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ABSTRACT

The phenomenon of ferrofluid-water mixing is investigated using a double-layer magnetic micromixer, in which a layer of micromagnet bars
is placed immediately below the fluid layer. A wavy pattern of the ferrofluid—water interface is surprisingly observed at each micromagnet
responsible for improved mixing. The mechanism causing the wavy mixing is discovered and analyzed through experimental measurements
and numerical simulations, and the mixing efficiency under different flow conditions is discussed. For flows with Re < 1, the resultant steep
gradient of opposing magnetic forces by micromagnets in the ferrofluid region gives rise to a local pressure source that induces a transverse/
spanwise pressure gradient and activates momentum transfer between fluids. The current finding enables effective localized mixing of ferro-
fluids with a small footprint and, thus, has great potential to achieve fast mixing for high-throughput flows with an integrated parallel system

of multiple microfluidic channels and micromagnets.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0024011

Microscale mixing is an essential step in many lab-on-chip and
microfluidic systems, which are used in a wide range of applications
such as chemical reaction processes,l‘2 biomedical diagnostics,’j"1 DNA
analysis,”* and polymer synthesis.”* However, the Reynolds number
for the flow in microfluidic channel is usually very small (Re < 1),
and so the flow mixing mainly relies on weak laminar diffusion.
Furthermore, the channel in these miniaturized devices is very short in
length and the residence time is not long enough for fluids to achieve
effective and homogeneous mixing.”'’ Therefore, it is of great practical
significance to realize rapid mixing in microfluidics given the nature of
microscale laminar flow. The traditional working mechanisms of a
micromixer rely on either complex design of the channel struc-
ture,'' " or the forces generated by external fields such as acoustic
fields,"* '° electrical fields,"”” " and magnetic fields.”’ ** Among differ-
ent methods, the integration of magnetic fields into a microfluidic
device for rapid mixing exhibits advantages in biomedical/clinical
applications concerning microscale biological objects (e.g., living cells)
since the magnetic field provides an environment for cell viability.”*
Thus, the micro-mixing methodology using magnetic forces and ferro-
fluids has recently become a popular way to distribute nano magnetite
particles (10nm diameter suspended in ferrofluid) throughout bio-
fluids with the target cells, so that only the bio-entities attached with
nano magnetic particles will be isolated for subsequent analysis in the
next stage.” ”’ Different from the traditional micromixers using

electromagnets or bulky permanent magnets,”””***’ the micromag-

nets in this work produce zero Joule heat that harms the bio entities
and can be fabricated and positioned with high precisions following
the photo mask design with extra compactness achieved.

In this work, customized microscale magnets made of the neo-
dymium powder and polydimethylsiloxane (NdFeB-PDMS) mixture
were fabricated immediately underneath the microfluidic channel per-
pendicular to the streamwise direction to generate the magnetic field
and realize rapid mixing between the superparamagnetic ferrofluid
and water stream. The mixing process is captured using a high-speed
camera and analyzed through image processing to quantify the mixing
efficiency and fluid distributions. Surprisingly, a wavy pattern was
observed to exist stably at the ferrofluid-water interface under the
effect of the external magnetic field generated by NdFeB-PDMS
micromagnets. Compared to our previous work with a “single-layer”
micromixer design,” the “double-layer” design with micromagnets
placed directly underneath the fluidic channel significantly shortens
the distance between ferrofluid and the magnet and, thus, strengthens
the magnetic force exerted on ferrofluid, which also induces a different
mechanism of momentum transfer to enhance the mixing efficiency.

Figure 1(a) shows the photograph of a double-layered micro-
mixer with micromagnets fabricated and placed underneath the
microfluidic channel. The channel is manufactured by an in-house
developed soft lithography method, and so “double layers” refer to the
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FIG. 1. (a) Photograph of the microfluidic device for rapid mixing. The smaller one
is the SEM image of solidified NdFeB-PDMS. (b) computer-aided design (CAD)
schematic of the device. (c) Dimension description of the micromixer. w, and I, are
the width and length of the microfluidic channel, respectively; o = 90° is the angle
between the micromagnet and the flow direction; /,, and w,, are the length and
width of each micromagnet; g,, is the gap distance between each micromagnet; ¢,
and {, are the thicknesses of the microfluidic channel and the micromagnet.

top microfluidic channel layer and the bottom micromagnet layer
[Fig. 1(b)]. The Scanning Electron Microscope (SEM) image in
Fig. 1(a) shows a uniform texture of a solidified NdFeB-PDMS micro-
magnet. In Fig. 1(c), the distilled water and ferrofluid with an original
magnetic nanoparticle concentration of 1.2% (v/v) (EMG 408,
Ferrotec) are injected into the microfluidic channel from Inlet 1 and
Inlet 2, respectively, with a sharp interface between fluids before mix-
ing starts at the four micromagnets. The thicknesses of both the micro-
magnet (t,,) and the microfluidic channel (t,) are 35 um, the same as
the dry photoresist film thickness (MM540, DuPont). In the experi-
ment, the inlet flow rates are controlled by two syringe pumps
separately (74900, Cole-Parmer). The micromixer was placed on an
inverted microscope stage (IN 300TC-FL, Amscope), and mixing
videos are recorded using a high-speed camera (AX 200, Photon).

The in-house low-cost soft lithography fabrication process™ of
the double-layer magnetic micromixer is demonstrated in Fig. 2. First,
a dry film photoresist was laminated [Fig. 2(b)] onto a copper plate
[Fig. 2(a)]. With ultra-violet (UV) exposure [Fig. 2(c)] through a trans-
parency photo mask (10 000 dpi, CAD/Art Services), the exposed dry
film was developed, rinsed, and dried to obtain the master mold
[Fig. 2(d)]. PDMS was cast on the master mold [Fig. 2(e)]. After cur-
ing, the PDMS replica was peeled off and boned to a glass slide
[Fig. 2(f)]. Then, the NdFeB-PDMS mixture was injected into the hol-
low structure [Fig. 2(g)] and solidified to form a magnetic bar on a
hotplate at 120 °C, which was magnetized using an impulse magne-
tizer (IM 10, ASC Scientific) to become a permanent micromagnet.
Finally, the micromagnet layer was bonded with prefabricated micro-
fluidic channel layer PDMS by corona surface treatment [Fig. 2(h)].

scitation.org/journal/apl
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FIG. 2. Fabrication steps of the micromixer (see the supplementary material). (a)
Preparation of the substrate. (b)—~(d) Bonding, exposure, and fabrication of photore-
sist. (e) Casting of PDMS to copper mold. (f) and (g) Bonding of PDMS and inject-
ing the magnetic mixture. (h) Bonding of the magnet layer with the channel layer.

A close-up observation of the ferrofluid motion under the effect
of the NdFeB-PDMS magnet is performed in the area within a win-
dow of [=4500pm near the micromagnets [Fig. 3(a)]. Figures
3(b1)-3(b6) show experimental ferrofluid mixing at different total
flow rates ranging from Q =0.04 ml/h to Q =4.5ml/h. The flow rate
ratio between water and ferrofluid is fixed constant at 1:1 for all experi-
ments, and so the distributed widths of each flow stream are kept the
same at the inlet. At a lower total flow rate [Q = 0.04-0.1 ml/h, Figs.
3(b1) and 3(b2)], the sharp interface between water and ferrofluid dis-
appeared as flow passed the four vertical micromagnets, indicating
enhanced mixing between the distilled water and ferrofluid under the
magnetic fleld by the microscale magnets; while at higher flow rates,
the interface only turned blurry at the outlet. Compared to the total
flow rate of Q = 4.5ml/h [Fig. 3(b6)], mixing is more complete and
more homogeneous at Q=0.04ml/h [Fig. 3(bl)] because the resi-
dence time of ferrofluid is longer for magnetic force to act on it when
flow velocity is slower.

Surprisingly, a wavy pattern of the water—ferrofluid interface is
visually identified at each micromagnet when the flow rate is relatively
low, e.g.,, at Q=0.04 ml/h [Fig. 3(b1)], Q=0.1 ml/h [Fig. 3(b2)], and
Q=02ml/h [Fig. 3(b3)]. This interesting phenomenon is clearly
related to the externally imposed magnetic field through observation
and could be a hinted mechanism causing ferrofluid mixing. To con-
firm this hypothesis, a 2D multiphysics model was developed in
COMSOL® to explore this hidden physics and reveal the details of fer-
rofluids passing the magnetic field. In the numerical model, both dis-
tilled water and ferrofluids are considered as incompressible fluids of
different species, and so the Navier-Stokes and continuity equations
are solved to obtain momentum and mass conservations of the tran-
sient flow in the microfluidic channel,

0
pa—ltl—l—p(wV)u: ~Vp +nViu+ f, (1)
V-u=0, (2)
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FIG. 3. (a) Schematic and dimension of the close-up view around the micromagnet.
(b) and (c) show the experiment measured and simulation predicted ferrofluid distri-
butions in the microfluidic channel under the effect of the magnetic field by the four
micromagnet bars with the total flow rate Q varying from 0.04 mi/h to 4.5ml/h. The
flow rate ratio between ferrofluid and distilled water is 1:1 for all the groups. (d)
shows the extracted ferrofluid concentration profiles from group (c) along y
= —500 um to y =500 um. (e) Experimental and simulated mixing efficiencies cor-
responding to groups (b) and (c).

where p is the fluid mixture density, u is the fluid velocity, p refers to
the pressure, 77 denotes the dynamic viscosity, and fy, is the magnetic
force per unit volume. Note that during the mixing process, the den-
sity and viscosity of the mixture vary with the local ferrofluid concen-
tration p = cp; + (1 —¢)p,, and y = nfeR(I*‘), where ¢ is the species
concentration, R is a viscosity parameter, and R = In(n,,/n;). ps pw»
1p and n,, represent the density and viscosity of pure ferrofluid and
distilled water, respectively.”' Considering mass fluxes by diffusion
and convection, the resulting mass balance is V - (—DVc¢ + cu) = 0,

ARTICLE scitation.org/journal/apl

where D denoting the mass diffusion coefficient of ferrofluid is
3.6 x 107 m? /s at room temperature.

The magnetic force fy, is the key factor to couple the external
magnetic field and ferrofluid motion that leads to mixing behavior,
and so here, it is discussed in detail. In the presence of a magnetic field
gradient, the nanomagnetic particles experience a magnetic force,
which can be modeled using a dipole moment approach by replacing
the magnetized particle with an “equivalent” point dipole.”” In this
way, the magnetic body force density acting on the miscible ferrofluid
mixture is £, = po(M - V)H, where py =4n x 1077 H/m is the
magnetic permeability of free space, M is the field-dependent magneti-
zation of the miscible ferrofluid mixture, which is proportional to the
magnetization of the original ferrofluid My, with M = Myc, and H is
the external applied magnetic field with a magnitude of 11000 A/m.
When the magnetization is aligned with the applied magnetic field H,
M, is modeled as My = yH, where y = 0.5 is the magnetic susceptibil-
ity of ferrofluid.”" Therefore, the magnetic force acting on ferrofluid
per unit volume can be expressed as

fm = tocy(H- V)H. 3)

In the current multiphysics model, the magnetic field is obtained
through a separate magnetization sub-model that solves for the mag-
netic field distributions to achieve the coupling with fluid flow simula-
tions. Figures 3(c1)-3(c6) show the simulation results using the above
numerical scheme and indicate very good agreement with experiments
in Fig. 3(b), confirming the reasonable explanation in Egs. (1)-(3).
Ferrofluid concentration profiles along the transverse y-direction
at the outlet of the microfluidic channel were extracted from
Figs. 3(c1)-3(c6) and are plotted in Fig. 3(d). It is apparent that the fer-
rofluid concentration distribution of Q= 0.04ml/h is very uniform
and close to ¢ = 0.5, indicating that the mixing is almost complete. As
the total flow rate increases, the ferrofluid concentration profiles
become steeper, confirming that the mixing between ferrofluid and
distilled water is weaker. When the total flow rate is equal to or greater
than Q = 1.0 ml/h, the ferrofluid concentration distributions are close
to each other because little mixing occurred before fluids reached the
channel outlet due to higher momentum and shorter residence time of
the moving ferrofluid in the channel for the magnetic force to act on.
The mixing efficiency in Eq. (4) of both experiment and simulation
results in Figs. 3(a) and 3(b) is listed in Fig. 3(e). We used an in-house
MATLAB code to evaluate the image intensity and obtain the mixing
33,34

efficiency,

" (T
ME=1- 1/NZ("F ) (4)
i=1

where I* = Ii is the normalized intensity and I, I,,,,,, and L,,,;, are
min

‘max

the local, maximum, and minimum pixel intensities in the cropped
image. I* is the mean value of normalized intensities in the region of
interest. The mixing efficiency of ME=0 and ME =1 indicates no
mixing and full mixing, respectively. In Fig. 3(e), it is evident that as
the flow rate increased, the mixing efficiency decreased and
approached zero when the flow rate is fast enough. The difference
between experiment and simulation is caused by the background noise
of real light source brightness.

To explain the water-ferrofluid mixing and the wavy pattern of
the ferrofluid concentration profile between micromagnets, the
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experiment in Fig. 3(b3) when the total flow rate Q = 0.2 ml/h is ana-
lyzed as an example. It is shown in Fig. 4(a) that the forces are negligi-
ble in regions away from the micromagnets as well as in the upper half
of the channel where the ferrofluid concentration is zero. It is also
worth noting that the body forces are concentrated in regions close to
the vertical boundaries of each micromagnet, mostly parallel to the
streamwise direction but opposite to each other at the pair of the verti-
cal boundaries of each micromagnet. Thus, in fact, it is f,,, that
dominates the ferrofluid mixing (see the supplementary material
for force analysis). According to Eq. (3), fu.. is proportional to
(H, % + H, %) in Fig. 4(b), which only highlights the two vertical
zones close to the pair of boundaries for each micromagnet. This is
also consistent with the magnetic force distribution. When ferrofluid
approaches the left-side boundary of a micromagnet, the magnetic
force points to (roughly) the streamwise direction, which accelerates
the ferrofluid flow [Fig. 4(c)], and therefore, the flow area (or width
seen from 2D) of the ferrofluid becomes narrower at a constant flow
rate. On the contrary, when ferrofluid passes the micromagnets, the
direction of magnetic force is flipped and becomes opposite with the
streamwise direction causing deceleration of the flow. This resistance
of flow momentum caused by the magnetic field and gradient abruptly
reduces the ferrofluid streamwise velocities near the right-side vertical
boundary of the micromagnet, which, in turn, widens the flow area
(width in 2D) of the ferrofluid under the constant flow rate condition.
Meanwhile, the sudden acceleration and deceleration of the ferrofluid
streamwise velocity create a local pressure buildup, which leads to a
transverse pressure gradient across the width of the channel, as dem-
onstrated in Figs. 4(d) and 4(e), and so the pressure is higher in the
lower half occupied with ferrofluid than that in the top half with dis-
tilled water. According to the momentum equation, this pressure dif-
ference in the transverse direction across the channel width induces an
upward momentum pushing the ferrofluid toward the upper channel

(a) Magnetic Force — Flow direction

(b) Magnetic Field and Gradient

ARTICLE scitation.org/journal/apl

region where distilled water resides. Combining these two effects, with
the mass conservation of ferrofluid and the transverse pressure gradi-
ent across the channel width, the mixing between ferrofluid and water
is significantly enhanced. To quantitatively analyze the pressure distri-
bution effect on mixing, the following pressure Poisson equation is
derived by taking divergence at both sides of Eq. (1):

Vp =V fn—pV-[(u-V)u. (5)

When the total flow rate is small (Q = 0.04-0.2 ml/h, Re = 0.043-0.22),
(1) the divergence of advection term —V - [(u - V)u] is very small
compared to the magnetic body force gradient and can be neglected
and (2) the magnetic body force gradient in the streamwise direction
at micromagnets %—z" dictates V - fy, and is much smaller than 0 (see
the supplementary material for a detailed derivation). Thus, it is
important to find that the inequality holds for pressure of ferrofluid
in the bottom channel region when Re < 1,

Vi < 0. (6)

Intuitively, inequality six suggests that a “pressure source” is present in
the ferrofluid within the width of the micromagnet, which gives rise to
a spanwise pressure gradient as confirmed by the numerical simula-
tion results under low throughput conditions (Re < 1) as shown in
Fig. 4(e). To explore the flow rate effect on mixing, a parameter,
APtrans/Pe> is defined to characterize the relative significance of the
transverse momentum transfer compared to flow momentum in the
streamwise direction, where dpy,,,,; represents the pressure difference
in the transverse direction induced by the micromagnets,
pe =1/2pU?, and U is the superficial velocity. In Fig. 4(f), dpsans/pe
is plotted for each micromagnet against different channel flow rates. It
is evident that the transverse momentum transfer is more significant
when a small flow rate is present. When the channel flow rate is higher

— Flow direction

(c) Velocity Magnitude
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FIG. 4. (a) Ferrofluid concentration distribution near the micromagnet and magnetic force f,,, acting on ferrofluid. (b) Magnetic field and its gradient generated by the micromag-
net. (c) Flow streaming line and velocity magnitude distribution in the microfluidic channel. (d) and (e) Pressure distribution inside the microfluidic channel. (a)-(e) correspond
to the experiment in Fig. 3(b3) when the total flow rate Q = 0.2 ml/h. The coordinate in (a)—(e) is referred to Fig. 3(a). (f) shows the relative transverse momentum transfer at

each micromagnet at different total flow rates.

Appl. Phys. Lett. 117, 132408 (2020); doi: 10.1063/5.0024011
Published under license by AIP Publishing

117, 132408-4

70261 €202 Isnbny 80


https://doi.org/10.1063/5.0024011#suppl
https://doi.org/10.1063/5.0024011#suppl
https://scitation.org/journal/apl

Applied Physics Letters

than 1.0 ml/h corresponding to a dpyaus/p. value of 15, the mixing of
ferrofluid and distilled water is no longer pronounced, and the wavy
pattern of ferrofluid concentration distribution is not obvious and
fades out. This observation is consistent with the measured experi-
mental mixing performance as shown in Fig. 3(b).

In this Letter, an interesting phenomenon of ferrofluid mixing in
a double-layer micromixer with embedded micromagnets is studied. A
wavy pattern of ferrofluid concentration distribution is observed at the
ferrofluid-water interface between micromagnets responsible for the
mixing enhancement. The numerical simulations show that the mag-
netic volume force generated by each micromagnet causes ferrofluid
to accelerate and immediately decelerate within a short distance of the
width of the micromagnet bar, which tends to narrow and expand the
ferrofluid flow passage and distort the ferrofluid—water interface. More
importantly, combining experiment measurements and numerical
simulations, a local pressure source in the ferrofluid layer is identified
through Poisson inequality V2p < 0 when flow passes the micromag-
net that leads to a unique transverse pressure difference and contrib-
utes to the momentum transfer in the channel spanwise direction. As
a result, a more homogeneous mixing between ferrofluid and water is
achieved under low-throughput conditions with a high dpsans/pc
number. This work is of great significance to be noted in the study of
rapid mixing at the microscale at low flow rates. The double-layer
micromixer developed in the current work can be applied in a number
of clinical and biological applications that require ample premixing of
fluid samples, for instance, to tag target cells in the biofluid with mag-
netic particles, which will later be separated from contaminated blood
for further diagnosis, to help with synthesis of protein, and as a micro-
reactor for enzyme processing.

See the supplementary material for the analysis of the magnetic
force-induced spanwise pressure gradient in the microchannel and
fabrication details of the double-layer micromixer.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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