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Linear model of a T-junction microdroplet generator for precise control of 

droplet size 

Wen Zeng, Songjing Li
*
 and Zuwen Wang 

Department of Fluid Control and Automation, Harbin Institute of Technology, Harbin, China 

 

For a T-junction microdroplet generator, a mathematical model which can describe 

the linear relation between the droplet length and the flow-rate ratio for different 

geometries of the T-junctions is demonstrated. For different viscosity of the fluids, the 

droplet length as a function of the flow-rate ratio is measured experimentally. We 

observe that the droplet length is a linear function of the flow-rate ratio for different 

Capillary number ( 0.1
a

C ≤ ), while the droplet length varies nonlinearly with the 

flow-rate ratio at a high Capillary number ( 0.1 1.0
a

C≤ ≤ ). Particularly, two 

geometries of the T-junction microchannels are designed for droplet formation, and 

good agreements are found between the predicted and the measured droplet length for 

low Capillary numbers. More importantly, the linear model of droplet formation is 

only determined by the geometry of a T-junction and independent of the viscosity of 

the fluids for 0.1
a

C ≤ . As a result, our linear model can be experimentally validated, 

and the size of the droplets can be precisely predicted in a T-junction. 

 

1. Introduction 

Droplet microfluidics has been widely applied for medical, biological and chemical 

research [1-5]. In particular, individual droplets with volume ranging from 10 pL to 

100 nL are formed in the microchannels, and the control precision of the droplet size 

is quite meaningful for the applications of droplet microfluidic systems [6-10]. 

According to the literature, both flow-rate- and pressure-driven pumping methods 

have been applied for droplet formation, and the size of the droplets as a function of 

the flow-rate ratio or pressure ratio is measured experimentally [11]. In a T-junction 

microdroplet generator, it was observed that the droplet size is approximately a linear 

function of the flow-rate ratio for low Capillary numbers ( 0.1
a

C ≤ ) [12-14]. 

Particularly, for a typical microchannel, a 10% increase in the pressure ratio can 

induce nearly 4 fold increase in droplet size, while a 10% increase in the flow-rate 

ratio only leads to less than 30% increase in droplet size [15]. Therefore, the droplet 

size is less sensitive to the variation of the flow-rate ratio compared with that of the 

pressure ratio, and the control accuracy of the flow rates of the fluids directly affects 

the stability and precision of droplet formation [16]. Besides the T-junctions, the 

principle of droplet formation has also been studied theoretically and experimentally 

in a flow-focusing microchannel [17-19]. Both for high ( 0.1 1.0
a

C≤ ≤ ) and low 
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( 0.1
a

C ≤ ) Capillary numbers, it was observed that the size of the droplets varies 

nonlinearly with the flow-rate ratio [20,21]. Especially for 0.1 1.0
a

C≤ ≤ , the drop 

size also varies with the viscosity of the fluids for a specific flow-rate ratio [22]. Due 

to the inherent nonlinearity between the droplet size and the flow-rate ratio in a 

microfluidic flow-focusing, the size of droplets can be controlled and predicted more 

easily in the T-junctions. 

To date, for the T-junctions, the linear relation between the droplet size and the 

flow-rate ratio was obtained mainly from experimental measurements, and the 

coefficients of the linear relation were estimated by linear fitting of the experimental 

data [23,24]. Though some researchers [13,25] has established the model of the 

droplet volume during droplet generation and verified their mathematical model 

experimentally, the experiments of droplet formation were performed only for a 

narrow range of Capillary numbers ( 0.01
a

C ≤ ). Moreover, to obtain the droplet 

volume during droplet formation, we need to take the image of the droplets by a high 

speed camera and choose the method of online image processing [26], which is much 

more complicated and time-consuming compared with the measurements of the 

droplet length by electrical detection [27]. Meanwhile, to our knowledge, the study of 

the effects of the geometrical parameters of the T-junction microchannel on the 

principle of droplet formation has been mostly qualitative. 

In this paper, a mathematical model which can describe the linear relation between 

the droplet length and the flow-rate ratio for different geometries of the T-junctions is 

studied theoretically and experimentally. For a typical T-junction, the coefficients of 

the linear model can be calculated by its geometrical parameters. By varying the 

viscosity of the silicone oil, the droplet length as a linear function of the flow-rate 

ratio is measured experimentally. In particular, two geometries of the T-junction 

microchannels are designed for our experiments and the measured droplet length are 

compared with the predicted value as the flow-rate ratio ranges from 0.5 to 2.0. The 

experimental validations of our linear model are mainly discussed both for high 

( 0.1 1.0
a

C≤ ≤ ) and low ( 0.1
a

C ≤ ) Capillary numbers. 

2. Experimental setup 

A T-junction microdroplet generator is designed for droplet formation, and by 

regulating the flow rates of the two immiscible fluids, the size of individual droplets 

can be controlled. Fig. 1 shows the schematic of the T-junction microdroplet generator. 

To test the effects of the geometry of the microchannels on the droplet formation, two 

geometries of the T-junction microchannels are designed for our experiment. Table 1 

shows the geometrical parameters of the T-junction microchannels 1 and 2. Here, 
c

ω  

is the channel width of the continuous phase, 
d

ω  is the channel width of the 
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dispersed phase, h  is the channel height of the two phases, 
d

L  is the length of the 

droplets, 
c

Q  is the flow rate of the continuous phase and 
d

Q  is the flow rate of the 

dispersed phase. 

dL

c
w

d
Q

c
Q

d
w

 
Fig. 1 Schematic of the T-junction microdroplet generator. 

 

Table 1 Geometrical parameters of the T-junction microchannels. 

Parameters c
ω (µm) 

d
ω (µm) h (µm) 

Microchannel 1 100 50 50 

Microchannel 2 100 100 50 

 

For our experiments, the flow rates of the fluids are supplied by the syringe pump 

(Harvard Apparatus PHD 22/2000 Syringe Pump). For the two immiscible fluids, the 

silicone oil is chosen as the continuous phase and the DI water is chosen as the 

dispersed phase. The viscosity of the DI water is 
dµ = 1 cP, and three types of 

silicone oil (viscosity: 
cµ = 20, 100, 500 cP) are tested for droplet formation, 

respectively. The interfacial tension γ  between the two phases is approximated as: 

40γ =  mN/m. During droplet formation, based on the viscosity 
cµ  of the 

continuous phase and its velocity 
cv , the Capillary number is defined as c c

a

v
C

µ
γ

= , 

and the experiments of droplet formation are conducted under both low and high 

Capillary numbers. To obtain a low Capillary number, the flow rate of the silicone oil 

is fixed as 0.01
c

Q =  ml/min, while the flow rate of the DI water 
d

Q  varies from 

0.005 to 0.02 ml/min, with the flow rate ratio 0.5 2.0d cQ Q≤ ≤ . The Capillary 

number can be estimated for different viscosity of the silicone oil, as shown in Table 2. 

We note that under this flow conditions, droplet formation is performed at a low 

Capillary number ( 0.1
a

C ≤ ). Additionally, we choose a higher flow rate of the 
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silicone oil 0.1
c

Q =
 

ml/min, while the flow rate 
d

Q
 

of the DI water ranges from 

0.05 to 0.2 ml/min, with the flow rate ratio 0.5 2.0d cQ Q≤ ≤ . The Capillary 

number can be estimated for different viscosity of the silicone oil, as shown in Table 2. 

We note that under this flow conditions, droplet formation can be performed at a high 

Capillary number ( 0.1 1 .0
a

C≤ ≤ ). 

Table 2 Capillary number of droplet formation for different viscosity of the silicone oil. The flow 

rate of the silicone oil is constant: 0.01
c

Q =  ml/min. 

cµ  (cP) 
dµ  (cP) 

aC
 

20 1 0.002 

100 1 0.01 

500 1 0.05 

 

Table 3 Capillary number of droplet formation for different viscosity of the silicone oil. The flow 

rate of the silicone oil is constant: 0.1
c

Q =  ml/min. 

cµ  (cP) 
dµ  (cP) 

aC
 

20 1 0.02 

100 1 0.1 

500 1 0.5 

 

3. Mathematical model 

In this paper, monodisperse droplets are formed in a T-junction microchannel, and 

the volume of the droplet can be controlled by changing the flow rates of the two 

immiscible fluids. Fig. 2(a) shows three dimensions of droplet generation, Fig. 2(b) 

shows the main parameters for two dimensions of droplet generation and Fig. 2(c) 

shows the cross section of the microchannel, where oQ  is the leakage flow rate of 

the continuous phase before the dispersed phase fully blocks the cross section of the 

T-junction. 
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h

c
ω

c
ω

d
ω

R

c
Q

d
Q

o
Q

2r

δ

d
p

front
pbackp

 
Fig. 2 (a) Three dimensions of droplet generation, (b) Two dimensions of droplet generation, (c) 

Cross section of the microchannel. 

In a T-junction microchannel, at a low Capillary number ( 0.1
a

C ≤ ), the process 

of droplet formation can be divided into two stages: the filling stage and the squeezing 

stage [13,14]. For each stage, there is some contribution to the volume of the droplet, 

respectively, and the whole volume of each droplet can be described by 

drop fill squeeze
V V V= +                               (1) 

where 
fillV  is the droplet volume of the filling stage and 

squeezeV  is the droplet 

volume of the squeezing stage.  

In this paper, to quantitatively study the relation between the droplet size and the 

flow-rate ratio, the droplet volume can be normalized by 2

cw h  [28]. Assuming the 

volume of the squeezing stage as a linear function of the flow-rate ratio [14] 

2

squeeze d

c c

V Q

w h Q
β= , and substituting into equation (1), the dimensionless droplet volume 

is given by 

2 2

drop fill d

c c c

V V Q

w h w h Q
β= +                               (2)

 

  Next, the volume of the two stages will be calculated separately. At the T-junction 

where the continuous phase and the dispersed phase meet, the cross section of the 

interface of the two phases is shown in Fig. 3. 
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h

1

2
h

 

Fig. 3 Cross section of the interface of the two phases. 

Then, the gap area between the two phases can be calculated 

2

2 1
4 2

gap

h
A

π  = −  
                            

(3) 

At the T-junction, we define cV  as the volume of the continuous phase and dV  as 

the volume of the dispersed phase, then we have 

c c gap

d d gap

V hA cA

V hA cA

= +


= −
                            (4) 

where cA  is the surface area of the continuous phase, dA  is the surface area of the 

dispersed phase and c  is the contact length along the interface of the two phases.  

During the filling stage, the dispersed phase flows into the T-junction and narrows 

the cross section of the continuous phase. When the flow of the continuous phase is 

fully blocked by the dispersed phase, it reaches the end of the filling stage, as shown 

in Fig. 4(a). 

cω

d
ω

fill
R cω

d
ω

pinch
R

2 pinchr

δ

 

Fig. 4 (a) Final state of the filling stage, (b) Final state of the squeezing stage. 
fill

R
 
is the radius 

at the beginning of the squeezing stage, 
pinchR

 
is the radius at the end of the squeezing stage and 

δ
 

is the radius at the corner of the T-junction. 

From Fig. 4(a), with 
fill c

R w= , we have the surface area of the dispersed phase 
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23

8
fill c

A w
π

= ，and the contact length fill c
c wπ= . Substituting into equation (4), the 

droplet volume of the filling stage can be described by 

23
1

8 2 4
fill c

c

h
V w h

w

π π π  = − −  
     

                     (5) 

During the squeezing stage, the dispersed phase is squeezed by the continuous 

phase at the T-junction, and by the end of this stage, monodisperse droplets are 

formed because of the pinch off of the dispersed phase. Fig. 4(b) shows the final state 

of the squeezing stage. Assuming it takes the time st∆  
for the squeezing stage, with 

2

squeeze d

c c

V Q

w h Q
β= , and the droplet volume of the squeezing stage is given by 

2 d
squeeze d s c

c

Q
V Q t w h

Q
β= ∆ =

                       

 (6)

 

For the squeezing stage, as the continuous phase flows into the T-junction, the 

volume of the continuous phase is increasing. In particular, there is some leakage of 

the continuous phase during the squeezing process (see Fig. 2(b)), with the time-rate 

change of the volume of the continuous phase being expressed as 

1c o
c

c

dV Q
Q

dt Q

 
= − 

                             

 (7) 

where oQ  is the leakage flow rate. For our experiments of droplet formation, we can 

assume 0.1o cQ Q = . For the continuous phase, by differentiating on both sides of 

equation (3), with the time-rate change of the volume as a function of the time-rate 

change of the surface area and the contact length, yields 

2

2 1
2 4

c cdV dA h dc
h

dt dt dt

π   = + −   
                        

 (8)

 

To acquire the time st∆  
for the squeezing stage, the time-rate change of the 

volume c
dV

dt
 is associated with the time-rate change of the radius 

dR

dt
. For the 

continuous phase, we have 
21

4
cdA dR

π = − 
 

,
 2

dc dR
π

= , and substituting into 

equation (7) and (8), gives the relationship 
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2 2

1
1 1 2

4 4

c o

c c c

Q Q dR
R h

w h Q w dt

π π    − = − +    
                    

 (9) 

Integrating on both sides of equation (9), with the initial radius 
fillR R=

 
and the 

radius at the end of the squeezing stage 
pinchR R= , yields 

1 2 2
2

1 1
4 4

pinch fill pinch fillc o
s

c c c c c c c

R R R Rw h Q h
t

Q Q w w w w w

π π
−            ∆ = − − − + −        

                

(10) 

Substituting into equation (6), the coefficient β
 

can be obtained 

1 2 2

1 1
4 4

pinch fill pinch fillo

c c c c c c

R R R RQ h

Q w w w w w

π π
β

−            = − − − + −        
                  

(11)

 

where 
fill cR w= , and 

pinchR
 

is still unknown. Next, we need to calculate the value of 

pinch
R . Here, we define 

back
p  and 

front
p  as the pressure at the back and front of the 

droplet, respectively (see Fig. 2(b)). Therefore, prior to pinch-off of each droplet, the 

static Laplace pressure jump over the interface can be described by 

1 1

1 1
2

d back

pinch pinch

d front

c

p p
r R

p p
w h

σ

σ

  
− = +     


 

− = + 
 

                       (12) 

where 
d

p  represents the pressure inside the droplet. Assuming the pressure inside 

the droplet is constant, therefore, at the pinch-off point of each droplet, we have 

back frontp p= , and substituting into equation (12), with 
pinch pinchR r>>  yields the 

approximation 

1

2

c
pinch

c

hw
r

h w
=

+
                           

(13)

 

From Fig. 4(b), the geometrical relation between R  and r  is given by 

( ) ( )2 2

2 pinch pinch pinch c pinch dr R R w R wδ− = − − + −
                 

(14) 

Substituting equation (13) into (14), the 
pinchR  of the droplet pinch-off is obtained 
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1

2

2c c c
pinch c d c d

c c c

hw hw hw
R w w w w

h w h w h w
δ δ δ

   
= + + − + + − + −   

+ + +         

(15) 

For our design of the T-junction microchannel, it can be approximated 2δ ≈ µm. 

From the two dimensional model of the droplet (see Fig. 1), the relation between the 

droplet volume 
dropV

 

and the droplet length 
dL

 

is approximately described by 

2
1

4
drop d c cV L w w h

π  = − −                          

(16) 

Substituting equation (16) and (5) into equation (2), the relation between the 

droplet length d cL w
 

and the flow-rate ratio 
d c

Q Q
 

is given by [12] 

d d

c c

L Q

w Q
α β= +

                          

(17) 

where 1 1
8 2 4 c

h

w

π π π
α  = + − − 

 
 and β  is obtained from equation (11).  

We note that the droplet length d cL w
 

is a linear function of the flow-rate ratio 

d cQ Q , especially, the coefficients of the linear equation are determined by the 

geometrical parameters of the microchannel, and independent of the viscosity of the 

fluids. 

4. Results and discussion 

4.1 Measurements of droplet size at a low Capillary number ( 0.1
a

C ≤ ) 

To testing the linear relation between the droplet length and the flow-rate ratio, the 

experiments of droplet formation are conducted at a low Capillary number 

( 0.1
a

C ≤ ). As the flow rate of the silicone oil is constant: 0.01
c

Q =  ml/min, and 

by increasing the flow-rate ratio from 0.5 to 2.0, the length of the droplets is measured 

experimentally. For the T-junction microchannel 1 ( 0.5d cw w = ), as the viscosity of 

the silicone oil varies from 20 to 500 cP, the droplet length as a function of the 

flow-rate ratio is obtained, as shown in Fig. 5. For the T-junction microchannel 2 

( 1.0d cw w = ), as the viscosity of the silicone oil varies from 20 to 500 cP, the droplet 

length as a function of the flow-rate ratio is obtained, as shown in Fig. 6. 
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Fig. 5 Relation between the droplet length d cL w
 
and the flow rate ratio 

d c
Q Q  for different 

viscosity of the silicone oil. All the experiments of droplet formation are performed in the 

T-junction microchannel 1 for 0.1
a

C ≤ . 

 

Fig. 6 Relation between the droplet length d cL w
 
and the flow rate ratio 

d cQ Q  for different 

viscosity of the silicone oil. All the experiments of droplet formation are performed in the 

T-junction microchannel 2 for 0.1
a

C ≤ . 

We observe that for different viscosity of the silicone oil, the droplet length
 d cL w  

is approximately a linear function of the flow-rate ratio
 d c

Q Q . In particular, for a 

typical flow-rate ratio, the droplet length barely varies with the viscosity of the 

silicone oil. As a result, at a low Capillary number ( 0.1
a

C ≤ ), the effects of the 

viscosity of the fluids on the droplet size are negligible. 

In addition, both for the T-junction microchannel 1 ( 0.5d cw w = ) and 2 

( 1.0d cw w = ), with viscosity of the DI water 
d

µ = 1 cP and viscosity of the silicone 

0 0.5 1 1.5 2 2.5
1

1.5

2

2.5

3

3.5

4

Q
d
 / Q

c

L
d
 /
 W

c

 

 

20 cP

100 cP

500 cP

0 0.5 1 1.5 2 2.5
1

1.5

2

2.5

3

3.5

4

4.5

5

Q
d
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c
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oil 
cµ = 500 cP for 0.05

a
C = , the droplet length are measured for different 

flow-rate ratios, which are compared with the theoretical predictions, as shown in Fig. 

7.  

 

Fig. 7 Linear relation between the droplet length d cL w
 
and the flow rate ratio 

d c
Q Q

 
for 

two geometries of the T-junction microchannels. The viscosity of the DI water is 
dµ = 1 cP, the 

viscosity of the silicone oil is 
cµ = 500 cP and the Capillary number is 0.05

a
C = . The solid 

lines represent the theoretical predictions of 
d cL w .  

  We note that the linear relation between the droplet length d cL w
 

and flow-rate 

ratio 
d cQ Q

 
is depend on the geometrical parameters of the T-junction microchannel. 

More importantly, it can be observed that for a specific flow-rate ratio, the 

experimental measurements of the droplet length coincide with the theoretical 

predictions of the droplet length both for the T-junction microchannel 1 ( 0.5d cw w = ) 

and 2 ( 1.0d cw w = ). As a result, the linear model of droplet formation can be verified 

experimentally for low Capillary numbers. Especially, the coefficients of the linear 

model can be predicted by the geometrical parameters of a T-junction microchannel. 

4.2 Measurements of droplet size at a high Capillary number ( 0.1 1 .0
a

C≤ ≤ ) 

In addition to validate the linear model of droplet formation at a low Capillary 

number ( 0.1
a

C ≤ ), the relation between the droplet length and the flow-rate ratio is 

also measured experimentally at a high Capillary number ( 0.1 1 .0
a

C≤ ≤ ). As the 

0 0.5 1 1.5 2 2.5
1
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2.5
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3.5
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4.5

5

Q
d
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flow rate of the silicone oil is fixed as: 0.1
c

Q =  ml/min, with the flow-rate ratio 

d cQ Q
 

increasing from 0.5 to 2.0, the length of the droplets is measured 

experimentally. For the T-junction microchannel 1 ( 0.5d cw w = ), with viscosity of 

the silicone oil 
c

µ = 500 cP and for 0 .5
a

C = , the droplet length are measured for 

different flow-rate ratios, which are compared with the theoretical predictions, as 

shown in Fig. 8. For the T-junction microchannel 2 ( 1.0d cw w = ), with viscosity of 

the silicone oil 
c

µ = 500 cP and for 0 .5
a

C = , the droplet length are measured for 

different flow-rate ratios, which are compared with the theoretical predictions, as 

shown in Fig. 9. 

 

Fig. 8 Relation between the droplet length 
d cL w

 
and the flow rate ratio 

d cQ Q
 
for the 

T-junction microchannel 1. The viscosity of the DI water is 
dµ = 1 cP, the viscosity of the silicone 

oil is 
cµ = 500 cP and the Capillary number is 0.5

a
C = . The solid line represents the 

theoretical predictions of d cL w . 
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0.5

1

1.5

2

2.5

3

3.5

4

Q
d
 / Q

c

L
d
 /
 W

c

 

 

Experimental

Theoretical

Page 12 of 16Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



13 

 

Fig. 9 Relation between the droplet length 
d cL w

 
and the flow rate ratio 

d cQ Q
 
for the 

T-junction microchannel 2. The viscosity of the DI water is 
d

µ = 1 cP, the viscosity of the silicone 

oil is 
cµ = 500 cP and the Capillary number is 0.5

a
C = . The solid line represents the 

theoretical predictions of d cL w . 

From the experimental results, we observe the measured droplet length d cL w
 

varies nonlinearly with the flow-rate ratio 
d cQ Q

 
at a high Capillary number 

( 0.1 1 .0
a

C≤ ≤ ). By comparing the experimental measurements of the droplet 

length with the theoretical predictions, we note there is some deviation between the 

predicted and measured values of 
d cL w  under the same flow-rate ratio 

d cQ Q . In 

particular, the nonlinearity between d cL w and 
d cQ Q  is becoming more significant 

at higher flow-rate ratios. Therefore, for the T-junctions, the droplet length cannot be 

assumed as a linear function of the flow-rate ratio for high Capillary numbers. 

5. Conclusions 

For a T-junction microdroplet generator, a mathematical model which describes the 

linear relation between the droplet length d cL w
 

and the flow-rate ratio 
d c

Q Q
 

is 

established. From both theoretical and experimental study, the droplet length varies 

linearly with the flow-rate ratio for different Capillary numbers ( 0.1
a

C ≤ ), and 

especially, the linear relation which is independent of the viscosity of the fluids, can 

be determined by the geometrical parameters of a T-junction microchannel. However, 
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from experimental measurements, the droplet length is a nonlinear function of the 

flow-rate ratio for high Capillary numbers ( 0.1 1 .0
a

C≤ ≤ ). As a result, for 

0.1
a

C ≤ , the linear model of droplet formation can be validated experimentally. In 

particular, the coefficients α
 

and β
 

of the linear equation can be calculated for 

different geometries of the T-junctions, and the size of individual droplets can be 

accurately predicted for a certain flow-rate ratio. Most importantly, by improving the 

control accuracy of the flow rates of the two phases, high uniformity and precision of 

droplet formation can be achieved for the T-junction microdroplet generators. 
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