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The transport of confined droplets in fluidic networks can lead to complex spatiotemporal dynamics, precluding full control
of the position of droplets in the network. Here, we report the design of a model-based feedback controller that can actively
regulate droplet positions in a network. We specifically consider droplet dynamics in a microfluidic loop where a main
channel splits into two and recombines. Consistent with previous studies, we find that without active control, the dynamics
of droplets in the loop can range from periodic to chaotic behaviors. However, by implementing the model-based feedback
controller, we show that the droplets can be made to sort alternately into the branches of the loop as well as to synchronize
the times at which pairs of droplets exit the loop. In particular, our computations demonstrate that the controller is capable
of executing remarkable droplet sort-synchronization tasks in the otherwise chaotic dynamics in the loop. The design of our
controller incorporates a hydrodynamic network model, that is, capable of predicting droplet positions and subsequently
delivering an actuation to the branches in the loop through elastomeric valves. Efficacy of the controller is discussed in
terms of actuation characteristics and constraints imposed by elastomeric valves. The model-based feedback controller
framework presented in this study is likely to promote the development of lab-on-chip technologies in which droplet
manipulation tasks are executed with active control. © 2011 American Institute of Chemical Engineers AIChE J, 58: 2120-

2130, 2012
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Introduction

Droplet-based microfluidics is the cornerstone of many lab-
on-chip technologies. Several reports exists on the use of
microfluidic droplets as microreactors for applications in pro-
tein crystallization,1 integration and automation of biochemi-
cal assays,2 high throughput screening of cells,® fabrication of
micro and nano par‘[icles,“_7 and single cell analysis.8 In these
applications, the microfluidic devices are often limited to
being droplet generators. To handle the complexity of biologi-
cal analysis, there is a need to incorporate additional tasks
such as droplet sorting,” synchronization,'® merging'"'* and
storingmf18 in these devices. One attractive approach of
designing such integrated devices would be to transport con-
fined droplets through cleverly engineered fluidic networks
where these tasks can be accomplished passively. Although
few studies have shown progress in this direction'®"'%~>
recent works have highlighted that the spatiotemporal dynam-
ics of droplets in fluidic networks as simple as a loop (where
a main channel splits into two and recombines) can be quite
complex, ranging from periodic to chaotic behaviors.>** The
decision making of the droplets at the bifurcations together
with hydrodynamic resistive interactions were considered to
be the source of such nonlinear effects. Given these nonlinear
effects, implementing droplet manipulation tasks such as sort-
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ing and merging in fluidic networks can be quite challenging.
As a result studies have resorted to manipulating droplets
actively in devices using electric fields**™ and elastomeric
membrane valve actuation.*®

In this work, we introduce a framework for designing a
model-based feedback controller that actively manipulates
droplet positions in a microfluidic network. To demonstrate
the power of the model-based feedback controller approach,
we consider a scenario shown in Figure 1, where a micro-
fluidic train of alternating black and white droplets enters
the loop at a fixed frequency, and the black (B) and white
(W) drops need to be sorted into the lower and upper
branches, respectively. Furthermore the residence times of
the drops in the branches need to be synchronized so that
they have the possibility to merge at the exit of the loop.
Note that although we specifically consider merging here,
our approach is capable of handling other synchronization
constraints, e.g., achieving a constant delay between drops at
the exit. Because of the non-linear droplet dynamics in the
loop, it is evident that accomplishing these sort-synchroniza-
tion objectives passively in the loop is extremely difficult.
One possible strategy for achieving these objectives actively
is illustrated in Figure 1. It involves integration of single-
layer elastomeric membrane valves®” in the vicinity of the
branches, so that they can be actuated to modulate the
hydrodynamic resistances of the branches and correspond-
ingly the droplet positions. In addition, a controller is incor-
porated that reads-in the instantaneous positions of the
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Figure 1. A possible online implementation scheme to
sort alternate black and white droplets into
upper and lower branches and synchronize
them at the exit of the loop device.

droplets through image analysis and subsequently delivers a
control action to the valve to modulate the hydrodynamic re-
sistance in the branch. The focus of this study is to design
this controller by pursuing the following two aims. First, it
is evident that a model needs to be incorporated into the
controller, so that future control moves can be estimated
from current droplet positions. In this regard, we assess if a
recently proposed network model** for understanding nonlin-
ear dynamics of droplets can be utilized in the design of the
controller. We do so by considering specific cases of experi-
mentally observed nonlinear dynamics of droplets in a loop
and determining whether the network model can reproduce
these experimental cases. Second, given realistic bounds on
the variation in the hydrodynamic resistance of the branches
due to valve actuation, we assess if operating envelopes exist
for specific cases of nonlinear dynamics that lead to success-
ful sorting and synchronization of droplets.

Experimental Assessment of the Network Model

In this section, experiments that were performed to assess
the network model along with its description is discussed.
The loop device shown in Figure 2a was fabricated using
soft lithography and is similar to that discussed by Fuerst-

man et al.>> The lengths of the upper and lower branches
were measured to be 2237 um and 2217 pum. The width and
the height of the channels were measured using a scanning
electron microscope and are 50 um and 100 um, respec-
tively. The aqueous droplets were produced by incorporating
a T-junction at the upstream of the loop. Hexadecane (vis-
cosity is 0.003 Pas, density is 773 kg/m’, Sigma Aldrich)
with 2 wt % Span 80 is used as the continuous phase, and a
mixture of deionized water and black ink (10: 1 vol/vol) as
the dispersed phase. Both phases were driven using syringe
pumps (Harvard apparatus, PHD 2000). The fluidic device
was mounted on a stereomicroscope stage (Stemi 2000 C).
Image acquisition was performed in bright field mode using
a CMOS camera (1200.s, PCO, Germany) at 1000 frames
per second. The acquired images were analyzed for droplet
entry and exit times using a custom code written in MAT-
LAB. Figure 2 illustrates a representative case of the droplet
dynamics observed in the loop. A snapshot of the spatiotem-
poral dynamics of droplets in the loop is shown in Figure
2a, along with the “In” and “Out” windows at which drop-
let entry and exit times were measured. In Figure 2b, we
show that consistent with previous studies? droplets enter at
nearly regular intervals and exit at intervals that are nonli-
nearly transformed. We quantify this dynamics using Poin-
caré s maps for the inputs and outputs as shown in Figure
2c. In here AT, is the (entry or exit) time difference between
two successive (nth and (n — 1)th) droplets and (AT) is the
mean of the difference in time intervals. All the data collaps-
ing to a single point, i.e., (1,1), in the Poincaré map would
imply that the droplets arrive at exactly the same time inter-
vals. We find that a single cluster is associated with the
Poincaré map at the “In” window, indicating that droplets
enter the loop at a nearly fixed frequency. In contrast, at the
“Out” window we find two clusters of data in the Poincaré
map, indicating that the droplets exit the loop at two nearly
regular intervals. We refer to this behavior as the two period
behavior. Similarly three clusters at the outlet will be
referred to as three period behavior and if there are no iden-
tifiable clusters then we ascribe that behavior as aperiodic.
To assess the model validity for designing the controller,
two distinct dynamics of the loop were identified experimen-
tally by varying the oil flow rate at a fixed aqueous flow rate
(25 pl/h). We obtained three period and aperiodic cases
when the oil flow rates were 450 ul/h and 175 ul/h, respec-
tively. The data obtained from these experiments were
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Figure 2. (a) The location of the “In” and “Out” windows in a symmetric microfluidic loop, (b) The time sequence
at which droplets are entering and exiting the loop, and (c) The corresponding Poincaré maps, the dy-
namics are plotted for oil flow rate 750 ul/h and ink flow rate of 25 ul/h.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

AIChE Journal July 2012 Vol. 58, No. 7

Published on behalf of the AIChE

DOI 10.1002/aic 2121



O Simulation
25 X Experiment
7
4
18
7 ".o
0.5p
0 0.5 1. 2 25 |
AT,/ (AT)
(a)
I I I I O Simulation
25 X Experiment
g7
4
=15
a i
X
0.5p
0 05 25 3

Figure 3. Poincaré maps of (a) three period (b) aperiodic
loop dynamics obtained by experiments and
simulations; Simulations are done with Ry
equal to 1.05 and 4.7 kg/mm?S, respectively
and p equal to 1.4 for both the cases.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

modeled using the network model proposed by Schindler
et al.>* We present a brief overview of the network model
for a loop. Flow is conserved at the junction, i.e., net inflow
is equal to the outflow which is given by

Or=Q0u+0L (D

where O}, Qu, and Q. are the flow rates at the inlet, upper, and
lower branches, respectively. Analogous to the ohm’s law, the
pressure drop (voltage) across the segment AP; is equal to
product of flow rate (current) in the segment and the
hydrodynamic resistance

AP = QuRy = OLRL ()

Here Ry, Ry are the hydrodynamic resistances of upper
and lower branches, respectively. The overall resistance of
the branch is a sum of the static resistance due to the flow in
rectangular channel (Rcy), and resistance due to the droplets
(ny Ry), assuming ny droplets in the lower branch

Ry =Rcy + nLRy 3)

Every droplet is assumed to increase the resistance of the
channel linearly by Ry4. The resistance of the rectangular

channel is given by’®
Rer — 12 uL 11924
LT Ty —n’ > w

tan h(";;)} : &)
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where 4, w, and L are the height, width, and length of the lower
branch respectively. p represents the viscosity of the
hexadecane oil and n is the series index which takes only
odd values. The velocity of the droplets is proportional to the
bulk flow,***? and is given as follows

V= gQL (&)

In the above equation Vi represents the velocity of drop-
lets in the lower branch, f is a proportionality constant and
S is the cross sectional area of the channel. At the junction,
droplets are assumed to choose the branch with least resist-
ance or maximum instantaneous flow rate. Similar equations
are used to calculate the resistance and velocity of the upper
branch. The model equations are solved as follows. Initially
the flow rates in the branches are calculated using Eqs. 1-4.
Based on the flow rates, the velocities of the droplets are
updated using Eq. 5. These new velocities are used to obtain
the positions of the droplets in the loop device. Positions
and velocities are updated only when the droplet enters or
exits the loop. This reduces the simulation time substantially.
The exit times of the droplets from the model are compared
with the experimental data by using R4 and f as free param-
eters. The best fit parameters are identified by comparing the
experimental and simulated Poincaré maps. In Figure 3, the
comparison between experimental data and the simulated
data for the three-period and aperiodic dynamics are shown.
For the explored cases, we observed that simulation results
are in good agreement with the experimental dynamics.
From here on we will use the model in lieu of the experi-
mental system for simulation studies of the proposed feed-
back controller. Note that the same R4 and f values obtained
from comparing experiments and model, are also used in the
controller design (c.f. as shown in the “Model Predictive
Control™).

Description of Control Strategy

The main objective of this work is the development of a
control algorithm for sorting and synchronizing droplets in
microfluidic loop devices using active control. Conventional
control algorithms such as proportional-integral-derivative
(PID) are not suitable for nonlinear processes that exhibit
multiple steady-states and chaos.*' Instead, here, we imple-
ment a model predictive control (MPC) algorithm that uses
the network model to regulate droplet behavior to achieve
sort and synchronization. Two key principles are used in the
proposed active MPC strategy for achieving these objectives.
First, through valve actuation, the number of droplets in the
upper and lower branches are made equal or differ by just
one droplet at every time instant. Since the length of upper
and lower branches in our loop device are nearly equal, this
strategy ensures that the droplets alternate between the
branches. Second, appropriate droplet velocity manipulations
for synchronization are achieved through active resistance
changes in the two arms of the loop. A possible online
implementation of the MPC strategy is presented in Figure
1. Consider a train of alternate white and black droplets to
enter the loop. These droplets are required to be sorted into
the upper and lower channels and a pair of droplets exit the
channel at the same time. At every sampling time images
from the loop device are acquired using a high speed cam-
era. These images can be processed to obtain current droplet
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Figure 4. (a) Block diagram of MPC implementation on loop device (b) lllustration of prediction and control hori-

zons in sort-synchronization framework of MPC.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

positions. These positions are the inputs to the MPC algo-
rithm which calculates the optimum valve actuation required
to synchronize the droplets. In the next section, the funda-
mentals of MPC are introduced and simulation studies incor-
porating the MPC algorithm are discussed.

Model Predictive Control

Model predictive control (MPC), also referred to as moving
horizon control or receding horizon control has become an
attractive feedback strategy for linear and nonlinear process
control. Although MPC has been successfully implemented in
other engineering applications*** to our knowledge, this
study is the first application of MPC in microfluidic devices.
The main objective of MPC is to maintain outputs at their
desired values, also termed as set points, through the actuation
of manipulated variables. MPC possesses the following impor-
tant attributes: (1) simplicity, (2) richness to solve a variety of
control problems, and (3) constraints handling (equipment
constraints, operational constraints).44

Description

There are two important components in a MPC. The first
is the underlying model of the process that is used to predict
the effect of the actuators (manipulated variables/elastomeric
valve) on the variables of interest (controlled variables/drop-
let position). The second component is an optimizer that
identifies values for the manipulated variables and ensures
the error between the controlled variables and their target
values are minimized. The control objectives in a microflui-
dic device are to sort and synchronize pairs of droplets. Sort-
ing requires actuation whenever there is a droplet at the inlet
junction. Synchronization requires a more continuous actua-
tion to ensure that pairs of droplets exit at the same time.
The controlled variable chosen for synchronization is the dif-
ference in the time exits between the leading droplets in the
upper and lower branches. A target value of zero for this
variable implies that synchronization has been achieved. The
overall implementation of MPC is shown in Figure 4. From
the microfluidic device, the position of the droplets are pro-
vided to the model predictive controller. The controller itera-
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tively solves for optimum valve actuations required to sort-syn-
chronize droplets using the network model as shown in the dot-
ted box of Figure 4a. Two important tuning parameters dictate
the final MPC performance. One is the prediction horizon,
which is the time horizon into the future where the errors
(between the predicted controlled variables and their target val-
ues, as represented in Figure 4b synchronization error) are
minimized. Second is the control horizon, which determines
the number of future actuations that are calculated at the cur-
rent time instant. Figure 4b illustrates these parameters, droplet
trajectories and the corresponding valve actuations as a func-
tion of time. The vertical dotted line in Figure 4b represents
the current time instant and separates the past from the future.
The trajectory of a droplet pair is predicted till it exits the de-
vice. This trajectory is shown in the top graph of Figure 4b.
The time it takes for two droplet pairs to exit, based on the
predicted trajectory is termed the prediction horizon. Hence the
prediction horizon is a variable and changes with the position
of droplet pair. This prediction horizon will be an integer mul-
tiple of the sampling time used for image capture. It is
assumed that a certain prespecified number of valve actuations
are performed at successive sampling times starting from the
current time instant for synchronization. This is termed as con-
trol horizon, shown in the bottom graph of Figure 4b. Though
several control moves are actually calculated only the first
move is implemented and a new optimization problem is
solved at the next time instant. This strategy would result in
the use of the latest information available about the loop device
in the valve actuation calculations at any given time. At every
time instant one would ideally like to calculate the valve actua-
tion for the whole prediction horizon; however, this would
result in a large computational burden on the optimizer making
online implementation difficult. In view of this, the prediction
and control horizons are optimally chosen to achieve a balance
between the computational burden and control accuracy.
Increasing the control horizon will increase the computational
burden while decreasing it will result in reduced control accu-
racy. The control horizon is always smaller in time length than
the prediction horizon.** The optimizer takes into account the
constraints on the hydrodynamic resistance imposed by the
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valve and calculates the optimum valve actuation, which are
implemented on the loop device. In the next section, the algo-
rithmic details of the MPC approach are discussed.

Methodology

The MPC algorithm consists of four conceptual compo-
nents for sort-synchronizing droplets.

Prediction. In this step, the future droplet positions are
predicted based on the current positions. Let the current posi-
tion of ith droplet in the lower branch of the loop, at a time
instant “¢”, be P;;(f). The positions of all the droplets at this
time instant are given as inputs to the controller; the network
model in the MPC predicts the future positions for a time of
KT, where T (sampling time) is the prespecified time between
two successive images analyzed by the controller and K is an
integer. Here KTy is defined as the prediction horizon. In the
simulations the value of sampling time is calculated as follows

Ts = max (5.5 ms, ;—0) (6)

In the above equation, 7 is the mean residence time of the
droplets, i.e. the mean difference in entry and exit time of
the droplets. In general, the sampling time is chosen as a
fraction of the time constant or settling time and the choice
of 7/20 is standard.* If the calculated sampling time is less
than experimentally accessible sampling speed of about 5.5
ms>’ then 5.5 ms is chosen as the sampling time as shown
in Eq. 6. The future positions of droplets in the lower branch
are equal to the sum of current position of the droplets and
the product of instantaneous velocity with sampling time,
calculated as follows

K
PiL(t+ KTs|t) = Pip(t) + Z ViLTs (7
=1
where P, (t + KT|r) is the predicted position of the droplets
in the lower branch given the positions at time ¢. The value of
K in Eq. 7 is chosen just large enough so that two pairs of
droplets exit the loop. As the loop structure is analogous to a
parallel connection of resistances, the velocity in a branch is
equal to the fractional resistance multiplied by the total flow
rate. Therefore, the predicted velocity of the droplet \%L in Eq
7 at any time instant is calculated as follows

5 75 R}I,U
ViL = S [Rj,L ¥ R“J O1 (3)

The resistances of the branches customized for the exter-
nal valve dynamics is sum of three components; channel re-
sistance, droplet resistance and the fractional increase in re-
sistance due to external valve, given as follows

Rju = Rcu + njuRa + % uRcu ©)
('Xj,U = OC3<’U Vj> 3

Rj1. = RcpL +njLRq + ojLRcL (10)
oL = 03L v j>3

The value of R¢ . is calculated using Eq. 4. n;y and n;;
are the number of droplets in upper and lower branches
respectively. «;, is the lower branch valve actuation parame-
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ter, which is to be estimated, and is constant after three steps
as the control horizon in the simulations is chosen as three.
Note that alpha equals zero corresponds to no actuation of
the valve, and a nonzero value of alpha (0 < « < 1) implies
that the channel is being constricted due to valve actuation.
Similar equations are used to predict the droplet positions in
the upper branch.

Optimization for Synchronization. In this step, the opti-
mal valve actuations required to sort-synchronize the drop-
lets are calculated. Synchronization is achieved when two
droplets exit the loop at the same time. The exit time of the
droplets is defined as the time taken by the droplet to reach
the end of the branch ,i.e., when the position of the droplet
equals the channel length. The values of TémL and T. ;¢
time of droplet in upper and lower channel) are calculated as
follows:

/ VK > K pi t+ KTg|t) > L
Togp =t +KiTs : = Bl A:L( +KTslt) > L
, VK <Ky Piy(t+KT|t) <Ly,
i VK>KISil‘KTQt>L
Togqu =t +KoTs - = ZAU(JF S|y > Ly
: VK <K, Piy(t+ KT|t) < Ly

an

Ly and L; are the lengths of upper and lower branches,
respectively. The time (¢t + K;Ts) at which the value of
Py (t+ KT|r) is equal to L is the exit time of that droplet.
The optimum valve actuations for sort-synchronization are
obtained by minimizing the objective function given by the

following equation

i+1
. _ D D 2
min E= E [Texit,L - Texil,U]
D=i

%(1,23),L:%(1,2,3),U

0 S oL, %1 u S 0.6 (12)
0 < mr,my <1
0 < o3,y <1

E is sum of the squared errors of differences in exit times
of ith and (i + 1)th pair of droplets, i.e, two from the upper
branch and two from the lower branch. From our simulation
studies we observed that the prediction horizon with less
than two pairs of droplets make the control action oscilla-
tory. On the other hand, choosing the prediction horizon to
be more than two pairs of droplets would increase the com-
putational complexity of the control calculations. Hence we
used two pairs of droplets as a trade-off between good con-
trol and computational tractability. In our specific MPC
implementation, we have set the control horizon to be equal
to 37 as seen in Eq. 12, where the upper and lower limits
on the three valve actuations are provided. We find this con-
trol horizon to be sufficient for our purposes. Also notice
that while the first control move is constrained to be less
than 60% (0.6)*” in Eq. 12, the next two control moves are
not constrained, (i.e., « = 1). For computational reasons the
optimizer assumes that three values of valve actuations are
implemented to achieve synchronization. However, the valve
actuations being implemented at every time instant results in
considerably more than three actuations before a pair of
synchronized droplets exit. To reflect this extra actuation,
the bounds on two out of the three valve moves are relaxed
(set to 100%, i.e., & = 1 in our case). However, since the
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first control move is actually implemented the bound for that
is set to a realistically achievable value of 60%. We note
that to optimize the objective function six o values need to
be determined (c.f. Eq. 12). The simultaneous optimization
is performed using Matlab optimization routine ‘“‘fmincon”.
Synchronization Actuation. As discussed before only the
first values, i.e., a;, and o, ¢, are implemented in the experi-
ment even though three control moves are calculated.
Sorting Actuation. The previous steps ensure that a pair
of droplets exit the loop due to synchronization. Therefore,
the number of droplets in the upper and lower branches will
be either equal or differ by one. Whenever a droplet enters
the loop (we assume that this is detected just before the
droplet enters the loop), the valves are set to the normal
position, i.e., zero actuation. This ensures that every pair of
droplets take the same decision as the first pair that entered
the loop device. This results in sorting of the droplets. This
control is achieved as an “interrupt” in the algorithm i.e.
this step is implemented only when there is a droplet entry.

Results and Discussion

In this section the results obtained by implementing the
proposed algorithm on the model explained in section are dis-
cussed. The results are presented in three subsections. Two of
these deal with control results for the three period and aperi-
odic dynamics. The third subsection will explore the robust-
ness of MPC control to fluctuations in the input feeding fre-
quency of drops into the loop. In the first two cases, MPC has
been implemented assuming the input droplets arrive at a con-
stant input frequency. In the comparison plots shown in Fig-
ure 3, the scatter observed in the Poincaré map of the experi-
mental data is due to the disturbances in the input flow rate
(variations in the entry time of droplets). However, in the first
two simulation case studies, these disturbances are not taken
into account. Hence all the Poincaré maps that are shown in
the results section will have well-defined clusters with no
scatter due to input uncertainties. Further, a repeated sequence
of droplets of alternating composition (e.g., BWBWBW...) is
assumed at the entrance of the device. In all cases, we assume
that valve actuation can potentially increase the hydrodynamic
resistance of the branch from its base value to a maximum of
60%, i.e., o < 0.6.

Three period dynamics

The first result that we show is for the case of three period
behavior. The MPC algorithm, as discussed in the previous
section, is implemented for this case. The actuations imple-
mented on the system are the MPC calculated values
rounded off to a precision of 0.1. This is to ensure that the
precision required from the actual valve actuations are real-
izable in practice. The sorting of the droplets in the active
and passive scenarios are shown in Figure 5a, which is a
plot of droplet decisions with the droplet entry index. The
droplets at the junction have two choices to make, either to
go to the upper branch or lower branch. This plot shows the
decision making of the droplets at the entrance to the bifur-
cation. The top graph of Figure 5a is with active control and
the bottom graph is without active control. It is observed
that without active control two droplets decide to choose the
lower branch and one droplet chooses the upper branch and
this pattern repeats. However, the droplets are sorted after
implementation of MPC. The reason for failure in passive
sorting is due to the entry of droplets in the loop before a
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pair of droplets exit. This situation results in alteration of
droplet decisions. After the implementation of MPC, since
two droplets exit the loop simultaneously due to synchroni-
zation, the incoming droplets encounter the same ratio of
droplets in upper and lower branch at every time instant.
This ensures sorting because of nearly symmetric loop
device. As the decision of the droplets repeats after three
steps in the uncontrolled case we observe a three cluster
behavior in the Poincaré map (Figure 5b). After implementa-
tion of MPC, the loop dynamics has changed from three
clusters to two clusters. This is because the droplets are con-
strained to make prespecified choices. It is also observed
that the clusters are close to the axis. This is due to the
decrease in difference between the droplet pair exit times,
which is a measure of synchronization. As AT, is plotted
as a function of AT, in a Poincaré map, perfectly synchron-
ized pair of droplets at the exit will result in a data point
each on the x and y axes. The magnitude of synchronization
(zero being the best) is inferred from Figure Sc, which is a
plot of difference in droplet pair exit times, normalized with
mean difference in inlet time, as a function of droplet pair
index. It can be seen from synchronization results shown in
Figure Sc that the difference in the exit times of droplets is
close to zero. This implies that all the droplet pairs are
synchronized. The droplet trajectories, i.e., positions of drop-
lets normalized with channel length, of four droplet pairs as
a function of time are shown in Figure 5d. It is also
observed from this figure that that the droplets are synchron-
ized at the exit of the loop. This sort-synchronization is
achieved with valve actuation within the bounds of 60 %.
The valve actuations for this case are given in Figure Se. In
this figure, the fractional resistance changes in the upper and
lower branches are plotted for each time instant. Figure 5f
reports a plot between the actuation value and the ratio of
number of actuations at that value to the total number of
actuations. In this case, both the lower and upper branch
valves have been actuated for 204 and 113 times, respec-
tively. Due to this actuation a pair of 35 droplets were sort-
synchronized in 3.3 s. In Figure 5e inset it is observed that
the lower branch has zero actuation at regular intervals. As
discussed before this is to achieve sorting of the droplets.
The inset in the Figure 5e depicts a magnified plot of this
“interrupt signal.” These results demonstrate that the MPC-
based feedback controller works extremely well for sorting
and synchronizing droplets in the three period case.

Aperiodic dynamics

The second case we consider is that of aperiodic behavior.
This is a very interesting case because active control strategy
has to convert a system with chaotic dynamics and a large
number of periods to a two period system. It can be seen
from Figure 6a that passive sorting is completely aperiodic,
i.e., the droplet decision making is chaotic as time pro-
gresses. However, MPC is able to sort the droplets into the
two branches effectively. The Poincaré map of the system
without control (Figure 6b) is characterized by several peri-
ods (more than 20). MPC converts the overall chaotic loop
dynamics to two clusters in a Poincaré map. It is observed
from the Poincaré map that these clusters also are very close
to the axis which implies that the droplets have synchron-
ized. The droplet synchronization dynamics are shown in
Figure 6¢c. Compared to the uncontrolled case, the MPC
approach results in remarkable synchronization of droplets
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value to the total number of actuations for synchronizing 35 pairs of droplets. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

for this highly aperiodic system. The droplet trajectories as a
function of time are shown in Figure 6d. As seen from this
plot at any given time instant there are more than five drop-
lets in the loop. Surprisingly, it is observed in this case that
the lagging droplet overtakes the leading droplet before exit-
ing the loop. This phenomenon is due to decrease in inlet
flow rate and presence of more than five droplets in the loop
that reduces the droplet velocities substantially. The valve
actuations required to make the droplets sort and synchronize
are represented in Figure 6e with the frequency of actuation
in Figure 6f. In this case both the upper and lower valves
have been actuated for 162 and 165 times, respectively to
sort-synchronize 35 pairs of droplets over a time span of
4.2 s. As before, sorting requires the valve to move to zero
and this is shown in the inset of Figure 6e. Similar to the
three period case, the upper branch valve is also actuated.
This is because the lagging droplet overtakes the leading
droplet which necessitates actuation in the upper branch to
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slow down the droplet. One might intuitively expect more
vigorous actuation for an aperiodic case. Surprisingly, the
lower branch actuation stays substantially at 50% rather than
60%, which was observed in the three period case. This is
because the velocities of the droplets are low (due to high
resistance as a result of low flow rate and more droplets in
the device) and hence there is more actuation time, which
results in less aggressive actuation. However, nuanced actua-
tions of the upper and lower branches as in the three period
case are required in the aperiodic case also.

Robustness of MPC to input flow fluctuations

In this simulation experiment, we test the robustness of
MPC to fluctuations in the inlet times which are measured
experimentally. The inlet time fluctuations are most likely
the result of disturbances in the input flow.*® To reflect this,
we introduce a 5% random disturbance in the inlet flow in
the prototypical model. This disturbance changes the
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The periodic dips in the actuation are seen in the inset. Interestingly in this case the upper branch also gets actuated consistently
(f) Actuation frequency as a ratio of number of actuations at a particular value to the total number of actuations for synchronizing
35 pairs of droplets. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

residence time of the droplets as the overall flow changes.
Experimental inlet time intervals of the droplets in the three
period case as shown in the inset of Figure 7b are used
along with random flow fluctuations in the prototypical
model. However, the model for prediction in the MPC has
no knowledge of this and hence constant flow and average
inlet time interval as shown in the inset of Figure 7b are
used. It can be seen from Figure 7a that even with input
fluctuations, perfect sorting has been achieved. Unlike the
previous case where disturbance was not considered, this
case required more rigorous actuation to achieve synchroni-
zation (Figure 7e). With this actuation, satisfactory synchro-
nization is achieved as shown in Figures 7c, d. This is de-
spite the substantial variation in the input time intervals
towards the end of this simulation. The actuation in the
upper branch has increased to the maximum towards the end
of the simulation; this is because of the dramatic offset in

AIChE Journal July 2012 Vol. 58, No. 7

Published on behalf of the AIChE

the inlet time intervals (seen in the inset of Figure 7b). Fig-
ure 7f shows the frequency of upper and lower branch actua-
tions. Hence without a priori knowledge of the disturbance,
MPC could tune itself for the fluctuations. In contrast to the
no disturbance case, in this simulation, even the upper
branch has been actuated to its maximum value.

Feasibility of Implementing Active Control

Our results in this paper demonstrate that the model-based
feedback controller is able to achieve sort-synchronization
tasks in a loop device. In our simulations, the sampling time
is taken as 6.3 ms and 15.1 ms for three period and aperi-
odic cases respectively based on Eq. 6. The maximum possi-
ble actuation is set to 60% resistance change. Prior studies
have shown that the minimal response time of the elasto-
meric valves is about 5 ms, and they can increase the chan-
nel resistance to as high as 68%,’’ suggesting that the
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Plot of variation in the experimental inlet times is shown in the inset of figure (b). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

parameter values chosen in the simulation are accessible by
experiments. For online implementation of this approach,
concerns related to actuator dynamics and computational
complexity of MPC calculations need to be addressed. For
the loop structure, the droplets exit at around 40 millisec-
onds (ms) time intervals. The time required for one actuator
move is about 10 ms. If the sampling time is chosen to be
10 ms, then about four actuator moves can be made before
the exit of droplet. This, we believe, should provide enough
actuation for the control of individual droplet exit times.
The physical model took about 1s for the calculation of the
trajectory of 1000 droplets on a standard PC. This would
imply that roughly about 1 ms would be required to calcu-
late the trajectory of a single droplet. This could be improved
five-to-ten fold using a sophisticated dedicated computer. Fur-
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ther, in the 1000 droplets simulation, most of the time is
spent on data structures to store the results for all the 1000
droplets. Since only 5-10 droplets will be present in the loop
at a time, each MPC calculation has to deal with a small
number of droplets. Hence the data storage related time will
reduce drastically. In summary, we expect that 1000 function
evaluations can be performed within 10 ms. As a result, the
use of standard gradient-based approaches for online control
calculations might be feasible; however, a direct approach
such as the Nelder—Mead simplex search®’ that handles con-
straints might be more computationally appropriate for this
problem. Another approach to mitigate online computational
issues is to investigate if satisfactory online control results
could be achieved by directly implementing the actuations
that are calculated off-line using the proposed MPC
approach.
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Conclusions

In this work, we propose the idea of active resistance
modulation for controlling the position and timing of drop-
lets in fludic networks. To this end, we investigate this con-
cept in a simple microfluidic loop. A key finding from this
work is that resistance control can help achieve precise sort-
ing and synchronization of droplets at the outlet of the
device even in cases where uncontrolled dynamics are cha-
otic. We believe that this controllability result has never
been demonstrated before. While this is a first step in this
area, controllability in more complex networks might be
challenging. We anticipate that a suitable choice of resist-
ance control in a subset of branches may extend the applic-
ability of the MPC strategy to more intricate networks and
needs to be explored in the future.

On the practical side, the proposed control algorithm
needs to be implemented on the experimental loop device
using elastomeric valves. This will help uncover if there are
real impediments to the proposed approach such as, breakage
of droplets due to the elastomeric valve actuation. Such an
experimental study will truly verify the promise of model
based feedback control in droplet-based microfluidic devices.
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