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The  needs  for  fast  mixing  of  two  miscible  fluids  in  microfluidic  device  is  increasing  recently  and  has
been  widely  used  for DNA  synthesis,  clinic  diagnostics  and  chemical  reaction.  However,  the  mixing  at
microscale  relies  heavily  on slow  molecular  diffusion  because  of its  low  Reynolds  number  and  thus  lami-
nar  flow.  In this  work,  therefore,  a magnetofluidic  mixer  with  the  integration  of magnetic  field  is  presented
for  rapid  mixing  between  ferrofluid  and  distilled  water  with  no  harmful  Joule  heat  generated.  Parametric
study  of  experiment  and  simulation  was  performed  to  discuss  the effect  of  flow rate,  placement  angle  of
magnet  and  width  of magnet  on the mixing  efficiency  between  two fluids.  It was  found  that  the  mixing
performance  of 0.76 was the most  homogeneous  when  the angle  ˛ = 1/12�  because  of  the  acceleration-
eld

 and simulation
 engineering

deceleration  couples  (ADC)  and  mass  conservation  law. It was  also  found  that  the mixing  performance
increases  from  0.13  to 0.49  as  the  magnet  width  increases  from  wm =  50 �m to  wm =  250  �m  while
decreases  when  magnet  width  is  wider  than  wm = 250 �m due  to  local  reduced  Peclet  number.  The
developed  micromixer  and  mixing  mechanism  will  be of  great  potentials  and  insight  for  future  quick
optimization  of  biomedical  and chemical  mixing  devices.

Published  by  Elsevier B.V.
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the discovery of microfluidics in the 1980s, many theo-
 been formulated regarding the mechanism allowing fluid
icle manipulation on a micro scale [1–4]. The applica-

icrofluidics range from micromechanics, micro thermal
ies to biomedical sciences [5–10]. The biomedical field

 takes great advantage of the mechanisms in microflu-
erform various applications such as drug delivery [11–14],
iagnostics [15–18] and point of care diagnostics [19–22].

 range of experimentation can be executed in microflu-
ms and the most common function for biomedical field
g of reagents and detection, sorting and separation of

ticles, where mixing of reagents has been proved to be
r pre-processing, enzyme assays, cell lysis and protein
3–29]. Although the high volume to surface area ratio is

l, a small Reynolds number (Re < 1) prevails in microfluidic
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ecause of the small channel dimension, which leads to a
ow regime. Hence, homogeneous mixing in microfluidic
an only be achieved through molecular diffusion, which
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s time and requires long channel lengths and large sample
s, the techniques of rapid mixing has been widely devel-
ncrease mixing performance and achieve homogeneous
fficiently [30–35].
rous studies have been conducted to develop various
le mixers with enhanced mixing performance and can be
ed into active and passive micromixers. Passive micromix-
n the geometry of the channels and hydrodynamic driving

 the fluids to create a homogeneous mixture. This tech-
es not require an external force or field but generally
longer reaction time and longer channel lengths due to

 mixing performance [36–38]. Shi et al. [39] presented
ine micromixer for the activation of amino acids with

ration of ellipsoidal grooves embedded to the serpentine
ave walls that produced vortex which in turn increased
g efficiency. The proposed square wave serpentine chan-
grooves yielded a mixing performance of 40% at eight
pared to 18% for serpentine channel without grooves.
rk, the improved channel was  applied as a micromixing
r carboxyl activation and for in-situ polypeptide syn-

 the other hand, active mixing schemes utilize external

d fields such as electrical, acoustic, thermal and mag-
es to promote homogeneous mixing and form a miscible
ari et al. [40] developed a novel electrokinetic micromixer
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orating conductive surfaces to induce mixing. Different
es of mixing chambers and number of conductive sur-
re analyzed to observe the effect on mixing and mass
For all the results, turbulence occurred in the midst of
e mixing chamber to agitate the fluids and the highest

egree of 95% was achieved. Rasouli et al. [41] designed
able acoustic micromixer for rapid mixing that converts
nergy generated by oscillatory bubbles into chaotic eddy
stic microstreams. The proposed method was  applied
nthesis of organic nanoparticles (polymeric nanoparti-
nanoliposomes) because of the enhanced mixing time
ation environment, which controls the nanoprecipitation

Active micromixing have also been explored in thermal
r instance Ajarostaghi et al. [42] incorporated micromix-
uce thermal mixing and cooling between two  miscible

ith different temperatures by integrating a porous media.
mensional Lattice Boltzmann model was  utilized to run
erical study and it was found that thermal mixing and
erformance enhanced by increasing the aspect ratio of the
edia and decreasing the porosity and thermal conductivity
rous block.
etic  field has been utilized widely to improve mixing

 because of the high performance exhibited by strong
 fields and its gradient. Generally, magnetic fields can be
d at a lower cost compared to other active methods. Nouri
] performed numerical and experimental study on the
f ferrofluid and distilled water in a Y-shaped micromixer
aid of a permanent magnet that generates a uniform mag-
d. In this study, the effects of intensity of magnetic field,
ation of ferrofluid nanoparticles and the flow rates were

 parametric study. This investigation is the basis for most
 mixing studies as it clearly indicated the effects of differ-

eters with the presence of a magnetic field. Numerical
 have been employed in many studies to completely and
ly understand the fluid mixing mechanism. Wang et al.
erically investigated the mixing performance of magnetic
and buffer solution in the presence of alternating magnetic

 sourced from electromagnets. The electromagnets were
 both sides of the microchannel and generate alternating

 fields, creating chaotic flow in the microchannel which
 the magnetic microparticles to move to each side of the
nnel alternately while flowing in the streamwise direc-
is et al. [45] performed a numerical study on the mixing
water and magnetic particles because magnetic parti-
e used to trap metal ion impurities in wastewater. This
estigated the parameters that affect the distribution of

 particles throughout the microduct. A three-dimensional
as created and the concentration of magnetic nanoparti-

 analyzed to determine the mixing performance. Kumar
] investigated a numerical model for a magnetofluidic
at simulated the mass transport of ferrofluid and fluo-
ye in the midst of sheath flow deionized water with the

 of nonuniform magnetic field. This work considered a
ensional model with a shallow depth to compensate for
-dimensional effect to ensure that the results are accurate.
et was modeled above the channel and the results showed
ore stream of the ferrofluid and dye transported towards
r sheath at the outlet. This is because magnetoconvective
y flow increased the transport of nonmagnetic fluorescent
rds the upper sheath. The results were compared to the
ntal study for validation [47].

s study, we performed an experimental and numerical
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 the rapid mixing of ferrofluid and distilled water in a
fluidic micromixer containing a microchannel and an in-
bricated micromagnet array. The micromagnet array is
ured with a mixture of polydimethylsiloxane (PDMS) and

designs. C
magnet i
[24], the 

planes (t

2

e flow distribution in fluidic channel. The depth of both fluidic channel
 channel are the same and Depth = 35 �m.  The width of the microfluidic
c = 1000 �m.   ̨ is the angle between magnet and flow direction.

m (NdFeB) powder and located on a different plane com-
the microchannel. The microscale magnet generates a
agnetic field that imparts strong magnetic forces onto
etic nanoparticles present in the ferrofluid which pro-
id mixing between the ferrofluid and distilled water. The

dic device was  fabricated using soft-lithography for the
ntal study because of the low-cost and efficiency of the
. Parametric study was conducted where the total flow
e incoming fluids was  varied. Experimental study was

to validate the results from the simulation and the results
h studies correlate well with each other. This validation
fundamental support to simulate the effect of magnet

 width, and overcome the difficulties of complex fabri-
cess. This study exhibits the experimental and numerical
n interesting phenomenon that occurs with the magnetic
osed by the micromagnets located on a different plane

 to the microchannel. Microscale magnets and ferrofluid
le for mixing of biological reagents because no harmful

 emitted and ferrofluid is biocompatible.

ials and methods

a) is the front view of micromixer and demonstrates the
n of fluidic channel and magnet channel. The depth of flu-
nel is Depth = 35 �m and is the same with that of magnet
which equals to the thickness of photoresist. The width
t in base case is wm = 100 �m and varies in numeri-

 in the following section. The width of the microfluidic
s wc = 1000 �m.  Fig. 1(b) is the top view the microflu-
r. In the experiment and simulation, distilled water was
rom the upper half of fluidic channel while ferrofluid with

 nanoparticle concentration of 1.2% (v/v) (EMG 408, Fer-
s  injected from the lower half. The experiments were

d with the constant flow ratio of 1 for a wide range of total
s from 0.2 to 4 mL/h. The magnet is placed directly below

 and generates magnetic field causing mixing between
ms. The angle  ̨ between the magnet and flow direc-
s from  ̨ = 1/12�,  ̨ = 1/6�,  ̨ = 1/4�,  ̨ = 1/3�,  ̨ = 5/12� to
n this work and the corresponding mixing performance
scussed accordingly. The major differences between cur-

 and previous research reside in the mixer and magnet

ompared with our previous single layer mixer where the

s placed hundreds of microns away from fluidic channel
microfluidic mixer established in current work is two

op and bottom) and enables the direct contact between
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 magnet, which maximized the impact of magnetic force
ixing between two fluids. Standard experimental system
onents [24] for microfluidics were applied in this work.

ofluidic device was placed on an inverted microscope
e IN300TC-FL) platform. The high speed camera (Photron

as mounted to microscope and used to record the flow
non inside microfluidic channel. Two syringe pumps (Cole
4900) were applied to control the flow from each inlet
y. One millimeter syringe was installed on the pump to

 the stability of fluid flow.
indicates the fabrication of the magnetofluidic mixer. A
customized soft lithography method was  applied to fab-

 high resolution microfluidic device [48,49]. A 2 × 3 inch
lar smooth copper plate was placed on a 4 × 5 inch rect-
aminator sheet and a piece of photoresist film was then

 dimension of 3 × 4 inch. The photoresist film is protected
lear films on the front and back, thus before positioning
resist film on top of the copper plate, the back clear film
ully removed, which enables the photoresist film to bond
copper plate and laminator sheet temporarily. The three
re then passed through a low-cost thermal laminator at

 three times in the forward orientation and three times in
ard orientation to ensure good adhesion and no bubbles

etween the photoresist film and the copper plate. After
n, the front clear film attached to the photoresist film
ved carefully by hand. A negative photomask (10,000 dpi,

Services) was aligned and placed on the processed cop-
. Then, the copper plate was exposed to ultraviolet (UV)
30 s and placed in the dark for one hour for the exposed
ist to crosslink onto the copper plate. After the resting
e exposed copper plate-photoresist film was  developed
m bicarbonate solution at 35 ◦C with a ratio of 100:1 of

water:sodium carbonate solution. During the developing
the unexposed portion of the photoresist film was  dis-
to the solution and the exposed pattern remained on the
ate due to the crosslinked bond. The finished copper plate
sed as a master mold to fabricate multiple microfluidic
s. To complete the microfluidic device, the copper mold
placed in an aluminum foil box. 25 g PDMS and 2.5 g PDMS

 (SYLGARDTM184 Silicone Elastomer Kit, Dow Inc.) were
oroughly, then placed inside a vacuum chamber to extract
bbles. After all the bubbles dissipated from the mixture, it

 into the aluminum foil box where the copper mold was
d box was then place in the oven, where the mixed PDMS
mally cured for 2 h at 70 ◦C. After that, the cured PDMS
d away from the copper mold and this layer is called the
ip’ and used as the channel to mix  different fluids. The
rications steps were repeated again with a different pat-
gative photomask to fabricate the microstructures for the
le magnetic array. After the ‘magnet chip’ was obtained, a
ctangular glass and the ‘magnet chip’ were cleaned using

l alcohol (IPA), distilled water, compressed air and adhe-
 in order to ensure no dust or contaminants were left on
es. Oxygen plasma treatment was subjected onto both the

 ‘magnet chip’ to promote adhesion and the surfaces were
nd placed on a heated plate for 12 h at 120 ◦C. To fabri-
agnetic filling for the magnetic channel, 10 g PDMS base,

 activator and 11 g NdFeB powder (Magnequench, MQFP-
 were mixed thoroughly and degassed. The mixture was
cted into the bonded ‘magnet chip’ at a low flow rate until
re filled the entire array. After that, the ‘magnet chip’ was
the oven at for 15 min  at 120 ◦C for fast curing, followed
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 70 ◦C for complete curing. After the magnet was cured,
rmanently magnetized in the impulse magnetizer (IM 10,
tific). Before bonding the fluidic chip with the microscale

 channel, they were both cleaned thoroughly using IPA,

during th
equation,

∇ · (−D∇c

3

B Boron
Fe Iron
Nd Neodymium

ater, compressed air and adhesive tape. Oxygen plasma
t was  subjected onto both surfaces and the device was
ed on the heated plate for 12 h at 120 ◦C for firm bonding.
idate the content of the microscale magnetic array, an
spersive spectroscopy (EDS) analysis was  performed using
on microscope (Phenom XL G2, Thermo Fisher Scien-

 EDS analysis shows the elements that are present in the
le magnetic array. A larger structure was used to exten-
alyze the sample, where a single layer of microfluidic
as fabricated with the injected microscale magnet and a
sity corona treatment was subjected to the PDMS layer
lass slide. The low intensity bonding ensures that the

er can be peeled away from the glass slide, which removes
unding PDMS and leaves the cured NdFeB-PDMS mixture
ss slide. This provides a direct contact between the cured
MS mixture and electron spectrometer and increases the

of the EDS analysis. Table 1 shows the presence of ele-
micromagnet. Carbon was  disabled in the analysis because
et is organic and carbon contains similar atomic energy

 which will alter the results of the EDS analysis. Oxygen,
oron, Iron and Neodymium were present at the chosen
where Oxygen and Silicon are present in PDMS while
n and Neodymium are found in the neodymium powder.

rical methods

 section, simulation methods and a group of experiment
presented for validation. Due to the complexity of fab-
the parametric study was  conducted through numerical
ns to reveal the effect of magnet angle and width on the
rformance. The fluid flow in microfluidic channel is con-

s incompressible and under steady-state condition, which
ed by the mass and momentum conservation equations
s

u · ∇)u = −∇p + �∇2u + Fb (1)

(2)

represents the velocity vector field inside microfluidic
p is the pressure field, � is fluid density, � denotes the
viscosity of fluid, and Fb is the magnetic body force exerted
uid. The density and viscosity of ferrofluid-water mixture
ging during the mixing process and can be described by a
bination of the local ferrofluid and water concentrations,

 equations,

 (1 − c)�w (3)

1−c) (4)

epresents the species concentration of ferrofluid; �f and
e density of ferrofluid and water, respectively; �f and �w

iscosity of ferrofluid and water, respectively; R refers to
parameter R=ln(� /� ). The conservation of mass flux
w f

e mixing process can be described by convection-diffusion

 + cu) = 0 (5)
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Fig. 2. Fabrication steps of microfluidic device. (a) A mold sandwich is created by pressing a lamination paper, copper plate and photoresist film through an office laminator.
(b)  A negative photomask is placed on the mold sandwich then they are exposed to ultraviolet light. (c) The covered portion of the exposed photoresist is dissolved in a
sodium carbonate solution with a ratio of sodium carbonate and distilled water of 1:100. (d) Degassed PDMS is poured over the master mold in an aluminum case. (e) The
case  is placed in an oven for 2 hours at 70 ◦C. (f) The fluidic chip consists of the microfluidic channel with two inlets and one outlet. (g) Steps (a)–(e) are repeated to fabricate
the magnet chip. The microstructure for the magnet has two inlets. (h) The magnet chip is temporarily bonded to a glass slide using oxygen plasma treatment to avoid
leakage during the filling process. (i) The magnet chip is secured to the glass tightly with pressure; a mixture of neodymium (NdFeB) powder and PDMS is injected into the
microstruct efinit
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tic structure on the bottom layer.

 denotes the diffusion coefficient of commercial water
rofluid and is 3.6 × 10−14 m2/s at room temperature [50],

e required for pure diffusion to mix  two  components
c/2)2/D is much longer than the residence time of flu-

 microfluidic channel, and thus diffusion effect can be
 compared with convection impact for the mixing per-
.

 illustrates the geometry, computational mesh and
 conditions for the mixing phenomenon occurring in
dic channel under the effect of magnetic field in the
l simulation. The commercial package used in the cur-
ies is COMSOL Multiphysics with the “laminar flow” and
ransport” modules. In summary, for the laminar flow (spf)

as  no
and 

tion 

mag
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mag
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spec
nt, the inlet and outlet of fluidic channel was  set as veloc-
nd pressure outlet, respectively. For the diluted species

 (tds) component, the inlet and outlet was set as concen-
d outflow, respectively. The channel walls were defined

process i
tational d
microflui
nel perpe

4

ely magnetize the magnetic array. (k) The magnet chip and fluidic chip
-plane microfluidic chip consists of the fluidic channel on the top layer

 walls with zero flux condition in both the laminar flow
ed species transport components. The boundary condi-
agnet was set as magnetic flux conservation B.C. and the

 field generated by the magnet was  calculated first and
orted into the flow transport model via a one-way cou-
roach. Our previous single layer mixer coupled with a

 field was  calculated with a Finite Element Method Mag-
MM)  open-source code [24], while in the current work
, fluid flow and species fields were strongly coupled and
d for the microfluidic channel.

ore specific, the complete computational model consists
ifferent modules coupled to simulate the laminar flow,
ansport and magnetohydrodynamics during the mixing
n the microfluidic channel. Fig. 3(a) shows the compu-
omain used in the current study, which includes the

dic channel and a magnetic bar laid beneath the chan-
ndicular to the flow direction in the channel. It should
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he initial condition, the upper half of the channel is filled
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 and (b1) are the experimental distribution of ferrofluid at inlet and outlet of microfluidic c
esponding to (a1) and (b1), respectively. (c) and (d) are the experimental and simulation
etween flow direction and magnet is �/2 for all the groups. (For interpretation of the re
his article.)
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.  For the fluid flow boundary conditions (B.C.), a veloc-
.C. is used on the left-hand-side end of the channel for

water and ferrofluid with the same flow rate. Both upper
r boundaries adopt a no-slip wall B.C. with no flow pen-
hrough the boundary. For the right-hand-side end of the
nnel, a pressure outlet B.C. is used with the atmospheric
prescribed. With regards to species transport, an outflow
pted for the species advected out of the domain by local
. For magnetic field calculations, the magnetic flux conser-
. is applied at the interface between the magnetic bar and

. Typically the Reynolds numbers for microfluidic applica-
uch smaller than 1, Re ∼ O (�1), due to the low velocities

l scales being operated on. Therefore, a laminar model
ied without using any turbulence model in the simula-
he current work. Good convergences were found in all the
ies performed in this work with calculation error between
0−14. Because of the nature of laminar flow with a rather
nolds number as found in the current work, no complex

ructure evolutions were found during experiment or by
l simulations.

s and discussion

 section, the effect of total flow rate on mixing perfor-
ill be discussed by both simulation and experiments, and
s suggest a very good agreement. This validation provides
amental support to simulate the effect of magnet angle
 on mixing performance between ferrofluid and distilled
hich has been widely recognized as a time and cost effi-

 to use validated computational model for parametric
 useful tool to gain better understanding about the mixing

hannel when total flow rate Q = 0.4 mL/h. (a2) and (b2) are the simulated
 results when total flow rate Q = 1.0 mL/h and Q = 4.0 ml/h, respectively.
ferences to color in this figure legend, the reader is referred to the web
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Fig. 5. Effec on distribution of ferrofluid under various angle  ̨ between flow direction and
magnet.  (b) e total flow rate Q = 0.4 mL/h for all the groups.
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