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Microfluidics & Lab-on-a-chip
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Microfluidics for production ?

• Better quality

• Lower footprint
• Lower consumption

• Lower development cost
• Reduce time to market
• Flexibility in production

Large-scale production

No change of process

From early stage to full scale production



1) Flow crystallization

3) Micro-emulsification

2) Solvent extraction by pervaporation



1) Flow crystallization

3) Micro-emulsification

2) Solvent extraction by pervaporation



Flow vs. batch crystallization of APIs

0 5 10 15 20 25 30 35 40 45 50

C
on

ce
nt

ra
tio

n 
/ m

g/
m

L

M
et

as
ta

bl
e 

zo
ne

Spontaneous
Nucleation

Soluble
conditions

X

Temperature / °C

Seeding



Fine control of the nucleation rate
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supersaturation

↘ 20°C/s

Q

[Rimez, Septavaux, Debuysschère & Scheid, Journal of Flow Chemistry, 2019]



Shear rate

N
u
cl

ea
ti

on
 r

at
e

Influence of shear on the nucleation rate

t
Non-classical nucleation theory:

[Debuysschère, Rimez, Zaccone & Scheid, Crystal Growth and Design, 2023]
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1) Flow crystallization

3) Micro-emulsification

2) Solvent extraction by pervaporation



Separation by pervaporation

[Ziemecka, Haut & Scheid, Lab-on-a-chip, 2015]

Inert gas



Modeling

B =
WLpPyPatm

HL0

Purge-gas pervaporation
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Quantifies the transfer of 
methanol from the liquid 

channel to the vapour channel 

Quantifies the conservation of 
H2O2 in the liquid channel

Overall	ef)iciency	of	the	chip

𝜂 = 𝜂!𝜂"

Theoretical Efficiency



Theoretical Efficiency

B =
WLpPyPatm

HL0

B = 100T = 70°C – P = 0.5 bar

T = 100



Experimental proof-of-concept



Theory vs. experiment

Less than 1% methanol at the outlet
H2O2 concentration increase 3 times

[Ziemecka, Haut & Scheid, Microfluidics,& Nanofluidics, 2017]

Experimental points
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1) Flow crystalliza>on

3) Micro-emulsification

2) Solvent extraction by pervaporation



Microfluidic technologyTraditional emulsification in batch

100 µm

High sphericity

Poor sphericity

MonodispersityPolydispersity

Micro-emulsification



Background
Different ways of making microdroplets
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Droplet generation: 2 mechanisms
1. Rayleigh-Plateau mechanism

(Dynamic instability)



Utada et al. (2008)

Absolute instability à Dripping
breakup at orifice

Convective instability à Jetting
breakup downstream from orifice

Page 24

Dripping to jetting transition
Rayleigh-Plateau mechanism

(monodisperse)(polydisperse)



Droplet generation: 2 mechanisms
2. Pendent drop

(Static instability)
Surface tension force
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Worthington number:

[Berry et al., JCIS, 2015]

[Basilisk]



Micro-droplet generation

[Utada et al. 2005, Erb et al. 2011]

[Evangelio et al. 2016]

collector capillaries. During growth, the droplet will remain attached

to the capillary tip due to the interfacial tension force as:

Fg ¼ pDdg1,2 (2)

Where, g1,2 is the interfacial tension between fluids 1 and 2 andDd is

the diameter at the capillary tip (Fig. 1). Meanwhile, the co-flowing

outer fluid applies a shear force that acts to pull the droplet off of the

capillary tip. We approximated this shear force by using a modified

Stokes’ drag force for a particle in a flowing solution18 as:

Fshear ¼ 3pm2(d " Dd)(n2 " n1) (3)

Where, m2 is the viscosity of the outer fluid, d is the diameter of the

protruding droplet, and v1 and v2 are the average velocities of the

inner and outer fluids, respectively. Here, the d" Dd term reflects the

fact that the cross-section of the inner capillary tip works to shield

part of the growing droplet from the shear force, implying that d is

necessarily larger than Dd.

Because of the relatively small Reynolds number of this flow

configuration, this description assumes that the droplet growth

occurs in a laminar flow environment in which viscous forces

dominate. Under this condition, droplet rupture is neither due to the

momentum of the outer fluid co-flow nor due to the pumping force

that overcomes the droplet’s Laplace force. Such cases would lead to

more complex behaviors, such as jetting, as reported by others.19

Further, our approximation for the shear forces on the particle

(eqn (3)) assumes a rigid particle instead of a fluid droplet and does

not account for the walls of the collector capillary. These two

simplifying assumptions have opposing effects on the actual drag

force: while a fluid droplet experiences less drag than a rigid particle,

the collector walls lead to larger velocity gradients on the droplet

surface and, thus, to an increased drag. As it is shown in the ESI†,

these two competing mechanisms roughly balance each other such

that eqn (3) will turn out to be an appropriatemodel of the drag force

for predicting the droplet sizes.

The velocities v1 and v2 in eqn (3) are estimated from the volumetric

flow rates Q1 andQ2 and their associated cross-sectional areas in the

system. Though the cross-sectional area of the droplet is rather

straightforward, the cross-sectional area of the outer flow is variable,

being the difference between the cross-sectional areas of the capillary

wall and of the growing droplet size. With this in mind, the average

velocities in the continuous phase and of the droplet are estimated as

v2 ¼ 4Q2/p(D
2
c " d2) and v1 ¼ 4Q1/pd

2, respectively, where Dc is the

diameter of the collector capillary.

By combining eqn (2) and (3) with eqn (1), we find that the droplet

diameter at rupture can be determined as the solution to the

polynomial:

Cacrit~md
4 + qnetd

3 " (qnet + Cacrit~mD
2)d2 " q1D

2d + q1D
2 ¼ 0 (4)

where we have introduced the dimensionless droplet size d ¼ d/Dd

and the diameter ratio of the capillaries,D¼ Dc/Dd. Further, we use

the reference flow rate Qo ¼ pD2
dg/12m1 to non-dimensionalize the

flow rates as q1 ¼ Q1/Qo, q2 ¼ Q2/Qo and qnet ¼ q1 + q2. Finally, the

parameter ~m ¼ m1/m2 describes the ratio of the fluid viscosities. Note

Fig. 1 (a) A model micro-capillary device used to study the dynamics of single dripping events. (b–d) Resulting monodisperse single emulsions

produced from this device under various flow conditions. Scale bars are 250 mm.

8758 | Soft Matter, 2011, 7, 8757–8761 This journal is ª The Royal Society of Chemistry 2011
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RAYDROP

middlefluid,whichcanbeselectivelygelled
orhardenedtocreatesolidcapsules(12,13).
Thesecapsulescanbeusedtoencapsulateof
drugsfortargeteddeliveryandrelease(14–21).

Multipleemulsionsaretypicallymadeina
two-stepprocess,byfirstemulsifyingtheinner
dropletsinthemiddlefluid,andthenunder-
takingasecondemulsificationstepforthe
dispersion(22).Eachemulsificationstep
resultsinahighlypolydispersedropletdistri-
bution,exacerbatingthepolydispersityofthe
finaldoubleemulsion.Thus,anycapsules
formedfromsuchdoubleemulsionsare,by
nature,poorlycontrolledinbothsizeand
structure,andthislimitstheiruseinapplica-
tionsthatrequireprecisecontrolandreleaseof
activematerials.Microfluidictechniquescan
circumventthevagariesofthebulkemulsifi-
cationprocessandcanproducemoreuniform
doubleemulsions(23),althoughtherangeof
dropsizesislimitedandthedevicesrequire
localizedsurfacefunctionalizationtocontrol
wettabilityinordertofunction.Alternatively,
flowfocusingofcoaxialjets(24)canproduce
uniformcoateddroplets,butthesemustbere-
emulsifiedintothecontinuousphase,whichis
adifficultstepthatprecludeswidespreaduseof
thistechnique.Theavailabilityofhighly
monodispersedoubleemulsionswouldnot
onlygreatlyimprovetheirapplicabilitybut
wouldalsoallowfordetailedstudiesoftheir
stabilityundermorecontrolledconditions
(25–31).

Herewedescribeafluidicdevicethat
generatesdoubleemulsionsinasinglestep,
allowingprecisioncontroloftheouterand
innerdropsizesaswellasthenumberof
dropletsencapsulatedineachlargerdrop.Our
deviceconsistsofcylindricalglasscapillary
tubesnestedwithinasquareglasstube.By
ensuringthattheouterdiameteroftheround
tubesisthesameastheinnerdimensionofthe
squaretube,weachievegoodalignmentto
formacoaxialgeometry.Theinnermostfluid
ispumpedthroughataperedcylindrical
capillarytube,andthemiddlefluidispumped
throughtheoutercoaxialregion(Fig.1A),
whichformsacoaxialflowattheexitofthe
taperedtube.Theoutermostfluidispumped
throughtheoutercoaxialregionfromthe
oppositedirection,andallfluidsareforced
throughtheexitorificeformedbythere-
maininginnertube(Fig.1A).Thisgeometry
resultsinhydrodynamicfocusing(24,32)of
thecoaxialflow.Theflowpassesthrough
theexitorificeandsubsequentlyrupturesto
formdrops;however,thecoaxialflowcan
maintainitsintegrityandgeneratedouble
emulsiondropletswithinthecollectiontube.
Wewerealsoabletoproducesingleemul-
sionsbyremovingthetaperedinnerinjection
tube.Inthisgeometry,ourdeviceisreminis-
centoftheselectivewithdrawaltechnique
(33).Typicaldiametersoftheexitorificein
ourdevicesrangefrom20to200mm;however,
smallerorlargerorificescanalsobeused,

whichallowsthedropsizetobeadjusted.For
convenience,weusedacollectiontubewhose
innerdiameterwasinitiallynarrowand
abruptlywidenedatadistanceequaltoone–
articlediameterdownstream.Thesecollec-
tiontubeswerefabricatedbyaxiallyheating
theendofacylindricalglasstube;asthe
glassliquefies,theorificeshrinks.Alter-
natively,wecanuseataperedcapillarytube
asthecollectiontube.Thiscanprovidead-
ditionalcontrol,butthealignmentoftwo
taperedcapillarytubesismoredelicateand
hencemoredifficult.

Weachievedahighdegreeofcontrolover
theresultantdoubleemulsions,varyingthe
diametersofboththeouterandinnerdrops
andthenumberofinnerdroplets[supporting
onlinematerial(SOM)textIandfig.S1].We
canproduceuniformdoubleemulsions,in
whicheachdropcontainsasingleinternal
droplet,creatingcore-shellstructureswhose
dropdiameterandshellthicknesscanbe
controlled.Forexample,wecanformdrops
withextremelythinshells;theratioofshell
thicknesstoouterdropradiuscanbeaslow
as3%(Fig.1B).Alternatively,wecanin-
creasetheshellthicknessuptoabout40%of
thedropradius(Fig.1,CtoE).Wecanalso
varythenumberandsizeoftheinternal
dropletsinthedoubleemulsions(Fig.1,F
andG).Astreamofdoubleemulsions,each
containingasingleinternaldroplet,isshown
inFig.1H.

Togaininsightintothebreakupofacoaxial
flow,wefirstconsideredtheformationof
singleemulsions.Wedefinedtwomechanisms
ofdropformationforourdevicegeometry:
drippingandjetting(34,35).Drippingpro-
ducesdropsclosetotheentranceofthe
collectiontube,withinasingleorificediame-
ter,analogoustoadrippingfaucet.Droplets
producedbydrippingaretypicallyhighly
monodisperse.Incontrast,jettingproducesa
longjetthatextendsthreeormoreorifice
diametersdownstreamintothecollectiontube,
whereitbreaksintodrops.Thejettingregimeis
typicallyquiteirregular,resultinginpoly-
dispersedropletswhoseradiiaremuchgreater
thanthatofthejet.Jetformationiscausedby
theviscousstressoftheouterfluid,whose
viscosity,hOF,istypically10timesgreater
thanthatoftheinnerfluidsinourexperiments.
Thus,viscouseffectsdominateoverinertial
effects,resultinginalowReynoldsnumber.
Theformationofdoubleemulsionsissimilarto
thatofsingleemulsions;however,thereare
twofluidsflowingcoaxially,eachofwhichcan
formdropsthrougheithermechanism.

Thesizedistributionofthedoubleemul-
sionsisdeterminedbythebreakupmechanism,
whereasthenumberofinnermostdroplets
dependsontherelativeratesofdropformation
oftheinnerandmiddlefluids(fig.S1).When
theratesareequal,theannulusandcoreofthe
coaxialjetbreaksimultaneously,generatinga

Fig.1.Microcapillarygeometryforgeneratingdoubleemulsionsfromcoaxialjets.(A)Schematic
ofthecoaxialmicrocapillaryfluidicdevice.Thegeometryrequirestheouterfluidtobeimmiscible
withthemiddlefluidandthemiddlefluidtobeinturnimmisciblewiththeinnerfluid.The
geometryofthecollectiontube(roundtubeontheleft)canbeasimplecylindricaltubewitha
constriction,asshownhere,oritcanbetaperedintoafinepoint(notshown).Thetypicalinner
dimensionofthesquaretubeis1mm;thismatchestheouterdiameteroftheuntaperedregions
ofthecollectiontubeandtheinjectiontube.Typicalinnerdiametersofthetaperedendofthe
injectiontuberangefrom10to50mm.Typicaldiametersoftheorificeinthecollectiontubevary
from50to500mm.(BtoE)Doubleemulsionscontainingonlyoneinternaldroplet.Thethickness
ofthecoatingfluidoneachdropcanvaryfromextremelythin(lessthan3mm)asin(B)to
significantlythicker.(FandG)Doubleemulsionscontainingmanyinternaldropswithdifferent
sizeandnumberdistributions.(H)Doubleemulsiondrops,eachcontainingasingleinternal
droplet,flowinginthecollectiontube.Thedevicesusedtogeneratethesedoubleemulsionshad
differentgeometries.
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Middle fluid

Injection tube Collection tube

Outer fluid

Inner fluid

[Dewandre et al. 2020]

Rayleigh-Plateau mechanism

à Dynamic instability

“Pendent droplet” mechanism

à Static instability



180 µm

Dispersed phase, Qd

Continuous phase, Qc

Water in mineral oil, 500 Hz

1 mm

Input capillary

Nozzle

Output capillary

4 cm

Raydrop
Non-embedded co-flow-focusing

• No coating  needed

• No surfactant needed

• W/O and O/W

• Miscible fluids

• 10 to 400 µm

3D printed nozzle



Modelling
(Navier-)Stokes equations

FEM + ALE + BALE
(Comsol Multiphysics)

[Rivero-Rodriguez, Perez-
Saborid & Scheid, JCP, 2021]



Dripping (D) to quasi-static jetting (QSJ) transition

Dripping Jetting
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<latexit sha1_base64="0a/bmF+wmFP3nrh1Rlxb/cRvoDs=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswp2IWgZtLCwSMB+QHGFvM5es2ds7dveEcOQX2FgoYutPsvPfuEmu0MQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDv1W0+oNI/lgxkn6Ed0IHnIGTVWqt/3SmW34s5AlomXkzLkqPVKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZodOyKlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ9xmaQGJZsvClNBTEymX5M+V8iMGFtCmeL2VsKGVFFmbDZFG4K3+PIyaZ5XvMuKV78oV2/yOApwDCdwBh5cQRXuoAYNYIDwDK/w5jw6L8678zFvXXHymSP4A+fzB6WBjNY=</latexit>

L

Large 
volume

Small 
volume



Dropsizer



Dripping/jetting transition
Quasi-static limit

450µm

µl/min

Qd ⌧ Qc
<latexit sha1_base64="Vc5Z+3jmMtoZbojfR+rWu2lrHkU=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuQpKGtu6Kbly2YB/YhjCZTNqhk0mYmQgl9C/cuFDErX/jzr9x0lZQ0QMXDufcy733BCmjUlnWh7G2vrG5tV3aKe/u7R8cVo6OezLJBCZdnLBEDAIkCaOcdBVVjAxSQVAcMNIPpteF378nQtKE36pZSrwYjTmNKEZKS3cdPxwxBjs+9itVy7xs1h23Di3Tshq2YxfEabg1F9paKVAFK7T9yvsoTHAWE64wQ1IObStVXo6EopiReXmUSZIiPEVjMtSUo5hIL19cPIfnWglhlAhdXMGF+n0iR7GUszjQnTFSE/nbK8S/vGGmoqaXU55minC8XBRlDKoEFu/DkAqCFZtpgrCg+laIJ0ggrHRIZR3C16fwf9JzTLtmOh232rpaxVECp+AMXAAbNEAL3IA26AIMOHgAT+DZkMaj8WK8LlvXjNXMCfgB4+0TNLmQnw==</latexit>

Qc =
<latexit sha1_base64="uIkz7oO5raHbS9+bjrpF+EprYu8=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtBb0IRS8eW7Af0C4lm2bb0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvCDmTBvX/XYKG5tb2zvF3dLe/sHhUfn4pKOjRBHaJhGPVC/AmnImadsww2kvVhSLgNNuML3P/O4TVZpF8tHMYuoLPJYsZASbTGoNye2wXHGr7gJonXg5qUCO5rD8NRhFJBFUGsKx1n3PjY2fYmUY4XReGiSaxphM8Zj2LZVYUO2ni1vn6MIqIxRGypY0aKH+nkix0HomAtspsJnoVS8T//P6iQlv/JTJODFUkuWiMOHIRCh7HI2YosTwmSWYKGZvRWSCFSbGxlOyIXirL6+TTq3qXVVrrXqlcZfHUYQzOIdL8OAaGvAATWgDgQk8wyu8OcJ5cd6dj2VrwclnTuEPnM8fn8uN9g==</latexit>

<latexit sha1_base64="FzmvW1Q71UY1Ga7hygZfw+HGnWI=">AAAB/HicdVDLSgMxFM3UV62vapdugkUQF2VmOrZ1V+zGZQX7gHYsmTTThmYmQ5IRy1B/xY0LRdz6Ie78GzNtBRU9cOHknHvJvceLGJXKND+MzMrq2vpGdjO3tb2zu5ffP2hLHgtMWpgzLroekoTRkLQUVYx0I0FQ4DHS8SaN1O/cEiEpD6/VNCJugEYh9SlGSkuDfKGBBvjmFPZRFAl+B82S7QzyRbN0XqvYZ7Z+m2bVLldSYlcduwwtraQogiWag/x7f8hxHJBQYYak7FlmpNwECUUxI7NcP5YkQniCRqSnaYgCIt1kvvwMHmtlCH0udIUKztXvEwkKpJwGnu4MkBrL314q/uX1YuXX3ISGUaxIiBcf+TGDisM0CTikgmDFppogLKjeFeIxEggrnVdOh/B1KfyftO2SVSk5V06xfrGMIwsOwRE4ARaogjq4BE3QAhhMwQN4As/GvfFovBivi9aMsZwpgB8w3j4B1HWTng==</latexit>

Ca⇤c ⇡ 0.24



Phase diagram
� = 1/23

<latexit sha1_base64="sesD+Hx5bgGjMOb5j5M9BcVi8yI=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5q0gl6EohePFUxbaELZbDbt0s0m7G6EEvo3vHhQxKt/xpv/xm2bg7YOLAwz83hvJ0g5U9q2v63S2vrG5lZ5u7Kzu7d/UD086qgkk4S6JOGJ7AVYUc4EdTXTnPZSSXEccNoNxnczv/tEpWKJeNSTlPoxHgoWMYK1kTyPm2iIb5yLRnNQrdl1ew60SpyC1KBAe1D98sKEZDEVmnCsVN+xU+3nWGpGOJ1WvEzRFJMxHtK+oQLHVPn5/OYpOjNKiKJEmic0mqu/J3IcKzWJA5OMsR6pZW8m/uf1Mx1d+zkTaaapIItFUcaRTtCsABQySYnmE0MwkczcisgIS0y0qaliSnCWv7xKOo2606w3Hi5rrduijjKcwCmcgwNX0IJ7aIMLBFJ4hld4szLrxXq3PhbRklXMHMMfWJ8/jcWQtQ==</latexit>

<latexit sha1_base64="RyrggsXZgPGrTf5pzAFNbjetngg=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuCpJFXUjFN24rGAv0IYwmUzboZNJmJkUSuibuHGhiFvfxJ1v46TNQlt/GPj4zzmcM3+QcKa043xbpbX1jc2t8nZlZ3dv/8A+PGqrOJWEtkjMY9kNsKKcCdrSTHPaTSTFUcBpJxjf5/XOhErFYvGkpwn1IjwUbMAI1sbybbsfpT5Bt6h+gXIMfbvq1Jy50Cq4BVShUNO3v/phTNKICk04VqrnOon2Miw1I5zOKv1U0QSTMR7SnkGBI6q8bH75DJ0ZJ0SDWJonNJq7vycyHCk1jQLTGWE9Usu13Pyv1kv14MbLmEhSTQVZLBqkHOkY5TGgkElKNJ8awEQycysiIywx0SasignBXf7yKrTrNfeq5j5eVht3RRxlOIFTOAcXrqEBD9CEFhCYwDO8wpuVWS/Wu/WxaC1Zxcwx/JH1+QOTCpJU</latexit>

µc = 23µd

Quasi-static limit



Universal µdroplet generator

From co-flow 
to Raydrop

Guillot et al. Phys. Rev. Lett. 2007



Universality

100µm



From TIPs to Secoya

Youen Vitry Adrien DewandreJavier Rivero 

Rodriguez 
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Single and double emulsions for encapsulation

Continuous phase

Continuous phase

Droplet 
phase

100 µm

Continuous phase

Droplet 
phase

Shell 
phase

Core
phase

Shell 
phase

Core
phase

100 µm

Collection capillaryInjection 
nozzle Dewandre et al., Scientific Reports 10, 2020

Continuous phase

Collection capillary

Injection 
nozzle

https://www.nature.com/articles/s41598-020-77836-y


1) Flow crystallization

3) Micro-emulsification

2) Solvent extrac>on by pervapora>on



Making big volumes with small capillaries



From Secoya to TIPs



Thanks for your attention


