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Abstract: Point-of-care (POC) reaction microchambers are basis features of biotechnological devices. Most of 
the time biotechnological devices comprise multiple reaction chambers, in order to achieve simultaneously as 
many reactions as possible, enhancing the efficiency of these devices. Parallelization requires the precise filling 
and loading of these chambers, and the best synchronization is searched for. De-synchronization triggers the 
formation of air bubbles and leads to anomalous functioning of the device. 

It has been observed that synchronized filling of microchannels and fluidic networks is often an experimental 
challenge. In fact, this experimental difficulty directly stems from the conceptual approach of the design of  
the network. 

In this work we theoretically investigate the filling of networks, driven by the injection pressure of a pump. 
The additional effect of capillary forces is also taken into account. Experimental results are compared with the 
theoretical model. Rules for better synchronization are enounced. Copyright © 2016 IFSA Publishing, S. L. 
 
Keywords: Network, Parallel chambers, Synchronization, Pump pressure, Pressure drop, Capillary pressure, 
Laplace pressure. 
 
 
 
1. Introduction 

 

Reaction microchambers are basis features of 
many biotechnological devices. Most of the time 
biotechnological devices comprise multiple reaction 
chambers, in order to achieve simultaneously as 
many reactions as possible in order to enhance the 
potentialities of the device and the speed of analysis. 
The examples are many in the literature. They go 
from DNA sequencing – where massively parallel 
DNA sequencing is revolutionizing genomics 

research [1], to gene amplification by polymerase 
chain reactions (PCR) [2], to cell culture [3], and to 
biochemical reactions [4]. 

These chambers are usually connected to an input 
port and an output port by a fluidic network. 
Parallelization requires the precise filling and loading 
of these chambers, and the best synchronization is 
searched for. De-synchronization triggers the 
formation of air bubbles and leads to anomalous 
functioning of the device. In the case of PCR 
amplification, trapped bubbles will expand during the 
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thermal cycles, chasing the liquids, and preventing 
the amplification [5]. Air bubbles are also a 
considerable drawback for multi-wells cell culture 
[6]. Air bubbles trapping at the inlet of a network has 
been theoretically investigated by Bruus [7], but this 
analysis only concerns the network entrance and not 
the entity of the network. 

An obvious solution to synchronize flows in 
networks is the use of valves controlling locally the 
filling of each of the channels of the network [8-9]. 
Such a solution requires the use of a large number of 
valves and complicates substantially the conception, 
fabrication, cost and use of these devices.  

Hence an approach to reduce de-synchronization 
by passive means is of great interest. Indeed, it has 
been observed that the synchronized filling of 
microchannels – and more generally of fluidic 
networks – is often an experimental challenge. In 
fact, this experimental difficulty directly stems from 
the conceptual approach of the design of the network. 
A physical analysis of the causes of de-
synchronization is then needed, taking into account 
that pump pressure and capillary pressure both 
contribute to the filling behavior. 

Note the circulation of fluids in fully filled 
networks has been largely investigated, but our 
concern is the filling of the devices [10-12]. So far 
there has been few reports on the filling of networks 
in the literature. Kim and coworkers have 
investigated the capillary filling of parallel  
channels, Fig.1 [13].  

 
 

 
 

Fig. 1. Kim’s analysis of the flow in parallel channels [13]. 
 
 

Numerical approach of the filling of a single 
micro-well under the conjugate effects of pump 
pressure and wall wettability has been reported by 
Tseng and colleagues [14], but a comprehensive 
approach of the synchronized filling of networks 
under the conjugate action of pump pressure and 
wettability forces is still missing. 

In this work we first theoretically investigate the 
filling behavior of networks, using pump driven 
flows. The effect of capillary forces is later included 
in the model. Experimental results – obtained in a 
massively parallel RT-qPCR (real time quantitative 
polymerase chain reaction) chambers device [2] – are 
compared to the predictions of the theoretical model. 
Finally rules for better synchronization are enounced. 
 

2. Theoretical Approach 
 

Consider an initially empty microchannel, 
plugged to a pump. The pump forces liquid into the 
channel (Fig. 2). The liquid interface advances inside 
the channel with an average velocity noted V.  

 
 

pump Pin Pout=0

 
 

Fig. 2. Sketch of the channel. 
 
 

Let us recall first that the pressure drop in a 
microchannel for a laminar flow is given by the 
general relation 

 
QLRP =Δ , (1) 

 
where P is the pressure, L is the channel length, R is 
the hydraulic resistance per unit length, and Q is the 
volumic flow rate. Poiseuille and Hagen have first 
given an expression for the resistance R in the case of 
cylindrical tubes [15]; later, Shah and London have 
derived an expression for the hydraulic resistance for 
rectangular duct derived from a Fourier series 
expression [16]. There are now tables where the 
hydraulic resistances are listed for many different 
channel cross sections [7, 12, 17, 18]. 

Relation (1) assumes an established flow. Let us 
consider (1) differently, from a transient point of 
view, and base our reasoning by considering that the 
transient flow is always established approximately 
everywhere. This approximation is valid except at the 
very front of the advancing flow (Fig. 3). 

Relation (1) can then be reinterpreted as 
 

dt

dz
SzRPin = , (2) 

 
if we assume that the pressure at the front end is zero, 
i.e. if we neglect the capillary Laplace pressure.  

 
 
Transient region (advancing interface)Uniform flow profile (Poiseuillan)

 
 

Fig. 3. Established region and front end of the flow. 
 
 

In (2), S is the cross-sectional area of the channel 
and z the penetration length which is a function of the 
elapse time, and Pin is the inlet pressure. 
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Integration of (2) yields 
 

t
SR

P2
z in=  (3) 

 

The penetration distance varies as the square root 
of time. The time taken for filling the complete 
channel is then 
 

in

2

P2

SRL
=τ  (4) 

 

However, the role of capillarity has not been 
taken into account yet. In fact at the interface the 
Laplace pressure may play an important role 
depending on the wettability characteristics. The 
situation is sketched in Fig. 4. 

We then rewrite (1) as 
 

dt

dz
SzRPPP inLin =−=− κγ , (5) 

 
where PL is the capillary (Laplace) pressure, κ is the 
interface curvature and γ is the surface tension. 

 
 

pump Pin Pout=0PL=γ κ

 
 

Fig. 4. Sketch of the channel, showing the interface 
contribution to the pressure field. 

 
 

Introducing the wetted perimeter p, θ the contact 
angle, and DH the hydraulic perimeter, relation (5) 
can be cast under the form 
 

dt

dz
SzR

D

4
P

S

p
P

H
inin =+=+

θγθγ coscos
 (6) 

 

Integration of (6) is straightforward, and we obtain 
 

t
SR

D

4
P2

z H
in 




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


+

=

θγ cos

 
(7) 

 

Note that if Pin=0, relation (7) reduces to the usual 
Lucas-Washburn-Rideal (LWR) expression [19-20] 
for the marching distance in a cylindrical tube. 
Denoting RH the radius of the tube, the hydraulic 
resistance per unit length is 
 

2
HR

8
R

μ
= , (8) 

 

where µ is the dynamic viscosity of the liquid. 
Substituting in (7) yields the LWR law 
 

t
2

r
z

μ
θγ cos

=  (9) 

 
The real time taken for filling the complete 

channel of length L is then 
 









+

=

H
in

2

D

4
P2

SRL

θγ
τ

cos
 

(10) 

 
One can compare the two characteristic times – 

that including the Laplace pressure τL and that 
without the Laplace pressure τ0 – to estimate the 
importance of the capillary contribution. Let us note 
the non-dimensional coefficient  
 

H

in

D

P
q

θγ cos4
~ =

, (11) 

 
then the relative time error that is done when 
neglecting the capillary effect is 
 

1R

qsign

0

0L

0 +
−

=
−

= ~
)~(

τ
ττ

τ
τΔ

 (12) 

 
In the case where 1)~( >>qabs , the pressure from 

the pump dominates, and the time shift is negligible. 
However if 1)~( <qabs  the capillary effect becomes 

important, and when 1)~( <<qabs  the time shift can 

be approximated by 
 

)~(
0

0

0

qsignL −=
−

=Δ
τ

ττ
τ

τ
 (13) 

 
In the case of a lyophilic channel – the liquid wets 

the wall – the contact angle θ is less than 90°, and the 
coefficient q~ is positive. Relation (12) indicates that 

the liquid arrives earlier than the expected time based 
on the pump pressure only. Conversely, the liquid 
progresses slower than expected in the case of a 
lyophobic contact angle. If the injection pressure Pin 
is small and the capillary force opposes the flow 
( 1)~( <<qabs  and θ > 90°) the filling might even not 

take place. Fig. 5 illustrates the time required for 
filling a 10 cm long channel of 100 µm radius with 
water, depending on the contact angle and the pump 
pressure. In the case of θ > 110°, and Pin < 1000 Pa, 
it is impossible to fill the channel. 
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θ=110°

θ=20°

θ=90°

 
 

Fig. 5. Time required to fill the channel as a function  
of the pump pressure and the wall contact angle  

(L=10 cm, R=100 µm, µ=10-3 Pa.s, γ=72 mN/m). 
 
 

3. Case of a Piecewise Constant Cross 
Section Channel  

 
Relation (1) is valid for a constant cross-section 

channel. Now, consider a piecewise constant cross-
section channel with n sections of length Li, i=1, n 
(Fig. 6). Without taking into account the capillary 
effect, relation (1) can be rewritten as 

 

QLRP
i

ii 









= Δ  (14) 

 
 

L1

L2

L3

1
2

3

z  
 

Fig. 6. Sketch of the channel with the different  
cross sections. 

 
 

Using the same approach as before, with the 
liquid front in the nth channel, as shown in Fig. 6, we 
obtain the relation 
 

dt

dz
SLzRLRP n

1ni
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Integration of (15) yields 
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where τi are the times for the flow to totally fill the 
channel i. The time lapse τn taken for the flow to 
totally fill the nth channel is then 


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
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This relation is valid for any index i. The flow 
front reaches the end of the nth channel at the time 
 


=

=
=

ni

1i
int τ  (18) 

 

We obtain an important result: Substitution of 
(17) – for each index i) – in (18) indicates that the 
time tn is inversely proportional to Pin.  

Note that, in order to take into account the 
capillary effect, the driving pump pressure Pin must 
be replaced by the total driving pressure (Pin+PL), and 
the preceding relations must be rewritten as 
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(19) 

 
where DHn is the hydraulic diameter of channel n. In 
the case of a pure capillary flow (Pin=0), it can be 
shown that relation (19) reduces to the generalized 
LWR law for piecewise constant cross section 
channels [21]. 
 
 
4. Synchronization of a Network  
 

Parallel networks are ensembles of channels 
having a common inlet and a common outlet  
and a diversity of different channels and micro-
chambers in parallel. An element of a network is 
sketched in Fig. 7.  

 
 

 
 

Fig. 7. Top: Schematic of a simple network, with two 
branches, and non-uniform cross sections; bottom: 
schematic of the two branches of the network (1) and (2), 
which are geometrically identical but in reverse direction 
for the flow. 
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We first schematize such an element by the two 
channels shown at the bottom of Fig. 6. We shall 
show next that, although these two channels comprise 
the same segments (in reverse order), they are not 
equivalent from a hydraulic point of view. Their 
filling process requires different time intervals.  

Hence in the geometry of Fig. 7, synchronization 
is never achieved. 

First, for simplicity of the reasoning, we only 
consider the pump pressure and neglect the capillary 
effects. We shall introduce later the corrections for 
the capillary effects.  

The filling times for the two “symmetrical” 
channels shown in Fig. 7 are derived using the results 
of the preceding section. 

According to (17), the time required for the flow 
to reach the extremity of first system is 
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On the other hand, still according to (17), in the 

second system 
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The two different geometries are not 
commutative: the time required to reach the channel 
outlet depends on the history of the flow in all the 
sections. The de-synchronization time is 
 

[ ]2112
21

1,22,12,1   RSRS
P

LL
ttt

in

−=−=Δ  (22) 

 

De-synchronization is inversely proportional to 
Pin and proportional to the segment lengths L1 and L2, 
and to the contrast of cross section between segments 
1 and 2 corresponding to the term S2R1-S1R2.  

Expression (22) does not take into account the 
effect of capillarity. Using relation (19) where the 
capillary pressure has been introduced, instead of 
(17), the de-synchronization time can be written 
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where 
1

cos4~

H
ini D

Pq
θγ

= , for i=1, 2. The structure 

of relation (23) is similar to that of relation (22): 
neglecting the capillary effect brings back to relation 
(22). On the other hand, neglecting the pressure Pin 

compared to the capillary force yields. 
Inspection of relations (22) and (23) shows that 

increasing the contrast between the two sections 
dimensions leads to an increase of the de-
synchronization of the flows. 

5. Generalization to PCR Parallel 
Networks 

 
Real networks are more complicated than that 

considered in the preceding section. Consider the 
network shown in Fig. 8. Such a network is designed 
for the simultaneous PCR (polymerase chain 
reaction) amplification of DNA strands [2]. More 
specifically the network aims at the RT-qPCR, which 
stands for real-time quantitative PCR [22-23], for the 
detection of mutated genes. 

 
 

 
 

Fig. 8. View of the massively parallel device. 
 
 

The network comprises 4×7 chambers feed with 
liquid sample in parallel (the reaction primers have 
been initially spotted in the chambers). A detailed 
view of an element of the network is shown in Fig. 9. 

 
 

inlet

outlet

L2

L2

L1L1

a

aa
bb

b
a

 
 

Fig. 9. Details of one element of the PCR device 
comprising 7 PCR chambers: left, perspective view  

of the 7 PCR chambers; right: sketch of the different rows 
of an element. 

 
 

Although the situation is much more complicated 
than that studied in the preceding section, an 
approach can be done by considering the schematic 
of Fig. 10. Consider the top row and a row below 
corresponding to an index n (here n={1, .., 7}). We 
can consider three segments for each row (each 
branch of the network). The top row has the 
characteristics L1=a, L3=a+nb, while the bottom row 
has the opposite characteristics L1=a+n b, L3=a.  
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L2

L2

a

a

n bn b

a

a

 
 

Fig. 10. Schematic of two branches of the PCR network. 
The distance nb corresponds to the nth row in Fig. 9. 

 
 

It is possible now to use relation (17) or (19) to 
calculate the time required for the flow to filling each 
channel. If capillary effects are neglected, one finds 
the de-synchronization time  
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Under this form, relation (24) is just a 
generalization of (22).  

The same approach can be done taking into 
account the capillary effect. One finds the formula 
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Using the simplification that the channel cross 
section are identical outside of the chambers: S1=S3, 
R1=R3, (24) can be cast in the form 
 

( )  2112
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t
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The de-synchronization time Δt1,2 is negative 
showing that the flow in the top row is in advance 
compared to that in the other branches. The flow goes 
faster in the channel where the large section comes 
first. Relation (26) also shows that the de-
synchronization is inversely proportional to Pin. On 
the other hand, it is proportional to n. Hence the de-
synchronization with the first row increases from row 
to row. Finally it is proportional to L2 (and indirectly 
to S2): large reaction chambers inserted in the 
network increase the de-synchronization.  

In the case of a non-negligible capillary effect, the 
same reasoning can be done starting from (25).  
One finds 
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The same conclusions still hold. In the limit case 
of a purely capillary filling, relation (27) becomes 
 

( )  
cos4 211122

2
2,1 RDSRDS

Lbn
t HH −=Δ

θγ
 (28) 

 
Again the flow in the top channel arrives first at 

the outlet, i.e. the capillary flow that passes first 
through the wide section arrives before that passing 
through the narrow section first. This property agrees 
with the results from [21, 24] developed otherwise. 
 
 
6. Experimental Results and Discussion 
 

The experimental device is a network designed 
for simultaneous PCRs for the amplification of ricin 
mutated DNA strands [2]. RT-qPCR (real time 
quantitative polymerase chain reaction) 
microchambers are disposed in a parallel disposition 
(Fig. 8 and Fig. 9).  

PCR primers are first introduced in the 
microchambers. Then the device is sealed by a plastic 
cover. Finally the sample is introduced in the inlet 
port and penetrates the whole device under the action 
of a pump regulated in pressure (Fluigent ®, France). 
Different pump pressures have been tested for the 
filling of the device. 

It is of utmost importance that no bubbles can 
form in the chambers. They would bias and even 
block the PCR reactions. In order to avoid the 
formation of bubbles, a synchronization of the 
incoming fluid must be achieved. De-synchronization 
produces trapped air bubbles in the device that 
migrates in the chambers and prevent the proper  
PCR processes. 

The microfluidic network was drilled in PMMA 
(poly-methyl methacrylate), treated with plasma BSA 
(Bovine serum albumin), and covered with an optical 
pressure adhesive film (MicroAmp®, Lifes 
Technologies).  

The walls have a contact angle with aqueous 
sample of approximately θ=60° and the cover film 
contact angle is θtop=20°. The generalized Cassie 
angle derived in [25] – corresponding to the 
equivalent capillary force – is then given by  
the relation 

 

( ) ( ) θθθ cos
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Approximately θ*=50°. The capillary term γ cosθ 
is then approximately 0.045 N/m, taking into account 
a surface tension γ=70 mN/m.  

We decompose the problem in three cases: first, 
the pump pressure is large and dominates the 
capillary pressure; second the pump pressure is 
intermediate, but still dominates the capillary 
pressure; third, the pump pressure is small, and the 
effect of the capillary forces are important.  
 
 

6.1. High Pump Pressures 
 

First, the pump pressure is set to 1 Bar (105 Pa). 
The magnitude of the capillary pressure  
is approximately  
 

HH
cap DD

P
2,0

~8,2 ~ 
γ  (30) 

 

Note that the Laplace pressure is negative because 
of the concavity of the interface. Numerically,  
Pcap ~ 1500 Pa for the smaller section channels, and 
only 50 in the microchambers. 

In this case of high pump pressure, the capillary 
term at the denominator is negligible compared to the 
pressure Pin and relation (17) holds. The de-
synchronization decreases as the inverse of the pump 

pressure: Δt1,2

inP

1
 ~ ; it is then expected that the de-

synchronization delay should be small in this 
particular case.  

We verify this behavior for the filling of the  
RT-qPCR microchambers device. This result can be 
seen in Fig. 11, where the system is synchronized. 
The different advancing interfaces in the chambers 
are delayed from a nearly constant time - pointed out 
by the dotted lines in the figure. 

 
 

 
 

Fig. 11. Filling of the PCR device using high pump 
pressure (Pin = 1 Bar). 

 
 

6.2. Moderate Pump Pressures 
 

Let us set the injection pressure to 300 mBars  
(3×104 Pa). In this case, the capillary term is still 
negligible compared to the pressure term: the non-
dimensional number representing the ratio between 

the pump pressure and the capillary pressure is larger 
than 30. The simplified relation (17) holds. However, 
due to the numerous branches of the fluidic network, 
some de-synchronization starts to appear (Fig. 12). 
The first rows of the device show synchronization – 
underlined by the dotted lines in the figure – but the 
bottom rows are somewhat de-synchronized. The 
theoretical analysis developed in the preceding 
section shows that the de-synchronization time is 
proportional to nb; hence it should be expected  
that the de-synchronization first appears in the 
bottom channels. 

 
 

 
 

Fig. 12. Medium pump pressure (300 mBars): the first row 
only are synchronized. 

 
 

6.3. Low Pump Pressures 
 

In the case of low or very low inlet pressure 
(60 mBars or 6000 Pa), the capillary term cannot be 
neglected. The value of Pcap is small but not 
negligible compared to the inlet pressure  
Pin=6000 Pa in the small section channels. 
Conversely, the capillary effect is negligible in the 
large PCR chambers. 

Fig. 13 shows the considerable de-
synchronization in the bottom channels. The de-
synchronization can be attributed at the same time to 
the pump pressure and capillary effects. In this case, 
we must refer to relation (19) because capillarity 
cannot be neglected.  

 
 

De-synchronization Trapping of bubble
 

 
Fig. 13. Low pump pressure (60 mBars): desynchronization 
is visible in the bottom chambers, and bubbles are trapped. 
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7. Discussion and Conclusion 
 

In this work, a theoretical analysis of the filling of 
a fluidic network has been performed. An expression 
for the travel time in the channels comprising 
different cross sectional areas has been derived and 
the de-synchronization time between two channels is 
determined. The model includes both the effects of 
the injection pump pressure and the capillary 
pressure. A non-dimensional number characterizing 
the relative importance of the capillary pressure is 
pointed out by the model. 

It is shown that the de-synchronization time is 
inversely proportional to the injection pressure, and 
proportional to the dimensions of the microchambers, 
and to the connection lengths. In the case of low 
injection pressure, wettability effects considerably 
affect the synchronization.  

In conclusion, synchronized filling of a fluidic 
network is difficult to achieve. This work shows that 
three solutions can improve the synchronization of 
the filling: first, applying a large injection pump 
pressure at the inlet is very advantageous. One has to 
be careful that the bonding of the cover plate should 
withstand such high pressure. In our case a maximum 
pressure of 1 bar does not constitute a real drawback. 
Second, the reduction of the size of the 
microchambers – in comparison with the connection 
channels hydraulic diameters – improves the 
synchronization of the filling of the network.  

Finally, a numerical program for the optimization 
of the network can be set up using the transit time 
expressions in each subchannel. 
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