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Investigations of modular microfluidic geometries
for passive manipulations on droplets

D. ZAREMBA?!, S. BLONSKE, M. JACHIMEK?, M.J. MARIIJNISSEN,
S. JAKIELA?, andP.M. KORCZYK™

P QVWLWXWH RI )XQGDPHQWDO 7HFKQRORJLFDO 5HVHDUFK 3ROLVK $FDGHP\
2'HSDUWPHQW Rl %LRSK\VLFV :DUVDZ 8QLYHUVLW\ RI /LIH 6FLHQFHV 1RZR

Abstract. Multiple pipetting is a standard laboratory procedure resulting indgh®artmentalisation of a liquid sample. Microfluidics of
fers techniques which can replace this process by the use of tiny dropktiePmanipulation on droplets is an interesting and promising
approach for the design of microfluidic devices which on one hand areeasg-tand on the other, execute complex laboratory procedure:
We present a comprehensive study of the geometry of microfluidic centsowhich encode different operations on droplets into the-struc
ture of the device. The understanding of hydrodynamic interecbetween the continuous flow and a droplet travellinguiph confined
space of nontrivial microfluidic geometries is crucial for a rati@mal efficient design of new generation of modular microfluidic prawsss
with embedded instructions.

Key words: microfluidics, two-phase flows, droplets.

1. Introduction Point of Care devices. Hence the development of such sys
tems with a wide range of liquid handling protocols remains
ORGHUQ DQDO\WLFDO PHWKRGYV OLNodHe ldf the ilhpdrialf DQivat&hs oR mrbfiQidlddd $ohielrH
execution of complex algorithms on numerous compartmen®W HUHVWLQJ VROXWLRQV H[LVW H J
Rl D VDPSOH > @ ,Q WKLV FRQWH[WYV OVMKSH FKILIEWR* O XL CREF JWHHRAPKHUNRWDLRFI P R €
highly desirable, as it offers precise handling of smallamounBLFURGURSOHWYV > +*+ @ +RZHYHU
of liquids, allows for parallelisation, integration and automatiors always achieved by sacrificing accuracy, the throughpu
RI PXOWLSOH SURFHVVHV LQ D VLQJan#in@iaal tdmiplexity. In@rder @ &/Ertbive tReseOdddtacl et
XVH RI LPPLVFLEOH OLTXLGV DO OR Zthe hBxt/gendr@tidrudDd [dbioR-8 chip @evid€d Gap Qtdirsem
XODWLRQ > @ RQ VPDOO GURSOHWY EHNRGCGOE VWRQQ® WPREVRR Q XW & HFFKHK I3 QLI
may be considered as isolated biochemical reactors, where each, Q WKH SUHYLRXV SXEOLFDWLRQ
single droplet has a specific composition of reagents or biologxamples of passive microfluidic modules called microfluidic
LFDO FRQWHQW > @ 7KDW SURYLWHDS\Q FUHG/LHE O/H) RS\ ZBIW M CEDW IOHAY |
performing a large number of chemical reactions or biologicainetries: obstacles and slit-bypasses. Modifications of thes
experiments at the same time with very small consumption eliements and their different combinations allowed to construc
UHDJHQWY DQG VDPSOHV > @ traps with such functions as i) metering prescribed volume o
The ability to manipulate droplets in microfluidic devicesa droplet; ii) immobilization of a droplet; iii) combining con
is crucial for precise control over the composition of SUUAWHFXWLYH GURSVY 7KH RWKHU SXEOL
micro-reactors. The current state of microfluidic technologgemonstrated the use of slit bypasses in a construction of s
enables to perform such operations as: droplet generaticdhDOOHG EORFN DQG EUHDN GURSOH
merging, splitting, moving, positioning by the use of activpresented the potential of the new approach to the constructic
FRQWUROOHUV HJ HOHFWURPDJQHWLRXYDFOWHRQP @ RAFURIOXLGLF PRE»
The potential of the active techniques in automation a@f comprehensive analysis of principal mechanisms. So fa
GURSOHW WUDIILF FRQWURO LV-LPSDWKNUYRIQ®\@L QMRZHWIHH WHHRHD UWNH/
quire the use of multiple connections and active componemsdules have been discussed. Our recent observations show
such as precise valves and electronics. That increases techrtltatl the behaviour of droplets in some microfluidic geometries
complexity and the cost of the whole setup, which inhibits theay be counter-intuitive. Hence, the intuitive approach to the
application of those solutions in simple in use and inexpensidesign of passive elements may cost numerous failed trials ar
resources. Therefore, effective applications of this technolog
require detailed investigations on mechanisms ruling movemer

*H PDLO SLRWU NRUF]J\N#LSSW SDQ SO RI GURSOHWY LQ QRQWULYLDO JHRP/!
Manuscript submitted 2017-10-20, revised 2017-12-21, initially accepted The crucial _r0|e in the understandlng. Of'those mechanism:
for publication 2018-01-14, published in April 2018. plays the confinement of flows of two liquid phases and the
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formulas for' p.+ © Op,;, one can obtaiRy © &' . This implies
that a droplet in the channel leaves the corners filled by the cor
tinuous phase. These corners, so-called gutters, form channe
parallel to the droplet, through which the continuous phase ca
IORZ DURXQG D GURSOHW > @ 7KLV I
is confirmed by the observations and numerical simulations o
a droplet squeezed in a square-shaped channel (see Figs 1). |
worth noticing that the equilibrium shape depends only on the
dimensions of the channel and is not affected by the valuk of

In the presence of a constant flow of continuous phase il
D UHJXODU FKDQQHO D SOXJ OLNH GL
> @ ,Q WKH SUHYLRXV SDSHU->
ditional geometrical components modifying the geometry of
a channel can be effectively used to disturb this movement i
a controlled manner.

/HW XV FRQVLGHU WZR NLQGV R} JH
Fig. 1. The shape of a droplet confined in the channel of a rectangyt@ss slit and an obstacle, which put together forms the so-calle
cross-section: a) a micrograph of the real droplet in the channel of tmetering trap. A bypass slit is a niche of the height equal tc
Z L GW Kin, b) and c) the simulation of the shape of a droplet in thagEg & placed at the top of the main channel (see Fig. 2,
VTXDUH FURVYV VHFWLRQ FKDQQWROPMHAH>E\@NKH XVH RI 6 XUIDFH (

The empty corners (gutters) are visible with the radius of curvature of
the interfaceR, © &

a) bypassslits  opstacle b)

bypass slit A obstacle

confinement of the interface between them. This is the fa
cinating aspect of two phase flows in microfluidic channel
Microfluidics offers the unique situation when the height o
WKH FKDQQHO LV ORZHU WKDQ WKH
negligible. Droplets larger than the cross-section of the chani
are squeezed between walls of the channel and form elonge
plugs. If the vertical dimension of that cross-section is lowe
than the capillary length, the shape of a confined dropletC)
determined only by geometrical constrictions of the solid wal
and by the Laplace-Young equation which describes the d
ference in the pressure sustained across the curvethager
between two immiscible liquid phases:

s ALl @ A . bypass slits obstacle
o C(Rl © %) @) ‘ g

where Js the coefficient of surface tension aRdandR, are
principal radii of curvature. In a static droplet both pressures, il
side and outside of a droplet are constant and homogeneous. T
the Laplace pressure drop is constant over the whole interfac
In this paper we consider droplets, which do not wet th
walls of the channel (contact angle equals ¢.8this condition
is commonly obtained by the use of surface modifications ar
additions of surfactants. For the simplicity of calculations wt

can assume that the tips of the non-wetting droplet form-herEllg. 2. The metering trap: a) 3-D visualisation of the trap with the
spherical caps of both principal radii equdl2. Hence the La FRQVWUXFWLRQ HOHPHQWY OLNH VOLW |

place pressure drop at the tips is given gy © QIw® Bw) b) top-view of the trap, c¢) and d) cross-sections through planes AE
(see Fig. 1a). Further, we assume that in the internal partanfl CD as described in b). The schematic shapes of droplets in tf

a droplet, between its cups, radius of the curvature of the ffoss-sectional picture show that the droplet needs to generate finger

terface in the direction along the axis of the channel goestﬂ? curvature much higher than the mean curvature of the static dropls
0 penetrate the slits of bypasses or to pass through the obstacle.

infinity. Thus, the Laa{;]ace pressure in the internal part @n é:onsecutive snapshots illustrating the main functionality of the trap.

channel
cross-section

slit over obstacle

droplet

AB

described as! p, © ¢k , whereR; is a radius of curvature for The long droplet enters a trap and is divided into two parts. One o
the cross-section of a droplet in the internal part. Equating abovéhem is immobilised in the trap, while the other one goes further
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which increases the area of the cross-section of the channel. KLJK SUHVVXUH ZDWHU ZDVKHU .DL
The height of the bypass equal to the radius of curvature famd further washed by hand with isopropanol. In the next stef
the interface in gutters, ensures that the shape of a statictdroplannels were closed by bonding the milled chip with anothe
is not affected by the presence of this slit. Indeed, the bypassycarbonate plate with the use of a heating press (Argent:
slit is an additional narrow channel, which enlarges the guttes.: BRODQG DW D W HPehti &Jpeasxre) of |
6LPLODUO\ OLNH LQ WKH UHJXODU VWIX¥dHdrH FKBIQRXKHGS ADKHNFHBWQ HQ W R B B
be occupied by the static droplet. The role of these additiorfat about 30 minutes, then allowed to cool down all the time
slits is to enhance the bypass flow of continuous phase.  under pressure. Before the bonding procedure the holes of d
The other geometrical element we used for the constructiameter 800An were drilled through one of the plates to form
of our traps is an obstacle in the main channel, which localiylets and outlet to the channels of the milled device. Piece
decreases the lumen of the channel. To go across the obstaifleut needles of the outer diameter 880 (Braun, Sterican,
a droplet needs to create a tip with a higher curvature thanthél UPDQ\ ZHUH IL[HG LQWR WKH LQO
curvature in the rest of the channel. This means that additiot@lenable tight connection with elastic tubing.
pressure must be applied to let the droplet pass the barrier. As7KH Q +H[DGHFP@IID $HVDU *HUPDC(
we have shown before, the combinations of traps allowed fas the continuous phase (CP) and distilled water coloure
encoding of a digital sequence of operations on droplets. TRELWK LQN 3HOLNDQ *HUPDQ\ ZD
allowed for a controlled exchange of mass between droplets3 7KH VXUIDFWDQW 6SDQ JOXNH
generating desired distributions of compound concentratioadded to the n-Hexadecane with concentration of about th2
> @ 'HVSLWH WKH SUHYLRXV S XE&didtbeWwettit@of @el Wald bE dhanQels by thdddsoyletd. QHe
ZKROH FRPSOH[ VIVWHPV RI WUDSV QVKH[DHE HV D/VOWH. G® @ V@RFdyhaRnic Misg&3iy00
edge about their principal mechanisms. At this point, there ateV P 3 D . Dtétfacial tension between n-Hexa
RQO\ VRPH UDWKHU LQWXLWLYH UHRDHUAD/QBEBRGE WKW HEOD MAID Weasu@dRy theU
which allowed to design a few types of traps through trial argendant drop method.
error. The further development of this very promising method Experiments consisted mainly of visual observations of
requires detailed fundamental investigations. flows in fabricated transparent microfluidic devices. Liquids
Here we propose a comprehensive approach that givesuere pumped by precise and pulsation-free syringe pump
sight into mechanisms which are responsible for the specifidQHO0(6<6 &HWRQL *PE+ HTXLSSHG
features of traps. We conducted our analysis on the exampler@de of borosilicate glass with a PTFE plunger (ILS Inpova
the metering trap. We present the results of both experimentlLYH /DERU 6\VWHPH *PE+ 6\ULQJH
and numerical investigations and show the complex interactiomscrofluidic device using polyethylene tubing with inner and
between the droplet and the flow of the continuous phase alterBAXWHU GLDPHWHU HTXDO WR PP
by the confined geometry of the metering trap. The gathereQWUDPHGLFS %HFWRQ 'LFNLQVRQ &
NQRZOHGJH LV YLWDO IRU WKH X QtBese\oad-quetio Jedretry Knkl fl@rat€df th& CPHvaE

passive structures. P O Ioth for droplet creation and its displacement.
Flows investigated in the microfluidic device were visual
LVHG XVLQJ D +XYLW] +6= 75 VWHUH
2. Materials and methods REMHFWLYH DQG ,'6 8, /( & +4 GLJI

images were stored on a PC computer for further analysis.

The microfluidic devices were fabricated of a transparentpol  Velocity field of the flow of the CP through the trap was
FDUERQDWH SODWH %D\HU 0D N U Riet®mirsed* Ring patticeDirgage RlocimBtR technique (PIV)
WKLFENQHVY YLD GLUHFW PLOOLQJ XVLQ@ D7KH& Q@DOODVMHGE IIDRIZUDDN. Y BH H
PDFKLQH (UJZLQG 0)* 3 3 RO DQ articleswit d dianietdr ¢f LB @rid@dnsity similar to the
process a polycarbonate plate was fastened to the perfordiqdids, to minimise buoyancy effects. Images were regis
vacuum table of the CNC machine by applying underpressuered using the pco.1200hs high speed digital camera (PC!

EDU JHQHUDWHG E\ D YDFXXP SXPBILE)X$ /DERULLWBRYLFFOLSVH ( L Pl
Poland), which ensured the high precision of mounting @i 1&E/ REMHFWLYH 1LNRQ /8 30DQ
milled material in the Z axis. A 2-flute fishtail milling bit FR208 Rl WKH UHFRUGLQJ V\V WHrn esbRtioh G |
R1 GLDPHmMMBs used for engraving the channels. Fasf the captured images. The recording framerate was set 1
the optimization of the fabrication process, the diameter of the A ISV GHSHQGLQJ RQ WKH IORZ Y
milling tool was set to the width of the main chanwelThe SODFHPHQW RI WKH WUDFHU SDUWLFC
half of that diameter sets the minimal radius of the curvatuteeen sequential frames. The appropriately short exposure tim
which can be engraved in the plane of the device. In eong&00 ) prevented blurring of the images of tracer particles
quence of that geometrical constraint, both faces of the atue to their motion. The evaluation of images was performec
stacle must be round (with radius equAR) and concave (see XVLQJ WKH FRPPHUFLDO VRIWZDUH 9l
Fig. 2). This shape is compatible with the round and convénstantaneous velocity fields, cross-correlation was applied witt
shape of the tip of a droplet, which is as well determined by thige interrogation window 128128 pixels and spatial window
width of the channel. Engraved structures were cleaned out watlparation equal to 32 pixels in both directions, X and Y. After
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this preliminary evaluation, a local median velocity filter wasormal, respectively. A variable time stepping method was
applied to compare each vector with a median of the nearased allowing the time step to be changed betw&et0f s

neighbours @ 2) and errors were removed. Filtered out wrongnd ¥ 10* s, predominantly the time step oscillated around
vectors were replaced with vectors determined as an interpo £10* s. To ensure correct representation of the drople
lated value of neighbours§R). In the second, final step of shape and its movement, the computational mesh should have
evaluation, adaptive cross-correlation (interrogation windoleast 2& 20 regular elements in the cross-section of the centra
equal to 128 128 pixels and spatial window separation equalhannel, in the plane perpendicular to the droplet movemen
to 16 pixels in both directions) and a local median filter wer€his leads to the entire domain, showed in Fig. 3, consisting o

applied. As a result we obtain more than 1000 instantaneous ILQLWH YROXPHYV 7KH XVH RI I
velocity fields for the whole process of droplet flow througlinterface dispersion.
the trap

(Thermo Scientific) to measure the absorbance of the mixt 2
FROOHFWHG LQ WKH 300% 89 FXYHW\
D PLQLPXP ILOOLQJ YROXPH RI - F
sured directly with the use of the spectrophotometer was-absar

EDQFH ZKLFK DFFRUGLQJ WR WKH %b) DO
to concentration. So the ratio of flows was estimated directly ]
WKH UDWLR RI DEVRUEDQFH PHDWXL D

tion independent from possible fluctuations of starting conce
tration. In all presented experiments we used as an indicator
GLXP S\UXYDWH 6LIJPD $OGULFK *H T
with starting concentratioG, ©& O P PR @s@he buffer s
liquid we used distilled water. . i S =
For the numerical analysis of the motion of droplets, th it
YROXPH RI IOXLG 92) PRGHO > @
Fluent was used to simulate the interactions between two ligt
phases. This technique uses the finite volume method to so i
WKH 1DYLHU 6WRNHYV HTXDWLRQV ZLWK DQ DGGLWLRQDO YROXPH IUDFWL|
function O ZKLFK WDNHV IRU RQH RI WFgH. BiKmevhHidéd i@ &mulatiéhél aysirKokkrview of the wholl
other. Th evolution of the interface is introduced by the trandomain with a droplet inside. b) close-up on the trap itself. The
port equation: composition of two horizontal cross-sections of the simulation mest
WDNHQ DW WZR GLIITHUHQW KHLJKWV 7

o Lo of the domain (below the bypasses, the obstacle visible), the bottor

— owune o (2) spuw x DW KDOI RI WKH KHLIKW RI WKH E

FRORXUV UHSUHVHQW WKH YROXPIKURESO

whereu + 1OXLG YHORFLW\ YHFWRU 7KH gﬁ%bQ\\//VF{WDJégDJQLII}IEVWWRQ RIWKH
the fluid are obtained as:

DL OY B Y, U 3)

SCWRAROO DA, P
3.1. Experimental observations of kineticsHerein we present
7KH UHPDLQLQJ HTXDWLRQV DUH W Kthe éxQeFRental drilysis loBEvdbhdisting (dhetlex&nvd Bsi HI b
equations: of droplets through the metering trap. In the first one, we con
sidered a short droplet (of the length not longer than the lengt
6 O ofa'trapLy VHH )LJ ,Q WKH RWKHU FI
flow of a long droplet (of the length longerthan VHH )L J

3. Results

WY - . . e s . ! In both cases, we used the same metering trap. The flow ¢

W ® O0COuU) 6 O'pd OGH udOu")] a droplet was driven by the flow of CP pumped into the micro
... pkn (6) fluidic device with a constant flow rag; © O P QtKs

> worth noting that the use of syringe pumps ensured the consta

E( Yo @) flow rate regardless of fluctuations of pressure generated b

the droplet travelling through the trap. Before the experiments
wherep + SUHVMXUW LIPHG 7KH ODVW W H U®plel® hadKkeerPfGtRdd @ \Whe Rjunction by the injection of
equation refers to the surface tension. Id k andn represent the desired volume of droplet phase followed by the switching
the surface tension coefficient, the curvature and the surfame of the continuous phase’s flow.
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1
-0.2 0 0.2 0.4 0.6 0.8 12 1.2
Time [s]

VB/Inu[ VB/int/I VBﬁlml’
)LJ 7KH NLQHWLFV RI WKH IORZ LQ WKH FDVH RI D VKRUW GURSOHW HQWHULQ

LQ GLIIHUHQW VWDJHVY DQG WKH VFKHPDWLF UHFRQVWUXFWLRQ RI WKH IORZ SDW

¥ * SRVLWLRQ RI WKHx ERERW RW MRKH R3 WRIS DEEW FONY IR U DVIKHH YAHWDRFQ MW R1 WKH &3 LQ

errors of measurements & displayed as the accompanying wide grey line. The errors of other quantities were of the order of widths o

GLVSOD\HG OLQHV F *# H ([SHULPHQWDO YLVXDOL]DWLRQ RI |D RaAd StBgd/ \oiy peod L

I 11, e) stage Il and periodll 7KH WRS E\SDVVHV + WUDFHV RI SDUWLFOHVY WKH ERWWRP E\

scaling of vectors in the visualisation of different stages. For comparison, the same vector of the constaft;lgngtisplayed below in
the scale of the corresponding velocity field

3.1.1. A short droplet caseThe previous observations showedprocessing, we measured the position of the front of a drople
that a droplet which the length is not longer than the interndf DQG WKH SRV LWLMRY. SFnhultanwegustyDve N
length of the traj. becomes immobilised in the metering trapmeasured the velocity field in the bypasses with the use of th
> @ 7KLV SURFHVV LV LOOXVWUDW H@EVIiteghiigked IntieDIstwve Rrdéent the dormBlised MaifabI€x
see that first the droplet approaches the trap from the left sige® B/ L1, 3 © B/ L1. The valueVs was obtained by spatial
driven by the constant flow of the CP and finally stops in theveraging of the component of the velocity field parallel to the
trap regardless the fact that the flow of the CP is still the sanmeain channel in the bypasses. Then the normalised vglue

For a better understanding of the spontaneous transitismas calculated dividinys by Vgfina + WKH WLPHGEDY |
from the initially unsteady flow to finally steady flow, we eon for a stationary flow after the droplet finally stops in the trap.
GXFWHG D VHULHV RI REVHUYDW L RIQ thisRihaMédafiyuhatio thék kelashes it idaximumh @ane, W
tive description of the process is provided by the conduct@éence the maximum level of © W/ Vifina IS approximately
measurements. By the use of high-speed cameras and imegaal to unity.
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On the base of measurements the process can be disasskendroplet on two sides of the barrier. The plotted value of the
bled into three particular periods with two critical stages beZLGWK RI WKH QHFN ZDV QRUP DQIQHiC
tween them: stage |, when the front of the droplet reaches thig ©® @/ W. W is the width of the side intrusions of a droplet
entrance of the trafx- © Q and stage II, when the front ofthe SHQHWUDWLQJ LQWR WKH E\SDBVZADW
droplet reaches the obsta¢ie © . At stage Il the front of the calculated by averaging the width of intrusions from both sides
droplet stops at the obstacle. In this moment, due to the shaoiria droplet and normalised g + WKH ZLGWK R
length of the droplet equal (or shorter) to the length of the trap © &/ We.

L+, the whole droplet is inside the trap: the front of the droplet On the base of observations and the evolution of measure
touches the obstacler © 9 DQG LVWKYOE DFoNens YDULDEOHV ZH GLVWLQJIXLVKHG FU
the entrance to the bypasses for the flow of the CP. After thate describe below. In stage | the front of the droplet reaches th
the flow of the CP around the immobilised droplet becomemtrance to the trape © Q. In stage Il the tip of the droplet

stationary. reaches the obstaclge © 9 :LWKLQ WKH SHUI

Our observations showed that before a droplet enters ttkURSOHW EORFNV WKH IORZ RI WKH F
WUDS ! \OWDOWOPRYHV ZLWK D FRQ VW& ivbe\bBserike inkh® BeaddlreerRsmIntil stage |1
served flow in the bypasses is as well constant. Between stéige case of the long droplet is similar to the case of the shorte
| and stage Il the droplet enters into the trap. The flow in the bgroplet. Just after stage Il the front of the droplet is held by the
SDVVHV GHFUHDVHV 7KLV PHDQV W KIBAtIqKEHOBIERD OHWN. GHHII MACH @ W PN ELOR
the inflow of the CP into the bypasses. Once the front of tiestill effectively pushed by the flow of the CP. The squeezec
droplet reaches the barrigx: © Q the droplet stops angg GURSOHW LV IRUFHG WR SHQHWUDW
reaches its maximum value. After stage Il the flow becomdse rise ofw,. In stage Il we observe the critical point, where
stationary, where the droplet is immobilised in the trap arte continuously pushed droplet starts to penetrate the slit ove
the entire flow of the CP flows around the droplet through thbe obstacle (rise o 'XULQJ WKH SHU LWRIGH, ,
bypasses. of a droplet(x: ® Q starts to move passing across the obstacle

These observations show the interactions between the flollsQ G G H Y H O R JwQ&) QWK $tag@ Fbbdth the width
of the two phases in the confined geometry of the trap. UntiR | W K Hv@HidFthe intrusions to the bypassgsreach
stage | the flow of the CP in the trap is stationary with thieir maximum values. The front of the droplet has passed th
main flow through the central channel and a minor flow passimgpstacle and starts to move with a constant speed in the outl
through the bypasses. In the period between stage | and stagdnéinnel (linear growth of).
the droplet effectively switches off the CP flow throughtheby 6WDJH 9 + WKH EDFN RI WKH GURSE
passes. It is worth noting, that the flow topology of this periatthe trap(x; © Q and allows the CP access to the bypasses. Th
differs from that of other periods. The significant distinctionn RUFH SXVKLQJ WKH EDFN RI WKH GUF
is the presence of additional single circulation zones in eachthe droplet stopéx © Eonst® Q. After stage V the intru

Rl WKH E\SDVVHV DSSHDULQJ EHK LS oMieHiroplet@kheFoppasyesQrdcedekahd g BeihyV
RI WKH GURSOHW VHH )LJ D D Q-G m@placekhy@rHnddhkng fIGMbLRISCP ThisrgBn@riltels ieflov
ously moves forward, the circulation zone (with zero averagd the DP through the obstacle inflating the part of the drople
velocity) enlarges. The consequence of that is the gradual fallBfW WKH TURQW ,Q VWDJH 9, WKW GL
the average velocity in the bypags VHH )LJ E $IWGHFVWDVHYV,, DQG I|L QD @9 (. UtisDdswtsL Q
WKH EDFN RI WKH GURSOHW VWRSYV LQthe MiFigiol ofStRe\droMét @ tvwi Keparat® Sart) @n® o
for the CP into the bypasses and the flow of the CP around tiée KHP LV NHSW LPPRELOLVHG LQ WKH
droplet becomes mainly unidirectional and much larger thaontinues the movement with a constant speed.
before stage I. This trap construction utilizes the barriertohold 7KHVH REVHUYDWLRQV RI NLQHWLF
the droplet in place. It is possible because the viscous pressoirboth phases directly depends on the current position of bot
drop (due to the flow of the CP around the droplet) is smalldre frontxx D Q G W Kgbf B Drépiet. The different stages
WKDQ WKH FDSLOODU\ EUHDNW KU R Xwitk tiseltifaranXrbrpholdglyToKflow Feis\&rR trigygevel rav
droplet across the barrier). spectively to the position of a droplet relative to the geometry o
a trap. Hence the length of a droplet and the geometry of a tre
3.1.2. Along droplet caseln this case we consider the meve are crucial for the functionality of a trap and their behaviour car
ment of a droplet of the lengthi2 + D GRXEOH O Hh&tadildred By thé\pkopler use of different elements.
WUDS ‘H DQDO\JHG WKH NLQHWLFV RBet\flitsighs ibt®tRdHdynamic3 bfiNhis pilovekls daybd o
the previous example, measuring such variableg-ag; and vided by numerical simulations, as presented in the next suk
V¢ VHH WKH LQVHW LQ )LJ D 8 Q Odedtibh.DV IRU D VKRUW GURSOHW LQ
the case of the long one, we observed that the droplet tempo
UDULO\ H[SDQGY SHQHWUDWLQJ WRB32.Waumé/of flird siviiitakionGNe YerfBrihed)nutherickl sim
WDNH WKDW LQWR DFFRXQW ZB\WQUWEBRIG ¥fRie Gartitidhihg Préceds \of thR 1Qrig Oroplét (double
variablesWy andW. Wy LV WKH ZLGWK RI WK HoMlire [Emyh Ofth@Gaf Hif the nddddring trap. The simula
WKH LQVHW LQ )LJ D 7KH QHFN I|RibnPdémaiK eb@sifedsof) &Rcdropteidy 3D \geizy\of el traj
across the barrier. It is a liquid bridge connecting two parts wfentical to the design used in the experiments. The input an
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characteristics as shown in the insgt; + DYHUDJH YHORFLW\ RI WKH &3 LQ WKH E\SDVYV wdpMdyed7 K |

as the accompanying wide grey line. The errors of other quantities were of the order of widths of displayed lines. b) consecutive sn:
recorded during experimental observation
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output channels in the simulations, on the one hand, they wed¢KH ILUVW SDUW DV WKH IDVW EXLO
shortened to minimize the size of the domain and optimize thequired for the penetration of the slit. In order, to penetrate
computation time, on the other hand, were sufficiently long the narrow slit a droplet needs to develop the interface with th
enable the observation of the whole investigated process wittdius of curvature equal to half of the height of the slit (see th
all the critical stages. The simulation domain is shown in-snajpset with the cross-section of the trap in Fig. 6a. In the secon
shots in Fig. 6b. The constant rate of flow of the CP was fixed @éart, during the expansion of the droplet into the bypasses th
the inlet of the device, what simulate the use of syringe pumgpsrvature of the interface grows only in the horizontal plane
in experiments. (curvature and its changes are much lower than in the vertice
The numerical simulations reveal the same main feature giine), which results in a much lower slope, which is illustrated
the metering trap as observed in the experiments. A dropleirnsthe corresponding inset in Fig. 6a.
partitioned into two parts, where one of them is immobilized Between stage Il and stage IV, the pressure grows fast an
in the trap. The comparison of snapshots from simulation anehches its maximum value. That jump of pressure corresponc
experiments reveals some quantitative differences visible WR WKH EUHDNWKURXJK SUHVVXUH
shapes of the bypass intrusions in stages from Ill to V{com,! 00,9 WKH GURSOHW GHYHORSV WKI
SDUH VQDSVKRWYV LQ )LJ E DQG )LI9O0®, 7THHRZAHEBHKAEDMGY W& HE\EDUULH |
the imperfections introduced during the fabrication process stage VIl the pressure grows again reaching the terminal leve
the real device. During the bonding, the high temperature amte terminal pressure is higher than before the entrance of tt
pressure caused the slight collapse of bypasses in the cerdraplet into the trap. This fact can be explained by the change c
region of the trap. So the extent of intrusion of the real dropléte geometry of the flow of the CP through the trap. The trappe
in the central part of bypasses is lower than in the case of threplet occupies the central part of the trap forcing the CP tc
simulation. Regardless those discrepancies between experinfaw entirely through the bypasses. The hydraulic resistance ¢
and simulations, we can distinguish in both situations the sasech restricted flow of the CP is higher than the resistance c
stages of the process. What is more important by the meartle#d empty trap. It is very interesting and worth noticing that the
simulations we can analyze the evolution of the pressure BUHVVXUH DIWHU WKH EUHDN XS RI I
the inlet of the computational domain. In the system drivarressure during the process of the pumping of a droplet throug
by a constant flow-rate, the pressure may evolve due to tkeKH REVIWOFOH 90
changes of the hydraulic resistance of the flow. Fig. 6a presentsTo understand this fact we should consider the whole pro
the evolution of the pressure differentp between the inlet FHVV DJDLQ 'XULQIXOWKWKIHBURG V X UC
and the outlet of the device. DQG WKH SDUW RI WKH ZRUN H[HUWH
The pressure starts to grow very fast after stage Il. We canaccumulated in the potential energy of shape deformatior
VHH LQ )LJ D WKD®, ,WKEBQ HHLRIGY |F@inmGtaged WRVIWhig Bnergy is recovered during the proces
distinct parts with different pressure rise rates. We interpret receding of the droplet from the slits of the bypasses.
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Fig. 6. Results of numerical simulations of the process of a droplet passage through the metering trap: a) time plot of pressuremliffere
along the device, b) top view of the simulation domain with a contour of the droplet in distinguished stages
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a) e) buffer
= J L _
A A4 [ —
b) I
= Co

d) l indicator
T G pi T_—_j

)LJ 7KH PHDVXUHPHQW PHWKRG RI K\GUDXOLF UHVLVWDQFH D WKH UHIHUHQF
bypass, d) the channel with full metering trap, e) the device used to measurement of hydraulic resistance

3.3. Measurements of the hydraulic resistancés we showed the pressure differencep. However, the integration of pressure
LQ WKH SUHYLRXV SDSHU > @ WKHWRN\RIIY RZRMWK QUK B HAHNSIHFAV LY HV HRAk
the application of traps is to use multiple of them in speciallgccuracy of this method is limited by a relatively low pressure
designed combinations. Such modular architectures can credtep generated by microfluidic elements and the sensitivity o
integrated circuits with embedded algorithms. The desigh pr& HQVRUV 7KH DOWHUQDWLYH PHWKI
FHGXUH RI VXFK FRPSOH[ PLFURIO X kdnhsists ¢F Fhibt@sRagibl dbsErvaXdnOdd theXimetfazée betwee
WKH VR FDOOHG HOHFWULF FLUFXL Vpal@DawRr ih\a spec@lly d@sigvéedldevieeSSURDFK
distribution of flow between junctions of the microfluidic het  In this paper, we present our original approach towards th
ZRUN LV SUHGLFWHG E\ WKH XVH R lestirdatiotHdr Xhke YeRiSahceWIhel eddaniigd loFthE prldpoxe
ZKHUH HDFK SDUW RI WKH QHWZR U Nnethéd Kz Wde oithe Spe¢tioBhofomrid-rRe@svréiz@s/
SDUDPHWHU + WKH RIGUDXOLF UH V Likevgdancgiirttdtion of the indicator dye in a microfluidic device
That resistance describes the relationship between the flavensisting of the investigated resistance and the reference r
rateQ and the pressure difference along the fluidic element:sistance. The main part of the resistance comparator constitut

RI' D UHFWDQJOH ZLWK UHSOLFDWHG
R6 Op/ Q. side of the rectangle consists of a number of reproduced an
serially connected elements of the same geometry. The opposi
For a Hagen-Poiseuille flow through a regular channel tiedes of the rectangle are identical. One pair of the opposit
resistance is a function of the dynamic viscosiyhe length VLGHV FRQVLVWYV RI WKH UHSOLFDWH

of the channel and its cross-sectional arda R,, while the other pair consists of the replicated reference ge
ometry of resistancB,. The reference geometry was just the
d2 P UHJXODU UHFWDQJXODU FKDQQHO V
RO G5 (8) _ . o :
A resistances of three different geometries: i) a channel with a

REVWDFOH )LJ E LL D FKDQQHO z
where Os a dimensionless geometrical correction factor, whicWWKH FRPSOHWH PHWHULQJ WUDS )L
GHSHQGYVY RQ WKH VKDSH RI WKH FU Rare/the lddmpdnBns & théVrketteriRd<tta) SoHMat we c@ul

The resistance of irregular elements such as the mierofl DQD O\]H UHVLVWDQFHYV RI WKHP VHS

LGLF WUDSV FDQ EH HVWLPDWHG Y LeBchWikgh flQidchtddiile EahSistadloPte@iamid! B &/lengtl
RU PHDVXUHPHQWYV > @ 7KH QX Rdtial toRdh Quidths BfXHe Ehahivik Such metdles WeiR rep
be a most convenient tool, however, it is often very difficult tbcated in the test device.
include all imperfections of the fabrication procedure as well as Two inlets to each device were placed in the opposite cor
WKH PDWHULDO SURSHUWLHYV > @- +reiQ BfHtha\éctanBlel DmpXrtaintip, o \bf\thdRihpitsuraskié
draulic resistance of irregular elements are of high importanaeith the clear buffer, while the other one with the solution of the
According to the equation, it can be done by the measuremenbaffer and the indicator. Two outputs of the device were placec
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in the other pair of diagonal corners. Thus the device posses the Table 1

symmetry concerning the rotation by an angle of 480 ~Measurements of the relative resistaRgeR . for selected _
,Q RUGHU WR REWDLQ WKH VDPH niarpfipidip\geometies: theoRsgyle, tie Rypagsardihe metering

care to ensure the uniform conditions at both inlets, as well as WUDS VHH )LJ EZ*G

unifor_m cono_litions at both outlets. If all these Co_m_jitions are obstacle only bypass only metering trap

satisfied the input streams of equal flow raeare divided at (b) ©) (d)

the input junctions in the same proportions, each of them into

two flows Q; andQ,. Then they meet at the outputs so that théRd/ Rrer 0.939

flow Q, of the buffer mixes with the flow of the indicatQi in  ¢2ndard deviation 0.02 0.003 0.01

WKH ULJKW ERWWRP FRUQHU UHOD
corner, the flow of buffe; mixes with the flow of indicator
Q,. The output concentration of the indicator in both outputs The results showed the intriguing fact that the addition of

7 VL

C, andC, are simply given by ratios of flows: slit-bypasses to the channel does not change significantly-the r
sistance despite of the increase of the cross-section. In the ca
) of the obstacle, on the contrary, even short obstacle, introduce
1 o~ > a significant rise of resistance. The advantage of the above pr
C,6 0= 9 ignificant rise of resist The advantage of the ab
Q posed method is the simplicity of the whole procedure. As the
e spectrophotometer is a very common instrumentation, henc
CZQOOEZ, (100 WKLV PHWKRG FDQ EH ZLGHO\ DYDLOTL

on microfluidics.

We performed additional numerical simulations for the me
whereC, is the initial concentration of the indicator introducedW HULQJ WUDS REWDLQLQJ D YDOXH F
LOQWR WKH LQOHW RI WKH GHYLFH 7KtHe hidtetibgvitapRIQis signfiGadxly khWer than the value of
REWDLQHG LQ WKH H[SHULPHQWYV

MRt © Opd/ Q1 (11) plained by the discussed before deformation of a real devic
o caused mainly by the bonding procedure. The fabricated devic
LR © Op./ Q,, (12) is slightly collapsed, what we observed during the investigatior

of the motion of droplets. In the result the resistance of the fabri
wheren; andn, are the numbers of replicated resistive elecated device is higher than the design. This shows that althoug
ments. ' p; and ' p, are the pressure drops along two types dhe numerical simulations are very valuable for the invegtigst
sides of the internal rectangle of the device. Due to the sywf the principal mechanisms, the more reliable characteristics c
metry of flows, pressures at both inlet corners are equal as well systems can be achieved in the course of experiments.
as pressures at both output corners are equal,{® Op,.
If n,© 6 (in our case, © A O O VROYLQJ HTXDWLRQV + ZH
obtain the ratio of resistances given by the following equatiod.. Conclusions

(13) movement of a droplet through the complex microfluidie ge
RPHWU\ + WKH PHWHULQJ WUDS :H
LPDJH SURFHVVLQJ EDVHG PHDVXUF
Equation 13 implies that the measurements of relative-resiRlV measurements of velocity fields, the Volume Of Fluid
tance requires only measurements of concentrations of the ilelimulations and measurements of hydraulic resistance. Thos
catorC,, andC,. Due to that fact, the experimental procedur&ols, coupled together, provide the detailed description of the
for estimation of the resistance is relatively simple. During thateractions between two immiscible liquid phases altered by
measurements both liquids were pumped with the same flohe geometry of the trap. The above analysis was conducted c
ratesQ© O P the use of syringe pumps. After flushingthe example of the metering trap, however, it can be adapte
WKH FKDQQHOV IRU A PLQ DQG H O torothér Datirhedrids WiieHle@ik & &nalysiy sNows tMaViEhEQn
OL]H WKH IORZ PO RI WKH VRO X Wlexrtof the Hdwtof & &apletlddhivet®y Isqlid WadlR A8 e
spectrophotometric cuvettes via tubing of equal lengths. Tke&pected, during the flow of that droplet through traps struc
collecting cuvettes were placed at the same level, which ensuteces the bypasses are activated or deactivated depending
equal pressure at both outlets. In order to reduce evaporatiba actual position of a droplet. That mechanism can be used
and changes in the concentration of the liquids the cuvettes waiggering specific operation on droplets as merging, splitting
closed at the end of every experiments. After that the measuvetrapping. Combinations of such operations enable the desig
ments of concentration from each cuvete were performed b microfluidic architectures with embedded algorithms. The
the use of a spectrophotometer. Measurements were repeatetderstanding of the mechanisms investigated in this paper |
least 3 times and the averaged results with standard deviatooacial for the optimisation of hydrodynamic traps and effective
calculated for each series are presented in Table 1. design of new modules with additional desired features.

R In this paper, we presented the comprehensive analysis of tt
X A 1 A 1
Rref 2 2
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Abstract

We present a novel type of micro uidic bifurcating junctions which xes the droplet’s route. Unlike in regular junctions,
where a droplet chooses one of two outputs depending on the (often instantaneous) ow distribution, our modi cations direct
droplets only to one preferred outlet. As we show, this solution works properly regardless of the variations of ow distribu
tion in a wide range of its amplitude. Such modi ed junctions allow for the encoding of the droplet’s tra c in the geometry
of the device. We compare in a series of experiments di erent junctions having channels of uniform square cross section
Our observations revealed that a small, local modi cation of the junction in the form of an additional shallow slit imposes
a signi cant consequence for the ow of droplets at an entire micro uidic network’s scale. Another interesting and helpful
feature of these new junctions is that they keep the integrity of long droplets, unlike regular junctions, which tend to split long
droplets. Our experimental investigations revealed a complex transformation of the long droplet during its transfer through th
modi ed junction. We show that this transformation resembles the Baker's transform and can be used for the enhancemet
of mixing inside the droplets. Finally, we show two examples of micro uidic devices where the deterministic character of
these modi ed junctions is utilized to obtain new, non-trivial functionalities. This approach can be used for the engineering
of micro uidic devices with embedded procedures replacing active elements like valves or magnetic/electric elds.

Keywords Droplet - Micro uidics - Two-phase - Manipulations

1 Introduction This opens the way for performing a large number of experi
ments with slight sample usage.
Micro uidic networks create very unique environments for The speci ¢ character of the micro uidic environment
droplets. The peculiar character of this micro-world hasonsists in the fact that the diameter of micro uidic chan
sparked the curiosity of many researchers, which e ortsels is less than the capillary length. This means that the
within the last decades opened the way for the developmesiirface force is the dominant one. Droplets largen tine
of various strategies for droplet manipulation such as gemliameter of the channel are squeezed by the walls and elon
eration (van Steijn et aR013, sorting (Tan et aR007), gated along the channel axis, forming a plug-like shape.
trapping (Huebner et 009, splitting (Park etaR018 or  Such droplets can be moved by the means of an externally
merging (Bremond et a008. Moreover, droplets can be controlled ow of the continuous phase (CP) only in one
considered as tiny biochemical reactors (Debski.@018.  dimension—along the channel’s axis. Thus, the controlling a
droplet may resemble operating an electric railway toy. This
way of droplet motion prohibits the spontaneous rearrange
Electronic supplementary materidhe online version of this ment of droplets in their sequence. Therefore, the identity of
article (ttps://doi.org/10.1007/s10404-019-22)&mntains . . . L
supplementary material, which is available to authorized users. every single droplet can be easily decoded from its position.
Additionally, the CP separates droplets from each other and

Piotr M. Korczyk prevents the cross-contamination of droplets.
piotr.korczyk@ippt.pan.pl More complex operations on the population of drop
Damian Zaremba lets such as rearrangement of droplets or redistribution of
dzaremba@ippt.pan.pl them between multiple branches of micro uidic networks

1 Institute of Fundamental Technological Research, Polish can be (_jone_in junctions ConneCti_ng at least threg chal_ﬂn_els.
Academy of Sciences, Pawinskiego 5B, 02-106 Warsaw, Hence, junctions are often a crucial part of the micro uidic
Poland
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networks and, as we will show, the geometry of the junctionshallow groove less than half the height of the channel. As
can be of critical importance for the ow of the droplets. we showed in previous publications (van Steijn eR@lL3
As previously shown, the droplets crossing a bifurcatKorczyk et al.2013 Zaremba et al2018), the bypass slit
ing micro uidic junctions can exhibit complex behaviour. can be used for altering the di erence between the speed of
Usually, a droplet at a junction either splits into two smallethe droplet and the speed of the CP. Due to the change of
droplets (Link et al2004 Ménétrier-Deremble and Tabe dimensions between the main channel and the bypass, the
ling 2006 Salkin et al2013 Hoang et al2013 Chen and droplet does not penetrate the slit. The penetration would
Deng2017 Wang et al2018 2019 (for long droplets) or require the formation of a high curvature and an increase
enters one of the two output microchannels (for short-dropf the surface’s potential energy, which the droplet tends to
lets) (Engl et al2005 Jousse et ak006 Schindler and minimize. Thus, the bypasses are available exclusively for
Ajdari 2008 Labrot et al.2009 Cybulski and Garstecki the ow of the CP.
201Q Glawdel et al2011). In the latter, the choice of the Intuitively we can expect that the modi cation of the
branch into which the droplet enters is determined by thginction by the addition of a bypass can break the local sym
speed and ratio of the outlet ows. Droplets that previouslymetry of the ow and in consequence can direct a droplet to
were distributed between di erent segments of the nontriviaa preferred output. We show that a junction with an added
network alter locally the hydrodynamic resistance. In-conbypass is a very robust solution working correctly in a wide
sequence, that leads to a feedback mechanism, where th@ge of ow parameters. Interestingly, we observed that
direction of a single droplet at the junction depends on thihe kinetic analysis of the droplet’s deformation at thejunc
state established by previous droplets (Jousse 20@§  tion reveals the complex morphological transfororabf its
Cybulski and Garsteci01Q Glawdel et al2017). interior. The proposed solution allows for the manipulation
Despite the beauty of periodic or chaotic tra cking of on long droplets where the length is several times longer
droplets in such systems, in some practical applications, tihan the width of the channels.
is preferred to make the ow actively controlled or unam  Finally, we present some simple examples of the use of
biguously determined. The active control on the ow in athe modi ed junctions.
junction can be obtained with the use of externally-con
trolled elements as, e.g.: valves (Abate e2@L0, magnetic
(Zhang et al2009 and electric (Baret et a2009 elds, 2 Materials and methods
surface acoustic waves (Franke e28l09, electro-wetting
(Fair2007. An overview of di erent available techniques
has been presented by Pit et 2015. 2.1 Micro uidic devices fabrication
Besides the solutions supported by active components,
some interesting constructions of junctions have been-devethe microfluidic devices were milled from a transpar
oped for the passive navigation of droplets. Cristobal et aént polycarbonate plate using a CNC milling-engraving
(2006 proposed an additional bypass between the outpmachine. A 2- ute shtail milling bit of diameter around
channels to ensure the equal and regular distribution of drop was used to engrave the channels and the slit-
lets between the two outlets. Baig at al. proposed a tertiaripypasses. Micro uidic structures were enclosed by bonding
junction sensitive to the hydrodynamic properties of the owthem with another polycarbonate plate from aboveigi
of small droplets (Baig et a2016. Abbyad et al. proposed temperature and pressure. The second plate contained the
the interesting concept of ‘rails’ and ‘anchors’ for guidingholes that were used for inlets and outlets.
droplets motion along ne patterns in channels of the width A more detailed description can be found in our previ
larger than the droplet’s width (Abbyad et2011). ous article where micro uidic devices were fabricated in a
Passive elements are of importance for the constructiagimilar matter (Zaremba et &018).
of micro uidic droplet systems, where all processes would
be determined at the design stage. In this vision, the encod.2 Fluid-speci ¢ details
ing of protocols or algorithms would be possible due to the
integration of multiple micro uidics modules with di er For the CP, we useathexadecane 95% (Alfa Aesar, Ger
ent functionalities. However, the set of available passivenany). For the droplet phase, we used distilled water col
elements is still not su cient and it lacks components-per oured with methylene blue. The surfactant (Span-80, Fluke
forming some critical operations. One of them is a guidind\nalytical, Germany) was added to thénexadecane with
junction, which (1) xes the direction of fully con nebhg concentration of about 0.5% to avoid the wetting of the-chan

droplets, and (2) keep droplets undivided. nel walls by the droplets.
In this work, we propose a simple and robust modi cation Then-hexadecane density is and its dynamic
of a junction by the use of a bypass slit. This element is\ascosity is at . The surface tension
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between the DP and the CP is 5.34 mN/m (after about 45K.S Innovative Labor Systeme GmbH). Syringes were con
since the creation of the droplet) measured with the pendam¢cted with the micro uidic device using polyethylene-tub
drop method using DataPhysics OCA15EC instrument anidg with inner and outer diameter equal to 0.76 mm and 1.22
OpenDrop open-source software (Berry e@ll5. These mm, respectively (Intramedi¢ Becton Dickinson Co.). The
values were used later in the article to calculate the-capilow rates used in our work are in the 0.4-3.6 ml/h (Ca =
lary number. ) range. Droplets were created
with the use of a T-junction geometry (area C in Ea.
2.3 Experimental setup and measurements
2.4 Numerical approach

Experiments consisted only of visual observations of ows
in fabricated transparent micro uidic devices. All devicesFor the numerical analysis, we used the volume-of- uid (VOF)
had the same design shown in Fig.and network struc model to simulate the ow of the droplets. Additionally, we
ture shown in Figlb. Each device had their own type of used the species transport model to show the Baker’s trans
junction. The used junctions are shown in RBig-f. The form. All the computations were done with the use of ANSYS
ows investigated in the micro uidic device were viswal Fluent software based upon the nite volume method. The
ized using a Huvitz HSZ-645TR stereoscope equipped withasic equations to simulate the ow are the incompressible
a 0.5x objective and an IDS UI-3274-LE-C-HQ digital Navier—Stokes equations:
camera. Recorded images were stored on a PC for further
analysis. Software written in Python and using OpenCV and @)
Trackpy were used for the detection of droplets on sequences
of images for speed and position estimation. —

The velocity eld of the CP ow in the bypass was esti )
mated using particle image velocimetry technique (PIV). E
For this analysis, the pco.1200hs high-speed digitat cam
era (PCO Imaging) and Nikon Eclipse E-50i microscope
equipped with a 10/0.3 objective (Nikon LU Plan Fluor) where —density, — uid velocity vector,t—time ando—
were used. The analysed ow was seeded by glass spheig@ssure. The last term in the momentum equation refers to
(tracer particles) with a diameter of  and a density the surface tension, whereiris the surface tension ceef
similar to the liquids, to minimise buoyancy e ects. The-sus cient and is the curvature andthe surface normal vec
pension was obtained by leaving a highly concentrated soleor. The subscripts in the denominator dictate from which
tion of particles for a few days in a tall cylinder. Afterwards,phase’s density is used. Additionally, for multiphase ow, a
a syringe was used to extract the solution from the centg@blume fraction function is added to the set of equations,
of this cylinder. In this way, a fairly low concentration of that takes the value of 0 for one of the phases, and the value
particles in the liquid was obtained. To increase the numbef 1 for the other.
of particles in the image, experiments with the same droplet
and parameters were repeated many times. Next, sequences 3)
were synchronized and merged in one sequence by the mini
mization of pixel intensity using ImageJ. Only the bypassfter obtaining in the domain, we can compute the density
was analysed using PIV. The binary mask for the analyseghd the viscosity:
part of the velocity eld was created based on the detected
edges of the image with the use of a raster graphics editor. (4)
The recording framerate was set to 100 fps with expo (5)
sure time. To improve the detection of particles in PIV, the ) ) )
background was removed and a median Iter and thresholt}—he Species transport model is governed by the following
ing of images was used. The background was obtained by fHguation:
maximization of pixel intensity in a sequence of images. The
open-source software OpenPIV-C++ (Taylor et2010 — (6)

was used to calculate the velocity eld of the bypass. A win

dow with 64 pixel of horizontal and vertical size and 5094vhere is the local mass fraction for each species and
overlap was used for the correlation algorithm. is the mass di usion coe cient. To show the Baker’s trans

Liquids were pumped by precise and pulsation-free syringlor™. We limited the mass di usion by applying a value of
pumps (neMESYS, Cetoni GmbH) equipped with 1.0 mprder to its coe cient. We u§ed a.varlable time step
syringes made of borosilicate glass with a PTFE plungdtng method that allowed the simulation to choose a time
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(b)

left branch

identical junctions
inlet I 4 - \
> .

E Y 180° rotational
symmetry axis

right branch

type J3

Fig. 1 Scheme of the micro uidic loop-device for the analysis of dif di erent junctions constructions used in this researckhe regular,
ferent constructions of junctiona:the general scheme of the device: symmetric junction (type JOJ the junction with an additional slit
A—inlet of the continuous phase: B—inlet of the droplet phase, C—n the right output (type J1&the junction with additional slits in the
junction for the generation of droplets, D—the section with the loopputput channel and in the input channel (type I8)e junction with
E—the outputp details of the loop consisting of two identical junc additional slits in the output and two slits on both sides of the input
tions bifurcating the input ow into two branches of the same lengthchannel (type J3)

The loop was constructed to obey the rotational symmetry of

step between and s based on the global Courant's generated upon the constraints of having at least
number. A computational orthogonal and uniform mesh waglements in the cross section of the channel.
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3 Results and discussion number of droplets in both branches increases to a-maxi
mum value limited by the length of the branches. After
3.1 Observations of the e ect of modi cation J1 that the number of droplets getting into the loop is bal
on the ow of short droplets anced by the number of droplets coming out. In that case,

the system reaches a stationary state with the number of
The various observations con rmed that in the bifurcatingdroplets in the loop uctuating slightly around a constant
junction a single short droplet is directed into the channefalue (42 droplets in each of the branches—see2ejg.
with the higher ow velocity (Parthiban and Kh@013 The situation in the case of the loop with the modi ed
Wang and Vanapal014 Cybulski et al.2015. As the  junction type J1 is very di erent. As shown in Figp, the
droplet changes the resistance of the ow in a channel, thést 63 droplets ow only into the left branch. The 64-th
distribution of ows between the two outputs will dependdroplet is the rst one, which turns right. Notice that in the
on the current number of droplets in each of the branchekggular junction’s case, droplets tend to distribute equally.
This feedback mechanism causes droplets in such systerfige intriguing conclusion is that the local asymmetry of
to exhibit periodical or chaotic behaviour (Enghet2005  the junction—small in comparison to the size of the whole
Jousse et aR006 Schindler and Ajdar2008 Maddala loop—results in a signi cant asymmetry of droplet ow in
et al.2014). Too small distances between droplets enterthe whole device.
ing the junction may result in collisions, which a ect the More information can be obtained from the quantitative
direction of droplets (Belloul et a2011). In this work, we  analysis of the processes observed in both devices. Starting
made sure that the distances between consecutive dropl&@m the rst droplet entering the loop, each cangevei-th
were su cient to avoid collisions. droplet changes the state of the device. The state established
In this paper, we propose such junction modi cations after introducing into the loop theh droplet can be charac
which x the direction of droplets regardless of the ow’s terized by the numbers of droplets and the mean
history. We start by presenting the comparison of a-regwelocities of ows in the left branch (subscript L)
lar junction (type JO—see Fida) with a simple modi  and the right one (subscript R), respectively.
ed junction (type J1—see Fidlb). The only di erence Notice that the sum of velocities is
between these junctions is an additional slit which disturbgonstant as the velocity in the inlet channelis constant.
the symmetry of the modi ed junction in comparison toHence, we can use only one quantity for
the regular one. the description of the ow distribution and we can limit only
To investigate the e ect of the considered modi-ca to the measurement of the speed in the left branch. We esti
tion, we used two micro uidic loop devices—one with mated assuming that (with the precision su cient for
the regular junction type JO, and the other one with ththis simple analysis) it is equal to the measured speed of the
junction J1. Droplets of constant length and withstant ~ droplets in the left branch. was estimated in a similar way
frequency were generated in the device at the beginnirty averaging speed measurements of droplets in the input
of the loop and then the chain of droplets entered the logghannel. The image analysis of frame sequences was used
with a constant speed. The frequency of droplets generfor the measurements of velocities.
tion was set low enough to avoid collisions in the junction. Thus, the quanti cation of the distribution of ows ( )
Every single droplet getting into the bifurcating junctionscan be obtained even in the absence of droplets in the right
can choose between two possible routes: turning left dranch (e.g. for in the modi ed junction).
right. We observed long sequences of short droplets pass The distribution of droplets between both branches was
ing through both loops. expressed by the number of droplets in the left branch nor
Our observations of the regular junction (type JO)}conmalized by the sum of droplets in both branches
rmed that the symmetry of the device results in the equal E—
ization of the distribution of droplets in both arms. The The results of the analysis for both junctions are-plot
rst droplet enters the left branch. The choice of the brancked in Fig.3. Analysing the plots from the beginning of the
is likely determined by some imperfections during deviceyrocess one intriguing and not obvious fact can be directly
fabrication resulting in not perfectly equal resistancesiiscovered. Here, we assume that the single rst droplet does
between both the branches. These imperfections are smadt signi cantly a ect the ow. Thus, the value of
in comparison to the increase of resistance introduced ytovides the information about the distribution of the CP
a single droplet so the next droplet enters the oppositew in the loop device without droplets (for ). The
branch as the empty branch has smaller resistance. Egglt that the measured values of for both types of
next droplet so chooses the route to make the distributigonctions are almost identical (close to 0.5) reveals that the
of droplets closer to the equilibrium (see Fig). The  modi cation of the junction does not a ect the one-phase
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Fig. 2 Observations of droplets in loop devices. Comparison of juncsnapshots taken after introducing 150 droplets for junctions types JO
tions type JO and type J1. the snapshots taken after introducing 62 and J1d), respectively
droplets for junctions types J@)(and J1 f), respectively, and the

ow. Before the droplets enter the junctions, the ow of the63 droplets . Droplets form a long chain in
CP is distributed equally between both branches of the lodpe left branch with decreasing spaces between consecu
due to their equal resistances and regardless of the di eretite droplets, corresponding to the fall of For ,
geometries of the junctions. These observations indicate tlapproaches the value , Where is estimated
signi cant di erence between one-phase ow and two-phaseas an average of for . From this point, some drep
ow. In the presence of droplets, we observed a substantitdts are guided into the right channel, while the majority of
ow asymmetry in the modi ed junction. them is still guided to the left branch. This is re ected in the
Let us analyse the further evolution of the states for botlecreasing number.
types of junctions exploring the variability with droplet's Hence, the proper guiding of the droplets into the left

number of both and plotted in Fig3. channel is possible for the limited ratio of velocities in both
In the case of the regular junction (type JO), the value autput channels. In this case, droplets are directed into the
is close to 0.5 starting from the rst droplet and then- uc left channel for which is equivalent to the critical

tuates slightly around it. The value of starts from 1 (the ratio .
rst droplet accidentally chooses the left branch) and quickly The decay of  in the modi ed junction (type J1) can
converges to the value close to 0.5. This indicates that in the explained by a simple model. Let us assume that both
case of the regular, symmetric junction the system tends stsms of the loop are characterized by the same value of
restore symmetric state ( , ), re ecting the  resistancér. The presence of a single droplet in the ehan
symmetry of the loop-device. nel increases the entire resistance. Let us assume that each
In the case of the modi ed junction (type J1), théuea next droplet increases the entire resistance of the channel by
of starts from 0.5 and then it decreases with each sua constant amount of . Equating instantaneous pressure
cessive droplet as is shown in the plot. For , droplets drops in both branches of the loop, we obtain the equation
enter only into the left branch. Hence, for the rst pack oftaking into account the e ect of the distribution of droplets:
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Fig. 3 Quantitative analysis of the e ect of junction geometry onbranch of the loop as functions of the droplet's numbeExper

the distribution of droplets—comparison of junction types JO andnents were carried out at a constant CP ow equal to 3 ml/h and DP
J1. Measurements of the normalized number of droplets in the lefiqual to 0.5 ml/h. The length of the droplets was 0.68 mm

branch of the loop and normalized speed of droplets in the left

any junction geometry characterized by the speci ¢ value

) of . While the broken symmetry in the modi ed junc
where are rates of ows in both tion (type J1) establishes , in the regular junction
branches, respchver, with being the area of the cross (type J0), the symmetry of the setup results in
section of the channel, the same for both branches. This explains the uctuations of and in the terminal

For , there are no droplets in the right branch of thetage after the system reaches the quasi-steady state. Each
modi ed junction so and . The above equation droplet entering into or getting out of the loop changes the

in these conditions yields the equation for the evolution oétate of the system; hence, the resultaris slightly above
in the beginning period (), when all droplets go or below the value of

into the left branch and The above analysis shows that the proposed loop device

can be used for a comprehensive analysis of the impact of
E— (8)  junction modi cations on the motion of droplets. Such-cru

cial parameters like  and can be estimated with the

where the coe cient can be found due to the use of a simple experimental setup and with relatively small

relation: e ort.

©®) 32 Observations of long droplets in the modi ed
junction type J1
This coe cient can be estimated from the values of
averaged after the system reaches the quasi-steady statehe previous examples, we analysed the motion of short
(for ). In the case of our device, . con ned droplets of comparable length to the width of the
In general, the route of theh droplet is determined by channeW. We can expect that the modi cation of the junc
the distribution of ows in the junction established due totion may a ect the motion of long droplets (with the length
the ow of previous droplets. Hence, if the  signi cantly larger thanw). As we will show, the proposed
i-th droplet goes into the left branch, or contrarily into themodi cation of the junction signi cantly extends the pos
right branch if . This general rule is valid for sibilities of this simple bifurcation.
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Unlike short droplets, long droplets generally break intc
two parts in regular junctions (Chen and D&@4.7 Sun
et al.2018. We observed that phenomenon in our loop-
device with the regular junction JO, but in the case of th
modi ed junctions, a long droplet can go through the junc
tion without splitting.

For the demonstration, we present in Figwo obser
vations of long droplets series travelling through the looj
device with a junction type J1. These two experimental rur
were performed for two di erent values of inlet velocity .

They show that for the long droplet (1) keeps
its integrity and (2) enters the left branch of the loop-devic
(see Fig4a). While for , the droplet is split

into uneven parts between both branches (seelbjg.
The sequence of consecutive snapshots of the lor
droplet during its movement through the junction reveal:

Fig. 5 The long droplet in the modied junction type J1. The
sequence of consecutive snapshots for: left column—non-break-up
mode for , and right column—break-up mode for

the non-trivial transformation of the droplet (see FHp.
The droplet produces a temporary ‘protrusion’ in the right
output. Then, depending on the value of, this ‘protru
sion’ can be either pulled by the main part of the droplet
into the left output (for small ) or can detach from the
main part of the droplet and go into the right out¢fat

Fig. 4 Images from experiments with long droplets in a microu large ).

idic loop device with a modi ed junction of type J1. The length of ~ Thus, we can expect that in general, the behaviour of
the produced droplets was constant and equal to 5.5 times the widthe droplet in the junction should depend on the set of
of the channel. Images show the quasi-steady state for two di ererﬁarameters such as the length of a droplet, the geometry of
values of input ow velocity:a , LAl . . . . .
droplets enter the left branch. , ~the modi cation, capillary number and ow distribution.
Droplets partially break in the junction
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3.3 Kinetic analysis of long droplets in the modi ed made visible thanks to traces of tiny particles suspended in
junction of type J1 the CP. The obtained visualizations of streamlines provided
insight into the evolution of the morphology and the inten
Herein, we present the experimental analysis of the moticgity of the velocity eld in the bypass (see Fifp). The ow
of a long droplet travelling through the junction with a sin patterns retrieved from these observations are schematically
gle bypass (type J1) without breaking. In the example, wdrafted in the snapshots presenting the droplet at di erent
consider an equal ow distribution between both outputdime points. This shows the interplay between the droplet

( ). Unlike in the previous observations, here onlyand the CP ow and reveals the mechanism, which allows

one single long droplet of the length was created the long droplet to keep its integrity. The consecutive stages

and moved at a constant speed ( ) toward the  of the process are labelled in Figsand7 by the roman

junction. We observed the process with the use of a micreumbers from | to IV. In the following, we will descritiee

scope and a 100 FPS camera. guantitative analysis and then we provide the comprehensive
These observations allowed us to distinguish between fodescription of these stages.

critical stages of the process as presented in6FBesides As we mentioned before, the droplet temporary desor

the observations of the morphological transformation ofxpanding into all three channels of the junction (seeghig.
the droplet, we analysed as well the evolution of the owstages from I to Ill). Hence, in this con guration, the droplet
through the bypass. The characteristic ow structures wereonsists of three ‘arms’ connected in the central part of the

Fig. 6 Kinetics of a long droplet owing through the junction with a matically shown as lines with arrows Direct visualizations of tracer
single slit-bypassa The sequence of snapshots of a droplet for fourparticles trajectories in the bypass. Each image obtained by the impo
stages labelled by roman numbers from | to IV. The transient persition of 50 consecutive frames registered at the speed of 100 fps.
ods are labelled by Roman numbers and arrows. The characterisfibus, the length of the smudges is proportional to the velocity of the
ow structures (reconstructed on the basis of experiments) are schgacer particles
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Fig. 7 Kinetics of a long droplet owing through the junction with a purple arm, ‘protrusion'—the green arm, the ‘tail'—the orange arm

single slit-bypass. Left axis—the time evolution of the length of theof the droplet. The additional part of the droplet connecting all arms

‘head’ , the length of the ‘tail'’ and the length of the ‘protrusion’ is presented as a circle in the centre of the junction. The additional
normalized by the width of the chan™gl Right axis—the inten  auxiliary thin black lines show the linearity of parts of the droplet's

sity of the ow through the bypass . In the inset—the scheme illus  ow occurring at a certain time. (Color gure online)

trating the decomposition of the deformed droplet into ‘head'—the

junction namely: (1) the ‘protrusion’ in the right-output-chan The quanti cation of the CP ow intensity through the
nel, (2) the so-called ‘tai'—the rear part remaining in the inlebypass was performed due to the analysis of additional
channel and (3) the ‘head'—the front of the droplet expandindata—instantaneous 2D velocity fields obtained by the
into the left channel (see the scheme in the inset iV Fig. means of PIV. We estimated the transient intensity of the
For a quantitative characterization of the transformation dfypass ow by spatial averaging each velocity eld over
the droplet's shape, we measured the instantaneous lengthe whole area of the bypass. The dimensionless equivalent
of each of these ‘arms’, respectively, , (see insetin was obtained through the normalization of the averaged
Fig. 7). The droplet of the initial length during the deforma value of measured before stage I. This quantity re ects
tion in the junction does not change its volume and, hence, thiery well the variability of the bypass ow; however, the
sum of the length of all arms is constant; reader should notice that it is not perfectly equal to the ow
rate because of some limitations of the 2D PIV technique.
(10) Despite these imperfections, the measurements of the inten
where the constant corresponds to the ity provide important information on the activation and
volume of the droplet in the central part of the junctionyeactivation of the bypass ow by a moving droplet.
(see the circle in the graph). The slopes of the length-evolu Now, we will provide a comprehensive description of
tion of the arms correspond to the rates of growth of thg| ¢ritical stages and intervals between them.
droplet's arms , , - As the ‘head’ is Before the droplet enters the junction (prior to stage 1),
pulled into the left branch it expands with the constant ratg travels with a constant speed which is re ected in the
- The constant volume of the droplet imposeggnstant slope of the plot of  (the position of the
the speed constraint of the change ofnd . Indeed, time  oar of the droplet) in Figi. The magnitude of the ow
derivation of Eq. 10) yields: through the bypass is close to its minimum ().
In stage I, the droplet’s front reaches the junction hence
- - (11) and (see Fig6a and snapshot labeled as
). Then, in the interval between stage | and stage Il
(denoted as | 1), the droplet builds up the ‘head’ and
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the ‘protrusion’, which is re ected in the increase of interval shrinks after the expansion in the previous
and in Fig.7. interval. This fact is re ected by the change of the slope of
The crucial part in this interval is the position of the ‘tail’, in the plot in Fig.7. In this way, the ‘protrusion’ is

which completely blocks the access to the bypass slit frogradually engulfed by the ‘head’.

the CP ow from the main channel. We can observe the Finally, the last stage IV marks the complete disappear

characteristic circulation zone in the ‘shade’ of the dropleance of the ‘protrusion’ ( ). The whole volume of

(Fig. 6b). It is related to Lid-driven cavity ow and was the droplet has been entirely transferred towards the ‘head’

observed also in our previous publication (Zaremba et ain the left output. After that, the whole droplet travels in

2018. Thus, the activity of the bypass ow measured by the left branch of the loop-device with the speedThe

is even slightly lower than before stage |. transfer process of the droplet from the input channel to the
In consequence, the bypass is e ectively switched o andeft branch is completed. The bypass ow changes back to

does not a ect the droplet. In this situation, the rate ofts lowest level as before the entrance of the droplet in the

growth of the arms is equal to the ow speed inlthenches, junction.

S0: , . According to Eq.11), The above analysis shows in details the transfer process of

the expansion of the ‘head’ and the ‘protrusion’ must be& long droplet into the left branch of the loop. This explains

compensated by the shrinkage of the ‘tail’ so:as well the mechanism responsible for the ow of short

. During the interval , the length ratio droplets. Similarly, as in the case of long droplets, the short
of the di erent arms is equal to the ratio of velocities in bothones are pulled into the left branch due to the bypass, which
branches— —. redirects the ow of the CP into the right branch. In this

case, the ow of two liquid phases can be locally decoupled
and become asymmetric. The droplet ows into the channel
without the bypass and the CP ows through the bypass into
r%he opposite channel.

In stage Il, the shrinking length of the ‘tail’ s the
value, below which it cannot e ectively block the CP ow
into the bypass: , Wwhere is the
width of the entrance to the bypass slit from the main-cha
nel (see the inset in Fig). The additional term
includes the length of the round cap of the droplet. From th%,t
point, in the interval the ‘tail’ opens the entrance ™

to the bypass up until it completely vanishes in stage il

This process gradually raises the bypass ow. The circulaAS we showed before, the droplet during its movement

tion zone observed previously is replaced by the regular nghrough the junction is a subject of a non-trivial transfor

of the CP bypassing the ‘protrusion’ in the right output (Se(rananon which includes the generation of a temporary-‘pro

Fig. 6b). Due to the activation of the bypass, both the groWthrusion’ and its later shrinkage. In the previous section, we

of the ‘protrusion’ and the shrinkage of the tail slow downfocuseOI on the analysis of the droplet's shape. Now, we

(see the slope of and ). discuss the rearrangement of the droplet’s internal mass

Stage Il marks the point when the ‘tail’ completely-dis distribution. To visualize the e ect of the ow within the

appears ( ) and the ‘protrusion’ reaches its maximum.dmplet we performed simple observations of Janus droplets,

length. What is important, the ‘protrusion’ immediately"e' droplets composed of two di erent parts.

transforms from the temporary front of the droplet to its hWe %\tlavnerated ianl:s drople:sslcr;(ya clrossnljr)ctmnfﬁ)g.l
end and reverses its direction from expanding to receding. = ¢ togppoiltﬁ s rt'eamsq d t? gy}:irod-gl-\;\;]a er;js(,th_u
During the interval , the entrance of the bypass is on meet. Une ot the streams IS distinguished by the adaition

completely open for the ow of the CP, while the ‘protru of ink. Due to that, the merged streams form a well-visible

sion’ still occupies the right channel of the junction. In thistwo-layered parallel ow in the main channel. The additional

con guration, the whole ow of the CP must bypass theCr0SS- oW of the continuous immigciple phase (oil resqlts
protrusion through the slit. In result, the bypass ow is a’r? the gene_ratlon of droplets con&_stmg of two _symmetrlcal
its highest level, what is visible in the visualization of the alves of di efent colours. T_O explam the pecu_llar character
ow (Fig. 6b) and indicated by the high value of (Fig. 7). of the droplet’s transformation in the modi ed junction, we

As the ‘head’ of the droplet moves with the constan;[rhStly prr]eser;t thehtob;ervatllolrtls of Jan”ui dropletfis(;tr?\r:ellmg
speed , it pulls the protrusion into the left out rough a straight channel. fLis a wefl-known €

put. Due to the absence of the tail, the integrity of the dropl??’mme:y of thfe internal owtﬁwthm thetdropl)let |n_|r1|b|tst |
requires that both its front and back move with the sam§le exchange of mass across the symmetry plane ( ce etal.
003. Hence, despite the continuous re-circulating ow

velocity, so . The unique and intriguing

character of this process consists of the fact that the protr't?Slde the droplet, the homogenization of the content of the

sion moves opposite to the CP ow. The protrusion in thesymmetrlcal Janus droplet is only thanks to the di usion

across the separation plane.

4 E ect of the Baker’s transform
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half. However, the plane of separation in the middle of the
droplet is still well visible and sharp.

Figure 8c presents the results of experiments with the
Janus droplet owing through the modi ed junction. The
image shows the composition of three images of the same
droplet in three consecutive positions labelled as T1, T2 and
T3. In position T1, the droplet is approaching the junction
and we can see the sharp strati cation of the ink’s concen
tration in the middle plane of the droplet. The position T2
corresponds to stage Ill mentioned in the previous section
where the ‘tail’ has completely disappeared and the head
starts to pull the ‘protrusion’ into the left output. What is
important is that the whole volume of the blue half of the
droplet has been redirected to the ‘head’ while the bottom,
clear half has been redirected to the ‘protrusion’.

In other words, the droplet during the transition from
T1 to T2 is being precisely cut in the plane of sepanati
Simultaneously, both halves are being gradually folded out
in opposite directions. This process is schematically shown
in the inset in Fig8c. This transformation resembles one
iteration of the Baker’s transform applied to the long drop
let. In result, the signi cant rearrangement of the droplet’'s
interior is obtained. Notice that the upper half of the droplet
is transferred to its front part, the bottom half to its rear part
and the previous rear part is transferred to the central part
of the droplet.

Crucial for the homogenization of the droplet’s content
is the reorientation of the plane of separation of the two
aqueous phases (see Rd). In position T1, the plane of
separation is in the plane of symmetry of the droplet and is
parallel to the streamlines of the internal ow. In position

Fig. 8 Visualizations of the mixing process inside the dropéet. T2, thls.plane is reoriented and becomes perpen_dl_cular to the
Microscopic image of the generation of Janus droplets in the cros§ireamlines. Afterwards, the plane of separaticaised by

ow device. b Mixing inside the Janus droplet travelling through athe ow and gradually stretched and deformed. This leads to
straight channel: the left image—droplet just after its generatiorgpe homogenization of the droplet’s content.

the right image—droplet after travelling the distance of ten droplet's The e ciency of this process is clearly seen in the image
lengths.c The Janus droplet owing through the modi ed junction— y P y g

the composition of three images of the same droplet in the consec@f the droplet after travelling the distance of about one-drop
tive positions from T1 to T3. In the inset—the schematic pictograniet’s length (position T3 in Figdc). Although the droplet is

of the t_ransforma}ion of _the dropled. The schematic vieV\_/ of_the not yet completely homogenized, the blue dye is distributed
separation plane in position T1 and after the transformation in posi . .
tion T2 over the whole droplet without any visible sharp separa
tion of areas with di erent concentrations of ink, unlike in
the case of the straight channel, where the sharp separation
Figure8b presents two images of the same droplet, thbetween two domains is conserved over a much longer dis
left one—the droplet just after its generation, the rightance. To quantitatively estimate the mixing rate after the
one—the droplet after travelling the distance of ten dropreorientation of the separation plane, we conducted numeri
let's lengths. We can see that the droplet in its initial state isal simulations (see Fi§). The starting point of these simu
not perfectly symmetrical (with the small dose of ink in thelations was a droplet composed of two parts with di erent
bottom half). Despite that, we observe that the initial strati concentrations of the passive indicator with the separation
cation is conserved after the droplet moves over the distanptane perpendicular to the axis of the channel. Initially, the
of ten its lengths. The ink’s concentration is homogenizedroplet was divided into two halves: (1) the front part with

only within the separated halves. This is the reason why tttee initial concentration and (2) the rear
initially introduced portion of ink in the bottom half, after part We set a very low di usion coe cient
mixing, results in the fade bright-blue colour of the bottom( what corresponds to the value for water,
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avoided. We want to retain the integrity of the droplet. The
mechanism of droplet breakup was the subject of numerous
investigations (Link et al2004 Ménétrier-Deremble and
Tabeling2006 Salkin et al2013 Hoang et al2013 Chen
and Deng017, Wang et al2018 2019; however, until now
the e ect of an additional bypass was not considered. Here,
we present the analysis of the transition between break-up
and non-break-up modes of a droplet in the junction with the
bypass. The comparison of observations of broken droplets
and unbroken ones reveals that the transformation of the
shape of the droplet in both cases is very similar until stage
, i.e. until the complete disappearance of the ‘tail. This is
the critical point, for the further fate of the droplet (compare
snapshots in Figh). In the case of the non-break-up mode,
after stage , the ‘protrusion’ is e ectively pulled into the
Fig. 9 The mixing process of the reoriented Janus droplet. The coneft channel.

trast of the concentrationas a function of the normalized distance ;
travelled by the droplet . The snapshots from the simula In the case of the break-up mode, the split of the-drop

tions show the evolution of the instantaneous distribution of the indil€t Occurs in the central part of the junction similarly like

cator in the middle-plane of the droplet (see the colorbar for-refein the case of the junction without the bypass. Therefore,

ence). (Color gure online) we can expect that a similar mechanism of deformation
of the ‘elbow’, connecting the ‘protrusion’ and the ‘head’,
appears in the modi ed junction. In the break-up scenario,

decreased times), so the ow inside the droplet was thethe incoming ow of the CP causes the de ection of the

only mechanism which would mix the interior of the droplet.'€lbow’ and the droplet nally breaks.

During the simulation, the droplet was travelling through a The bypass in the modi ed junction lowers the pressure

channel of square cross section with a constant speed hefg#ld-up in the junction so the pressure drop along the ‘pro

the distancé® travelled by the droplet was proportional to trusion’ can be estimated as:

time. For each simulation step, we estimated the nermal

. 12)

ized contrast between the two parts of the droplet de ned

as . Where and are Where isthe geometrical non-dimensional factor of the

instantaneous average concentrations in both parts of tffgSistance of the bypass, ,  are the areas of the cross
droplet, respectively, and is the distance travelled S€ctions of the input channel and the bypass slit, respec
by the droplet normalized by the length of the droplet. ThidVely, is the dynamic viscosity of the CP, andis the

coe cient starts from the value and decreases additional correction factor. _
with time. The minimal possible value  corresponds to The mechanism that resists the ‘de ection’ of the ‘elbow’

the equal distribution of the passive indicator in both partt$ the Laplace pressure, which can be describétegsrod

of the droplet. The data obtained from the numerical simu'ct Of the interfacial tension coe cient and the mean-cur
lations show the exponential decay of the contrast with théature of the ‘elbowH:

tted relation in the form: . This implies (13)

that after travelling the distance , the contrast falls Here, we can assume that the shape of the non-deformed

to a value of about 0.1. . .
. . ) . ‘elbow’ is de ned single-handedly by the geometry of the
The modi ed junction’s geometry realizes the Baker's | _ . g y by g y

o . . . evice.
transform o,n thg .droplets interior which radically improves Equating and . we obtain the transition between
the content’s mixing in long droplets. The rearrangement Q[; )

e , eak-up and no-break-up modes:
the spatial distribution of the droplet’'s content can be usedr
to prevent the sedimentation of particles in the rear part of (14)
the droplet (Hein et aR015. where and are non-
dimensional tting parameters.
Note that this simpli ed model does not take into account
the velocity of the head and additional shear acting on the

h litt  the droplet in the i . h protrusion. Despite the assumed simpli cations, the model
T €sp 'thg ofthe dropletin the Junct|0n_ may have potencorrectly explains the transition from the break-up mode to
tial applications; however, here we consider how it can be

3.5 Mechanism of droplet break-up
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the no-break-up mode, what we observed experimentalfpllowing form, which includes in addition the geometrical

(see Figl0). The values of tted parameters are restriction:

and . These parameters are speci ¢ for the inves

tigated geometry of the junction and may vary for other

geometries. where :
Besides the above-mentioned dynamic constraints for the Notice that the geometrical restriction for the maximal

no-break-up mode, there is an additional geometrical restritength of the protrusion in the non-break-up mode sets the

tion for the maximal length of the ‘protrusion’. Indeed, oncdimit for the longest droplet, which can go through the junc

the ‘protrusion’ blocks the ow of the CP from the bypasstion without being split:

to the right branch, the ‘protrusion’ is pulled into it with the 17)

speed and cannot recede, which results in the break-up of ) _ ) o

the droplet. This geometrical constriction limits the lengtH*S the maximal value of is 1, the geometrical restriction

of the ‘protrusion’ to and is plotted in the d0es nota ectdroplets shorter than '

graph as the horizontal line. Neglecting both latter terms, we can articulate a robust rule

The next question is what does the maximal length der t_he cpnstruction of a micro uidic circuit with a qui
the ‘protrusion’  depend on? As we mentioned before, eq Junc_tlgn. The rule states that droplets generated in the
the ‘protrusion’ develops within the first two intervals Micro uidic system must be shorter than the length of the

and _In the rst interval, it grows with the bypass . This establishes the design guidelines of both the
maximal rate . In the interval from droplets generator and the junction.

the activated bypass flow lowers the rate of growth of T‘?‘king into account the maximal length of the “pretru
the protrusion . Taking into account that SION and the dynamic limitation given by Ed.4j, we
obtain the limit of Ca for the non-break-up mode:

(16)

we can state:

(18)
- - (15)

This relation sets the maximal limit for the Capillary number

For the given length of the droplet, the maximal available &t Which a droplet of length is not broken at a given .

length of the protrusion can be roughly described by thiotice that the value of depends on the number of drop
lets introduced to the loop device (see &gnd the discus

sion there). Thus, depending on the resistance of a single
droplet, there is a critical number of droplets in the loop
above which the next droplet entering the junctioeaks.
Hence, appropriate adjustment of both the frequency of
droplets and the value of Ca avoids the appearance of drop
let's breakage in the micro uidic system (compare Hig.

and b).

The above-mentioned experimental analysis of the limits
of the non-break-up mode shows that the modi ed junction
can work correctly in a wide range of parameters. However,
the knowledge of these limitations is crucial for the proper
design of the micro uidic device.

3.6 Improving the junction for multi-directional
ows

As for now, we investigated only one type of modi ginc
tion (type J1). In Figl, we presented additionally the geom
etries of other types of junctions. In this section, we discuss
additional possible modi cations of the junction and their
e ect on the functionality of the micro uidic architecture.

Let us consider the end of the loop where two branches

Fig. 10 Phase diagram of operational modes of the junction type Jl:Pin fprming _ajoi_nir_lg junCtio_n- The con guration of ows
in the space of parameters  vs Ca in this junction is inverted in relation to the previously
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considered dividing junction. The joining junction merges Figurell shows examples of the di erent behaviours of a
two input ows into one output ow unlike the dividing long droplet in the junction type J1 and junction type J2 for
junction, which splits the one input ow between two-out the inverted ow con guration. The observations revealed
lets. Herein, we consider the additional possible scenartbat to keep the integrity of the droplet, an additional bypass
where the droplet from one of the branches of the loop entemsust be introduced into the geometry of the junction. For
the joining junction. Our observations of the regular juncexample, to avoid the split of the droplet entering the-junc
tion (type JO) and the other one with one bypass (type Jfipn from the right branch, a junction of type J2 should be
revealed that once the droplet enters the common chanragdplied (see Figl1 the left column). To increase the func
its front starts to move with a higher speed than the redionality and allow as well droplets from the left branch
part. This usually results in the break-up of the droplet (se® travel through the branch in one piece, we need to use
Fig. 11, the left column for junction type J1). Indeed, in theanother additional bypass as in junction type J3.

case of the joining junction, the speed in the common-chan

nel is the sum of speeds in both input channels. This speed

di erence is responsible for the splitting of the droplet. 3.7 Examples

To demonstrate the potential use of the modi ed junctions
in micro uidic devices, we present two examples of small
micro uidic geometries with di erent functionalities.

The rst device is presented in Fifj2. The central part
of the device is a small symmetrical loop with two identi
cal junctions of type J2 on both ends of the loop depicted
as B1 and B2. The additional traps Al and A2 are to limit
the movement of the droplet. The trap stops the incoming
droplet but it releases the droplet after the change of the
ow direction. The operation mechanism of these traps was
described before (Korczyk et 2013 Zaremba et ak018.

The additional junction C exists only for the generation of
a single droplet. After the droplet is in the device, thisjunc
tion is inactive.

Commencing the description of the functionality of the
device from the upper left image. A single droplet has been
already generated and moved into trap Al. The ow of the
CP is from the right to the left (as indicated by blue arrows).
This is the stationary state of the device as the droplet is
immobilized. This can be changed by the reversal of the
ow direction—see the upper right image (the green arrows
indicate the order of the snapshots). The ow of the CP from
the left to the right removes the droplet from trap Al, then
the droplet travels toward the loop and turns left into the
upper branch. This direction is xed by the geometry of the
junction of type J2. Then, the droplet meets the other junc
tion of type J2 at the end of the loop. As we mentioned
in the previous section, the special design of the junction
keeps the integrity of the droplet either in the inlet to the
loop or in the outlet. Finally, the droplet stops in trap A2
(see the bottom right image) and the system reaches-its sec
ond stationary state. The rotational symmetry of the device
implies that after the next ow reversal of the CP (to its
initial direction), the droplet will travel a symmetrical route,
now through the bottom branch of the loop. In this example,

Fig. 11 The behavio_ur of the long droplet in di erent junctions with the oscillating ow of the CP is translated to the circulation
reversed ow—two inputs and one output. The sequence of consecu .. .
tive snapshots for: left column—type J1 and right column—type J20f the droplet inside the loop. Such a mechanism casédze u
For both cases, the output ow is the same and for the implementation of loop-like laboratory sequences
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Fig. 12 Circulating loop. Four snapshots representing the completthe trap, moves to the right according to the reversed ow. In-junc
cycle of circulation of the droplet. Green arrows indicate the order afion B1, it turns left and travels through the top branch of the loop to
the sequence. Top left: the stationary state for the ow to the left; theventually stop in the trap A2. Bottom right: the stationary state for
droplet is immobilized in the trap Al. B1 and B2 are two symmetthe ow to the right, with the droplet immobilized in trap A2. Bot
ric junctions connecting both branches of the central loop with théom left: the transient state after reversing the ow restoring its ini
main channel. A2—the other trap symmetrical to trap Al. C—thdial direction. Droplet travels through the bottom branch of the loop to
additional channel enabling the generation of the single droplet (natop in trap Al (as shown in the top left snapshot) completing a full
used once the droplet is introduced). Top right: the transitional statycle of the circulation. (Color gure online)

after the reversal of the ow direction. The droplet is removed from

of droplet operations (Debski et 018 Abolhasani and where it meets the obstacle. To pass through the obstacle,
Jenser2016. the front of the droplet would require to produce a high cur
This example teaches as well that the character of thature to penetrate the constriction of the channel that needs
ow of the droplets may be very di erent than the case ofan additional pressure increase—above the speci ¢ break
single-phase ow. In the case of single-phase ow at lowthrough pressure. However, if the ow of the CP through the
Reynolds numbers, we can expect the time reversilofity right branch generates a pressure drop lower than the break
the ow. In the case of the ow of the droplet, we observedthrough pressure, the droplet will be kept immobilized. A
that the droplet travels through the upper branch of the loggmilar mechanism of immobilization is known from miero
or through the bottom branch depending on the direction ofiidic traps (Korczyk et al2013 Zaremba et aR018).
the input ow of the CP. In this con guration, the whole CP ows only through
In the second example, presented in ERjwe use a con  the right branch as the left one is closed by the immobilized
stant ow of the CP without changing its direction. In thisdroplet (see Figl3b). This clearly shows that the droplet
example, we consider two droplets entering the loop devicehanges the state of the ow. Now, the coe cient of distri
The device here is not symmetrical. Each of the branchdmition of the ow can be estimated as (no ow
of the loop consists of an additional element—an obstacl¢hrough the left branch). This value is below ; hence,
It is a local constriction of the channel’s cross section. Theve can expect that the next droplet will be directed into
ow is from the left to the right. Without any droplet in the right branch. Indeed, the next droplet entering the loop
the loop, the ow of the CP splits into equal parts betweerhooses the right channel; however, something very interest
the two branches (Fid.3a). As we mentioned before, the ing happens once the second droplet reaches the obstacle. In
modi cation of the junction weakly in uences single-phasethis situation, the ow of the CP can no longer bypass both
ow. The obstacles in both branches equally increase théroplets; hence, the pressure behind the droplets increases

hydraulic resistance. above the breakthrough pressure needed to push the droplets
The flow distribution between both branches can bever the obstacles. The pressure acts on both droplets/so the
guanti ed by the coe cient , previously intre  are nally released and travel toward the exit of the loop (see

duced in the description of the ow of small droplets in loopFig. 13c). The important feature of this device is that both
devices. In this case, we can state that for the ow of the CBbstacles are placed in di erent positions. Both droplets
and without any droplet in the device . are triggered simultaneously but have di erent distances to
The situation changes after the rst droplet enters thé¢he exit of the loop. In result, the second droplet leaves the
device. The junction routes the droplet into the left branchdevice before the rst droplet (see Fib3d). This simple
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These modi ed junctions can be used in micro uidic
systems where the motion of droplets is determined by
the geometry of the device. This enables the encoding of
a sequence of operations on droplets in the architecture of
the device. Examples of simple micro uidic modules with
non-trivial functions show the potential use okthpproach.
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long algorithms, e.g., 1000-droplet counting. This work has the potential for the advancement of liquid
computers and thereby could participate in the development of the next generation of portable

microfluidic systems with embedded control, enabling applications from single-cell analysis an d
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Introduction

The implementation of the idea of liquid computer * would be
revolutionary for microfluidics, not because microfluidics
seeks computational capabilities, but because it would enable
the encoding of a variety of algorithms (laboratory
procedures) into the structure of the device.

In terms of miniaturization and complexity of performed
tasks, microfluidics is often compared to microelectronics.
The promising vision is that the miniaturization and increase
of operational throughput, so fruitful in computer
engineering, would be implemented in control over small
liquid volumes, thus opening a new era for sample
processing and analysis techniques. However, one of the
remaining problems in microfluidics is the implementation
of the fundamental concept of electronics: the control
embedded in integrated circuits. In microelectronics, the
most fundamental level is constituted by base modules,
where both input and output are of the same nature —they
are electric signals. Thus, different elements can be
combined directly with each other into hierarchical self-
regulated circuitries. Despite their incredible complexity,
electronic architectures, e.g, microprocessors, are completely
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biochemical assays to materials science.

autonomous; besides the input data and energy supply, they
do not require any additional control.

In microfluidics, in contrast, liquids are usually operated
by valves, electrodes, pumps,etc. that are centrally controlled
by a computer>® This requires the microchannels to be
designed to be connectable with the electromechanical
regulatory system, the intricacy of which usually increases
with the complexity of the laboratory task.

In the article, we focus on two-phase flows in
microchannels, where droplets can be formed and used as
tiny laboratory beakers. Microfluidics has developed
manipulation techniques for droplets enabling such
operations such as splitting, merging and positioning. *°7:8
The combinatorial sequences of base operations allow for the
implementation of any laboratory procedure. The precision,
low consumption of reagents, and automation capabilities
render this technology increasingly attractive for biological
and chemical experimentations. 8°

Droplets are predominantly manipulated by computer-
controlled external actuators.*® An intriguing alternative is
an idea of a liquid computer * with droplets as digital entities
self-regulating via coupling capillary and hydrodynamic
interactions in specially designed geometries.

Thus far, some alternative strategies of the embedded
control devices for both single-phase flow'*™* and
droplets***2% have been proposed. In the case of droplets,
the system that is probably the closest to computer
technology is the system presented by Katsikiset al.,>° where
automated tasks were performed on ferromagnetic droplets
activated by a rotating external magnetic field. Actually,
droplets in microfluidics do not require any additional force
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to be self-regulated, which is important for a variety of
applications, where droplets can not be ferromagnetic. The
intriguing aspect of confined, biphasic microflows is that the
surface tension is relatively large and introduces non-
linearity into Stokes flows, opening the perspectives for
purely hydrodynamic built-in  control. Prior examples
exploiting this approach encompass cascades of consecutive
dissolution encoded by the use of hydrodynamic traps.’°
However, without logic elements, the coding capabilities of
such systems are insufficient for the programming of
arbitrary algorithms. Although single logic operations were
shown in pressure-regulated flows of droplets over a decade
ago>1%2% their further integration has proved difficult,
inhibiting the creation of systems with nontrivial
functionalities. Advanced built-in control remains one of the
most important and open problems of microfluidics,
hampering the development of autonomous and portable
devices in line with the lab-on-a-chip concept.

Here, we address this issue and propose a droplet logic
platform enabling the building of sequential logic units with
multiple internal states. We use water droplets that do not wet
the channel walls, surrounded by oil as the continuous phase
(CP) that wets the channel walls. Droplets larger than the
channel cross-section are squashed between walls. This
peculiar environment limits the height of droplets to
dimensions where capillarity dominates over gravity, rendering
the latter negligible. Thus, the capillarity, minimizing the
surface area, forms elongated plug-shaped droplets with
rounded ends.?”®> The interface curvature introduces the
capillary pressure difference P_, sustained across the interface
and described by the Young-laplace equation, which for a
droplet confined by the rectangular channel of width W and
height H and the surface tension can be estimated asP_ =
(2H * 2w ). Here, we assume the shape of the droplet's end
to be prescribed by circles spanned between opposite walls of
radii W/2 and H/2, respectively.

The dependence of P_ on the local dimensions of the duct
implies that the transfer of a droplet to the more constricted
region increases the pressure inside the droplet. Thus, a
change of the channel lumen can be used to establish a
capillary well for the droplet. 2

A convenient way to introduce such a barrier for droplets
is to provide obstacles that locally decrease the height of the
channel from H to  (Fig. 1a). In crossing the obstacle, a
droplet penetrates the narrow slit, developing there the
protrusion with curvature radii /2 and W/2 (Fig. 1a). Hence,
the breakthrough pressure Pg, defined as a difference of P_
between the front and the back of a droplet, is:

Ps= (2 Y 2wl (@H?! 2whHh=2( * HY
The droplet crossing the obstacle raises the pressure behind
it to Pg (Fig. 1b), generating the pressure impulse, which
propagates in the network, carrying the information about
the droplet travelling through the barrier. However, until the
pressure drop acting across the droplet reaches Pg, the
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Fig. 1 The evolution of a droplet shape when crossing a barrier in a
channel. (a) Schematic side view of the channel with a barrier. H and
— the height of the channel and the slit above the obstacle,
respectively. (I-VIl) Consecutive shapes of a droplet during its travel
across the barrier from left to right. (b) Difference of Laplace pressure
between the front and the back of a droplet (estimated from
curvatures) as a function of the position of a droplet  x relative to the
obstacle and normalized by H. The roman numbers (I -VII) correspond
to the pictures in (a).

droplet cannot cross the barrier. Such a situation can occur
in microfluidic networks distributing the flow of CP between
parallel structures, where a droplet can be effectively
immobilized at the capillary barrier while the entire stream
of CP flows around through bypasses 2326

In this work, we exploit both these advantages of the use
of obstacles—the generation of a pressure impulse and
droplet trapping. We design microfluidic structures with
stationary droplets assigned to logic states, where pressure
impulses are used for remote communication and for
triggering the device's embedded logic operations for the
sequential switching of states. We present this idea starting
from the experimental analysis of a simple example of a two-
state flip-flop device. Then, we develop the multi-state
decimal ring-counter. Finally, we demonstrate the feasibility
of the integration of such devices with the example of the
three-fold decimal counter counting 1000 droplets.

Results and discussion
Bimodal loop

First, let us consider a simple loop, which bifurcates the
incoming flow between two branches and then merges them
into one output. Simple laminar hydrodynamics explains that
the pressure drop p in a channel is proportional to the flow
rate Q with the linear relation p = RQ (ref. 27 and 28)
introducing the resistance R proportional to the length of the
channel and inversely proportional to the square of the cross-
sectional area?” Analysis of the loop as two parallel resistors
implies that the incoming stream distributes between branches
with the ratio of flow rates inversely proportional to the ratio of
the resistances of the branches (see methods). Therefore, in the
case of an asymmetric loop, the flow through the branch of
lower resistance is the faster one. While such a single-phase
flow is steady, groups of flowing droplets distribute between
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branches of the loop in a highly dynamic way, disclosing
complex periodic or chaotic behaviour. ?1'?° The reason is that
the feedback mechanism was introduced by the droplets,
which prefer the channel of the higher flow rate while also
lowering the flow through the channel they resided in. 2°

Here, we present the construction of a loop, where the flow
of droplets is deterministic, reproducible, and exhibits the
functionality of a simple finite state machine. Our design
(Fig. 2a) comprises two unequal branches with obstacles
(Fig. 2b) in each of them (for practical reasons, the dimensions
of these obstacles vary slightly — see methods). As we can
expect, the first droplet entering the loop travels to the shorter
and faster branch until it reaches the obstacle there (Fig. 2c).
In the series of trials, we set the constant input flow rate Q,
sufficiently low to keep the first droplet immobilized in such a
configuration (see methods). Therefore, even if the short
branch is blocked by the droplet (Qshort = 0), directing the
whole flow to the longer branch (Qong = Qn), the generated
pressure drop does not exceed the breakthrough pressure of
the obstacle, QnRong < Pe. Here, Qshorr and Qiong are the flow
rates in the short and the long branch of the loop, respectively,
and Rgyg is the resistance of the long branch.

Such an altered flow of CP moves the second droplet to
the long branch. Hereby, the second droplet ‘knows’ about
the first droplet occupying the short branch and ‘decides
adequately (Fig. 2d). When the second droplet reaches the
obstacle in the long branch (Fig. 2e), both channels become
obstructed, and the incoming flow of the CP builds up the
pressure behind droplets, exceeding breakthrough pressure
and allowing both droplets to cross the obstacles
simultaneously (Fig. 2e). In this way, the first droplet,
previously immobilized in the short branch, is now released
(Fig. 2f), and then both droplets leave the loop, resetting the
state of the device to the initial condition (Fig. 2g). Each
consecutive pair of droplets repeats the above sequence.

The presented system exhibits the functionality of the so-
called flip-flop sequential logic unit with two internal states
defining different functionalities of obstacles: the presence of
a droplet at the state-obstacle in the short channel indicates
the excited state, while the other trigger-obstacle initiates a
reset to the ground state without any droplet in the loop.

We conducted the quantitative investigation of the device
operation via the analysis of the selected pixels' brightness in
consecutive frames of the movie recorded during the
experiments (see methods). Thanks to that, we retrieved the
time-dependent digital signals, which assume only values of
0 or 1, corresponding to a droplet's absence or presence at a
given point, respectively (see methods for more details). The
signals from the selected points of the device put together in
the form of timing diagrams (Fig. 2h and i) show the device's
repetitive operation.

Decimal counter

In the considered above bi-modal loop, the first droplet
enters the branch of lower resistance. As we showed in our

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Bimodal loop. (a) Schematic view of the bimodal loop. (b) 3D
view of an obstacle fabricated by miling. (¢ —g) Experimental
micrographs of the flow of two consecutive droplets through the
bimodal loop (see Movie S1t). Black dots - positions of the
measurements of droplet-presence-signals; S, (in the inlet), S (at the
state), S; (at the trigger), and S, (in the outlet). The signals were
obtained by the analysis of the brightness of pixels (see methods),
where two values, 0 and 1, are assigned to the absence and the
presence of a droplet, respectively. (h) Timing diagrams presenting all
signals together during the flow of the two droplets as a function of
time. Droplets in motion occupy a given position for a relatively short
time, thus marking narrow peaks in time-diagrams. The spikes in  Sj
indicate consecutive droplets entering the system and can be seen as
a digital clock-signal. Soon after the peak of the first droplet in S, the
‘state’ signal Ss; assumes value 1, and the droplet is immobilized at this
position. After the next peak of S, indicating the entrance of the
second droplet, the peak of S, appears with the delay proportional to
the distance between input and trigger positions. Simultaneously, with
the S;-peak, the S assumes value 0, and the first droplet leaves the
static state position. Then, two peaks of S, appear, indicating the
release of both droplets from the device. After that, the device resets
to its ground state (without droplets). (i) The repeatability of the
process — timing diagrams for the sequence of 10 droplets as functions
of dimensionless time , where = (time t; + t)/ t:t;is the time of
the appearance of the first droplet and t is the mean delay interval
between droplets (see (h)). The rounded down value of dimensionless
time corresponds to the total number of droplets, which have been
introduced to the device so far. For the convenience, we will use the
dimensionless time in the subsequent analysis in this article. After the
first pair of droplets, the next third and fourth droplets entering the
system reproduce the identical sequence. Thus, the process is
reproduced for each consecutive pair of droplets. For the reference,
the rectangle shows the part of the timing diagram for the first two
droplets equivalent to the whole time-diagram showed in (h). The
mean time interval between two consecutive droplets entering the
loop was t =17.2 s, equivalent to the frequency of operations which
is equal to 0.058 Hz.
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previous work,*® a modified junction with a slit can fix the
custom direction of a droplet regardless of the resistances of
the branches. Such a solution provides a higher degree of
control, allowing the direction of the first droplet to the long
branch and swapping functionalities between loop-branches.
Thus, we can put the trigger-obstacle in the short branch,
while the state-obstacle is in the long branch (see Note S1
and Movie S2t).

In the next example (Fig. 3), we use such a modified
junction (Fig. 3b) to place 9 subsequent state-obstacles in the
long branch (Fig. 3a); hence, accounting for the empty loop
as the O-state, the device exhibits ten states (Fig. 3h). The first
droplet entering such a refashioned loop halts at the first

Fig. 3 The decimal counter. (a) The schematic top view of the counter
with a trigger-barrier in the short branch and 9 state-barriers in the
longer branch. (b) 3D view of the special junction with a slit used to
direct the first droplet to the longer branch. 2’ (c-g) Experimental
micrographs of the flow of two subsequent droplets introduced to the
counter (see Movie S3T). (h) The position of the indicator-droplet
assigned to the state number i corresponding to the occupied state
position. The empty device is assigned to i = 0. (i) Signals of the
presence of a droplet S from all 9 positions measured continuously
during the introduction of the series of 13 consecutive droplets. The
presence of the state-droplet at each i-th position was analysed by the
use of brightness analysis of pixels and assigned to the digital signal §
(see methods). (j) The readout of the current count. Due to the
orthogonality of signals S, the instantaneous vector of 9 signal values
can be transformed into one value of the readout (see methods). The
value of the readout (from O to 9) indicates the currently active state
and equals the result of the counting. The mean time interval between
two consecutive droplets entering the counter was t = 2.7 s,
equivalent to counting 0.37 droplets per second.
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obstacle in the long branch assigned to the first state
(Fig. 3c). As in the bi-modal loop, the next droplet chooses
the opposite, empty branch—in this case, the shorter one
(Fig. 3dy—and after touching the trigger-obstacle, it releases
the state-droplet from the first state (Fig. 3e). The state-
droplet keeps moving until it meets the next obstacle
(Fig. 3f), then sets the second state (Fig. 3g). Each subsequent
droplet moves the state-droplet one obstacle forward so that
its current position corresponds to the count of all droplets
that have been introduced to the loop thus far (Fig. 3h and
see Movie S3). After the 10th droplet, the state-droplet leaves
the loop, resetting it to the ground state, and the sequence
starts from the beginning (Fig. 3i).

Permutations

In addition to the obvious analogy to the 10-modulo ring-
counter, the device performs a transformation by rearranging
the initial droplet sequence. Indeed, all droplets from the
second to 10th one leave the system before the first droplet.
Thus, the device performs the circular shift permutation (i)
= (i + 1) modulo 10, transforming the sequence (1234567
8910)into (23456789101).

In order to increase the spectrum of permutations
available, we can use the serial combinations of the ring-
counters utilizing the fact that more complex permutation
can be decomposed into a series of base permutations, e.g,
in computational science, the Heap's®! algorithm is used for
the efficient generation of all possible permutations. The
target permutation is decomposed into the series of
operations, wherein the single step, only a single pair of
elements interchanges.

The application of modified Heap's algorithm allows the
achievement of wide spectrum of permutations by combining
different circular shift permutations in a series, e.g,
permutation transforming the sequence (1 2 34 5 6)into (6 5
4 3 2 1), as presented in Fig. 4 and Movie S4.

Fig. 4 Microfluidic system performing permutation of the set (12 3 4

5 6) into (6 54 3 2 1). (a and b) Schemes of the microfluidic loops
performing base permutations. (a) ‘SWAP permutation: (1 2) into (2 1).
(b) ‘ROTATE permutation: (1 2 3) into (2 3 1). (c) The scheme of the
permutation-device consisting of base permutation-loops, ‘SWAP and
‘ROTATE, connected in series. (d) The photo of the fabricated device
used in Movie S4.t The single permutation of six droplets was
completed within about 100 s.
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Three-fold decimal counter

The advanced finite state machines in microelectronics
utilize the integration of multiple elements in cascades so
that the number of all available states is the multiplication of
states of all connected components. For example, n bimodal
loops create a binary counter comprising 2" states (see Note
S2 and Movie S§).

To integrate the decimal counters in a series, we
augmented the previous design with two separate outlets: the
excess-output and the signal-output channels (Fig. 5a, Note
S3 and Movie S&). Two corresponding inlets ensure the
compatibility for connections of subsequent units. Such a

Fig. 5 The 3-fold cascade decimal counter. (a) The schematic top
view of the single counting-module. (b) Photo of the whole device
(taken after the counting of three droplets) with highlighted droplet
generation unit (DGU) and three counting-modules. The black dotted
line shows the trajectory of trigger-droplets, which travel via the
excess output into the excess-collector channel of the subsequent
clock-module. (c) The mechanism of the signal transfer between
subsequent counting-modules. The 10th droplet triggers the release of
the state-droplet from the 1 x-counter. The state droplet travels
through the signal channel to the 10 x counter and stops at the first
state position initiating the count of tens. The 11th droplet enters the
empty 1x-counter and initiates the next unit's counting sequence. (d
and e) Micro-graphs showing examples of the instantaneous positions
of droplets for 125 and 568 counted droplets, respectively. (f) The
readout from all counters together. We obtained the readout for each
counting-module separately, as described in methods. The top  — the
sequence of 1050 droplets. The middle — magnification for the range
from 100 to 205 droplets. The bottom — magnification for droplets
from 120 to 132. The visible delay between signals from different
counters is caused by the time the signal-droplet needs to travel
between subsequent modules. The mean time interval between two
consecutive droplets entering the counter was t = 0.91 s, equivalent
to counting 1.1 droplets per second.
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construction separates the trigger droplets from the state
droplets. Droplets that have passed through the trigger
branch are directed to the excess-output (Fig. 5b). Thus, the
excess collector channel receives trigger-droplets from all
antecedent counters. The state-droplet leaving a counter
enters the signal-inlet of a subsequent counter, thus
transmitting the information about each count of 10 to the
next counter (Fig. 5c). We integrated three such modules,
obtaining a 3-fold decimal counter (Fig. 5b). In such a
system, the first so-called 1x-counter counts units, and after
the enumeration of each 10 droplets, it sends the signal-
droplet to the next 10x-counter, which counts tens.
Consequently, the third 100x-counter receives a signal from
the 10x-counter and enumerates hundreds of droplets. The
running result of the count can be directly read out from the
positions of the droplets in the counters (Fig. 5d and e). The
experiments showed that the 3-fold counter works without
errors, correctly processing every 1000 droplets (Fig. 5f and
Movie S7t).

Conclusions

In the article, we aimed to restore, and substantially advance,
the original idea of purely hydrodynamic-regulated droplet
logic,*® whose beauty consists in the utilization of nothing
more than the interactions inherent for the confined

biphasic flow.

The examples of systems that we demonstrated here
showed that the large-scale integration of microfluidic logic
circuitries is feasible and can facilitate the device's embedded
encoding of the arbitrary analytical algorithm executed on
multiple beaker-like droplets. The exploration of this field is
promising for the development of lab-on-a-chip devices inter
alia for medical diagnosis and biochemical analysis.

In terms of the speed of operation, the presented devices,
performing about 1 operation per second, may look modest,
especially when compared with high-throughput automated
systems, e.g, for droplet sorting or cells counting. Indeed, the
maximal flow-rate and the efficiency are limited in order to
satisfy demanding conditions imposed by capillary well's
concept. However, the presented technology is attractive for the
applications demanding embedded control and high accuracy of
the combinatorial al gorithms more than the high throughput.

The implementation of advanced assays in portable
devices is one of the main motivations stimulating the
development of microfluidics. Modern analytical methods
like digital PCR or screening rely on the processing of
multiple independent compartments of the sample. ° Thanks
to the use of droplets as tiny beakers, microfluidic techniques
offer the minimization of the volume of single
compartments, capacity for the processing of a large number
of aliquots, and precise manipulation techniques, which can
be applied to every droplet individually. 32

The development of microfluidic methods must account
for seemingly contradictory market-related demands - the
optimization of the compactness, portability, and ease of use
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on the one hand, versus the increasing complexity of
laboratory algorithms on the other hand.

Thus, the integrated fluidic logic in microfluidics appears
as an attractive solution, offering both the passive regulation
in place of mechanical activators and the encoding of
advanced procedures in the architecture of the device.

We showed that our logic platform enables a variety of
concepts of microelectronics to be applied to droplet
microfluidics. Besides the examples presented in the article,
we can mention some other modules that can emerge via
further modifications and combinations of already known
structures, e.g, an adjusted version of the bimodal device can
work as a set/reset flip-flop for the synchronization of
droplets from two different sources (see Note S4 and Movie
S8f). Another solution can distribute droplets from a single
channel to several parallel ducts in ordered combination
(e.g, see Note S5 and Movie S$). Such a joint or a split of
outputs is well-known in electronics as a multiplexer and
demultiplexer,  respectively.  They allow for the
implementation of droplet buses in microfluidic devices
similar to the data bus in computer processors.

In this preliminary research, we focused on the
presentation of the feasibility of the large scale integration,
providing the principles of the design and fabrication of logic
circuitries. The advantage of the presented platform is that
its elements can be connected (in series or in parallel) with
other microfluidic modules.

In the next step, we envision the combination of logic
structures with hydrodynamic traps, *® which can process the
content of droplets thanks to the operations like merging
and splitting of droplets. This set of functions is enough to
mix the content of two droplets and divide it into even parts
again. In this way, two droplets align the concentrations of
reagents or interchange the populations of bacteria or cells.

As we showed in the previous work?® the iterative repetition
of this procedure to the series of droplets dissolves the reagent
from the first droplet gradually in droplets containing the
buffer, finally resulting in the array of droplets with descending
concentrations. Such an operation can be seen and described
as a numerical low-pass filter processing the initial vector of
concentrations represented by a series of input droplets. The
logic operations can facilitate both the setting of the custom
input vector of droplets and the realization of more complex
procedures represented by other numerical filters.

The examples presented in the article allow for the
synchronization of droplets from different sources and their
permutations. Hence, two kinds of droplets (with and
without the reagent) can be independently generated and
then arranged in the desired order so that the application of
the filter would result in the custom shape of the output
signal of concentration distributions, e.g, sinus, saw-tooth,
triangular, etc. The output stream of droplets can be
permutated and processed again by the use of droplet to
droplet interchange. Such an iterative approach allows for
the realization of more advanced algorithms improving the
dynamical range of the concentration control.
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The microfluidic hardware with built-in  algorithms
manipulating the concentration of reagents in droplets and
interchanging the microbial populations can advance the
application and development of biological assays utilizing
statistical analysis of numerous sample divisions. Thus, we
envision that integrated logic circuitries are a promising field
of exploration as a potential direction of future microfluidics
evolution.

Materials and methods
Device fabrication

All the presented devices were fabricated by the milling of
channels, obstacles, and slits in a plate of polycarbonate
(Macrolon, Bayer, Germany) using a CNC milling machine
(Ergwind, Poland) with a reproducibility of the positioning of
5 m. The chips with channels were bonded to flat slabs of
polycarbonate using a hot press at 135°C for 10 minutes. No
further channel modifications were applied.

The height and width of the square cross-section of
regular channels were 400 m. In the course of numerous
trials, for the more reliable performance of the logic systems,
the dimensions of obstacles in the long and the short branch
of the loop were varied. We fabricated the obstacle in the
short branch with a width of 100 m (measured along the
central axis of the channel) and a height of 200 m (depth of
the gap above— =200 m), while the obstacle in the long
branch had a width of 150 m and height of 150 m (depth
of the gap above— =250 m). Varying dimensions allow for
the compensation of the contrast of resistances between
branches, thus improving the robustness of the microfluidic
logic systems. The height of all other slits in the modified
junctions or those connecting channels was 200 m.

Liquids and flow control

To feed our systems with liquids, we used Nemesis pumps
(Cetoni GmbH, Germany) with glass syringes connected to
the inlets of the devices via PE-60 tubing (Beckton-
Dickinson, USA). In all experiments, we used two syringe
pumps for independent injection of two immiscible
liquids. The outlet channel was connected through the
tubing to the waste container.

We used hexadecane (Sigma Aldrich Co.) with the addition
of 1.3% Span 80 (Sigma Aldrich Co.) as the CP and Milli-Q
water as the droplet phase (DP). The DP was coloured by
methylene blue to increase the contrast between liquids for
the better visualization of droplets and for image analysis
improvement. The viscosity of the CP was estimated via the
measurement of the time within which the fixed volume of
the liquid flows through the calibrated capillary under a
known pressure drop. The viscosity of liquids (at 22 °C) was
3.6 mPa s for CP and 0.95 mPa s for DP. The interfacial
tension was measured by means of a pending droplet method
and for our set of liquids was 4.8 mN m * (at 22 °C).
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Distribution of flows in a loop-like channels

The simple loop bifurcates the incoming flow Q, between
two streams, Q; and Q,, in the two branches and then merges
them into one output, Q.u = Qin. Analysing the single-phase
flow of CP, we use the linear Ohm-like?® relation p = RQ
relating pressure drop p to flow rate Q R= cLA?is a
hydraulic resistance, where is a geometrical factor,?” < is
the dynamic viscosity of CP, and L and A are the length and
cross-sectional area of the channel, respectively. Considering
the loop as a parallel circuit of two resistors, we obtain the

splitting ratio Q./Q, = RJ/R; = Ly/Ly, implying that the flow

through the shorter branch (with lower resistance) is the

faster one.

The breakthrough pressure estimation

We estimated the breakthrough pressure experimentally for
both dimensions of the obstacles used in this paper. For this
purpose, we fabricated two loop devices (for each geometry of
the obstacle) with only one obstacle in the short branch. After
placing one droplet at the obstacle, we increased the flow
rate of CP until the droplet was removed from the loop. In
this way, in the series of trials, we estimated the critical
flow rate Q.i, which demarcates the transition between
immobilization and passing-through modes.

Then, the values of breakthrough pressure were calculated
using the relation Pg = Rong % Qerit- Here, we assume that
the whole flow is through the long branch only and
Rong = cLA 2 where = 28.4 is the geometrical coefficient
of the square-shape cross-section of the channel, ¢ is the
viscosity of CP,L = 6.9 mm is the length of the long branch,
and A= H x W = (400 m)? is the cross-sectional area. The
values of breakthrough pressure, estimated in the above-
described way, are 7.78 £ 0.37 Pa and 12.59 + 0.37 Pa for the
obstacles of the slit depth  which is equal to 250 m and
200 m, respectively.

Droplet generation

Droplets were produced in the block-and-brake type
T-junction generator,®® which produces droplets of similar
size regardless of the ratio of rates of flow of both phases®
(see Note S@). This solution ensures the appropriate size of
droplets required for the correct performance of microfluidic
logic units. The other factor that needed to be adjusted was
the frequency of droplets, which could not be too high.
Stationary flows of both phases yielded a constant frequency
of mono-dispersed droplet generation.

4

Image acquisition

The sequences of droplets flowing through the investigated
microfluidic devices were observed by the use of a
stereoscope (Huvitz HSZ-645TR) equipped with a CCD camera
(IDS UI-3274LE-C-HQ) to record movies during the
experiments. The recorded movies were stored for evidence
and further analysis.
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Measurement of the signal of the presence of droplets

The presence or absence of a droplet at a given point of the
microfluidic network can be assigned to the signal, which
assumes Boolean values. We obtained time-dependent
signals from experiments via analysis of the light intensity of
selected pixels in the recorded movies. Due to the enhanced
contrast between both liquid phases, the value of intensity
fluctuates between two well-distinguishable levels. Applying
an appropriate threshold (average of extreme values) yields a
digital signal assuming only values of 0 or 1, indicating the
absence or presence of a droplet, respectively.

The readout of the droplet counting

All signals S(t) from the decimal counter (see Fig. 3i) are
orthogonal ( §(t)|S(t) = j), which means that only one state
can be active at one time, so the product of signals from
different state positions is 0. This feature can be used for the
transformation of the vector of the 9 signal values into only

one value of the readout: readout& b %

il
transformation yields the number from 0 to 9, indicating the
currently active state. The readout equals the modulo-10
counting of droplets.
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Accounting for corner ow uni es the
understanding of droplet formation in
micro uidic channels

Piotr M. Korczyk® 12 Volkert van Steiji® 25, Slawomir Blonsk® 1 Damian Zaremba 1,
David A. Beattien 3 & Piotr Garstecki® 4

While shear emulsication is a well understood industrial process, geometrical caement

in micro uidic systems introduces fascinating complexity, so far prohibiting complete
understanding of droplet formation. The size of comed droplets is controlled by the ratio
between shear and capillary forces when both are of the same order, in a regime known as
jetting, while being surprisingly insensitive to this ratio when shear is orders of magnitude
smaller than capillary forces, in a regime known as squeezing. Here, we reveal that further
reduction of—already negligibly smal-shear unexpectedly re-introduces the dependence of
droplet size on shear/capillary-force ratio. For thest time we formally account for the ow
around forming droplets, to predict and discover experimentally an additional regime
leaking. Our model predicts droplet size and characterizes the transitions from leaking into
squeezing and from squeezing into jetting, unifying the description for coed droplet
generation, and offering a practical guide for applications.
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n spite of the beautiful regularity inows of droplets in g

micro uidic networks at low Reynolds and capillary numbers, 0 Qc+ Qp Lo
their dynamics offers rich phenomenological compléxity _i > :IW
that prohibits predictive understanding. A striking example is the 400 um
ow of a single droplet through a microchariti@lfor which the TQD

most basic question how the speed of the droplet dependswn
conditions, uid properties, and the level of camement still b 15
lacks a full answer. The generation of droplets in micro-
channel®10 using T-junction$®19,  ow-focusing®22 co-

ow?3 step emulsicatior?429 and parallel devicé%32,
opened the new discipline of droplet microdics’334 that t
revolutionized analytical methods in bioléd§and medicine with N Squeezing
digital assay$, single cell sequencifig or systems for research
on biological evolutio??. Droplet micro uidic systems are also -
used to create new materials for pharmace#fictl, cosmetic¥®
and food industries. In a stark contrast to the bulk process of
shear emulsication that is one of the more illustrative and simple
textbook examples of dimensional analysis, generation of droplets
in con nement is still not completely understood.

The rst micro uidic device used for the generation of dro-
plets, a T-junction, was proposed by Thorsen etlawho
demonstrated that the dynamics of droplet formation is generally
governed by surface tension and viscous shear, while body forces ca
such as inertia or gravity play little r8%. Depending on the c
relative magnitude of surface tension and shear, as captured by
the capillary number (Ca), and on the contrast of viscosities
between the two phases, distirigisco-capillary regimes have
been identied® drippingt31416224445 jetting*446 and parallel
co- owA’. Soon after, it was discovered tHaapillary-domi-
nated formation of droplets in microcomement results in
droplet sizes that only depend of the ratio of thev rates of the
two immiscible liquids, completely independent of Ca, as
described by the squeezing mddéf. This simple relation
between droplet size andow rates as well as the low poly-
dispersity of the generated droplets makes the squeezing regime
attractive for applications, where high precision and reproduci-
bility are required in combination with independence on material
parameters such as, e.g., the viscosity of the sample liquid. Ef
cient use of this technique thus requires a good understanding of
the limits of the squeezing regime. However, the squeezing motigl, 1Droplet formation at a microuidic T-junction and experimental data
while commonly accepted, does not account for tlwsv of for the length of droplets versus the capillary numbea.Snapshot
continuous liquid past the droplet while it is formed. illustrating the geometry of the T-junction with channels of a square cross

We show in this paper that the neglect of this cornemw section, i.eW = H= 360 pm. Qc and Qp are the ow rates of the CP
entails spectacular failure of the squeezing model for vanishihgxadecane) and DP (uorinated oil FC-40), respectivelylp is the length
values of capillary numbers. By formally accounting for thiadroplet.b Experimental data-normalized length of a droplelp = Lp/ W
leaking ow we predict and verify experimentally a number ofs a function of the capillary number Ca for differeqt= Qo/ Qc. The blue
new features of generation of droplets in microamement, area highlights the region, where all curves have a plateau, interpreted as
including an additional leaking regime at the lowest values ¢ squeezing regime. The boundary at the bottom of this area is taken as
capillary number, the existence of a previously unknown lowée minimum length for which squeezing is operativéy( 2.5, dashed
bound of the squeezing regime, and scaling of the upper beundine). ¢ Schematic picture of the scaling of the normalized length of a
the transition from squeezing to jetting. The model that we he#éoplet, Ip, with the capillary number Ca, as extracted from the full
demonstrate offers the unique attempt to a wt mechanistic experimental data set irb, illustrating the leaking, squeezing, and jetting
description of the dynamics of droplet formation in mictidic — regimes
con nement.

corpNWA
Nooo

ot

— 400 um

Ip

Squeezing

Ca

would render the dynamics irreproducible and hard to control.

Stationary inow of both phases into the junction causes a per-
Results iodic breakup of the DP into droplets.
Experimental evidence for the leaking regim&Ve studied the = We measured the length of droplets as a function of Ca, for
formation of droplets in the commonly used geometry of the-searious ratiosq= Qp/Qc of ow rates of the DP and CP (see
called T-junctior! (Fig. 1a). Our device comprises a perpendiFig. 1b). We normalized the length of the droplets, using the
cular intersection of two inlet channels that deliver two immiswidth of the channelW, aslp = Lp/W, and de ned the capillary
cible liquids, the droplet phase (DP) and the continuous phasember as Ca cU/ , with < the dynamic viscosity of the CP,
(CP), and a common output from the junction. The CP pred = Q</HW the mean speed of the R the channel height, and
ferentially wets the walls of the channels and the droplets nevethe liquid-liquid interfacial tension. The qualitative behaviour
contact the walls, always being separated from them by at leasb&ined from these measurements is illustrated in EigThe
thin Im of the CP. This prevents pinning of a contact line, whicplateau in which droplet length is virtually independent of Ca,
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Fig. 2 The process of droplet formation and concepts behind the theoretical modeL.onsecutive snapshots showing a complete droplet formation cycle
comprising a lling and a necking stageb 3D schematic view of the geometry of a forming droplet in the necking stage showing the decomposition of
the incoming CP ow (Qc) ina ow towards the neck Q) and four ows through the gutters Qg). ¢ Comparison of shapes of the neck at the start of the
necking stage {= 0) and just before the neck breakst& ), (both images were extracted from the highlighted rectangles in the snapshots)inThe
difference of these shapes d@es the volume of the neck/yo, which must be lled by the continuous phase to induce pinch-off.Circuit diagram
illustrating how ows towards and around the forming droplet depend on the time-dependent resistané®sf¢r viscous resistance in a gutter an, for
viscous resistance inside the forming droplet). Laplace pressure jump at the front of a droplet is shown schematically ‘akeemomotive force
established by the curvature of the interfad§- The change of the Laplace pressure jump due to the accumulation of the CP behind the forming droplet is
modelled as the combination of a capacitan€and the electromotive force with reversed direction in respect to the front of a droplee

con rms the well-accepted squeezing redfneThe Ca- as—simply—the time required for the continuous phase to displace
dependent region at higher Ca indicates-tidso knowr— the volume initially occupied by the nedkyo, i.e. = Vnd/Qc
jetting regime. The most intriguing aspect of the data inHigc  (see Fig2c). This assumption overlooks that a non-wetting droplet
is in the range of vanishing Ca, where the length of droplaelses not Il the corners of a channel that has a rectangular cross
explodes with Ca 0. The squeezing regime not only spans sectioff%0, allowing the CP to ow (leak) by the droplet through
narrower range of Ca than previously expettedue to the these corners, the so-callggittersl® (see Fig2b). For an elon-
existence of the lower boundary, but also due to the dependegaged droplet steadily pushed through a straight rectangular
of the upper boundary og. Generally, the highey, the narrower channel, Wong et &.pointed out that such a droplet acts as
the range of Ca for the squeezing regime, as clearly illustratecaligaky piston with the fraction of the incoming Céwing around
the highlighted area in Figb. Given the strong Ca-dependencéhe droplet (through the gutters) increasing as CAa. At low
in the here identied leaking regime, a good understanding of th@a, it is hence expected that the fraction of incoming liquid
mechanism that introduces this dependency is crucial ftitat passes by a forming droplet, and thus does not contribute
practical applications and presented next. to the squeezing, is no longer negligible. This introduces a
Ca-dependence in the duration of the necking stage and hence
Mathematical model of the leaking regimeThe starting point qualitatively explains the here observed Ca-dependence of the
for our theoretical framework is the original squeezing m@d8él volume of the droplets at Ca 0. In channels without gutters, this
which considers dr0p|et formation as a two-step processz&jg_ Ca—dependence hence should be absent. Indeed, additional
During the rst* lling’ stage, that starts when the previous dropléxperiments using a T-junction witgutter-freé circular channels
has detached, the tip of the DP expands into the main channel dgdeal that the length of the droplets varies weakly with Ca in
lls most of the junction. In the secoridecking stage, the droplet comparison to T-junctions with square channels (see Supplemen-
grows, extending downstream from the junction, while the GRry Note 1 and Supplementary Fig. 1). An interesting complica-
squeezes thaeck (Fig.2b). De ning the volume occupied by thetion in the description of corner (or gutterow around a forming
neck,Vy(t), with respect to the shape of the neck at pinch-off, thiyoplet—as compared with a droplet moving steadily through
volume gradually decreases fraf, at the start of the necking @ straight channehs that the gutter ow is dynamic due to the
staget(= 0) to zero at pinch-offt= ) (see Fig2c). The space left Simultaneous change in its driving force (interface curvature) and
behind the moving interface idled by the incoming volume of in its resistance toow (length of gutters). Although earlier work
CP:V\ &P YV, Vya&Pk The nal volume of a dropléfp, can did assume axed, non-zero, fraction of the CP stream tow
be decomposed as the volume at the end of theg stagey ,, around a forming dropléf, here we introduce the functional
and the volume added at a ra@g during the time of the necking dependence of the leakpw through the gutters onuid prop-
stage. HenceVp=V + Qp . The original squeezing modelerties and ow conditions to establish a unifying description.
assumes complete blockage of the channel by the forming dropledpecically, we dene the instantaneousow rate of the
during the necking stage and calculates the necking tie® through a single gutter aQg(t) and through all four
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gutters combined aQg(t) = 4Qs(t) (see Fig2b, d). Then, the Similar to electric RC circuits, the product of the capacitance and
ow contributing to squeezing of the neck igesistance can be seen as the characteristic relaxation time. A
Quab ¥Q. Qgdb ¥dV\=dt ¥ dV=dt. The necking time quantitative analysis of this time scale is provided in Supple-
thus equals Y.V ,=Qy., With Qy being the time-averagedmentary Note 2. Using this analogy, we model the curvature

squeezing rate. Introducing= Qg/Qn as the relative leaking difference aske  Kg 1/4\’% 1/4W%HVT;‘ 1/4%‘%, with C a constant

strength and as its time average, we obtaih’ﬁé—“coélp PThe (analogous to capacitance) characterising the rate of change of the
droplet volume hence becomés %2 Vg b qVyodlp PRewrit-  curvature withVy. Herec Yayss and vy 1/4% are dimension-
ten in terms of the non-dimensional length = Lo/W, using |ess equivalents & and V,,, respectively. Before using the thus
Lo Vp/HW, as is valid for long droplets we obtain: obtained relation, we provide an intuitive physical interpretation
1 of the capacitance by connecting it to the classical derivation of

b %alob Aodlp P ap the Young-Laplace law. Considering a droplet of volume,
with o=V //HW2 andvyo = Vno/HW?. This analysis generalizesV, and surface ared, the Helmholtz free energy,Fdequals
the original squeezing model, recovered fdt. 0. In order to dF= pdV+ dA. Near equilibrium (&= 0), the pressure
quantitatively predict the size of the droplets in the leakindjfference across the droplet interface equals/a g—\’j% K.
regime, we next derive the functional dependence,ofn g The curvature difference for a forming droplé; Kg, being
and on Ca. equal to* can similarly be related te—dANa/N pi e. the change in

We start from the ow scheme depicted in Figd and note €9 c y i vy 9

that the pressure difference associated with viscousof the neck areaAy, parameterized solely in terms \gf,. We hence
CP through the gutters balances the pressure difference arigjpg,;: dad P vy with the corresponding interfacial free
from the sum of viscousow inside the DP and the difference in Vi ¢ P ¢
curvature of the interface at the front and at the _back ef ”@nergy, W, being equal toW ¥ Ay V, 1/4%6/8 '5_ The
forming droplet. For the leaking and squeezing regimes (i.e. acitanceC can hence be interpreted as the co&fnt that
low Ca), viscous shear is unable to deform the interfaces such

. . cribes how the surface area of the négkand the interfacial
the !_aplace Iaw is used to calculate the pressure dn‘fer.ence. dLWe@energy stored in it due to its deformation by the CP, depends
a difference in curvatureKg versusKg) of the quasi-static

) . on the volume of the CP collected behind the neck. Now,
interfaces as (Kg Kg). The viscous pressure head over t

droplet and over the gutters equats(Op + On) and ReQw/4, h\?/e proceec: \)/Nwth the main analysis by substituting the relation
respectively, witly and R the hydrodynamic resistances of thé<e  Ke 4w in the pressure balance (Eq2)) together
droplet and the gutter. The balance hence equids Kg)+  With Qe ¥aQc Qu¥aQc dV\=dt, to obtain:
Ro(Qp + Qn) = RsQgp/4. For systems with a moderate viscosit é’gc YaRgd P Qg dVy=dt =4. This equation resembles the
contrast, o/ c, the viscous pressure difference inside the droplgkll-known equation for electric RC systen%l/( R dQ=dt,
can be neglected with respect to that in the gutters, because,{ig Q the electric charge), although with a time-dependent
cross-sectional area of the guttégs is much smaller compared resistanceRs(t). The solution gives theow rate to the neck:
with that of the dropletAp. We hence continue with the & = qca . o4 A1
simpli ed balance: Qn Yage Qe With constant /a=-vrsge Note that the full
expression folQy includes an additional time-dependent term
XKe Kb YR;Qs=4 @P  that decays fast and can be neglected (see Supplementary Note 2
Strikingly, this model predicts th&y does not depend on time,

; : ; implying that, after a short initial transient, thew through the
resistance of a gutteRg) increases proportionally to the lengthigutters is constant in time. Consequently, the front of a forming

1 G i _ i
L of the gutterRg /4—AGz£LG,WIthAG the cross-sectional areaodroplet should propagate at axed speed during droplet

a gutter (in good approximation constant along the gutter arfdrmatior?? Our experiments conm this surprising prediction
independent of time) and ¢ a dimensionless geometricalsee Supplementary Note 3 and Supplementary Fig. 2). Finally, we
factoP2 Referring to Fig2d, we estimate the velocity of thearrive at the following expression for the relative leaking strength:
front of the droplet as@p + Qn)/Ap and that of the .back of the Y, 1,%1,% N1, Incorporating this functional depen-
droplet asQn/Ap, such that the length of the gutter increases at Q"7 Qv Tracd

rate equal to the velocity difference, g#e.% Qp=WH, where we
approximate the cross-sectional area of the drogig] (vith the
area of the lumen of the channélH. Considering the left-hand
side of Eg. %), we note that the curvature at the front of ) ) L

the dropletKe %2 b 2, is approximately constant in time. The , ThiS generalized equation implies that all data from Efg.
curvature at the rear (i.e., at the neck) depends on the neck sh?lﬂgcu!d cloilapse or;]to da smgle masftgr cnIJrve_ when husmg_ th:ts
which is determined by the amount of the CP collected behind NO” tiona orgl hort e _”epen ent;:e 0 dfopﬂ?t Size on It e raU? 0
i.,e. by the value of the volumeVy. Adopting the W rates and t ecapln ary lrllum er. Indee Lnga_smlgeseto
electrie-hydraulic analogy that can be applied to single phaggrameters » Vo, alndl o to all our data_, we nd a single master

low Reynolds numberows, we describe the accumulation ofurve for Yags ¥a=2 1 as shown in Fig3. We conrm the

the CP behind the droplet akin to a charging capacitor: theniversality of this behaviour for differentuid systems and
further the rear interface is pushed into the junction, the largehannel sizes (see Supplementary Notes 4, 5 and Supplementar:
the difference in curvatures at the rear and front, and hence thigjs. 3, 4). For rectangular channels with different aspect ratios,
more charge is stored. If one were able to instantaneously releaseon rm that the general behaviour is the same, with the details
the driving pressures in the system during the formation of & the leaking mechanisms depending on the aspect ratio
droplet (akin to switching off the main voltage supply in afSupplementary Note 6, Supplementary Fig. 5 and Supplementary
electric circuit), the capacitor would discharge, i.e., the formifigble 4). With the functional behaviour of the leaking strength
droplet would relax its shape inside the T-junction to amwell captured, the generalized E§) accurately describes the
equilibrium shape with similar curvatures at its front and reaexperimental data on droplet length (see also Supplementary

Considering the right-hand side of EQ),(the hydrodynamic

daence in Eg.X), we obtain:

lD ]/4|0p quO 1b ﬁ &D
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Fig. 3 Experimental verication of the leaking-regime-model. Master curve forexperimentally determined from all data in Figo using ™, ¥2 'SVN'S’ 1
(Eqg.3) and "¢, /4@(de nition) with t parametersly = 1.46 + 0.14yv\o = 2.04+0.11, and ¥ 7:4" 10 5+0:3" 10 5. In the leaking regime, the ow
“exp LforgCa ). By contrast, in the squeezing regime, th@w though the gutters is

through the gutters is at least equal to theow to the neck (i.e.
negligibly small compared with theow to the neck (i.e. ™, 1 forqgCa>10). The intermediate regime (<qCa<10) is identi ed as the transition

ex|
between leaking and squeezing. Inset: log-log master cur\';ecﬁa< 10. Blue solid line: theoretical scalingi/4@ All experimental data collapse on this
single curve in the leaking regime, while deviations qf, from the theoretical scaling for at ~.,, <0.1 are attributed to a remaining dependency &o
(taken constant here) org and Ca as explained later. The transition between squeezing and jetting does not occur at a single vaj@adér curves with
different g, which is highlighted in the graph in th®verlap region. In the next part, we will explain how to parameterize the system to capture the

squeezingjetting transition for all these curves based on a single parameter

Note 7 and Supplementary Fig. 6). This agreement demonstratethe case for lowCa, for which the nal shape at pinch-off (for
that the present analysis captures the mechanisms governifgt ¥s B has a universal value (though with different necking
droplet formation in the leaking regime. FiguB@lso shows that times  for different conditions). To capture how viscous
the leaking regime transitions smoothly into the squeezinijssipation altersVyd %2 P beyond the leaking regime, we
regime. Without a sharp boundary, the lower limit of theherefore introduce an additional parameter, which we call the
squeezing regime, in which droplet length does not sagmitly ‘shape numbérs
depend on Ca, may be deed asgCa , as evident from Eq. We derive an expression f@& using Onsagés variational
(3). In case a particular application requires the sensitivity of tieinciple®3%4 which is an extension of RayleigHeast energy
nal droplet length (with respect to Ca) to be less than dissipation principle®. Onsages principle allows for taking into
threshold value of say 10% <€0:1), gCa= 10 provides an account the dynamic change in free energy of the interface as well
application-tailored lower limit for the squeezing regime. as the energy dissipated by viscooswr. It has been successfully
applied in the eld of soft matter physieé& In isothermal
systems, Onsagdermprinciple minimizes the so-called Rayleighian

Scaling of the squeezing to jetting transitionTo explain why R, which takes the following general fdtfn

Texp V4 'gVNLO 1 deviates from the theoretical scaling/s =, at

the largest values @fCa, we take a closer look at the shapes of R Y2 &;xb pWax; xk op

the rear of the droplet at end of the necking stage. For the

capillary-dominated regime, we expect self-similar shapes of thélere, W is the interfacial free energy of the system with

interface—that is, shapes that solely depend on the instantanedssing its rate of change. is the dissipation function, which is

volume of the neck &P Considering the shape of the interfacequal to half the rate of energy dissipatinmepresents the set of

at the moment of pinch-off, we observe that the shapes are indeadables of the system and their time derivatives. In our

all similar at lowqCa (Fig.4a). The volume lled by the CP system, viscous dissipation is the only source of

during the necking stagé/no—being directly related to this energy dissipation. The rate of viscous dissipation for laminar

shape—is the same for all these cases, and solis contrast, the ow can generally be expressed in terms of the hydrodynamic

interface shape prior to pinch-off is no longer self-similar aksistanceR) and the ow rate Q) as R@%8 In our system,

higher gCa, i.e. no longer determined solely Wy,. Viscous for the larger values ofgCa, viscous dissipation mainly

deformation of the interface, so far left out of the descriptiostems from the ow through the neck. For thaCa range, gutter

hence introduces a dependencegand on Ca invye, explaining  ows are negligibly small and the neck is squeezed by almost

the deviation from Eq.3) at highqCa, as observed in the inset ofll of the incoming CP @y Qc). The ow rate in the neck

Fig. 3. itself hence equals the su@r+ Qp. The viscous resistance in
We hypothesize that, for the larger values qfa, the the neck, Ry, depends on its instantaneous shape and

instantaneous neck shape is not solely parameterizédbys hence is parameterized by, and S The dissipation

NATURE COMMUNICATIONE (2019) 10:2528 | https://doi.org/10.1038/s41467-019-10505-5 | www.nature.com/naturecommunications 5



ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10505-5

a q b
1 2 o
-5 + + -
x10 PEd > Constant g Constant S
- -
5 -
P Q, = Q. =640 pl ht Qp = 2560 pl h™1, Q. =640 ul h™t
L D C D 1 XC
L d - -
P Qp = Q¢ = 1000 pl h-? Qp = 3000 pl h%, Q. = 1000 pl h-?
-
10,10 e A0
- . ol Qp=Qc=1778 plh? Qp =3556 Il h%, Q.= 1778 i h~?
@ P
O 20 - ‘ Qp = Q¢ =2560 pl bt Qp = 3840 pl h2, Q = 2560 pl h-t
-
- A
< > 1 —1 -1
- BN Qp = Q¢ = 4000 i h- Qp = 4000 pl h~t, Q¢ = 4000 pl h
0 e K]
4
e - 7
b d
. e c
Pie Constant g Constant S
- ’
80 Phe ’
- ’ 500 500
- . o o
- ’,
- ’, 500 pm

Fig. 4 Variations of the shape of the necla The neck just before breakup for different values of Ca amih a T-junction with channels of a square cross
section (W = H= 360 pum). All shapes are compared with the shape in the top left corner (white dashed line) with the differences highlighted in colour.
The diagonal lines separating the snapshots correspon@i@a= andgCa= 10 . For the leaking regimeqCa < ; yellow) and for the transition between
leaking and squeezinggCa < 10; green), this clearly shows that the shape prior to pinch-off is the same irrespective of the valuegaoid Ca, conrming

that the parameters depending on the shape suchwag, Kz Vy, andKg(0) are constant in the leaking regime and in the transition regime between
leaking and squeezing. For the squeezing regim€4 > 10 ; blue) and the jetting regime $>0.017; red), the remaining dependency of the shape@and

Ca is clearly visibleb Comparison of shapes of the neck for a variety of combinations@f and Qp. For better visualisation, a T-junction withattened
channels W = 2H= 800 um) was used. The left columr-constantq(= 1), the right one—constantS=0.017). Snapshots in the same row were taken for
the sameQc (i.e. the same Ca)c Composition of overlaid images from each column framlt is visible that, although the length of a droplet is similar for
constantq (a well-known feature of the squeezing regime), the shapes of the neck differ sigatly. By contrast, these shapes are the same for constant

function hence is estimated as%iRy V\iS &Qcb Qp B. derived using the momentum balance as a starting point,
The free energy of the systeW is equal to the interfacial CON rming the validity of the approach.
energy of the neckV V,;S ¥ Ay Vy:S, whereAy Vy;S The above analysis predicts that, for the larger rang€af all

is the instantaneous surface area of the neck. The raten§ kRshapeks g:iorrtlp pinch-oflf ar(; ““Vifl;?'y ded by the val_ur(?

change of the free energy can be estimated 3 Remarkably, tis Is exactly what In experiments, wit
Ay, :SPV a _|nterface sh_apes coIIapslng onto a master shapq&ds as

W VS Y —g——% KVySQu K VyiSQe evident from Fig4b, c. Having established the physical origin of

with K V,;S the instantaneous curvature of the neck. We hend@is Snumber, we nalize the description of droplet formation.
obtain the following Rayleighian We use theSnumber to predict the upper boundary for

1 squeezing regime, and to explain the mechanism behind the

RY =Ry Vy:S Bp K V.S transition between squeezing and jetting.
) ZRN NS &Rep QPP NS Qe At the limit of high rates of ow in the squeezing regime, we

Solving the minimization equation for the Rayleighian witeXpect shear to wash the instability away from the junction, as

respect tdSfor xedV,; R = v, 0; we obtain: observed in the convective regime in jetting. Since this mechanism
dS Vy is not captured in theSnumber description, we expect that, in

dbb

st Vi 1/433c|0 Qb '3/ cadip qB &b that limit, the shape of the neck just before breakup (for
rsdvy P Qc Vya& ¥ B will no longer be uniquely captured b To test
this hypothesis experimentally, we determined the relation
wherekg Vy ¥ dK?SV v P andrg Vy Y4 %’3 , with betweenVa& ¥ Pand S We use the breakup distanBe(see

N N inset Fig5a) as a proxy fo¥ & ¥ Pas itis a well-dened direct

ks Vy andrg Vy both de ned as positive functions based on thebservable. Data for different valuesyafollapse perfectly on the
expectation that large8implies larger deformation of the interfacesame curve fod¥2D=W 1 andS 0:017. For largelS the
(and hence largeK SV, ) and smaller viscous resistance (anfreakup shape is indeed no longer uniquely il by S as
hence smalleR, S V,, ). With the left-hand side of EqY only evident from the curves for differeqt We therefore interpret this
depending on the shape of the neck, this analysis teaches tha ot (S 0.017) as Fhe transition frqm squeezing to jetting,
neck shape is fully governed Wy and the parameter Cafd g) supported by the experimental obser\_/atlon that for Ia?gerlo_ng_
which we call théshape numberde ned asS= Ca(l+ g)2 Wé thread of the DP penetrates the main channel, characteristic for
hence expect the san?e neck shape prior to pincm(pj&(% B theje_t;ing regime. This thr_eshold valueSHccurately predicts the
for different conditions, as long &is the same. Before we test th ransition for all curves (F'.Qﬁb).' We note that, to the best .Of our
validity using experiments, we stress that the same analysis canq%"; lri(;?i’cgﬁn%rpgleer grlheéleor]_ 'S It:: € Ef;r? ;ti(tai(r)nnpt o provide a
applied for lowgCa with the neck shape solely parameterized H‘PI 9 deri % zumjtl 9 del f' h .
terms of V,, with the Rayleighian being equal to n summary, we derived a complete model for the generation

e @V T ) of droplets at low Ca under microscale geometrical oen
R¥%3Rs #b 2&: Qgk Minimizing R with respect tcQs  ment. The explicit inclusion of the magnitude of the leaking

for xedV,, we obtain the same balancvg ViR, % asthe one OW of the continuous phase past a growing droplet allowed us
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Fig. 5 Quantitative test of theS-number as the scaling factor of the formation of droplets in the squeezing regim®&leasurements of the dimensionless
distanced= D/ W—the distance between the internal corner of the junction and the rear interface of the droplet immediately after breaksm function

of the Snumber. Inset: shape of the neck prior to breakup (top) and immediately after breakup (bottom). The measured valdeafresponds to the
deformation of the shape of the neck. The overlap between transitief$ land squeezing corresponds to the fact that the transition between these regimes
is captured by a single valugCa for all curves, but not for a single value of tt@number.b Normalized length of dropleté; versus theSnumber showing

that the transition from squeezing to jetting occurs at a single value for tB@umber for all curves &t ~0.017). For the series with < 1 the length of the
droplets (except for the leaking regime) is below or close k9= 2.5. In the case of such short droplets, a more accurate description should include shear
during the lling stage as in models for the dripping regime

to uncover the leaking regime of drop formation and to In order to feed our system with liquids, we used Nemesis pumps (Cetoni
reformulate the squeezing model for the size of the drople®bH, Germany) with 100l glass syringes, connected to the chip using PE-60

including the transitions between leaking and squeezing, aHgnd (Beckton-Dickinson, USA)n addition, we performed some
. L o - measurements with 1000 syringes to test whether the pumps generate
between squeezing and jetting. The insights from this work cRyyations in ow rates that could disturb the measurem&htIhe

be used to revisit droplet formation at low Ca in other commofieasurements from both syringes were in good agreement (see Supplementary
geometries, such as Y-junctions, cross-junctions, ao- Note 8 and Supplementary Fig. 7), coming that there are no signéant
focusing devices, including manyne details such as the uctuations in our feeding system. Having comed that the syringe pumps

. fch | t rati d vi it trast that praduce steadyows for our range of operating conditions, we have chosen their
In uence of channel aspect ratio and viscosity contras at, over, for example, pressure driven systems, as they allow direct control over

date, have escaped a ueil model of droplet formation in the ow rate.
micro uidic con nement. We used uorinated oil FC-40 (3M, USA) as DP and hexadecane (Sigma
From a practical point of view, the leaking regime is the legfdgrich Co.) as CP for the measurements reported in the main article. We chose

. . is set after multiple attempts with differentiid combinations. The chosemid
attractive mode of breakup, because it presents a very s m ensured the absence of wetting of the channel walls by the DP, without

dependence of droplet VOl_Ume on the Contr0_| parametstgh _ further channel treatment or addition of surfactants. Dynamic effects resulting
as rates of ow. One may either use the equations here descrilfegh surfactant transpot are hence not at play. Additionatid systems used to
to nd the squeezing regime for channels with a square crg8gstruct Supplementary Fig. 3 are further detailed in Supplementary Note 4 and

; ; ; ; ; ; plementary Table 1.
section, or, easier, use a T-junction with circular channels t iscosities of the used liquids were estimated by measuring the time required

preCIqu Ieakmg_ and present a very wide range of parameters that given volume toow through a calibrated capillary for a known pressure drop

result in squeezing. over the capillary, which was controlled using a pressure regulator and a precise
manometer. We repeated the measurements for different values of the pressure
drop obtaining a linear relation between pressure drop and calculatedate. A

Methods linear t provided the values of viscosities. This resultedds 3.6 mPa s and

h L . . - L p= 4.1 mPa s for hexadecane and FC-40, respectively. Values for theuther
Device fabrication We fabricated the chips via direct milling in polycarbonate srydstems are reported in Supplementary Table 2.

(PC) sheets (Macroclear, Bayer, Germany) using a CNC milling machine (Ergwi The interfacial tension between both liquid phases was estimated by the

Po_land). This machine has a reproducibility of positioning ofrb The milled endant droplet method using a custom set-up enabling observation of the
?h'tﬁ)qs Werrle bor;deddt_o a?t slab of polyclt_argo_lr_\ﬁtehus_mh% a ij Péfhss fatth130 (t: fterface of a pendant droplet of FC-40 immersed into hexadecane. We calculated
urther channel modications were applied. The heignt and wicth of the Teclan-y,q jnierfacial tension by the use of a custom Matlab script applying the Laplace-

gular channels was 360 pm, except for the chips used to productbFag.Sup- Youn ) ) :
- - _ - - g theorem to the droplet shape extracted from the acquired images. This
plementary Fig. SW = 2H = 800 um) and Supplementary Fig. W & H = 200 ({esulted in = 7.3mN m 1 for the hexadecareFC-40 uid system. Values for

um). These dimensions, which may be larger than those typically encountere ] !
were chosen to enable reaching low Ca values, without being constrained by ?1% other uid systems are reported in Supplementary Table 3.

lower limit of the ow rate of the syringe pumps.
Data availability
The data that support the plots within this paper and othedings of this study are
Experiments We used a stereoscope equipped with a high-speed camera (PG®ailable from the corresponding authors upon reasonable request.
HS1200) to record images of droplet formation. We analyzed the sequences of
ima_ges with a custom written script in MATLAB _(Mathworks), which auto- Received: 24 November 2018 Accepted: 15 May 2019
matically recognized droplets and measured their length. In order to obtain data
with a good precision, long sequences of droplets (typically >30) were observed,
which for the low Ca values took up to 10 h.
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Abstract

In the present paper, we provide evidence of the vital impact of inertia on the ow in micro uidic networks, which is dis
closed by the appearance of nonlinear velocity—pressure coupling. The experiments and numerical analysis of micro uidic
junctions within the range of moderate Reynolds number (1 < Re <250) revealed that inertial e ects are of high relevance
when Re > 10. Thus, our results estimate the applicability limit of the linear relationship between the ow rate and pressure
drop in channels, commonly described by the so-called hydraulic resistance. Herein, we show that neglecting the nonlinear
their nature inertial e ects can make such linear resistance-based approximation mistaken for the network operating beyon
Re < 10. In the course of our research, we investigated the distribution of ows in connections of three channels in two ow
modes. In the splitting mode, the ow from a common channel divides between two outputs, while in the merging mode,
streams from two channels join together in a common duct. We tested a wide range of junction geometries characterized |
parameters such as: (1) the angle between bifagcatiannels (45°, 90°, 135° and 180°); (2) angléefcommon channel
relative to bifurcating channels (varied within the available range); (3) ratio of lengths of bifurcating channels (up to 8). The
research revealed that the inertial e ects strongly depend on angles between the channels. Additionally, we observed subste
tial di erences between the distributions of ows in the splitting and merging modes in the same geometries, which re ects
the non-reversibility of the motion of an inertial uid. The promising aspect of our research is that for some combinations of
both lengths and angles of the channels, the inertial contributions balance each other in such a way that the equations reco
their linear character. In such an optimal con guration, the dependence on Reynolds number can be e ectively mitigated.

1 Introduction neglects inertia. However, there are loads of examples-utiliz
ing the inertial e ects in micro uidics (Carl@009 Nunes
Classical microfluidics is seen as a domain of viscouset al.2014 Amini et al.2014 Zhang et al2015, showing
dominated ows, where simple Ohm-like circuit analysisthat the impact of inertia can be signi cant. Thus, this arises
(analogical to electric circuits) can be applied with su vital questions: how we can recognize if the inertia can be
cient precision (Oh et a012. That approach completely neglected in a particular micro uidic system; what are the
consequences of the unjusti ed omit of this inertia; what are

the limitations for the applicability of the electric-like-circuit

S. Blonski analysis in micro uidics?
sblonski@ippt.pan.pl The ratio of inertial and viscous interactions is described
P. M. Korczyk by the Reynolds number. For the ow through a long ehan
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nel, the Reynolds number is de ned as , Where
and are density and dynamic viscosity of the liquid,
respectively, —mean velocity of the uid, —the width
of the channel. In the case of a circular pipe, experimen
tally obtained critical Reynolds number Re 2300 gives the
upper limit for which the inertial e ects can be neglected. In
this range, the ow through a pipe is thought to be laminar.
According to Hagen—Poiseuille’s law, stationary, viscous,
laminar and incompressible ow satis es the linealation

13



14 Page 2 of 15 Microfluidics and Nanofluidics (2020) 24:14

between the pressure drop and volumetric ow rate. Thererchitecture’s size. Moreover, such an increase in the size
fore, Hagen—Poiseuille’s law can be seen to be analogicaf the device is contrary to the idea of miniaturization—the
to Ohm’s law, where the pressure drop is equivaienihe vital advantage of micro uidics. Another way to damp ier
voltage drop, the volumetric ow rate is equivalent to thetial e ects is to keep Reynolds number low (e.g. ),
electric current and the so-called hydraulic resistance ighat can be obtained simply by decreasing the rate of ow
equivalent to the electric resistance (Mortensen @085.  but with the cost of limiting the maximum throughput of
This analogy provides a simpli ed description of the ow the device. Micro uidics is a very rapidly developing disci
through a micro uidic channel, where the channel is treategline with an increasing area of applications including those
as a one-dimensional wire, characterized by the constawhich require high throughput (van Berkel et2011). In
resistance. The fact that the hydraulic resistance is propadhis context, the expansion of micro uidics towards meder
tional to the length of a channel and inversely proportionadte Reynolds numbers (or even higher ones) seems to be
to the square of its cross-sectional area (the diameter to ttiee unavoidable process. The challenge which micro uidics
power of 4) allows to obtain the required resistance of thiaces now is to develop more complex, but still tractable,
channels during the process of design and fabrication.-Morenathematical model(es) containing nonlinear e ects, as
over, if the electric circuit analogy is satis ed, the analyticalthere is no remedy to eliminate inertia. The main aim of
solutions describing uid ow in micro uidic networks can this paper is to propose, verify and validate a new modelling
be derived from equivalent electric circuit equations whickapproach concerning aforementioned issues.
typically reduce to a system of linear algebraic equations In this paper, we analyse a junction as a source of non
(Oh et al.2012). linearity in micro uidic networks for moderate Reynolds
Due to its convenience, this methodology is very comnumbers ( ). A junction, which connects at
monly applied in micro uidics (Oh et aR012), e.g.: in the least three channels, is a ubiquitous element in micro uidic
design of concentration-dependent micro uidic networksdevices. As shown in Fida, this junction allows for divid
(Dertinger et al2001% Yamada et al2006 Lee et al2009  ing one inlet ow ( ) into two output ows and ,
2010, prediction of ow distribution in hierarchical net where . In the reverse arrangement, it can be
works (Hulme et al2007) design of systems built with com used to combine two input ows into one output ow.
binations of discrete 3D modules (Bhargava e28l5, The series of consecutive operations of splitting and
investigation of systems for lItering particles (Stiles et al.merging of streams containing a sample and a bu er allow
2005, analysis of hydrodynamic trapping of droplets (Bithifor the precise manipulation on concentrations of com
and Vanapall201Q Korczyk et al.2013 Zaremba et al. pounds. This approach is used to generate the desired dis
2018, prediction of ow of droplets in micro uidics net tribution of concentration of reagents and for the generation
works (Engl et al2005 Fuerstman et aRO07 Cybulski  of precisely de ned gradients (Dertinger et2001 Yamada
et al.2015 2019 Zaremba et aR019, description of for et al.2006 Lee et al.2009 2010. The nal result of the
mation of droplets in micro uidic systems (van Steijn et al.cascade of splitting and merging of ows relies on the ratio
2013 Korczyk et al2019 and the generation of concentra of output ows distributed in each splitting node.
tion gradation in droplets (Wegrzyn et 2012). Hence, this distribution ratio needs to be determined at the
Despite numerous examples of successful and impressidesign stage.
applications of linear approximation in modelling of ows  According to the linear approximation (as shown in the
in micro uidics, this approach has signi cant limitations. circuit diagram in Figlb), the geometry of the junction is
Its reliability requires elimination from the design processescribed by two parameters—the linear resistances-of out
any nonlinearity. However, inertial e ects, even if negligibleputarms , . Thus, the pressure drops in both output arms
in straight, regular channels can appear for in are: and ,
any non-regular element of the micro uidic network (Amini respectively. If the channels have the same cross sec
et al.2014 where the ow is forced to submit to a suddentions, the resistances depend only on the lengths of arms

change of speed or direction (e.g. bends, branching poir{t, and ). Because , the ratio of ows after
contractions and expansions). splitting is given by the inverted ratio of lengths of outlet
To minimize the impact of inertia, the micro uidicet  arms: . Note that although

work can be built of only straight channels. However, thehe real geometry of the junction is also described by the
junctions linking the channels are unavoidable in the corangles between the channelsand , these angles are not
struction of non-trivial micro uidic networks. Commonly, taken into account in the linear approximation. The-con
the e ect of branching points is assumed to be negligible isequence of such a reduced description is that the linear
comparison with the resistance of channels. Although suchraodel predicts the output ows ratioconstant, regardless
condition could be achieved by the use of appropriately longf the change of the magnitude of total incoming ow.
channels, it would cost the enlargements of the micro uididn other words, it does not account for any dependence of
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Fig. 1 The geometry of a junction and its electric representat®ns. arms of the junction. The in uence of the angle between the arms on
The scheme of the micro uidic junctiob. Electrical circuit diagram the local pressure loss is presented in the diagram as variable resist
representing the junction in linear approximation—the ow dependsances and depended on Re. The highlighted red area in all
only on linear resistances determined by the lengths of its arfime graphs corresponds to the region of the junction or its representation
extended diagram, which includes dependence on the angle betwearan equivalent circuit diagram

on the Reynolds number. In the range of Re numbers Btructures in asymmetrical junctions can be problematic for
which this linear approximation is correct, the design of th¢he prediction of the splitting ratio of output ows.
micro uidic network enables the encoding of an arbitrary Berkel et al. built a system for rapid blood cell analysis
series of dilutions, where each dilution is hard-wired intdvan Berkel et al2011). They used this system containing
the architecture by the ratio of lengths of channels behina junction to divide the sample liquid into parts in required
each splitting point. proportions, which then were being mixed with a bu er

Although the linear approach has been commonly applied nally obtain the required concentration of the sample.
for a variety of micro uidic systems, there are examples info circumvent the impact of the nonlinearity and make
the literature, where the linear approximation for micro u the device independent on the input ows, they investi
idic junctions failed the proper prediction of the splittinggated numerically di erent junction combinations. Finally,
ratio. Zeitoun et al. analysed tlfigunction as an asymmetric through a series of trials, they found the geometry which sat
splitter of incoming ow introduced through the inlet arm is ed their requirements. This work has shown that inertial
connecting with both outlet arms at a right angle (Zeitoure ects depend on the angles between the channels. However,
et al.2013. The asymmetry was introduced by di erent the analysis of the impact of the angles has been limited only
lengths of outlet arms (di erent hydraulic resistances). Theyo the optimization of a single device.
proved that the ratio of the output ows depends onthemag Oh et al. in their review on electric circuit analogy in
nitude of the input ow. The higher the input ow (the micro uidics noticed that nonlinearities in junctions can be
higher Re), the higher the discrepancy from the predictioproblematic (Oh et a012). They advised the use of slanted
of given by the linear resistance analysis. The authors hajgnctions instead of right-angle junctions to minimize these
assumed that these nonlinearities are introduced by the startects. This conclusion rightly suggests the impact of the
up ow e ect. This model, however, does not include anyangles on the inertial e ects; however, it is rather an intui
impact of the angle between the arms. tive remark, which lacks deeper quantitative consideration.

The experimental ow observations and CFD simula  The junctions in larger scales and for high Reynolds-num
tions in micro uidic junctions revealed that the rst signs ber have been investigated as a part of pipe systems (Mat
of secondary ows could appear for Re<1 (S. Suteria et athew 1975 Hager1984 Bassett et aR001) or as a part of
2018. Other research disclosed formation of three-dimernvascular networks (Mynard and Valen-Sendst@il5. In
sional ow patterns with more complex morphology (evenhydraulics, elements such as junctions or bends are con
for Re <200), such as standing recirculation zones with thirsidered to be a source of substantial pressure losses and
layered spiral secondary ows (Karino et &4b9Q Vigolo  described by the local pressure losses coe cients. These
et al.2014 Ault et al.2016 Oettinger et al2018 and even coe cients have been in general estimated experimentally
ow reversal zones (Karino et d@990. Due to the high dis  for di erent geometries and are widely used in the prac
sipativity of such structures, they signi cantly contribute totice of design of pipe systems (IdelclZi®05. While some
the pressure drop driving the ow. The asymmetry of thoseoncepts of hydraulics can be transferred into micro uidics,
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that cannot be done directly without appropriate adaptatiorat slab of polycarbonate using a hot press (AWO03, Argenta,

The reason is that the scope of hydraulics is the range Bbland) at a temperature of 135 °C and with 0.1 b&r/cm

high Reynolds numbers, while micro uidics operatgthin ~ pressure. The chip was kept in the press at this high tem

small or moderate Reynolds numbers, where both viscogerature for 10 min and then allowed to cool down remain

and inertial interactions are essential. ing under pressure. No further channel modi cations were
Therefore, the challenge is to describe pipe-like systerrapplied.

within the transitional range starting from low to moderate

Reynolds number—in the range of the majority of microu 2.2 Measurements of the dye’s concentration

idics applications. The knowledge of this transition is vital

to judge the applicability of the linear, electric-like circuit, In all presented experiments, we used as an indicator sodium

analysis of micro uidic systems. The other goal is to nd pyruvate (Sigma-Aldrich, Germany) in aqueous solution

the description, which takes into account nonlinearitiesvith starting concentration =100 mM. As the bu er lig

and allows for the proper analysis of nonlinear micro uidicuid, we used distilled water.

systems. We used a Multiskan Go Microplate Spectrophotometer
In this paper, we developed an experimental approackiThermo Scienti c) to measure the absorbance of the mix

which allows for precise and e ective investigation of theture collected in PMMA UV cuvettes (BRAND, Germany)

splitting ratio in micro uidic junctions for moderate Re. with a minimum lling volume of 1.5 mL.

We show measurements oés a function of Reynolds num All absorbance measurements were taken at the-wave

ber in a simple micro uidic system of junctions. Signi cant length of 316 nm, which corresponds to the local maximum

variations of clearly prove the discrepancy from the-lin in the spectrum of absorbance we took in the wavelength

ear model. We show that the magnitude of these variatiomange from 200 to 500 nm.

strongly depends on the angles between channels of the junc As the principle of concentration estimation based on

tion and more importantly, that for some combinations ofhe measurements of absorbance, it is important to oper

angles these variations can be damped. ate in the linear regime. Before all measurements of ow
Additionally, we propose a mathematical model of ajuncratios, the calibration curve was determined to investigate

tion accounting for the inertial e ects and its éaplence on relation between absorbance and concentration. The series

angles. The knowledge about the role of geometry allowsf measurements for concentrations of sodium pyruvate up

us to design a micro uidic junction, in which the sum of allto 600 mM allowed us to estimate the maximum level for

nonlinear elements in the equations vanishes and the sothe linear regime—about 100 mM. We used this maximum

tion recovers its linear character and independence from thalue of concentration as a base starting value rufattra

Reynolds number. This work provides a practical guide fotion in our experiments.

minimization of the nonlinear e ects by the optimization of

the junction geometry. 2.3 Flow control

The chip was connected with the syringes via polyethylene

2 Materials and methods tubing (PE60 Intramedic Tubing, Becton—Dickinson, USA),
and the liquids were dispensed by syringe pumps (NE-1000,
2.1 Fabrication of micro uidic devices New Era Systems Inc.). 100 mM aqueous solution of sodium

pyruvate was inducted into one of the microchannels, while
The micro uidic devices were fabricated by direct milling for the other input we used distilled water. Both pumps-oper
of the structure of channels in transparent, 5-mme-thick polyate with equal ow rates between: 5 and 350 mL/h. After
carbonate plates (Makrol8rGP, Bayer, Germany) using a ushing the channels for 3-5 min and eliminating the bub
CNC milling machine (MFG4025P, Ergwind, Poland) and ales to stabilize the ow, 1.5 mL of the solutions was-col
2- ute shtail milling bit with a diameter of 385 um (FR208, lected in two cuvettes from each of two outlets. In order to
InGraph, Poland). Engraved channels (grooves) wereduce evaporation and changes in the concentration of the
cleaned out with a high-pressure water washer (Karcher, Kiguids, the cuvettes were closed at the end of every experi
Premium, Germany), to remove turnings and loosely bounthent. Afterwards, the measurements of concentration from
bulk material, formed during the milling process. Furthergach cuvette were performed.
the milled chips were washed by hand with 1% watersolu
tion of Alconox detergent (Alconox, Alconox Inc., USA), 2.4 Numerical simulations
washed with isopropanol and deionized water and nally
dried out by compressed air. Then, to obtain closed micrd-or the numerical analysis of the water ow through the
uidic channels, the engraved plate was bounded to anoth@vestigated channel’s junctions, we used steady, isothermal,
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laminar model of incompressible, viscous liquid ow, imple via the measurement of the indicator’'s concentratithe
mented in ANSYS Fluent software. Therein, discretizationmicro uidic device consists of two identical junctions (see
of the liquid ow model governing equations is obtainedFig. 2a), which outputs are so connected that they ensure
using the nite volume method. Full, three-dimensionalrotational symmetry on the whole device. Thus, the arms of
models of the analysed channel’s junctions were designéhe junctions form an internal rectangle. Two inputs of two
and created in Autodesk AutoCAD software and thens  independent in ows are placed in the opposite vertices of
ferred to ANSYS Meshing to generate the computationahe rectangle. Two other opposite corners serve as outputs.
meshes representing the experimental devices. The bound If two input ows are equal, the channel’s symmetry
ary conditions (known from experiment) were set as velocityimplies the symmetry of the ow in the device. Therefore,
inlets at the inlets to the model, and as pressure outlets (prése ow rates on opposite sides of the rectangle are equal.
sure =0) at the outlets. In the preliminary anelydi erent  Particularly, ow rates in both long sides (of the length
meshes were tested until a mesh independent solution wai®e the same and equaland similarly, ow rates in both
obtained. As a compromise between accuracy and compshort arms ( ) are identical and equal (see Fig2a).

tational cost, we choose the mesh having 20 x @hehts Let us consider the addition of the optical indicator with a
in the cross section of the channel. Further, mesh re ningoncentration in the liquid injected to one of the inlets (as
caused much higher consumption of the computer’s eperaghown in Fig2a) while the clear bu er is injected into the
ing memory and little to none changes of velocity magniopposite inlet. As illustrated in Figa, in our device the ow
tude in the centre of the channel (less than 0.1%). Performeflindicator encounters the ow of a bu er at the outlet
computations delivered accurate details about the ow strud, while the ow of indicator encounters the ow of bu er
ture in the analysed devices, including the ow rates in-indi  at outlet Il. In result, we obtain di erent mixing ratios at

vidual segments of the channel’s network. each outlet. Thus, the resultant concentrations of the indica
tor are and for
outputs | and Il, respectively (see F2g). What is important

3 Results and discussion for our investigations, is that the ratio of these concentrations

equals the ratio of ows: .

In the following, we show the experimental evidence of the As the concentration of the indicator is its quantity, which
angle’s impact on the ow distribution in a micro uidic can be easily measured by the use of a spectrophotometer,
junction, on the example of a specially designed micro uidiche proposed design of the device provides a convenient
rectangular device. Afterwards, we extend the classical cimethod for the accurate and non-invasive measurement of
cuit analysis to provide the mathematical model accountinthe ratio of ows . In our experiments, the quantity

for the angles of the junctions. Next, using the new model wee measured directly by the use of a spectrophotometer
analyse numerically the micro uidic junctions to investigatewas the absorbance, which according to the Beer—Lam

the possibilities for the mitigation of inertial e ects by the bert law is proportional to the concentration. Thus, the ratio
adjusting of angles. Finally, on the example of the rectangwf ows was estimated directly as the ratio of absorbances:

lar device, we show the minimization of the inertia’s impact . This makes the estimation ofnde
which can be achieved by using the optimization formulgendent of possible uctuations of starting concentration
obtained in the course of this research. . The above-proposed approach ensures the high preci
sion of measurements and a high reproducibility of results.
3.1 Experimental and numerical evidence The spectrophotometer is a very common and rather-stand
of the e ect of inertia ard equipment available in most laboratories. Hence, this
method may be very simply implemented in the investigation
3.1.1 Experiments of ow distributions within micro uidic networks.

In order to investigate the impact of angles between
The experimental investigations of the single micro uidicchannels on the ow distribution in junctions, we eon
junction (as shown in Fidl) may be problematic. They ducted a series of experiments in rectangular devices with
would require the use of direct measurements of the owvdi erent angles and (Fig. 2b). To focus solely on
with the use of: ow-metres, pressure sensors (Kim et althe impact of angles, we kept other geometric parameters

2000); or indirect methods, e.qg.: utilizing photobleachingconstant, i.e. both lengths and

(Cooksey et al2019, micro-PIV measurements (Santiagowith the constant and a constant sum of

et al. 1998 Blonski et al.2007) or weighting the output both angles , which sets the right angles

ows (Zeitoun et al.2013. between the output arms. All channels had a square cross
Here, we propose the concept of a symmetric, rectangsection of the width , and relative lengths

lar device for the precise estimation of the ow distributionof arms were: and
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Fig. 2 Schematic view of the experimental setafhe idea of the experimerit,Con gurations of inlets and outlets in the investigated micro
uidic devices for all considered angles

The internal rectangle formed by the sidemand was placed at the same level, which ensured equal pressures at
an element repeated in the architecture of each device udeath outlets.

in this research. The only elements with varying con gu

rations were two inlet channels and two output channel8.1.2 Experimental results and numerical simulations
which are connected to vertices of the rectangle at di er of rectangular devices

entangles and as shown in Figzb. To minimize the

number of varying parameters, the inlet and output-charParallelly to the experiments, we investigated the same set of
nels were connected at the same angle ensuring the symicro uidic geometries by the use of 3D numerical simula
metry of the whole device. We have produced and testeibns. In order to simulate the conditions of the experiments,
devices characterized by the set of anglewith a step we applied the same conditions to the device, i.e. equal volu
of ; however, investigations herein are limited onlymetric ow rates to both input channels and equal pressure
to cases where both values of anglesand were not to both output channel. Unlike in the experimemisere we
larger than and not smaller than . The reason used the chemical indicator and optical methods for indi
for that is, for the omitted values of angles, the input andect measurement of the ow ratio, in the numerical simula
output channels would partially overlap the channels dfions, the ow rates in both channels-sides-of-rectangle were

the internal rectangle, as, e.g. for angles or measured directly.

they would overlap completely. Taking this into account, Figure3 depicts the results of measurements wbrmat

we chose the following set of angles. 135°, 45°, ized by for di erent devices characterized by the speci ¢
22.5°, 0°, 22.5°, 45°, 67.5°, 90°, 112.5°, 135°. angle taken in a wide range of Re. Therein, we present

In order to obtain identical ow symmetry of the ow, the results of numerical simulations as well. Both numerical
we ensured the same conditions at both inlets and the saared experimental data are very similar to each other. The
conditions at both outlets (as shown in . The liquids minimal quantitative di erences between simulations and
owing out from the outputs were directed into UV cuvettesexperiment could be explained as a discrepancy between
via tubing of equal lengths. The collecting cuvettes werghe ideal in silico case and the real experiment, which may

13



Microfluidics and Nanofluidics (2020) 24:14 Page 7 of 15 14

Fig. 3 Results of the experimen
tal measurements (solid lines)
and numerical simulations
(dashed lines) for the rectangu-
lar devices with and

with di erent angles of inlets

and outletsa The range of
angles from 22.5°to 112.5%
The range of angles from 112.5°
to 22.5°

be in uenced by a number of factors. In the particular casehat proves for low Re the inertial e ects vanish. So, in the
of our experiments, the main issue might be the fabricatioregime of low Re there is no e ect of the angle between the
precision of the micro uidic chip, which relies on a two- arms of the junction.
step process including micro-milling and bonding. However, Observations of the data in F§for higher values of Re
despite some quantitative discrepancies, the qualitative simimplies that we can distinguish —an arbitrary transi
larity between both approaches is very good. Hence, we cotion threshold between the range of Re where inertial e ects
clude, the numerical model can be used for the prediction ctn be neglected, and the range of Re where the inertia sig
the ow distribution in micro uidic junctions. ni cantly impacts on the distribution of ows ( ). In
Analysing data sets in Fi§, we can notice that for low the latter regime, the larger the Re is the larger the devia
Re all data for di erent angles converge to unity ( ), tion of from unity. The rate of growth of this deviation

13



14 Page 8 of 15 Microfluidics and Nanofluidics (2020) 24:14

depends on the angle and—more importantly—for each is the density of the liquid,—channel length, —hydraulic
geometry the slope of the curves in Bglepends on Re.  diameter (here equal the width of the channel),

Extreme deviations of  unity in the case of our data —the mean ow velocity calculated as the volumetric ow
sets are observed for and . Those rate divided by the cross-sectional area of the channel
observations directly prove that the angles betviieemrms The friction factor depends on the Reynolds number
of a junction can signi cantly in uence the distribution of and the characteristics of the channel such as the shape of
ow in junctions. Thus, the linear approximation may beits cross section and roughness of walls. The friction factor
completely inadequate for the mathematical description ah laminar ows depends on the as: . Thus, in
ows in branching points for moderate Re. the laminar regime, ow through the pipe can be expressed

The other interesting fact that we infer from the results in terms of the modi ed Hagen—Poiseuille equation, which
Fig. 3is that the smallest deviations of can be expected general form, applicable to any cross section of the channel

between and . Notice that rises is:
with Re for and decreases for . Thus,
we can hypothesize that between these values of the angle )

, there exists an optimal value for which the dependence

i Here, is the hydraulic resistance ané a non-dimen
on Re vanishes.

sional coe cient of resistance depending only on the shape
. . of the cross-section, e.g. for square (Mortensen
3.2 Mathematical analysis et al.2005.

. o . . ) The minor losses (or local losses) appear at a disturbance
The classical circuit analysis commonly used in micro-uid of the ow in regions, where the ow encounters a sud
s dc_)es not account for any nonl!near € ect; and cannq}en change of geometry. While viscous losses take place
explain the results of above-described experiments, Whefﬁong the entire length of the microchannel (and depend
we qbservgd the dependence of ows on both ar?gl-e and Rﬁn ), minor losses are taken into account only locally:
In this section, we propose a mathematical description whic ~ where is the local loss coe cient, speci ¢
extends the linear circuit analogy. Here, we take into acCoupy, ine georr;etry in which the pressure loss ,takes place
the possible inertial e ect that can occur in the junction. | Idelchik 2005 ’
this purpose, we adapt the hydraulic approach to the simpli '

o In the case of the junction, we can expect that the local
ed description of a network of channels.

coe cients can display the impact of angles between the
- , . channels connected in the junction (MatthE®v5 Hager
3.2.1 Description of the pressure losses in hydraulics 1984 Bassett et al2001 Mynard and Valen-Sendstad

) ) .. 201H. Indeed, the angles determine the change of ow
The pressure losses in the course of the motion of a uid arcﬁrection, but usually, they are neglected in the electric-like-

due to the irreversible transformation of mechanical energéfnalysis of micro uidic systems, where branching points are

into heat. In classical hydraulics, two kinds of pressure. 4 ced to point nodes

![psselsl are dIStIn%UISftleCfi .|nt.pr|nC|p()jIe: .majolr losses (CIH frllc Here, we consider a junction connecting three channels
ional losses) ue to friction and minor losses (or loca of the same, square cross sections characterized with the

losses) due to the change of velocity, €.g.: in bencllswidth . At rst, we consider only the case of a dividing

expansions, con_tract|ons, valves, etc. (Idel@lﬁlaa. junction which splits the incoming ow into two out-
The energy di erence can be expressed in terms of thg

. ) i i . coming ows and .We can expect that inertial e ects
Bernoulli theorem, which results in the following equation

| d'in hvdraulics: can in uence the splitting ratio :
commonly used in hydraulics: Let us write the Bernoulli equations for both out ows in

terms of local losses:

Here, and are static pressures at the start point - - - - 3)
and the endpoint of the hydraulic conduit, respectively.
- and- are dynamic pressures, which depend
on the mean velocities and at selected points. The
hydrostatic pressure is constant and is not relevant in this - - - — (4)
paper.

The major loss s caused by a viscous friction during \yhere and are coe cients of local pressure losses for

the ow of liquid in pipes and can be expressed by the use gfoth outputs. We assume that they can be expressed by the
the Darcy—Weisbach equation: - . Where
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common function of angles, and of the lengths of the arms, and angles and . Inthe
, respectively. optimal con guration, and does
The above set of equations can be expressed with thet depend on .
terms of pressure drop , hydraulic resistances  Although we do not know the exact form of the equation,

and and ‘inertial’ resistances and (see Figlc): de ning as a function of angles, we can state here the
hypothesis that optimal adjustment of the geometry of the
(%) junction can exist. We explore this hypothesis later.
The set of Eqgs.7)—(11) yields the following equation

(6) for :
where the hydraulic resistances are: _ (14)
o o (7) where .
Introducing , EQ. (L4) reads:
o o ®) — (15)

and the inertial resistances are:
The only non-negative solution of quadratic Etp)(is

. o ) given by:
E— - — (20) _
16
Here, the Reynolds number is taken for the inlet ow: ] (16)
Here, we still do not know the values of andso

. For the simplicity of further calcwa »
tions. we introduced _ and butwe can assume all of them to be positive.

Investigating the limits of for both vanishing and high
values of , we obtain the limits:

- , Where is a fune
tion of the angles and of the junction.
The set of Eqs.5)—(6) leads to the following equation

for : (27
and
(11) (18)
where is a constant coe cient set by the ratio of the  Equation (7) is in line with our previous expectation and
lengths of the arms— .Inthis  the data from the investigations of the rectangular device.
equation, the inertial resistances introduce dependence JRis explains that starts from so for low
. Notice that if the numerator and the denominator in it works analogically to electric circuits. Equatidi8)
Eq. (11) are equal, it simpli es to the form: implies that for large values of , value of tends to
In other words, in the limit of low [see Eq. 17)] the
(12) distribution of ows is determined only by the lengths of the
where s the optimal value of , ensuring the independ &rms of the junction ( ), while for large  [see
ence of on . Finally, from Egs.)—(12), we obtain the Ed. (18)] this distribution is determined by the angles (as
following relation: is the function of angles only). Thus, we can expect that
is an increasing function if or a decreasing
- (23) function if . For , the dependence on Re
disappear. Thus, the above conclusions from the hydraulic
Here, the coe cient is the optimal ratio of ~description of the junction are in qualitative agreement with
arms for which _The above the previously obtained data.
implies that  is solely a function of angles; hence, the-con  In the following, we investigate separate junctions by the
dition can be obtained by the proper adjustmentise of numerical simulations to show the di erence between
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the splitting junctions and the merging ones. Afterwards;ompare data for junctions characterized by two di erent
we show that even with the lack of the explicit form ofvalues of parameter (0.5 and 4). We investigated di er
we can provide the approximate description ofent con gurations of junctions changing anglesand
as a function of angles. keeping the sum of these angles constant ( ).
Hence, two output arms form the right angle and only the
3.3 Numerical investigations of separate junctions angle of the input channel changes. The length of the rst
arm in both cases was the same and equal to ,
Once the numerical model had been veri ed on the basehat for the width of the channel results
of experimental data, we performed a series of numericéh a non-dimensional length . For both
investigations of single junctions. The great advantage ofalues of , we used a set of angles of the inlet channel
numerical simulations is that the boundary conditions cacharacterized by the angle within the range from —45°
be easily and precisely de ned, and all parameters can lhe 135° with a step of 22.5°. For each geometry of the
measured without any disturbance of the system. junction in numerical simulations, we estimated the ratio
Particularly in the case of our research, thanks to numerdf ows as a function of Reynolds number in
cal simulations, we could investigate separately, siogie  the range from 3.85 to 269.5.
tions. The rectangular device used in experiments consists The results, depicted in Fi§a, reveal the signi cant
of four junctions, two splitting junctions and two mergingdi erences between junctions with di erent angles. Value
ones. Measurements from that device yielded the evidencé is approximately equal for small Re, while
of the impact of angles, but the results are the combinatiofigr larger Re, depends signi cantly on Re. Depending on
of e ects from both junctions of di erent types. the value of , can be a decreasing or increasing func
Although the general mathematical description can b#on of Re. In any case, the deviation dfom the value of
applied to both kinds of junctions, due to the irreversibility rises systematically with Re, with the rate of this devia
of inertial ows, we can expect that local losses are di er tion depending strongly on the angle. We can guess
ent. To investigate these e ects separately, we conductedfiom the graph that the least deviation can be observed
series of numerical experiments in single junctions of botin the case for for the angle between 45° and
types (see Figd). In the case of simulating the single split 67.5°, while for the optimal angle is less than 22.5°
ting junction, we set the same pressure on both outlets of theit more than 0°. These observations con rm our previo
junction and a constant ow rate in the input channel. In th@ssumption that the optimal angles of the junctions are not
case of the simulation of the single merging junction, we setniversal, but they depend on. In order to compare the
the same pressure on both inputs and the constant ow radeviation rate of di erent curves from the characteristic
in the common output channel. value of , we quanti ed it by the use of a non-dimen
In order to avoid uncertainties in the comparison okional deviation coe cient de ned as follows:
results from di erent separate junctions, in all considered

cases we kept constant, changing
by adjusting

L . (19)
3.3.1 Flow through a splitting junction where is the top limit of the range of Reynolds num

. . ber used in the simulations. Figite plots the values of the
The example results of the simulations of the ow through guiEp

the splitting junctions are presented in Fig.where we

Fig. 4 Two arrangements of the
ow in junctions: a the splitting
junction, b the merging junction
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Fig. 5 Numerical analysis of the
dividing junction.a
as a function of Re for two
examples of (=4,0.5) and for

. Each data series
corresponds to di erent angles
between channels character-
ized by the speci c values of
(see the legend and schematic
presentations of the geometry
of junctions on the side panels).
b Non-dimensional deviation
coe cient [see Eq.19)]
as a function of angle for
the data series presentedain
The additional solid lines—the
guadratic interpolation for three
data points nearest the local
minimum. The inset—optimal
geometries of junctions, corre-
sponding to estimations of

deviation coe cient as a function of angle calculated (see data for , ). For better resolution of

for the data sets from Figa. the optimal value estimation of the angle , we used
This clearly shows the high variation of the deviationquadratic interpolation for three data points nearest to the

rate for di erent angles for a given junction. Dependencdocal minimum.

of the coe cient on the angle can be used for the-esti  We repeated the above-mentioned optimization procedure

mation of the optimal con guration by nding the mini for more junction con gurations changing the value of

mum of . In this paper, for practical reasons, we limitedwithin the range from 0.25 to 8 and for di erent sums of

ourselves only to the minimization offor positive values angles and (45°, 90°, 135°, 180°), keeping

of angles and , however, as we can see in FB9.the  constant for all junctions. The optimal sets of angles fer dif

optimal conditions may exist for negative angles as wellerent values of are plotted in Fig6.
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meet in the junction and merge forming one output flow.
In order to describe the flow, by analogy, we can use an
equation similar to Eq.1¢):

- (22)

where the additional coe cients and are introduced
to distinguish them from the coe cients and for the

splitting junction. Function describes the depend
ence of the local loss coe cients on angles:
and

In this case, the numerical results reveal that unlike in
the case of a splitting junction, in the merging junction

does not depend signi cantly on the angles (compare
Figs.5a and7). This is not surprising as the local reverse
ow regions are not created. That suggests that in the case
of the merging junction the main reason for the pressure
loss is the change of the total cross section of the ow.

Let us assume that can be expressed as a sum
of a constant coe cient and an angle-dependent part

Fig. 6 Optimal values of angles and for dierent values of . Because we observed
estimated from numerical simulations. Markers—the data obtaine ﬂ1at Weakly varies with the angle in the merging junc
from numerical optimization (see legend). The solid lines—plots o
the optimization formula [see ER¥)] for di erent values of ,  tiOn, we can assume that . Applying the fot
as indicated in the graph. The dashed lines—isolines of the constdewing substitution in Eq. 22) and dividing
sum of angles both sides of the equation by  , we obtain:

- (23)

Looking for an e ective and simpli ed optimization fer

mula, we tted the following equation to the obtained data L
ged In the range of Re where does not significantly

points: differ from , we can use the following approxima
tion— , which applied to Eq.2Q3) leads
(20)  to the following linear relation for
In result, we obtained the following values of tting - (24)
parameters: and
Neglecting the vanishing parameterwe rewrite the op{| Via the tting of Eq. (24) to the data sets obtained
mization formula in the following compact form: from numerical simulations, we estimated that parameter

1) The opt_imizing formula given by quB) _is formal_ly
the same in the case of both type of junctions, so in case

: L . of the merging junction we can state:
To test this optimization formula, we plotted in F&. gingl

additional lines for constant values of, which very
well agree with the data points obtained from numerical
optimization.

(25)

Here, we distinguish as an optimum for the merging
junction. As we mentioned above in the case of the merging
junction , thus . The conclusion is that unlike
in the case of a splitting junction, the ows in merging junc

. . . . . tions weakly depend on angles. So, practically this implies
We conducted numerical simulations for junctions, with v aep g P y P

d fl Ei In thi o input fl that the merging junction cannot be balanced fasther
reversed flow (see Figl). In this case, two input flows than 1 while adjusting the angle.

3.3.2 Flow through a merging junction
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Fig. 7 Numerical analysis of the merging junctions. as a function of Re for four examples of(=4, 2, 1, 0.5) and for
Each data series corresponds to di erent angles between channels characterized by the speci ¢ vases thie legend)

3.4 Optimization of the rectangular device These conclusions imply that the rst attempt of micro u
idic network optimization can be made by neglecting the merg

Above, we analysed the e ect of inertia in both the splittinging junctions and by only accounting for the splitting junc

and the merging junctions, separately. Usually, micro uidictions. We applied this approach in the case of our rectangular

networks consist of both these types of junctions (e.g. oulevice using the optimization formula [Eg1J] for ,

rectangular device). The e ective minimization of inertial and obtained . Itis worth to notice the

components in the mathematical models of such networkgelded value of is between and as we predicted

requires knowledge about the values of coe cients from the experimental analysis of the rectangular device.

and . However, this preliminary study does not In order to test the e ciency of this optimization, we per

provide the explicit formulas of angle-dependence of thesiormed both numerical and experimental analysis of the rec

important coe cients. tangle device with , as presented in Fig. The results
Despite the lacks mentioned above, the important angshow that thanks to the application of the simpli ed optimiza

useful result of this work is the optimization formula fortion procedure, the impact of inertia in the micro uidic-net

the splitting junction given by Eg2(). Hence, that raises work can be e ectively reduced. In the case of the presented

the question, if this formula can be used for the rst attemptlata, the deviation caused by the inertia is less than 5%. Even,

of inertial e ect mitigation in micro uidic systems com if the inertial e ects do not vanish completely, it is still much

prising both kinds of junctions. Comparing the results fronbetter to use the proposed optimization than choose the angle

the rectangular device (Fig) and both types of junctions randomly (compare Fig8.and8).

(Figs.5 and7), we can observe the qualitative similarity of

the rectangular device and the splitting junction, consisting

in the high dependence on the angle in both cases. That sy Conclusions

gests that in the system consisting of both the splitting and

the merging junctions the inertial e ects occurring in theln this study, we show the experimental evidence of the

splitting junctions dominate in regards to the performancénpact of inertia on the distribution of ows in micro uidic

of the whole device. networks in the range of moderate Re. To our knowledge,
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Fig. 8 Optimization of the rec-
tangle device. The plot shows
the comparison of numerical
(dashed lines) and experimental
(solid lines) results for rectan-
gular device for the optimized
geometry with . The
results for the two nearest
angles and

from Fig.3 are presented for the
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