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Engineering view of microfluidic 
challenges 
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In this talk… 
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Our contribution 

¨  Goal: transmit information in a microfluidic 
channel 
¤ Start from a basic PAM-like modulation 
¤ Use droplet length/interdistance as modulated signal  
¤ Perform experimental tests 
¤ Evaluate system performance 
¤ Speculate on possible evolution 
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Bit source: droplets generation  
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software package, which keeps into accounts the details of
the fluid dynamics. We then apply these models to the design
and performance analysis of a simple microfluidic network
with bus topology.

II. MODELING OF BASIC MICROFLUIDIC FEATURES

A droplet-based microfluidic network consists of a network
of micro-channels, with possibly different sizes and shapes,
which are filled by a carrier fluid, called continuous phase. The
fluid is injected into the channels by external pumps, such as
syringe and peristaltic pumps, that can regulate the volumetric
flow rate Q [m3/s] or the pressure drop �P [Pa] of the
continuous phase in the channel. The continuous phase can
carry droplets of another fluid, called dispersed phase, which
are injected into the continuous flow by other pumps. When
arriving to a junction, a droplet will follow the branch with
instantaneous lower fluidic resistance that, for a microchannel
with rectangular section, can be expressed as

R(µ,L) =
aµL

wh3
, (1)

where L, w, h are length, width and height of the channel
([meter]), µ is the dynamic viscosity of the fluid ([Pa s]),
whereas a is a dimensionless parameter defined as a = 12[1�
192h
⇡5w tanh(⇡w2h )]

�1. The presence of a droplet in a channel,
however, will increase the fluidic resistance of that channel,
so that the actual fluidic resistance in the different parts of a
microfluidic network may change over time, depending on the
paths followed by the droplets, and on their size.

In the following, we analyze in more details these aspects,
proposing some simplified mathematical models that are used
to correctly dimensioning a droplet-based microfluidic net-
work. For the sake of simplicity, we focus on channels with
uniform rectangular section of size w ⇥ h.
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Fig. 1. Example of droplet production in a T-junction (top view).

A. Droplets generation

Droplets can be created by injecting the dispersed phase
into the continuous phase through a T-junction [9], as shown in
Fig. 1. The volumetric flow rates Qc and Qd of the continuous
and dispersed fluids are commonly controlled via independent
syringe pumps. The creation of droplet is governed by the Cap-

illary number, Ca, a dimensionless parameter that describes
the relative magnitude of the viscous shear stress compared
with the interfacial tension, given by

Ca =
µcuc

�
=

µcQc

�wh
. (2)

where uc = Qc

wh is the average velocity of the continuous
stream, µc is its dynamic viscosity and � [N/m] is the in-
terfacial tension coefficient between dispersed and continuous
phase. Droplets’ shape is highly controllable only in the so-
called squeezing regime [10], [11], which requires

Ca < C⇤
a ⇡ 10�2 . (3)

The length `d of the droplets created at the T-junction in
the squeezing regime can be approximated as

`d = w

✓
1 + ↵

Qd

Qc

◆
, (4)

where ↵ is a dimensionless parameter of order one [11].
The droplet length can then be tuned by playing with the
volumetric flow rates Qc and Qd, provided that the constraint
(3) on the capillary number holds.

From (4), applying a simple mass conservation argument,
we can determine the approximate expression of the inter-
droplet distance

� =
Qc

Qd
`d =

Qc

Qd
w

✓
1 + ↵

Qd

Qc

◆
. (5)

Note that `d and � are determined by the same set of
parameters, so that they are jointly settled.

We corroborated the analytical models by means of Open-
FOAM’s simulations, which confirmed the validity of condi-
tion (3) and of formulae (4) and (5). However, we observed
that setting Qd/Qc beyond a certain threshold (equal to 7
in our simulations), the squeezing regime degenerates and
anomalous behaviors emerge, despite condition (3) holds.
Therefore, to be reasonably sure that the system works in the
squeezing regime, the length of the droplets generated with
this technique shall be significantly less than w(1 + 7↵).

B. Droplets’ effect on fluidic resistance

When a droplet is injected into a duct, the friction gen-
erated with the carrier fluid and the forces produced by the
inhomogeneity between the dynamic viscosity of continuous
and dispersed phases determine an increase of the fluidic
resistance of the channel [12], [13], [14]. For our purposes, we
need to define a simple model to approximate the resistance’s
variation produced by a droplet in a microchannel. To this end,
we consider the case exemplified in Fig. 1, where a droplet
with dynamic viscosity µd occupies a segment of length `d
of the channel, otherwise filled by the continuous phase with
dynamic viscosity µc. According to (1), the fluidic resistance
of a channel of length L without droplets is R = R(µc, L).
The variation of resistance produced by a droplet of length `d
injected into such a channel can then be approximated as

⇢(`d) = R(µc, L�`d)+R(µd, `d)�R = (µd�µc)
`da

wh3
. (6)

Note that, according to our model, the presence of a droplet
increases the hydraulic resistance of the channel only if µd >
µc, whereas in the contrary case, the resistance is actually
decreased by the droplet. An intuitive explanation is that the
greater the viscosity ratio � = µd/µc, the greater the resistance
of the droplet to flow. This behavior is consistent with the

volumetric flow rate:  
Qd 

volumetric flow rate: Qc 

σ: interfacial tension coefficient 



Droplet generation process 
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Capillary number: captures the relative magnitude of the 
viscous shear stress compared with the interfacial tension 

Ca =
µcQc

�hw

Squeezing 

< 10-2 

Drippling  

10-2< 



Droplets generation  
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Ca < Ca
∗ ≈ 10−2 è Squeezing regime è droplet formation 



Droplets generation  

¨  By changing input parameters, you can control 
(average) droplets length and spacing, but NOT 
independently! 9 
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software package, which keeps into accounts the details of
the fluid dynamics. We then apply these models to the design
and performance analysis of a simple microfluidic network
with bus topology.

II. MODELING OF BASIC MICROFLUIDIC FEATURES

A droplet-based microfluidic network consists of a network
of micro-channels, with possibly different sizes and shapes,
which are filled by a carrier fluid, called continuous phase. The
fluid is injected into the channels by external pumps, such as
syringe and peristaltic pumps, that can regulate the volumetric
flow rate Q [m3/s] or the pressure drop �P [Pa] of the
continuous phase in the channel. The continuous phase can
carry droplets of another fluid, called dispersed phase, which
are injected into the continuous flow by other pumps. When
arriving to a junction, a droplet will follow the branch with
instantaneous lower fluidic resistance that, for a microchannel
with rectangular section, can be expressed as
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, (1)
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([meter]), µ is the dynamic viscosity of the fluid ([Pa s]),
whereas a is a dimensionless parameter defined as a = 12[1�
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⇡5w tanh(⇡w2h )]

�1. The presence of a droplet in a channel,
however, will increase the fluidic resistance of that channel,
so that the actual fluidic resistance in the different parts of a
microfluidic network may change over time, depending on the
paths followed by the droplets, and on their size.

In the following, we analyze in more details these aspects,
proposing some simplified mathematical models that are used
to correctly dimensioning a droplet-based microfluidic net-
work. For the sake of simplicity, we focus on channels with
uniform rectangular section of size w ⇥ h.
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Fig. 1. Example of droplet production in a T-junction (top view).

A. Droplets generation

Droplets can be created by injecting the dispersed phase
into the continuous phase through a T-junction [9], as shown in
Fig. 1. The volumetric flow rates Qc and Qd of the continuous
and dispersed fluids are commonly controlled via independent
syringe pumps. The creation of droplet is governed by the Cap-

illary number, Ca, a dimensionless parameter that describes
the relative magnitude of the viscous shear stress compared
with the interfacial tension, given by

Ca =
µcuc
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where uc = Qc

wh is the average velocity of the continuous
stream, µc is its dynamic viscosity and � [N/m] is the in-
terfacial tension coefficient between dispersed and continuous
phase. Droplets’ shape is highly controllable only in the so-
called squeezing regime [10], [11], which requires
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The length `d of the droplets created at the T-junction in
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where ↵ is a dimensionless parameter of order one [11].
The droplet length can then be tuned by playing with the
volumetric flow rates Qc and Qd, provided that the constraint
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Note that `d and � are determined by the same set of
parameters, so that they are jointly settled.

We corroborated the analytical models by means of Open-
FOAM’s simulations, which confirmed the validity of condi-
tion (3) and of formulae (4) and (5). However, we observed
that setting Qd/Qc beyond a certain threshold (equal to 7
in our simulations), the squeezing regime degenerates and
anomalous behaviors emerge, despite condition (3) holds.
Therefore, to be reasonably sure that the system works in the
squeezing regime, the length of the droplets generated with
this technique shall be significantly less than w(1 + 7↵).

B. Droplets’ effect on fluidic resistance

When a droplet is injected into a duct, the friction gen-
erated with the carrier fluid and the forces produced by the
inhomogeneity between the dynamic viscosity of continuous
and dispersed phases determine an increase of the fluidic
resistance of the channel [12], [13], [14]. For our purposes, we
need to define a simple model to approximate the resistance’s
variation produced by a droplet in a microchannel. To this end,
we consider the case exemplified in Fig. 1, where a droplet
with dynamic viscosity µd occupies a segment of length `d
of the channel, otherwise filled by the continuous phase with
dynamic viscosity µc. According to (1), the fluidic resistance
of a channel of length L without droplets is R = R(µc, L).
The variation of resistance produced by a droplet of length `d
injected into such a channel can then be approximated as

⇢(`d) = R(µc, L�`d)+R(µd, `d)�R = (µd�µc)
`da
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. (6)

Note that, according to our model, the presence of a droplet
increases the hydraulic resistance of the channel only if µd >
µc, whereas in the contrary case, the resistance is actually
decreased by the droplet. An intuitive explanation is that the
greater the viscosity ratio � = µd/µc, the greater the resistance
of the droplet to flow. This behavior is consistent with the
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Modulation  

Bit string    00  01  10  11  
 
PAM symbols     0     1     2   3 
 
Droplet length               
 
Dispersed flow Qd:  0.5   1  1.5   2     [µl/min] 
 

Continuous flow Qc:      5  [µl/min] 
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L(3)
dL(2)

dL(1)
dL(0)

d

 Arbitrary choice! 
Sufficient inter-droplet distance 



Experimental setup 
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Frame processing 
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¨  Camera frame 
 

¨  Binary image 
 

¨  Lowpass 
Wiener filter 

¨  Median filter 

¨  Connected 
components 
identification  Ld �



Droplet lengths 
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N (i)(L̄(i)
d ,�(i)

d )

¨  We assume that the length(interdistance) can be 
modeled as a Gaussian RV  

¨  The assumption can be validated comparing the 
empirical and theoretical CDFs 

 
 

Droplets length distribution  

14 

 0

 0.2

 0.4

 0.6

 0.8

 1

 170  175  180  185  190  195  200

F
(L

d
)

Ld  [µm]

Empirical cdf
Theoretical cdf
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Error probability 
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e =
1

4

3X

i=0

P (E|s(i))

¨  Assuming equally likely symbols 

Droplet-length PAM Inter-droplet distance PAM 



Timing: chip period 

¨  “Chip” period: time occupied by one droplet-space 

 
¨  Depends on the transmitted symbol! 
¨  Order of hundred of milliseconds 
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⌧d
def
= (Ld + �d)

wh

Qd +Qc

Droplet speed 



Timing: Symbol period 

¨  Symbol period: time to collect enough droplet-
space pairs to take decision 

¨  The larger kd, the lower the decoding error 
probability 

¨  kd = 10 à Td order of seconds (and Perr~1e-6) 

Td
def
= kd⌧d

18 

kd pairs à  



Timing: symbol switching time 
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Qd : 4 µl/min à 2 µl/min 

More than 250 s  
to stabilize! 



Modeling transient behavior  
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h(τ) = b e-bτ1(τ)
X(t) Qd(t) 

Q0 

Q1 

Q0 

Qd(t) 

Qd(t) = Q0 + (Q1 �Q0)(1� e�bt)

Time constant 
�Q



Experimental estimate of b 
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Flow change (Q0àQ1) 

b ' 0.014423



Symbol switching time definition 
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Q0 

Q1 (1-α)Q1 

Qd(t) x(t) 

�T (Q1 �Q0) =
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Symbol switching times for our PAM 
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Observations 

¨  In our setting, symbol periods are dominated by 
symbol switching times  

¨  We can play with symbol margin (α) and symbol 
length (kd) to better balance the timing 
¤ Larger α à shorter transient à more noisy droplet 

lengths/distances à higher error probability à longer 
kd to compensate à longer symbol period 

¨  We can play with channel coding to improved 
bitrate 
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Source model 
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P =

2

664

P0,0 P0,1 P0,2 P0,3

P1,0 P1,1 P1,2 P1,3

P2,0 P2,1 P2,2 P2,3

P3,0 P3,1 P3,2 P3,3

3

775
t!1) ⇡ = [⇡(0),⇡(1),⇡(2),⇡(3)]

S0 S2 S3 S1 



Mean source bitrate 
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I =

m�1X

h=0

�⇡(h) log2(⇡(h))

T =
m�1X

h=0

⇡(h)
m�1X

j=0

Pj,h(Td(h) +�(Sh ! Sj))

Mean number of information bits per symbol 

Mean symbol duration (included transition to next symbol) 

Mean source bitrate 

R =
I

T



4 PAM  balanced 

27 

P =

2

664

0.25 0.25 0.25 0.25
0.25 0.25 0.25 0.25
0.25 0.25 0.25 0.25
0.25 0.25 0.25 0.25

3

775

⇡ = [0.25, 0.25, 0.25, 0.25]

S0 S2 S3 S1 

I = 2 bits/symbol 
 
T ~ 136.3 s/symbol  
 
R ~ 0.0147 bit/s= 0.880 bit/min 



2 PAM  balanced 
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I = 1 bits/symbol 
 
T ~  60.97 s/symbol  
 
R ~ 0.0164 bit/s=0,984 bit/min 

S2 S3 
P =


0.5 0.5
0.5 0.5

�

⇡ = [0.5, 0.5]



4 PAM  unbalanced 

S0 S2 S3 S1 

P =

2

664

0.5 0.5 0 0
0 0.5 0.5 0
0 0 0.5 0.5
0.1 0.1 0.3 0.5

3

775

⇡ = [0.0769, 0.1538, 0.3846, 0.3846]

I = 1.76 bits/symbol 
 
T ~  72.0 s/symbol  
 
R ~ 0.0245 bit/s=1,467 bit/min 
 



Wrapping up 

¨  This work: 
¤  investigated the feasibility of extending communication 

concept to microfluidics 
¤  implemented basic modulation technique based on 

length/interdistance  
¤ evaluated system performance with experimental data 

n Both droplet length and inter-droplet distance can carry 
information bits 

n  Inter-distance is generally preferable BUT, in complex 
network, it can vary as droplets stream along the channels  

n  See Biral & Zanella, NanoComNet 2013 

n Source bitrate depends on transmitted sequence!!! 
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Looking forward… 
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¨  optimal setting of parameters to maximize PAM bitrate 
¨  more sophisticated modulations 

¤ Combining length and distance 
¤ Using other circuits to dynamically change droplet inter-

distance 

¨  consider other performance indexes 
¤ delay, energy consumption 

¨  Figure out a possible application scenario!!! 



And YES… you can publish this 
stuff! 
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“When bits get wet” 
A Microfluidic Communication 
Link: Definition, Analysis and 
Experimentation 

Andrea Biral, Davide Zordan,  
Andrea Zanella 

Any questions? 


