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Monodisperse drops with diameters between 20 pm and 200 um can be used to produce particles or cap-
sules for many applications such as for cosmetics, food, and biotechnology. Drops composed of low vis-
cosity fluids can be conveniently made using microfluidic devices. However, the throughput of microfluidic
devices is limited and scale-up, achieved by increasing the number of devices run in parallel, can compro-
mise the narrow drop-size distribution. In this paper, we present a microfluidic device, the millipede device,
which forms drops through a static instability such that the fluid volume that is pinched off is the same ev-
ery time a drop forms. As a result, the drops are highly monodisperse because their size is solely deter-
mined by the device geometry. This makes the operation of the device very robust. Therefore, the device can
be scaled to a large number of nozzles operating simultaneously on the same chip; we demonstrate the
operation of more than 500 nozzles on a single chip that produces up to 150 mL h™* of highly monodis-
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Introduction

Microparticles and microcapsules of a well-defined size and
composition are commonly used in the food," pharmaceuti-
cal,” cosmetic,” and oil industries;" these particles are often
produced using monodisperse drops as templates.” The pro-
duction of drops with a very narrow size distribution requires
a tight control over the drop formation. This level of control
can conveniently be achieved with microfluidic devices. How-
ever, low throughput limits the use of microfluidics to niche
applications.*” The only way the production rate can be in-
creased is through parallelization to simultaneously operate a
large number of nozzles.**” However, for this to be accom-
plished requires operation of multiple nozzles in a very robust
fashion, where coupling between individual nozzles is mini-
mized, where the drop size distribution is insensitive to any
variations in flow conditions, and where the throughput of in-
dividual nozzles is as high as possible. These constraints de-
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mand tight control over the mechanism of drop formation.
One robust method to control drop formation is through the
use of flow focusing. However, in this case, the drop size de-
pends on the fluid flow rate, making large-scale para-
llelization difficult. This difficulty can be alleviated if the de-
sign of the nozzle is optimized such that the dependence of
the drop size on the fluid flow rates is much weaker.'® Never-
theless, even with optimized nozzles, the drop size remains
dependent on fluid flow rates. Moreover, flow focusing re-
quires additional channels for the flow of the continuous
phase adjacent to each nozzle, thereby increasing the volume
of a single nozzle and ultimately limiting the throughput.®*°
The requirement for flow of the continuous phase can be
eliminated by making drops using a step at the outlet of the
nozzle to form them through a gradient in the Laplace pres-
sure between the incoming fluid and the drop.'>®?*> These
step emulsification devices can operate with high through-
puts and produce drops of a controlled size.">'**"** How-
ever, their size distribution is usually significantly broader
than that of drops produced in microfluidic flow focusing de-
vices under optimized conditions. This limitation can be over-
come by replacing the step with a more gradual, continuous
change in height."* However, while very monodisperse drops
are produced, the flow rate is restricted because fluid flow is
driven by small gradients in Laplace pressure, limiting the
throughput. Thus, production of monodisperse drops with di-
ameters exceeding 10 pm at high throughput requires an im-
proved control over drop formation in a fashion that can be
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easily scaled. Such a device could significantly broaden the  dividual nozzles located on each of two long sides of a central
utility of microfluidics for drop production, well beyond niche  channel. These nozzles connect the central channel to two
applications. collection channels, as shown schematically in Fig. 1A. The
In this paper, we present a parallelized microfluidic de-  inner phase flows through the central channel and infuses
vice, the millipede device, which produces monodisperse into the outer phase through each of the nozzles, as shown
drops with diameters between 20 um and 160 um using a  in the optical micrograph in Fig. 1B. Each nozzle contains a
nozzle that is triangular in its shape with its cross-section  triangular reservoir at its end, just before it joins the collec-
gradually increasing until it reaches a step where the channel  tion channel, as shown in the optical micrograph in Fig. 1C.
height abruptly changes. This nozzle results in drop forma-  The channel height increases abruptly by more than an order
tion through a static instability that is determined solely by  of magnitude, where the nozzle meets the connection chan-
the device geometry. This instability determines the volume  nel at the end of the reservoir, as depicted schematically by
of fluid that is pinched off, which is, hence, the same every  the cross-section of a nozzle shown in Fig. 1D. Drops form in
time a drop forms. As a result, the drop size is determined  the collection channels at these steps and are collected
solely by the device geometry, independent of fluid properties  through a single outlet located downstream of the device, as
and flow rates, making operation of the device very robust. ~ shown in Fig. 1A.
We demonstrate the simultaneous operation of 550 individ- Operation of the millipede device requires that the chan-
ual nozzles in parallel to produce highly monodisperse drops,  nel walls be strongly preferentially wet by the outer phase.
with diameters ranging from 20 um to 160 pum with coeffi-  Here, we focus on aqueous drops dispersed in an outer phase
cients of variations as low as 3%, at a throughput up to 150  composed of a fluorinated oil and thus, we make the channel
mL per hour. Moreover, if drop-size variations of up to 5%  walls fluorophilic by treating them with a fluorinated oil
can be tolerated, the throughput can reach 700 mL per hour = (HFE7500) containing 1 vol% fluorinated trichlorosilane. This

and device. treatment can easily be modified to change the wettability of
the device as required by the nature of the fluids. For exam-
Results and discussion ple, to make aqueous drops in hydrocarbon oil we treat the

channel walls with trichlorododecylsilane or to make oil
The millipede device is made from poly(dimethyl siloxane) drops in an aqueous solution we treat the channel walls with
(PDMS) using soft lithography.>* It contains hundreds of in-  polyelectrolytes.>
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Fig. 1 (A) Schematic illustration of the millipede device with the (1) nozzles, and the channels for the (2) inner and (3) outer phases. The inner
phase is injected through inlet (a), the outer phase through inlet (b), and drops are collected at the outlet (c). (B) Optical micrograph of a section of
the millipede device in operation, showing its nozzles (1), and channels for the inner (2) and outer phases (3). (C) Optical micrograph of a single
nozzle. The connecting channel has a width, a, and leads into the reservoir of length, [, opening angle, o, and width at the step, w. (D) Cross-
section of a nozzle of height, h, showing the step at the end of the reservoir. (E) Optical micrograph of drops produced at a flow rate of the inner
phase of g; = 20 mL h™* and that of the outer phase was g, = 30 mL h™%. Inset: Amount of drops produced within 30 s. (F and G) The diameter of
drops produced in a device with 550 nozzles and h = 20 um as a function of (F) g; for g, = 20 mL h™ and (G) as a function of g, for g; = 5 mL h™.
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To demonstrate the operation of the millipede device, we
use one that has 550 nozzles, each of which has a height, &,
of 20 pm and has a reservoir that has a length, /, of 330 pm
with an opening angle, o, of 19°, as shown in Fig. 1. We use
an inner phase consisting of an aqueous solution of 20 wt%
poly(ethylene glycol) (PEG, M,, = 6 kDa) to increase the viscos-
ity to 8 mPa s. We use an outer phase consisting of a fluori-
nated oil containing 1 wt% of a fluorinated surfactant®® to
stabilize the drops, whose viscosity is 1 mPa s. We inject the
inner phase at a flow rate, g; = 15 mL h™ and the outer phase
at a flow rate, g, = 20 mL h™"; hence the volume fraction of
the resulting drops is 40%, much higher than values
achieved with flow focusing devices. The resultant drops have
an average size of 75 pm and a very narrow size distribution,
as shown on the optical micrograph in Fig. 1E. The coeffi-
cient of variation of the drop size, CV, defined as the stan-
dard deviation of the drop size distribution divided by the av-
erage drop size, is as low as 3%.

To determine the origin of the very narrow drop size dis-
tribution, we measure the drop size as a function of the fluid
flow rates. The size of drops produced in the millipede device
is independent of the fluid flow rates: the drop size remains
unchanged if we vary the flow rate of the inner phase be-
tween 1 and 16 mL h™", while holding ¢, fixed at 20 mL h™",
as shown in Fig. 1F. Similarly, the drop size remains
unchanged if we vary the flow rate of the outer phase be-
tween 5 and 50 mL h™" while holding ¢; fixed at 5 mL h™", as
shown in Fig. 1G. The drop size also remains unchanged if
we tilt the device by 90° along its long axis, indicating that it
is independent of gravity. This behavior is similar to that ob-
served for devices where fluid flow is driven by Laplace pres-
sure gradients.'*"%?>2%2772% However, it is in stark contrast
to flow-focusing drop-making geometries where the drop size
is strongly flow-rate dependent, resulting in broader size dis-
tributions, as variations in the flow rate of individual drop
makers are inevitable.’®*°* This broadening is exacerbated
if any of the channels clog during the operation.

To investigate the nature of the drop formation, we visual-
ize the flow in the nozzle using a high-speed camera, oper-
ated at 10000 frames per second. During the initial stages of
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drop formation, the inner phase forms a tongue with a semi-
circular leading edge, as shown in the optical micrograph in
Fig. 2A. As soon as the tongue crosses the step and enters the
tall collection channel, a drop forms and grows rapidly,
draining the tongue in the reservoir and making it diamond-
shaped, as shown in the time-lapse optical micrographs in
Fig. 2B-E. Ultimately, the drop detaches and the liquid in the
reservoir retracts, as shown in Fig. 2F, whereupon it again
forms a semi-circular leading edge, and begins to form the
tongue to start formation of the next drop.

The triangular reservoir is an essential component of the
nozzle. To investigate its role, we add 3 um diameter polysty-
rene beads to the inner phase to visualize the fluid flow in
the reservoir during drop formation. By following the trajec-
tory of these beads, we observe that the velocity of the water
steadily decreases as the cross-section of the reservoir in-
creases; eventually becoming much slower than the velocity
in the entrance of the nozzle. However, once the fluid crosses
the step and the drop begins to form, the fluid flow rate at
the exit of the nozzle increases rapidly as the drop grows, as
shown in Movie S1.f Since the injection rate of the fluid at
the inlet is constant, the fluid acceleration in the reservoir
must be caused by the flow geometry. As the radius of the

drop, r, grows, its internal Laplace pressure, L, :% de-
creases; here y is the interfacial tension. By contrast, the sur-
face curvature of the tongue remains unchanged as its main
contribution comes from the curvature in the direction of the
nozzle height. Hence, as the drop grows, a gradient in La-
place pressure with the tongue develops, sucking liquid from
the reservoir into the drop at a rate that increases as the drop
grows, by analogy to step emulsification devices.'*** How-
ever, the rate of fluid flow into the reservoir is set by the in-
jection rate and does not increase. Therefore, the reservoir
de-couples the fluid flow into the growing drop from that of
the externally driven flow. This must be a contributing reason
for the independence of drop size and fluid flow rates. More-
over, the triangular shape of the reservoir likely facilitates the
back-flow of the outer phase, which must occur since the
fluid flow out of the reservoir into the drop as it grows is

Fig. 2 (A-F) Time-lapse optical micrographs of drop formation in a millipede device with h = 20 um, [ = 330 um, and a = 19°. The black bar is an
imaging artefact due to the abrupt change in channel height. The elapsed time is indicated in the upper right corners. (G and H) Surface Evolver
simulations of early stages of the drop. Snap shots are taken at an angle to better visualize the drop precursor.
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faster than the input fluid flow to the reservoir, as shown in
Movie S2.f However, because we use an outer phase whose
viscosity is always at least three times lower than that of the
inner phase, the back-flow of the outer phase into the reser-
voir is faster than the fluid flow of the inner phase into the
drop. Therefore, this back-flow does not influence drop for-
mation in our case.

To explore the break-up of drops we simulate the onset of
their formation. Because the fluid velocity where the drop is
formed is much slower than the injection velocity, we assume
the system to be in a quasi-static state. With this assumption,
we can use The Surface Evolver®® to simulate successive equi-
librium shapes of the fluid as the tongue volume increases,
by analogy to what has been done for step emulsification pro-
cesses.”” The simulated shapes closely resemble those ob-
served experimentally, as shown by comparing the optical
micrograph in Fig. 2A and the simulation in Fig. 2G. As the
fluid crosses the step, a drop precursor forms, as shown in
the simulation in Fig. 2H. When the fluid volume of this
drop precursor exceeds a characteristic value, The Surface
Evolver no longer finds an equilibrium solution, indicating a
transition that designates the beginning of the drop pinch-
off.

To examine the nature of the fluid flow before the begin-
ning of the drop pinch-off, we characterize the evolution of
the shape of the drop precursor as it grows. As soon as the
fluid passes the step, the drop precursor forms and assumes
the shape of an ellipsoid that is cut in half along its long
axis, 2a. The small axis, b, is set by the channel height,

h . . . . .
b=5, as shown in the simulated front and side views in

Fig. 3A and B. As the volume of the drop precursor in-
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creases, the long axis of the ellipsoid increases. However,
because fluid is pinned at both the top and bottom of the
step at the end of the reservoir, the short axis of the ellip-
soid remains unchanged as the volume increases, as shown
by the evolution of its cross-section in Fig. 3C and by the
calculations in the ESILj Once the ratio a/b reaches some
value, The Surface Evolver can no longer find an equilib-
rium solution, indicating a transition into an out-of-
equilibrium state. For devices with 2 = 20 um, our simula-

. . . . s a
tions indicate this transition to occur at Zm43 Interest-

ingly, a Rayleigh-Plateau instability develops when the ratio
a/b exceeds 4.5,%° and thus this transition must be caused
by the formation of a Rayleigh-Plateau instability. However,
the instability forms perpendicularly to the fluid flow direc-
tion and thus it is the device geometry that determines the
most unstable mode; this must scale with a. Because a only
depends on A, the wavelength of the instability, which ulti-
mately determines the drop size, depends only on A. As a
result, the drop size is determined purely by the device ge-
ometry and is independent of the fluid flow rates.

Because the drop size depends solely on the device geome-
try, we must determine the scaling of size with the nozzle ge-
ometry to allow control of drop size. The volume of the final
drop is the sum of the volume of the drop precursor and the
additional fluid that flows into the drop until it pinches off.
Our simulations show that the diameter and length of the cy-
lindrical drop precursor both scale with 7; therefore the drop
precursor volume scales as /°. The additional volume is the
product of the pinch-off time and the fluid flux of the inner
phase, V, = 7,q. To determine the scaling of the pinch-off
time, we balance the surface tension forces, F, o yh, and
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Fig. 3 (A and B) Simulations of the (A) front view and (B) side view of the cylindrical drop precursor with its long axis, 2a, and short axis,
h - . ) ) .
b= E The boxes indicate the end of the reservoir at the step. (C) Evolution of the cross-section of the drop precursor at the exit of the res-

ervoir as its volume, V, increases. The direction of the volume increase is indicated with a horizontal arrow. (D) Influence of the nozzle height on
the drop diameter for an inner fluid with a viscosity of 3 mPa s. (E) Influence of the ratio of w/h on the drop size for reservoirs with [ = 130 um (@),
330 um (m), and 530 um (A). The error bars indicate the drop size distributions.
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. h’ ) . o
viscous forces, F; « T and find 7 o¢ h; here 7 is the viscosity
T
P
of the inner fluid. We estimate the flux into the growing drop

using the Poiseuille law, ¢ ~ AFP ;*” here R is the hydrodynamic
resistance of the reservoir, and Ap is the difference in La-
place pressure in the growing drop and the tongue. Because
the growing drop soon has a much larger radius than &, we
ignore its Laplace pressure and approximate Ap to scale
with A™'. We approximate the reservoir as a rectangular
channel and thus R o« A 3%” As a result, the additional vol-
ume that flows into the drop scales with 4*, similar to the
drop precursor. Thus the drop diameter scales with 4. To
confirm this scaling, we produce drops in devices with &
varying between 10 and 40 pm and measure their sizes
using optical microscopy. Indeed, the drop diameter dis-
plays a roughly linear scaling with %, as shown in Fig. 3D.
Hence, the drop size can be adjusted by varying h, which is
the dimension that is experimentally the easiest to control
precisely. This scaling is distinctly different to that observed
in devices with microchannel geometries with terraces
where the drop diameter roughly scales with 73,*® indicating
that the drop formation mechanism observed here is dis-
tinctly different from that observed in devices whose nozzles
contain terraces.

Our simulations predict the drop size to scale with the
length of the cylindrical drop precursor; this length increases
with increasing width of the reservoir at the step, w, as de-
tailed in the ESL{ Therefore, we would expect the drop size to
also increase with w. To test this expectation, we vary w by
varying o between 10° and 35°, keeping the length of the res-
ervoir constant at 330 um and keeping the height constant at
20 um. Indeed, the drop diameter increases with increasing
w, as shown by the black squares in Fig. 3E. To vary w over a
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wider range, we fabricate reservoirs with two other lengths,
130 um and 530 um and for each length, we test devices with
o =10°, 19°, and 35°, while keeping the height constant at 20
pm. Indeed, the drop size increases with increasing w, as
shown in Fig. 3E. However, the coefficient of variation of the
drop size is independent of w over a wide range: it is below
5% if drops are produced in reservoirs with a ratio of w to

the height of the device 5.5< % <19, as indicated by the error

bars in Fig. 3E.

The production of drops with a narrow size distribution
requires reservoirs to have an optimized ratio of w/h. In this
case, drop precursors can attain a cylindrical shape with

%:4.5 such that drop formation is caused by the static in-

stability, resulting in a narrow size distribution, as shown in
the optical micrographs in Fig. 4A and B. If this ratio is too
low, the size distribution of drops is significantly broadened

as exemplified for drops produced in reservoirs with %:3.4,

shown on the optical micrograph in Fig. 4C. We assign this
broadening to a change in the mechanism by which drops
form: drop precursors formed in these reservoirs cannot at-

tain a cylindrical shape with %: 4.5. Thus, drops cannot be

formed by the static instability but must form through a dif-
ferent mechanism. Indeed, the drop forming instability oc-
curs much later, when the volume of the drop is sufficiently
large for it to attain a spherical shape. This behavior is highly
reminiscent of the traditional, dynamic Rayleigh-Plateau
instability that occurs for drop formation in the jetting
regime. Hence, there is a lower limit for the ratio w/h, re-
quired for drop formation through the new instability. We

Fig. 4 Optical micrographs of drops (left) generated in a millipede device (right) with (A-C) « = 19°, and (D) a = 35°, and [ is (A) 330 um, (B and D)
530 um, and (C) 130 um. The height of all the devices is 20 um. (A and B) The reservoirs fulfill the geometric requirements for the new instability to
form. (C) The volume of the reservoir is smaller than that of the drops and quasi-static conditions can never be established. Therefore, drops form
through a different mechanism that results in a much broader size distribution. (D) The reservoir has a too high ratio of w/h, such that drops form

at multiple locations, resulting in a wide size distribution.

This journal is © The Royal Society of Chemistry 2016
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experimentally determine this limit to be %:5.5, a value,

which is only slightly above the predicted value of %: 45.
The drop size distribution is also broadened if w/h be-

comes too large, as exemplified for a device with %:24 in

Fig. S1f To investigate the reason for this, we further
increase w/h to 35 by increasing the nozzle length to 530 um;
this device produces very polydisperse drops. We monitor the
drop formation using a high-speed camera and observe
that the mechanism by which drops form is again very differ-
ent: instead of a single drop forming at the center of the res-
ervoir, two drops are formed at either side. The exact location
of the drop formation varies for each drop, resulting in a
broad size distribution, as shown in the optical micrograph
of Fig. 4D. Hence, there is an upper limit for w/h beyond
which drops form differently. We experimentally determine

this upper limit to be %z19. Hence, drops only form

through the static instability if 5.5 < % <19.

The static instability described here can only form if the
system is in a quasi-static condition, which requires the fluid
velocity to be nearly zero. This reduction in the velocity oc-
curs because of the continuously increasing cross-section of
the reservoir. Moreover, the reservoir, V,.s, must be sufficient
to ensure an adequate decrease in velocity. Remarkably, all
drops with a CV below 5% are produced in reservoirs whose
volume exceeds the drop volume. By contrast, the volume of

reservoirs with / = 130 pm, and %:3.4, that produce drops

with a CV of 7%, is smaller than the volume of the final drop.
In these reservoirs, the deceleration of the fluid velocity is
too small to establish quasi-static conditions. Instead, the
fluid jets through the orifice and the drop formation mecha-
nism closely resembles that observed in step emulsification
devices, as shown in the left optical micrograph of Fig. 4C.
These results indicate that the volume of the reservoir must
be at least that of the drop for it to be effective in establish-
ing the requisite quasi-static conditions.

A critical feature of the nozzle is the triangular reservoir
that extends up to the step; it slows the velocity of the incom-
ing fluid to establish the quasi-static conditions required for
drop formation to be initiated through the static fluid insta-
bility. Moreover, this triangular shape facilitates the back-
flow of the outer phase, which must occur because the fluid
flow out of the reservoir into the drop as it grows is faster
than the input fluid flow to the reservoir, as shown in Movie
S2.;} However, even with this geometry, drops only form
through this static instability if the viscosity of the inner
phase is higher than that of the outer phase. In our case, the
viscosity of the inner phase is always at least three times
higher than that of the outer phase. Hence, the back-flow of
the outer phase is never the rate-limiting step and therefore
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never influences drop formation. This requirement presents
a clear limitation of the device. However, for applications that
require drops made of more viscous fluids in a low viscosity
fluid, this requirement is actually an important advantage: it
facilitates their controlled formation, which is difficult to
achieve with standard microfluidic flow focusing devices.
This is particularly important when making drops that
are used as templates to fabricate microparticles or
microcapsules.

The exact shape of the reservoir is quite important for its
correct functioning: if we omit the reservoir and instead in-
troduce a straight channel with a rectangular cross-section,
drops break up only after the step, by analogy to other step-
emulsification devices. If we add a reservoir by abruptly in-
creasing the channel width, drop break-off can occur either
at the initial step or at the final opening, as shown in Movies
S3 and S4.f Hence, the device does not function properly. In-
stead, it is essential to have a gradual increase in the channel
width, resulting in a triangular shaped reservoir.

To increase the throughput of the millipede device, we in-
crease the flow rate of the inner phase. Initially, the fre-
quency of drop formation increases with increasing flow rate,
but the drop size remains the same because drops are
formed through this static instability. However, on further in-
crease of the flow rate, we ultimately observe a transition
from dripping to jetting. We expect this transition to occur
when the drop precursor reaches its maximum size before
the instability has time to form. This occurs if the injection

3
flow rate exceeds . here 7 is the time scale for the Ray-
R
leigh Plateau instability to occur. For fluids with viscosities
similar to that of water, this time scale is determined by the

3
balance of inertia and surface tension, 7, « /ﬂ, here p is
4

the density of the inner fluid. Hence, the maximum injection
flow rate of the inner phase, g,,, should scale with 1. To test
this prediction, we measure the maximum flow rate of de-
vices with 4 between 10 um and 60 pm, using an inner fluid
with a viscosity of 3 mPa s. Indeed, the flow rate at which this
transition occurs scales with %', as shown in Fig. S2.f By con-
trast, this transition is independent of the microchannel ge-
ometry for step emulsification devices with terraces,*® provid-
ing further evidence for the different drop break-up
mechanism observed here.

There are two time scales that are essential for drop for-
mation: the time required for the Rayleigh Plateau instability
to form, g, and the time for the drop precursor to grow to its
characteristic size, zp. Drops can only form through this new
instability, if 7z < 7p. If this is not the case, the elliptical drop
precursor continuous to grow beyond its characteristic size
and if its volume is sufficiently large, it deforms and attains
a spherical shape to minimize the interfacial area. In this
case, it is no longer the difference in the two lengths of the
elliptical precursor drop that drives the Rayleigh-Plateau

This journal is © The Royal Society of Chemistry 2016
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instability, and thus drops form by a different mechanism
that is similar to that observed in step emulsification. Both
these times scale with &; however, 7z scales with hg, whereas
7p scales with #°. Therefore, if we make & sufficiently small,
7p always becomes smaller than 7z and the new instability
cannot form. Because the drop diameter scales with %, there
must be a lower limit for the diameter of drops that can be
produced with the millipede device. By linearly extrapolating
the data presented in Fig. 3D, we determine this lower limit
to be at =6 um for the combination of fluids used here.

Our calculations of g,,, assume the system to be in a quasi-
static state such that the formation of the instability is the
rate-limiting step. This is the case for fluids with low viscosi-
ties that rapidly establish quasi-static conditions during early
stages of drop formation. To test if this assumption is appli-
cable also to fluids with higher viscosities, we measure g, for
inner phases with viscosities ranging from 3 to 30 mPa s.
The maximum flow rate at which the millipede device can
operate before jetting decreases strongly with increasing vis-
cosity of the inner fluid, as shown for devices with 7 = 20 pm
by the blue triangles in Fig. 5A. Similar behavior occurs for
devices with a larger A, albeit at higher absolute flow rates, as
shown for devices with 2 = 40 pm by the black pentagons in
Fig. 5A. This decrease in flow rate is a result of changing flow
dynamics within the reservoir. For dripping to occur the fluid
flow must be quasi-static and the tongue must be semi-circu-
lar. During the final stages of drop formation, the shape of
the tongue is deformed and becomes diamond like. Thus, it
must regain its initial semi-circular form to ensure drop for-
mation through dripping; this is accomplished by the retrac-
tion of the fluid back into the reservoir to form the semi-
circular shape required for the geometrically controlled insta-
bility. As the fluid flow is increased, there is insufficient time
for this retraction to occur, and instead, the flow transitions
to the jetting regime. The speed of this retraction decreases
with increasing viscosity, and thus the maximum throughput
also decreases. In this case, the formation of the instability
depends on establishing quasi-static flow conditions, and
thus g, o #°. However, because drops are formed through a
static instability, their size is independent of fluid viscosity,
as shown in Fig. 5B, in stark contrast to drops formed by in

A10° B 5

r 150% ¥ # ¢
= 10% e oy L '
= - —_
o " . E100
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Fig. 5 (A) Influence of the viscosity of the inner phase on its maximum
flow rate before the transition into the jetting regime occurs in devices
with h = 20 um (A), and 40 um (@), and 500 individual channels. (B)
Size of drops produced in devices with h = 10 um (@), 20 um (A), 30
um (m), and 40 um (®).
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microchannel devices with terraces®>*°
holes.*

The main feature of the millipede device is the ease
with which hundreds of nozzles can be operated in parallel.
To fully exploit this feature, nozzles should be packed at
the highest density possible, which requires minimization
of the area of their footprint. We approximate the footprint
as a rectangle whose length is the sum of the connecting
channel and the reservoir. The connecting channel of the
nozzle must have a sufficient length to ensure its hydrody-
namic resistance is at least 100 times higher than that of
the distribution channel; this design condition minimizes
differences in fluid flow rates in different nozzles.® As a re-
sult, the length of the reservoir is much shorter than that
of the connecting channel and thus, the length of the noz-
zle is essentially determined by that of the connecting
channel. The width of the rectangular footprint of the noz-
zle is determined by that of the reservoir at the step, which
is the widest point. Thus, the footprint is minimized by
using the smallest value of w/h possible, which is 5.5. To
demonstrate the full potential of the millipede device, we
use nozzles with reservoirs having o = 10°, [ = 330 um, and

or straight-through

h = 20 pm, resulting in %:6.5 , slightly larger than the

nozzle

V.

drop

minimum value, and =4 well above the minimum

acceptable value. The footprint of a single nozzle is 0.2
mm?®. We connect 225 nozzles to each side of the distribu-
tion channel, resulting in a millipede device containing 550
nozzles. When the areas of the two inlets and one outlet
are included, the total footprint is 250 mm?, which is al-
most 100 times smaller than the footprint of a standard
microfluidic flow focusing device containing a single noz-
zle, two inlets for liquids and one outlet. Moreover, the
footprint of a flow focusing device optimized for high
throughput applications, with 1000 parallelized nozzles, is
3000 mm>.*" Hence, the area of a single millipede nozzle is
almost 10 times smaller than that of this optimized flow
focusing device. Despite of this high nozzle density, we
never observe any crosstalk between neighbouring nozzles
if drops are formed through the static instability.

One suitable figure of merit for these high throughput
drop makers is the volume of drops generated per area and
time; this allows direct comparison of the millipede device to
other geometries. The maximum throughput is determined
by the maximum drop generation frequency of a single noz-
zle and the packing density of the nozzles. The drop genera-
tion frequency in the millipede device is limited by the need
to establish quasi-static conditions during early stages of
drop formation; it is approximately one order of magnitude
lower than that of a single flow focusing drop maker produc-
ing drops with a similar size from fluids with a similar vis-
cosity.”® Nevertheless, because of the high nozzle packing
density, the millipede device produces up to 600 liters of
drops per hour and m>. This is similar to that of parallelized
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Table 1 Overview over different microfluidic devices

Nozzle geometry Nozzles per device Throughput (1 m™ h™) Drop diameter (um) CV (%) Ref.
Triangular (measured) 550 600 75 3 This paper
Triangular (estimated if up-scaled) 550 11000 75 3 This paper
Wedge 256 3 80 3 14
Terraces 72 0.001 150 4 17
Terraces 1500 1 10 4 43

EDGE (measured) 400 28 5 16

EDGE (estimated if up-scaled) 25000 9 5 16
Straight-through holes 12000 1 10 5 44
Straight-through holes 24772 1 7 4 45
Straight-through holes 4300 60 40 3 22
Straight-through holes 11224 750 50 2 40
Straight-through holes 23348 2700 30 20 23

flow focusing devices,** however, the coefficient of variation
of drops produced in millipede devices is two times lower.
Moreover, this throughput is similar to highly parallelized
step emulsification devices, as summarized in Table 1. How-
ever, none of these highly parallelized devices have nozzles
whose volume exceeds that of the drops and thus they never
establish quasi-static conditions during initial stages of drop
formation. Hence, in their case, the wavelength of the most
unstable mode of the instability is not determined solely by
the nozzle height®® but also depends on the fluid
properties,>*343940

Even higher throughputs can be achieved if nozzles are ar-
ranged into a membrane-like structure. For example, devices
with straight channels leading into a large reservoir can pro-
duce drops at throughputs as high as 6000 liters per hour
and m?* as summarized in Table 1. To compare through-
puts to these membrane devices, we assume that the milli-
pede device is stacked in the third dimension to form a
membrane. Although we have not done this, it is certainly
feasible. To make a comparison to the membrane devices we
assume the spacing between adjacent rows of nozzles in a
stacking of millipede devices must be at least 1.5 times the
diameter of a drop, and, for this comparison, we take it to be
150 um. We also assume the nozzles to be placed only on
one side of the central channel to more closely mimic a
membrane geometry. In this case, millipede devices arranged

d(um)
—_
(6]
o
ol
-
—
——
——
—
——
——
——

0 250 500 750
g, (ml/h)

into a membrane structure would produce 11000 liters of
drops per hour and m” This is significantly higher than
membrane devices with straight holes that produce drops
with a similarly small CV, as summarized in Table 1.
Interestingly, under some conditions it is possible to sig-
nificantly increase the throughput of the millipede device by
operating it in the jetting regime, while still retaining a rela-
tively narrow size distribution of the drops. We illustrate this
behavior using a device containing 550 nozzles, each one hav-
ing a = 10°, h = 40 um, and / = 330 um. We use an aqueous
solution containing 20 wt% PEG as the inner phase and a
perfluorinated oil, containing 1 vol% surfactant, as the outer
phase. If the inner phase is injected at flow rates below 150
mL h™, the device operates in the dripping regime. Under
these conditions, the drop size is independent of flow rates.
However, as the flow rates increases, the drop size becomes
weakly dependent on g;, increasing by 20% as g; increases to
700 mL h™", as shown in Fig. 6A. Remarkably however, the
drop size distribution remains very narrow; an example for
drops produced at ¢; = 600 mL h™ is shown by the optical
micrograph in Fig. 6B. However, the behavior of the device in
this high flow rate regime is significantly different: drops are
formed in the jetting regime and because of the high density
of the channels, the break-up depends on the collective be-
havior of all the nozzles. The flow of the drops from the
neighboring nozzles shears off the growing drop in each

Fig. 6 (A) Influence of the flow rate of the inner phase on the size of drops formed in devices with h = 40 um. (B) Optical micrograph of drops
produced in a millipede device with h = 40 um. The viscosity of the inner phase is 3 mPa's, g; = 600 mL h™, and g, = 700 mL h™. (C and D)

Optical micrographs (C) before and (D) while drops are sheared off.
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nozzle, as shown in the time-lapse optical micrographs in
Fig. 6C and D. This class of operation allows the millipede
device to function at much higher flow rates; however, this
behavior is strictly limited to cases where the viscosity of
each fluid is below 5 mPa s, which is five times the viscosity
of water. If these conditions are fulfilled, the millipede device
produces drops with a very narrow size distribution at
throughputs up to 3200 liters per hour and m?, a throughput
significantly higher than that reported for drops of similar
size with a similarly narrow size distribution produced with
any other microfluidic device.

Conclusions

An important feature of the millipede device is the design of
its nozzles: each one contains a triangular reservoir that al-
lows sufficient fluid to be collected for the production of each
drop, slowing down the fluid flow, and establishing quasi-
static conditions, required for the static instability that leads
to drop formation. Because this instability depends only on
device geometry, the drop size is independent of fluid injec-
tion rates. This makes the device very robust and enables
massive parallelization of the nozzles. As a result of the ro-
bustness, even a very uncontrolled operation using manually
driven syringes is possible; this allows the use of the milli-
pede device for rapid generation of monodisperse drops even
in the absence of pumps or other means for controlling the
fluid flow for example using only hand-held devices.

One of the most important features of the millipede de-
vice is the ability to increase the number of parallelized noz-
zles to produce drops at very high throughput while retaining
a very narrow size distribution. The millipede devices them-
selves could also be operated in parallel by using larger distri-
bution channels to connect the inlets and outlets. For exam-
ple, a typical millipede device, such as the one containing
550 nozzles shown in Fig. 1, has dimensions of 44 mm X 5.6
mm X 0.4 mm; thus, its volume is 0.1 mL and up to 10 000 of
them could be packed into a volume of one liter or one dm®.
If operated in the dripping regime, such an array would pro-
duce 40 liters of 15 pm-diameter drops per hour and up to
800 liters of 160 pm-diameter drops per hour. Moreover, if
operated in the jetting regime, this array would produce as
much as 4700 liters of 260 pm-diameter drops. These num-
bers make it conceivable to produce several thousand tons of
highly monodisperse drops per year using a microfluidic de-
vice whose volume is only one liter. Thus, the millipede de-
vice has the potential to make microfluidics truly useful on a
large scale, well beyond scientific applications.
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