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Abstract We present a geometrically scalable active

micro-mixer suitable for biomedical and bioengineering

applications and potentially assimilable in a Lab-on-

Chip. Our micro-mixer is able to process volumes of

fluid in the range of 10−6 ÷ 10−9 liters; its actuation

system induces fast mixing; its constructive simplicity

facilitates its realizability, assimilability and reusabil-

ity; it is geometrically scalable and, therefore, assimil-

able to microfluidic systems of different dimensions. We

characterize the mixing performance of our micro-mixer

in terms of Reynolds, Strouhal and Péclet numbers in

order to establish a practical range of operating condi-

tions for our micro-mixer. Finally, we demonstrate the

geometrical scalability of our micro-mixer.

Keywords · Microfluidic Mixing · Active Micro-

mixer · Scalable Micro-mixer

1 Introduction

One of the main targets of microfluidics is to assem-

ble all functions of a laboratory for chemical/biological

analysis on a platform of a few square centimeters in

size, in order to create a so called Lab-on-Chip (LoC)
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[1]. Intrinsic characteristics of microfluidics such as ma-

nipulating small volumes (10−6 ÷ 10−9 liters) of fluids,

producing high speed reactions while requiring low en-

ergy consumption, easy transportability and low costs

(when compared to the costs of the currently available

analysis stations) are attractive benefits for the devel-

opment and realization of LoC systems. However, the

creation of LoC devices for practical applications cur-

rently encounters the difficult problem of assimilating

large number of microfluidic components over a single,

fully automated platform, easily usable [2]. This prob-

lem has not been overcome as yet, and, at the moment,

most of the microfluidic systems, successfully tested in

laboratories, are chip-in-a-lab, instead of lab-on-a-chip,

and have only limited functionality [3].

Micro-mixers are essential components of LoC sys-

tems because mixing is a fundamental process in many

chemical and biological microfluidic applications. Chem-

ical applications include crystallization [4], extraction

[5], polymerization [6] and organic synthesis [7–9], to

name a few, while biological applications include en-

zyme assays [10], biological screening, such as selective

sorting of biomolecules [11–13] or cells [14], bioanalyti-

cal processes, such as cell separation [15], cell lysis [16,

17], DNA analysis [18] and µTAS [19], and protein fold-

ing [20,21], to name a few. Therefore, it is extremely

useful to design and test compact, efficient, fast, geo-

metrically scalable and easily assemblable micro-mixers,

which is the goal of the present article.

Micro-mixers are generally classified in two main

categories: passive or active [22]. In general, passive

micro-mixers rely entirely on molecular diffusion to in-

duce mixing in long thin channels or networks of chan-

nels, whose geometry is specifically designed to increase

the surface of the interface separating the fluids to be

mixed. To reduce the dimensions of passive micro-mixers,
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different designs have been proposed in literature, for

example serpentines [23], spirals [24] and split and re-

combination micro-mixers [25]. To accelerate the mix-

ing process, new types of passive micro-mixers able to

generate chaotic advection [26] have been proposed by

several authors: Johnson et al. (2002) [27], Stroock et al.

(2002) [28], Ottino and Wiggins (2004) [29], Kim et al.

(2004) [30], Garofalo et al. [31]. to name a few. On the

other hand, active micro-mixers, in general, substan-

tially enhance mixing by actively promoting stretching

and folding of the mixture through the action of appro-

priate actuators that intelligently modify the time evo-

lution of the hydrodynamic field. Active micro-mixers

can be classified in accord to the type of external field

induced/leveraged by the actuators: pressure [32], tem-

perature [34], electrohydrodynamic [35], dielectrophoretic

[36], electrokinetic [37], magnetohydrodinamic [38] and

acoustic [39], to name a few. Thanks to their simple

design and easy assimilability in microfluidic systems,

passive micro-mixers have been often preferred over the

more sophisticated active micro-mixers. However, the

latter are more compact and have a substantially bet-

ter mixing performance.

This article presents a geometrically scalable ac-

tive micro-mixer suitable for a wide range of biomedi-

cal/bioengineering applications and potentially assimil-

able in a LoC. Our goal is to design a micro-mixer, hav-

ing a simple geometry and robust performance, able to

induce fast mixing over a wide range of operating con-

ditions. In other words, our goal is to design a work-

horse micro-mixer, robust and reliable, that could be

further optimized to meet the requirements of different

biomedical/bioengineering applications. We conceived

our micro-mixer with the intent of satisfying the fol-

lowing constraints: small dimensions, because the de-

vice must be able to process volumes of fluid in the

range of 10−6÷ 10−9 liters; high mixing speed, because

mixing should be obtained in the shortest possible time;

constructive simplicity, to facilitate realizability, assim-

ilability and reusability of the micro-mixer; and geo-

metrical scalability, because the micro-mixer should be

assimilable to microfluidic systems of different dimen-

sions. Note that we are not specifying any quantitative

design requirement for the mixing time because it de-

pends on a combination of the size of the micro-mixer,

the frequency of forcing and the properties of the fluids

to be mixed and, therefore, the mixing time changes

with the geometric dimensions of the micro-mixer. Our

target is to achieve complete mixing in the shortest time

by keeping the geometry as compact as possible and the

actuation system as efficient as possible.

In conceiving our active micro-mixer, we focused on

two crucial aspects: the geometry of the device and the

actuation system. The former is important for the prac-

tical realizability and assemblability of the device, and

the latter, in particular, should be designed to favor

the implementability of the device in a LoC. The ge-

ometry of our micro-mixer takes inspiration from the

work of Cubaud and Mason (2009) [40], who realized

a diverging-converging micro-channel to study experi-

mentally the interactions between two liquids having a

very high (up to 500 times) viscosity differential. The

authors showed that this geometry favors the onset of

surface tension instabilities at the interface between the

two fluids inducing their mixing. In our case, however,

we are targeting biomedical applications where the two

fluids to be mixed have similar properties, close to the

properties of water, i.e. aqueous solutions. For these

types of fluids, the geometrical/operational configura-

tion proposed by Cubaud and Mason (2009) [40] does

not favor mixing, as it will be shown later, because no

instabilities can be induced. Therefore, we modified and

transformed the passive mixer proposed by Cubaud and

Mason (2009) [40] into an active mixer by forcing har-

monically in time the flow in the lateral channels [32,

41–43], see figure 1.

Fluid flows in microfluidic devices are, in general,

strictly laminar and, therefore, dominated by viscous

effects. Mixing in laminar regimes is hard to achieve

and efforts have been made over the years to overcome

this difficulty. The study of laminar mixing began with

the pioneering work by Aref (1984) [26], who introduced

the concept of chaotic advection, and stimulated nu-

merous studies on laminar mixing, for example Ottino

1989 [44]; Aref & El Naschie 1995 [45]; Alvarez et al.

1998 [46]; Zalc & Muzzio 1999 [47]; Aref 2002 [48]; Sza-

lai et al. 2003 [49]; Gleeson 2005 [50]; Gouillart, Thif-

feault & Finn 2006 [51]; Phelps & Tucker 2006 [52];

Sturman, Ottino & Wiggins 2006 [53]; Vikhansky &

Cox 2007 [54], Cortelezzi & Mezić [55], to name a few.

It has been shown that the quality of mixing strongly

depends on two main factors: the geometry of the ini-

tial concentration field (e.g., [56]) and, for a given actu-

ation system, the time sequence of the actuations used

to stir the mixture (e.g., [57]). Note that a given ac-

tuation strategy will perform differently depending on

the initial geometry of the concentration field. More im-

portantly, with a poorly chosen actuation system, fluid

homogenization can be achieved mainly by molecular

diffusion.

Glasgow and Aubry (2003) [32] investigated mixing

enhancement in a T-shaped micro-channel where the

flow in one or both inlets (located at the tip of the arms

of the T) was forced periodically. They showed that the

best mixing performance was achieved by pulsing, out-

of-phase in time, the flows at both inlets. Subsequently,
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Glasgow, Lieber and Aubry (2004) [33], characterized,

for the same T-shaped micro-mixer, the dependency

of the mixing performance on some dimensionless pa-

rameters (e.g., Strouhal number). They showed that

higher Strouhal numbers (ratio of the flow character-

istic time to the period of pulsation) and pulsed vol-

ume ratios (ratio of the volume of fluid pulsed to the

volume of inlet/outlet intersection) led to better mix-

ing. Muller et al. (2004) [41] proposed an evolutionary

optimization of an active micro-mixer composed by a

main channel orthogonally intersected by three pairs of

secondary channels. The fluids to be mixed are both

injected through the main channel, while through the

secondary channels are applied oscillating zero-mean

flow rates, with specific frequencies and phase shifts,

in order to perturb intelligently the flow in the main

channel and promote mixing. The authors showed that

mixing was substantially enhanced when forcing of in-

creasing frequencies was applied through the three pairs

of transverse channels. Sun and Sie (2010) [43] consid-

ered a micro-mixer composed by a T-shaped entrance

channel, a diverging section, and a wide exit channel.

At the two inlets (located at the tip of the arms of the

T) were applied periodic pressure fields and the geom-

etry of the diverging section was modified by changing

its half-angle. The mixing performance was character-

ized in terms of the half-angle of the diverging section

and the phase difference between the actuating pres-

sure fields. The authors showed that an appropriate

diverging micro-channel greatly improves mixing, com-

pared to a straight micro-channel, because, on the one

hand, it favors stretching and folding of the lamellae

generated by the pulsating pressure fields, while, on the

other hand, it decelerates the flow allowing more time to

molecular diffusion to further homogenize the mixture.

In this study we combine some of the above ideas with

some of the ideas and results on mixing optimization

presented by Gubanov and Cortelezzi [58,59].

Figure 1 shows the geometry of our micro-mixer.

The two fluids to be mixed are injected through the

three micro-channels on the left. In the central micro-

channel is injected a medication (e.g., dopamine, stron-

tium ranelate, etc.) at a constant flow rate, while through

the lateral micro-channels is injected the carrier, or par-

enteral, solution (e.g., distilled water) at time-dependent

out-of-phase flow rates. The streams of medication and

carrier solution merge and interact at entrance of the

mixing micro-chamber creating a sequence of lamellae

of opposite concentration. The circular mixing cham-

ber acts as a diffuser, it decelerates the flow and favors

the stretching of the lamellae, while the cylindrical ob-

stacle splits the incoming flow and enhance folding of

the lamellae. Finally, the mixture outflows through the
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Fig. 1 Geometry of the scalable active micro-mixer.

exit micro-channel on the right favoring further stretch-

ing of the lamellae. Note that there is little hope to

study analytically the performance of our micro-mixer

because of its geometry, although simple is still too com-

plex, and its active actuation system. To the best of our

knowledge, only passive, linear micro-mixers with very

simple geometries, typically, T and Y shaped micro-

mixers have been analyzed analytically and/or experi-

mentally, see, for example, Ismagilov et al. (2000) [60]

and Nguyen & Wu (2005) [22]. Therefore, we decided

to adopt a Computational Fluid Dynamics (CFD) ap-

proach to design an active, scalable micro-mixer and

characterize its mixing performance.

This article characterizes numerically the mixing
performance of our micro-mixer (see figure 1) in terms

of Reynolds, Strouhal and Péclet numbers in order to

establish a practical range of operating conditions for

our micro-mixer. It shows that our micro-mixer sat-

isfies the design and operational requirements we dis-

cussed above. Its geometry is extremely simple involv-

ing four micro-channels (three inlets and one outlet) of

the same size, a cylindrical mixing chamber and a cylin-

drical obstacle, all elements that can be easily micro-

manufactured. Its constructive simplicity facilitates its

realizability, assimilability and reusability. The actuat-

ing system needed to create the oscillatory flows in the

lateral micro-channels can be implemented by using,

depending on the geometric dimensions of the micro-

mixer and the frequency of forcing, programmable sy-

ringe pumps or pressure-based flow controllers or piezo-

electric micro-pumps. Being active our micro-mixer is

more compact than the passive ones and induces mixing

at a faster rate than passive micro-mixers. Furthermore,

our micro-mixer is geometrically scalable and, there-
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fore, able to process volumes of fluids in the range of

10−6 ÷ 10−9 liters and it is assimilable to LoC systems

of different dimensions.

This article is organized as follows: In section 2, we

present the mathematical formulation and provide de-

tails about the numerical simulation of the flow within

the micro-mixer. In section 3, we present and discuss

the results of our two- and three-dimensional simula-

tions in terms of Reynolds, Strouhal and Péclet num-

bers. Furthermore, we discuss the geometrical scalabil-

ity of our device. In section 4, we summarize our study

and present our conclusions.

2 Mathematical modeling and numerical

simulation

Figure 1 shows the geometry of our micro-mixer. The

two fluids to be mixed are injected through three iden-

tical micro-channels having a square section of side l.

Through the central micro-channel is injected the medi-

cation/pharmacological fluid (e.g., dopamine, strontium

ranelate, etc.) at constant flow rate QM , while through

the two lateral micro-channels (which are oriented at

an angle α with respect to the central micro-channel)

is injected the carrier solution (e.g., distilled water) by

superposing a mean flow rate QC = QM/2 to a har-

monically oscillating flow rate QO. Note that the flows

in the two lateral micro-channels oscillate in opposition

of phase. The steady flow through the central micro-

channel merges with the time-dependent flows incom-

ing from the lateral micro-channels. As these streams

enter a cylindrical mixing micro-chamber of radius R,

through an opening of width W , they interact and cre-

ate a sequence of thin lamellae of opposite concentra-

tion. The circular mixing micro-chamber acts as a dif-

fuser, it decelerates the flow and favors the stretching of

the lamellae. A cylindrical obstacle of radius r, centered

at a distance d from the center of the chamber, splits

the incoming flow in two streams and induce the folding

of the lamellae. Furthermore, this obstacle reduces the

volume of the mixing micro-chamber and, therefore, de-

creases the transient-time needed by the micro-mixer to

reach its regime operating conditions. Finally, the mix-

ture exits through a micro-channel of square section of

side l, identical to the inlet micro-channels. Note that

the angle α, the width W , the radius r and location

d = Cc−Co of the obstacle have been chosen through a

coarse optimization. For each parameter (α, W , r and

d), we defined an admissible range and tested, within

this range, three different values and choose the value

of the parameter that produced the best mixing perfor-

mance. A more refined optimization is, of course, possi-

ble, but it is above the scope of this article that presents

a simple and robust design of a reliable and versatile

micro-mixer. It is left to the final user of the micro-

mixer to perform, if needed, further optimizations once

the final application, geometric dimensions and physi-

cal properties of the fluids involved are known.

In this study we are targeting biomedical applica-

tions where the two fluids to be mixed have similar

properties. Therefore, the two fluids are both modeled

as incompressible and viscous having physical prop-

erties similar to water (i.e. density ρ = 1000kg/m3,

viscosity µ = 0.001Pa · s, molecular diffusivity D =

10−10m2/s) with the only difference being the value of

the passive scalar (e.g., concentration of a tracer, tem-

perature, etc.) they transport. The time-evolution of

the two fluids is governed by continuity and momentum

equations, while the time-evolution of the concentration

field is governed by the advection-diffusion equation.

Note that we assume that the scalar is passive or, in the

case of an active scalar, that the gradients of the con-

centration field are small enough so that the mathemat-

ical problem is one-way coupled, i.e. the time-evolution

of the hydrodynamic field governs the evolution of the

scalar field, while the evolution of the scalar field does

not affect the evolution of the hydrodynamic field.

2.1 Mathematical formulation

We make the problem dimensionless by defining as char-

acteristic length W , the width of the entrance to the

mixing micro-chamber, as characteristic time T = 1/f

the inverse of the frequency of forcing f , and as charac-

teristic velocity the magnitude V of the velocity in the

central micro-channel. Note that there are three possi-

ble characteristic lengths in this problem: the side l of

the micro-channels, the radius of the mixing chamber

R, and the width W . We choose W as a characteris-

tic length because W controls the level of the interac-

tion between the forced flows incoming from the lateral

micro-channels and the steady flow incoming from the

central micro-channel. A correct choice of W is crucial

for the formation of a sequence of lamellae of opposite

concentration. In fact, a width, W , too small limits the

effects of forcing to the area where the three micro-

channels converge and, as a consequence, the lamellae

being generated are small and thick. On the other hand,

a width, W , too large allows the outflow of the forc-

ing streams in the mixing chamber almost without in-

teracting with the steady flow, therefore inhibiting the

formation of the lamellae.

Using the above characteristic quantities, we make

the problem dimensionless. The time-evolution of the
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Table 1 Summary of the results of a mesh sensitivity study performed by discretizing the volume of the reference micro-mixer
of dimensions Wr = 200µm, R = 2.5Wr, r = Wr, l = 0.5Wr, Lin = 2Wr, Lout = 2.25Wr, d = Cc − Co = 0.75Wr, α = 67.5◦,
with volume flow rates QMr = 108µm3/s, QCr = QMr/2, QOr = 4QMr = 8QCr, and frequency of forcing fr = 40Hz when
operating at Re = 2, St = 0.8 and Pe = 104.

2D 3D

Grid #1 Grid #2 Grid #3

Element size (µm) 10 5 2.5 10
Number of elements 17177 69504 277931 310390
Minimum orthogonal quality (low quality = 0 ÷ 1 = high quality) 0.494992 0.594102 0.509791 0.400012
Maximum ortho skew (low quality = 0 ÷ 1 = high quality) 0.288558 0.263737 0.297942 0.567376
Maximum aspect ratio 4.57155 4.30973 4.62624 9.92841
CPU time (2 Quad-Core Intel R©Xeon R©E5620 (2.40GHz)) (days) 1.7 6.7 26.7 36.7

hydrodynamic field is governed by the dimensionless

Navier-Stokes and continuity equations

St

(
∂v

∂t
+ v · ∇v

)
= −∇p+

1

Re
∇2v, (1)

∇ · v = 0, (2)

where v = [u v w]∗ is the velocity vector field, p is

the pressure, Re = ρVW/µ is the Reynolds number,

St = fW/V is the Strouhal number, ρ is the density,

µ is the dynamic viscosity and ∗ indicates transpose.

The no-slip and no-penetration boundary conditions

are imposed on the entire internal surface of the micro-

mixer. The inflow conditions are as follows: at Inlet 1

(the entrance of the central micro-channel, see figure

1), the magnitude of the velocity is equal to unit, i.e.

|v| = 1; at Inlet 2 (the entrance of the right side micro-

channel, see figure 1) the magnitude of the velocity is

|v| = 0.5 + Vf sin(2πf); at the Inlet 3 (the entrance of

the left side micro-channel, see figure 1) the magnitude
of the velocity is |v| = 0.5−Vf sin(2πf), i.e. it oscillates

in opposition of phase with respect to the velocity at

the Inlet 2. Finally, the gauge pressure value is set to be

p = 0 at the Outlet (see figure 1). The initial condition

for the velocity vector field is v = 0 everywhere inside

the micro-mixer.

The time-evolution of the concentration, c, of the

passive scalar field is governed by the dimensionless

advection-diffusion equation

St

(
∂c

∂t
+ v · ∇c

)
=

1

Pe
∇2c, (3)

where Pe = VW/D is the Péclet number. Zero-flux

boundary condition, i.e. ∇c · n, is imposed on the en-

tire internal surface of the micro-mixer, where n is the

inward normal to the internal surface. The inflow con-

ditions are as follows: c = 1 at Inlet 1 and c = 0 at

Inlet 2 and Inlet 3 (see figure 1). The initial condition

for the concentration field is c = 0 everywhere inside

the micro-mixer. In other words, we assume that the

micro-mixer is initially entirely filled with carrier solu-

tion, a safety procedure adopted in hospitals to avoid

injecting a patient with an overdose of medication.

2.2 Numerical simulations

We discretize and solve the governing equations us-

ing a Finite Volume Method (FVM) [61]. The com-

putational domain is discretized by means of an un-

structured (free) mesh of triangular elements in two-

dimensions and tetrahedral elements in three-dimensions,

generated by the solid modeler ICEM (Ansys, Canons-

burg, PA, USA). In general, the use of a free mesh pro-

vides a greater flexibility in discretizing complex do-

mains, at the expense of a lower accuracy than that

achievable using a man-developed structured mesh, be-

ing, in the former case, the arrangement of the elements

entirely determined by a software.

The numerical simulations of the flow within the
micro-mixer were performed using the commercial FVM

software Ansys Fluent 14 (Ansys, Canonsburg, PA, USA).

The time integration was performed using a first-order

implicit scheme while the space integration was per-

formed using a second-order upwind scheme. Under the

assumption that the scalar field is passive, i.e. it does

not affect the time evolution of the velocity and pres-

sure fields, or its gradients are sufficiently small in the

case of an active scalar field, the problem is one-way

coupled and, therefore, we first solved Navier-Stokes

(1) and continuity (2) equations to calculate the time-

evolution of the hydrodynamic field and, subsequently,

we solved the advection-diffusion equation (3) to obtain

the associated time-evolution of the scalar field.

Table 1 summarizes the results of a mesh sensi-

tivity study performed by discretizing the volume of

a reference micro-mixer of dimensions Wr = 200µm,

R = 2.5Wr, r = Wr, l = 0.5Wr, Lin = 2Wr, Lout =

2.25Wr, d = Cc−Co = 0.75Wr, α = 67.5◦, with volume

flow rates QMr = 108µm3/s, QCr = QMr/2, QOr =
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4QMr = 8QCr, and frequency of forcing fr = 40Hz

when operating at Re = 2, St = 0.8 and Pe = 104.

The subscript r indicates that these are the dimen-

sions of the reference micro-mixer. The total volume

of the reference mixer is of 83.4 × 106µm3 = 1.0425 ×
W 3

r . As it will be shown in Section 3, the flow within

the micro-mixer is symmetric with respect to the mid-

plane. Therefore, since the complexities of both the

computational domain and the geometry of the con-

centration field are captured in the mid-plane of the

micro-mixer, we performed a mesh sensitivity study

using a two-dimensional model of the reference micro-

mixer. We considered three possible grids with element

size of 10 µm (Grid # 1), 5 µm (Grid #2) and 2.5 µm

(Grid #3), respectively. Table 1 presents the details of

our mesh sensitivity study. Grid #2 was chosen for the

two-dimensional model and used to obtain the results

presented in Section 3 because it provided the best com-

promise between good accuracy and acceptable compu-

tational cost. Table 1 also provides information regard-

ing the grid used to perform the three-dimensional com-

putations presented in Section 3. Because of the elevate

computational cost, the three-dimensional grid uses ele-

ments of the same side length as in Grid #1, this choice

reduces the accuracy of the computation but make the

computational time acceptable, about 36.7 days for the

simulation whose concentration field at time t = 200 is

shown in figure 3 (h). The time step used for the refer-

ence micro-mixer is 3.125× 10−5s. while the time step

was appropriately rescaled with the frequency of forc-

ing in all other cases. We considered our simulations

well converged when the normalized residuals for the

mass, the velocity components and scalar field fell below

the value of 10−7. The numerical simulations were per-

formed on one node of a cluster Dell PowerEdge Blade

M1000e, where each node is equipped with 2 Quad-Core

Intel R©Xeon R©E5620 (2.40GHz) processors, 24 GB of

RAM and 2x146Gb SAS disk storage.

2.3 Quantification of mixing performance

In order to quantify the mixing performance of our

micro-mixer, we define a measure of mixing as [43] fol-

lows

M = 100×

1− 1

Tot

Tot∑
j=1

√√√√ 1

P

P∑
i=1

(
cij − ctg
ctg

)2
 , (4)

where cij is the value of the concentration of the scalar

field measured at the sampling point i (in general not a

grid point) at time j, ctg is the target, or desired, value

of the concentration, P is the total number of sam-

pling points, evenly distributed over a specified cross-

section located at a distance l from the outlet of the

exit micro-channel, and Tot is the total number of con-

secutive instants of time over which a time-average is

computed, in this study over one cycle of forcing. Time-

averaging over a period of forcing is useful when the val-

ues of the concentration field fluctuates with time due

to forcing. Note that the P sampling points in general

do not coincide with the grid points of the unstructured

mesh. Therefore, the value of the concentration field at

a given sampling point is obtained by linearly inter-

polating the known values of the concentration at the

adjacent computational grid points. Note that a value

of M = 100% indicates completely mixed fluids, while

a value of M = 0% indicates completely segregated flu-

ids.

3 Results

We verified the absence of any substantial mixing when

the medication (white fluid, c = 1) and carrier solution

(black fluid, c = 0) are injected at constant flow rates

through the central and lateral micro-channels, respec-

tively. Figures 2 shows the two- and three-dimensional

concentration fields for the case Re = 2 and Pe =

104 at time t = 200. Note that the two-dimensional

model (figure 2 (a)) accurately reproduces the flow in

the mid-plane, effectively the symmetry plane, of the

three-dimensional micro-mixer (figure 2 (b)). The med-

ication encounters the carrier solution at the intersec-

tion of the three inlet micro-channels. The two fluids

do not mix as they enter and fill the mixing micro-

chamber, and leave it through the exit micro-channel

with the medication simply surrounded by the carrier

solution. Due to the low molecular diffusion considered

(Pe = 104), a strong concentration gradient is main-

tained at the interface between the two fluids, from the

intersection of the inlet micro-channels, where they en-

counter initially, to the outlet section, where they leave

the device (see figure 2). Note that the presence or not

(not shown) of a cylindrical obstacle inside the micro-

chamber does not improve mixing under these flow con-

ditions.

In order to induce mixing we force harmonically in

time but in opposition of phase the flow in the lat-

eral micro-channels [32,41,43]. Figures 3 (a)-(g) show

the time-evolution of the concentration of the scalar

field inside the two-dimensional model when Re = 2,

St = 0.8 and Pe = 104. The comparison between fig-

ures 3 (g) and 3 (h) shows that the two-dimensional

model reproduces accurately the flow in the symmetry

plane of the three-dimensional micro-mixer. The white

color represents the concentration of the pure medica-

tion (c = 1), the black color that of the pure carrier
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(a) (b)

Fig. 2 Concentration of the scalar field in two- (a) and three-dimensions (b) when steady volume flow rate conditions are
applied at the three inlets.

solution (c = 0) and the different shades of gray (dis-

tributed over a linear scale) indicate the different levels

of dilution of the medication. Note that initially the

micro-mixer is entirely filled with the carrier solution.

This is a typical safety procedure (for example in hos-

pitals) to avoid to inject a patient with an overdose of

medication. The time-dependent flow of the carrier so-

lution incoming from a lateral micro-channel induces,

at every half-period of forcing, a fraction of the med-

ication to flow into the opposite lateral micro-channel

where the carrier solution is receding. The remaining

fraction of medication flows together with the outflow

of carrier solution into the mixing micro-chamber where

they form two lamellae of opposite (with respect to a

perfectly mixed state) concentration. Figure 3 (a) shows

the geometry of the first lamella at dimensionless time

t = 2.6, when the medication reaches for the first time

the entrance of the micro-chamber. As time proceeds,

the process of creation of the lamellae repeats itself, and

a new pair of lamellae is produced at each period of forc-

ing, i.e. a time unit, see figure 3 (b) at time t = 3.6. As

the lamellae flow around the cylindrical obstacle they

stretch against it and, eventually, they split into two

streams of lamellae moving around the obstacle and in-

ducing further stretching and folding therefore favoring

homogenization of the mixture by molecular diffusion,

see figure 3 (c) at time t = 7.6). As the two streams

of lamellae reconnect after bypassing the obstacle, see

figure 3 (d) at time t = 11.6, further stretching and

folding is induced as the lamellae flow out through the

exit micro-channel. As time further proceeds, the pro-

cess continues robustly and the mixture slowly occupies

the entire micro-chamber until it reaches regime condi-

tions, as shown in figures 3 (e)-(g) at times t = 19.6,

39.6 and 199.6.

Figure 3 (h) presents a snapshot of the mixture in-

side our three-dimensional micro-mixer at dimension-

less time t = 199.6. Since the concentration field is sym-

metric with respect to the mid-plane, only the top-half

of the micro-mixer is shown in figure 3 (h). Lamellae

of opposite concentrations are clearly recognizable in

the mid-plane where they closely match the pattern of

lamellae simulated using the two-dimensional model,

compare with 3 (g). The lamellae within the micro-

mixer are three-dimensional, as shown by the vertical

slices in figure 3 (h), and they extend toward the top

and bottom walls of the mixing micro-chamber where

they are stretched by their interaction with the walls

and, therefore, mixing is favored. Since the two fluids

are mostly segregated in the symmetry plane at the en-

trance of the micro-chamber, and considering that the

configuration of the lamellae in this plane is nearly iden-

tical to the configuration of the lamellae obtained using

a two-dimensional model of the micro-mixer, we con-

clude that two-dimensional simulations are representa-

tive of the flow within the three-dimensional mixer and

give accurate results. Therefore, we found more efficient

and economical to study the dynamics of the lamellae

and perform the characterization of the micro-mixer us-

ing the two-dimensional model. We will discuss the per-

formance of the three-dimensional micro-mixer toward

the end of this section.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 3 Time-evolution of the two-dimensional concentration of the scalar field when Re = 2, St = 0.8 and Pe = 104: (a)
t = 2.6, (b) t = 3.6, (c) t = 7.6, (d) t = 11.6, (e) t = 19.6, (f ) t = 39.6, (g) t = 199.6. Panel h shows the concentration of
the scalar field for the corresponding three-dimensional micro-mixer at t = 199.6. In particular, it shows the values of the
concentration on the symmetry plane and several perpendicular planes.
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In order to identify the range of operating condi-

tions over which our micro-mixer is effective, we investi-

gate, using the two dimensional model, how the mixing

performance depends on the characteristic parameters:

Reynolds, Strouhal and Péclet numbers. First, we study

how the mixing performance depends on the Reynolds

number by varying it, by changing the viscosity of the

fluids, over two orders of magnitude, from 0.2 to 20.

Figure 4 shows the time evolution of the mixing effi-

ciency from dimensionless time t = 0 up to t = 200,

when all cases are nearly at regime, for Re = 0.2, 1,

2, 5, 10, 15, and 20, Strouhal number St = 0.8 and

Péclet number Pe = 104. For each Reynolds number

considered, a black curve shows the time-evolution of

the mixing performance, M , averaged over one period

of forcing (see equation (4), where Tot = 20), measured

at a cross-section of the exit micro-channel located at

a distance l from the outlet. The shaded gray region

that surrounds the black curve is actually the curve for

the unaveraged mixing performance computed by re-

moving the time average from equation (4). The gray

curves show the level of oscillations that the concentra-

tion experiences near the outlet of the two-dimensional

model. The frequency of these oscillations is twice the

frequency of forcing, because the flow in opposition of

phase in the side micro-channels generates a new set of

lamellae at each half-period of forcing.

For all Reynolds numbers considered, from dimen-

sionless time t = 0 to about t = 10, the mixing perfor-

mance is zero (see figure 4) because the micro-mixer is

initially full of carrier solution and, therefore, the mix-

ture has not, as yet, reached the measurement cross-

section near the end of the exit micro-channel, the con-

centration fields at these early times are shown in fig-

ures 3 (a)-(c) for the case Re = 2. As soon as the mix-

ture reaches the measurement cross-section, the value

of the mixing performance increases suddenly reaching

50% by about t = 18 in all cases but Re = 0.2 which

is a little slower and reaches 50% by about t = 20.

Also from t = 20, the time-evolution of the mixing per-

formance for the different cases start to differ notice-

ably. By time t = 40 the mixing performance is greater

than 80% for all cases but Re = 0.2 that barely reaches

70%. While most curves are monotonic or nearly so,

the curves for the cases Re = 5 and 10 are notice-

ably different. In both cases the curves reach a maxi-

mum, about M = 83.3% at time t = 37.5 for the case

Re = 5 and about M = 88% at time t = 45 for the

case Re = 10, and then decrease substantially by the

final time t = 200 where they reach the values of about

M = 72% for the case Re = 5 and M = 79.5% for

the case Re = 10, respectively. By time t = 80 all

curves become monotonic and relax slowly toward their

Fig. 4 Reynolds’ number effects on the mixing performance
of the micro-mixer when St = 0.8 and Pe = 104.

steady state value at around t = 200. By this time,

at Re = 0.2, the lowest Reynolds number considered

in this study, the mixing efficiency, M , is about 75%.

The efficiency improves substantially as the Reynolds

number increases from 0.2 to 1, where M = 88.9%.

A further improvement, although modest, is obtained

by increasing the Reynolds number from 1 to 2 where

the mixing efficiency reaches a peak value of 90.8%.

At this point one would expect the mixing efficiency

to keep increasing slowly as the Reynolds number in-

creases. Surprisingly, this is not the case and, as the

Reynolds number increases from 2 to 5, the mixing ef-

ficiency drops to its lowest value of about 71.5%. We

will elaborate on the reasons for this drop farther in

this section. As the Reynolds number further increases

from 5 to 15 the mixing efficiency improves drastically

and reaches a value of 90.2%, close to the peak value

measured at Re = 2. A modest drop in efficiency can

be observed as the Reynolds number reaches 20, where

M = 87.2%. The width of the gray regions, indicating

the level of oscillation of the mixing performance, is also

a source of surprise. One would expect the width of the

gray region to decrease as mixing efficiency increases, in

reality the trend is opposite. The value of the concentra-

tion of the mixture oscillates substantially less, about

±0.5%, when the mixing performance is around 75%-

80% than when it is around 90%, where the amplitude

of the oscillations is about ±3%. In the next paragraph

we will also discuss this unexpected behavior.

Figure 5 shows the concentration of the scalar field

when Re = 0.2 and M = 75% (a), Re = 2 and M =

90.8% (b), Re = 5 and M = 71.5% (c) and Re = 15

and M = 90.2% (d), at time t = 199.6 when St = 0.8

and Pe = 104. To understand the substantially differ-
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(a) (b)

(c) (d)

Fig. 5 Concentration of the scalar field at time t = 199.6 when Re = 0.2 (a), 2 (b), 5 (c) and 15 (b), St = 0.8 and Pe = 104.

ent mixing performance at different Reynolds numbers,

it is important to note that the flow within the two-

dimensional micro-chamber can be subdivided in three

distinct regions: the region occupied by the lamellae

and the two wall regions of almost uniform concentra-

tion surrounding the region occupied be the lamellae.

Note that the uniform concentration in the wall regions

is due to the combined action of shearing, that stretches

the lamellae, and molecular diffusion that homogenize

them. Intuitively, the flow in the region occupied by the

lamellae of opposite concentration seems to be respon-

sible for the overall mixing performance of our micro-

mixer. After a careful analysis, however, it is evident

that this is not the case, and that mixing within the two

wall regions, around the obstacle and along the inner

walls of the mixing micro-chamber, equally contribute

to the mixing performance measured at the exit micro-

channel. In fact, within the exit micro-channel the flow

is laminar and five distinct layers of fluid can be rec-

ognized: two layers along the walls are fed by the flow

along the walls of the micro-chamber, two layers are

produced by the stretching and folding of the lamellae,

and the central layer is the confluence of the flows (top

and bottom) around the obstacle.

In the case Re = 5 (see figure 5 (c)), if one re-

lies only on the appearance of the flow in the region

occupied by the lamellae, where the lamellae are thin

and almost perfectly alternated, one would come to the

conclusion that this case produces the best mixing per-
formance, a wrong conclusion indeed, since the mixing

performance, at regime, is only about 71.5% (as shown

by figure 4). The reason for such a poor performance is

that the flows in the wall regions are well homogenized

but the concentration of the medication (white fluid) is

too high along the walls of the mixing chamber and too

low around the obstacle, as shown in figure 5 (c) by the

light and dark shades of gray of the fluid layers in the

exit micro-channel. On the other hand, when Re = 2

(figure 5 (b)) or Re = 15 (figure 5 (d)), although there

are differences in the dynamics of the formation of the

lamellae and their structure, the mixing performance

is nearly the same for both cases because the mixture

in the wall regions is almost perfectly mixed. In these

two cases, Re = 2 and 15, the lamellae are not as thin

and uniformly distributed as in the case Re = 5 and

this fact explains the larger fluctuations of the concen-

tration values shown by the width of the gray regions

surrounding the black curve, see figure 4.
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(a) (b)

(c) (d)

Fig. 6 Concentration of the scalar field at time t = 20 (a), 40 (b), 80 (c) and 200 (d) when Re = 5, St = 0.8 and Pe = 104.

Figure 6 sheds more light on the peculiar time evolu-

tion of the mixing performance of the two-dimensional

model when Re = 5, St = 0.8 and Pe = 104. Fig-

ure 6 (a) presents a snapshot of the concentration field

at t = 20 when the mixing performance is increasing
quickly and the value is about M = 58%. Note that by

this time the mixture has not flushed the carrier solu-

tion completely out of the mixing micro-chamber and

the carrier solution still occupies a minor area of the

mixing chamber and the outer layers in the exit micro-

channel (see black regions). By the time t = 40, when

M is about 83.2%, the two-dimensional model has just

passed its peak mixing performance and a snapshot of

the concentration field at this time is shown in figure

6 (b). Note that by this time the mixture has filled

completely the exit micro-channel, however, the mix-

ture has not yet flushed the carrier solution completely

out of the mixing micro-chamber. As time increases fur-

ther, the mixing performance unexpectedly, starts de-

creasing and by time t = 80 reaches about 76.2% and

keep decreasing reaching a nearly steady state value of

about 71.5% at t = 200. A careful analysis shows that

a subtle process is responsible for this behavior: the

development of the wall flows around the circular ob-

stacle and the outer walls of the mixing micro-chamber.

As the mixture fills out the entire micro-chamber and

flushes the carrier solution out, the tips of the lamellae

are increasingly stretched by their interaction with of

the obstacle and outer walls of the micro-chamber. As

time increases, the flow around the obstacle becomes

darker gray while the flow along the outer walls be-

comes lighter gray. It is this slow, almost impercepti-

ble, change in concentration in the wall regions that it

is responsible for the decrease in mixing performance of

the two-dimensional model.

As a second step in characterizing the operating

range of our micro-mixer, we investigate how its mix-

ing performance depends on the Strouhal number. Fig-

ure 7 shows the time-evolution of the mixing efficiency

of the two-dimensional model for St = 0.4, 0.6, 0.8, 1

and 1.2, Reynolds number Re = 2 and Péclet number

Pe = 104. As before, for each Strouhal number consid-

ered, a black curve shows the time-evolution of the mix-

ing performance, M , averaged over one period of forc-

ing (see equation (4), where Tot = 20), and the shaded

gray region that surrounds it shows the level of oscilla-

tions that the concentration experiences near the outlet

of the two-dimensional model. We choose this range
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Fig. 7 Strouhal’s number effects on the mixing performance
of the micro-mixer when Re = 2 and Pe = 104.

of Strouhal numbers because for values below St =

0.4 the mixing efficiency of our micro-mixer becomes

unattractive while for values above St = 1.2 the fre-

quency of forcing becomes too high to be implemented

in practical applications. Figure 7 shows that mixing

efficiency increases monotonically as the Strouhal num-

ber increases, however, the trend is weakly nonlinear as

the larger mixing improvement is obtained at around

St = 0.8 where M is about 90.8%. On the other hand,

as the Strouhal number increases above the value of

0.8, the increase in mixing efficiency weakens as perfect

mixing (M = 100%) is approached, we report a value

of about 93.7% at St = 1.2. The width of the gray re-

gions, indicating the level of oscillation of the mixing

performance, provides further evidence that the homo-

geneity of the mixture increases as the Strouhal number

increases. The width of the gray regions decreases from

about ± 3% at St = 0.4 to almost zero at St = 1.2, in-

dicating that the thickness of the lamellae produced by

forcing are responsible for the oscillations of the value

of concentration measured near the outlet. At St = 1.2

the lamellae are sufficiently thin that molecular diffu-

sion almost perfectly homogenizes the mixture by the

time it reaches the outlet of the micro-mixer.

Ideally, therefore, one would like to operate the micro-

mixer at a Strouhal number as high as possible, in or-

der to produce thinner and thinner lamellae of concen-

tration so that molecular diffusion could complete the

mixing process (M = 100%) before the mixture exits

the micro-mixer. However, implementing high Strouhal

numbers operating conditions implies the generation

of high frequencies of forcing, which are difficult to

achieve with currently available micro-pumps. The re-

sults shown in figure 7 indicate, as the best compro-

mise, to operate the micro-mixer at a Strouhal number

of about 0.8 where the frequency of forcing is realistic

and the fluctuations in concentration are acceptable.

To finish characterizing the design of our micro-

mixer, we study the effect of the Péclet number on its

mixing performance. We let the Péclet number vary

between 103 and 105 because these are the typical val-

ues of many challenging mixing applications. For Péclet

numbers below the lower bound, mixing starts to be

strongly favored by molecular diffusivity, while for Péclet

numbers above the upper bound, promoting mixing be-

comes extremely difficult. Figure 8 shows the time evo-

lution of the mixing efficiency for Pe = 103, 104, and

105, Reynolds number Re = 2 and Strouhal number

St = 0.8. As before, for each Péclet number consid-

ered, a black curve shows the time-evolution of the

mixing performance, M , averaged over one period of

forcing (see equation (4), where Tot = 20), and the

shaded gray region that surrounds it shows the level of

oscillations that the concentration experiences near the

outlet of the two-dimensional model. The trend of the

mixing performance, M , as expected, decreases weakly

as the Péclet number increases, from about 92.9% at

Pe = 103 to about 90.8% at Pe = 105. The results

shown in figure 8 confirm the robustness of the design

of our micro-mixer which has an excellent mixing per-

formance (M > 90%) even in conditions of weak dif-

fusion (Pe = 105). As expected, the width of the gray

regions shows that the homogeneity of the mixture in-

creases as the Péclet number decreases. At Pe = 103,

molecular diffusion is sufficiently strong to homogenize,

within about ±0.5%, the mixture produced by a forcing

corresponding to a medium Strouhal number, St = 0.8.

Leveraging the insight obtained from the analysis of

the mixing performance of the two-dimensional model,

we can now discuss the performance of the three-dimensional

micro-mixer. Figures 2 (a) and figure 2 (b), and figure

3 (g) and 3 (h) clearly show that the two-dimensional

model captures accurately the dynamics of the concen-

tration field in the mid-plane of the three-dimensional

micro-mixer both in steady and unsteady flow condi-

tions. Based on this observation, it is legitimate to ex-

pect the mixing performance of the two-dimensional

model to be an accurate predictor of the mixing perfor-

mance the three-dimensional micro-mixer. This is in-

deed the case if we measure the concentration of the

mixture on a line lying across the mid-plane of the exit

micro-channel, as for the two-dimensional model. How-

ever, if we measure the concentration of the mixture

on a section of the exit micro-channel located in cor-

respondence to the line in the two-dimensional model,

the results change substantially and unexpectedly as

shown in figure 9. This figure allows the comparison of
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the time evolutions of the mixing performance for the

steady (Re = 2 and Pe = 104) two-dimensional (dashed

line) and three-dimensional (dot-dashed line) cases, and

unsteady (Re = 2, St = 0.8 and Pe = 104) two-

dimensional (dotted line) and three-dimensional (solid

line) cases. The two pairs of curves depict some interest-

ing but puzzling results. In the steady case, at final time

t = 200, the three-dimensional micro-mixer performs

36.4% better than the two-dimensional model, while in

the unsteady case, the three-dimensional micro-mixer

performs 28.6% worse than the two-dimensional model.

One should conclude that the flow, although symmet-

rical with respect to the mid-plane of the micro-mixer,

is substantially three-dimensional and affects, for the

better or the worse, the mixing performance measured

near the end of the exit micro-channel. In particular, in

the unsteady case, at final time t = 200, the mixing per-

formance of the two-dimensional model is 90.8% while

the performance of the three-dimensional micro-mixer

is 69.3%. The reason for this somehow mediocre perfor-

mance is to be found in the flow in the wall regions as

for the two-dimensional case at Re = 5, St = 0.8 and

Pe = 104 discussed above. Apparently, in the three-

dimensional case, the flow in the wall regions (near the

top and bottom of the mixing chamber, the side walls of

the chamber and the cylindrical obstacle) strongly influ-

ences the mixing performance of the micro-mixer. The

vertical slices in figure 3 (h) show that the black lamel-

lae do not reach the top wall of the micro-chamber.

Apparently, the black fluid injected at unsteady vol-

ume flow rate through the lateral micro-channels inter-

acts with the steady flow of the white fluid by creating

black lamellae enveloped by white fluid. In other words,

the black fluid appears to be more segregated than the

white fluid which surrounds it. This explains a higher

concentration of medication (white fluid) near the top

and bottom wall of the micro-chamber. On the other

hand, the black lamellae appear to envelop the white

lamellae toward the side walls of the micro-chamber

producing a lower concentration of medication (a darker

gray fluid) in these regions. As the mixture exits the

micro-chamber, it forms an almost horizontally layered

flow in the exit micro-channel, with darker gray fluid

near the left and right walls and lighter gray fluid in

the center, which is responsible for the mediocre mix-

ing performance.

Finally, we address the geometrical scalability of our

micro-mixer. Scalability is the most ambitious goal of

an engineering design, often hard or impossible to ob-

tain, as, for example, in the case of wing design. A scal-

able device works robustly and consistently at different

length scales provided the same dimensionless specifica-

tions (e.g. Reynolds number, Strouhal number, Péclet

Fig. 8 Péclet’s number effects on the mixing performance of
the micro-mixer when Re = 2 and St = 0.8.

Fig. 9 Comparison of the time evolution of the mixing perfor-
mance for the steady (Re = 2 and Pe = 104) two-dimensional
(dashed line, figure 2 (a)) and three-dimensional (dot-dashed
line, figure 2 (a)) cases and unsteady (Re = 2, St = 0.8 and
Pe = 104) two-dimensional (dotted line, figure 3 (g)) and
three-dimensional (solid line, figure 3 (h)) cases.

number, etc.) can be maintained constant. Based on

the above results, we tested the geometrical scalabil-

ity of the reference three-dimensional micro-mixer of

dimensions Wr = 200µm, R = 2.5Wr, r = Wr, l =

0.5Wr, Lin = 2Wr, Lout = 2.25Wr, Cc − Co = 0.75Wr,

α = 67.5◦, volume flow rates QMr = 108µm3/s, QCr =

QMr/2, QOr = 4QMr = 8QCr, and frequency of forc-

ing fr = 40Hz when operating at Re = 2, St = 0.8 and

Pe = 104. The total volume of the reference mixer is of

83.4 × 106µm3 = 1.0425 ×W 3
r and the time necessary

to fill it with fluid is 0.56s or 22.4 periods of forcing.

In order to reproduce the same operating conditions,
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we scaled the geometric dimensions of our micro-mixer,

the volume flow rates at the inlets and the frequency

of forcing to maintain constant the values of Reynolds,

Strouhal and Péclet numbers, respectively. Introduc-

ing a scaling factor S, the scaled geometry is obtained

simply by multiplying the geometric dimensions of the

reference micro-mixer by S, therefore, when S < 1

the micro-mixer is scaled down, while when S > 1

the micro-mixer is scaled up. It is easy to show that

to maintain constant the values of Reynolds, Strouhal

and Péclet numbers, the velocities at the inlets should

be obtained from the reference velocities multiplying

them by S−1 and the forcing frequency should be ob-

tained from the reference frequency multiplying it by

S−2. In other words, the characteristic length scale is

W = S ×Wr, the characteristic velocity is V = Vr/S

and the characteristic frequency is f = fr/S
2, i.e. ve-

locities and frequency must to be increased as the geo-

metric dimensions are decreased and viceversa.

Figure 10 shows the relationship between scaling

factor and frequency of forcing, the latter being the

most critical and influential parameter of our active

micro-mixer. The reference case corresponds to S = 1,

of course. This figure gives insight about the difficulty

of aggressively scaling down (i.e., S < 1) the reference

micro-mixer because of the high frequencies required

to operate it effectively. Comparing the concentration

maps, we were able to verify, for three values of the

scaling factor, S = 0.5, 1 and 10, the relationships ob-

tained analytically and discussed above. Note that the

value of the forcing frequency for the case S = 0.1 is the

analytical value, i.e. f = 4000Hz. In this case, the re-

quired frequency of forcing becomes prohibitively high
even for a numerical simulation. On the other hand, it

is easy to scale up (i.e., S > 1) the reference micro-

mixer because the required forcing frequency becomes

smaller and smaller (e.g., f = 0.4Hz for S = 10) as the

micro-mixer’s size becomes larger and larger.

Figure 11 provides an effective visual comparison

between the geometries and mixing performance of three

micro-mixers corresponding to S = 0.5, 1 and 10, when

operating at Re = 2, St = 0.8 and Pe = 104. The dark-

framed concentration fields indicate the actual size of

the micro-mixers when compared to the size of a coin

of 1 cent of euro, whose real diameter is 16250µm. The

unframed concentration fields for the cases S = 0.5 and

1 have been plotted to have the same size as the (dark-

framed) concentration field for the case S = 10 to allow

a precise comparison. In all three cases, the concentra-

tion fields appear to be nearly identical and, in fact, the

mixing performance of the three micro-mixers is nearly

the same.

Fig. 10 Scaling factor, S, versus frequency of forcing, f .

4 Conclusions

We presented a novel, compact, geometrically scalable,

active micro-mixer able to process volumes of fluid in

the range of 10−6 ÷ 10−9 liters. The micro-mixer has

been designed with a simple geometry to facilitate its

manufacturing and assimilation in different LoC and

other platforms, a sort of one-design-fits-all. The micro-

mixer produces rapid mixing because of its active actu-

ation system, that generates lamellae of opposite con-

centration, and its geometry, that favors the folding and

stretching of these lamellae.

We studied numerically the mixing performance of

our micro-mixer both in three- and two-dimensions by

leveraging the fact that the flow within the micro-mixer

is symmetric with respect to the mid-plane and the con-

centration field in the mid-plane is the less well mixed.

To reduce computational time, we first optimized the

design of our-micro-mixer and its mixing performance

using the two-dimensions model. We characterized the

mixing performance in terms of Reynolds, Strouhal and

Péclet numbers in order to establish a practical range

of operating conditions for our micro-mixer. The two-

dimensional model has a mixing efficiency above 90%

for a wide range of Strouhal and Péclet numbers, i.e.

St > 0.75 and Pe < 105. Its performance, however,

is not uniform in terms of Reynolds number due to

the transition between two different mixing regimes at

about Re = 2 and 15, respectively. However, the perfor-

mance can be easily made uniform over the entire range

of Reynolds numbers considered by operating the mixer

at higher Strouhal numbers where it is needed.

Although, the time-evolution of the flow in the mid-

plane of the three-dimensional micro-mixer is nearly
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Fig. 11 Comparison between the geometries and mixing performance of three micro-mixers corresponding to the scaling factor
S = 0.5, 1 and 10, when operating at Re = 2, St = 0.8 and Pe = 104. The dark-framed concentration fields indicate the actual
size of the micro-mixers when compared to the size of a coin of 1 cent of euro, whose real diameter is 16250µm. The mixing
performance can be visually assessed by comparing the unframed concentration fields for the cases S = 0.5 and 1 with the
dark-framed concentration field for the case S = 10

identical to the flow within the two-dimensional model,

the relationship between the mixing performance of the

two- and three-dimensional micro-mixers is not trivial

and strongly depends on how and where the concen-

tration of the mixture is measured. If we measure the

concentration of the mixture on a line lying across the

mid-plane of the exit micro-channel, as for the two-

dimensional model, the agreement is excellent. How-

ever, if we measure the concentration of the mixture

on a section of the exit micro-channel located in corre-

spondence to the line in the two-dimensional model, the

results change substantially and unexpectedly. For the

reference case Re = 2, St = 0.8 and Pe = 104, the mix-

ing performance of the two-dimensional micro-mixer

is about 90.8%, while the performance of the three-

dimensional micro-mixer is merely 69.3%. The reason

for such a major difference in performance has to be

found in the flows along the inner walls of the three-

dimensional micro-mixer, in particular the top and bot-

tom walls of the mixing chamber that account for more

than 90% of the walls surface area. A careful analysis

of the velocity and concentration fields for the three-

dimensional micro-mixer shows that the interaction, at

the entrance of the micro-chamber, between the steady

stream of medication (white fluid) and the unsteady

streams of carrier solution (black fluid) creates lamel-

lae of opposite concentration, with the white lamellae

enveloping the black lamellae toward the top and bot-

tom of the mixing micro-chamber, and the black lamel-

lae enveloping the white ones toward the sides of the

micro-chamber. The geometrical structure of the lamel-

lae reaches into the wall regions, where the lamellae are

stretched, producing an almost homogeneous mixture

of too high concentration (light gray) near the top and
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bottom walls of the micro-chamber and a too low con-

centration (dark gray) near the side walls. Ultimately,

the flows in the wall regions are mostly responsible for

a stream of over- and under-diluted medication on the

sides and in the center of the exit micro-channel, re-

spectively, and, therefore for the mediocre performance

of the three-dimensional micro-mixer. The discrepancy

in performance between the two-dimensional model and

three-dimensional micro-mixers shows that the results

strongly depend on how and where the concentration of

the mixture is measured and, therefore, the results ob-

tained using a two-dimensional model cannot be trusted

to predict the results of the corresponding three-dimensional

micro-mixer. In our case, however, the performance of

the three-dimensional micro-mixer can be easily im-

proved by increasing the operating Strouhal number. A

higher frequency of forcing, although more expensive to

produce, will generate finer lamellae therefore mitigat-

ing the three-dimensional effects described above and

improving significantly the mixing performance.

We showed that our three-dimensional micro-mixer

is geometrically scalable. In other words, micro-mixers

of different geometrical dimensions having the same

nondimensional specifications produce nearly the same

mixing performance. In order to reproduce the same

operating conditions, we scaled the dimensions of our

micro-mixer, the velocities at the inlets and the fre-

quency of forcing to maintain constant the values of

Reynolds, Strouhal and Péclet numbers, respectively.

We believe that the successful scalability of our micro-

mixer is due to the strong laminarity of the velocity

vector field over the entire parameter space. The lami-

nar flow is deformed by the oscillating lateral streams in

nearly the same way at different geometrical dimension

provided the micro-mixers operate at the same values of

Reynolds, Strouhal and Péclet numbers. We observed

that aggressive scaling down can be difficult because

the frequency of forcing increases with the inverse of

the scaling factor squared. On the other hand, scaling

up is easier because the required frequency of forcing

becomes lower and lower as the size of the micro-mixer

become larger and larger.

In conclusion, the proposed micro-mixer can find

applications on several platforms, operating in coordi-

nations with other microfluidic devices, as in a LoC, or

operating independently. Our micro-mixer can operate

in series (or in cascade), i.e. the exit micro-channel of

a micro-mixer can be connected to the entrance micro-

channel of another (twin) micro-mixer in order obtain

a mixture of the required concentration.
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