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Abstract In this study, a magnetic spiral microrobot is
proposed for tasks such as diagnosis, drug delivery, and
minimally invasive surgery. It has a compact structure with
a wireless power supply, low voltage, and a long working
time. The microrobot is comprised of a spiral outer shell
based on the Archimedes screw structure and an O-ring
magnet for an actuator. The Archimedes screw structure
produces an axial propulsive force due to the torsional
moment generated by a magnetic field and embedded
magnet, which rotates in the direction of interest. Micro-
robots with different numbers of spirals are manufactured
to evaluate the effect of spiral number on speed. Moreover,
we developed an electromagnetic actuation system to
accomplish wireless real-time control via a Phantom Omni
device. By adjusting the control signals, the microrobot
achieved flexible motion in a pipe with good performance.
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1 Introduction

Microrobots have been employed in minimally invasive
procedures due to their reliability and flexibility. They are
safe and can perform tasks in small or narrow areas deep
within the human body. Microrobots have many potential
applications in the field of medical engineering [1-8]. With
advances in precision processing technology, various
microrobots with biomimetic locomotion have been
developed, and further progress in the biomedical field is
expected [6-12]. As a tool for diagnosis and treatment,
microrobots can be used for tasks such as drug delivery and
complex surgical operation [13-15]. Guo et al. developed
several types of swimming microrobot using ionic con-
ducting polymer film (ICPF) actuators that can swim like a
fish with a tethered [16, 17]. They can move forward, float
up or down, and steer left or right. However, fish-like
microrobots are unsuitable for working inside the human
body due to the requirement of a power cable. Given
Imaging developed a kind of capsule endoscope (M2A)
with a battery source that can be swallowed to examine the
gastrointestinal (GI) tract based on the peristalsis of the
intestines [18]. However, flexible motion cannot be per-
formed via peristalsis. To solve this problem, self-pro-
pelled microrobots with biomimetic movements, such as
crawling, walking, and creeping, have been developed.
Motors or smart materials such as shape memory alloys,
giant magnetostrictive alloys, ICPF, and piezoelectrics are
utilized as actuators for self-propelled movement within
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the internal GI tract [19-22]. However, such microrobots
do not have enough space to carry the battery source.

Magnetic microrobots are a popular choice because a
magnetic field can provide wireless power for the micro-
robot to perform tasks. Several wireless magnetic micro-
robots that use different control methods have been
developed. Honda et al. developed a wireless microrobot
with a tail fin that can be controlled in only one direction
[23]. Mei et al. developed a wireless microrobot driven by
an intelligent magnetic material, obtaining desirable
experimental results [24]. Pan and Guo developed a fish-
like microrobot with a tail whose energy is provided by an
oscillating uniform magnetic field [25-27]. Thomas et al.
proposed the use of a non-uniform magnetic field ema-
nating from a single rotating-permanent-magnet manipu-
lator for the control of magnetic helical microrobots [28].
Yim et al. proposed a magnetically actuated soft capsule
endoscope (MASCE) as a miniature mobile robot platform
for medical diagnosis [29]. Magnetic microrobots are of
great interest for microsurgery within the body of living
organisms for minimally invasive medicine. Furthermore,
the requirement of a wireless energy supply for swimming
microrobots must be addressed to promote practical
applications.

Microrobots driven by an electromagnetic actuation
system that combines Helmholtz coils and Maxwell coils
have recently been proposed [1]. These combined coils
generally generate a gradient magnetic field that provides a
propulsive force to the microrobot. The speed of the
microrobot varies with the strength of the magnetic field (a
larger magnetic field strength leads to higher speed). There
are some limitations for clinical examination due to the
relatively large volume and high energy consumption of

Fig. 1 a Structure, b model of
magnetic spiral microrobot,
¢ O-ring magnet, d Prototype of
magnetic spiral microrobot

Spiral outer shell (a)

such microrobots. In the present study, three stationary
Helmbholtz coils are used to generate a uniform magnetic
field to provide a propulsive force to the microrobot. The
speed of the microrobot is controlled by adjusting the
frequency of the magnetic field. The proposed electro-
magnetic actuation system has a relatively small volume
and low embodied energy.

2 Materials and Methods
2.1 Structure of Magnetic Spiral Microrobot

During diagnosis and surgery, some factors such as, length
of microrobot and diameter of microrobot, need be taken
into account. Due to the overall limited size of microrobots,
there is insufficient space for modules such as a camera
module, a battery module, and a transmit/receive module.
In addition, to accomplish medical tasks, a microrobot
should be controlled by doctors. Therefore, a flexible,
controllable, and wireless power supply is important for
microrobots. To solve the above problems, we developed a
self-propelled spiral microrobot manipulated by 3-axis
Helmbholtz coils, which generate an external orthogonally
rotating magnetic field. The conceptual design of the
magnetic spiral microrobot is shown in Fig. 1. The mag-
netic spiral microrobot is composed of a spiral outer shell
based on the Archimedes screw structure and an O-ring
magnet as an actuator. The Archimedes screw structure
provides a propulsive force while the microrobot rotates
using an external magnetic field. Due to the energy pro-
vided by the external magnetic field, the microrobot can
work for a long time in the human body to accomplish
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medical tasks. In addition, 50 % of the inner space is used
to support tools for diagnosis. The prototype of the mag-
netic spiral microrobot is shown in Fig. 1d. The spiral outer
shell is made of polythene plastic and is connected to the
O-ring magnet by a strong adhesive. The specifications are
given in Table 1.

2.2 Dynamic Model of Magnetic Spiral Microrobot

In this section, we build a dynamic model for the micro-
robot from a macroscopic viewpoint to analyze the force
acting on the microrobot. Here, the dynamic model is based
on two hypotheses: (1) the mean speed of motion relative
to the fluid is low and constant; (2) the fluid is incom-
pressible. Based on hydrodynamic theory, the motion states
of the microrobot in a pipe are analyzed using the fol-
lowing equation:
Movement in the horizontal direction:

Ma = Fp — FD (1)
Movement in the vertical direction:

where M is the mass of the microrobot, a is the accelera-
tion, F'p is the propulsive force, Fp, is the total drag force, p
is the density of the fluid, and G is the gravity force acting
on the microrobot.

2.2.1 Propulsion Force on Magnetic Spiral Microrobot

The propulsive force of a magnetic spiral microrobot is
along the central axis. In a low-Reynolds-number regime,
the total applied nonfluidic torque and force are linearly
related to the axial speed and angular speed with the
parameters defined in Fig. 1b. The following symmetric
propulsion matrix equation [30-32] is used to describe the
propulsive force and torque of the magnetic spiral
microrobot:

7= L) ®

where F is the non-fluidic applied force, T is the non-fluidic
applied torque, v is the axial speed, and ® is the angular

Table 1 Specifications of magnetic spiral microrobot

Length of microrobot 20 mm
Radius of microrobot 8 mm
Weight of microrobot 2.306 g
Magnetization direction Radial
Radius of magnet 6 mm
Weight of the microrobot 1.036 g
Material of body Polythene

@ Springer

speed. We assume that the microrobot moves in water that
has a constant density. k; and k,, which are the viscous
drag coefficients for the magnetic spiral microrobot along
and perpendicular to the axis, respectively, are constant.
These two parameters are a theoretical maximum value that
is related to parameters such as the radius of the micro-
robot, number of turns of the microrobot, and pitch of the
microrobot [30, 31]. From the symmetric propulsion
matrix, the speed of the microrobot is a function of the
geometric parameters. The matrix parameters a, b, and ¢
are calculated as:

ki cos? 0 + k, sin® 0

a=6.2no -

sin 0
b =6.2na(k; — kp) cos 6

B (4)
c=>b
2 )

J = 6.9n0 <k2 cos 0.—1— ky sin 9)

sin 0

where k; and k, are the constants defined above and n is the
number of turns of the microrobot.

2.2.2 Fluid Drag Force on Magnetic Spiral Microrobot
The total drag force depends on the Reynolds number and

the shape of the magnetic spiral microrobot. In a pipe, the
Reynolds number is generally defined as:

d
Re =" (3)
U
The total drag force can be expressed as:
1
Fp = CDEpsz-i-,qu (6)

where p is the density of the fluid, v is the speed of the
microrobot, d is the diameter of the microrobot, u is the
coefficient of kinematic viscosity, S is the maximum cross
area that is vertical to the flow of fluid, Cj, is the resistance
coefficient, py is the coefficient of friction, and N is the
normal force between the microrobot and the surface of the

pipe.
2.2.3 Mechanical Efficiency

When the magnetic spiral microrobot moves from point A
to point B, the total work done (W) on the microrobot by
the propulsive force and the drag force equals the change in
kinetic energy (AK), expressed as:

B B
W:/dW:/F-d?:AK (7)
A A

In the ideal case, the propulsive force is converted into
kinetic energy. If the speed of the microrobot is changed,
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the kinetic energy of the object is changed as well. In
reality, some of the energy is converted into thermal energy
due to the drag force. According to the law of conservation
of energy, the ideal case of kinetic energy (K;) and the real
case of kinetic energy (K,) are calculated respetively as:

1 1

AK; = Em"iZB - EmvizA (8)
L, 1 5
AK, = 3MVig = MV 9)
The mechanical efficiency # is calculated as:
AK,
=—x 100 10
=g, < 100% (10)

where v;4 and v;z are the microrobot’s speeds at points A
and B in the ideal case, and v,4 and v, are the microrobot’s
speeds at points A and B in a real case, respectively.

2.3 Control Principle of Microrobot Using Rotating
Magnetic Field

2.3.1 Magnetic Force and Magnetic Torque

When a rotating magnetic field is applied to the plane
normal to the axis of the spiral, the magnet rotates due to
magnetic torque (7,,). Ampere’s law indicates that the
magnetic force (F,,) integrated along any closed path is
equal to the total current enclosed by that path. Therefore,
wherever there is current flow, there is a corresponding
magnetic force. The magnetic force and magnetic torque
acting on the O-ring magnet in the external magnetic field
of the 3-axis Helmholtz coils are respectively given as
[33]:

Fu=1tgV(M-V)B = (Fys, F,yy, Fuc) (11)
Ty = oYM X B = (Tux, Tonys Tinz) (12)

where p is the permeability of free space, M and V are the
average magnetization and the volume of the O-ring
magnet, respectively, and B is the magnet flux density.

The torque (1) required to rotate the microrobot with
angular speed is given as:

o =2nf (13)
7= D(w) + E(w) (14)

where D(w) is the torque for the O-ring magnet and E(w) is
the torque for the spiral. According to the equation above,
if the magnetic flux density is increased, the magnetism
and torque will increase. If the torque 7, becomes equal to
the required rotational torque of the magnetic spiral
microrobot 7, the magnetic spiral microrobot will move in
the water. The speed of the microrobot increases with
increasing angular speed of the magnetic spiral.

2.3.2 Locomotion Principle with Rotating Magnetic Field

Based on magnetic theory, the magnetic spiral microrobot
rotates inside the magnetic field due to the torsional
moment. In this study, a 3-axis Helmholtz coil is used to
generate a symmetric rotating magnetic field. The magnetic
field can rotate the embedded inner O-ring magnet with
radial magnetization to produce an axial propulsive force.
The control and locomotion principle of one step cycle are
described in Fig. 2a. When coils HX and HY are controlled
by the two sinusoidal wave channels, which have the same
frequency and a 90° phase difference (Fig. 2b), a sym-
metric rotating magnetic field is generated in the pipe
(Fig. 2¢), and rotating motion is achieved. As the water
pushes backward, the microrobot moves forward via the
reaction force. By changing the rotation direction of the
symmetric magnetic field, the microrobot can move back-
ward. In addition, the speed of the microrobot can be
adjusted by changing the frequency of the control signals.

2.3.3 Rotating Magnetic Fields

In our previous study [4], we operated the microrobot using
an alternating magnetic field only in the horizontal direc-
tion. However, this is not sufficient for practical applica-
tions. Thus, we designed a device with 3-axis Helmholtz
coils. Each axial coil generates a magnetic field in one
direction. By combining three magnetic fields together, we
can create a magnetic field in any direction. The resulting
magnetic field is used to provide the magnetic force and the
magnetic torque for the microrobot. According to
Ampere’s law and the Biot-Savart law, the resulting
magnetic field can be defined as [33]:

B,
B=|B,
L BZ

[acos(wt) cosa 0 0 I,

= 0 bcos(wt) cosy 0 I

L 0 0 ccos(wt) cos f§ I

(15)

where B.(f), By(f), and B.f) denote the magnetic flux
densities of the x-, y- and z-axes, respectively; o, f§, and y
denote the angles between the moving direction of the
microrobot and the x-, y-, and z-axes, respectively; and a,
b, and c¢ are constants of the three Helmholtz coils,
respectively.

3-axis Helmholtz coils were fabricated. The radius,
number of turns, and resistance for each coil are given in
Table 2. In order to precisely control the wireless capsule
microrobot in three-dimensional (3D) space, the 3-axis
Helmbholtz coils were characterized using the software
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Fig. 2 Locomotion principle of H
magnetic spiral microrobot.

Yellow arrow indicates

magnetic field direction at

current time. Green arrow

indicates rotation direction.

a One step cycle of forward H
motion, b control signals of X

coils, and ¢ symmetric rotating

magnetic field
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— Signals of Coil H,
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[
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(b)

PHOTO-Series version 7.1 (PHOTON Co. Ltd.). When
B,=1 mT, B,=0 mT, and B, =0 mT, the 3-axis
Helmbholtz coils generated a magnetic field along the
x-axis. By changing the values of B,, By, and B, the 3-axis
Helmholtz coils generated a magnetic field along any
direction. These results confirm that a 3D magnetic field
can be generated using the proposed coil system. More-
over, we analyzed the magnetic flux density of the 3-axis
Helmholtz coils using the finite element method and
measured the magnetic flux density using a gauss meter
(TESLA METER TM-701). The gauss meter was placed in
the workspace of the 3-axis Helmholtz coils. Then, the
magnetic flux density was measured from the boundary to
the center with a step length of 10 mm and a current of 0 to
3 A. The simulation result of the magnetic flux density in

@ Springer

Table 2 Specifications of 3-axis Helmholtz coils

H, H, H,
Coil radius (mm) 142 175 200
Coil length (mm) 142 175 200
Number of turns 125 150 180
Resistance (Q) 24 3.3 4.5
Material Cu Cu Cu

the workspace is 0.83 mT/A, which is consistent with the
measured value of 0.81 mT/A. The measurement results
indicate that the magnetic flux density is linearly propor-
tional to current. We can thus control the magnetic flux
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density of each Helmholtz coil (B,, B,, and B;) by adjusting
the current of each Helmholtz coil to control the movement
direction of the microrobot.

3 Results and Discussion

To achieve wireless real-time control of the microrobot, a
microrobotic control system is proposed [33]. It includes a
data acquisition board (USB-4716, Advantech,China), a
DC power supply, a control unit, 3-axis Helmholtz coils, an
oscilloscope, a Phantom Omni device (SensAble), a web
camera, a pipe, and a personal computer. The microrobot
was placed in a transparent pipe (inner diameter: 26 mm;
thickness: 3 mm) filled with water. The control signals
were applied to the 3-axis Helmholtz coils in order to
obtain a rotating magnetic field via the data acquisition
board and control unit. The magnetic flux density and the
magnetic field frequency were adjusted using the Phantom
Omni device. The web camera was used to monitor the
inside of the pipe. During experiments, the Phantom Omni
device was used to control the position and posture of the
microrobot with the help of a display. The display showed
data used for obtaining the real-time position of the robot.
The oscilloscope showed the magnetic flux density
changing frequency.

3.1 Evaluation of Magnetic Microrobot
Characteristics

The hydrodynamic models in Sect. 2 indicate that the
forward speed increases with angular speed and number of
spirals. The movement of the microrobot depends on the
magnetic flux density and the number of spirals of the
microrobot. Therefore, we evaluated the performance of
the microrobot with various spiral numbers and magnetic
flux densities.

In experiment I, two types of magnetic spiral micro-
robot, with the same spiral height, spiral width, and spiral
angles, but different numbers of spirals (5 and 10,
respectively), were tested. The pitches of the microrobots
were different. The speed was measured for a given mag-
netic field. By adjusting the frequency of the control signal
from O to 20 Hz and keeping the amplitude of the input
currents fixed at 3 A, the mean speeds were measured with
a laser sensor (KEYENCE LK-800). The relationship
between the magnetic flux density changing frequency and
the speed of the microrobot is shown in Fig. 3. The
experimental results show that the speed increases with
increasing magnetic flux density changing frequency and
number of spirals. The microrobot with ten spiral numbers
performs better than the microrobot with five spiral num-
bers, especially for high rotation speeds.

In experiment II, the speed of the magnetic spiral
microrobot was measured for various magnetic flux den-
sities. The magnetic flux density changing frequency was
adjusted from O to 20 Hz and the speed was measured. The
relationship between the speed and the magnetic flux
density changing frequency is shown in Fig. 4. The red and
blue lines are the mean speeds of the microrobot for
magnetic flux densities of 2.4 and 2 mT, respectively. The
results show that the propulsive force of the spiral micro-
robot does not depend on the magnitude of the magnetic
flux density when the driving frequency is lower than a
step-out frequency.

In experiment III, the bi-directional relationship
between the magnetic flux density changing frequency and
the speed was investigated. The results, shown in Fig. 5a,
show that in the frequency range of 0-15 Hz, the micro-
robot can rotate continuously, synchronized with the
rotating magnetic fields, and generate enough propulsion to
overcome the resistance of fluids. In the frequency range of
15-20 Hz, the microrobot can no longer rotate continu-
ously. The frequency of 15 Hz is called a step-out fre-
quency. The step-out frequency is related to the
microrobot’s weight, magnetic torque, and any other loads.
This frequency is well understood for magnetic spiral
microrobots in uniform magnetic fields and is discussed in
our previous research [33]. The experimental results indi-
cate a linear relation between magnetic field changing
frequencies and speed in the range of 0-15 Hz. At 15 Hz,
the maximum speed is 11.8 mm/s in the horizontal direc-
tion and 3.64 mm/s in the vertical direction. Figure 5b
shows the relationship between the rotational frequency
and the speed of the magnetic spiral microrobot in the

12 T
=—— Spiral number 5
—&— Spiral number 10

Speed (mm/s)
[}

0 L L L A
0 5 10 15 20
Frequency (Hz)

Fig. 3 Measurement results for various spiral numbers
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Speed (mm/s)

0 ‘
0 5 10 15 20
Frequency (Hz)

Fig. 4 Relationship between magnetic flux density changing fre-
quency and speed

vertical direction. This disparity of the experimental result
between the Fig. 5a, b is due to the extra force needed to
overcome gravity (see Sect. 2).

3.2 Real Time Control

The Phantom Omni device sends control instructions to the
3-axis Helmholtz coils, which produce a changing fre-
quency of the magnetic flux density to control the move-
ment of the wireless microrobot in the pipe. The principle

—p— Forward motion
—4— Backward motion

Speed (mm/s)

speed control of the wireless microrobot according to
changing the rotating direction of the Phantom Omni
device handle is detailed [9]. When the angle between the
handle and the y-axis is 0° or 90°, the wireless microrobot
obtains its minimum speed (speed,,;,) and maximum speed
(speediax), respectively. When the rotational direction of
the handle is counter-clockwise or clockwise, the wireless
microrobot speeds up and slows down, respectively. By
adjusting the rotational direction of the handle, we can
control the speed of the wireless microrobot.

During the experiment, the rotational angle of the handle
was changed from 0° to 90°, which generated a frequency
from O to 15 Hz. When the rotational angle of the handle
was changed from 0° to 90°, the microrobot accelerated.
When it was changed from 90° to 0°, the microrobot
decelerated. When the rotational angle of the handle was
0°, the wireless microrobot became motionless.

3.3 Navigation of Microrobot

Figure 6 shows the variable speed motion in the pipe. The
microrobot moves in the pipe at 1, 5, and 15 Hz, and then
stops. It then moves in the pipe at 15 and 5 Hz respectively,
and then stops. In the experiments of rotational motion, the
microrobot was controlled to rotate with a certain angle for
some time. A curve of rotation angle versus time is shown
in Fig. 7.

Overall, the experimental results show that the magnetic
spiral microrobot moves when a low magnetic flux density
is applied. By changing the rotation direction of the sym-
metric magnetic field generated by 3-axis Helmholtz coils,

351 B

25+ B

Speed (mm/s)
N

051 B

! L

5 1I0 15 Lo v v v v 5 10 1I5 2%"'72
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 5 a Bi-directional relationship between magnetic flux density changing frequency and speed. b Relationship between magnetic flux density

changing frequency and speed in vertical direction
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12

10 1

Speed (mm/s)
(o]

0 . . . ‘
0 5 10 15 20 25 30
Time (s)

Fig. 6 Experimental results of variable motion

400 T
i [—E— Rotation angle
T T

~~ 350 }----- [ L o L L ey —
@ T T T T H T T T T

300 oo h

Rotation angle (degree:

0 5 10 15 20 25 30 35 40 45 50
Time (s)

Fig. 7 Rotation angle of microrobot

the magnetic spiral microrobot can move forward and
backward. By adjusting the frequency of the control sig-
nals, the magnetic spiral microrobot can accelerate,
decelerate, and stop.

4 Conclusion

This study proposed a magnetic spiral microrobot with a
magnetic actuator that can be loaded with diagnostic tools,
such as a camera. To control the wireless microrobot,
3-axis Helmholtz coils generate a rotating magnetic field.
We evaluated the performance of the rotating magnetic
field and the characteristics of the wireless microrobot with
various magnetic flux density changing frequencies and
spiral numbers. Based on the experimental results, we
designed an experiment to control the wireless microrobot
in real-time using a Phantom Omni device. By adjusting
the magnetic field changing frequency and the rotational
magnetic field direction, the wireless microrobot was made
to move in various directions. The magnetic spiral micro-
robot performed very well. In future studies, the

microrobot can be fitted with devices for medical purposes.
In addition, the design and energy supply of the wireless
microrobot will be optimized further, leading to useful
medical applications.
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