueous flow

rate is used (8 mL h–1) in order to manipulate spherical parti-

cles. The aspiration sites are located 5 cm from each other and

from the injection in order to reduce the diffusion between

both phases. An example of solvent change around particles in

this new device is presented in Fig. 10. To better illustrate the

Figure 9. Replacement of the aqueous phase carrying the particles by a BTB solution with two consecutive aspiration channels.

Figure 10. Replacement of the aqueous phase carrying the particles (dotted white squares) by 1,4-butanediol with three consecutive as-
piration channels.



transfer of particles from one phase to another, 1,4-butanediol

is used because it has a clear interface with water once put in

contact in a microchannel.

Before introducing particles, the flow rate of the introduc-

tion of 1,4-butanediol is determined with a droplet flow. 1,4-

butanediol is indeed far more viscous than the aqueous solu-

tion and, thus, it occupies a bigger part of the channel. If the

level of 1,4-butanediol is too significant, the droplets and, con-

sequently, particles will enter in contact with the wall at the

bottom of the channel. With an equivalent flow rate of aque-

ous solution and 1,4-butanediol of 8 mL h–1, all the droplets

touch the wall and explode. At 6 mL h–1, half of the droplets

explode by contact with the wall. Finally, the flow rate of 1,4-

butanediol is set at 4 mL h–1, which is the highest flow rate pos-

sible without droplet explosion.

When a particle reaches the T-junction, it is first repulsed at

the bottom of the channel and close to the wall by the intro-

duction of the new phase. Then, it automatically tries to regain

the centre of the channel, troubling the interface (image at the

injection site). As long as the particle advances through the

channel, it passes from the aqueous phase to the 1,4-butane-

diol and is located at the interface between both phases at each

aspiration site because of the attraction; it creates dragging on

the interface (double interface appearing on the image of the

second aspiration site). The level of the aqueous phase progres-

sively decreases at each aspiration site until there is one phase

left at the last T-junction. The global aspiration flow rate ap-

plied is 9 mL h–1, whereas the initial water flow rate was

8 mL h–1. The difference may be the result of mixing effects be-

cause of the troubles created at the interface by the particles.

As a consequence, the particles are less distant from each

other: two particles are visible at the last aspiration site. The

particle pattern obtained after the change of solvent is time-

proof.

4.4 Particles Encapsulation

In this part, the objective is to trap one particle into a single

droplet. As the chain of particles arriving at the injection point

is regular, there will only be one flow rate of injection that will

correspond to the entrapment of a single particle into one

droplet in a stable sequence. In order to add a degree of free-

dom on the size of the droplet surrounding the particle, an as-

piration module is positioned just before the injection of the

new phase. The coupling of an aspiration module and the in-

jection module helps regulating the size of the new droplet by

acting on the distance between the particles. The modules used

in this case are cross-junction so that particles are kept in the

middle of the channel during injection or aspiration. In these

experiments, octanol is used directly on the aqueous solution

carrying particles. Two different initial flow rates of monomer

are represented on Fig. 11; aqueous flow rate is imposed at

8 mL h–1.

For each monomer and aspiration flow rate, the octanol

flow rate is progressively increased: at low flow rates, one or

more particles can be trapped in a single droplet. At high flow

rates, the droplets can be generated without particles inside.

The graph of Fig. 11 plots the synchronization flow rates gath-

ered during experiments for each operating condition. It is no-

Figure 11. Research of the synchronization flow rate of the third phase function of the aspiration flow rate and the initial flow rate of the
monomer.



ticeable that the distance between particles strongly interacts

with the synchronization flow rate and, consequently, the fre-

quency and the size of the droplets generated. The droplets

generated are the consequence of the physico-chemical proper-

ties of the two phases involved and the size of droplets ob-

tained will change if another phase is used but adding the as-

piration module can notably reduce its size. If aspiration is too

important, it may induce contact between particles or the fall

into the bottom of the channel. The aspiration in this case is

also subject to limitations not to modify the particle pattern.

5 Conclusion

A complex multioperation microdevice including droplet gen-

eration, polymerization part, and particles handling is report-

ed here. Polymer particles generated are monodisperse and in

the range of 70–200 microns. This range can easily be widened

by changing the inner diameters of capillaries that constitute

the device. The feasibility of coupling aspiration and injection

modules in order to perform continuous operations, such as

solvent change or particles encapsulation in microchannels has

been demonstrated. From the results, it is possible to generate

complex solid structures. For instance, by coupling solvent

change and particles encapsulation, onion-like structures with

a chosen nature are reachable. Of course, the specific device of

this study presents constraints which limit the operating do-

main. These constraints are mainly due to the mechanical

etching that implies roughness, but this could be solved in sec-

ond generation devices. The methodology and the analysis of

this paper can be applied to design other devices for the gen-

eration of other micro-objects.
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Symbols used

d [m] diameter of the microchannel

f [s–1] drop or particle frequency of

generation

f [s–1] frequency of generation of the droplet

containing particles

ht [J] energy brought to the system by

radiation

l [m] length of the microchannel

Lext [m] length of the droplet containing

particles

Lg [m] drop length

Li [m] length of the interval between droplets

Lp [m] particle length

Lpattern [m] length of the pattern

Nint [–] number of particles included in a

droplet

Qc [m3 s–1] flow rate of the continuous phase

Qd [m3 s–1] flow rate of the dispersed phase

Q3 [m3 s–1] flow rate of the third phase

Rc [–] roughness of the microchannel wall

T° [J] energy brought to the system by

temperature

v [m s–2] drop or particle velocity

vext [m s–2] velocity of the droplet containing

particles

wext [m] width of the droplet containing

particles

wg [m] drop width

wp [m] particle width

a [°] angle between two channels

h [°] contact angle between the fluid and the

microchannel wall

[uv] [–] physico-chemical properties of fluids
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