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Manipulations of superparamagnetic microparticles in confined space
Yan-Hom Li*, Ting-Yu Su?, Ching-Yao Chen?,_Ya-Wei Lee'

! Department of Mechatronic, Energy and Aerospace Engineering, Chung Cheng Institute of Technology,
National Defense University, Taiwan, R.O.C.
2 Department of Mechanical Engineering, National Chiao Tung University, Taiwan, R.O.C.

e-mail: yaweilee@ndu.edu.tw

Keywords: Superparamagnetic micro-bead, Confined spaces, Oscillating field, Magnetotactic Bacterium

The dynamics of microchains containing superparamagnetic micro-bead under the influence of an oscillating magnetic field in confined
spaces are studied experimentally. The behaviors of unbound microchains and the rupture patterns of oscillating chains in free space have been
experimented systematically [1-3]. In this work, the chains in confined space are first formed by a static directional field or a permanent magnet,
and then manipulated by an additional dynamical perpendicular field. The oscillating chain in the confined space can be designed to mimic a
single Magnetotactic Bacterium (MTB) which has been used as an effective integrated propulsion and steering system for potential
applications in the human blood vessels [4]. The effects of key parameters, such as field strengths and the lengths of particle chains, are
thoroughly analyzed to observe the distinct behaviors and investigate the dynamics of the constrained chains.

The magnetic particles used in our experiments are aqueous superparamagnetic polystyrene microspheres coated with iron oxide grains. The
averaged diameter of the particles is 4.5 um, with no magnetic hysteresis or remanence. The solvent fluid is a mixture of distilled water and
sodium dodecyl sulfate (SDS) surfactants. The viscosity of this solvent fluid is g = 1.75 cp. A static unidirectional magnetic field, denoted as Hg,
is generated firstly by a pair of coils powered by DC power sources. Magnetic particles magnetized by the unidirectional field tend to aggregate
and form chains because of dipolar forces. To create a vibrating field, another pair of coils are placed perpendicular to the former pair and
connected to AC power supplies to generate a sinusoidal dynamical perpendicular field with a maximum field strength H, and frequency f, i.e.
H,-sin(2=ft). Fig. 1 shows the sequential images of chaining of the initially dispersed magnetic particles subjected to a static directional field. The
pattern is similar to the unbound chains [1-3]. On the other hand, the initially clustered particles are not easy to form a straight chain in the
unbound space. In this paper, we demonstrate a simple methodology to re-disperse the clustered particles and construct the chain in confined
space by applying a permanent magnet. Fig. 2 presents the 5-clustered particles re-dispersed then forming a chain in confined space. It can be
generally expected that a longer chain would induce stronger drags under the same field condition, and thus leads to a larger phase angle lag
between the external field and the chain. Fig. 3 shows the evolutions of the phase angle trajectories of constrained chains composed of different
numbers of particles subjected to identical field strength. Apparently, because of the lower induced drag, a shorter chain follows the field
trajectory closely and oscillates more synchronically with the external field and causes insignificant phase lag, except near t = 0.25P, 0.75P, and
1.25P, when the instantaneous phase lags are enormous.

The influence of the confined space on oscillating chains is also investigated in this work. Fig. 4 demonstrates the trajectories of the phase
angle of unbound and constrained chain consisting of 4 particles subjected to identical field strength. It can be observed that the amplitude of the
constrained chain is slightly smaller than the unbound one due to the stronger hydrodynamic drag in the confined space. In addition, the much
smaller confined space would lead to the much more significant decrease of oscillating amplitude, and thus resulting in larger phase angle lag.
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Figure 1. Images of 7 microparticles chaining under a static Figure 2. Images of the re-dispersion and aggregation of the 5-clustered
directional field. microparticles under the application of a permanent magnet.
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The need for new cooling techniques is driven by the continuing increases in power dissipation of electronic parts and systems. In many
instances standard techniques cannot achieve the required cooling performance due to physical limitations in heat transfer capabilities. Recently,
researchers have conducted studies to demonstrate the applicability of electronics and structural thermal controls [1-3]. This study presents an
electromagnetic controlled thermal system (EMTS) with self-assembling magnetic particles (Fig. 1). The novel design of EMTS consists of a
loop heat exchanger and two electromagnetic designs. Each electromagnetic design has two 1200 gauss-strength rated magnets parallel arranged
on the side of the vapor/liquid line, and a nickel coated copper wire with 0.36 mm? cross-sectional area carried current (3-4 A) was evenly coiled
on the outer surface of each magnet. Magnetic-based nanofluid (MNF) prepared by a standard co-precipitation technique was selected as the
working medium. The average size of the MNF nanoparticle, determined using a high-resolution transmission electron microscope, is 23 +
2.5nm. The hysteresis loops for 4.0 M MNF used, measured using a vibrating sample magnetometer, exhibit a satisfactory superparamagnetic
behavior of 14.5 emu/g at 300 K and £15000 Oe (Fig. 2(A)). To avoid the agglomeration, the iron ferrite nanoparticles are carried with the
evaporating fluid under a low saturated vapor pressure [4]. A vacuum/charging system was used to evacuate the EMTS and to charge a
controlled amount of MNF with 50% volume ratio into it. In the evaporator, heat is conducted through a combination layer of liquid and porous
wick and then removed in the form of latent heat through evaporation from the menisci, which formed at the surface of the porous wick.
Following a one-way circulation, the rectangular grooves on the wick were used to guide the flow. The porosity of the wick is controlled at 0.65,
and the average pore dimension of the porous wick was 14 + 2 um, as shown in Fig. 2(B). The porous wick in the evaporator is crucial for
providing high specific capillary pumping, which can increase the effective evaporation surface area and significantly enhance the heat transfer
process.

The performance comparisons between the thermal system with and without electromagnets are shown in Fig. 3. At a low heat load of 10 W,
the EMTS nearly stays in a stagnation condition, showing such a heat load is too low to create a circulating two-phase flow, and merely cause
the pool of working fluid to boil even under electromagnetic fields (EMFs). When the heat load achieves 20 W, an obvious difference existed in
the comparisons of system performances by the electromagnetic induction. Particularly after the heat load arrived to 100 W, the thermal system
without electromagnets achieves an optimal performance of 1.31°C/W and then it gradually change into worse as the heat load increased.
However, the EMTS not only extend the heating range from 120W to 150W but yield a maximal enhancement of 65.4% at 120W.

An observation shows T1-T6 fluctuate more regularly compared with T7, implying that the EMFs alleviate the thermal instability and guide
the working medium to follow a periodic mode. All the perturbations vary simultaneously and remain a specific resonance for each heat load. At
the optimal heating condition of 120W, around 15 dominant flow perturbations occur at T1-T6 during 200 s (sampling rate is 5Hz),
corresponding to a resonant frequency of 0.075Hz (Fig. 4). This study paves the advanced way for a host of flow control studies cultivating
forward-looking and innovative applications. Such a self-excited flow can further be manipulated for developing kinds of thermal control
systems.
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Figure 4. Comparisons of temperature responses along the EMTS at a
heat load of 120 W, where all the data were selected during a 200 s
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The miniaturization of biological and chemical processes has been a trend in design of microfluidic devices recently [1]. The microchip, like
a lab-on-a-chip, performing multiphase material synthesis operations with integrated transducers leads a wide use of microfluidics [2]. Based on
the flow instabilities for forming the droplets, the study aims a quantitative approach on an emulsion flow in a microfluidic T-junction. The
experiment setup shown in Fig. 1, where polydimethylsiloxane (PDMS) T-junction is fabricated by using soft lithography. The inlet channel in
T-junction containing the dispersed phase perpendicularly intersects the mainly channel which contains the continuous phase. Herein the
dispersed phase and continuous phase are liquid phase and oil phase solutions, respectively. The aspect ratio of inlet and main channels indicate
that the value is 0.5 (100 um / 200 um). Two differential pressure transmitters with + 0.17% uncertainty set at both ends of main channel, in
which the fluctuations of the emulsion flow are measured at a sampling rate of 100 Hz.

Emulsions consist of small liquid droplets evenly immersed in another liquid, typically oil in water or water in oil. When the shear stress
from the continuous phase is large enough to affect momentum, it leads to the interfacial instability of the forefront portion of coming liquid
stream to be dispersed. Here, the flow rate of dispersed phase, Qg, was only adjusted for changing the flow pattern of emulsion at a constant
continuous phase. Fig. 2 shows the droplet size was changed by altering Qg, causing the fraction of dispersed phase in emulsion flow was also
changed. The breakup of dispersed phase was expanded and the droplet sizes are elongated with flow rate ratios of dispersed phase to continuous
phase. This figure indicates Lw increases in proportion to flow rate ratio of dispersed phase to continuous phase Q* (Q*= Qg/Qa). Moreover, the
volume fraction of dispersed phase in emulsion L* (L*=Lw/Lc) can be regarded as a quantitative control used in fabrication of emulsions. With
increasing Q*, droplet sizes were increased. Lw/Lc also increased with Q* and followed a trend, shown in Fig. 3(A). A critical value of L*
achieved was around the ratio of 0.85-0.87. Note that pressure drop occurs when frictional forces, caused by the resistance to flow, act on the
fluid as it flows through the microchannel. The main determinants of resistance to fluid flow are fluid velocity through the channel and fluid
viscosity. Pressure drop increases proportional to the frictional shear forces within the flow and channel wall. It indicates high flow velocities
Iviscosities could result in a larger pressure drop across the channel. Fig. 3(B) shows the variation of pressure drops with Q*, where a slow
variation can be found as the ratio achieves 2.0. Fig. 4 shows the transient pressure drops of emulsion flow in the main channel with Q* of 0.667,
1.667, and 2.667. It is clearly shown that the fluctuating range of total pressure drops during several formation processes of emulsion. These
periodic fluctuations can be corresponded to the formation time of dispersed droplets.

The method proposed is based on an adjustment of flow rates that forms emulsion with different constituent ratios, resulting in changes of
flow patterns. Corresponding to the measurement of pressure drops, demonstrated periodic fluctuations are consistently appeared and deeply
related to the regularity of emulsion dynamics. Therefore, the emulsion quality can be precisely controlled by inspecting the flow resonances that
can be helpful to design the functional on-chip microfluidic system.
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Figure 1. Schematic of experimental setup.

Figure 2. Combarisons of dispersed phase droplets in emulsion flow th different fill conditions: (A) Q* =0.333, (B) Q*=1.667, and (C) Q*=
2.667.
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Figure 4. Transient pressure drops of emulsion flow in the main channel at Q* of (A) 0.667 and (B) 2.667. These periodic fluctuations
related to flow behaviors can be used to ensure the quantification of emulsion.
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Graphene has attracted significant interest as a promising material for the greatly anticipated all-carbonbased electronic applications. Recently,
considerable efforts have been devoted to develop various graphene-based devices for medical sensing applications [1], such as the
non-enzymatic detection of hydrogen peroxide [2]. It is noteworthy that the scale-down of detection devices has driven the need to the new
manufacturing techniques. Unlike the complex manufacturing processes, the laser machining is a direct-write patterning technique to form the
nano/micro-structures [3]. With the rapid development of ultrashort-pulsed technology, the advanced ultra-pulsed laser (typically < 10 ps) with
its non-equilibrium energy transport, precise threshold and small heat-affected zone has opened new paths for the surface or bulk of material to
be modified [4].

To assist and require the industrial process, the aim of this study is to use the direct patterning of multilayer graphene with an ultra-pulsed UV
picosecond laser (PS-laser) irradiation. The ultrafast laser system is composed of the PS-laser, galvano-mirror scanner and high-precision stages,
in which the laser delivers a beam of a center wavelength of 355 nm at a maximum power of 4 W and is capable of producing pulses of 15 ps
duration at 200 kHz. Before PS-laser ablation process, the homogeneous multilayer films on the glass are papered with graphene ink by the
screen-printed process. The experimental setup of laserablation system, screen-printed process and laser process are shown in Fig. 1a, 1b and 1c,
respectively. The Raman spectroscopic characterization of multilayer graphene films shown in Fig. 2a, in which the two characteristic peaks of
graphene are the G band (1580 cm-1) and the 2D band (2720 cm-1). In addition, the Gaussian pulse profile shown in Fig. 2b can be determined by
the fluence controlled for patterning of graphene-based devices. Consequently, the surface morphology of the multilayer graphene under the
laser fluence of 10.4 J/cmzcan be characterized by the image of field-emission scanning electron microscope (FE-SEM) in Fig. 2c. When the
thickness of graphene decreased with laser ablation process, the optical transmittance can increase, as shown in Fig. 3a. Furthermore, the
electrical response of graphene-based devices can be performed by laser ablation process, as presented in Fig. 3a. It can be found that the lowest
resistance is 1300 Q when the energy fluence is 5.2 J/cmz, as shown in Fig. 3b. In summary, using the UV Ps-laser patterning of screen-printed
graphene films, we have directly fabricated graphene-based devices. Based on this direct laser patterning approach, it can provide a great
opportunity to develop and use for the electrical, fast and small-volume detection in portable and implantable in the new fields of optoelectronic
applications.
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Fig. 1 (a) Experimental setup of UV picosecond laser system for mask-free and programmable patterning electrode structures of multilayer
graphene. (b) Preparation procedure of multilayer graphene films on glass substrate with screen-printed and a focus laser beam. (c) The laser
process by controlled laser overlap and scanning.
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Fig. 2 (a) Raman spectroscopy of multilayer graphene films after screen-printing on glass substrate where the excitation wavelength is 514 nm
with the number of layer. (b) Gaussian pulse profiles for patterning of graphene-based devices. (c) FE-SEM images show the surface
morphology of the multilayer graphene under the laser fluence of 10.4 Jicm2. Inset image is its magnification that reveal the ripple
nanostructures.
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Fig. 3 (a) Optical transmittance spectrum of ablated graphene films is measured by a spectrometer, in which the spectral range are from 200 nm

to 1100 nm. (b) I-V curves of graphene electrode device under the energy ablation where the laser fluence can be 0, 5.2, 10.4, 20.8, and 52 J/cm2,
respectively.
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