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The present paper describes a microfluidic oscillator based on facing impinging jets
and operating in laminar flow conditions. Using appropriate microchannel configurations,
pulsatile liquid flows are generated at the microscale from steady and equal inlet flow
conditions and without moving parts or external stimuli. An experimental campaign has
been carried out, using oscillator structures manufactured in silicon using conventional
microfabrication techniques. This allowed us to study in detail the impact of the main
geometric parameters of these structures on the oscillation frequency. The observed range
of regular oscillations was found to depend on the geometry of the output channels, with
highly regular oscillations occurring over a very large range of Reynolds numbers (Re)
when an expansion of the output channel is added. The evolution of the self-oscillating
frequency was shown to be dependent on the distance separating the impinging jets and
on the average speed of the jets. Direct numerical simulations have been performed using
a spectral element method. The computed dye concentration fields and nondimensional
self-oscillation frequencies compare well with the experiments. The simulations enable
a detailed characterization of the self-oscillation phenomenon in terms of pressure and
velocity fields.
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I. INTRODUCTION

Fluidic oscillators are a set of devices that issue an oscillating jet of fluid when supplied with
a continuous stream of pressurized gas or liquid. They started to be studied in the 1960s, as well
as other fluidic devices functioning with no moving parts, such as fluidic logic elements or fluidic
amplifiers [1–3]. There are two main types of fluidic oscillators, wall-attachment devices and jet
interaction devices. The wall-attachment oscillators are based on the Coandă effect, where the
fluid jet interacts with an adjacent wall, which results in its deflection. The jet interaction devices
also named “feedback-free” devices are based on the interactions of two jets inside an interaction
chamber having a specific geometry [4]. Only a few industrial applications of fluidic oscillators
have emerged over the years, such as flow metering [5] and windshield washer devices [6], however,
with the development of microfluidics and its applications to laboratory-on-chip devices, a renewed
interest for fluidic devices appeared, and in particular for fluidic devices with no moving parts, such
as static micromixers [7] or fluidic diodes [8–10].

Most research work performed so far on microfluidic oscillators operating with liquids aims
either at the study of new types of static micromixers or at the implementation of fluidic logic
circuits. A small number of such fluidic oscillators have been described in the scientific literature,
and implement a variety of working principles.
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Notwithstanding active microfluidic oscillators have been studied [11], here we mainly focus
on passive oscillators, where a constant liquid flow is applied at the inlets and oscillations are
generated by the design of the microfluidic network. One of the most studied type of microfluidic
oscillators is based on the use of fluidic resistors, capacitors, and valves and uses the analogy
between the electrical and fluidic domains, where voltage is replaced by pressure and electrical
current is replaced by hydraulic volume flow. The microfluidic equivalent of electrical resistors are
channels, microfluidic capacitors are chambers with membranes that store the energy by membrane
deformation, and diodes and transistors equivalents are valves of diverse designs that can completely
shut off the flow in given conditions. Based on this electronic-fluidic analogy, a fluidic astable
multivibrator driven by a constant pressure flow was described by Lammerink et al. [12]. This
concept was further developed later, taking advantage of the versatility of the microfabrication
methods based on the use of polydimethylsiloxane (PDMS), an elastomeric material that renders
the fabrication of fluidic networks containing membranes very simple. Mosadegh et al. [13]
demonstrated a microfluidic oscillator and used it to perform flow switching and clocking functions.
Kim et al. fabricated a number of devices based on this type of microfluidic oscillator [14,15] such
as a micromixer [16] and an autonomous pulsed flow generation system capable of generating on
demand and independently a range of flow rates and a range of flow oscillation frequencies and
applied it in studying endothelial cell elongation response to fluidic flow patterns [17]. Devaraju
et al. also demonstrated a fluidic oscillator, among many other fluidic logic functions [18] and
Nguyen et al. performed peristaltic pumping on chip using a control signal generated on chip
through a fluidic oscillator circuit [19].

Xia et al. also developed a micromixer based on a vibrating elastomeric diaphragm trapped in
a two-level cavity. Here there is no need of a complex fluidic circuit as the deformation of the
diaphragm directly creates the oscillating liquid flow, but the wear of the elastomeric material
limited the use of this device [20]. Simpler microfluidic oscillators containing no moving parts, no
deformable membranes, and no complex fluidic circuit have also been studied by several authors.
These oscillators are based on jets interacting in a simple cavity and generating an oscillating
flow [21,22]. Yang et al. [23] demonstrated that feedback-driven microfluidic oscillators based
on the Coandă effect can generate an oscillatory liquid flow at small Reynolds numbers. Their
design used a micronozzle with a sudden expansion and asymmetric feedback channels and
measured oscillatory frequencies of the flow below 1 Hz for Reynolds numbers between 1 and
100. Similar oscillator designs were later studied experimentally by Xu et al. [24] to develop
feedback micromixers based on the Coandă effect. They demonstrated that there were three different
oscillating mechanisms that resulted in mixing in such structures, depending on the magnitude of
the Reynolds number: vortex mixing, internal recirculation mixing, and oscillation mixing. Xie
et al. [25] simulated the fluidic behavior of such devices using the Fluent CFD software.

Finally, Sun et al. [26,27] studied liquid mixing resulting from a microfluidic oscillator using
an impinging jet on a concave semicircular surface. This type of microfluidic oscillator is another
example of use of the Coandă effect. Oscillations were observed for Reynolds numbers as low as
70, with the frequency of oscillations below 1 Hz.

We present here a microfluidic oscillator that can be classified in the jet interaction device
category. It has a very simple configuration and its oscillations depend on the jet interactions more
than on the shape of the surrounding cavity. This device is based on facing impinging liquid jets
and operates in laminar flow conditions. Observations of flow patterns obtained with micromixers
having geometries similar to the ones presented in this paper but much larger dimensions were
performed by Tesař [28]; however, the manufacturing method of these devices limited their aspect
ratios and allowed to perform observations of only a limited part of the phenomenon. Impinging
self-oscillating jets have been described in the scientific literature by Denshchikov et al. [29] using
facing turbulent water jets, having dimensions in the centimeter range immersed in a 230-l water
tank. In a follow-up paper [30], the period of the auto-oscillating phenomenon was empirically
described by a set of equations. If the phenomena described in the present paper shows some
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similarities with the jet configuration presented in Refs. [29,30], then the jets dimensions are orders
of magnitude smaller and the flow conditions remain laminar [31].

II. MICROFLUIDIC DEVICES, FABRICATION, AND EXPERIMENT DESCRIPTION

The oscillator structures presented in the present paper were fabricated using conventional
microfabrication technologies in standard conditions. The fabrication process is very simple and
did not require any particular development. It is based on the use of the Bosch process to create
small components with a high aspect ratio, but various other microfabrication processes could have
been successfully used for fabricating such simple structures.

A 10-cm-diameter double-side polished silicon wafer was first bonded to a glass wafer by anodic
bonding (800 V, 420 ◦C). The silicon part will be patterned to form the fluidic network, while the
glass layer both supports these structures and will later allow observation using an inverted optical
microscope. When necessary, the thickness of the silicon wafer was reduced by grinding. The silicon
surface of the bonded wafers was then coated with a thick layer of positive photoresist (AZ9260,
10 μm) and patterned by direct writing (MLA150, Heidelberg Instruments). The patterned silicon
was etched using the Bosch process, until the glass layer is reached (Adixen AMS200, Alcatel Micro
Machining Systems). During this step, the full thickness of the silicon wafer is etched, as well as
part of the photoresist masking layer. The cavities created with the Bosch process will constitute
the microchannels, inlets, and outlets of the fluidic network. The remains of the photoresist mask
are finally striped using O2 plasma (10 min, 500 W) and the wafers are diced into chips. Each of
the fabricated chips is closed by a 5-mm-thick flat slab of PDMS in which inlet and outlet holes
are made using a 0.75-mm in diameter puncher. The PDMS cover is placed on top of the silicon
surface of the diced chips after submitted both components to an oxygen plasma, which results in
an adequate bonding of the two components.

A schematic diagram of the design of the fabricated components is presented in Fig. 1. The
liquid enters the device by two inlets and is pushed through long and narrow facing channels of
width w toward a wider transverse channel. The narrow entry channels, whose length are at least
2.3 mm each, act as two nozzles separated by a distance s to create two facing liquid jets when
they reach the larger lateral channel. Outlets are provided at both ends of the large channel, far from
the intersection. The outlet channel extends over the entire length of the manufactured chip and
the liquid exits the chip at a distance of 8 mm from the facing nozzles. Within this geometry, the
Reynolds number can be defined as:

Re = ρUw

μ
, (1)

FIG. 1. Three-dimensional sketch of a general oscillator structure.

054202-3



A. BERTSCH et al.

where ρ is the fluid density, μ is its dynamic viscosity, and U is the average velocity of the liquid
flow at the nozzles. In a certain range of Reynolds numbers, these colliding jets do self-oscillate
transversally into the two output channels. Away from the nozzles, the width of the output channels
quickly increases to a constant value L, in the most general case, but experiments have also been
performed with two simple intersecting straight channels (L = s). When an expansion of the outlet
channel is provided (L �= s) the full width of the outlet channel is reached at a distance of 0.75L
away from the nozzle, and the wall profile in this area is a circular arc, tangent to the outlet channel
wall and joining the nozzle. The height h of the walls is constant for the whole device.

The microfluidic devices were placed with their glass side facing down on the stage of an inverted
microscope. Fluidic connections were made through the PDMS top layer by inserting 0.79 mm in
outer diameter polyetheretherketone (PEEK) tubes of equal length in the inlet holes. Deionized
water colored with two different food dyes was pushed through the two inlet tubes using a syringe
pump (PHD2000, Harvard apparatus). The syringe pump accommodated two identical syringes that
were actuated simultaneously. The outlet holes on the PDMS cover were also fitted with PEEK
tubes of identical length, and the liquid flow coming out of them was discarded. With the syringe
pumps used, flow rates up to 20 ml/min could be obtained in each of the entry channels, depending
on the overall flow resistance of the studied microfluidic device. During experiments, the flow rates
were changed abruptly, without ramps. Experiments were carried out in which the flow rates were
first increased and later decreased, but no hysteresis in the evolution of the oscillation frequency
with Reynolds was observed. Observations were made using a 10× microscope objective in bright-
field conditions and recorded using a high-speed camera (Miro M 310, Phantom). The resolution,
frame rate, and gain of the camera was chosen for each experiment such that the frequency of the
microfluidic oscillators could be clearly observed and measured using a large number of frames.
As the microscope light source illuminates the complete microchannel height, the recorded light
intensity provides a depth-averaged concentration field.

To evaluate the effect of the length of the entry channel on the oscillator behavior and make sure
that the observed oscillations were not an artifact related to the inlet flow profile, multiple identical
oscillator cavities differing only in the lengths of the inlet channel were manufactured, with an inlet
channel varying between 0.45 mm and 8.35 mm in the length and an inlet width of 100 μm (a ratio
between 4.5 and 83.5, respectively). The evolution of the frequency with Re was measured in each
configuration and showed no difference from chip to chip, indicating that the oscillator behavior
is not influenced by the inlet channel length, at least in the geometries investigated in the present
paper. This justified conducting all other experiments with an inlet channel length of 2.3 mm.

III. EXPERIMENTAL RESULTS

A. Oscillations in simple straight channels and in channels with expansion

Figure 2 shows images extracted from high-speed videos, visualizing the water flow colored with
two food dyes in a structure made of straight channels crossing at right angle. Inlet channels are
w = 100 μm in width, the two nozzles are s = 800 μm apart, and outlet channels are L = 800 μm
in width. The height of all channels is h = 525 μm. There is no expansion of the output channels
in this design (s = L). For low values of the Reynolds number steady flow conditions are present
[Fig. 2(a)], the flow of both dyes is steady, and the boundary between fluids is stable with time. When
Re increases and reaches a value of about 20, the two flows start to oscillate in an antisymmetric way,
with both jets first bifurcating in opposite directions and later coming back toward one another until
they collide and switch sides. Figure 2(b) shows oscillations at Re = 23. They have a low frequency,
are very regular temporally and spread widely in the lateral output channels. For larger values of
Re, clear alternating arrow-shaped jets oscillating very regularly can be observed [Fig. 2(c)].

Their oscillating frequency increases with Re. When Re reaches a threshold value of about
Reirr = 90, the regularity is lost and the flow evolves into a complex, irregular, and aperiodic regime
[Fig. 2(d)]. Little mixing occurs between the liquid coming from each of the two jets, and each
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FIG. 2. Images of the oscillating flow observed for increasing values of the Reynolds number for h =
525 μm, w = 100 μm, s = 800 μm, L = 800 μm: (a) Re = 15, no oscillations; (b) Re = 23, F = 27 Hz,
slow oscillations; (c) Re = 31, F = 43 Hz, alternating jets; (d) Re = 95, jets do not cross regularly (see movie
S1 in the supplemental material [32]).

output channel contains mostly the liquid originating from one of the jets only. From time to time
oscillations of the jets do occur, but without following a regular temporal switching pattern.

Figure 3 illustrates the evolution of the flow with Re in a configuration that is exactly the same
as the one presented in Fig. 2, except for the exit channels that do present an expansion in their
width: The two nozzles are still 800 μm apart, but the width of the exit channel quickly increases
to L = 2 mm. For low values of Re, Stokes flow conditions are observed [Fig. 3(a)], with a steady
boundary between the flows emerging from each inlet. When Re increases, symmetric oscillations
still start to occur for a value of Re of about 20. Figure 3(b) shows oscillations observed for Re = 23.
When Re is further increased, the oscillation frequency also increases. Large oscillations having
dimensions similar to the distance between the jets are observed and result in a stretching and
folding of the liquid flows [Fig. 3(c)].

Regular oscillations of the two impinging jets were observed until Re = 630, where the
experiment was stopped as the used syringe pumps could not provide a larger flow rate. As shown in

FIG. 3. Images of the oscillating flow observed for different values of the Reynolds number for h =
525 μm, w = 100 μm, s = 800 μm, L = 2000 μm: (a) Re = 15, no oscillations; (b) Re = 23, F = 32 Hz
slow oscillations; (c) Re = 31, F = 53 Hz large oscillations resulting in a stretching and folding of the liquid
flows; (d) Re = 158, F = 362 Hz, fast oscillations with arrow-shaped jets, but resulting in an apparently less
efficient mixing of the two liquids (see movie S2 in the supplemental material [32]).
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FIG. 4. Evolution of the oscillation frequency with Re for the four channel designs presented in the insert,
showing the same configuration except for the output channels that do present different expansions in their
widths. For all designs, h = 380 μm, w = 100 μm, s = 800 μm. The larger the output channel, the larger the
range of Re for which oscillations are stable. The dotted line is drawn only to guide the eye. The red arrows
indicate the end of the stable oscillation regime for each value of the output channel width.

Fig. 3(d), high values of Re induce fast oscillations of the two liquid flows, with arrow-shaped jets,
but the oscillations lateral amplitude reduces. The stretching and folding of the fluid flow is of lesser
magnitude than in the case of Fig. 3(c), as most of the liquid issued from one nozzle is strongly
pushed toward the opposite side of the exit channel. The comparison of the oscillations resulting
from identical designs with and without expansion in the exit channel shows that the threshold at
which oscillations start in both cases, occurs for similar values of the Re number. The oscillation
frequency observed is slightly higher when an expansion channel is present. More importantly, the
impinging jets oscillate with high regularity for a much wider range of Reynolds numbers when an
expansion of the exit channel is provided.

Figure 4 shows the evolution of the oscillation frequency for four oscillator designs having the
same configuration (h = 380 μm, w = 100 μm, s = 800 μm) except that they present different
widths in their output channels, as schematically presented in the figure insert. In all cases, the value
of Re at the threshold for which oscillations start is the same, but the larger the output channel, the
larger the range of Re for which regular operation can be maintained, i.e., Reirr increases.

Moreover, the oscillation frequency at a given value of Re is slightly smaller for designs
presenting a smaller width in their output channel. If self-oscillations occur for low values of Re
in simple straight crossing channels of adequate dimensions, then providing an expansion in the
output channel allows to stabilize the oscillation mechanism and extends the oscillation regime over
a wider range of Re, with only a minor effect on the frequency of oscillations. The extension of
the oscillation regime between straight channels and channels presenting an expansion has been
observed in all cases, regardless of the height h of the oscillator structure.

B. Flow patterns created in the exit channels

Figure 5 shows the liquid flow close to the oscillator and further away laterally in one of the
two output channels for h = 525 μm, w = 100 μm, s = 400 μm, L = 2000 μm. For low values of
Re [Figs. 5(a) and 5(b)], the amplitude of the oscillations is limited and smaller than the distance
s separating the two inlets. As the liquid is pushed in the expanding part of the exit channels,
the pattern of the two fluids resulting from these oscillations is stretched along the channel width,
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FIG. 5. Images of the flow close to the oscillator [(a) and (c)] and further away laterally in one of the
two output channels [(b) and (d)] for h = 525 μm, w = 100 μm, s = 400 μm, L = 2000 μm: Panels (a) and
(b) correspond to Re = 35, F = 120 Hz, a temporal rearrangement of the fluid is observed. Panels (c) and
(d) correspond to Re = 47, F = 165 Hz, next to the oscillator a dead zone is visible where the fluid is stagnant.
Further away, this dead zone gradually disappears but the fluid flow remains segmented in two parts, each part
showing a temporal alternation of both inlet fluids, but not with equal ratios (see movie S3 in the supplemental
material [32]).

resulting in temporal alternations of the fluids coming from the inlets. This appears as regularly
spaced blue and red stripes of fluid in Figs. 5(a) and 5(b). When Re increases, the oscillations
become arrow-shaped jets of fluid, and the liquid issued from each nozzle is pushed toward the
opposite side of the channel [Fig. 5(c)]. Further away in the exit channels, the fluid flow is rearranged
but remains segmented in two parts because of the laminar flow conditions, each part showing a
temporal alternation of both fluids with, however, a unequal ratio with a prevalence in each branch
of one fluid with respect to the other but not with equal ratios [Fig. 5(d)]. If the temporal alternation
of the fluid observed for low values of Re provides conditions of interest for microscale fluid mixing,
it is not the case for the conditions created for larger values of Re, where the fluid flow remains
segmented and only a limited mixing of the two fluids is expected in each of its parts. We have not
further investigated the mixing efficiency from a quantitative point of view.

C. Evolution of the frequency with the oscillator geometry

The three main geometric parameters that may influence the self-oscillation phenomenon are the
width of the jets w, the distance between the jets s, and the height of the device h. Figure 6(a) shows
the evolution of the frequency with Re, for different values of the jets width, all other geometric
dimensions being identical across all devices (h = 525 μm, s = 500 μm, L = 2000 μm). For a
given value of the jets width, the oscillation frequency increases with Re, and at a chosen value of
Re, the oscillation frequency increases when the jet width decreases. The threshold at which the
oscillations appear is reached for smaller Re when the width of the jet is smaller. Colliding jets of
identical design, having a width of 300 μm were also tested but oscillations of the fluid flows could
not be observed. For the jets width of 150 and 200 μm, the range of Re where oscillations occur is
limited: In both cases the threshold where oscillations start is close to Re = 50, and the flow stops to
oscillate and gives way to a stable flow pattern similar to the one observed by Haward et al. [9] when
another threshold Re number is reached (in the order of Re = 250 for w = 200 μm and Re = 290
for w = 150 μm). For smaller values of the jets width, regular and symmetric oscillations of the two
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FIG. 6. Evolution of the self-oscillation frequency with Re, when geometric parameters are changed.
(a) The width of the jets is changed, all other geometric dimensions being constant (h = 525 μm, s = 500 μm,
L = 2000 μm). (b) The distance between of the jets is changed, all other geometric dimensions being constant
(h = 525 μm, w = 100 μm, L = 2000 μm). (c) The overall dimension of the oscillator is changed, with the
ratio s/w being constant. The height of the devices is h = 525 μm. (d) The height h of the devices is changed,
all other dimensions being equal (w = 100 μm, s = 800 μm, L = 2000 μm). The dotted lines are drawn only
to guide the eye.

impinging jets were observed until values of Re close to 600. Flow conditions for larger values of Re
could not be investigated as the syringe pumps used could not deliver larger flow rates. Oscillators
having jets width smaller than 50 μm were not manufactured in the frame of this experiment, but
other experiments we performed indicate that oscillations can be expected to occur for much smaller
values of the jets width.

Figure 6(b) shows the evolution of the frequency with Re, when the distance between the
jets changes, all other geometric dimension being identical across all devices (h = 525 μm, w =
100 μm, L = 2000 μm). For a chosen distance between the impinging jets, the oscillation frequency
increases with Re, and at a chosen value of Re, the oscillation frequency increases when the distance
between jets decreases. When the distance between the jets increases, the threshold at which the os-
cillations start, occurs for smaller values of Re. Oscillator geometries of identical design but having
a distance of only 200 μm between the jets were also tested, but oscillations could not be observed
with these devices. For a distance between the jets of 300 μm, stable oscillations occur only in a
limited range of Re, and stop when Re is larger than 250. When the distance between the jets is
2000 μm, which corresponds to the full width of the exit channel, stable oscillations where the im-
pinging jets alternate are also occurring in a limited range of Re. In this case, s = L, as it was the
case in the experiments presented in Figs. 2 and 4, and the reduced range of oscillation frequencies
observed is related to the absence of extension in the output channel as discussed previously.

Figure 6(c) shows the evolution of the oscillation frequency with Re, when the overall dimension
of the oscillator is changed, while keeping constant the ratio s/w. The height of all oscillators
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FIG. 7. The frequency multiplied by the spacing between the jets f · s versus the average speed of the jets,
U , for all the data presented in Fig. 6. The blue dotted line is a linear fit of all data.

studied here is 525 μm. For all oscillators measured, the threshold where oscillations started was
close to Re = 22, and oscillations could be observed when increasing Re, until the maximal flow
rate the syringe pumps could provide was reached. When the oscillators dimensions are smaller,
the frequency of the oscillations are higher for any given value of Re. Impinging jets having the
same ratio s/w but an inlet channel of only 10 μm in width were also fabricated. These were very
sensitive to the presence of dust particles in the water flows, but oscillations were observed when
using filtered dye solutions. An accurate value of the oscillation frequency could not be measured,
as the oscillations were very fast and a high-magnification microscope objective was used, which
strongly limited the amount of light available to image the phenomenon with the high-speed camera.

Figure 6(d) shows the evolution of the oscillation frequency with the height of the fabricated
structures. When performing measurements, oscillations were observed over a large range of Re for
all values of the height of the oscillators tested. However, for the oscillators of height smaller than
300 μm, the impinging jets showed irregular oscillations frequencies, in particular for values of Re
larger than 200. In this case, the jet oscillations superimposed with a large oscillation of the entire
exit channel that occurs at a much lower frequency than the jet oscillations.

Figure 7 shows the evolution of the parameter obtained by multiplying the frequency f and the
distance between the jets s versus the average velocity U of the liquid flow at the nozzles for all
measurements previously presented in Fig. 6. A linear dependence is observed, indicating the im-
portance of the spacing between the jets in the self-oscillation phenomenon. The linear fit of all data
points presented in this figure has a slope of 1/6, which is consistent with the measurements made by
Denshikov et al. on large scale facing jets in turbulent flow conditions (Denshikov presented an em-
pirical formula that translates to 1/ f = 6s/U , when using the notations of the present paper) [29].
Without pretending more, as a matter of fact, the Strouhal number pertaining to many self-sustained
oscillator flows (the wake of a cylinder for instance) is often found in the range 0.1–0.2.
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FIG. 8. Evolution of the fluid flow during one oscillation. Experimental dyes concentration fields obtained
for an oscillator of dimensions w = 100 μm, s = 2000 μm, L = 2000 μm, h = 525 μm. Images are taken at
regular time intervals (from left to right, top to bottom). (a) Re = 47, F = 23 Hz, the liquid jets collide and
switch sides at each oscillation. (b) Re = 79, F = 30 Hz, the jets do not switch sides but bounce against each
other regularly, each bounce resulting in a rotating flow motion in the center of the channel (see movie S4 in
the supplemental material [32]).

D. Second oscillation mode

In the case of oscillator geometries based on large straight output channels (such as the oscillator
of dimensions w = 100 μm, s = 2000 μm, L = 2000 μm, h = 525 μm), two oscillation modes
can be observed. The first oscillation mode [Fig. 8(a)] is similar to the oscillations presented
previously, the jets first bifurcate in opposite directions and later come back toward one another,
collide and switch sides. This first oscillation mode occurs for low values of the Reynolds number
(in the case of the oscillator presented in Fig. 8(a), for Re between 20 and 65). For large values of
the Reynolds number, a second mode of regular oscillations was observed [Fig. 8(b)], where the jets
do not switch sides but bounce against each other at regular time intervals, each bounce resulting in
a complex rotating flow motion at the center of the channel [in the case of the oscillator presented
in Fig. 8(b), this second mode is seen for Re between 65 and 160]. This second oscillation mode
has been observed for straight-channel oscillators where the ratio s/w is larger than 20, and seems
to become dominant for straight-channel oscillators with even larger s/w ratios.

IV. DIRECT NUMERICAL SIMULATIONS

A. Governing equations

The fluid motion inside the microfluidic oscillator domain, denoted by �, is governed by the
unsteady incompressible three-dimensional Navier-Stokes equations,

∇ · u = 0 on �, (2)
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FIG. 9. Fully developed velocity profile, having unitary mean velocity, in a rectangular microchannel,
imposed as boundary condition at the inlets. Nondimensional values of the x coordinate between −0.5 and 0.5
correspond to a 100 μm inlet channel width w, while values of the z coordinate between 0 to 5.25 corresponds
to a microfluidic oscillator of 525 μm in height h.

∂u
∂t

+ u · ∇u = ∇p + 1

Re
∇ · τ on �, (3)

where u = {ux, uy, uz}T is the velocity flow field, Re the Reynolds number, and τ = [∇u + ∇T u]
the viscous stress tensor. Equations (2)–(3) are made nondimensional by scaling lengths, velocity
components and time respectively with the inlet channel width w, the average fluid velocity at
the inlets U , and the convective time w/U , respectively. The Reynolds number is thus defined by
Eq. (1), while the pressure is scaled by ρU 2.

In addition to the fluid governing equations, we introduce a further advection-diffusion equation
fully decoupled from Eqs. (2)–(3) and describing the dynamics of a passive scalar, �,

∂�

∂t
+ u · ∇� = 1

Pe
��, (4)

(analogous to the temperature equation) which allows us to reproduce the two dyes injected during
the experiments. The Péclet number, Pe, appearing in Eq. (4) has been set to Pe = 100 in order
to ensure a good numerical stability and get a satisfactory flow visualization at the same time for
all the particular geometries and control parameters, i.e., Re, considered. The oscillator cavity is
assumed to be perfectly rigid, therefore a no-slip boundary condition for the velocity field, u|∂� = 0,
is enforced at the solid boundary domain, denoted by ∂�. At the outlets, a traction-free boundary
condition is imposed, tn = [−pI + 1

Re (∇u + ∇T u)], where I denotes the identity matrix; in general,
this boundary condition is used to model flow exits where details of the flow velocity and pressure
are not known a priori; it is an appropriate boundary condition here, where the exit flow is close
to be fully developed. At the inlets, the experimental constant flow rate is reproduced imposing the
typical velocity profile present in rectangular microchannels (see the analytical solution described
in Ref. [33]), shown in Fig. 9. The length of the inlets ducts is such that assumed to be long enough
for a fully developed flow is ensured.

Concerning the passive scalar equation, Dirichlet boundary conditions are imposed at the two
inlets (� = 0, 1) to reproduce the injection of dyes, while outflow conditions are set at the outlets;
no flux is allowed through the solid walls.

054202-11



A. BERTSCH et al.

FIG. 10. Domain’s subdivision in macro boxes labeled by circled numbers: In the presence of expansion
channel, the mesh is stretched and remapped according to the prescribed radius of curvature.

B. Numerical procedure for direct numerical simulations

The opens-source code NEK5000 [34] has been used to perform the direct numerical simulation
(DNS). The spatial discretization is based on the spectral element method. The three-dimensional
geometry is divided in seven macro boxes (as indicated in Fig. 10); each macro box is then
characterized by an imposed number of hexahedral elements, along the three Cartesian coordinates
x, y, and z, within which, the solution is represented in terms of Nth-order Lagrange polynomials
interpolants, based on tensor product arrays of Gauss-Lobatto-Legendre quadrature point in each
spectral element; the common algebraic PN/PN−2 scheme is implemented, with N fixed to 7 for
velocity and 5 for pressure. In all cases numerically examined, the overall length of the full oscillator
structure in the x direction, as well as the inlet ducts lengths in the y direction (boxes 3 and 5), are
kept constant and equal to 80w and 6w, respectively. The inlet channel lengths are fixed to 10w

(value in the range where experimental tests showed insensitivity of the oscillation frequency with
Re to the inlet channel length). All the others characteristic sizes are changed in accordance to
the definition of w, h, s, and L associated with the considered microfluidic oscillator geometry.
Macro boxes 2 and 6, originally rectangular, are stretched or not depending on whether or not the
expansion channel is present (s �= L or s = L). The domain is thus discretized with a structured
multiblock grid consisting of, depending on the geometry analyzed, 32 320 (if s = 8w) or 58 880
(if s = 20w) spectral elements. The time-integration is handled with the method Implicit/Explicit,
already implemented in NEK5000; the linear terms in Eqs. (2) and (3) are treated implicitly adopting
a third-order backward differentiation formula, whereas the advective nonlinear term in Eq. (3) is
estimated using a third-order explicit extrapolation formula. The semi-implicit scheme introduces
restriction on the time step [35], and therefore an adaptive time step is set to guarantee the
Courant-Friedrichs-Lewy constraint.

V. COMPARISON BETWEEN EXPERIMENTS AND DNS

A. Dyes and concentration fields

Figures 11, 12, and 13 show the evolution of the dyes concentration field during one oscillation,
with each figure corresponding to the case of an oscillator of specific geometry and a given flow
condition. Figure 11 refers to an oscillator geometry made of a simple straight channel without
expansion, similar to the one described in Fig. 2 (w = 100 μm, s = 800 μm, L = 800 μm, h =
525 μm, and Re = 60).

Figure 12 shows an oscillator with an expansion in the output channel, similarly to the
one presented in Fig. 3 (oscillator dimensions are w = 100 μm, s = 800 μm, L = 2000 μm,
h = 525 μm and Re = 60). Figure 13 corresponds to an oscillator geometry made of a simple
straight channel having a large output width (oscillator dimensions are w = 100 μm, s = 2000 μm,
L = 2000 μm, h = 525 μm and Re = 50). In all three figures, images are taken at regular time
intervals during one oscillation and we compare the measured and simulated concentration fields.
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FIG. 11. Evolution of the fluid flow with time during one oscillation. Comparison of experimental and
simulated dye concentration fields in the case of an oscillator of dimensions w = 100 μm, s = 800 μm, L =
800 μm, h = 525 μm at Re = 60. The images are taken at regular time intervals (from top to bottom, left to
right) (see movie S5 in the supplemental material [32]).

The images obtained experimentally show a depth-averaged concentration, as they integrate the
light passing through the full height of the microchannels, whereas in the case of the simulation, the
images show the concentration field in the x-y plane of median height (212.5 μm from the bottom of
the microchannel). All simulations have been run starting from zero initial conditions. In all cases,
there is a good agreement between the experimental and simulated dyes concentration fields, with
the main flow features being similar for each chosen time step. The smaller features differ, however,

FIG. 12. Comparison of experimental and simulated dye concentration fields in the case of an oscillator
of dimensions w = 100 μm, s = 800 μm, L = 2000 μm, h = 525 μm at Re = 60. The images are taken at
regular time intervals (from top to bottom, left to right) (see movie S6 in the supplemental material [32]).
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FIG. 13. Comparison of experimental and simulated dye concentration fields in the case of an oscillator
of dimensions w = 100 μm, s = 2000 μm, L = 2000 μm, h = 525 μm at Re = 50. The images are taken at
regular time intervals (from top to bottom, left to right) (see movie S7 in the supplemental material [32]).

between experiments and simulations, which may be related to the fact that the experimental
images result from the integration of the light crossing the full height of the microstructure or to
a nonoptimal calibration of the Péclet number in the simulation.

B. Nondimensional frequency

In addition to the dyes concentration fields, simulations also provide the nondimensional
frequency of the self-oscillation phenomenon at the chosen value of the Reynolds number, expressed
by the Strouhal number St = f w

U . Figures 14(a)–14(c) compare the experimental and simulated
values of St , in the case of the three oscillator geometries presented in Figs. 11, 12, and 13,

FIG. 14. Experimental and numerical nondimensional oscillation frequency expressed by the Strouhal
number St = f w

U versus the Reynolds number Re. Panels (a), (b), and (c) correspond to Fig. 11, Fig. 12, and
Fig. 13, respectively.
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FIG. 15. (a) Simulated dye concentration and (b) pressure fields (slice x-y at z = 2.625), showing the jet
interaction with the walls occurring in the case of oscillators having straight output channels (w = 100 μm, s =
L = 800 μm, h = 525 μm at Re = 60). The maximum pressure is always encountered at the domain’s center,
where the two jets face each other. Nevertheless, in (b) we observe two regions of high pressure (highlighted
in dashed black lines) occurring when the jets interact with the solid walls and whose intensity increases as Re
in increased.

respectively. The DNS slightly overestimates the value of the oscillation frequency in all cases;
however, the results of simulation are generally close to the measurements. This little overestimation
can be partially attributed to the numerical inlet velocity profile, which may not exactly represent
the experimental profile. In the case of the oscillator with straight output channels [Fig. 14(a)], a
deviation between simulations and experiments can be seen at large values of Re. This is close
to the conditions described in Fig. 2, where the jets stop to alternate regularly and which we
linked to the absence of the expansion in the output channel. In such conditions, the liquid jets
strongly interact with the walls, as the simulated pressure field shows in Fig. 15. This jet-wall
interaction increases with increasing values of Re, and at some point, interferes with the increase
of the self-oscillation frequency, inducing the stop of the alternating motion of the jets observed
experimentally. Apparently, the DNS correctly predicts the interaction of the jets with the walls,
but the ideal conditions described by the simulation do not correctly account for the change of
frequency occurring experimentally close to this change of flow regime, probably induced by the
small imperfections of the manufactured components and of the dust particles present in the liquid
flows. Note that this interaction of the jets with the walls does not occur in the case of oscillator
geometries presenting an expansion in the output channel, as the jets motion follows the wall
curvature. This could explains the much wider range of stable oscillations, [Rec, Reirr], observed
experimentally for such oscillator geometries.

VI. VELOCITY FIELD DESCRIPTION

In Sec. V we provided several comparison between experimental results and numerical simu-
lations in terms dyes concentrations fields and oscillation frequency, showing a good agreement,
which allows us to reasonably use the numerical results in order to investigate the various velocity
fields more in depth.

A. Steady configuration

As mentioned, all the simulations were started from zero initial conditions, with the inlet velocity
profile of Fig. 9 constantly enforced at the two inlets. After a first transient required for the flow to
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FIG. 16. (a) Dyes concentration and [(b), (c), (d), and (e)] stationary velocity field numerically observed
before the self-sustained oscillation start in the case of the microfluidic oscillator of Fig. 11, w = 100 μm,
s = 800 μm, L = 800 μm, h = 525 μm, at Re = 32. (b) Filled 2D contour plot for ux and black arrow for
the in-plane velocity vector, {ux, uy}. (c) Filled 2D contour plot for uz and black arrow for the in-plane
velocity vector, {ux, uz}. (d) Filled 2D contour plot of the out of plane velocity ux and black arrow for the
in-plane velocity vector, {uy, uz}. Slices size are not to scale. Arrows provides a qualitative representation only.
(e) Filled 2D contour plot for uy and black arrow for the in-plane velocity vector, {uy, uz}. Slice represented in
(b), (c), and (e) correspond to the three main plane of symmetry (indicated in figure).

invade the whole cavity domain, a stationary configuration first manifests itself. This steady flow is
always observed. If the Reynolds number is higher than the instability threshold, then it is observed
for a certain time interval, after which the self-sustained oscillations start with the periodic flow
configuration discussed in the previous sections. On the contrary, if Re is set below this threshold,
then the flow remains stationary indefinitely.

This stationary configuration is shown in Fig. 16 for the microfluidic oscillator based on straight
output channels (w = 100 μm, s = 800 μm, L = 800 μm, h = 525 μm at Re = 32).

From Fig. 16(b) we observe two large recirculation regions close to the channel inlets and
resulting from the presence of walls, where a no-slip boundary conditions is enforced. The three-
dimensional shape of these recirculation regions can be clearly seen in Fig. 16(d). Heading toward
the channel outlets, the flow approaches a fully developed flow having substantially null uy and uz

velocity components. From Figs. 16(c) and 16(d) we also note two regions of vortical motion in
the collision region of the jets; this is due to the constant pressure that the two jets exert against
each other; indeed, the pressure field (not represented in Fig. 16) is characterized by a high pressure
region spatially located where the jets collide. As the jets face each other, the fluid tends to escape
in all directions, thus part of the fluid escaping along the z direction meets the lateral solid walls at
z = 0 and z = h, which push back the fluid, leading to this vortical motion.

Figure 17is the equivalent of Fig. 16, but in the case of the oscillator with an expansion in the
output channel (w = 100 μm, s = 800 μm, L = 2000 μm, h = 525 μm and at Re = 30).

This configuration is similar to the one presented in Fig. 16 with respect to the value of Re
and the spacing s. Now the presence of an expansion region in the output channel leads to the
formation of two much more elongated recirculation regions along the x direction, which follow the
curvature of the cavity [Fig. 17(b)]. Because of the cavity’s curvature, the vertical velocity within
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FIG. 17. (a) Dyes concentration and [(b), (c), (d), and (e)] stationary velocity field numerically observed
before the self-sustained oscillation start in the case of the microfluidic oscillator of Fig. 12, w = 100 μm,
s = 800 μm, L = 2000 μm, h = 525 μm at Re = 30. (b) Filled 2D contour plot for ux and black arrow for the
in-plane velocity vector, {ux, uy}. (c) Filled 2D contour plot of the out of plane velocity ux and black arrow for
the in-plane velocity vector, {uy, uz}. Slices size are not to scale. Arrow provides a qualitative representation
only.

these recirculation regions is larger when compared to Fig. 16(b). Planes x-z at y = 0 for uz and y-z
at x = 0 for uy are not shown here since they are qualitatively and quantitatively close to those of
Fig. 16.

B. Self-oscillating configuration

When the Reynolds number is increased above the instability threshold, i.e., Re > 23 for the
microfluidic oscillator of Fig. 16, the two jets start to oscillate regularly for a wide range of Re.
As already mentioned in Sec. III, the jets regularly collide against each other and switch sides in
a periodic motion. At each collision, a pair of three-dimensional vortices is emitted and advected
toward the channel outlets, as can be observed in Figs. 18(b) and 18(c).

The two stable vortical regions represented in Fig. 16 and Fig. 17 are now alternately pushed up
and down due to the continuous switch of side of the oscillating jets, as show in Fig. 18(b) and 18(d).
A qualitatively similar flow evolution in time is recognized for the microfluidic oscillator with the
expansion channel, meaning the physical mechanism which breaks the symmetry of the stationary
configuration and leads to the unsteady periodic motion is the same, while the expansion channel
only contributes to stabilize the regular oscillations up to a much higher Re.

C. Perturbation fields

As mentioned in Sec. VI A, the steady configuration, which is linearly stable for Re < Rec, is
transiently observed even for Re > Rec, before the amplitude of the oscillating perturbation, which
grows exponentially, becomes large enough for the self-sustained oscillations to settle into a limit
cycle. In the spirit of the linear global stability analysis, the total velocity and pressure fields in the
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FIG. 18. Snapshot of (a) dyes concentration and [(b), (c), (d), and (e)] unsteady velocity field numerically
observed once the self-sustained oscillations reached the limit cycle in the case of the microfluidic oscillator
of Fig. 11, w = 100 μm, s = 800 μm, L = 800 μm, h = 525 μm at Re = 60. b) Filled 2D contour plot for
ux and black arrow for the in-plane velocity vector, {ux, uy}. (c) Filled 2D contour plot for uz and black arrow
for the in-plane velocity vector, {ux, uz}. (d) Filled 2D contour plot of the out of plane velocity ux and black
arrow for the in-plane velocity vector, {uy, uz}. (e) Filled 2D contour plot for uy and black arrow for the in-plane
velocity vector, {uy, uz}. Slice represented in (b), (c), and (e) correspond to the three main plane of symmetry
(indicated in figure). Slices size are not to scale. Arrows provides a qualitative representation only.

vicinity of the threshold can be decomposed as the sum of a steady base flow and a time-dependent
perturbation field:

u(x, y, z, t ) = ub f (x, y, z) + up(x, y, z, t ), (5)

p(x, y, z, t ) = pb f (x, y, z) + pp(x, y, z, t ). (6)

The total velocity field, u, and pressure field, p, extracted from the DNS can thus be used
to separate the corresponding perturbation fields, up and pp, from the base-flow fields, ub f and
pb f , and highlight where the origin of the regular oscillations is located. Let us consider, i.e.,
the microfluidic geometry of Figs. 16 and 18. A series of numerical simulations, starting from
zero initial conditions, were performed in the range Re = 18–25 (the threshold, Rec, for the case
here considered is approximatively 23). Figures 19(a) and 19(b) show the value of the of the
x- an y-velocity components at the coordinate (x, y, z) = (3, 0, 2.625). Since the oscillating flow
configuration breaks the antisymmetry of the y-velocity component with respect to the x-z plane
in y = 0, the y-component is then monitored [see Fig. 19(b)] in time to establish at which Re and
time-instant the oscillations start to be visible.

As shown in Fig. 19(b), the flow does not exhibit any oscillations below Rec, where only the
linearly stable base flow is observed. For Re = 25 > Rec, oscillations start to grow from zero with a
very small growth rate, given the vicinity to the marginal stability. In such conditions, the stationary
base-flow velocity and pressure fields, ub f and pb f , can be identified where the perturbation is still
very small, i.e., at t = 400, where the order of magnitude of the perturbation is lower than 10−10.
Subtracting this base flow from the total flow, i.e., at t = 1375 in Fig. 19, allows to isolate the
growing perturbation, as presented in Fig. 20 .
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FIG. 19. (a) Horizontal, ux , and (b) vertical, uy, velocity components at (x, y, z) = (3, 0, 2.625). The plane
x-y at z = h/2 is a plane of antisymmetry for the perpendicular velocity component, uz|z=h/2 = 0. (b) The
antisymmetry of uy with respect to the plane x-z at y = 0 is broken for Re = 25, which is slightly higher than
the threshold value, Rec ≈ 23. Note that the resulting Strouhal number agrees well with the experimental one
presented in Fig. 14(a), even if the limit cycle has not been reached yet.

The analysis of the perturbation velocity fields allows to locate the origin of the oscillations in the
central region, where the jets collide and curve toward the output channels. Well defined counter-
rotating vortical structures, whose extension in the z direction cover the entire channel height h and
which are separated by a wavelength λ suggesting a correlation with the distance separating the
inlets, s, are generated and advected downstream (left and right) by the base flow [see Figs. 20(a)

FIG. 20. [(a) and (b)] Filled contours of the x and y perturbation velocity components extracted for t =
1375 in Fig. 19(b) for the microfluidic oscillator with w = 100 μm, s = 800 μm, L = 800 μm, h = 525 μm at
Re = 25. The black arrows represent the orientation of the in-plane velocity vector, {ux, uy}. (c) Filled contours
for uz in the x-z slice at y = 0. Slices size are not to scale. Arrows provides a qualitative representation only.
(d) Filled contours of the out of plane velocity ux and black arrows for the in-plane velocity vector {uy, uz} in
the y-z slice at x = 0.
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and 20(b)]. The z-velocity component is significantly smaller than the other two components in the
central region and negligible in the rest of the domain, as shown in Figs. 20(c) and 20(d).

D. Discussion

Despite the insight brought by the numerical simulations to visualize the total velocity and
pressure fields, and the perturbation fields, no physical mechanism could be precisely identified,
from which these self-sustained oscillations would originate. Several plausible candidates can be
tentatively identified. Hyperbolic stagnation points and lines are well known to be unstable [36,37],
although they often lead to static bifurcations [10]. The existence of recirculation regions is quite
similar to sudden expansion flows which are also known to become statically unstable [38]. But
these recirculation regions also form an intense shear layer, which could possibly become the source
of a Kelvin-Helmholtz instability. Indeed, the structure of the perturbation velocity field in the left
and right channels shown in Fig. 20 is typical of sinuous shear instabilities. In order to translate into
a global instability, this shear layer instability would either need to be of absolute nature, possibly
because of the presence of near-by walls, known to enhance absolute instability in confined shear
flows [39–42]. Even if this shear layer instability were to be convective, other feedback mechanisms,
as the ones investigated in Villermaux [43,44] could also ensure the global, self-sustained nature
of the observed oscillations. In order to get further insight, an exhaustive stability analysis of the
present flow needs to be conducted, which could locate the wavemaker region and clearly indentify
the governing instability mechanisms at stake.

VII. COMMENTS AND CONCLUSIONS

Pulsatile liquid flows showing a self-oscillation behavior were studied at the microscale.
Experimentally, oscillating water jets were generated in microfabricated silicon cavities, from steady
and equal inlet flows and without external stimuli. They were colored imaged using a microscope
and a high-speed camera. The oscillators we described here can be categorized as based on jet
interactions: Two facing jets first bifurcate in opposite directions and later come back toward one
another, collide and switch sides, with a very regular temporal periodicity.

Direct numerical simulations were performed to solve the unsteady incompressible three-
dimensional Navier-Stokes equations in the studied geometries, using a spectral element method.
The Nek5000 was used to perform the simulation. Experiments and simulations show a good
agreement for all studied oscillators, for both the dye concentration fields and the nondimensional
oscillation frequency.

The self-oscillation phenomenon starts at a threshold, in terms of Reynolds number, that depends
on the geometrical parameters of the oscillator cavity. Threshold values close to Re = 20 were
observed for many of the studied geometries.

When the oscillator is based on simple straight crossing channels, the self-oscillation phe-
nomenon can be observed for a limited range of values of the Reynolds number, since when Re
exceeds a second threshold Reirr, the flows stop to switch sides regularly and periodicity is lost. The
corresponding simulated pressure field evolution shows that the jets strongly interact with the output
channel walls in this case, which induces this change of flow regime. When the output channel is
no longer a simple straight channel but is supplemented by an expansion, this interaction with the
walls is no longer occurring, as the jets motion follows the wall curvature. This leads to a much
wider range of stable oscillations. Experimentally, the impinging jets were observed to switch sides
regularly until the pumps used could not deliver higher flow rates and stalled (for Re = 630).

The evolution of the self-oscillation frequency was studied when the main geometric parameters
of the oscillator cavity were changed. A linear dependence between the average flow velocity and
the parameter obtained by multiplying the oscillation frequency and the distance between the jets
was observed, which underlines the importance of the distance separating the jets and the jet velocity
in the oscillation phenomenon.
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The simulated velocity fields for the various studied oscillator cavities provide additional
information on the flow behavior, showing how vortices evolve in the flow at the onset of self-
oscillations.

Finally, the oscillator cavities we studied can also be classified as “static mixers” as they
provide a rearrangement of the inlet flows without moving parts or external stimuli. For values
of Re close to the onset of the self-oscillation phenomenon, a regular temporal rearrangement of
the inlet flows was observed in the output channels, but for larger values of Re, the fluid flow in the
output channel remains segmented, with only limited mixing. The studied microdevices cannot
consequently be considered for efficient mixing at the microscale, however cavities of adapted
geometry can certainly be devised to take advantage of the self-oscillating phenomenon for the
creation of efficient micromixers, these will additionally show a relatively low power dissipation as
the output channels are of large dimensions compared to the input channels.

As a next step, a thorough linear stability analysis should enable the identification of the
governing destabilization mechanism, and determine if this self-sustained oscillation results from
the instability of the hyperbolic stagnation line, from the symmetry breaking of the recirculation
regions or from the intense shear layers. Additionally, a subsequent weakly nonlinear analysis,
which we could not explore numerically in this work, so as to maintain a reasonable computational
cost, could confirm the supercritical nature of the bifurcation.

Last, since flows in cross-slot geometries are typically known to show hysteretic behavior
for certain combinations of the characteristic geometrical parameters [45], a weakly nonlinear
analysis could also allow to numerically perform a parametric analysis and investigate possible
interactions of the self-sustained regime with eventual nonoscillating symmetry breaking conditions,
in particular when the gap separating the two facing inlets, s, and the height, h, approach the inlet
width, w.
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