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ABSTRACT A micro-fluid manipulation technique is introduced using spiral-type magnetic micromachines
as pumps, channel selector, and active valves. Magnetic micromachines, also known as microrobots, have
been widely studied for biomedical applications because they offer wireless control and microscopic size.
Spiral-type magnetic micromachines, which contain a screw mechanism, are synchronized by an external
rotating magnetic field (the rotation of an external driving magnet). The screw mechanism means that
the machines generate both propulsive and drag forces in a fluid environment. When four micromachines
are installed in multi-channels they can be used to control direction and speed of rotation independently.
Therefore, by controlling the direction and speed of each machine, it is possible to control the direction of
fluid flow and to accelerate/decelerate the flow rate, functioning as an active valve or multiple pumps. The
suitability of spiral-type magnetic micromachines for fluid manipulation in microfluid system is verified
through various experiments.

INDEX TERMS Spiral-type magnetic micromachine, functional fluid manipulation, micropump, active

valve, channel selecting, wireless control, synchronized magnetic radial coupling.

I. INTRODUCTION

Magnetic microrobots and their associated manipulation sys-
tems have been developed for a range of biomedical appli-
cations [1]-[5]. These robots have numerous properties that
are advantageous for such applications, including wireless
operation, battery-free robot bodies, microscopic size, rapid
response times, and precision control. Most microrobots
move within the human body and perform tasks such as
precise target identification, diagnosis, drug delivery, and
sensing [6]-[10]. The robots are controlled wirelessly by
magnets which induce a torque or force. Magnetic forces can
produce translational motion within a gradient magnetic field,
whereas magnetic torque produces rotation without transla-
tional motion within a uniform magnetic field. Both types
of magnetic field can be generated by permanent or elec-
tromagnets [11]-[12]. Translational movement is determined
by the relationship between the robot and the magnetic field.
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However, rotational and alternating motions caused by mag-
netic torque can generate additional mechanical propulsion
in the environment [13]-[16]. Mechanisms that are widely
used in microrobots include screw, helical, and helical mech-
anisms. A uniform rotating magnetic field or rotating per-
manent magnet is required to rotate a robot. When a coil is
used to generate a rotating magnetic field, the robot rotates
in the same direction as the magnetic field. In contrast, when
a permanent magnet is used, the robot rotates in the oppo-
site direction like a magnetic gear [17]. These mechanisms
generate thrust when the robot rotates in a fluid. Then, drag
is generated in the opposite direction to the thrust. This is
driving method used for active robotic locomotion in the
fluid [18]—[20]. Drag occurs in the same direction as the fluid
flow. In order words, such a robot and control method can be
applied as a microfluidic control system.

Recently, many studies have investigated micropumps and
valves for microfluidic control [21]-[24]. In particular, mag-
netically driven micropumps have been explored due to their
simple control and structure. For example, Honda et al.
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developed a cylindrical micropump using an alternating
magnetic field. This method used the alternating motion
of an actuator composed of a NdFeB permanent magnet
and an elastic film. The alternating motion of the actua-
tor caused oscillation with moderate bending and produced
unidirectional flow [28]. Shen et al. reported on a magnetic
micropump that used membranes each containing an inte-
grated permanent magnet. This was actuated by an assembled
permanent magnet mounted on the rotation axis of a DC
motor [29]. Pan et al. described two driving methods using
planar micro-coil and micro-motor drives. In the micro-motor
method, a small DC motor with permanent magnet embedded
in its shaft was used to actuate a membrane mounted mag-
net [30]. Such magnetically actuated micropumps, have sev-
eral advantages including a simple structure/configuration,
wireless control (remote control), battery-free bodies, and
micro size; however, they only have the pumping function.

In this study, we propose a new microfluidic control system
using a spiral-type magnetic micro machine. The spiral-type
machine can perform various functions in a microfluidic sys-
tem including pumping, active valves, channel selection, and
improved hydrodynamic performance according to the con-
figuration of the fluid channels and machines. The fabricated
machine consists of a cylindrical NdFeB permanent magnet
(¢1.2 x 7.5) and spiral blade (pitch 1.14 mm and blade angle
70°). The magnetization is in a radial direction. The machine
is rotated and synchronized by the rotation of external magnet
(see Fig. 1). Typically, spiral mechanisms are applied to axial
pumps in fluid channels or pipes. However, when the spiral
machine rotates, it produces rotating fluid flow in addition to
axial flow. In addition, we controlled the direction of drag and
rotation speed of the machines so that they would function as
active valves and prevent fluid flow. When the various drag
forces occur in the same direction the pressure in the channel
increases. This is equivalent to a series connection used to
increase the pressure in a multipump configuration. In gen-
eral, independent pumps, valves, etc. are used in fluid control
systems; this results in complex structures. We propose and
experimentally verify the viability of replacing pump, valve,
and channel selection functions with a spiral-type magnetic
machine in multi-channels.

Il. METHODS FOR WIELESS CONTROL

AND FLUID MANIPULATION

A. MAGNETIC WIRELESS CONTROL

For fluid manipulation, we utilized a spiral-type magnetic
micromachine and a wireless magnetic control method. Two
driving methods can be used to rotate the machine: a uniform
rotating magnetic field with an electromagnetic control (EM
control) or magnetic coupling using a permanent magnet (PM
control). If the machine does not need to be mobile, PM con-
trol is better than EM control. Figure 1 (a) illustrates the
synchronous magnetic radial coupling mechanism between
two magnets used for PM control. The rotational mechanism
of this configuration can be considered a magnetic gear.
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FIGURE 1. Method used for magnetic wireless control. (a) Synchronous
magnetic radial coupling between the driving magnet and the machine,
where F4 is the magnetic radial coupling force (attractive force).

(b) Combined magnetic flux in the radial coupling according to the angle
of rotation. CCW and CW indicate the counterclockwise and clockwise
direction, respectively.

When the driving magnet rotates counterclockwise (CCW),
the machine rotates clockwise (CW) because of the magnetic
coupling force.

Before the driving magnet and the machine being to rotate,
an attractive magnetic force is generated as a result of their
alignment. As the driving magnet rotates, the machine rotates
in the opposite direction to preserve this coupling, as shown
in Fig. 1(b). Figure 1 (b) shows the magnetic radial coupling
between two permanent magnets for different angles of rota-
tion. This shows the variations in the combined coupling field
flux (position of maximum magnetic radial coupling force
F ). In this driving method, the coupling force (attractive
force) is very important. It determines the rotation of the
machine.

As the coupling force increases, the starting torque
increases, and the driving range of the maximum rotation
speed becomes wider. The magnetic coupling force can be
expressed as [31]:

F = ZV[mMo(x,y, 2) - Hoxy
\ 4

=LVWMWL@HWW’ 1)

where g is the permeability of free space, V is the volume
of the magnetic machine, M is the magnetization of the
machine, H ¢y is the external magnetic field strength, and
m=MdV.
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FIGURE 2. (a) Fabricated spiral-type magnetic micromachine and driving
magnet. (b) Configuration for magnetic radial coupling between the
machine and the driving magnet.

If we consider the position between the machine and the
driving magnet on the x-axis, the magnetic coupling force can
be expressed as:
oH ext_x

X

dF = V(uom - Hext) = oM dSdx

OH
Fy, = noM / ds—x "dx 2)

where dF is the infinitesimal coupling force between the
driving magnet and the machine, H,, . is the magnetic
field strength in the x direction, d is the thickness of the
driving magnet, and S is the polar surface. The magnetic
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coupling force is controlled by the distance between the
driving magnet and the machine. Figure 2 (a) shows the fabri-
cated magnetic machine with the driving magnet (cylindrical
NdFeB ¢4 x ¢2.4 x 9mm). The machine, which consists of
a cylindrical NdFeB bar magnet of ¢1.2 x 7.5mm and spiral
blade with pitch of 1.14 mm and blade angle of 70°, is syn-
chronized with the rotation of the driving magnet because
the two magnets have diametric magnetization. The driving
magnet is connected to a DC motor and the rotation speed
is controlled by pulse width modulation (PWM). In order
to observe the driving conditions, we changed the coupling
distance, whereas all of the fluid control experiments were
performed at a fixed coupling distance of approximately
8 mm. Figure 2 (b) shows basic concept of synchronized
magnetic radial coupling between the driving magnet and the
machine.

B. METHOD FOR FLUID MANIPULATION

Figure 3 shows principle of fluid manipulation according to
changes in the direction and speed of rotation of the machine
when it is used as a pump, valve, or channel selector. When
the machine has a right-hand screw mechanism, CW rotation
produces fluid flow in the CW direction (Flow_1) and axial
fluid flow in the backward direction (Flow_2), as shown
in Fig. 3 (al). In contrast, CCW rotation produces fluid flow
in the CCW direction (Flow_1) and axial flow in the forward
direction (Flow_2), as shown in Fig. 3 (a2). Flow_1 is caused
by centrifugal force from the rotation of the machine, whereas
Flow_2 is caused by the spiral blade on the machine.
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FIGURE 3. (a1 and a2) Direction of fluid flow when the machine rotates CW or CCW, respectively. (b1 and b2) Micropump and valve
concepts in the microchannel, respectively. (c) Fluid channel selection achieved by controlling the rotation direction of the machine.
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Figure 3 (b) shows the case where the machine is used
as an axial-flow pump with a valve in one channel. If the
machine has a right-handed screw mechanism, CW rotation
produces a pumping action in the fluid channel. This is an
axial-flow pump, as shown in Fig 3 (bl). In contrast, with
CCW fluid flow is restricted by the direction of drag because
of the spiral structure (right-handed screw), as shown in Fig. 3
(b2). The machine then becomes an active valve due to the
rotation speed of the machine. By controlling the rotation
speed of the machine the hydrodynamic performance can be
controlled.

As described above, the rotation of the machine provides
two fluid flows: Flow_1 and Flow_2. Furthermore, the direc-
tion, in which the machine rotates, determines the direction
of Flow_1 and Flow_2. CCW direction selects Ch4 and
Chl, as shown in Fig. 3 (cl), and CW direction selects
Ch2 and Ch3, as shown in Fig. 3 (c2). Therefore, when the
machine is installed in the multi-channel, we control the
direction of rotation in order to select a channel. In exper-
imental analysis (Section III), we verified these proposed
functions.

Ill. EXPERIMENTAL ANALYSIS AND DISCUSSION
A. DRIVNG CONDITIONS FOR SYNCHRONIZED

MAGNETIC RADIAL COUPLING

The range of the synchronized rotation speed is dependent on
the magnetic radial coupling force. This force is determined
by the distance between the driving magnet and the machine.
We observed the magnetic coupling force at intervals of 1 mm
up to 16 mm using a digital force gauge (IMADA DS2-2N);
the results are shown in Fig. 4 (a). The coupling force had a
peak of 0.48 N at 1 mm and decreased rapidly up to 3 mm
(0.13 N). Above this distance, the coupling force decreased
slowly, from 0.062 N at 4 mm to 0.0005 N at 16 mm.
We then assessed the change in power consumption at the
starting point of the rotation of the machine as the cou-
pling distance increased; the results are shown in Fig. 4 (b).
The power consumption increased as the coupling distance
decreased, this is a disadvantage of strong coupling forces.
Furthermore, we recorded the maximum rotation speed of
the machine using a Hall sensor at different distances; the
results are shown in Fig. 4 (c). The machine rotated in fluid.
The greatest range of rotation speed was obtained at small
coupling distances. A coupling distance of 2 mm resulted in a
coupling force of 0.17 N and power consumption of 36.3 mW.
Under these conditions, the machine achieved a rotation
speed of 14100 rpm. When the distance increased to 16 mm,
the coupling force, power consumption, and maximum rotat-
ing speed were 0.1 mN, 24.3 mW, and 6800 rpm, respec-
tively. Fluid control experiments with an actual machine were
conducted at a coupling distance of 8 mm. This results in a
coupling force, power consumption, and maximum rotational
speed of 0.012 N, 26.79 mW, and 13500 rpm, respectively.
Coupling distances up to 8 mm can guarantee a rotation speed
of 12000 rpm. Therefore, all experiments maintain a coupling
distance of 8§ mm.
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FIGURE 4. Variation in (a) radial coupling force between the machine and
the magnet, (b) power consumption at the starting point of the rotation,
and (c) maximum rotation speed against changes in the coupling
distance.

B. PUMPING ABILITY AND CONTROL OF FLOW
DIRECTION

A rotating the spiral-type magnetic micromachine can be
applied to fluid manipulation in a fluid environment because
of the spiral mechanism. The machine is applied to a wide
range of Reynolds number (1077 < Re < 10%). First, we
assessed basic pumping abilities according to changes in the
rotation speed of the machine up to 6000 rpm. Figure 5 (al)
compares the maximum pump heads against in the rotation
speed of the machine with water and silicone oil (100 cst).
The pump head is proportional to the rotation speed. The
water and silicone oil have different viscosities, this means
that the pump heads are different at the same rotational
speed. The fabricated machine produced minimum pump
heads of 50 and 550 Pa at 1800 rpm, and maximum pump
heads of 430 and 1480 Pa at 6000 rpm with water and silicone
oil, respectively.

The flow rates of silicone oil and water were greatest when
the rotation speed of the machine was between 1800 and
6000 rpm and the pump head was zero, as shown in Fig. 5
(a2). The maximum flow rate is achieved when the pump head
is zero. Under this condition, the rotation speeds of 1800,
4200, and 6000 rpm in the silicone coil produced flow rates
of 0.1814, 0.3389, and 0.5539 mL/min, respectively. The
machine produced flow in two directions due to the spiral
mechanism and direction of rotation: axial flow (Flow_2)
and centrifugal flow (Flow_1). Figure 5 (a3) shows the fluid
velocity of Flow_1 and Flow_2 when the machine rotated CW
at between 3000 and 11000 rpm.
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FIGURE 5. (a) Hydrodynamic performance: (a1) Maximum pump head of water and silicone oil (100 cst) according two changes in the rotating speed of
the machine, (a2) variations in flow rate according to changes in the rotating speed, and (a3) Fluid velocities of axial flow (Flow_2) and later flow
(Flow_1) in the fabricated microchannels. (b) Control of fluid flow (Top view): (b1) Observation of the two flows in the silicone oil without the channel.
(b2 and b3) Verification of selecting the channel by the rotating direction of the machine.

To measure the fluid velocity, we fabricated fluid channels
0.7 mm wide and 2.5 mm deep using a 3D printer. As the
rotation speed of the machine increased, velocity of both
fluid flows changed significantly. In the fabricated chan-
nels, the minimum and maximum velocities of Flow_1 were
0.066 and 1.74 mm/S at 3000 and 11000 rpm, respec-
tively. Flow_2 produced minimum and maximum velocities
of 0.12 and 10.7 mm/s at equivalent velocities. In general,
axial-flow pumps require relatively high rotation speeds com-
pared to centrifugal pumps in order to obtain the pumping
ability. Centrifugal pumps can discharge large flow rates even
at relatively low rotation speeds because they have sufficient
space for the fluid to be discharged by the centrifugal force of
the machine. In particular, because of the spiral structure and
the difference between the size of the channel (0.7 mm wide)
and the machine (1.2 mm thick and 7.5 mm long), axial flow
was the major flow direction.

We conducted experiments in order to confirm the effect
of the rotation direction of the machine on the flow direction,
as shown in Fig. 5 (b). Figure 5 (bl) represents Flow_land
Flow_2 in silicone oil (100 cst) without channels. The
machine has a left-handed spiral structure so the driving
magnet rotated CW which caused the machine to rotate CCW
at 3000 rpm. Under this condition, two directions of flow
were observed using yellow oil paint: Flow_1 and Flow_2.
We experimented to select the channel in the same direction
as the rotation of the machine by applying the basic mech-
anism to multiple channels. In this experiment, the machine

145600

had a right-handed spiral mechanism and rotated at 3000 rpm.
We prepared four channels for flow direction and installed the
machine on a test bed in the center. Silicone oil was injected
in the same location of the machine (center of machine) via
a syringe pump at a rate of 20 uL/min. We began by rotating
the machine CCW. In this case, the drag on the fluid was
in the Chl direction and the rotation of the machine was in
the Ch4 direction. Therefore, the fluid moved along Ch1 and
Ch4, as shown in Fig. 5 (b2). In contrast, when the machine
rotated CW, the fluid moved in the direction of Ch2 and Ch3,
as shown in Fig. 5 (b3). The direction of thrust and drag
were opposite to each other. Hence, the spiral machine can
be used select the fluid channel by controlling the direction
of rotation.

C. ACTIVE VALVE AND FLIUD MIXER

Active valves are one of the possible applications for this
machine. Figure 6 shows its performance as an active valve
(front view). For this experiment, we used two machines
with right-handed spiral. Machine 1 was designed to func-
tion as an active valve and Machine 2 was designed to
function as a micropump. When the direction of drag
from Machine 1 is opposite to the direction of drag from
Machine 2, Machine 1 functions as an active valve. If the
drag forces from Machines 1 and 2 are in the same direction,
the configuration functions as a dual pump and increases the
pump head. Next, we reversed the directions of the drag from
Machines 1 (CCW) and 2 (CCW).
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FIGURE 6. Verification of performance as an active valve (Machine 1) using the spiral machine (front view) and the change in fluid movement with
increasing rotation speed. (a) Rotation stop of Machine 1 with 100% open valve. (b to f) Displacement of the fluid when Machine 1 rotated at 1200, 2400,

3600, 4800, and 6000 rpm, respectively.

The rotating speed of Machine 2 was constant at 6000 rpm
and the rotating speed of Machine 1 increased up to 6000 rpm
at 1200 rpm intervals while the displacement of the fluid was
observed. First, Machine 1 was stationary while Machine 2
rotated CCW at 6000 rpm. At this point, fluid flowed past
Machine 1 and the pump head increased. Since the drag
from Machine 1 was zero, the valve was open, as shown
in Fig. 6(a). Second, the rotation speed of Machine 1
increased in CCW direction which caused the displacement
(pump head) of fluid to decrease. For example, when the
rotation speed of Machine 1 changed from 1200 to 2400 rpm,
the height of the fluid decreased from 16 to 3 mm. The sili-
cone oil could not pass through Machine 1 when it rotated at
3600 rpm, as shown in Fig. 6 (b) to (d). In addition, at speeds
of 4800 and 6000 rpm, the fluid decreased even more in the
space around Machine 1, as shown in Fig. 6 (e) and (f).

Figure 7 shows the performance of the device as a mixer
and as a pump. In this test, Machines 1 and 2 were used
as micropumps and Machine 3 was applied as a mixer. The
three machines had right-handed spiral structures and rotated
CW, CCW, and CCW, respectively, at 3000 rpm. Due to the
pumping ability of Machines 1 and 2, the blue and red oils are
present at outputs 1 and 3. The purple oil appeared at output
2 because Machine 3 mixed the blue and red oils.

D. PROGRAMMABLE AND FUNCTIONAL FLUID
MANIPULATION

To verify the viability of fluid manipulation using the spiral-
type magnetic micromachine, we prepared four machines and
multiple channels, as shown in Fig. 8 (a). Four driving mag-
nets were installed at the four DC motors. We configured the
control system using LabVIEW software to control the speed
and direction of the motor. The control system generated
a PWM (Pulse Width Modulation) signal to each motor to
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FIGURE 7. Observation and conditions of two pumps and a mixer using
three machines (top view).

control the rotation speed of the machine. The duty ratio of
the PWM is adjusted by observing the rotational speed of
the machine using a Hall sensor. In order to achieve fluid
manipulation in the channels, we controlled the direction
of rotation of the machines at fixed speeds of 6000 rpm.
The test bed consisted of three inputs, seven outputs, and
nine channels with four machines. The three inputs were
yellow (Y), purple (P), and blue (B) oils (100 cst).

Figure 8 (b) shows the fluid flows and the color of the oils
in the channels. Machines 1, 2, 3, and 4 initially rotated CCW,
CW, CCW, and CCW, respectively. Under these conditions,
Machines 1, 2, 3, and 4 selected Ch1 and Ch2, Ch4 and Ch7,
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FIGURE 8. (a) Configuration of control system for functional fluid control system. (b) Initial flows of the three inputs and the rotating conditions of the
four machines. (c and d) Fluid circulations (Ch3— Ch2— Ch5— Ch4— Ch3) in CCW direction and the changed colors in the channels. (e) CW circulation

(Ch3—Ch4— Ch5—Ch2) and the conditions of the machines.

Ch7 and Ch9, and Ch5 and Ch6, respectively. When operated
at the same rotation speed, the velocity of the axial flow from
Machine 3 was faster than the centrifugal flow velocity from
Machine 2. Therefore, the oil in Ch8 was blue. In addition,
the flow in Ch7 from Machine 2 prevented the movement
of blue oil, so it functioned as a closed valve. Next, we per-
formed a test in which the fluid was circulated in the order
Ch3—Ch2—Ch5—Ch4 (CCW circulation) by controlling
the rotation direction of the machines, as shown in Fig. 8 (c).
In this case, the operating conditions of the four machines
were CCW, CCW, Stationary, and CW, respectively. The
colors in Ch3, Ch2, Ch5, and Ch4 were P+B, Y, Y, and Y+P,
respectively. After 25 s under these conditions, the color of
the fluid in the channels changed due to the circulation of
the fluid, as shown in Fig. 8 (d). To change the direction
of circulation from Ch3—Ch 2— Ch5—Ch4 (CCW circu-
lation) to (Ch3— Ch4— Ch5&Ch6— Ch2)//Ch7, the rotation
directions of the four machines were changed to CW, CW,
CW, and CCW, respectively, as shown in Fig. 8(e). There-
fore, Machine 1 selected Ch 2 and Ch3, Machine 2 selected
Ch4 and Ch7, and Machine 4 selected ChS and Ch6. Machine
3 rotated CW to move the fluid from Ch7 to Ch9 and Ch10.
This helped to move the fluid flowing along the right side of
Machine 2. If Machine 3 rotated CCW, the fluid in Ch3 was
unable to move to Ch7 because Machine 3 functioned as a
valve due to the direction the drag from Machine 3.

Through these experiments, we were able to verify the
viability of the proposed method of functional fluid control

145602

using the spiral-type magnetic micromachine. In the fabri-
cated fluid control environment, the direction of fluid flow
was controlled using the direction and speed of rotation of
the machines, and the machine performed a pump, mixer,
and valve. In general, microfluid control systems require
independent micropumps, mixers, and valves to operate
multi-channels which results in a complex structure and
configuration. Therefore, the proposed method using the
spiral-type magnetic micromachines and magnetic coupling
for wireless operation has great potential. In particular, the
machine can be rotated bi-directionally to control the direc-
tion of fluid flow. Furthermore, the hydrodynamic proper-
ties can be controlled by connecting multiple machines. For
example, if two machines are connected in parallel with
the same rotation speed, the flow rate of the fluid is dou-
bled. Alternatively, if two machines are connected in series,
the pressure of the fluid doubles when the drag forces on the
two fluids are in the same direction.

IV. CONCLUSION

Spiral-type magnetic micromachines are widely used in vari-
ous biomedical fields. Because the machines are controlled
by an external magnetic field and have mobility, they are
mainly used for diagnosis and therapy in the human body.
When the machine rotates in the fluid, it generates thrust
and drag acts on the fluid in the opposite direction to the
thrust. This can be used to control fluid flow. In general,
spiral, helical, and screw mechanisms can be applied to a
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propeller for axial pumping, whereas we used two flows
in the axial and lateral directions through the rotation of
the machine. When we controlled the direction of rotation of
the machine, we were able to select the flow direction via the
spiral mechanism (right or left-handed mechanism). For the
experiments, we controlled the speed and direction of rotation
of the four motors individually using LABVIEW software.

In this study, we verified that it was possible to achieve
functional fluid control using spiral machines by controlling
the speed and direction of rotation of the machines in multi-
channels. In particular, we were able to verify the function-
ality of the pumps, valves and mixers by controlling four
machines individually in multiple channels to control fluid
flow direction. In addition, we verified each function experi-
mentally using basic hydrodynamic properties and confirmed
their applicability to the microfluidic control system of the
machine.
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