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dimensions according to the desired set of reactions. The 
simplicity of the design allows for easier design and con-
figuration to a desired purpose and lows down the risk of 
failures due to fabrication and operation uncertainties. The 
single-input–single-output design minimizes pressure dis-
turbances from propagating downstream and reduces the 
complexity of integration into a larger LOC system. The 
geometry can be scaled up with little to no observable 
effect on the mode of operation.

Keywords Microfluidics · Droplets · Droplet merger

1 Introduction

Over the past decade, the field of droplet microfluidics has 
advanced significantly (Tabeling 2014). The interest in 
droplets as a viable platform for processing chemical reac-
tions has grown with each year. The use of droplets has 
found applications in a variety of fields from nanoparticle 
synthesis (Hung et al. 2006; Frenz et al. 2008), drug screen-
ing (Miller et al. 2012), tissue engineering (Xiong et al. 
2014), biomedical diagnostics (Kaler and Prakash 2014), 
single-cell encapsulation (Basu 2013; He et al. 2005), DNA 
amplification (Wheeler et al. 2003) and directed evolution 
(Guo et al. 2012), which speaks to the immense interest in 
this technology (Lorenz et al. 2008).

Lab-on-a-chip (LOC) devices can incorporate several 
different tools which have been developed for manipulat-
ing droplets such as droplet generation (Garstecki et al. 
2006; van Steijn et al. 2010; Glawdel et al. 2012), sorting 
(Glawdel et al. 2011), splitting (Link et al. 2004), trap-
ping (Dewan et al. 2012), sensing (Isgor et al. 2015), heat-
ing (Boybay et al. 2013) and storage of droplets (Trivedi 
et al. 2010) on or off chips. One of the critical components 
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for droplet-based LOC devices to be a viable platform for 
high-throughput screening is to reliably combine and mix 
the desired reagents. Some methods for introducing rea-
gents into droplets include co-flowing, where reagents are 
flowed in parallel prior to droplet generation (Song et al. 
2003); direct injection (Abate et al. 2010), where a small 
amount of fluid from a perpendicular channel is allowed to 
merge with a passing droplet; and droplet merging (Bre-
mond et al. 2008; Niu et al. 2008; Christopher et al. 2009; 
Yang et al. 2011; Mazutis et al. 2009), where two or more 
droplets are allowed to fuse together. Merging droplets 
allows for a controlled method of combining reagents in a 
way that allows the contents to mix quickly without the risk 
of cross-contamination.

In general, the different methods for merging droplets 
are divided into active and passive methods. Active meth-
ods are those which employ an external force such as 
electrical (Lee et al. 2014; Xu et al. 2012), magnetic (Gu 
et al. 2011), thermal (Luong et al. 2012), pneumatic con-
trols (Yoon et al. 2014; Lin and Su 2008) or optical (Li 
et al. 2011), while passive methods (Bremond et al. 2008) 
use the channel geometry to manipulate the flow in a par-
ticular manner. Each kind of method has pros and cons. 
Active designs usually allow for on-demand controls, but 
require external components such as power sources, valves 
or control units which make the operation of the device 
increasingly complex and increase the overall cost of the 
system. Although passive designs have not been largely 
implemented in practical applications due to their sensi-
tivity to fabrication and operation uncertainties, their sim-
plicity of operation, minimal external equipment, no active 
control, coupled with potentially high throughput could be 
an excellent alternative for reliable droplet-based microflu-
idic devices. Therefore, the following will focus on passive 
merging structures.

Some passive designs incorporate a channel expan-
sion (Xiong et al. 2014; Tan et al. 2004) to remove the oil 
separating adjacent droplets and thus reduce their distance 
so that the adjacent droplets can collide and merge. Simi-
larly, other implementations have used cross-junctions to 
partially remove the oil phase separating adjacent droplets 
in microchannels (Tan et al. 2007). These methods have 
been shown to be effective in merging droplets, but require 
ensuring the droplets are within an appropriate spacing 
and the designs which remove (instead of redirecting) the 
oil phase can cause pressure fluctuations downstream (Niu 
et al. 2008), which make the system prone to fabrication 
and operation uncertainties. Other methods include forc-
ing droplets to merge through the use of velocity gradients 
(Hung et al. 2006; Liu et al. 2007; Jin et al. 2010). A long 
channel with increasing width creates a velocity gradi-
ent along the channel, and different numbers of successive 
droplets have been shown to merge (Hung et al. 2006; Liu 

et al. 2007). The difference in velocity between droplets of 
different sizes and viscosities has also been utilized to col-
lide and merge droplets in microchannels (Jin et al. 2010). 
The use of velocity gradients can be more effective than a 
straight channel expansion, but however, poses the risk of 
unwanted droplet coalescence or droplets not remaining in 
contact long enough to actually merge. Another common 
technique for merging droplets utilizes channel constric-
tions to generate a Laplace pressure difference across the 
downstream and upstream ends of the droplet. In combina-
tion with a bypass channel filled with the continuous phase 
(i.e., oil), the droplets are slowed or trapped, allowing other 
droplets to collide and merge (Niu et al. 2008; Venkatacha-
lam et al. 2010). In particular, Niu et al. (2008) were able 
to successfully trap and merge droplets in a droplet train 
by using pillar structures to facilitate droplet trapping and 
oil bypass. This geometry allows droplets to be trapped for 
an extended period of time and does not have any observ-
able effects on the inter-droplet spacing. Although the 
design has been shown to be highly effective in merging 
droplets, it was not shown the conditions under which the 
chamber can merge different numbers of droplets under 
controlled manner. We attempted this design at the begin-
ning with limited success in robust performance due to the 
difficulty in accurately predicting the required pressure 
drop for releasing the merged droplet. The pressure drop 
is influenced by the three-dimensional droplet shape which 
is unknown based on two-dimensional imaging, and it is 
sensitive to any defects in channel dimensions because it 
is inversely proportional to the cube of the channel width. 
Oil often swells PDMS which always causes deviations 
in the designed channel dimensions and cause deviation 
in the predicted pressure drop. In addition, it is found that 
the large exit in their design also poses challenges to merg-
ing because the merged droplet cannot block the exit to 
increase the resistance of the bypass channel. As a result, 
the following droplets would flow through the bypass chan-
nels causing undesired merging events.

In this work, we propose a passive merging cham-
ber capable of merging variable numbers of droplets by 
designing a valve-type function in the merging chamber. 
The relationship between the numbers of droplets merged, 
the length of input droplets and the length of output drop-
lets is used to tune the design parameters according to the 
desired set of reactions. The merging is merely dependent 
on the channel geometry which is much more robust. The 
reduced complexity of the design allows for easier design 
and configuration to a desired purpose and low risk of fail-
ures due to fabrication and operation uncertainties. The 
single-input–single-output design minimizes pressure dis-
turbances from propagating downstream (Niu et al. 2008) 
and reduces the complexity of integration into a larger LOC 
system. The specific geometry of the chamber allows for 
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the operation of a valve-type function to force the droplet 
from the chamber, thereby imposing a critical volume limit. 
The geometry can be scaled up with little to no observable 
effect on the mode of operation.

2  Design of the merging chamber and its working 
principle

2.1  Design of the merging structure

Figure 1 is the schematic of the proposed merging design. 
There are two columns of pillars that act to divide the merg-
ing chamber into three virtual channels—two bypass chan-
nels and one central channel where droplets are designed to 
merge. The dimensions labeled are: L, the chamber length; 
Wby, the width of the bypass channel; Wc, the width of the 
central chamber between the pillar arrays; Ws, the distance 
between each pillar; Wp, the width of each pillar; and Lp , 

the length of each pillar. Each dimension is normalized 
with the upstream channel width W, which is the same dis-
tance between the two pillar arrays.

The design of the chamber is such that the entering 
droplets are allowed to be trapped in the central chan-
nel (instead of the bypass channel) and the oil is forced 
to bypass the droplet via the bypass channels. Once the 
merged droplet has reached the volume limit threshold, it 
will extend through the pillar array and block the exit of 
the bypass channel, preventing the oil from bypassing the 
droplet. As a result, the pressure upstream will be built up 
which will push the merged droplet to exit the chamber.It 
is important to design the chamber structure such as the 
central channel width, pillar spacing, chamber length 
and bypass channel dimensions based on the needs, for 
instance, the input droplet width and the desired num-
ber of droplets to be merged. When the droplet width is 
less than the channel width which is also the same as the 
central path of the merging chamber (i.e., droplet is not 
confined by the channel walls), it tends to pass directly 
through the merging chamber without being affected and 
thus trapped. In order to be merged, droplets need to have 
a width larger than the designed channel width. When 
such a “large” droplet enters into the merging cham-
ber, it will expand and consequently occupy some of the 
space between the pillars (Gu et al. 2011), because the 
surface tension tends to minimize its surface area making 
it as circular as possible. This is also observed in Fig. 2 
where the droplets within the pillar array have a small 
but noticeable extension into the inter-pillar spacing. The 
presence of the droplet coupled with the droplet curva-
ture between the pillars increases the resistance along 
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Fig. 1  Schematic of the merging chamber. The labeled dimensions 
are L, Wby, Wc, Wp, Ws and Lp, which represent the chamber length, 
bypass channel width, width of the central chamber, width of the pil-
lars, inter-pillar spacing and pillar lengths

Fig. 2  Sequential droplet merging. a The droplet enters the merging 
chamber, b the first droplet is trapped between the pillars allowing 
the next droplet to catch up, c the first two droplets merge and remain 
trapped within the pillar array and the length of the product droplet 

increases proportionally, d the product droplet blocks the exit of the 
bypass channel when the final droplet enters the central chamber, e 
the product droplet is fully merged and is forced out of the chamber. 
Scale bar is 300 µm
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the central path and forces oil to bypass the droplet. This 
mechanism acts to slow the droplet and trap it between 
the pillars allowing the oil to bypass the droplet and the 
following droplets to catch up and merge together. The 
product droplet will remain trapped between the pillars 
until its volume reaches a critical threshold; the criti-
cal threshold is determined by the chamber length, L*. 
At this critical threshold, the product droplet will block 
the exit of the bypass channel and generate a large pres-
sure buildup near the entrance of the chamber causing the 
droplet to be forced out of the chamber.

Robustness has been one of the key issues with merg-
ers which require optimization for each design parameter. 
For example, once within the chamber, the curving of the 
droplet between the pillars will slightly reduce the length 
of the droplet which could alter the expected results for 
the merging device reducing its robustness. Therefore, 
the spacing between the pillars must be optimized to min-
imize the deformation of the droplet while maximizing 
the capacity of the oil to bypass the droplet. The spac-
ing between the pillars (W∗

s ) is set to a constant value of 
0.625 in this study. It was determined as the robust spac-
ing in order to adequately prevent droplets from entering 
the chamber’s bypass channel while still allowing suffi-
cient oil to bypass through and providing the appropriate 
amount of space for the droplet to expand between the 
pillars. The length of the pillars (L∗p) is set to 1 to have the 
pillar length greater than 1.5 times W∗

p ; this is to ensure 
that the pillar structures do not become deformed or 
incomplete during the fabrication procedure. The width 
of the central channel (W∗

c ) is set to unity in order to min-
imize the alteration of the droplet length within the pillar 
array. Finally, the pillar width (W∗

p) is set to 0.5 which 
was determined as the minimal pillar width to ensure the 
quality of the microstructures after the fabrication pro-
cess. If the width/height ratio of pillars is too small, the 
pillars might be peeled off during the fabrication pro-
cess. The remaining, W∗

by and L*are then calculated to the 
desired criteria of the LOC device.

Figure 2 shows the procession of droplet merging from 
the time before the droplet enters the chamber, to the first 
droplet becoming trapped between the pillars, the sequen-
tial merging of droplets in the train, the blocking of the 
bypass channel exit and finally, the product droplet releases 
after reaching the critical volume threshold. A video 
attached in the supplemental material shows the detailed 
droplet merging process. This behavior is advantageous as 
it provides a passive on/off mechanism of operation which 
can be useful for predictable operation under different con-
ditions. This function is most useful in preventing the unde-
sired merging of reagents by ensuring the product droplet is 
released in synchrony with the following droplet entering 
the channel.

2.2  Impact of the design parameters on merging 
performance

The extension of the product droplet length within the 
central pillar array is proportional to the individual 
droplets merged and is limited by the imposed criti-
cal volume limit. Therefore, the length of the droplets 
entering the chamber will have a direct impact on the 
operation of the merging chamber. The geometry of 
the merging chamber will influence two key param-
eters: the critical volume limit, and the critical capil-
lary number which shows the competition between the 
viscous force and interfacial tension force. Changing 
the length of the merging chamber will proportion-
ally change the critical volume threshold by altering 
the length which the product droplet can extend. And 
at the same time, changing the length of the chamber 
in combination with the bypass channel width will 
influence the capability of the oil to bypass the drop-
let through altering relative channel resistances. Then, 
due to the balance of the surface tension and viscous 
forces, there exists a regime where the surface tension 
force dominates in holding the droplet within the pil-
lar array and allowing the product droplet to reach the 
critical volume threshold. Conversely, there also exists 
a regime where the viscous forces of the oil overcome 
the capability of the droplet to become trapped and the 
merging cannot be predicted. The transition between 
these two regimes is the critical capillary number. 
Therefore, the effects of the droplet length, geometry, 
inter-droplet spacing and capillary number are stud-
ied to characterize the modes of operation for the pro-
posed merging design.

2.2.1  Effect of droplet length

From the geometry, the critical volume threshold will occur 
at a volume between the N th droplet and the (N − 1)th 
droplet merged within the pillar array. Benefiting from the 
confinement to the droplet height and width by the chan-
nel dimensions, any increase in the droplet volume will be 
reflected by an increase in the droplet length. Therefore, it 
can be determined that the length of the droplet exiting the 
channel (Lo) should be an N multiplier of the input droplet 
length (Ld), which will be larger than or equal to the length 
of the chamber (L). Referring to Fig. 1, the chamber length 
is defined as the spacing between the first and last pillar 
and the trapped droplet should have a length less than the 
chamber. This gives us the inequality equation:

Rearranging Eq. (1), we can obtain the number of drop-
lets that can be trapped in a chamber with a length of L,

(1)(N − 1)Ld < L < NLd
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By substituting N =
Lo
Ld

 into Eq. (2), the range of the output 
droplet length (Lo) can be derived.

Using Eqs. (2) and (3), we can predict the number of 
droplets which can be merged based on the priority of the 
desired variable: With a desired volume of droplet (fixed 
Ld), Eq. (2) can be used to predict the number of droplets 
which are possible to be merged and adjust chamber length, 
L, in order to achieve the desired N. Conversely, with a pre-
determined number of droplets to be merged (fixed N), the 
range of Ld can be determined to best optimize the flow 
conditions for a fixed L.

2.2.2  Effect of geometry

The effect of the parameters L*and W∗

by(non-dimensional 
form) was analyzed by using a simplified flow resistance 
model where the pillars act to divide the merging cham-
ber into three channels (i.e., two bypass channels and one 
central channel). This is illustrated in Fig. 3 where the flow 
resistance model is comprised of the parallel addition of 
resistors. The ratio between the total bypass flow resist-
ance Rby and the flow resistance of the central channel Rc is 
proportional to the ratio of oil flowing through each branch 
and can be estimated using the channel dimensions. The 
bypass resistance ratio (BRR) is represented as:

where R is the function which estimates the hydrodynamic 
resistance of laminar flow in a straight rectangular channel 
with a height of h, width of w and length of L, with a con-
stant fluid viscosity of μ, which can be expressed as (White 
1991):

The bypass resistance will change depending on the 
amount of side channels which are available for oil to 
pass through; the BRR is calculated using the maximum 
Rby possible (i.e., when the droplet occupies the maxi-
mum amount of space before the critical volume thresh-
old) in order to make sure droplets will enter the central 
channel when droplets arrive at the junctions. This is pre-
dicted to occur when the first pair and the last pair of side 
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channels are accessible and the remaining side channels 
are blocked. The BRR represents the ratio of the flow 
rates through the bypass and the central channels. The 
advantage of this approach (as opposed to the ratio of the 
total flow rate) is that it conveniently sets a ceiling such 
that the resistance of the central channel is always larger 
than that of the bypass channel (BRR < 1).

2.2.3  Effect of capillary number

The functionality of the merging chamber is depend-
ent upon the competition between viscous and surface 
tension forces. The ratio of these two forces is repre-
sented by the capillary number (Ca = μU/γ, where μ 
is the fluid viscosity, U the average velocity of the con-
tinuous phase, and γ the interfacial tension). Surface 
tension force acts to prevent the droplet from easily 
passing through the pillar array and even trapping the 
droplet, while viscous force tends to push the droplet 
through the pillar array without stopping. Therefore, 
there exists a critical capillary number of the continu-
ous phase liquid (Cacrit) at which the droplets can no 
longer be trapped because the pressure exerted on the 
droplet from the oil flow will exceed the maximum 
possible drag force the droplets experience in the pillar 
array.

The efficacy of the design is tested by varying the 
length of input droplets and comparing to the predicted 
results from Eqs. (2) and (3). The designs were chosen 
such that for a fixed droplet length (Ld/W ≈ 2.2), the 
chamber would merge two, three, four and six droplets 
with chamber length, L*, equal to 3.2, 5.5, 8.0 and 13.0, 
respectively. Also, the relationship between the BRR and 
Cacrit is examined by varying the bypass channel width, 
W∗

by, which is set to be 1.5 and 3.1, respectively, for 
each chamber length, L* (i.e., eight designs in total). An 
empirical model to determine the working flow regimes 
is developed based on experimental data.

Fig. 3  Equivalent flow resistance model for the chamber. The pillar 
arrays act to separate three parallel fluid channels which can be sim-
plified as two channels for oil bypass and droplet merging
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3  Experimental validation

3.1  Materials and methods

The microfluidic chips were fabricated from polydi-
methylsiloxane (PDMS) using standard soft lithography 
methods. The height (h) of the microchannel was set to 
be 60 µm with a width (W) of 120 µm. The fabrication of 
the master and subsequent PDMS molding is described 
elsewhere (Liu et al. 2008). Briefly, negative photoresist 
(SU-8, Micro Chem) is spin-coated on the surface of a 
clean silicon wafer and patterned using high-intensity UV 
light and a photomask. Then, PDMS is poured over the 
wafer and baked at 95 °C for at least 3 h. The resulting 
PDMS slab is cut and bonded to a PDMS-coated glass 
slide using oxygen plasma bonding.

The continuous phase used in all experiments was 
silicone oil (10 cSt, Sigma-Aldrich) with no surfactant, 
and the dispersed phase used was pure water. The inter-
facial tension between silicone oil and pure water is 
γ = 42mN/m. Since silicone oil swells PDMS, the actual 
channel height was measured as 53 µm, and channel 
width 110 µm after sufficient swelling. The fluids were 
driven using syringe pumps (Pump 33, Harvard Appara-
tus) at oil flow rates between 60 and 220µl/hr and flow 
rate ratio (Qw/Qo, where Qw is the flow rate of water and 
QO is the flow rate of silicone oil) between 0.1 and 1.5 
for one set of experiments. A pressure system was used 
in combination with flow sensors for the second set of 
experiments. The measured flow rates from the flow sen-
sor were between 60 and 360µl/hr. Although syringe 
pumps have been shown to have more variability in the 
flow rate compared to pressure systems, syringe pumps 
were chosen because the system was designed to have 
a large hydrodynamic resistance and therefore would 
require pressures outside the range of our current pres-
sure system which is 1 bar. The pressure system was later 
introduced to alleviate the long flow transients experi-
enced by syringe pumps when changing flow rates. Drop-
lets were imaged using the Nikon Eclipse Ti inverted 
microscope with a QImaging (Q24814) camera with 
varying capture rates between 150 and 500 frames per 
second. The droplet motion was captured at a variety of 
frame rates, and the videos were analyzed for a variety 
of droplet parameters using droplet morphometry and 
velocimetry (DMV) software (Basu 2013).

3.2  Experimental procedure

The syringes were connected to the chip by PEG tub-
ing inserted into reservoir holes in the PDMS slab. The 
syringe pump was operated manually with oil flow rate 

between 60 and 220µl/hr. The water flow rate was varied 
as a ratio to the oil flow rate between 0.1 and 1.5. Silicone 
oil was pumped into the microfluidic chip for 40 min to 
sufficiently swell the PDMS channel before generating 
droplets, following the measurement of channel dimen-
sions. After that, droplets were generated in a T-junction 
geometry with a single oil channel and a single dispersed 
phase channel with a width ratio of 1 to ensure the drop-
let generation process works in the squeezing regime 
in a larger flow rate range (Garstecki et al. 2006). The 
droplet lengths generated were between 144 ± 12 and 
300 ± 11 μm (i.e., 0.17 < Ld/L < 0.66). The merging 
of droplets was observed for prolonged periods of time 
(up to 30 min) to confirm the stability of the flow as well 
as of the design. Additionally, an oil dilution stream was 
used to observe the effect of input droplet spacing on the 
design. The results were plotted in comparison with the 
predictions previously described.

Finally, Cacrit was determined by incrementally increas-
ing the continuous phase flow rate phase until the droplets 
were no longer capable of being trapped within the pillar 
array. In order to accurately determine the range for the 
critical capillary number, a pressure system and flow sen-
sors were used in order to alleviate long transient effects 
prevalent in syringe pumps; the flow sensor is capable of 
determining flow rates for silicone oil between 30 and 
360 µl/hr with an accuracy of ±3 µL/hr. The critical capil-
lary number was determined to be between 9.1 × 10−4 and 
2.5 × 10−3 for the range of merging designs tested.

3.3  Results and discussion

To test the operating conditions of the chamber, drop-
let trains of different lengths were generated on chip. By 
generating droplet trains of variable droplet lengths, it was 
observed that the number of droplets which can be merged 
in a single chamber can be tuned for a desired purpose. 
Larger droplet lengths result in less droplets merging within 
the chamber, as expected from the theoretical model. Alter-
natively, droplet trains were generated at a fixed droplet 
length with incrementally increasing oil flow rates to deter-
mine the transition from droplet trapping to non-trapping, 
characterized by Cacrit.

3.3.1  Effect of droplet length

The number of droplets which can be merged in a single 
chamber can be predicted based on the length of the input 
droplets using Eq. (2). With varying water-to-oil flow rate 
ratio (ϕ) and thus varying the input droplet length, it was 
observed that different numbers of droplets can be merged 
by adjusting their lengths relative to the chamber length 
(Ld/L). Figure 4a shows the number of droplets merged as a 
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function of the input droplet length-to-chamber length ratio, 
while Fig. 4b shows the output droplet length as a function 
of the input droplet length, both as a ratio to the merging 
chamber length. The thin black dashed lines represent the 
theoretical limits based on Eqs. (2) and (3), respectively. 
The hyperbolic shape of the limits for N in Fig. 4a provides 
a design guidance of the chamber length for a required N. 
When a large N is required, it also requires for the range of 
Ld/L to decrease, and conversely, as N decreases the range 
for Ld/L increases. For simple reactions involving 2–3 rea-
gents, the operating systems (pressure systems, syringe 
pumps, etc.) need not be controlled precisely because of the 

larger acceptable range for Ld/L. The design compensates 
for increasingly complex reactions by reducing the range of 
Ld/L; typical microfluidic systems are capable of produc-
ing highly monodispersed droplets under a variety of con-
ditions. At the same time, increasing the number of drop-
lets to be merged also narrows the predicted range for Lo as 
shown in Fig. 4b. When it is necessary to work with precise 
fluid volumes, the narrow range for Lo can allow for precise 
calculation of concentrations and can eliminate deviations 
due to reaction volume dependence. The results of Fig. 4b 
show that the output droplet length can be controlled within 
a narrow band regardless of the number of droplets merged 
at low droplet lengths. This would allow for the reaction 
concentration to be accurately controlled by controlling the 
total reaction volume.

From Fig. 4a and b, one can see that most of the experi-
mental data fall into the range of the upper limit and lower 
limit except one geometry with chamber length L* = 13, 
bypass channel width Wby

* = 1.5 (hollow square) as marked 
in the dashed red circle. This merging design has a long 
chamber and narrow bypass channel, and thus a very high 
resistance in the bypass channel (i.e., BRR is large in this 
geometry). The product droplet will be pushed out of the 
central channel before it merges enough droplets to block 
the bypass channel exit. When the bypass channel width 
is increased to be Wby

* = 3.1 (solid square in Fig. 4), BRR 
is largely decreased and the geometry can merge six drop-
lets as predicted. Therefore, the chamber length determines 
the number of merged droplets N, and BRR determines the 
working robustness of this merging design. The following 
section will discuss the influence of BRR on critical capil-
lary number.

3.3.2  Effect of capillary number and geometry

The operation of the merging design is dependent upon 
the competition between the viscous force and surface 
tension force; the ratio of these two forces is represented 
by the capillary number. The oil phase flow rate was var-
ied from 60 to 360µl/hr to expand the range of capillary 
number while maintaining the remainder of the parameters. 
The droplet merging process was captured by a high-speed 
camera.

As the BRR increases, the proportion of oil which will 
tend to flow through the central channel increases. There-
fore, it is expected that Cacrit will decrease for increas-
ing BRR. Figure 5 shows where the transition occurs 
from trapping to non-trapping for the different designs 
tested, indicated by the blue (trapping) and red (non-
trapping) markers. It is visible that as the BRR increases, 
the critical capillary number decreases; as expected, the 
decreased proportion of oil which is able to flow through 
the bypass channel results in the pressure exerted on the 
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Fig. 4  a The observed number of droplets merged as a func-
tion of Ld/L; b the output droplet length as a function of Ld/L
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Eqs. (2) and (3), respectively. Eight geometries were tested with 
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droplets to increase, preventing the droplets from merg-
ing. In this case, the viscous forces of the oil phase over-
come the surface tension forces which act to hold the 
droplet in place. The droplet therefore is slowed down 
through the pillar array but not trapped; when the drop-
let is slowed as such, the inter-droplet spacing can be 
adjusted to potentially still achieve the desired droplet 
merging until the relative velocity of the droplet within 
the pillar array cannot be overcome by the drag forces.

A single outlying point in Fig. 5 does not follow the 
expected trend for the relationship between the capillary 
number and the BRR. The potential cause of this outlier 
is due to unfavorable wetting of the dispersed phase onto 
the channel walls. When this unfavorable wetting occurs, 
the droplet will have an increased affinity to interact with 
the PDMS walls. This interaction is observed as a “stick-
ing” of the droplet to the PDMS walls and contributes to 
the force balance occurring in the pillar array. It causes 
the droplets to be able to resist a higher capillary number 
than otherwise would be expected, therefore creating the 
outlying data point.

For a specific merging design in an application, the 
required number of merged droplet N and droplet size 
are usually fixed. Therefore, the chamber length L is 
also fixed. In this case, one can enlarge the bypass chan-
nel width Wby to make the design work in a larger capil-
lary number range. On the other hand, the bypass chan-
nel width cannot be enlarged too much. Otherwise, some 
aqueous liquid may go into the bypass channel and stay 
at the corner forever (dead volume), which will affect the 
performance of the merging design.

3.3.3  Effect of spacing

The effect of droplet spacing increase was tested by add-
ing a diluting stream to increase the volume of oil between 
each pair of droplets. Droplets were generated at a constant 
flow rate ratio ϕ in order to generate droplets of comparable 
sizes between each trial. When the droplet spacing is large 
(>3 times droplet length), the droplets are capable of being 
trapped but at higher capillary numbers (larger than critical 
capillary number), do not remain trapped long enough for 
the next droplet to reach the chamber for them to merge. 
When the spacing of the droplets was reduced (1–3 times 
droplet length), it was observed that the functionality of the 
merging chamber was not affected and the merging adhered 
to the inequalities previously discussed. Reducing the spac-
ing (<1 times droplet length) resulted in undesired merg-
ing for low droplet lengths (Ld/L < 0.3), but there was no 
observable effect for larger droplets. The droplet spacing 
does not have a considerable effect on the operation of the 
merging device while operating underneath the critical cap-
illary number.

3.3.4  Limitations and future considerations

Although capable of controllably merging droplets under a 
variety of flow conditions, the merging chamber is limited 
by its reliance on high-surface-tension systems. The design 
relies on the ability of the droplet to maintain its shape 
while experiencing high shear rates at the bypass junc-
tion and therefore is susceptible to the breaking of droplets 
and their subsequent buildup in the bypass junctions. The 

Fig. 5  Map of the operational 
regimes for droplet trapping. 
The oil flow rate was incre-
mentally increased until the 
slipping of the droplet within 
the pillar array was observed. It 
was determined that the critical 
capillary number occurs at the 
capillary number between the 
observed trapping points (blue) 
and the observed slipping point 
(red). For the determination of 
the effect of the capillary num-
ber, channel lengths of L* = 3.2, 
5.5 and 8 were used with W∗

by = 
1.5 and 3.1 (color figure online)
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buildup of the dispersed phase may remain in the dead vol-
ume zone of the bypass channel especially when the bypass 
channel is large, which in turn reduces the amount of oil 
which can bypass the trapped droplet and therefore can 
hinder the functionality of the merging design. An example 
of this is visible in the bypass channels in Figs. 1 and 2. 
Although these conditions will affect the determination of 
Cacrit, there will still exist an operational regime where the 
merging is predictable, but the buildup of aqueous solution 
in the bypass channel would require mechanical perturba-
tions to clear the bypass. For example, we used a pencil tip 
to press the bypass channel in where an aqueous droplet 
stayed, and then the droplet was pushed out of the bypass 
channel.

It has been demonstrated that the merging chamber 
design is capable of merging a varying number of droplets 
depending on the size of input droplets entering the cham-
ber, although a few limitations currently exist. To address 
these limitations, the design can be modified in a particu-
lar manner to prevent the buildup of the dispersed phase 
within the bypass channel by providing a suitable means 
for the flow to passively clear out the bypass channel. Also, 
because the merging occurs at a point of stagnant flow, the 
system can easily be integrated with active methods such 
as electric fields to force the droplets to merge with low-
surface-tension systems. This design is therefore able to be 
integrated in a variety of different microfluidics systems, 
both active and passive, for the facilitation of biochemical 
reactions within microfluidics LOC systems.

4  Conclusions

One of the most critical components of an assay is the con-
trol of reagent concentration. Therefore, ensuring that the 
droplets can effectively merge and initiate reactions is the 
most critical component for droplet-based LOC devices. 
The question of how to effectively merge droplets can have 
a multitude of solutions, each with their own advantages 
and limitations. A key advantage provided by the design 
proposed is its capability of balancing the requirements 
for reaction volume and the desired number of different 
reagents and their relative concentrations while maintain-
ing the design simplicity. From the experimental results, 
it was demonstrated that the merging design was capable 
of merging between 6 and 2 droplets with Ld/L between 
0.18 and 0.65, respectively. It was also determined that 
Cacrit for each design is proportional to the BRR. The rela-
tionship allows for the estimation of the working range 
of flow rates for the design and can be manipulated by 
the W∗

by and L*parameters. The output droplet volume can 
be restricted and controlled through the manipulation of 

the L*parameter, and the consistency in product volumes 
allows for accurate representation of measured data.
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