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Abstract Surface roughness effects are dominant at
microscale. In this study, microchannels are fabricated on
Silicon substrate. The roughness morphology is modeled
for the fabricated structure using Weierstrass-Mandelbrot
function for self-similar fractals. A two dimensional model
of hexagonal passive micromixer is analyzed with surface
roughness present on inner walls of channels using paral-
lel Lattice Boltzmann method, implemented on sixteen
node cluster. The results are compared by simulating this
micromixer structure using Navier—Stokes equations. The
experimental results on the fabricated micromixers are also
presented. The effects of relative roughness, fractal dimen-
sion and Reynolds number are discussed on laminar flow
in hexagonal passive micromixers. The study concludes the
importance of modeling surface roughness effect for better
mixing efficiency.

1 Introduction

Microfluidics study is important for implementing Lab-
on-chips. Micromixers are very important components on
these chips. The increasing surface to volume ratio (S/V)
at micro and nanoscale of these devices, triggered interest
amongst researchers because of its effect on the mixing
processes.

Micromixers can be broadly classified into active micro-
mixers and passive micromixers. Active micromixers are
based on disturbances caused by external fields. The exter-
nal energy can be thermal (Tsai and Lin 2002), Acoustic
(Yaralioglu et al. 2004), Magneto-hydrodynamic (Bau et al.
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2001), Pressure (Okkels and Tabeling 2004), Electric field
(Daghighi and Li 2013). Active micromixers have high
mixing efficiency at faster rate than passive micromixers.
However, due to complex geometrical design and possibil-
ity of biochemical reactions due to applied forces, they are
not preferred.

Passive micromixers rely on molecular diffusion and
chaotic advection for mixing. Passive micromixers with
different geometrical constructions like T-micromixer
(Wong et al. 2004), Y-micromixers for enhancing particle
dispersion (Bhagat and Papautsky 2008), micromixer based
on unbalanced splits and collision of fluid streams (Ansari
et al. 2010) are also reported. Passive micromixers are
biochemically safer and easier to integrate on microchips.
The optimization of the micromixer geometrical structure
improves mixing performances. Considerable work has
been done towards improvement of mixing efficiency, mix-
ing lengths and other parameters.

Effect of surface roughness on microfluidic flow analysis
is not a much explored, although it is important parameter
since the surface to volume ratio is increasing with minia-
turization. The effect of surface roughness is also required
to be accurately modeled. These models are required in
design and analysis of these components. The simulation
studies of rough surfaces were done by randomly generated
peaks (Croce and D’Agaro 2005), porous media (Klein-
streuer and Koo 2004), and Gaussian distribution (Bahrami
et al. 2006). The above simulation studies provide impor-
tant information about fluid flow on rough surfaces. The
physical roughness of the surface depends on the substrate,
deposition and etch processes. This roughness measure-
ment can be represented by its frequency properties and
by power spectrum. Instruments with different resolutions
and scan lengths yield different values of these statistical
parameters for these surfaces (Patrikar 2004). The fractal
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models are used to describe the surfaces. Fractals help to
model spatial variation through Weierstrass-Mandelbrot
function. Lattice Boltzmann modeling gives flexibility to
model complex fluid flows as compared to Navier—Stokes
equation. Also, the incorporation of surface roughness is
comparatively easy because of its grid like structure. For
benchmarking of results, we have simulated the structure
with Navier—Stokes equation.

Rest of the paper is organized as follows. This study uses
fractal geometry to model the hexagonal passive micromix-
ers as explained in Sect. 2. Lattice Boltzmann model along
with self-similar fractal based model called Weierstrass-
Mandelbrot function is explained in Sect. 3. This section
also discusses the fabrication of hexagonal passive micro-
mixer (HPM) and test setup with characterization method-
ology. Investigations are carried out on velocity profile of
fluid, self-affine fractals on Reynolds number, mixing effi-
ciency and roughness effect on mixing length as explained
in Sect. 4. Section 5 concludes with observations from
simulations and experimental verifications of effect of sur-
face roughness as an added advantage for better mixing
performance.

2 Micromixer modeling

A huge cost of fabrication has resulted in use of CAD
tools for modeling and optimization of designs. The Lat-
tice Boltzmann modeling carries advantages like paralleli-
zation, complex geometrical structures etc. over currently
used Navier—Stokes (NS) equation to solve fluid flows.
In this work, the modeled microchannels are sufficiently
large where NS could also model fluid flows. But, in small
nanochannels, due to the strong confinement, the wall may
affect the flow greatly through some microscopic param-
eters, such as the fluid—wall molecular binding energy
(Heinbuch and Fischer 1989; Sun and Ebner 1992; Barrat
and Bocquet 1999; Zhu and Granick 2002). The fluid flow
parameters at macro and microscale may combine and lead
to a new phenomenon like the inhomogeneity between the
fluid density and viscosity, the boundary condition at the
fluid—wall interface can vary from slip to multilayer stick-
ing with the change of fluid—wall binding energy (Travis
et al. 1997). We, thus believe, correct roughness model
for boundary walls with Weierstrass-Mandelbrot function
and the correct fluid flow modeling technique by Lattice
Boltzmann method is helpful in predicting correct flow
parameters.

2.1 Lattice Boltzmann method

Lattice Boltzmann method (LBM) is a recent meso-
scopic technique that solves for a single particle velocity
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Fig. 1 D2Q9 model of Lattice Boltzmann model (Sauro Succi 2001)

distribution function in a discretized time and space domains
(Sauro Succi 2001). The Lattice Boltzmann method is a
two-step process. It involves streaming and collision of
particles to the local lattice points of the model. LBM has
several advantages over conventional computational fluid
dynamics (CFD) methods like-dealing with complex bound-
aries, incorporation of microscopic interactions, and parallel
computation.

The fluid flow is usually visualized and solved in 2
Dimension (2D). The grid is made of particles, which
act as lattice points. A discrete velocity for a particle
in a 2D structure (D2Q9: 2 Dimensional, 9 velocities)
is shown in Fig. 1. The arrows indicate the magnitudes
and directions of the allowed velocities e; a lattice site.
The LBM is two steps process—(i) Collision, in this step
the redistribution of the distribution functions computed
(based on existing density and velocity at a given lat-
tice node) and (ii) Streaming, in this step propagation
of these distribution functions computed (in the corre-
sponding lattice directions). On solving this, all hydro-
dynamic quantities are obtained as velocity moments of
these distribution functions of different order. The LBM
calculations for a particle are local in nature, and hence
the computations are highly parallelizable as well as
solving for complex boundaries and multi-component
mixtures is easy.

The Boltzmann equation can be written as

o _

o7 Vf=0 ey

With Bhatnagar-Gross-Krook (BGK) approximation for
the collision term on the right hand side of Eq. 1 is elabo-
rated as follows
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where, T is the relaxation parameter, v is kinematic vis-
cosity of fluid. f and f*¢ are distribution function and

local equilibrium distribution function respectively. The
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relaxation parameter and kinematic viscosity are related X
as f =3 67" P 1 —kcos (b"x + )] (10)
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After discretizing velocity space in lattice directions i,

Eq. 2 is rewritten as
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where, f; is distribution function for ith lattice. Equation 4
results the working equation for LBM is as follows:

Fx+ AL+ At) = fe,1) — %(fz- a/ )

with velocity in ith direction c;, and distance travelled by
particle Ax in time Ar. Equation 5 involves both the colli-
sion and streaming steps (Sukop and Thorne 2006).

The zero, first and second velocity moments of the distri-
bution function give mass density, momentum, and stress-
tensor respectively, as given in the following equations

=21 ®)
pu = Zﬁci @)

Haﬁ = Xi:ficiaciﬁ )

The code for the above method was written and verified
for standard conditions.

2.2 Surface roughness modeling

The processes used during micro fabrication process results
in rough surface. Shrinking size of fluidic channels to micro
and nano scales has considerable roughness effects. The
roughness of surfaces can be represented by its frequency
properties and power spectrum. Instruments with different
resolutions and scan lengths yield different values of these
statistical parameters for the surface (Patrikar 2004). This
problem is solved by using fractal geometry, which gives
instrument independent parameter for characterizing sur-
face roughness. Spatial variation is modeled using fractal
dimension D defined by Weierstrass-Mandelbrot function.

_ logn
" log (1/r)

D is non-integer with value between 1 and 2 and r is the
ratio of N parts scaled down from the whole. The rough
surface, used in this study is modeled using the Weier-
strass-Mandelbrot as follows

€)

n=—0o0

where, f(x) the rough profile, b is the frequency multiplier
value, it varies typically between 1.1 and 3.0, is a randomly
generated phase. The parameter k can be used to alter the
profile, usually fixed value of k = 1 and b = 2.0 are used
since surfaces used in most of the technological applica-
tions are fairly regular (Sauro Succi 2001).

3 Micromixers—simulations, fabrication, test setup

Hexagonal passive micromixer is studied for the effects of
surface roughness on fluid flow. This study is done in three
different ways. The HPM is simulated by parallel Lattice
Boltzmann method written in UNIX C++4-. HPM is also
fabricated on Silicon substrate for verifying LBM simula-
tion results. The test setup for the hardware is developed.
The simulations of HPM are also performed using Navier—
Stokes equation with surface roughness effects (imple-
mented in COMSOL Multiphysics) for benchmarking of
our code.

3.1 Lattice Boltzmann simulation

The D2Q9 Parallel Lattice Boltzmann model for the hex-
agonal passive micromixer is implemented using UNIX
C++ and Open MPI. The hexagonal passive micromixer
has five hexagonal mixing chambers 400 pwm apart. Each
mixing chamber has two circular obstacles with diam-
eter 80 wm and one square obstacle with side 70 pm to
induce chaotic stirring. The bounce back and periodic
boundary conditions are implemented in the stream wise
direction by treating nodes on the inflow and outflow
as neighbors. A no slip-condition is applied to the wall
nodes. The walls of the mixer are made rough with frac-
tal dimension D = 1.3 value, as observed in the fabri-
cated microchannels. The parameters for simulations are
given in Table 1.

Table 1 LBM simulation parameters

Parameter Value

Channel dimension Length: 4.4 mm, Width: 200 pwm, Depth:

25 pm

Carrier solution Inlet 1: mixture of water and glycerol

Inlet 2: fluorescent particles
7.63%107> m%s

0.06 m/s, 30 wl/s

880 x 40

50,000

Kinematic viscosity
Inlet velocity
Number of lattice points

Number of time steps
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Fig. 2 a Geometry of modeled
and fabricated micromixer b
final chip

3.2 Fabrication of hexagonal passive micromixer

The geometry of micromixer is shown in Fig. 2a. The final
chip after bonding is shown in Fig. 2b. The dimensional
details of the fabricated design are same as given in LBM
simulation stated above.

The fabrication steps for the microchannels are as
follows

A RCA cleaned Silicon wafer was used as the sub-
strate material with <110> orientation. Silicon dioxide
(Si0,) with thickness of 1 wm was grown by wet oxida-
tion, which acts as a masking layer during etching pro-
cess. A lithography step for the channel was performed
using positive photoresist. This opened the required
window for etching channel. The SiO, from the opened
windows was removed using Buffered HF solution.
After removing the photoresist layer, RIE was performed
to get the required channel depth. The microchannels
were closed by glass plate with Polydimehtyl Siloxane
(PDMS) as an adhesive between the substrate and glass
plate. Details of fabricated microchannels and connectors
are given in Table 2.

The reservoirs present at both inlets and outlet are con-
nected to syringe pump with the help of polypropylene
tubing. The RMS roughness for the sample was meas-
ured by the profilometer. This value is converted to fractal

Table 2 Details of microchannel and connectors

Sample 1 Sample 2 Sample 3

Microchannel length (L) 24mm 34mm 4.4mm
Microchannel width (W) 200 pm 200 pm 200 pm
Microchannel depth (D) 15 um 20 wm 25 wm

Processing parameters for reactive
ion etching (RIE)

Frequency: 15.59 MHz; gas:
SFq, flow rate: 25 sccm; RF
power: 400 W; load position:
45 %, tune position: 30 %

3.5 wm/min

Type: straight connectors
of polypropylene with ID:
1 mm, OD 1.58 mm

Etch rate

Connectors for microchannels
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dimension D by the following process (Majumdar and Tien
1990). A structure functions of AFM image of the sample
given by Eq. 11.

Str(t) = [R(y + 1) — R’

o]

_ / st) (¢~ 1) do (11)

oo

—  GAD—D4-2D)

The intermediate value ¥ is evaluated as

2D — 1)sin [(2D — 3)7/2]

V= 2iny(2—D) (12)

The root mean square roughness height can be repre-
sented by following equation

- 0.5
/s(w)da)
! (13)

G*P-b 1 1 *
2iny 4-2D\ p#2)  ,@2D)

where () implies temporal average, i is a constant, T is
scale, low cut-off frequency w; = 1/L,, L, sample length,
higher frequency w;, = 1/L, L, resolution of scan instru-
ment, G is scaling constant, D is self-affine fractal dimen-
sion y, scaling parameter for determining the spectral den-
sity and self-property.

If the plot of log[Str(t)] vs log(7) is linear, then surface
roughness can be represented by self-affine fractal object
D. The value of y = 1.5 (Majumdar and Tien 1990) for
most of the roughness calculations.

o = R20.5 —

3.3 Test setup for fabricated passive micromixer

The test setup for hexagonal passive micromixer consists of
a syringe pump, USB Digital microscope, connectors and
piping required for fluid flow from syringe pump to micro-
channels as shown in Fig. 3.
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Fig. 3 Characterization setup
for the hexagonal passive

micromixer
Connectors
from Cole
+| Parmer
Syringe
Pump 2

Syringe
Pump 1

Table 3 COMSOL multiphysics simulation parameters

Parameter Model 1 Model 2 Model 3
Channel length (L) 2.4 mm 3.4 mm 4.4 mm
Channel width (W) 200 pm 200 pm 200 pm
Carrier solution Mixture of water and glycerol

Kinematic viscosity 7.63*%1075 m/s

Inlet velocity 0.06 m/s, 30 pl/s

Type of meshing Free triangular (maximum element size:

0.03)
Type of study Time dependent
Number of nodes 63,587

The mixing chamber is observed under a Digital micro-
scope with fluorescent particles. The flow rate is set at
30 pl/s. The fluorescent particles are inserted through one
end of the channel and flow is continuously observed with
digital microscope capturing images at 30 frames per sec-
ond under the presence of UV light source. The captured
frames are post-processed using ImageJ software. The fluid
flow is then observed for vorticity and X—Y component of
velocities through microchannel during post processing.

USB Digital
Microscope

Data Analysis

75

utlet

Hexagonal Passive Micromixers Device

3.4 Navier—Stokes equation simulations

A 2D model of passive hexagonal micromixer is designed
in COMSOL Multiphysics. Surface roughness on the chan-
nel walls is defined by Weierstrass-Mandelbrot model. The
simulation parameters are shown in Table 3.

4 Results

Results of simulation and characterization of Micromixer
are presented in this section.

4.1 Surface roughness profile

Surface roughness, modeled using Weierstrass-Mandelbrot
function for Fractal dimension (D) using Eq. 10 are shown
in Fig. 4.

The roughness profile with higher fractal dimension
has more frequent variations along the profile. For the fab-
ricated structure, plot of log[Str(t)] vs log(t) is shown in
Fig. 5. The linear relation is found with the value of fractal
dimension is D = 1.3.
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Fig. 4 Simulated fractal surface profiles with various fractal dimension (D) valuesaD=13bD=15¢D=1.8
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Fig. 5 a AFM image of
microchannel b Graph between
log(7) and log [Str(t)] for the
fabricated structures

Fig. 6 LBM simulation of
Swirls formation at a first hex-
agonal chamber at L = 500 um
b third hexagonal mixing cham-
ber at L = 2,400 um

(b).
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Fig. 7 a Experimental observations of passive micromixers chamber at L = 2,400 wm with area 400 wm? b Swirls produced after the fluid with
tracer particles is passing through the microchannels. ¢ Intensity traces of particles across the mixing chamber

4.2 Swirls generated inside mixing chamber

Figure 6 shows the fluid flow across hexagonal mixing
chambers simulated using Lattice Boltzmann Method.
Figure 7 shows the actual flow profile in the fabricated
structure.

The fluids enter the inputs, and this particle stream
passes through hexagonal chambers where the flow is dis-
turbed due to the presence of obstacles. The obstacles are
placed in such a way that the fluid produces swirls. The

@ Springer

simulated results at the length of 2,400 pwm are shown in
Fig. 6b. The experimental results for the similar situation
are shown in Fig. 7c. Both the observations confirm forma-
tion of swirls. The direction and size of the swirls match
quite well.

4.3 Fluid flow analysis

The fluid flow through the microchannel is analyzed. The
pressure gradient at walls is higher due to swirl formation.
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Fig. 8 Experimental observa-
tion of velocity components for
fluid flow a U-component of
velocity and b V-component of
velocity

Width Vs Velocity
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Velocity (m/s)
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0 10 20 30 40 50 60 70 80 90 100110120130140150160170180190200
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Experimental

------- LBM Simulated = * *NsSimulated

Fig. 9 Fluid flow profile through inlet channel of width 200 pm
showing Poiseuille nature

Due to roughness present at the walls, the flow gets per-
turbed which is studied from the U-V velocity vector com-
ponents as shown in Fig. 8.

Velocity components of movement of fluid inside the
hexagonal mixing chamber are shown in Fig. 8. Figure 8a
shows the swirls produced along U component at the center
of the chamber show the mixing process. The Fig. 8b

Fig. 10 Pressure drop across
channel for different D using
LBM simulations

Pressure Drop (kPa)

shows component along the axial length of the micromixer.
It shows that fluid progressing towards output port. The red
color represents maximum intensity of fluid velocity.

The profile of velocity vs channel width for L = 4.4 mm
is presented in Fig. 9. The experimental observations of the
fluid flow through microchannel have parabolic nature with
velocity going to peak at center of the channel at width
equal to 100 wm. This is modeled as Poiseuille flow (Sukop
and Thorne 2006). Simulation results of NS and LBM of
the velocity profile with Poiseuille model also confirm the
experimental observations.

4.4 Effect of fractal dimension on pressure drop

The presence of roughness changes the velocity of fluid
inside the channel. This changes the pressure drop across
the channel. Figure 10 shows the graph between chan-
nel length and pressure drop for different values of fractal
dimension D evaluated using LBM.

It can be observed from Fig. 10 as roughness goes on
increasing, the pressure drop increases for same chan-
nel length. The pressure drop can be predicted using frac-
tal dimension D. The reason for pressure drop can be
explained in detail by considering flow behavior at the
channel walls, explained in the next subsection.

Channel Length Vs Pressure Drop
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Fig. 11 Vortex observed in

LBM simulations at the rough 34 f v v
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4.5 Flow behavior at channel walls

Fluid flowing inside the microchannel has a velocity profile
observed in cross section taken along the channel length.
This flow is laminar. This is caused due to the presence of
surface roughness at the walls. This is observed when no
slip boundary condition is applied during simulations. Fig-
ure 11 shows the swirl formation at the rough walls.

The vortices are formed and can be prominently seen at
the valley. The flow gets disturbed due to the presence of
peaks and valleys. This contributes to increase in the pres-
sure drop. This implies that presence of rough elements
result in counter pressure distribution near the surface.
Increased swirl effects were observed for high Reynolds
number. This is due to presence of roughness at the surface
of the channel wall.

4.6 Effect of Reynolds number on mixing efficiency

It can be seen that that when fluid enters very first hexago-
nal mixing chamber, mixing process starts. It is experi-
mentally observed that the mixing efficiency goes nearly
to 70 % at a length equal to 2,400 wm. Mixing efficiency
is calculated by taking probability distribution function of
mixing images (Nam-Trung Nguyen 2008).

The sample under test has values of RMS roughness of
400 nm. This gives fractal dimension of D = 1.3 obtained
from Egs. (11), (12), (13). On the basis of simulations
performed in this study and the experimental verification
under standard test conditions, it has been found that Reyn-
olds number has value from 0.1 to 0.5, for the system under
consideration. The effect of Reynolds number on mixing
efficiency as observed in experimental setup and predicted
in simulations is shown in Fig. 12.

It is observed that presence of surface roughness
improves the mixing efficiency by almost 10 % for Reyn-
olds number from 0.1 to 0.5, after which there is negligi-
ble effect of presence of surface roughness on mixing
efficiency.
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Reynold Number Vs Mixing Efficiency
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Fig. 12 Reynolds number vs. mixing efficiency for D = 1.3,
L =44 mm

It is also observed that, the fluid mixing occurs due to
diffusion and chaotic advection (George Karniadakis et al.
2005). As the Reynolds number is increased, the time for
the mixing and advection is less, which results in decreased
mixing efficiency. This is observed in Fig. 12 as decrease
in the mixing efficiency till Reynolds number of 0.2-0.3.
After this, as the Reynolds number is increased, the mixing
efficiency is constant and is dependent mainly on the con-
centration of fluids (George Karniadakis et al. 2005).

5 Conclusion

A 2D model of hexagonal passive micromixer is developed
using Lattice Boltzmann method (LBM) for numerical
analysis. It is proved from the experimental data that the
surface roughness on most of microfabricated surface can
be well modeled using Weierstrass-Mandelbrot function.
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A detailed study on fluid flow observed swirl formation
inside mixing chamber with fluid progressing along axial
length as seen from the velocity components. Velocity com-
ponents from the experimental observations in U-V direc-
tion indicate that the flow is disturbed by the presence of
obstacles situated at the center of the mixing chamber while
the fluid, which is flowing nearby walls, faces increase in
pressure gradient due to vortex formation. The velocity
profiles in the experimental setup matches well with the
simulations in LBM and NS in terms of the values as well
as the nature of parabolic curve. This gives us confidence
to model the fluid flow in microchannels as Poiseuille flow.

We have observed in simulations that fractal dimension
(D), can be effectively used to predict the pressure drop in
presence of roughness irregularities in the channel walls
since the presence of roughness at the channel walls result
in counter pressure distribution near the surface. This may
help to predict the optimum permissible values of rough-
ness for efficient mixing since which can be verified by fur-
ther experimental studies.

We conclude that mixing efficiency can be increased by
intentionally adding roughness to the micromixer geometry
by adjusting etching parameters. However, for higher frac-
tal dimensions, there is considerable increase in pressure
drop. Thus there is need to find optimum value of fractal
dimension where one can get maximum mixing efficiency
with minimum pressure drop. The values of mixing effi-
ciency and pressure drop also depend on the fluid param-
eter such as density, viscosity, channel dimensions, inlet
velocity (which affect the Reynolds number) which needs a
separate study whenever these parameters are changed.

Finally we observe that parallel lattice Boltzmann algo-
rithm, because of its grid like structure can be effectively
used to model the fluid flows over a wide range of channel
dimensions by incorporation of surface roughness modeled
using fractal geometries.
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