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Magneto-Mechatronics : A New Approach to Sensors and Actuators for

Next-Generation Biomedical and Rehabilitation Devices
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ABSTRACT

Magnetic sensors and actuators have been widely used in industry and medical fields. Integrated systems based
on sensors and actuators are defined as mechatronics that is the general combination of mechanics and electronics.
Recently, magnetic wireless sensors and actuators have been developed and used at a systematic level. In
particular, their mechanisms depend on magnetic, such as magnetic material and physical phenomena. However,
their research boundary has not been clear. Researchers talk of magnetic micro-robots, magnetic actuators and
sensors. Therefore, a new and correct definition is required. In this study, we introduce the advanced and
extended concept of mechatronics, which is a magneto-mechantronics for biomedical and rehabilitation. Among
various applications, we focused on wireless pump and sensing system for blood vessel rehabilitation and local

motion capture, respectively.

Keyword : Magneto-mechatronics, Magnetic wireless actuator and sensor, Medical rehabilitation, Magnetic torque,

Magnetic force

1. Introduction Since the discovery of the compass, magnetic
phenomena have become an inseparable feature of

human life, most noticeably used in medical and

q o 120160822 advanced information technology applications
dAreE e ¢ 2016.08.26 [1-3]. Furthermore, magnetic actuation has been
A ZH%]?OE] + 2016.08.29 i o extensively explored in biomedical fields. The
: Torxif(; d:yO 4182;;:31?1: 7(]_r ??4 e development of different materials and of
ARE  AFy ety AT Bety 2w microfabrication and nanofabrication techniques
kshoon@wku.ac.kr (34 A 2}) have led to the emergence of multi-scale

¥ A= 201569 AF(ALSH)Y] AYPoeR SdxAT magnetic actuators and sensors, which have been
Aol Ade  weob  FPE J2ATAYEY widely used for therapy, diagnosis, target drug

(2015R1ID1A1A01059525, 2015R1D1A1A01057463).
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delivery, u—-TAS, the navigation systems of blood
vessels, and rehabilitation [4-8]. Figure 1 shows
the potential applications of wireless magnetic
actuators and sensors for biomedical and
rehabilitation devices. Such magnetic devices used
in medical fields are operated wirelessly and
without batteries; however, they can only be used
in restricted spaces. Wireless magnetic actuators
face another potential problem: a low degree of
(DoF)  for

overcome these problems, magnetic, mechanical,

freedom shape and motion. To

and electrical engineering have been
synergistically integrated.

In general, the definition of mechatronics has
evolved since its original definition by the
Corporation. In trademark

Yaskawa Electric

application documents, Yaskawa defines
mechatronics as follows: mecha is derived from
mechanism and tronics from electronics. In the
future, technologies and developed products will
incorporate electronics into their mechanisms more
and more, intimately and organically, making it
impossible to tell where one ends and the other
begins [9-11]. Conventional mechatronics includes
reconstructing the unit components using various
materials to reach system level and are able to
fulfill their purpose [12-13]. However, wireless
magnetic actuators and sensors cannot be easily
integrated or reconstructed due to magnetic
phenomena.

Therefore, in this paper, we introduce a new
approach to magnetic actuators and sensors for
biomedical and rehabilitation devices. Magnetic
actuators that use an external magnetic field were
applied to a medical micro-robot and a wireless
blood pump. One of application of a wireless
blood pump is used in rehabilitation; in this
paper, we focused on the rehabilitation of the leg.
The wireless blood pump used in this paper had
two functions: circulating blood and enhancing
blood vessel movement. In addition, a wireless
magnetic-sensing system was applied for local

motion capture and analysis.
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Fig. 1. Potential applications in magneto-mechatronics
system using magnetic actuator and sensor.

2. Principles and methods

2.1 Principle of wireless magnetic

manipulation

A new solution was defined for the synergistic
integration of magnetic, mechanical, and electrical
engineering: controlling actuators and sensors
using magnetic fields. The control method using
an electromagnetic system is classified by
gradient, alternating, and rotating magnetic fields.
A permanent magnet for wireless manipulation
creates translational and rotational motion in
magnets, as shown in Figure 2 (a) and (b). In
particular, these magnetic fields control magnetic
force or torque, depending on the magnetic
materials. For instance, hard magnetic materials
with alternating and rotating magnetic fields are
suitable for magnetic torque control, whereas soft
magnetic materials with a gradient magnetic field
are appropriate for magnetic force control.
Magnetic force and torque can be expressed as

follows:

T=MXB,,, (1)
F= (M« V)B,,, (2)
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where M is the magnetic moment, B,,, is the

applied external magnetic field density, and T and
F denote magnetic torque and force, respectively.
These wireless control methods are an advantage
of magneto-mechatronics systems, which are
suitable for use in restricted spaces since they

use local magnetic fields.
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Fig. 2. Principle of magnetic actuation and sensing:

(a) permanent magnet manipulation, (b)

electromagnetic manipulation, and (c) sensing
method using magnetic induction.

The basic technology of wireless magnetic
sensing utilizes magnetic induction based on
Faraday’s law, as shown in Figure 2 (c). The
magnetic induction method, in which the induced
magnetic field generates voltage and currents in a
coil, has been widely used for magnetic sensors.
The generated voltage from the induced magnetic

field can be expressed as follows:

V= NA(fi—fsin(é) (3)

where V is the induced voltage, N 1is the
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number of turns in the wound coil, B is the
magnetic flux density of the magnetic impeller, 4 is
the area of the coil, and ¢ is the angle between
the magnetic flux density direction and the coil.
Magneto-mechatronics includes all magnetically
driven mechanical devices and sensors, such as
magnetic robots, pumps, and local motion capture
These

independent

systems. devices and systems use

components to complete their
respective tasks; for example, the magnetic blades
in pump housing are controlled by magnetic
torque, and they generate pressure energy. In
other words, the combination of a magnetic
physical phenomenon (i.e., magnetic torque) and a
mechanical apparatus allows the pump to function

without using conventional motors [14].
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Fig. 3. (a) Configuration of a permanent magnet
system for control of magnetic force: steering
method based on magnetic force using four
permanent magnets and (b) electromagnetic
system, which uses a three-axis Helmholtz
coil for magnetic torque control.

Figure 3 shows the actual manipulating system,
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which  uses permanent magnets and an
electromagnetic system based on a three—axis
Helmholtz coil. Because of the constant magnetic
flux density from the permanent magnets, the
method has

controllability than that of an electromagnetic

permanent magnet lower
system. An electromagnetic system can change
the driving frequency and magnitude of a current.
Therefore, electromagnetic systems have been

widely used for biomedical applications.

2.2 Wireless magnetic actuator and sensor
for biomedical and

devices

rehabilitation

2.2.1 Wireless magnetic actuators and application

The basic

magnetic actuators are magnetic torque and force

control methods for wireless
controls. External magnetic fields for micro-robot
control are divided into three types: gradient,
alternating, or rotating. A gradient magnetic field
is suitable for translating wireless magnetic
actuators. In this case, wireless magnetic
actuators (micro-robots) are driven by a magnetic
force. To generate a gradient magnetic field, two
magnetic circuit methods have been widely used
as controls: one based on an electromagnetic
system and the other based on a permanent
(Figure 3).

electromagnetic system for wireless magnetic

magnet system In general, an
actuators i1s composed of Helmholtz coils and
Maxwell coils. Under this configuration, the
Helmholtz coils are used to align the magnetic
micro-robots using magnetic torque, and the
Maxwell coils impart a magnetic force
(translation) to the robots [15].

The other method is magnetic torque control
using rotating and alternating magnetic fields.
Magnetic torque is generated by the relationship
between external magnetic fields and a magnetic
moment on the magnets. It is the tendency of a
force to rotate a magnet according to the field
direction. Figure 3 (b) shows an electromagnetic
system that uses a three-axis Helmholtz coil

system for magnetic torque control. For actuators,

the alternating magnetic field generally results in
oscillation or vibration, whereas the rotating

magnetic field generally results in rotation.
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Fig. 4. (a) Principles of magnetic coupling for the
pump operation, and (b) the fabricated pump
and conceptual of application for blood vessel
rehabilitation.

Typically, wireless magnetic actuators have the
critical problem of a low DoF for shape and
motion due to their magnetization and magnetic
properties, such as magnetic torque and
interaction force. These problems are solved by
fusing multiple research fields. For the fabrication
of a magnet, a rotating magnetic field and
injection molding are required to improve the DoF
for shape and motion, as using the rotating

magnetic field method to control the wireless
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magnetic actuator can potentially lead to the
development of a mechanical mechanism. General
2-D rotation using a rotating magnetic field can
be easily converted to various motions depending
on the mechanical mechanism.

Figure 4 shows the application of a pump
driven by permanent magnets and electromagnets
based on the concept of wireless magnetic
manipulation for rehabilitation devices. As diabetic
foot ulcers and peripheral artery disease cause
decreased blood flow and the hardening of blood
vessels in the leg, the purpose of the magnetic
pump is to support the circulation of blood in
rehabilitating hardened arteries in the legs, as the
pump can enhance the blood circulation and
movement (flexibility) of the blood vessels using
hydrodynamics.

In addition, Figure 4 (a) shows synchronous
axial and radial coupling for rotation. The
fabricated impeller, which is a magnet that uses
method,
backward—curved blades. Therefore, the rotation

the injection—molding includes
of the external magnet causes the rotation of the
magnetic impeller due to the magnetic coupling.
Figure 4(b) shows the fabricated pump and
experimental apparatus, which use synchronous
magnetic axial coupling. In axial coupling, the
magnetic force of the Z-axis can be expressed as
follows [16]:

N
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N, N, h
EE [ + 17— 2n7, cos(d, —¢,) + I FE 7
where N, and NV, are the number of mesh
variables and (r; /, @, /) represents the coordinate
variables. Mg denotes the magnetization, h is the
axial coupling distance, and @, denotes the

angular displacement. The summing point charges

on the surface mesh become the surface area
(AS=n(R;—R})/N,y.N.Ny). R and R, are
the inner and outer radii, respectively. Thus, the

driving torque can be expressed as follows:
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where T is the displacement vector from the

original coordinate system.

Because of magnetic force and torque, the
magnetic pump is wireless and Dbattery—free
operation is enabled. In addition, the wireless
pump can provide a smaller size and a more
simple structure. To apply the pump for leg
rehabilitation, it must satisfy the hydrodynamic
performance of a femoral artery, ie., a maximum
flow rate of up to 251 L/min at diameter of 5.
The developed pump produces a flow rate of up
to 2,71 L/min and a pump head of up to 1725
mmHg.
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Fig. 5.
trajectory and (b) H-Q curves: experimental
results.

Figure 5 shows the flow simulation from the

rotation of the magnetic impeller and the
hydrodynamic performance and flow rate of the
pump head in H-Q curves. The pump adopts a
centrifugal flow mechanism; in particular, the
pump does not include a shaft or mechanical
bearings. Therefore, the pump can avoid typical
issues seen in conventional pumps, such as the
generation of heat or abrasion from the shaft and

bearings.
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2.2.2 Wireless magnetic sensing: Solution and

application

Typically, motion capture and analysis systems
have been widely used in rehabilitation and
large-scale motion analysis. In general, motion
capture systems utilize vision cameras and
markers for large spaces; however, they are
generally high in price and influenced by their
environment, such as by the brightness of a
room. To avoid these issues, magnetic sensing
has been proposed[17]. However, magnetic
sensing utilizes wired controls to acquire data
which

movement. Thus, a wireless magnetic-sensing

from the magnetic sensors, restricts
system is more suitable for motion capture[18].

A wireless magnetic-sensing system requires
LC markers, a pick-up coil array, an exciting coil,
and a data acquisition system, as shown in
Figure 6. The LC marker consists of a ferrite
core with a wound coil and a capacitor for LC
resonance. The LC markers are excited by the
resonance frequency of the exciting coil, which
uses electromagnetic induction. Thus, the induced
resonance frequency of the LC marker also
excites the pick-up coil, and the induced signals
in the pick-up coil are acquired by the data
acquisition system.

Figure 6 shows a hand motion capture system
and its wireless

application using a

system. For hand motion
attached on the

fingertips without a vision camera or any other

magnetic-sensing
capture, LC markers are
sensors. Therefore, the system remains unaffected
by optical noise and brightness. Although the
system 1s not suitable for large-scale motion
capture because of the local magnetic field, it is
suitable for the local motion capture of the body,

such as the hands, jaw, etc.
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Fig. 6. Principle of a wireless magnetic sensing
method and applications

3. Discussion and conclusion

Mechatronics is the integration of mechanical
and electronical product development. While many
researchers have developed magnetic
micro-robots, micro—-pumps, and sensor systems
using external magnetic fields for medical and
rehabilitation applications, their definitions of
magneto-mechatronics differ according to their
goals. This work defined the new research field
of magneto-mechatronics as the synergistic
integration of magnetic, mechanical, and electrical
engineering.

All components based on magneto-mechatronics
are controlled by an external gradient, alternating,
and/or rotating magnetic field. This work
analyzed wireless magnetic actuators and sensors
for wireless blood pumps, medical micro-robot
control methods, and wireless magnetic motion
capture;, the proposed wireless magnetic actuators
are driven by the direct application of a rotating
magnetic field for pump operation. In addition,
synchronized actuation from 2-D rotation is
applied in the functional blood pump, and 3-D
rotation and converted linear motion from 2-D
rotation is applied in robotic mechanisms relative
to the increase in the DoF of motion and shape.
Thus, the developed actuators are classified
according to the type of rotation.

For sensing systems, we utilized magnetic and

electromagnetic induction based on Faraday’s law,



A7l HFIEZHA

as wireless-sensing systems are not influenced
by brightness and are applicable for local motion
system utilizes a
that is

rehabilitation training and robotic and assistive

capture. In particular, the

physical-to-virtual system useful in
devices. In addition, wireless magnetic actuators

and sensors do not require electrical power
generated by power cables. Further, as wireless
magnetic solutions are applicable in relatively
small spaces, magnetic phenomena have a high
potential for use in biomedical and rehabilitation
devices. Hence, these methods can be applied to

local control, sensing, and analysis.
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