Amirkabir Journal of Mechanical Engineering

Amirkabir J. Mech. Eng., 55(5) (2023) 131-134
DOI: 10.22060/me;j.2023.21335.7430

TI Magnetophoretic Capacitors for Storing Particles and Cells in a Tri-Axial Magnetic
Field

R. Abedini-Nassab' , S. Bahrami?

! Aerospace Department, Faculty of Mechanical Engineering, Tarbiat Modares University, Tehran, Iran
2Department of Electrical Engineering, Faculty of Technology and Engineering, University of Neyshabur, Neyshabur, Iran

Review History:

Received: Apr. 24, 2022
Revised: Mar. 13, 2023
Accepted: Apr. 03,2023
Available Online: May, 11, 2023

ABSTRACT: One of the main goals in the field of lab-on-a-chip is the manipulation of microparticles
and cells on microfluidic chips. Methods based on magnetic forces, with remote controllability over
particle movement, are considered one of the most appealing techniques toward this goal. Recently,
inspired by electronic circuits and to transport particles in a controlled fashion in a tri-axial magnetic
field, magnetophoretic circuits based on TI-shaped magnetic thin films are introduced. However, to date,
capacitors are not used in order to store transported particles in these circuits. Here, TI magnetophoretic

capacitors are introduced and characterized. The capability of the capacitor for storing particles of  Keywords:
different sizes at various rotating magnetic field frequencies is studied. Towards this goal, finite element gnetophoretic circuits

methods are used to simulate the magnetic potential energy distribution created by the magnetic thin )
. . . . . . . capacitors
films. Also, the trajectory of the magnetic particles, considering the drag forces, based on semi-analytical

analysis and statistical methods, is investigated. The simulation results are validated experimentally. At magnetic microparticles
the operating frequency of 0.1 Hz loading efficiency of 98% was achieved. Adding this circuit element ~ particle transport
to the magnetophoretic circuits results in a complete chip, with important applications in lab-on-a-chip

systems, single-cell biology, and drug screening.

microfluidics.

1- Introduction
Manipulation of microparticles is of interest in many
fields, such as biomedical engineering and colloid science.

2- Theory and Simulations
A semi-analytical model is used to simulate the magnetic
forces. In this method, each magnetic bar (i.e., the I bar and

Towards this goal, many methods have been proposed,
among which the magnetophoretic circuits are considered a
novel promising approach [1, 2]. In these circuits, a magnetic
thin film is patterned on a chip, which then gets magnetized in
an external magnetic field and precisely transports magnetic
particles on it. These circuits are composed of different circuit
elements, including conductors, capacitors, and transistors,
and offer various particle manipulations such as particle
transport, storage, and retrieval.

A recent version of magnetophoretic circuits is based on
the TI design [3]. These chips operate in a triaxial magnetic
field, with a vertical bias field, in which a repulsive force
between the particles prevents them from forming clusters
and clogging the chip. Although TI conductors, which
transport the particles are already proposed, TI capacitors,
where the particles can be stored, are not presented yet. In this
work, for the first time, these capacitors are introduced and
characterized. We use experimentally validated simulations to
find the proper operating frequencies, the performance of the
proposed capacitors, and the particle average velocities. With
the proposed capacitors, fully operational magnetophoretic
circuits can be designed to manipulate particles.

*Corresponding author’s email: abedini@modares.ac.ir

the head and body segments of the T pattern) is modeled as
an oblate spheroid [4]. Then, the obtained magnetic potential
is used to calculate magnetic potential energy using Equation

(1.
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where 0, Vp, Xy Xp and H stand for the magnetic
permeability of the particle, the volume of the particle,
the magnetic susceptibility of the particle, the magnetic
susceptibility of the surrounding fluid, and magnetic field
intensity, respectively. Then, the magnetic force acting on this
particle is calculated based on Equation (2).

F=-VU 2)
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Fig. 1. Energy distribution simulation results for the
proposed capacitor based on a magnetic disk. In each
panel, the direction of the magnetic field is shown with
a black arrow.

The particle velocity is then calculated based on Stokes’s
law for small particles in a fluidic environment, based on
Equation (3).

- F
y=

67, )

where 7 E and r, stand for the viscosity of the fluid and the
particle radius, respectively. Calculating the velocity at each
time point gives us the particle position at the next time point.

In our simulations with COMSOL software, stationary
analysis, and magnetic field physics were chosen. After
defining the materials (permalloy with magnetic permeability
of 100,000 for the magnetic thin films), a proper mesh to
achieve a converged solution was chosen. Then, the boundary
conditions (external magnetic field) were defined, before
running the calculations.

To fabricate the chips, NFR16D2 photoresist was
deposited on silicon wafers and then exposed to UV light.
After development, a Snm thin film of titanium and a 100nm
thin film of permalloy were deposited on the chips, using the
metal evaporation technique. After a lift-off process, the chips
became ready to be used in experiments.

3- Results and Discussion

A TI pattern was fabricated and used for manipulating
the particles. The trajectories of particles were recorded
experimentally and compared with the ones obtained in
simulations. After validating the simulation results, the
operation of the capacitor design shown in Figure 1 was
evaluated. Our simulation results show that by applying a
magnetic field along a magnetic bar or a disk, two magnetic
poles with low energies form on both sides, one of which
disappears by superimposing a vertical bias field. In a periodic
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Fig. 2. Schematic of the proposed capacitor based on I
bars. H shows the applied magnetic field. The sphere
represents a stored particle.

TI magnetic pattern, a rotating in-plane magnetic field, at any
angle creates a magnetic pole at the tip of the bars aligned
toward the field direction (See Figure 1, where the blue and
red regions represent the area with low and high energies,
respectively). The successive poles form closely and hand
over their follower magnetic particles along the magnetic
track towards the magnetic disk (circular pattern in Figure 1).
When the particle approaches the disk, it moves to the pole
formed by the disk and then circulates it. By further rotating
the magnetic field, the particle remains close to the disk.
Hence, this geometry behaves as a capacitor, which stores
the particles. In Figure 1, the position of the particle at each
time point is depicted with dashed circles. The dotted line in
Figure 1h represents the particle trajectory. It shows that the
particle has moved from the right tip of the T bar in Figure la
to the upper right side of the circle in Figure 1h.

The ratio of the diameter of the particle to the gap between
the TI pattern and the disk is an important parameter for
device operation. Based on our achieved results, for proper
particle transport along the magnetic track and storage in the
capacitor, this ratio cannot be smaller than 1.6.

Another important parameter to be studied is the applied
magnetic field frequency. At high frequencies, particles need
to move faster to follow the poles, which results in higher
drag forces. Based on our studies, at frequencies of 0.1Hz,
the particles could move smoothly, and a capacitor loading
efficiency of 98% is achieved. At this frequency, the capacitor
loading rate is 5.88 particles per minute.

Since the conducting path is composed of the I bars, it may
be more interesting to form the capacitors based on them. A
three-dimensional (3D) schematic of this design is presented
in Figure 2. In this design, as opposed to a magnetic disk, the
I bars are placed in a circular arrangement. Our simulation
results show that the particle moves on the internal perimeter
of the capacitor pattern. The ratio of the particle diameter to
the gap size for this design to operate properly needs to be
greater than 2.6.

In the proposed chips, the position of the particles is
synched with the external magnetic field. Hence, the particle
velocity is a function of the magnetic field frequency. The
movement of the particles is analogous to the movement
of electrons in electrical circuits, where electrical current
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is proportional to the externally applied electric voltage
difference (Ohm’s law). Assuming the magnetic pattern
periodicity and the magnetic field frequency to be 26 um and
0.1 Hz, respectively, the average particle velocity on this chip
is 2.6 pm/s.

4- Conclusion

Magnetophoretic circuits with the ability to precisely
transport microparticles offer many important capabilities
to lab-on-a-chip systems. In this work, two magnetophoretic
capacitors for the circuits based on the TI pattern were
introduced for the first time. In the first design, a magnetic
disk plays the capacitance role. By choosing a small disk,
compact circuits can be designed. But since the particles
move in the perimeter of the disk, a small perturbation may
distract it from its position. In the second design, magnetic
I bars in a circular arrangement form the capacitor. This
capacitor stores the particles internally and can better
protect them against possible perturbations. But this design
occupies a larger area on the chip. At low frequencies, the
particle transport is less affected by the drag forces and higher

efficiencies can be achieved. Based on our simulations, at the
operating frequency of 0.1 Hz, a particle loading efficiency
of 98% resulted. The proposed capacitor can be used in
designing fully operational magnetophoretic circuits, with
crucial applications in single-cell biology and medicine.
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Fig. 1. View of the capacitor based on TT design operating in a tri-axial magnetic field (H). The black sphere represents a
magnetic particle stored in the capacitor.
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Fig. 2. Magnetic energy simulation and experimental validation of the results. a) A magnetic disk in an in-plane magnetic
field. b) The experimental tests of a magnetic disk in a magnetic field and illustration of attraction of magnetic particles
in two energy wells corresponding to (a). ¢) A magnetic bar in an in-plane magnetic field. d) A magnetic bar in a tri-axial
magnetic field. e) A magnetic particle moving along a TI magnetic track, and the comparison of its trajectories based
on simulations (black dotted line) and experiments (red dots). e-h) The energy distribution simulation results for the TI
design at various angles are shown. j-m) Experimental results corresponding to the simulations in (e-h) (equivalent time
and magnetic field angles) are illustrated. i) Cell experimental trajectory on the TI track (red dots) is compared with the
simulation predicted trajectory (black dotted line). n) The fabricated chip is presented. The black arrows represent the
magnetic field direction and the circular arrows stand for the magnetic field rotation. The dot close to the arrow depicts
the vertical component of the magnetic field. In simulations, the blue and red regions stand for the regions with low and
high energies, respectively.

F¥A



slayell ly Y Slagile and Gl b gl ool 3Shes
Ohe & Cul laygli pre slajiell Sl (S )8 addllae ilisee
ausls cnl o ool ) S3leos a2 90 sl b Jlos] cublise
w9lj o cmlie (A [V JS5) (eebion (e () (g y5ee 429
278 sgilejl @l bl TT b cuslio s Slas (sl (ogy5ee
Clagilwdnd s cped 4 VO] Cunl da )0 FO 2905 sl gla)lS
ol bl Jlesl ol gl 4 )0 YO bgyse agly 35yl
0l e IS T Lol (gl o 5 Sles 5 b e

38es 53 wre Jelgs 5l K00 (So el plase (20,5 (858
slbcSals (5 Nl eS) el Glgelsd s cwl adls
0909 JUd Cuo ) D)5 5 g oo 021> 8 o 1S iy b (punbline
by (59585 ooy 4 > VL slapuils 3 3 Ll 1) eSaly
g oo 4rdljly Woly 3,8 Jbi 5l el 4 Jlw sm 5l 023 Jlae!
by 590 ol b 5 (ssblide (5950 53 & dianly 0,3 €8 > oy
Coold Olise o oueblite 9y8 (rizmed ) (Stuw > glad &
(V) daly 5l eolatnl b el 5o ez po ol dianly <lyd  cunblize
olosily (&) (oueblize ()l g ojlil Jloy @jg) (Bolas Jdos
¥ S ol g oad (up D (il s d 3 0dd (Byme i
Ol Gl 8 5 53350 25 3 Slas s ol ool 1l el
3 sy 20> i) anl ol yon (VL Lol L 5,0 /Y I 2aS)
(Ngdie 03B )ly

S5 5T, pblize Lhiin slajlte Lol 5,8 &8 bol )
90 L g) 00 SO (gl 3D 0l (8 yme Al Bud Vaeso cuwl (gl 0)d
4 ol G5B )3 (o2 S5y 2 03 93 Sl (owyp slagislel > )
(i L) S5 (ool oluws bl g9y 2 B ) cslaolyl )3 s
Slass gjlwo pid (ol (033,80 &S S yso o Lol ad o 0> 0)d
039> 2 3 0)> o Sk ()5 Hlai ) b Wi o 0y9e 03 (6
EP 22 W Gloxly g 55pm o /) (il 5 purblize (Ul )b gl
ol 4883 )0 0,0 O/AA (56 (5,155

Bo=d I x, syl il ol g Jpol adlia ol
e i Y o X el 0 & Ksd o i B,=d, ]y, 4
151g) Y el )3 alols ol 5 X cglioly )3 T LT alols ¢ uboline 03
3 T )b 5o b cuslie JUas! gl (dtn ) V JS5) 2idly oo (20
oyl ode ()jB ok )3 Ll aisl YIF ) 5,5 B 5 By ol

¥4

N ala] )LP 2 Lmd)uw @L.s ‘)"d"” )N d‘)’. ..))5 ol ‘)
% hleojl @l b @l cul sl 0ad 0351 ( 2@V sla S 5
o3y Lisles (o=d)V sla JSB p3 a8 (wllasd lan ) Ll Jaleo
ol pled jd Slgsren 35 o dlan Mo &S jgkailon . losd duwlde cilonds
Joe canlie Jyso 4 oolitul 3y50 Jdo ceus b s D)5 dgn g llaxd
ol slaylie szl plo iludnd Gy ol lgise 5 150
Dgad 03latwl  udolize
Osl 3 edlatul b 5ol adly Ll daddly col jelaie 4
b 5 3y90 )b (e 403)5 SuiS (15955 S8 L g o Ged JSUI
NFR16D2 i y5 4 wlas o3l )3 (5595 (B1,5 9 g, 3l eoli]
S99y UJL.M)ddY uP9) )] oalatwl b s d\.l>/w PRI sl M])J g9y 2
old ool 695 2 g poslis (Sytesl O SL pld Sl o
Al g 90,8 bl (galoy il gegil Voo cwlbs b ST3U
T 9 Bad L adly 5l Slol cbacwend U b odly Hl3 gl 4o
2 ol adlw asly il s paal ley (BL adly p a5 5y50 wdolize

ol 0 03l yiled ()Y S

=W -¥
5 ol 300 (iludnnd gy cawlio 3Shes 5l Gliabl 5l
L )le pats (b lp 29y ool (e @ Ll dwlie
3 gl oo 4 5l @l sl 5l e b oolil Has 3,60
b3l Sen |y B (pl 457 (5l paie canl o 5)50 lag e
O S e (65l 105 (slalSe o] JUal Sl ) (gilse i
csmablize glailgiul jo,8 S 5l Wl o (il 0ol g43 g o 0000l
GUlss el ¥ S 5 Inslodnsd ol o o ghilen 36 St
0)> g e Ao ()l (puibline (e (B35 )90 Su 5> il
FogySee Vgl b o8 & Ty iy )5 JEH ) Gy (ublite
a5l 03 JSb ol 3 20,5 0 o] )93 4 g ek Jitie o 4 o,
TT joe g9y 3 o2 )8 mablie glige (33,5 b (W) i )
WS o S g 035 (S5 (ol 4b) (5l oy (905 i 4 g9
((2) i) BT wrd s)ly ol & ¥ dali ) (&) pise ) 05 oyl
CS o ppann B9 os Jitie Hle (sla ity plo 4 g osile (3L bl

ol 03l yiled Ky (Siio cpalas b ()W JSKE 50 dwg ol j3 03



FOA B FFY asan NF-Y JLA &H o)L,_.f; AT 0)93 5)35).:.4‘ k_g.ulSw (swdigeo 4\;).-3;

J5 Y abis U T puo (59, ) 4]9.5.35!0)5QSPM.TIC)L).:G&,»MMMG!){W%y,ﬁg,blg&}l&.\“JS.J}
Oliwe S 012G SagS sl il Ll 53 Camsl JiogSn ¥ gladd b (0 )5 ()6 el 0l 0313 il (2 - &) o 3l o 9 (&) 058
Jole plod )3 doxiio 3908 (line dilge B30 laled ) Gl (3,5 Caa (555 30 OB 2 QS g 8392 (S 2 3 (H) (2,6 (cwnblize
Ol 015 Al o0 (6551 Al 9 S b (198 BRI o 5 4 50,8 9 (ol (g el 0l JlosT doiio JA I (13,5 (e 2 oMe

Fig. 3. The capacitor with the disk design for the magnetic track based on the TI design. The particle trajectory

from point 1 on the TI path to point 2 inside the capacitor (e) and after that (f-g) is shown. The disk radius is 7 pm.

Here, the small arrows represent the external magnetic field (H) direction at each panel and the circular arrow at the

center shows the magnetic field rotation. The magnetic field vertical component in all steps in addition to the rotating

field is applied. The blue and red regions stand for the regions with low and high energies, respectively. The dotted
line in (h) shows the full particle trajectory.
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Fig. 4. The particle loading efficiency of the capacitor of Fig. 3 as a function of the applied magnetic field
frequency. The average radius of particles is 4.2 pm.

e () H »~ (AN
i~ 9}

[ ke asls] 65,0
=
///
1

[ Lot aslg] (5541
Vi
L7
=
////
//—-/

[6)L.o| .\>|3] &5))"‘
Y
P é
=
A—//
A

p | JaJ-"‘ q 3 DI )

2 358l 0 ag)Sn B @IS 52 (6399 hawd 9 12,8 o dholl g 05 ) Be=) Sl (gl o0 )8 O omeblide (5501 (5ldmned B JSS

A5) P o (SLawly 53 (6551 (B 10905 il g0 315 5 o5 (5551 L (D198 Bl i 5 4y 1Ky 50,8 9 ST, ol (A9 (& g ) gl iy

loand 0313 i lod & 9 @ i (B WISy 53 cowd A« g o oW (G iS4 sl 0313 Lyiulod (3 B emublie (ylaae U193 (8 (S 1y I

S5 g 5w 2045 d3LST (ylaso dggly ds 3 10 oy 3 45 i3 oo yi 1 o] sl ylino Cgen Uy o Sia g5 clayild
2300 alod 1y (B 9 hewd o 39290 (6551w Ky 50,8

Fig. 5. Magnetic energy simulation results for disk capacitor for fc=1 (the particle diameter and the gap size are both
4 pm). In panels (a, ¢, and e), the blue and red regions stand for the regions with low and high energies, respectively.
Energy plots along the pq path (See panel (a)) for the shown external magnetic field directions illustrated in panels (a,
¢, and e) are presented in (b, d, and f), respectively. The small black arrows depict the applied magnetic field direction,
which is changed by 15° at each step. The small red arrows show the energy barrier between the bar and the capacitor.
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Fig. 6. Capacitor with magnetic bar design for the magnetic track based on the TI design. The magnetic particle enters

from the left T in (a) into the capacitor, and by rotation of the magnetic field in (b-h) remains in the capacitor. Here,

the small arrows represent the external magnetic field (H) direction at each panel and the circular arrow at the center

shows the magnetic field rotation. The magnetic field vertical component in all steps in addition to the rotating field

is applied. The blue and red regions stand for the regions with low and high energies, respectively. The dotted line in
(h) shows the full particle trajectory.
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Fig. 7. Magnetic energy simulation results for the bar capacitor for fc=1.25 (the particle diameter and the gap be-

tween the two bars are both 4 pm). In panels (a, ¢, and e), the blue and red regions stand for the regions with low and

high energies, respectively. Energy plots along the pq1 and pq2 paths (See panel (a)) for the shown external magnetic

field directions illustrated in panels (a, ¢, and e) are presented in (b, d, and f), respectively. The small black arrows

depict the applied magnetic field direction, which is changed by 15° at each step. The small red arrows show the
energy barrier between the inlet T and the target bar inside the capacitor.
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Fig. 8. a and c) The two capacitor designs are shown. b) The position change at x-direction versus time at a frequency of

0.1Hz for the capacitors shown in (a and c) are illustrated with the red and black curves, respectively. The blue dotted

line is placed to define the particle movement starting point in the two designs. The periodicity of the design is consid-
ered to be 26 pm.
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