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Information is Physical

Rolf Landauer, 93

“Information is inevitably tied to a physical degree of freedom 
through a charge, a spin, a hole in punch card or chalk marks on a 

blackboard”

Bits are Atoms

Information processing => Material 
processing
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Figure 3-4: A list of applications made possible by integration and flow control tech-
niques at small scales. (a) A high throughput system for screening flourescence-based
single-cell assays from [19] (b) DNA purification chip. from [20]. Lysis on live bacte-
rial cells can be performed and DNA fragments obtained in 3 parallel channels.
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Fluidigm

Control Strategies

without requiring functionalization of the microchannel wall.
The adsorption of fibrinogen within a plug was controlled by
using this method (Figure 13). A surfactant with a carboxylic
acid group resulted in adsorption (Figure 13a), whereas a
surfactant with an oligoethylene glycol group prevented
adsorption (Figure 13b).

2.5. Combining and Splitting Reactions

To perform a multiple-step reaction, reaction mixtures
must be combined and split in a controlled manner. By using
droplet-based microfluidics, a range of interactions between
reactions can be controlled in time.[1] Reactions can be
combined by merging two droplets, and reactions can be split
by splitting one droplet into two smaller droplets
(Figure 14).[1,162]

Various methods have been developed for merging and
splitting droplets. To combine two parallel reactions, two sets
of droplets can be formed in two parallel microchannels that
converge into one main channel. The two sets of droplets will
merge within the main channel if the frequency is matched
between the two droplets and the droplets are of different
sizes (Figure 14a).[1] The merging of several smaller droplets
with a single larger droplet[163] and of two droplets of the same
size has also been shown.[164] The splitting of droplets in a
constricted T junction (Figure 14b)[1,125] and at isolated
obstacles has also been studied.[165]

Numerous studies have investigated how droplets can be
manipulated and controlled within microchannels;[166] exam-
ples include the sorting of droplets with dielectrophoretic
forces,[167] the control of droplet volume, chemical concen-
trations, and sorting of droplets,[168] as well as numerical
studies on the deformation, breakup, and coalescence of
droplets.[110, 130,169] A method was developed recently that uses
electric forces to combine and split droplets in microchannels.
In this method, two streams of droplets are produced, and
opposite charges are applied to the interfaces of aqueous and

carrier fluid (Figure 15); the two streams are synchronized
and combine completely in a 1:1 ratio upon confluence.[170a]

Neutral droplets could be recharged by splitting each droplet
into two droplets of opposite charge.[170a] Charged droplets
were also sorted by means of electric interactions.[170a]

Another method used alternating current field to control
the coalescence of plugs.[170b] These techniques should be
useful for developing automated, droplet-based microfluidic
platforms.

Figure 13. Control of the surface behavior of plugs with surfactants at
the interface between the aqueous and fluorous phases. a) A COOH
surfactant with a fluorinated side chain (Rf) provides a non-inert
interface that is prone to protein adsorption. b) A surfactant with a
fluorinated side chain and a polar oligoethyleneglycol (OEG) head
group provides an inert, biocompatible interface. Reprinted with
permission from reference [43]. Copyright 2005 American Chemical
Society.

Figure 14. Merging and splitting of droplets in microchannels.[1] Left:
Schematic of the microfluidic network. Right: Microphotographs of
plugs traveling through the microchannel. a) Spontaneous merging of
pairs of plugs into single plugs in the main microchannel. b) Sponta-
neous splitting of plugs at the branching point in a microchannel.
When the outlet pressures are equal, a stream of plugs splits into
plugs of approximately half the volume of the initial plugs (middle).
When the outlet pressures are different, asymmetric splitting of plugs
is observed (right). Perfluorodecalin (PFD) serves as the carrier fluid.
Reprinted from reference [1].

Figure 15. Coalescence of drops by means of electric forces.[170a]

a) Drops with opposite signs of electrostatic charge could be gener-
ated by applying a voltage across the two aqueous streams. b) In the
absence of an electric field, the frequency and timing of drop
formation at the two nozzles are independent even at identical
infusion rates. In the presence of surfactant, the drops did not
coalescence upon confluence of the two streams (scale bar: 100 mm).
c) With an applied voltage of 200 V (separation of the nozzles:
500 mm), the drops broke off from the two nozzles simultaneously and
coalesced upon confluence. Reprinted with minor modification from
reference [170a].

R. F. Ismagilov et al.Reviews

7344 www.angewandte.org ! 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2006, 45, 7336 – 7356
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Fluidic Computing 

 Wall attachment - Coanda effect
Jet interaction  - Inertial effects

large Re number systems

single outlet. The streak-line patterns in Fig. 3, C
and D, look very much like mirror images of
each other. They feature large recirculating vor-
tices in front of the crossroad exit contractions in
the stream originating from inlet 1.

The plot in Fig. 4A shows that the two
metastable flow states illustrated in Fig. 3, C

and D, differ by Q through the two crossroad
exits. The curves for the “high” and the “low”
state of an outlet start to diverge at a Q of about
20 nl s!1, corresponding to Wi " 1.3. Consis-
tent with the above argument, the outlet where
the stream from inlet 2 is directed has a higher
flux rate. At the highest driving pressure tested,

the difference between flux rates in the “high”
and “low” states was a factor of 2.5. The high-
est flow rate was about 200 nl s!1, so Re was
always below unity and inertial effects were
minor. No bistability was observed with New-
tonian fluids in the microchannel, in which case
flux from the inlets was always evenly split
between the two outlets.

The two states of the flip-flop are stable to
small perturbations and persist as long as the
flow continues. A transition can occur, however,
when a sufficiently large perturbation is applied.
A fast and reliable way to switch between the
states is by briefly blocking one of the outlets
(and forcing all the flux to go through the other),
for example by applying a pulse of a high
pressure to it, which can be as short as 30 ms at
high flow rates. Independent of the initial state
of the flip-flop, a pressure pulse applied to outlet
1 brings it to the flow state in Fig. 3D (outlet 1,
low; outlet 2, high), and a pulse applied to outlet
2 results in the state shown in Fig. 3C. There-
fore, the flow originating from inlet 2 keeps its
trajectory, whereas the flow from the inlet 1 is

Fig. 3. (A) A snapshot of
a microfluidic flip-flop,
where the flow rate
through the two outlets
changes between two
metastable flow states.
The inlet 2 channel has
a width of 90#m and a
30-#m contraction at
the “crossroad” en-
trance, whereas the two
contractions at the
crossroad exits are 37
#m wide. The auxili-
ary inlets, comparator
(comp). 1 and comp. 2,
and wide comparator
regions near the outlets
serve the purpose of
measuring the rate of
flow from the crossroad
to the outlets by the
samemethod as for the
nonlinear resistor (13).
(Inset) Enlarged image
of the active crossroad
region. (B) A snapshot
of a flip-flop with mod-
ulation of pressure be-
tween the metastable
states. The channels
leading from the cross-
road exits to the outlets
are 90 #mwide and 15
mm long. The pressure
is measured locally,
near the crossroad exits,
with the aid of two aux-
iliary inlets, comp. 1 and
comp. 2. They are con-
nected to the outlet
channels by high-resis-
tance narrow ducts, 5#mby 35#mby 450#m, seen in the upper inset and do
not disturb the main flow. The pressure at comp. 1 and comp. 2 is tuned
hydrostatically until flow through the ducts is stopped, which gives a precision
of about 1 Pa in the local pressuremeasurements. (C andD) Streak lines of flow

in the active region in the two metastable states. To make the injected liquids
distinguishable, we added dye to the solution fed to inlet 2. Otherwise, the
polymer solutions coming from the two inlets are identical, with the same small
volume fraction of suspended fluorescent beads.

Fig. 4. (A) Flow rate,
Q, through the outlets
in the flip-flop from
Fig. 3A as a function
of the pressure differ-
ence between inlet 1
and the outlets. The
pressure applied to
inlet 2 was typically
about eight times
higher, and it was
tuned for the best per-
formance. The upper curve (squares) shows Q averaged between the two outlets in the “high” state,
when the liquid coming to the outlet is mainly from inlet 2 (the outlet 1 in Fig. 3A and the outlet
2 in Fig. 3B). The lower curve (circles) shows the average flow rate in the “low” state. (B)
Modulation of the pressure between the “high” and “low” states for the two exits of the flip-flop
in Fig. 3B (open and solid circles) plotted as a function of the pressure difference between inlet 1
and the exit in the “low” state. An exit is “high” when flux from inlet 2 is directed to it.
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1965 2003

Requires non-newtonian fluids
for operation
[Quake et al. Science 2003]

[Humphery et al.  Fluidics 1965]



Bubble Logic
  On-chip process control

• A bubble is a bit of information, but can 
also carry a material payload

• Integrating chemistry and computation  

[Prakash, Gershenfeld; Science  Vol. 315 2007]Image credit : F. Frenkel, M. Prakash



Programmed generation of 
bubbles

interface, when operated at constant inlet gas pressure and constant inlet liquid flow rate. For

the case of pressure-driven flow-focusing bubble generator as shown in Fig. 3 A, a static force

balance exists at the air water interface. At a critical pressure P0 in the gas line, no bubbles are

formed with the pressure force being balanced exactly by capillary and viscous stresses at the

interface. This static balance can be written as ∆P +τ = Ca−1k (28) where ∆P is difference in

pressure, τ being the viscous stress while k represents mean curvature, Ca = µU/σ represents

the Capillary number. For the modulator operation, an imbalance is created at this interface us-

ing a spatially and temporally localized temperature pulse which reduces the surface tension σ

at the interface. This lowers the curvature force and the pressure differential across the interface

is sufficient for a gas thread to penetrate the liquid as shown in Fig. 3 F, which breaks to form a

single bubble as in Fig. 3 G. A single cycle of a bubble modulator operating at a 1Hz is shown

in Fig. 3 (B to I) ; driven by a 21 V square wave with pulse duration of 100 ms at a flow rate of

Q = 0.05 ml/min. Due to low thermal conductivity of pyrex, time it takes to cool the substrate

below the micro-heater is ∼ 500ms, limiting maximum frequency of operation. This can be

modified by using higher thermal conductivity substrates like Silicon.

Usefulness of any logic family depends on cascadability and signal restoration in logic gates.

Cascadability allows us to implement an arbitrary boolean logic function as a sequence of logic

gates. To show cascading and feedback, we demonstrate a tunable microfluidic ring oscillator

in Fig. 4, as is common for characterization for any new logic family. The oscillator consists of

three identical AND gates connected via three identical delay lines in a ring structure (Fig. 4 A).

Constant frequency T junction bubble generators act as input to the the ring oscillator providing

a constant stream of bubbles. Operation of an individual AND gate is shown in Fig. 4 C with the

two inputs for the AND gate marked as A and B. A bubble propagating from channel B increase

the resistance of the outgoing channel connected to atmospheric pressure, thus generating a

pressure pulse which launches a bubble in the delay line. This cascaded switching of AND
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Microfluidic Toggle Flip-Flop

• One bit memory 

• If T input is “high”, the flip-flop “toggles” 
state. If T is “low”, the flip-flop holds its state

Qnext = T ⊕Q

Qnext = TQ̄ + T̄Q

T

Q̄

Q
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Surface Free Energy
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Bifurcation at T junction

Vbubble/VGeometry
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Rayleigh-Plateau breakup at 
the  T junction

[H.A. Stone, PRL 2004]

l/πw = 1

Behavior independent of 
bubble arrival frequency

[Garstecki, PRE, 2006]

[Ajdari, PRL 2005]
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Trap repeatability

10Hz bistable one-bit memory
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FIG. 1: AND logic gate highlighting synchronization requirements in microfluidic bubble logic. (A). Retraced micro-graph of
an AND-OR bubble logic gate with A and B marked as input channels while A+ B and A.B marked as AND and OR outputs
respectively. (B) A proposed channel geometry for passive bubble synchronization for AND-OR gate. A constriction traps a
bubble with no pressure building behind it due to presence of a hydrodynamic feedback channel which provides an alternative
path for flow. Once bubbles arrive in both the channels, the pressure builds up resulting in dislodging of both the bubbles
simultaneously. (C) Time trace of operation of AND-OR gate shown for a period of 14ms. Blue and red trace represents input
A and B, while green and magenta trace represents A + B and A.B. [8]As can be seen in the first and second bubble arrival
events of the time trace, the operation of the device is sensitive to the precise arrival time of the bubbles representing signals in
our depiction. Sharp constriction used in (B) can result in formation of a contact line between liquid, air and solid phase. This
introduces contact line pinning and other undesirable effects like contamination in droplet based microfluidics. An alternative
geometry is proposed in 2
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FIG. 2: Timing restoration (TR) device geometry for bub-
ble synchronization. Input ports are marked 1 and 2, while
output ports are marked 3 and 4. Air bubbles traverse in
horizontal channels while the liquid phase propagates in both
horizontal and vertical side channels. Geometrical barriers to
avoid bubble propagation in side channels can be designed.
The device operates at low Re and Ca numbers, thus avoid-
ing bubble breakup at intersections or bifurcating flows. τ
represents the timing skew present in the arrival of the bub-
bles.

channel affects the flow in side channels, resulting in a
net relative velocity which brings the bubbles together.
The device exhibits a rich non-linear behavior due to in-
teraction between the two bubbles.

MODEL

Drag produced due to motion of a bubble traveling in a
confined channel geometry has been well studied for cir-
cular and polygonal geometries [1] [13] [14]. We consider
a wetting newtonian continuous fluid with an immiscible
air bubble in the channel geometry in stokes flow condi-
tions. The flow is modeled with small Reynolds number
(Re <<1) and Capillary number(Ca <<1). Hydraulic
resistance per unit length for single-phase poiseuille flow
in a circular channel is given by δP ∼ µqnet/ρr4, where
r is the radius of the capillary and µ is viscosity. This re-
sistance is linear in nature and increases with the average
velocity (or net flow where q0 = πr2V ) in the channel.
Presence of a bubble in the channel increases this hy-
draulic resistance and introduces a non-linear term. For
the case of long bubbles φ > 0.95, (where φ is defined
as ratio of bubble radius when unconstrained to channel
geometry) added pressure drop in a circular channel is
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FIG. 3: Lumped element model of TR device. R and r rep-
resents linear hydraulic resistance to single phase flow in a
micro-channel geometry. Z1 and Z2 represent nonlinear re-
sistance due to presence of a bubble in the horizontal channel.
Z1 = Z2 ∼ f(Q) as described in previous section. Bound-
ary conditions of constant flow at start and grounded end are
depicted.

given by δP ∼ σ/R(3Ca)2/3, where Ca = µV/σ. Thus
the pressure drop across a channel is no longer linearly
dependent to the flow velocity and goes as 2/3 power of
velocity.

The pressure drop dependence on velocity when a bub-
ble is traveling in a channel can be understood by a sim-
ple scaling argument. Landau and Levich[4] and later
Bretherton[1] provided the correct scaling of thickness of
film left on a solid when a viscous liquid meniscus coats
the solid. This is exactly the thickness of lubrication
film h0 present between the channel walls and the bubble
moving along with the fluid at velocity U . Far away from
the apparent contact line, capillary forces dominate while
close to the lubrication film viscous forces dominate due
to the no-slip boundary condition at the channel wall. In
the middle, a static balance of both the forces shape the
dynamic meniscus of the bubble (consider length of this
matching meniscus to be λ). Viscous force at the lubri-
cation film (with no-slip boundary condition at the solid)
is given by ∼ µU/h0.rλ. This force is balanced by the
capillary force due to curvature given by σ/r.h0r. This
leads to the following relation µU/h2

0 ∼ 1/λ.σ/r. The
unknown in the above equation λ, can be obtained by dy-
namically matching the meniscus formed close to and far
away from the apparent contact line. This can be done
by matching the pressure due to curvature forces of the
capillary tube to second derivative of the dynamic menis-
cus profile[9] σ/(r−h0) ∼ σh0/λ2, which gives λ ∼

√
h0r.

Thus h0 can be evaluated and is given by h0 ∼ r(Ca)2/3.
Bretherton[1] evaluated the pressure drop due to dy-
namic meniscus defined by h0 to be δPb ∼ σ/r.(Ca)2/3.
For a train of bubbles in a capillary tube, added pressure
drop scales with number of drops and is thus given by
∼ nσ/r.(Ca)2/3). From the above, the hydraulic conduc-
tivity of a channel with a bubble is modified and can be

written as Q ∼ ρr4/µl(1−δPb(Q)/δP )δP [10]. The above
model is for bubbles with a clean interface for Ca << 1.
In our analysis we also assume the velocity of the bubble
V is nearly equal to the average velocity of the flow in
the channel U . Presence of surfactants changes the slip
boundary condition assumed on the bubble surface. For
a solution saturated in surfactants, the bubble surface
can be treated as rigid and thus no-slip boundary condi-
tion can be applied. Considering surface tension gradient
effects and boundary condition for the surfactant coated
bubble, effective pressure drop across a bubble was eval-
uated by Park[7]. Pressure drop of a finite bubble in a
capillary tube increases linearly with the length of the
bubble lb, up until a critical length lc is reached after
which is constant. For the device considered we only
consider constant size bubbles of equal dimension, thus
this effect can be neglected. This constant increase in
pressure drop can be used in other device, for eg. in the
gain mechanism for bubble logic[8].

We model the geometry in Fig.2 as a combination of
linear and dynamic non-linear resistors. Thus an equiva-
lent lumped model can be constructed as shown in Fig.3,
where Z1 and Z2 represents nonlinear resistors while r
and R corresponds to a linear resistor. A constant flow
syringe pump in the upper and lower channel is modeled
as a constant current source shown by I. As described
in previous section, hydraulic resistance for a channel
non-linear only when a bubble is present. The device
consists of K side channels with bubbles in upper and
lower channel present at N and M . The parameters
necessary to model the device in Fig.2 are K = f(L)
(number of side channels in the device, where L is length
of the device), r/R where r and R corresponds to hy-
draulic resistance of the channel to single phase flow for
branches marked L and x respectively (for single phase
flow resistance r = f(L,wL) and R = f(x,wx) and has
no dependence to the flow velocity U). The performance
of the device can be modeled as τmax, maximum time de-
lay that can be corrected when the two bubbles entering
from port 1 and 2 with a time delay τ , exit from port 3
and 4 simultaneously (see Fig. 2).

The circuit schematic shown in Fig3 is a finite linear
resistance ladder network with two nonlinear resistors.
Thus Krichoff’s voltage and current laws can be applied
locally to evaluate the current distribution in the net-
work at a given instant of time. Since current in the
schematic corresponds to average flow velocity of flow in
a channel, we can evaluate the time dependent flow ve-
locity of the bubble in a channel. In the above model IA

and IB corresponds to current in channels containing the
two bubbles where IA ∼ UA and IB ∼ UB where UA and
UB represents the velocity of bubbles. Resistor r and R
carry current ik and Ik respectively. We can analytically
solve for a linear ladder network and apply the boundary
conditions at the start and end of the network.

Considering any loop j in a linear ladder network, the

Non-linear ladder network
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FIG. 4: Single bubble traversing TR device. The bubble slows
down due to added viscous drag of the bubble in the channel.
Dimensionless exit flow q10/q0 (scaled to constant flow condi-
tion from syringe pumps) is plotted against r/R, ratio of hy-
draulic resistance of vertical and horizontal channels. K =10,
Z1 =50R. Inset shows variation of dimensionless velocity of
single bubble q/qo with x, for a range of values of r/R.

following relations can be written

Ij − Īj =
r

R
(ij+1 − ij) (1)

Ij − Ij−1 = ij (2)
Īj − Īj−1 = −ij (3)

Applying the boundary conditions at loop1(constant
current I1 = I and Ī1 = I) and loop K gives us a series
with a relationship for Ij and Īj given by

Ij = Ij−1 + 2
R

r
Sj−1 (4)

Ij = 2
R + r

r
Ij−1 − Ij−2 (5)

where Sj−1 =
∑

Ij−1.
The dependence of distribution of current in the net-

work with location of bubbles can be evaluated by solving
the five parts of ladder model separately and matching
the boundary conditions for the same. A simple matlab
code was written to do summation of the above described
series and boundary matching. Thus difference of speed
of the bubble in upper and lower channel UA − UB was
evaluated(UA − UB = f(r/R,m, n, k, I)).

RESULTS

We first consider the dependence of velocity of a single
bubble in a channel network described in Fig2. Intu-
itively the bubble velocity entering either the upper or
the lower branch of the network should reduce consid-
erably as the bubble propagates in the channel. This is

because the bubble provides added resistance to flow in
the horizontal channel, thus more flow is routed through
the side channels reducing net flow in channel occupying
the bubble. Dimensionless velocity of the bubble exiting
the device qn/q0 is plotted against r/R in a log-log plot
in Fig. 4. We consider a bubble moving in upper channel
of device shown in Fig 2 with the following parameters,
K =10 and Z1 =50R (order of magnitude change in hy-
draulic resistance of a channel containing a bubble at
low capillary numbers). The ratio of r/R is varied and
net current through the branch containing the bubble
is recorded. As can be seen Fig 4, the exit velocity of
a bubble is drastically reduced for small r/R. As r/R
increases, the ratio of exit velocity to input velocity ap-
proaches 1. Inset in Fig 4 shows dependence of velocity
of the bubble with x as it traverses down the network
for various values of r/R. For a small value of r/R the
bubble velocity suddenly falls by an order of magnitude
as soon as it enters the device. This velocity stays steady
and does not vary with x. For a large value of r/R, the
velocity steadily decreases eventually settling down to a
low value. For the case of r >> R, no change in the bub-
ble velocity should occur. The time it takes for a single
bubble to traverse the geometry is given by the average
velocity of the bubble and length of the device. Thus
a lower value or r/R should be chosen if the required
timing correction is large, while an intermediate value of
r/R should suffice for short time delay corrections. Since
area of a device acts like a cost function for most micro-
fabricated devices, a small value of K is desirable for the
device.

We now consider a bubble in both upper and lower
channel and evaluate the relative velocity of one with re-
spect to the other. If the bubbles arrive in sync, there
velocity is not affected and they flow through the ge-
ometry with no change. In case of a time lag between
arrival of two bubbles, the bubble leading slows down
while the bubble lagging is speeded up relative to the
other bubble. This results in a hydrodynamic pseudo at-
tractive force between the two bubbles synchronizing the
two bubbles. Consider a bubble in the upper channel at
loop N while the lower bubble is at loop M of Fig. 3
(where M and N are measured from left of the device).
Dimensionless velocity of the upper bubble is measured
relative to the lower bubble, written as (U1 − U2)/q0. A
plot of (U1−U2)/q0 vs. M is shown in Fig. 5 with varying
values of N . In the above plot, K =10, Z1 = Z2=50R.
Negative value of relative velocity below the dotted line
corresponds to upper bubble spatially leading the lower
bubble (N > M), while positive values correspond to
N < M . For the case when N = M (marked by a dot-
ted line) (U1 − U2)/q0 = 0. Slope of relative velocity
(U1 − U2)/q0 with x goes to zero as M and N approach
center of the device K/2. It is thus an ideal zone for syn-
chronization of the drops. Variation of relative velocity
of a bubbles with x can be used to evaluate a pseudo
attractive force dependence between the two bubbles.

Parameters
• r/R relative flow resistance
• m,n state of the device
• k number of channels
• I constant injected flow
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following relations can be written

Ij − Īj =
r

R
(ij+1 − ij) (1)

Ij − Ij−1 = ij (2)
Īj − Īj−1 = −ij (3)

Applying the boundary conditions at loop1(constant
current I1 = I and Ī1 = I) and loop K gives us a series
with a relationship for Ij and Īj given by

Ij = Ij−1 + 2
R

r
Sj−1 (4)

Ij = 2
R + r

r
Ij−1 − Ij−2 (5)

where Sj−1 =
∑

Ij−1.
The dependence of distribution of current in the net-

work with location of bubbles can be evaluated by solving
the five parts of ladder model separately and matching
the boundary conditions for the same. A simple matlab
code was written to do summation of the above described
series and boundary matching. Thus difference of speed
of the bubble in upper and lower channel UA − UB was
evaluated(UA − UB = f(r/R,m, n, k, I)).

RESULTS

We first consider the dependence of velocity of a single
bubble in a channel network described in Fig2. Intu-
itively the bubble velocity entering either the upper or
the lower branch of the network should reduce consid-
erably as the bubble propagates in the channel. This is

because the bubble provides added resistance to flow in
the horizontal channel, thus more flow is routed through
the side channels reducing net flow in channel occupying
the bubble. Dimensionless velocity of the bubble exiting
the device qn/q0 is plotted against r/R in a log-log plot
in Fig. 4. We consider a bubble moving in upper channel
of device shown in Fig 2 with the following parameters,
K =10 and Z1 =50R (order of magnitude change in hy-
draulic resistance of a channel containing a bubble at
low capillary numbers). The ratio of r/R is varied and
net current through the branch containing the bubble
is recorded. As can be seen Fig 4, the exit velocity of
a bubble is drastically reduced for small r/R. As r/R
increases, the ratio of exit velocity to input velocity ap-
proaches 1. Inset in Fig 4 shows dependence of velocity
of the bubble with x as it traverses down the network
for various values of r/R. For a small value of r/R the
bubble velocity suddenly falls by an order of magnitude
as soon as it enters the device. This velocity stays steady
and does not vary with x. For a large value of r/R, the
velocity steadily decreases eventually settling down to a
low value. For the case of r >> R, no change in the bub-
ble velocity should occur. The time it takes for a single
bubble to traverse the geometry is given by the average
velocity of the bubble and length of the device. Thus
a lower value or r/R should be chosen if the required
timing correction is large, while an intermediate value of
r/R should suffice for short time delay corrections. Since
area of a device acts like a cost function for most micro-
fabricated devices, a small value of K is desirable for the
device.

We now consider a bubble in both upper and lower
channel and evaluate the relative velocity of one with re-
spect to the other. If the bubbles arrive in sync, there
velocity is not affected and they flow through the ge-
ometry with no change. In case of a time lag between
arrival of two bubbles, the bubble leading slows down
while the bubble lagging is speeded up relative to the
other bubble. This results in a hydrodynamic pseudo at-
tractive force between the two bubbles synchronizing the
two bubbles. Consider a bubble in the upper channel at
loop N while the lower bubble is at loop M of Fig. 3
(where M and N are measured from left of the device).
Dimensionless velocity of the upper bubble is measured
relative to the lower bubble, written as (U1 − U2)/q0. A
plot of (U1−U2)/q0 vs. M is shown in Fig. 5 with varying
values of N . In the above plot, K =10, Z1 = Z2=50R.
Negative value of relative velocity below the dotted line
corresponds to upper bubble spatially leading the lower
bubble (N > M), while positive values correspond to
N < M . For the case when N = M (marked by a dot-
ted line) (U1 − U2)/q0 = 0. Slope of relative velocity
(U1 − U2)/q0 with x goes to zero as M and N approach
center of the device K/2. It is thus an ideal zone for syn-
chronization of the drops. Variation of relative velocity
of a bubbles with x can be used to evaluate a pseudo
attractive force dependence between the two bubbles.
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Z1 =50R. Inset shows variation of dimensionless velocity of
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following relations can be written
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Ij − Ij−1 = ij (2)
Īj − Īj−1 = −ij (3)

Applying the boundary conditions at loop1(constant
current I1 = I and Ī1 = I) and loop K gives us a series
with a relationship for Ij and Īj given by

Ij = Ij−1 + 2
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Sj−1 (4)

Ij = 2
R + r
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Ij−1 − Ij−2 (5)

where Sj−1 =
∑

Ij−1.
The dependence of distribution of current in the net-

work with location of bubbles can be evaluated by solving
the five parts of ladder model separately and matching
the boundary conditions for the same. A simple matlab
code was written to do summation of the above described
series and boundary matching. Thus difference of speed
of the bubble in upper and lower channel UA − UB was
evaluated(UA − UB = f(r/R,m, n, k, I)).

RESULTS

We first consider the dependence of velocity of a single
bubble in a channel network described in Fig2. Intu-
itively the bubble velocity entering either the upper or
the lower branch of the network should reduce consid-
erably as the bubble propagates in the channel. This is

because the bubble provides added resistance to flow in
the horizontal channel, thus more flow is routed through
the side channels reducing net flow in channel occupying
the bubble. Dimensionless velocity of the bubble exiting
the device qn/q0 is plotted against r/R in a log-log plot
in Fig. 4. We consider a bubble moving in upper channel
of device shown in Fig 2 with the following parameters,
K =10 and Z1 =50R (order of magnitude change in hy-
draulic resistance of a channel containing a bubble at
low capillary numbers). The ratio of r/R is varied and
net current through the branch containing the bubble
is recorded. As can be seen Fig 4, the exit velocity of
a bubble is drastically reduced for small r/R. As r/R
increases, the ratio of exit velocity to input velocity ap-
proaches 1. Inset in Fig 4 shows dependence of velocity
of the bubble with x as it traverses down the network
for various values of r/R. For a small value of r/R the
bubble velocity suddenly falls by an order of magnitude
as soon as it enters the device. This velocity stays steady
and does not vary with x. For a large value of r/R, the
velocity steadily decreases eventually settling down to a
low value. For the case of r >> R, no change in the bub-
ble velocity should occur. The time it takes for a single
bubble to traverse the geometry is given by the average
velocity of the bubble and length of the device. Thus
a lower value or r/R should be chosen if the required
timing correction is large, while an intermediate value of
r/R should suffice for short time delay corrections. Since
area of a device acts like a cost function for most micro-
fabricated devices, a small value of K is desirable for the
device.

We now consider a bubble in both upper and lower
channel and evaluate the relative velocity of one with re-
spect to the other. If the bubbles arrive in sync, there
velocity is not affected and they flow through the ge-
ometry with no change. In case of a time lag between
arrival of two bubbles, the bubble leading slows down
while the bubble lagging is speeded up relative to the
other bubble. This results in a hydrodynamic pseudo at-
tractive force between the two bubbles synchronizing the
two bubbles. Consider a bubble in the upper channel at
loop N while the lower bubble is at loop M of Fig. 3
(where M and N are measured from left of the device).
Dimensionless velocity of the upper bubble is measured
relative to the lower bubble, written as (U1 − U2)/q0. A
plot of (U1−U2)/q0 vs. M is shown in Fig. 5 with varying
values of N . In the above plot, K =10, Z1 = Z2=50R.
Negative value of relative velocity below the dotted line
corresponds to upper bubble spatially leading the lower
bubble (N > M), while positive values correspond to
N < M . For the case when N = M (marked by a dot-
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attractive force dependence between the two bubbles.

4

1
0
-3

1
0
-2

1
0
-1

1
0
0

1
0
1

1
0
2

1
0
3

1
0
4

10
-1

10
0

r/R

q  /q 
10      0

x

q/q_0

FIG. 4: Single bubble traversing TR device. The bubble slows
down due to added viscous drag of the bubble in the channel.
Dimensionless exit flow q10/q0 (scaled to constant flow condi-
tion from syringe pumps) is plotted against r/R, ratio of hy-
draulic resistance of vertical and horizontal channels. K =10,
Z1 =50R. Inset shows variation of dimensionless velocity of
single bubble q/qo with x, for a range of values of r/R.

following relations can be written

Ij − Īj =
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The dependence of distribution of current in the net-

work with location of bubbles can be evaluated by solving
the five parts of ladder model separately and matching
the boundary conditions for the same. A simple matlab
code was written to do summation of the above described
series and boundary matching. Thus difference of speed
of the bubble in upper and lower channel UA − UB was
evaluated(UA − UB = f(r/R,m, n, k, I)).

RESULTS

We first consider the dependence of velocity of a single
bubble in a channel network described in Fig2. Intu-
itively the bubble velocity entering either the upper or
the lower branch of the network should reduce consid-
erably as the bubble propagates in the channel. This is

because the bubble provides added resistance to flow in
the horizontal channel, thus more flow is routed through
the side channels reducing net flow in channel occupying
the bubble. Dimensionless velocity of the bubble exiting
the device qn/q0 is plotted against r/R in a log-log plot
in Fig. 4. We consider a bubble moving in upper channel
of device shown in Fig 2 with the following parameters,
K =10 and Z1 =50R (order of magnitude change in hy-
draulic resistance of a channel containing a bubble at
low capillary numbers). The ratio of r/R is varied and
net current through the branch containing the bubble
is recorded. As can be seen Fig 4, the exit velocity of
a bubble is drastically reduced for small r/R. As r/R
increases, the ratio of exit velocity to input velocity ap-
proaches 1. Inset in Fig 4 shows dependence of velocity
of the bubble with x as it traverses down the network
for various values of r/R. For a small value of r/R the
bubble velocity suddenly falls by an order of magnitude
as soon as it enters the device. This velocity stays steady
and does not vary with x. For a large value of r/R, the
velocity steadily decreases eventually settling down to a
low value. For the case of r >> R, no change in the bub-
ble velocity should occur. The time it takes for a single
bubble to traverse the geometry is given by the average
velocity of the bubble and length of the device. Thus
a lower value or r/R should be chosen if the required
timing correction is large, while an intermediate value of
r/R should suffice for short time delay corrections. Since
area of a device acts like a cost function for most micro-
fabricated devices, a small value of K is desirable for the
device.

We now consider a bubble in both upper and lower
channel and evaluate the relative velocity of one with re-
spect to the other. If the bubbles arrive in sync, there
velocity is not affected and they flow through the ge-
ometry with no change. In case of a time lag between
arrival of two bubbles, the bubble leading slows down
while the bubble lagging is speeded up relative to the
other bubble. This results in a hydrodynamic pseudo at-
tractive force between the two bubbles synchronizing the
two bubbles. Consider a bubble in the upper channel at
loop N while the lower bubble is at loop M of Fig. 3
(where M and N are measured from left of the device).
Dimensionless velocity of the upper bubble is measured
relative to the lower bubble, written as (U1 − U2)/q0. A
plot of (U1−U2)/q0 vs. M is shown in Fig. 5 with varying
values of N . In the above plot, K =10, Z1 = Z2=50R.
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chronization of the drops. Variation of relative velocity
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attractive force dependence between the two bubbles.

where 
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Figure 1: Microfluidic AND/OR logic gate and inverter. Top row, first column depicts a pho-
tomicrograph of the microfluidic AND/OR gate geometry (planar, 70 µm channel height). Top
horizontal channels (50 µm wide) marked A and B are inputs while bottom channels marked
A + B (65 µm wide) and A.B (40 µm wide) represent output. A bubble in a channel repre-
sents a 1. Second column depicts a series of photomicrographs from a high speed camera with
AND/OR device in operation, showing a truth-table. Inputs are provided by T junction bubble
generators with a constant flow Q = 0.25 µl/sec water (2% w/w Tween 20) and constant pressure
P0 = 0.5 psi nitrogen. Propagation delay time for the gate is ∼ 2 ms at a flow rate of QA = QB

= 0.25 µl/sec. The signal trace depicts bubbles propagating through the device for a duration of
∼10ms evaluated at input and output channels (the signal trace for A + B and A · B is shifted
to the left to compensate for gate propagation delay which is 2 ms). Second row depicts a pho-
tomicrograph of a NOT gate (planar geometry, 70 µm channel height) with gain. Input channel
(top) is marked A (50 µm width) while a constant frequency bubble input (100 µm wide) is
marked 1. The constant frequency input is divided into two output channels Ā (50 µm, left) and
A (65 µm, right) at a T junction. A 25 µm offset channel joins the top horizontal channel to the
wider bifurcation channel, with an offset distance of 75 µm. Second column depicts the NOT
gate in operation with a flow rate of QA = Q1 = 0.92 µl/sec and a propagation delay time of 7
ms. Gain, defined as the ratio of the volume of the larger bubble switched by a smaller bubble,
is 1.2. The last column depicts a plot of flow switching induced by a bubble in a control channel
∆Q vs. the dimensionless size of the control bubble Lb/w (where Lb is length of the bubble
and w is width of the control channel) for two different values of QA/Q1. As Lb/w increases,
the viscous dissipation in the liquid film between the bubble and the channel wall increases,
increasing ∆Q, which eventually saturates as all the injected flow is blocked by the entering
bubble in the control channel.
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Figure 1: Microfluidic AND/OR logic gate and inverter. Top row, first column depicts a pho-
tomicrograph of the microfluidic AND/OR gate geometry (planar, 70 µm channel height). Top
horizontal channels (50 µm wide) marked A and B are inputs while bottom channels marked
A + B (65 µm wide) and A.B (40 µm wide) represent output. A bubble in a channel repre-
sents a 1. Second column depicts a series of photomicrographs from a high speed camera with
AND/OR device in operation, showing a truth-table. Inputs are provided by T junction bubble
generators with a constant flow Q = 0.25 µl/sec water (2% w/w Tween 20) and constant pressure
P0 = 0.5 psi nitrogen. Propagation delay time for the gate is ∼ 2 ms at a flow rate of QA = QB

= 0.25 µl/sec. The signal trace depicts bubbles propagating through the device for a duration of
∼10ms evaluated at input and output channels (the signal trace for A + B and A · B is shifted
to the left to compensate for gate propagation delay which is 2 ms). Second row depicts a pho-
tomicrograph of a NOT gate (planar geometry, 70 µm channel height) with gain. Input channel
(top) is marked A (50 µm width) while a constant frequency bubble input (100 µm wide) is
marked 1. The constant frequency input is divided into two output channels Ā (50 µm, left) and
A (65 µm, right) at a T junction. A 25 µm offset channel joins the top horizontal channel to the
wider bifurcation channel, with an offset distance of 75 µm. Second column depicts the NOT
gate in operation with a flow rate of QA = Q1 = 0.92 µl/sec and a propagation delay time of 7
ms. Gain, defined as the ratio of the volume of the larger bubble switched by a smaller bubble,
is 1.2. The last column depicts a plot of flow switching induced by a bubble in a control channel
∆Q vs. the dimensionless size of the control bubble Lb/w (where Lb is length of the bubble
and w is width of the control channel) for two different values of QA/Q1. As Lb/w increases,
the viscous dissipation in the liquid film between the bubble and the channel wall increases,
increasing ∆Q, which eventually saturates as all the injected flow is blocked by the entering
bubble in the control channel.
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Figure 1: Microfluidic AND/OR logic gate and inverter. Top row, first column depicts a pho-
tomicrograph of the microfluidic AND/OR gate geometry (planar, 70 µm channel height). Top
horizontal channels (50 µm wide) marked A and B are inputs while bottom channels marked
A + B (65 µm wide) and A.B (40 µm wide) represent output. A bubble in a channel repre-
sents a 1. Second column depicts a series of photomicrographs from a high speed camera with
AND/OR device in operation, showing a truth-table. Inputs are provided by T junction bubble
generators with a constant flow Q = 0.25 µl/sec water (2% w/w Tween 20) and constant pressure
P0 = 0.5 psi nitrogen. Propagation delay time for the gate is ∼ 2 ms at a flow rate of QA = QB

= 0.25 µl/sec. The signal trace depicts bubbles propagating through the device for a duration of
∼10ms evaluated at input and output channels (the signal trace for A + B and A · B is shifted
to the left to compensate for gate propagation delay which is 2 ms). Second row depicts a pho-
tomicrograph of a NOT gate (planar geometry, 70 µm channel height) with gain. Input channel
(top) is marked A (50 µm width) while a constant frequency bubble input (100 µm wide) is
marked 1. The constant frequency input is divided into two output channels Ā (50 µm, left) and
A (65 µm, right) at a T junction. A 25 µm offset channel joins the top horizontal channel to the
wider bifurcation channel, with an offset distance of 75 µm. Second column depicts the NOT
gate in operation with a flow rate of QA = Q1 = 0.92 µl/sec and a propagation delay time of 7
ms. Gain, defined as the ratio of the volume of the larger bubble switched by a smaller bubble,
is 1.2. The last column depicts a plot of flow switching induced by a bubble in a control channel
∆Q vs. the dimensionless size of the control bubble Lb/w (where Lb is length of the bubble
and w is width of the control channel) for two different values of QA/Q1. As Lb/w increases,
the viscous dissipation in the liquid film between the bubble and the channel wall increases,
increasing ∆Q, which eventually saturates as all the injected flow is blocked by the entering
bubble in the control channel.
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Figure 1: Microfluidic AND/OR logic gate and inverter. Top row, first column depicts a pho-
tomicrograph of the microfluidic AND/OR gate geometry (planar, 70 µm channel height). Top
horizontal channels (50 µm wide) marked A and B are inputs while bottom channels marked
A + B (65 µm wide) and A.B (40 µm wide) represent output. A bubble in a channel repre-
sents a 1. Second column depicts a series of photomicrographs from a high speed camera with
AND/OR device in operation, showing a truth-table. Inputs are provided by T junction bubble
generators with a constant flow Q = 0.25 µl/sec water (2% w/w Tween 20) and constant pressure
P0 = 0.5 psi nitrogen. Propagation delay time for the gate is ∼ 2 ms at a flow rate of QA = QB

= 0.25 µl/sec. The signal trace depicts bubbles propagating through the device for a duration of
∼10ms evaluated at input and output channels (the signal trace for A + B and A · B is shifted
to the left to compensate for gate propagation delay which is 2 ms). Second row depicts a pho-
tomicrograph of a NOT gate (planar geometry, 70 µm channel height) with gain. Input channel
(top) is marked A (50 µm width) while a constant frequency bubble input (100 µm wide) is
marked 1. The constant frequency input is divided into two output channels Ā (50 µm, left) and
A (65 µm, right) at a T junction. A 25 µm offset channel joins the top horizontal channel to the
wider bifurcation channel, with an offset distance of 75 µm. Second column depicts the NOT
gate in operation with a flow rate of QA = Q1 = 0.92 µl/sec and a propagation delay time of 7
ms. Gain, defined as the ratio of the volume of the larger bubble switched by a smaller bubble,
is 1.2. The last column depicts a plot of flow switching induced by a bubble in a control channel
∆Q vs. the dimensionless size of the control bubble Lb/w (where Lb is length of the bubble
and w is width of the control channel) for two different values of QA/Q1. As Lb/w increases,
the viscous dissipation in the liquid film between the bubble and the channel wall increases,
increasing ∆Q, which eventually saturates as all the injected flow is blocked by the entering
bubble in the control channel.
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Figure 1: Microfluidic AND/OR logic gate and inverter. Top row, first column depicts a pho-
tomicrograph of the microfluidic AND/OR gate geometry (planar, 70 µm channel height). Top
horizontal channels (50 µm wide) marked A and B are inputs while bottom channels marked
A + B (65 µm wide) and A.B (40 µm wide) represent output. A bubble in a channel repre-
sents a 1. Second column depicts a series of photomicrographs from a high speed camera with
AND/OR device in operation, showing a truth-table. Inputs are provided by T junction bubble
generators with a constant flow Q = 0.25 µl/sec water (2% w/w Tween 20) and constant pressure
P0 = 0.5 psi nitrogen. Propagation delay time for the gate is ∼ 2 ms at a flow rate of QA = QB

= 0.25 µl/sec. The signal trace depicts bubbles propagating through the device for a duration of
∼10ms evaluated at input and output channels (the signal trace for A + B and A · B is shifted
to the left to compensate for gate propagation delay which is 2 ms). Second row depicts a pho-
tomicrograph of a NOT gate (planar geometry, 70 µm channel height) with gain. Input channel
(top) is marked A (50 µm width) while a constant frequency bubble input (100 µm wide) is
marked 1. The constant frequency input is divided into two output channels Ā (50 µm, left) and
A (65 µm, right) at a T junction. A 25 µm offset channel joins the top horizontal channel to the
wider bifurcation channel, with an offset distance of 75 µm. Second column depicts the NOT
gate in operation with a flow rate of QA = Q1 = 0.92 µl/sec and a propagation delay time of 7
ms. Gain, defined as the ratio of the volume of the larger bubble switched by a smaller bubble,
is 1.2. The last column depicts a plot of flow switching induced by a bubble in a control channel
∆Q vs. the dimensionless size of the control bubble Lb/w (where Lb is length of the bubble
and w is width of the control channel) for two different values of QA/Q1. As Lb/w increases,
the viscous dissipation in the liquid film between the bubble and the channel wall increases,
increasing ∆Q, which eventually saturates as all the injected flow is blocked by the entering
bubble in the control channel.
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Figure 1: Microfluidic AND/OR logic gate and inverter. Top row, first column depicts a pho-
tomicrograph of the microfluidic AND/OR gate geometry (planar, 70 µm channel height). Top
horizontal channels (50 µm wide) marked A and B are inputs while bottom channels marked
A + B (65 µm wide) and A.B (40 µm wide) represent output. A bubble in a channel repre-
sents a 1. Second column depicts a series of photomicrographs from a high speed camera with
AND/OR device in operation, showing a truth-table. Inputs are provided by T junction bubble
generators with a constant flow Q = 0.25 µl/sec water (2% w/w Tween 20) and constant pressure
P0 = 0.5 psi nitrogen. Propagation delay time for the gate is ∼ 2 ms at a flow rate of QA = QB

= 0.25 µl/sec. The signal trace depicts bubbles propagating through the device for a duration of
∼10ms evaluated at input and output channels (the signal trace for A + B and A · B is shifted
to the left to compensate for gate propagation delay which is 2 ms). Second row depicts a pho-
tomicrograph of a NOT gate (planar geometry, 70 µm channel height) with gain. Input channel
(top) is marked A (50 µm width) while a constant frequency bubble input (100 µm wide) is
marked 1. The constant frequency input is divided into two output channels Ā (50 µm, left) and
A (65 µm, right) at a T junction. A 25 µm offset channel joins the top horizontal channel to the
wider bifurcation channel, with an offset distance of 75 µm. Second column depicts the NOT
gate in operation with a flow rate of QA = Q1 = 0.92 µl/sec and a propagation delay time of 7
ms. Gain, defined as the ratio of the volume of the larger bubble switched by a smaller bubble,
is 1.2. The last column depicts a plot of flow switching induced by a bubble in a control channel
∆Q vs. the dimensionless size of the control bubble Lb/w (where Lb is length of the bubble
and w is width of the control channel) for two different values of QA/Q1. As Lb/w increases,
the viscous dissipation in the liquid film between the bubble and the channel wall increases,
increasing ∆Q, which eventually saturates as all the injected flow is blocked by the entering
bubble in the control channel.
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Figure 4: (A) Schematic of a microfluidic ring oscillator implemented as three AND gates
and three delay lines connected in a ring configuration. (B) Photomicrograph of a microfluidic
ring oscillator geometry (planar, 70 µm channel height) in a state prior to onset of oscillations.
Three T junctions (50 µm wide channels) are used as constant frequency bubble generators
feeding into 100 µm wide channels with the direction of flow marked by red, green and blue
colored arrows. T junction bubble generator is driven by constant flow Q = 0.5 µl/sec water
(2% w/w Tween 20) and constant pressure P0 = 0.8 psi nitrogen line. Dashed boxes mark the
individual AND gates and the gray arrow marks the direction of flow induced in the central
ring (1mm diameter, 100 µm wide). Outgoing channels (100 µm) are connected to sinks open
to atmospheric pressure. The scale bar is 200 µm. (C) Series of photomicrographs (from high
speed video) depicting the operation of an AND gate. The propagation delay for this gate is
∼10ms at a flow rate of Q = 0.5 µl/sec. (D to I) Photomicrographs of a microfluidic ring
oscillator showing feedback. The white arrow in each frame marks the bubble traversing in the
delay line. The frequency of oscillation for the device operated at Q = 0.5 µl/sec, P0 = 0.8psi is
7.9 Hz. The Ca number for the device is 0.03 and the Re number is 2. (J) Dependence of the
oscillation frequency on the flow rate Q, with a linear fit to the data.
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Figure 1: Microfluidic AND/OR logic gate and inverter. Top row, first column depicts a pho-
tomicrograph of the microfluidic AND/OR gate geometry (planar, 70 µm channel height). Top
horizontal channels (50 µm wide) marked A and B are inputs while bottom channels marked
A + B (65 µm wide) and A.B (40 µm wide) represent output. A bubble in a channel repre-
sents a 1. Second column depicts a series of photomicrographs from a high speed camera with
AND/OR device in operation, showing a truth-table. Inputs are provided by T junction bubble
generators with a constant flow Q = 0.25 µl/sec water (2% w/w Tween 20) and constant pressure
P0 = 0.5 psi nitrogen. Propagation delay time for the gate is ∼ 2 ms at a flow rate of QA = QB

= 0.25 µl/sec. The signal trace depicts bubbles propagating through the device for a duration of
∼10ms evaluated at input and output channels (the signal trace for A + B and A · B is shifted
to the left to compensate for gate propagation delay which is 2 ms). Second row depicts a pho-
tomicrograph of a NOT gate (planar geometry, 70 µm channel height) with gain. Input channel
(top) is marked A (50 µm width) while a constant frequency bubble input (100 µm wide) is
marked 1. The constant frequency input is divided into two output channels Ā (50 µm, left) and
A (65 µm, right) at a T junction. A 25 µm offset channel joins the top horizontal channel to the
wider bifurcation channel, with an offset distance of 75 µm. Second column depicts the NOT
gate in operation with a flow rate of QA = Q1 = 0.92 µl/sec and a propagation delay time of 7
ms. Gain, defined as the ratio of the volume of the larger bubble switched by a smaller bubble,
is 1.2. The last column depicts a plot of flow switching induced by a bubble in a control channel
∆Q vs. the dimensionless size of the control bubble Lb/w (where Lb is length of the bubble
and w is width of the control channel) for two different values of QA/Q1. As Lb/w increases,
the viscous dissipation in the liquid film between the bubble and the channel wall increases,
increasing ∆Q, which eventually saturates as all the injected flow is blocked by the entering
bubble in the control channel.
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Figure 1: Microfluidic AND/OR logic gate and inverter. Top row, first column depicts a pho-
tomicrograph of the microfluidic AND/OR gate geometry (planar, 70 µm channel height). Top
horizontal channels (50 µm wide) marked A and B are inputs while bottom channels marked
A + B (65 µm wide) and A.B (40 µm wide) represent output. A bubble in a channel repre-
sents a 1. Second column depicts a series of photomicrographs from a high speed camera with
AND/OR device in operation, showing a truth-table. Inputs are provided by T junction bubble
generators with a constant flow Q = 0.25 µl/sec water (2% w/w Tween 20) and constant pressure
P0 = 0.5 psi nitrogen. Propagation delay time for the gate is ∼ 2 ms at a flow rate of QA = QB

= 0.25 µl/sec. The signal trace depicts bubbles propagating through the device for a duration of
∼10ms evaluated at input and output channels (the signal trace for A + B and A · B is shifted
to the left to compensate for gate propagation delay which is 2 ms). Second row depicts a pho-
tomicrograph of a NOT gate (planar geometry, 70 µm channel height) with gain. Input channel
(top) is marked A (50 µm width) while a constant frequency bubble input (100 µm wide) is
marked 1. The constant frequency input is divided into two output channels Ā (50 µm, left) and
A (65 µm, right) at a T junction. A 25 µm offset channel joins the top horizontal channel to the
wider bifurcation channel, with an offset distance of 75 µm. Second column depicts the NOT
gate in operation with a flow rate of QA = Q1 = 0.92 µl/sec and a propagation delay time of 7
ms. Gain, defined as the ratio of the volume of the larger bubble switched by a smaller bubble,
is 1.2. The last column depicts a plot of flow switching induced by a bubble in a control channel
∆Q vs. the dimensionless size of the control bubble Lb/w (where Lb is length of the bubble
and w is width of the control channel) for two different values of QA/Q1. As Lb/w increases,
the viscous dissipation in the liquid film between the bubble and the channel wall increases,
increasing ∆Q, which eventually saturates as all the injected flow is blocked by the entering
bubble in the control channel.
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Figure 4: (A) Schematic of a microfluidic ring oscillator implemented as three AND gates
and three delay lines connected in a ring configuration. (B) Photomicrograph of a microfluidic
ring oscillator geometry (planar, 70 µm channel height) in a state prior to onset of oscillations.
Three T junctions (50 µm wide channels) are used as constant frequency bubble generators
feeding into 100 µm wide channels with the direction of flow marked by red, green and blue
colored arrows. T junction bubble generator is driven by constant flow Q = 0.5 µl/sec water
(2% w/w Tween 20) and constant pressure P0 = 0.8 psi nitrogen line. Dashed boxes mark the
individual AND gates and the gray arrow marks the direction of flow induced in the central
ring (1mm diameter, 100 µm wide). Outgoing channels (100 µm) are connected to sinks open
to atmospheric pressure. The scale bar is 200 µm. (C) Series of photomicrographs (from high
speed video) depicting the operation of an AND gate. The propagation delay for this gate is
∼10ms at a flow rate of Q = 0.5 µl/sec. (D to I) Photomicrographs of a microfluidic ring
oscillator showing feedback. The white arrow in each frame marks the bubble traversing in the
delay line. The frequency of oscillation for the device operated at Q = 0.5 µl/sec, P0 = 0.8psi is
7.9 Hz. The Ca number for the device is 0.03 and the Re number is 2. (J) Dependence of the
oscillation frequency on the flow rate Q, with a linear fit to the data.
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Figure 1: Microfluidic AND/OR logic gate and inverter. Top row, first column depicts a pho-
tomicrograph of the microfluidic AND/OR gate geometry (planar, 70 µm channel height). Top
horizontal channels (50 µm wide) marked A and B are inputs while bottom channels marked
A + B (65 µm wide) and A.B (40 µm wide) represent output. A bubble in a channel repre-
sents a 1. Second column depicts a series of photomicrographs from a high speed camera with
AND/OR device in operation, showing a truth-table. Inputs are provided by T junction bubble
generators with a constant flow Q = 0.25 µl/sec water (2% w/w Tween 20) and constant pressure
P0 = 0.5 psi nitrogen. Propagation delay time for the gate is ∼ 2 ms at a flow rate of QA = QB

= 0.25 µl/sec. The signal trace depicts bubbles propagating through the device for a duration of
∼10ms evaluated at input and output channels (the signal trace for A + B and A · B is shifted
to the left to compensate for gate propagation delay which is 2 ms). Second row depicts a pho-
tomicrograph of a NOT gate (planar geometry, 70 µm channel height) with gain. Input channel
(top) is marked A (50 µm width) while a constant frequency bubble input (100 µm wide) is
marked 1. The constant frequency input is divided into two output channels Ā (50 µm, left) and
A (65 µm, right) at a T junction. A 25 µm offset channel joins the top horizontal channel to the
wider bifurcation channel, with an offset distance of 75 µm. Second column depicts the NOT
gate in operation with a flow rate of QA = Q1 = 0.92 µl/sec and a propagation delay time of 7
ms. Gain, defined as the ratio of the volume of the larger bubble switched by a smaller bubble,
is 1.2. The last column depicts a plot of flow switching induced by a bubble in a control channel
∆Q vs. the dimensionless size of the control bubble Lb/w (where Lb is length of the bubble
and w is width of the control channel) for two different values of QA/Q1. As Lb/w increases,
the viscous dissipation in the liquid film between the bubble and the channel wall increases,
increasing ∆Q, which eventually saturates as all the injected flow is blocked by the entering
bubble in the control channel.
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tomicrograph of the microfluidic AND/OR gate geometry (planar, 70 µm channel height). Top
horizontal channels (50 µm wide) marked A and B are inputs while bottom channels marked
A + B (65 µm wide) and A.B (40 µm wide) represent output. A bubble in a channel repre-
sents a 1. Second column depicts a series of photomicrographs from a high speed camera with
AND/OR device in operation, showing a truth-table. Inputs are provided by T junction bubble
generators with a constant flow Q = 0.25 µl/sec water (2% w/w Tween 20) and constant pressure
P0 = 0.5 psi nitrogen. Propagation delay time for the gate is ∼ 2 ms at a flow rate of QA = QB

= 0.25 µl/sec. The signal trace depicts bubbles propagating through the device for a duration of
∼10ms evaluated at input and output channels (the signal trace for A + B and A · B is shifted
to the left to compensate for gate propagation delay which is 2 ms). Second row depicts a pho-
tomicrograph of a NOT gate (planar geometry, 70 µm channel height) with gain. Input channel
(top) is marked A (50 µm width) while a constant frequency bubble input (100 µm wide) is
marked 1. The constant frequency input is divided into two output channels Ā (50 µm, left) and
A (65 µm, right) at a T junction. A 25 µm offset channel joins the top horizontal channel to the
wider bifurcation channel, with an offset distance of 75 µm. Second column depicts the NOT
gate in operation with a flow rate of QA = Q1 = 0.92 µl/sec and a propagation delay time of 7
ms. Gain, defined as the ratio of the volume of the larger bubble switched by a smaller bubble,
is 1.2. The last column depicts a plot of flow switching induced by a bubble in a control channel
∆Q vs. the dimensionless size of the control bubble Lb/w (where Lb is length of the bubble
and w is width of the control channel) for two different values of QA/Q1. As Lb/w increases,
the viscous dissipation in the liquid film between the bubble and the channel wall increases,
increasing ∆Q, which eventually saturates as all the injected flow is blocked by the entering
bubble in the control channel.
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Figure 4: (A) Schematic of a microfluidic ring oscillator implemented as three AND gates
and three delay lines connected in a ring configuration. (B) Photomicrograph of a microfluidic
ring oscillator geometry (planar, 70 µm channel height) in a state prior to onset of oscillations.
Three T junctions (50 µm wide channels) are used as constant frequency bubble generators
feeding into 100 µm wide channels with the direction of flow marked by red, green and blue
colored arrows. T junction bubble generator is driven by constant flow Q = 0.5 µl/sec water
(2% w/w Tween 20) and constant pressure P0 = 0.8 psi nitrogen line. Dashed boxes mark the
individual AND gates and the gray arrow marks the direction of flow induced in the central
ring (1mm diameter, 100 µm wide). Outgoing channels (100 µm) are connected to sinks open
to atmospheric pressure. The scale bar is 200 µm. (C) Series of photomicrographs (from high
speed video) depicting the operation of an AND gate. The propagation delay for this gate is
∼10ms at a flow rate of Q = 0.5 µl/sec. (D to I) Photomicrographs of a microfluidic ring
oscillator showing feedback. The white arrow in each frame marks the bubble traversing in the
delay line. The frequency of oscillation for the device operated at Q = 0.5 µl/sec, P0 = 0.8psi is
7.9 Hz. The Ca number for the device is 0.03 and the Re number is 2. (J) Dependence of the
oscillation frequency on the flow rate Q, with a linear fit to the data.

15

Ring Oscillator

C
A

SC
A

D
A

BI
LI

T
Y

 
FE

ED
B

A
C

K

0ms 1.5ms 2ms

A
N

D
 -

 O
R

 

0 2 4 6 8 ms

A

B

A+B

A.B

Gate Operation Input Vs. Output

B

A.BA+B

A

IN
V

E
R

T
E

R
W

IT
H

 G
A

IN

1.0 1.5 2.0 2.5

0

15

30

45

60

75

Bubble length /  Channel width

QA/Q1 = 0.6

QA/Q1 = 1

!
Q

  
n

l/
s
e
cA

A   

A

A
1

Time

0ms 1.5ms 2ms

0ms 1.5ms 2ms

0ms 1.5ms 2ms

Figure 1: Microfluidic AND/OR logic gate and inverter. Top row, first column depicts a pho-
tomicrograph of the microfluidic AND/OR gate geometry (planar, 70 µm channel height). Top
horizontal channels (50 µm wide) marked A and B are inputs while bottom channels marked
A + B (65 µm wide) and A.B (40 µm wide) represent output. A bubble in a channel repre-
sents a 1. Second column depicts a series of photomicrographs from a high speed camera with
AND/OR device in operation, showing a truth-table. Inputs are provided by T junction bubble
generators with a constant flow Q = 0.25 µl/sec water (2% w/w Tween 20) and constant pressure
P0 = 0.5 psi nitrogen. Propagation delay time for the gate is ∼ 2 ms at a flow rate of QA = QB

= 0.25 µl/sec. The signal trace depicts bubbles propagating through the device for a duration of
∼10ms evaluated at input and output channels (the signal trace for A + B and A · B is shifted
to the left to compensate for gate propagation delay which is 2 ms). Second row depicts a pho-
tomicrograph of a NOT gate (planar geometry, 70 µm channel height) with gain. Input channel
(top) is marked A (50 µm width) while a constant frequency bubble input (100 µm wide) is
marked 1. The constant frequency input is divided into two output channels Ā (50 µm, left) and
A (65 µm, right) at a T junction. A 25 µm offset channel joins the top horizontal channel to the
wider bifurcation channel, with an offset distance of 75 µm. Second column depicts the NOT
gate in operation with a flow rate of QA = Q1 = 0.92 µl/sec and a propagation delay time of 7
ms. Gain, defined as the ratio of the volume of the larger bubble switched by a smaller bubble,
is 1.2. The last column depicts a plot of flow switching induced by a bubble in a control channel
∆Q vs. the dimensionless size of the control bubble Lb/w (where Lb is length of the bubble
and w is width of the control channel) for two different values of QA/Q1. As Lb/w increases,
the viscous dissipation in the liquid film between the bubble and the channel wall increases,
increasing ∆Q, which eventually saturates as all the injected flow is blocked by the entering
bubble in the control channel.
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Self-clocked microfluidics?



Red-neck phalarope
Capillary Ratchets 

[ Rubega et al,  93]
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Capillary ratchet
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equation

tan(π/4− (θa − αmin)/2) =
3(xαmin(x + 2L)− 2V )

4α2
min(L2 + (L + x)2

tan(π/4− (θr + αmax)/2) =
3(xαmax(x + 2L)− 2V )

4α2
max(L

2 + (L + x)2

Once these conditions for advancing or receding contact angles are reached, the static balance of
the drop is broken and one of the contact line (advancing or receding) starts to move. By varying
V and keeping all other parameters fixed, we can experimentally verify this relationship.

Criteria for surface tension transport and efficiency of the pump

Propose a dimension criteria for surface tension transport, including: breakup of drop for very long
beaks, trapping drop and prey by pecking, beak widening angle β.
Propose a pump efficiency based on geometric parameters.
Plot for bill morphology of numerous shorebirds to say that the criteria of classification works.

Conclusion

The system provides a quantitative way to measure efficiency and adaptability of beaks in shore-
birds for capillary feeding. Provides a further proof that the mechanism is more generic and used
widely in shorebirds. Rationalize the basis behind beak geometry and vibration induced capillary
ratchet.

Methods

Mechanical beaks are made of stainless steel surface, polished by a buhler diamond slurry (chem-
ical mechanical polishing, 1 micron particle size). The surface is ultrasonically cleaned for an
hour, plasma treated in oxygen for 1 minute to remove any oil or residues, making the surface
hydrophilic. Thin film oxides form on top of this surface forming a stable surface. We wash the
substrate with IPA from time to time to get rid of any dust particles.

1. Articles are restricted to 50 references, Letters to 30.

2. No compound references – only one source per reference.

Acknowledgements Put acknowledgements here.
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Can be solved graphically for alpha max and min
Criteria for alpha when the drop just starts to move 
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drop breakup

[Prakash et al. 2007 in prepration]

as the wedge is opened further.
Rationalize a force feedback, with a viscous damping term for the same. Write the force balance
to predict a fit to the data.
Write up the math expression for force balance from your notes.

Drop transport for partially wetting fluids: criteria for drop breakup

Describe the experiment that the mechanism does not work due to contact angle hysteresis.
Plot of x and l and fit a normal drop breakup criteria.
This gives us the criteria for maximum length of the drop.

Rectification

Describe the experiment for water transport with vibration.
Plot of average velocity with maximum and minimum starting angle.
Plot of contact angles with time : α, θ1, θ2

Theoretical Model

Consider a wedge formed by two planar sheets joined at an angle 2α. A partially wetting liquid
drop of volume V is placed at the end of the wedge, at a distance L from the apex of the wedge.
Contact angle of the drop on a flat surface is θ0 with ∆θ being contact angle hysteresis. Thus for
advancing contact angle θa and receding contact angle θr, a drop on such a substrate is pinned as
long as the contact angle lies between this range, ie. θa > θ > θr.

We will consider a 2D case, where a drop of width x resides at a distance L from the wedge
with an opening angle 2α. θ1 and θ2 are front and back contact angle of the drop with the solid
substrate. Let r and R be the width of the wedge at contact points, marked A and B. Thus r ∼ 2Lα
and R ∼ 2(L+x)α. Since the drop is pinned by contact line forces, we can apply horizontal force
balance on the drop (ignoring gravitational deformation of the drop),

θ1 − θ2 = 2α

dθ1 − dθ2 = 2dα

For a 2D case, we assume the drop ends can be approximated as circular arcs (minimum
surface area). The length x of the drop depends on how it was deposited in the wedge geometry
(for eg.dipping the wedge in a water bath to depth x ). Volume constraint on the drop allows us to

3
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• highest SNR for planar detector
• demonstrated detection of ~ 1014 

biomolecules
• scalable, parallel geometry to improve 

SNR
puv

Ultra-small-sample molecular structure detection
using microslot waveguide nuclear spin resonance
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We here report on the design of a planar microslot waveguide NMR
probe with an induction element that can be fabricated at scales
from centimeters to nanometers to allow analysis of biomolecules
at nano- or picomole quantities, reducing the required amount of
materials by several orders of magnitude. This device demon-
strates the highest signal-to-noise ratio for a planar detector to
date, measured by using the anomeric proton signal from a
15.6-nmol sample of sucrose. This probe had a linewidth of 1.1 Hz
for pure water without susceptibility matching. Analysis of 1.57
nmol of ribonuclease-A shows high sensitivity in one- and two-
dimensional NMR spectra. Along with reducing required sample
volumes, this integrated geometry can be packed in parallel arrays
and combined with microfluidic systems. Further development of
this device may have broad implications not only for advancing our
understanding of many intractable protein structures and their
folding, molecular interactions, and dynamic behaviors, but also
for high-sensitivity diagnosis of a number of protein conforma-
tional diseases.

inductive microslot ! miniature probe fabrication ! nanomole RNAase-A
structural detection ! nuclear magnetic resonance scaling ! ultra-sensitivity

Nuclear magnetic resonance (NMR) is a powerful analytical
tool not only for determining complex biomolecular struc-

tures (1–4) but also for monitoring molecular dynamics (5–7).
Despite its versatility, NMR protein and large-molecule struc-
tural analyses currently require large quantities of protein ma-
terial at high concentration and purity (8–10), and time-
consuming data gathering (11–13). Furthermore, it has been
difficult to obtain adequate amounts of proteins with high
molecular weight, many protein complexes, and especially mem-
brane proteins for structural analysis because they can form
insoluble aggregates (14). We here report design and fabrication
of a microdevice that can analyze nanomole quantities of
proteins (15–19), and that can be integrated in microfabricated
systems.

The ultimate sensitivity limit is a single spin. Single-electron
spins have been detected by using mechanical oscillations (20)
and by single nuclear spins using optical methods (21, 22). For
a volume on the order of !108 spins, a report of a novel
semiconductor detection mechanism shows electronic detection
of small quantities of spin 3/2 nuclei at the nanoscale (23).
However, all of these techniques require low temperatures. For
liquid samples at room temperature, pioneering work on fabri-
cation of solenoids around capillary tubes (16, 24) and micro-
fabrication techniques to create planar coils on semiconductor
substrates (1, 25) demonstrates that miniaturization of probes is
possible and substantially reduces sample quantity while retain-
ing signal sensitivity (15). Solenoidal microcoils detect nanomole
quantities with high sensitivity but have not been successfully
fabricated below !300 !m inner diameter (26), whereas planar
coils on semiconductor substrates are scalable but show lower
signal sensitivity due to inhomogeneous broadening and path
loss.

We here report the fabrication of a new geometry for minia-
turizing NMR probes called a microslot that produces high
signal-to-noise ratio (SNR) sensitivity and high radio frequency

(RF) homogeneity (27). As with other miniaturized probes, a
microslot has much shorter tipping times for the same power
input and very little radiation damping compared with conven-
tional probes, enabling more complex pulse sequences. More-
over, it is not only easily fabricated at a wide variety of scales, but
multiple samples can be measured in parallel by an array. In
realizing this design, we demonstrate the fabrication of this
device and perform a set of experiments to determine the
linewidth of water, measure the device’s SNR, perform multiple-
quantum measurements on a protein ribonuclease-A, and mea-
sure agreement with numerical models.

Results
Theoretical Calculation and Numerical Simulations. A microslot is
based on a planar, electromagnetic waveguide called a microstrip
(28). A microstrip is a dual-layer, metallic, planar structure used
for transporting quasi-transverse electromagnetic mode (TEM)
RF signals on dielectric materials such as printed circuit boards,
microcircuits, and antennas. A small slot (with largest dimension
much smaller than the wavelength, ", of the electromagnetic
wave) is cut out from a conventional substrate, producing a pure
series inductance, as shown in Fig. 1. This structure was first
analyzed at the beginning of microwave very large scale inte-
gration design (VLSI) (29) to understand imperfections in
circuit design but had never before been used for spin detection.
As analyzed by Hoeffer (30), a slot in a microstrip whose size is
smaller than the height of the dielectric produces an increased
inductance, "L of

"L #
!0$

2 h "1 %
Z0

Z0#
#&0

&0#
$2

, [1]

where h is the height of the dielectric, Z0 and &0 are the
impedance and dielectric constants of the microstrip, respec-
tively, and Z#0 and &# are the impedance and dielectric constants
of the microstrip at the microslot. The change in inductance, "L,
created by the microslot f lux, ', is

"L # '%i #
$s B!dA

i , [2]

with the current i, and an enclosed surface S. Since Eq. 1 is
positive, the overall f lux density, B, must increase. By reciprocity,
the ability to detect magnetic f lux density must also increase.
This analysis does not provide information about the distribution
of flux density; thus, it needs to be supplemented by numerical
modeling. Fig. 1 shows several geometries of a microslot on a
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Conclusions
Internal control scheme 
Material independent
KHz operation
Digital control 

Combinatorial chemistry
Chemical synthesis
High throughput screening
Large scale chemical memories
Handheld diagnostics

Playground for fluid mechanicians

Printing
Physical Cryptography


