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Introduction. In a magnetic field, chemical and electrochemical reactions
generate some kinds of forces; one is the Lorentz force, and others are magnetic
forces. The Lorentz force is induced by the interaction between an electrolytic
current and a magnetic field, so that the electrolyte solution starts to move, and
MHD (magnetohydrodynamic) flow and micro-MHD flows emerge. These flows
sometimes enhance the mass transfer process of active species (MHD effect) [1]–
[6], and sometimes suppress the autocatalytic reactions such as electrodeposition
and metal corrosion (micro-MHD effect) [7]–[11]. On the other hand, magnetic
forces are generated by heterogeneous and homogeneous magnetic fields, which
are obtained by differentiating the magnetic energy stored in a unit volume with
respect to position. The homogeneous force is generated in a homogeneous mag-
netic field [12]–[14], whereas in a heterogeneous magnetic field a heterogeneous
magnetic force is induced [15, 16]. The former becomes weaker than the latter.
However, the latter, the heterogeneous magnetic force, becomes of the same level as
the Lorentz force. Characteristic magneto-convection in a heterogeneous magnetic
field has been theoretically and experimentally established [17]–[20]; especially, in
a magnetic field vertical to the crystal surface of copper sulfate with paramag-
netism, it was clarified that numerous minute convection cells with approximately
10µ m in size emerge in front of the dissolved surface [19, 20]. Recently, in a
magnetic field vertical to a micro-electrode surface, the same type of convection
was measured by the increase of diffusion current [21].

Micro-fluid chips are now developing with other technologies such as DNA
sequencing, which are composed of a network of solid channels fabricated inside a
glass or plastic plate [22]. As a result, several problems inevitably arise; for the im-
provement of the efficiency of the processing, cross-sectional areas of each channel
should be decreased, so that the channels are easily choked up with small particles
or bubbles contaminated in test solutions. Moreover, as the cross-section de-
creases, the pressure difference for driving liquids becomes higher, and resultantly,
it becomes more difficult to smoothly operate the multi-channel fluid chips.

In this paper, therefore, as an attempt for removing the obstacles completely,
instead of solid channels, magnetic channels surrounded by magnetic walls (i.e.,
magnetic barriers) are proposed. The magnetic walls can confine fluids to the
magnetic channels by the heterogeneous magnetic force. These channels do not
have any solid walls, so that a test solution inside the channel smoothly proceeds
as if a completely non-viscous fluid. Moreover, since the magnetic channel is
surrounded by not a solid material, but by other fluid called an environmental
solution, the heat or mass transfer through the magnetic wall is possible. Such
situation is also useful for chemical and electrochemical reactions through the
magnetic wall. As the first step to establish the proposed magnetic micro-fluid
chip, the non-viscous nature of the magnetic-channel fluid is clarified, and then
some applications are examined.
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Fig. 1. Concept of the magnetic micro-fluid chip a – inlet of test solution; a′ – inlet of reagent
solution; b – mixing chamber; c – detection area; d – outlet; e – laser; f – detector; g – chip
plate; B – magnetic flux density.

1. Theoretical. Fig. 1 shows the basic concept of a magnetic micro-fluid
chip [23]; the test and reagent solutions are introduced to the chip from two inlets
to two magnetic channels. The solutions move along two metal tracks imbedded
on a chip surface, where the magnetic channels are formed on the tracks. Then,
the solutions are reacted at a mixing chamber, which is also made of the mag-
netic walls. Finally, at the end of the channel, with a proper monitoring system
(e.g., a laser detection system), the reaction product is detected. Fig. 2a exhibits
the schematic figure of the magnetic walls (i.e., magnetic barriers) formed around
a track made of ferromagnetic materials. As shown in Figs. 2b and 2c, under a
magnetic field, in the neighborhood of ferromagnetic materials, or sometimes dia-
magnetic materials, the magnetic flux density has a heterogeneous distribution;
inside a ferromagnetic material, the magnetic flux density increases than the out-
side, whereas the magnetic flux density decreases inside a diamagnetic material;
the magnetic flux density outside the ferromagnetic material decreases, and out-
side the diamagnetic materials, the magnetic flux density increases. As a result, a
heterogeneous distribution of magnetic flux density, i.e., a magnetic barrier (mag-

Fig. 2. Formation of a magnetic channel. (a) Schematics of magnetic walls for a diamagnetic
solution. 1 – magnetic flux density; 2 – ferromagnetic material; 3 – diamagnetic material; 4 –
diamagnetic solution; 5 – magnetic wall. (b) Distribution of the magnetic flux density around
a ferromagnetic material. (c) Distribution of the magnetic flux density around a diamagnetic
material.
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netic wall) is formed. Generally, the magnetic force acting on a material in a
heterogeneous magnetic field can be expressed by

f = −∆χ

µ0
B∇B (1)

where µ0 is the magnetic permeability, B is the magnetic flux density, and ∇B is
the gradient of B. ∆χ is a relative dimensionless magnetic susceptibility, where
∆χ ≡ χt − χe is defined, and χt and χe are the dimensionless susceptibilities of
the test solution and the surrounding solution called “environmental solution”,
respectively. According to the relative susceptibility and the distribution of the
magnetic flux density, around a track on a chip surface, the test solution is trapped
inside the magnetic barrier. The same type of magnetic barrier can be produced
not only along the chip surface, but also vertical to the surface, so that a mag-
netic channel surrounded by the magnetic walls is completed. Moreover, a vertical
distribution of the magnetic flux density produces buoyancy for the test solution.
As shown in Fig. 3, in the vertical bore space of a superconducting magnet, the
magnetic flux density distributes around a maximum magnetic center, so that
Eq.(1) is also applicable to the vertical direction. For example, for an apparent
paramagnetic solution, on the lower side of the magnetic center, upward (posi-
tive) buoyancy is newly added, whereas on the upper side, downward (negative)
buoyancy is imposed. As mentioned above, since apparent magnetism of the test
solution is determined by the relative susceptibility between the test solution and
the environmental solution, if the environmental solution shows strong paramag-
netism, a weak diamagnetic test solution can be treated as a strong diamagnetic
material. On a track with ferromagnetism shown in Fig. 2, a magnetic channel for
a paramagnetic solution is formed, whereas between the two tracks, a magnetic
channel for a diamagnetic solution is formed.

2. Experimental. As a test solution, 1.4mol dm−3 nickel sulfate so-
lution (NiSO4, paramagnetic) was used, and as a corresponding environmental
solution, pure water (diamagnetic) was adopted. To measure the velocity of the
solution, carbon colloid was, as a tracer, added to the test solution. To observe
the non-viscous feature of two test solutions in mixing, the same nickel sulfate
solutions were colored by black and white watercolors. The black-colored solution
was also used for visualizing a magnetic channel in static state. With two test
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Fig. 3. Distribution of the magnetic flux density in a bore space of a superconducting magnet.
(a) Direction of the magnetic force imposed to apparent paramagnetic solution; (b) Direction
of the magnetic force imposed to apparent diamagnetic solution. B – magnetic flux density;
(dB/dz) – vertical gradient of the magnetic flux density; G – gravitational acceleration.
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solutions of different viscosities, the flow velocities were measured; the viscosities
were controlled with adding starch to the solutions, and carbon colloid was also
added as a tracer for measuring the velocities. A superconducting magnet (HF10-
100VHT, Sumitomo Heavy Industries, Ltd.) was used for generating the magnetic
field up to 10T, of which the bore space with 10 cm diameter was vertically set
up. By changing the vertical position of a chip in the bore space, as discussed
in Sec. 1. Theoretical, the intensities of the upper- and lower-vertical magnetic
barriers were changed; when the upper side of the magnetic center was selected,
the barriers for a paramagnetic test solution were reinforced, whereas on the lower
side, the barriers were weakened. The metal tracks were made of iron plates (1mm
thick and 1mm wide) with various lengths. A special track with two bulges (5mm
wide and 10mm long) was prepared for the mixing chambers. The iron tracks were
imbedded onto an epoxy resin plate, and the surface covered with epoxy resin was
roughly polished. In comparison, another fluid chip with channels composed of
solid walls with the same widths as the metal tracks of the magnetic channels was
also prepared; except for the upper parts, the channels were surrounded by plastic
solid walls, and used in zero magnetic field. The magnetic micro-fluid chips were
immersed into pure water in a glass vessel, which was settled at a given position
in the bore space. The test solutions were introduced to the magnetic channels
with homemade syringes. At the end of the channels, the solutions were recovered
with other syringes.

3. Results and discussion. To visualize the static structure of the
magnetic channel, a black test solution was injected into the channel with closed
ends until spilling out of the channel. As shown in Fig. 4, the cross-section of the
channel took a circular shape, the size of which depended on the strength of the
vertical magnetic barriers. This is because the magnetic force balanced with the
gravity force mainly determines the static shape. In this figure, the maximum
size of the cross-section is exhibited. The magnetic force sustains the test solution
forming a round bottom, so that almost all the bottom of the solution floats from
the chip surface, i.e., the test solution is surrounded by frictionless liquid interfaces.
From this characteristic feature of the magnetic-channel fluid, just like the maglev,
quite smooth frictionless motion can be realized.

Fig. 4. Visualization of the magnetic channels in static state. (a), at 9 cm above the magnetic
field center (downward buoyancy is applied); (b), at the magnetic field center (buoyancy is not
applied); (c), at 9 cm below the magnetic center (upward buoyancy is applied).
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Fig. 5. Experimental setups for observing solution flows. (A) Solution flow in a magnetic
channel. a – inlet; b –water; c – iron track; d – test solution; e –magnet; f – vessel. (B) Solution
flow in a solid channel made of a solid bottom and two solid walls. a – inlet; b –water; c – test
solution; d – test solution; f – vessel; g – solid walls. White arrows indicate observed directions.

Different from the static state, when the test solution flows through the mag-
netic channel, the channel changes the cross-sectional shape from round to rect-
angular, which has a small height and exactly the same width as the imbedded
metal track. The height can be regulated by the vertical magnetic field gradient,
i.e., by changing the vertical position of the chip in the bore space. To observe the
frictionless flow in a magnetic channel, and to compare it with usual viscous flow
in a solid channel, as shown in Fig. 5, two kinds of experiments were carried out;
one is the case of a magnetic channel, which is composed of an inlet of the test
solution and an iron track. The test solution is injected at the inlet flows through
the magnetic channel, being recovered by a reservoir at the end of the track. As
shown in Fig.5A, the whole system is immersed in water. Fig. 5B represents a solid
channel composed of an inlet of the test solution and a solid channel with a solid
bottom and two solid walls; the top of the channel is open, and the whole system
is immersed in water. In both cases, if the solution is dragged backward by the
friction of the channels, the height of the flow increases. Therefore, observing the
height of the test solution, we can easily discriminate whether the flow is friction-
less or not. As shown in Fig. 6a, though the injection rate increases, the height
of the test solution flowing in the magnetic channel was kept constant. This is

Fig. 6. Difference of flow modes in the magnetic and solid channels. Right side, the case of the
magnetic channel; left side, the case of the solid channel.
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Fig. 7. Velocities of magnetic channel flow vs. injection rates. V – injection rate; v – flow
velocity. Solution B (•) has a viscosity twice as high as solution A (◦).

because the test solution, as mentioned above, proceeds with being sustained by
the frictionless boundaries. On the contrary, in the solid channel in Fig. 6b, as the
injection rate increases due to the friction of the walls, the solution height also in-
creases. To ascertain such specific feature of the magnetic channel, with two kinds
of test solutions having different viscosities, the flow velocities were measured. As
shown in Fig. 7, though the kinematic viscosity of solution B (2.42 cSt) was twice
as high as solution A (1.21 cSt), each velocity showed almost the same value.

Moreover, the non-viscous feature was again ensured by observing the mixing
processes of the black and white test solutions in a magnetic mixing chamber and
a solid mixing chamber. As shown in Fig .8a, the mixing chamber was formed by

Fig. 8. Flow visualization at the mixing chambers in the magnetic and solid channels. (a) in
the magnetic channel; (b) in the solid channel.
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Fig. 9. Nickel deposit on a polyimide sheet by nickel electroless plating. The plating solutions
were introduced in a magnetic channel formed on the sheet.

two wide portions of the magnetic channel, which are formed exactly in the same
shapes as the bulges of the iron track imbedded on the chip surface. The whole
chip was immersed in water. According to the frictionless boundary condition,
it can be seen that in the mixing chambers, typical Kàrmàn vortex trains with
approximately 100µm in size are generated. Simultaneously, it can be also seen
that white and black solutions are mixed with each other, which represents the high
mixing efficiency in the magnetic mixing chambers. On the other hand, two solid
mixing chambers were formed together with a solid channel, which were engraved
5mm deep onto the chip surface. The whole chip was immersed in water. As a
result, the test solutions in the solid channel were surrounded by a solid bottom
and two solid walls, and the sizes of the channel (1mm wide) and chambers (5mm
wide) were exactly the same as those in the case of the magnetic channel. As shown
in Fig. 8b, due to the low Reynolds number, the black and white solutions moved
in a laminar mode without mixing. After ascertaining the basic properties of the
magnetic channel, by means of the magnetic channel, a new-type of electroless
plating was attempted. Fig. 9 exhibits an example, i.e., nickel electroless plating
on a plastic sheet. A straight path of nickel deposit was formed following an iron
track (1 mm wide) placed under the plastic sheet [24].

4. Conclusion It was founded that the magnetic channel formed on the
magnetic micro-fluid chip has a quite useful feature for the fluid motion, i.e., in
the channel the test solution moves in frictionless mode. This is because the
heterogeneous magnetic field around a ferromagnetic metal track generates a kind
of channel surrounded by the magnetic walls, i.e., magnetic barriers, which keep
the test solution separately from the environmental solution. Depending on the
magnetism of the test solution, an environmental solution with suitable magnetism
should be chosen, since the magnetic force to keep the test solution is generated not
only by the magnetic field gradient, but also by the relative magnetic susceptibility
determined by the difference of the magnetisms of the test and environmental
solutions. The channel is surrounded not by solid, but by solution divided by the
magnetic walls. Therefore, the test solution is maintained without mixing with
the environmental solution, and moves in a non-viscous mode. Since the mass and
heat transfers across the magnetic wall are possible, quite new types of chemical
and electrochemical reactors can be made. with the magnetic channels.
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