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Fig. 1. Geometric structure of the microfluidic chip: (a) Schematic diagram, I-flow focusing microchannel, II-T-shaped splitting mi-

crochannel, ITl-tuning microchannel; (b) actual chip, @, is volumetric flow rate of continuous phase, @q is volumetric flow rate of

dispersed phase, @ is volumetric flow rate of supporting continuous phase, @, is volumetric flow rate of controlling continuous phase.
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Fig. 2. Schematic of droplet asymmetrical splitting with a
tunnel in a T-junciton (u is velocity of the fluid, 4, is length
of the mother droplet, w is width of the microchannel, Az is
displacement of the head of the daughter droplets, d is
width of the droplet neck, l; is length of the daughter
droplet, [, is interval of daughter droplets).
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Fig. 3. Schematic of the experimental system.
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Fig. 4. Typical droplet assymetrical splitting with a tunnel
in a microfluidic T-junction (@, = 400 puL/h, Q4 = 40 uL/h,
Ca =553 x 104 I, /w=4.08).
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Fig. 5. Evolution of neck width d/w with dimensionless time
(tty)/ T (Q. = 400 pL/h, Qq = 40 pL/h, @, = 0 pL/h, Ca =
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Fig. 6. Motion of droplet front cap during splitting process
(Q. = 400 pL/h, @Qq = 40 pL/h, @, = 0 pL/h, Ca = 5.53 X
104, I,/w = 4.08, T = 0.2592 s), where (t-t;)/ T = 0 repres-
ents the head of the droplet has just entered the branch
channel.
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Fig. 7. Active regulation of droplet splitting ratio by tun-
ing flow @; (Qq = 50 uL/h).
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3.3.2 R

Vo it T R O /i = A = VAR
oS4 AR R A AL R PR TS [ T80 T Y
ANKIBRATZE L, DT E AR 5324 Lo DR e ]
Vit ANED 8 TN, R DG I AR A I 2K Ay fL
W, VRV P AR RS B FLUR, TR RS L R L R 2,
H I I0CBR 8% i 7 R A S5 IGE S 5 s o R
ANFE TR A, SR B0 i 30 B AT fR Ak an Bl 8(b),
Hrh Qy, Qp Qo /R AJIE . B iE Hl
CIliE N BARR R, APy, AP F1 AP35
FoR A I Bl O 3EIE NI R

W P A AR T, SO R T S R G
FUMT S B 2 £ B BT, ST A i
TE P SR R AL 0 BIF 9T A R B, 7R SEBR T Bl
Hh SR SRH R AN T 3 G A TR - R T A Y
P TET B, BN T S (U T shad R FRRE
AIMERE . Ladosz %5 P9 2% ] BR S A, 45 0 MR
SRR TR, o A R RN

22C*/TA - 65/354, C Ay E B R, A S
0 TE AR TR, w, R SEAN SN R u i T
PN AR RS Y e, 1 AR R, B o % e
AR 1 R Y S AR AR A B, BRI
TR Y AR 1/309), B IR N

APy = apgu(ls — B)/A (2)
K, pg AEHORS IR, | WRE R, P
SRR

AP, = 20D 'yCa?/? (3)
@ Qo (b)
.
Q Y
QB/Am ¢
— —
QAl APy

\

8 WA PRI (a) SEWIE; (b) FTALI

APy, = apcu(l A 1
fe He ( et B)/ ( ) Fig. 8. Asymmetrical droplet splitting model: (a) Actual mi-
X qj, « ﬁ%i%ﬂfﬂﬁﬁ%, SR E I , 0= crochannel; (b) simplified diagram.
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B9 R E Q AL AX ;ML TIMES LEBAEXT L (a) L,/w=4.37, Ca=5.24 x 103; (b) L,/w = 4.99, Ca =
3.88 x 10°%; (c) Ly/w = 5.44, Ca = 3.04 x 10°3; (d) L,/w = 6.24, Ca = 2.22 x 10°3; (e) L,/w = 7.50, Ca = 1.32 x 103

Fig. 9. Comparison of predicted value and experimental value of droplet asymmetric split ratio when @, changes: (a) &,/w = 4.37,
Ca = 524 x 1073 (b) ,/w = 4.99, Ca = 3.88 x 103 (c) I,/w = 5.44, Ca = 3.04 x 103 (d) [,/w = 6.24, Ca = 2.22 x 107

(e) lzn/w = 7507 Ca=1.32 x 10 3,
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Abstract

Asymmetric droplet splitting is a common method to obtain micro-droplets of different sizes. The study of
droplet asymmetric splitting behaviors is of great significance to the fields of biomedicine, energy, chemical
industry and food engineering. In this paper, the control flow is introduced into a branch of the T-shaped
microchannel to control the pressure distribution in the channel and precisely control the size of the daughter
droplets. The method is simple to operate and is a preferred method for asymmetric microfluidic splitting.
Existing studies have analyzed droplet splitting modes, critical conditions for flow pattern transitions, and
splitting dynamics, but the theoretical prediction of droplet asymmetric splitting behaviors needs to be
strengthened. Moreover, compared with tunnel splitting and obstructed splitting, which are more abundantly
studied, neither semi-obstructed splitting as an intermediate state of tunnel splitting nor obstructed splitting is
analyzed sufficiently. Therefore, a microfluidic T-junction chip is designed and fabricated, with which
asymmetrical splitting behaviors of droplets with a tunnel in a microfluidic T-junction are investigated
experimentally. The influence of flow rate regulation on the droplet splitting ratio is studied. And a theoretical
model is also established to predict the splitting ratio. The results are concluded as follows: 1) the process of
asymmetrical droplet splitting is divided into three stages i.e. early squeezing, late squeezing and rapid pinch-off
stage. In the early stage of squeezing, the radius of curvature of the droplet neck is sizable, and the additional
pressure of interfacial tension is minor. Compared with the additional pressure that hinders neck contraction,
the upstream continuous phase driving force is dominant, and the width of the neck changes linearly with time;
in the process of late squeezing, the upstream pressure driving effect is still greater than the hindering effect of
the additional tension, and the neck width changes exponentially with time; However, in the rapid pinch-off
stage, the interfacial tension pointing to the center of the cross section of droplet neck dominates the pinch-off
stage. Then, the droplet neck shrinks sharply. 2) Adjusting the flow rate of the branch channel can effectively
control the asymmetric splitting ratio of the droplets, and under the current semi-obstructed asymmetric
splitting of the droplets, the regulation effect is less affected by the size of the mother droplet, but more affected
by the capillary number. 3) The prediction model of droplet splitting ratio based on the pressure drop model
can effectively predict the droplet splitting ratio.

Keywords: microfluidic, droplet, asymmetric, breakup
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