Characteristic Analysis of a Magnetically
Actuated Capsule Microrobot in Medical
Applications

Zhuocong Cai, Qiang Fu, Songyuan Zhang, Shuxiang Guo, Fellow, IEEE, Jian Guo, Xi Zhang, and
Chunliu Fan

Abstract—A magnetic actuated capsule microrobotic system
(MACMS) is proposed to control the microrobot to complete
specific medical tasks, such as medical diagnosis or drug delivery.
The structure design and control of the microrobot are optimized.
By establishing the dynamic model of the microrobot with spiral
structure, the optimal structure parameters are analyzed, and the
fluid simulation of the propulsive force and the resistance of the
microrobot are carried out by the finite element analysis software
to obtain the optimal performance. During the experiment, the
peristaltic pump was used for imitating the environment of the
gastrointestinal tract, because the human intestinal tract is
constantly peristaltic at random speeds. The experimental results
indicated that by adjusting the rotational velocity and frequency
of the rotating magnetic field, the magnetic actuated spiral jet
microrobot could move flexibly in the pipeline where the fluid's
peristaltic velocity is constantly changing medical functions at the
desired area for diagnosis. The proposed microrobot and its
optimization method make it possible for microrobot to be applied
in medical practice.

Index Terms—Magnetic actuated capsule microrobotic system
(MACMS), spiral jet microrobot, finite element analysis,
fixed-point inspection.

|. INTRODUCTION

ASTRIC carcinoma has become a significant public health

issues in the world. The prognosis of gastric carcinoma is
closely related to the timing of diagnosis and treatment. The
5-year survival rate of patients with different stages of gastric
cancer is significantly different. Early Gastric carcinoma can be
cured by endoscopy, and the 5-year survival rate is more than
90% [1-3]. Wireless capsule endoscopy (WCE) has a great
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potential for human gastrointestinal (GI) examination and
treatment in clinical medical applications; due to the
advantages of safety, reliability, and painlessness [4-6],
especially in the aspects of volume, driving mode, and medical
practicability [7-9]. Imaging of Israel [3] proposed a wireless
capsule endoscopy (M2A™ capsule endoscopy), which can
move smoothly and painlessly in the human intestinal tract after
swallowing. JINSHAN Group [10] developed a capsule
endoscopy (OMOM capsule endoscopy), which has certain
practicability in diagnosing intestinal diseases. Due to their
movement rely on the intestinal peristalsis. In other words,
because their movement is the passive moment and
noncontrolled, the doctor cannot achieve repeat diagnoses in
specific areas in clinical application [11].

Magnetically actuated microrobot has been widely studied to
solve this problem [12-14]. Zhang et al. [15] proposed a
variable-diameter capsule robot based on multiple wedge
effects, actively using an external rotating magnetic field to
move in the GI tract. Yim et al. [16] proposed a soft capsule
endoscope, which controls the robot to roll to another position
in the GI tract by the external magnetic field to achieve stable,
continuous, and controllable movement. Kim et al. [17]
proposed an oscillatory motion-based miniature magnetic
walking robot, which makes the main body vibrate through the
external magnetic field to generate thrust in the GI. Fu et al. [18]
also proposed a magnetic actuated spiral jet microrobot,
consisting of spiral jet and fin motion. Moreover, the structure
parameters of the microrobot are discussed.

However, although some researchers have proved that the
microrobot can move flexibly in the container filled with fluid,
it is not enough to apply in the environment of human Gl tract
peristalsis at random speeds [13]. In order to solve the problem
that the microrobot in the current research cannot maintain
good mobility to perform medical functions under the
environment of the random and continuous peristaltic speed of
the human Gl tract, this paper proposes a microrobot with a
protective shell and its MACMS. The microrobot is controlled
by its MACMS to maintain good mobility in the complex Gl
tract environment to achieve medical functions in areas
requiring diagnosis.

This paper is organized as follows. Firstly, the MACMS for
medical examination and treatment of the human GI tract is
illustrated in Section 2. Secondly, the derivation of the dynamic
model of the microrobot with spiral structure and the optimal
parameters of the structure is developed in Section 3. In Section



4, the propulsive force and resistance of the microrobot are
analyzed by using the finite element software, respectively.
Section 5 describes that the magnetic actuated microrobot
system's performance was evaluated using the peristaltic pump
to simulate human intestinal peristalsis, and the experimental
results were analyzed. Finally, conclusions and future work are
illustrated. The measuring instrument of the magnetic actuated
capsule microrobotic system proposed in this paper is used to
measure the motion characteristics of the magnetically driven
microrobot. The simulation method proposed measures and
optimizes the structural parameters of the microrobot, and puts
forward the measuring instrument and method of the
propulsion and resistance of the microrobot, which can
significantly improve the motion performance of the
microrobot. Finally, a measurement method using a peristaltic
pump to simulate human intestinal peristalsis is proposed,
which can measure the motion characteristics of the microrobot
in a fluid-filled environment, and the peristaltic speed is
constantly changing, which further promotes the research of
microrobot.

Il. SYSTEM CONFIGURATION

The conceptual design of MACMS is shown in Fig. 1(a). The
doctor can accurately operate the capsule microrobot to
complete medical tasks in the complex environment of the
human intestinal tract through the remote control. The doctor
can watch the images of the Gl, providing real-time visual
feedback. Furthermore, a positioning system consisted 6*6
magnetic sensor array is used to detect the posture and position
of capsule microrobot by using the least square method. The
magnetic actuated capsule microrobot system can significantly
improve the success rate of examination and treatment. Less
pain to the patient almost does not cause tissue trauma, thus
reducing the time from hospitalization to rehabilitation [19-21].

A. Working Principle of Microrobot

Based on the previous research results [22], the magnetically
actuated microrobot with spiral structure has been gained
tremendous popularity in GI tract inspection, due to the
advantage of spiral structure rotation, which transforms the
radial rotation motion into the axis motion, the movement
efficiency is relatively high in the narrow pipe. When the
permanent magnet embedded in the microrobot rotates through
the torque of the external magnetic field, the propeller pushes
the fluid backward while generating a reaction force. Thus, the
microrobot can move forward [23]. The model of microrobot is
shown in Fig. 1(b).

Moreover, Fig. 1(c) shows how the microrobot rotates with
an external magnetic field. When the magnetic dipole of the
magnet tries to align with the local magnetic field, the magnetic
dipole moment will be generated, so when the external
magnetic field rotates inside, the permanent magnet inside the
microrobot can rotate synchronously with the rotational
frequency of the external magnetic field [19, 22]. Therefore, the
working process of robots in the human body is summarized as
follows:

Step 1: The patient swallows microrobots and they reach the
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Fig. 1. (a) Overall of the control system and principle of medical tasks by
using the magnetic actuated microrobot. (b) Model of the spiral jet microrobot.
(c) Motion principle of the microrobot.
TABLE |
THREE-AXIS HELMHOLTZ COIL PARAMETERS

X axis Y axis Z axis
Coil radius(mm) 293.4 211.4 157.4
Coil length(mm) 293.4 211.4 157.4
Number of turns 216 174 126
Resistance(Q) 5.52 3.29 1.86
Material Cu Cu Cu

stomach of the initial position. Then, the reaction force of the
fluid is used to make the microrobots gain propulsion and move.
Then, the external magnetic field is used to control the rotation
of the spiral propulsion mechanism inside of microrobots. For
instance, when the magnetic field is controlled by clockwise
rotation in the X-Z plane, microrobots move forward in the Y
direction if it is necessary to move backward by controlling the
magnetic field to rotate anticlockwise in the X-Z plane.

Step 2: When the microrobots move to the lesion site and
need to perform medical functions, the external magnetic field
controls the microrobot of the image module to move to the
lesion location, providing a safe guarantee for doctors to
operate the microrobot of the functional module. Then doctors
can control another microrobot to perform tasks, such as
targeted medical treatments.

Step 3: After tasks are completed, microrobots are
discharged from the patient’s body together. Through the
cooperative control of microrobots, they can pass through the
narrow or curved part of the human intestinal tract.

According to the above steps, doctors can control microrobots
to diagnose and treat any parts of the human GI tract by
adjusting the direction and parameters of the external magnetic
field on any plane, obtaining the position of the microrobots
through the magnetic tracking approach [24, 25], to realize the



medical function of the microrobots. In this process, the
optimal number of microrobots is two: one microrobot with a
functional module acts as the doctor's hand to perform medical
functions, and the other microrobot with image module acts as
the doctor's eye to guarantee examination and treatment.
However, the limitations of the clinical application of
microrobots are also noteworthy. The biggest challenge is the
high cost of microrobots, so the price cannot meet most
consumers who need gastrointestinal examination and
treatment. Meanwhile, because the external magnetic field
controls microrobots, people with metal implants, such as heart
stents, cannot be examined and treated with magnetically
driven microrobots.

B. External Rotational Magnetic Field

In order to precisely control the rotation direction and speed
of the permanent magnet embedded in the microrobot's spiral
structure, the three-axis Helmholtz coil is used as the role of
providing energy, and the rotation speed of the microrobot is
controlled by controlling the frequency of the magnetic field
[22]. The parameter of each axis has shown in Table I.

According to Biot-Savart law, the magnetic flux density of
any point on the axis of each pair of Helmholtz coils can be
calculated by:

B:—i'”';IRZ {RZ-F(%—X] }2+{R2+(%+xj }2 Q)

Where B is the magnetic flux density, i is the current flowing
into the coil, p is the vacuum permeability, L is the distance
between a pair of coils, and x is an arbitrary position from the
center of a pair of coils.
Furthermore, the magnetic force F and the magnetic torque T
are defined by [7]:
T=uyVMxH 2
F:,uOV(M-V)H (3)
Where o is the permeability of free space, V is the volume of
the magnet, M is the magnet’s magnetization, and V represents
a gradient operator.
In the three axes of X, Y and Z, each axis has a pair of coils.
The radius of each pair of coils is R, equal to the distance L
between the corresponding coils. When each pair of coils

receives the same current, according to the law, the flux density
generated is shown as [26]:

B, B, sinasin (ot —g,)
B=|B, |=| -B,sinBsin(wt-g,) (4)

B, ] |Bysinysin(owt+r/2)
Where B,, By, and B. denote the magnetic flux densities of the
X-axis, Y-axis, and Z-axis, respectively; a, £, and y denote the
angles between the moving direction of the microrobot and the
X-axis, Y-axis, and Z-axis; tang,~(cosa-cosy/cosf),

tangy=(cosf-cosy/cosa).

According to the characteristics of the three-axis Helmholtz
coil, the same coil model as the actual experimental platform is
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Fig. 2. (a) Model of the three-axis Helmholtz coil. (b) Magnetic flux density
of X-coil. (c) Magnetic flux density of Y-coil. (d) Magnetic flux density of
Z-coil. (e) Relationship between the current and magnetic flux density.

established by the industrial electromagnetics simulation
software. The model is carried out in Fig. 2(a) [26].

By applying the same current to each pair of coils, the results
of the magnetic flux density of the cross-section in the
three-axis directions are shown in Fig. 2 (b), (¢), and (d). It can
be observed that a specific range of uniform magnetic fields is
generated in the central region applying the same current (1A)
to each pair of coils. Through measurement by using a Gauss
meter (CH-Hall Model 1600 Gauss/Tesla meter), the uniform
area obtained is consistent with the ideal uniform area of the
experimental device, which is 200*200*100mm. The linear
relationship between magnetic induction and current is shown
in Fig. 2(e). It can be concluded that the effective rate of the
actual magnetic induction intensity is 99.35%, indicating that
the microrobot can maintain a highly controllable state in the
uniform area of the experiment.

I1l. MODELING

According to the hydrodynamic theory, a model is built to
analyze the characteristic of the microrobot in pipe [27], as
shown in Fig. 3.

The Reynolds numbers in a pipe are generally defined as:
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Fig. 3. Dynamic model of microrobot.

Where p is the density of the fluid. U is the velocity of the
microrobot, d is the pipe's hydraulic diameter and u is the
coefficient of kinematic viscosity.

For the convenience of analysis, the coordinate axis is
built-in Fig. 3, uc and v, are defined as circumferential and axis
velocity respectively. U and W are the velocity projections of u
and v, along and perpendicular to the helical direction.
Moreover, @ is the angle of the microrobot spiral. In order to
simplify the calculation, two dimensionless parameters are
presented, A; = (1-4) a, A2 = fla, h = yc. Then U and W can be
combined by uc and va:

W =v, cos@—-u,sind (6)
U =u,cosd+v,sind (7

According to the Reynolds number equation, p1(x) and p2(x)
are the pressure distributions in the areas of A; and A;
respectively, which are obtained as follows:

6y (1- B)W,’x
¢ (L+7) [ (1= B)W, + AL+ )W, |

()=~ (6uBy(L+7)"W,* ) (a~x)
‘ c*[(1- AW, + B+ 7)°W, ]
Furthermore, according to Navier-Stokes equations, the

force balance of fluid elements on the surface of the spiral
structure is analyzed:

() = @)
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Where P is the dynamic pressure of the fluid between the spiral
surface and the pipe wall.

According to the theory of hydrodynamic lubrication and
Newton's law of internal friction, the shear stress of the
microrobot under the action of fluid can be expressed as:

F = j j (_g%_yxv jdydx (11)
hop U
Y _”[_Eap_ ﬂh jdydx (12)

Where Fy is the shear stress of the microrobot under the action
of the fluid on the X-axis, Fy is the shear stress of the
microrobot under the action of the fluid on the Y-axis.

0.068

Fig. 4. Simulation grids of the model of the microrobot.

TABLE Il
SPECIFICATIONS OF THE MICROROBOT
Type Parameters

Length of microrobot(mm) 24
Radial of microrobot(mm) 9
Length of thread(mm) 20
Diameter of thread (mm) 11
Height of thread(mm) 2
Width of thread(mm) 2
Pitch of thread(mm) 20
Thickness of shell(mm) 1

Therefore, when the spiral structure of the microrobot rotates,
the propulsive force is expressed as:
Foo =F,sin@—F, cosd (13)

Fe =F, cos@+F sing (14)

In order to obtain the optimal structure parameter of the
microrobot in the human GI tract, the optimum solution is
obtained using FDM (Finite Difference Method). Where £}, is
the propulsive force of the microrobot in motion, F. is the
resistance of the microrobot in motion. Studies indicated that
when the y is 3, #1s 0.53 and 0 is 45 < the microrobot can obtain
the optimal velocity [28]. The operator can select the best
structural parameters of the microrobot according to specific
needs.

IV. DYNAMIC ANALYSIS OF THE MICROROBOT

A. Establishment of Simulation Model

The method of controlling a single variable has been used to
evaluate the optimal motion state of the model in this dynamic
simulation due to the number of variables being large and
complex when the microrobot moves in the pipeline full of
fluid. As a result of the main factors affecting the propulsive
force and the resistance are different, which is divided into two
parts to study. Therefore, the Computational Fluid Dynamics
(CFD) analysis is carried out using the screw jet microrobot
whose structural parameters are shown in Table II, and the
relationships between the rotational speed and the propulsion
force, the axial speed and the resistance are introduced
respectively.

Fig. 4 shows the dynamic grid division of the model of the
microrobot, which is divided into two parts: the microrobot
model and the pipeline model. The mesh size of the static flow
field of the pipe model is slightly larger, the mesh size of the
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Fig. 5. Simulation results on inlet plane velocity contour with different rotational speed of the microrobot.
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Fig. 6. Simulation results on middle plane velocity contour with different rotational speed of the microrobot.
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Fig. 7. Simulation results on outlet plane velocity contour with different rotational speed of the microrobot.
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dynamic flow field of microrobot with improved overall mesh
quality model is relatively small; in order to balance the
accuracy and efficiency of simulation when the microrobot
moves in the pipeline [29]. Since the shape of the intestine is
similar to a cylinder, the regular three-dimensional cylinder is
used in the calculation area to simulate the intestine, and the
fluid is set to flow in the positive direction along the z-axis. In
order to prevent the accuracy of the calculation results from
being affected when the microrobot approaches the inlet or
outlet of the pipe, the microrobot model is placed in the middle
of the pipe, and the whole length of the pipe is equal to the unit
length of seven microrobots [30].

In order to establish an axial hydrodynamic model, there are
several assumptions [31]. First of all, the intestinal deformation
is not considered, and the microrobot's centre axis coincides
with the pipeline's centre axis. Secondly, water is used as the
experimental fluid of this simulation, which is regarded as a
viscous incompressible fluid. Finally, since the primary
purpose of this study is to investigate the force of horizontal
movement of the microrobot, the force in the vertical direction
of the microrobot, such as gravity and buoyancy, is ignored,
and only by propulsive force and resistance to affect the
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movement of the microrobot.

The microrobot is rotating and moving in the intestinal tract
full of mucus in the actual medical examination. Undoubtedly,
the simulation calculation in the intestinal tract needs to be able
to solve the complex external flow, rotating flow field and other
problems. By understanding the Reynolds number criterion, in
order to get more accurate results in the numerical calculation,
the solution method is set as the turbulence model k-epsilon
model, which is widely applicable, reliable and convergent, and
especially suitable for the external flow problems of complex
geometry like the intestinal tract in this simulation, namely k-g
model [29]. In the k-¢ model, the Realizable model, most
suitable for the actual situation of rotating flow calculation, is
applied to simulate. The Semi-Implicit Method for
Pressure-Linked Equations (SIMPLE) algorithm solves the
coupling equations of pressure and velocity in the simulation,
because the fluid is incompressible.

B. Propulsive Force Analysis of the Microrobot

Since this section only analyzes the microrobot's motion
state in the container full of fluid from the dynamic point of
view, it does not consider the speed that the robot cannot reach
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Fig. 9. Simulation results on inlet plane velocity contour with different axial velocity of the microrobot.
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Fig. 10. Simulation results on middle plane velocity contour with different axial velocity of the microrobot.
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Fig. 11. Simulation results on outlet plane velocity contour with different axial velocity of the microrobot.
Velocity Velocity Velocity verocnv
viyz viyz vig
11480401 6.508¢+01 1211e402 1w
i 1076401 6.101e+01 11360402 13300402
1 1.004e+01] 5.694e+01 1.060e+0; 1235402
ssaen) bronill o~ ° il p——p 8 RPN o gy gy
8.607e+00/ 4.881e+01 9.085e+01 . 1.0450+02 -
7.890e+00 4.4740+01 - 8328401 " N | | 9)500e+01 S—
7.173e400 4.067e+01 7.571e+01 85508401
| 6.455e+00 36610401 6.814e+01 - 7.600e+01 -
5.738e+00, 3.254e+01 " 6.057+01| 6.650e+01
50218400 2.847e+01 — 5.300e+01 — | |} 5.700e+01 "
4.3040+400 440401 '\" 45430401 - N (81 2 750e+01 —
35860400 20340401 Ll ] » 37680401 |l ] = || 3500e-01 bl
2.869e+00, 1.627e+01 3.028e+01 2.8508+01
2.152e+00 1.220e+01 22710401 1'900e+01
1435000 8 135e:00 15140401 9500e+00
o e+ 755710400 n 0.0000+00 2
0.0006+00 0.000¢+00 1% 0.000e+00 L (mmst) ik
[mm 1] P [mm s7-1] [mm s1] P —

(a) v=5bmm/s
Fig. 12. Simulation results on axis-plane velocity contour with different axial velocity of the microrobot.
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in the actual situation. By finite element analysis software, a
dynamic modal based on geometrical parameters is established
with a rotating speed of 0 rad/s to 360 rad/s and an increment of
20 rad/s to evaluate the effect of rotating speed on the
propulsive force. Moreover, in the whole propulsive force fluid
simulation, the inlet and outlet of the pipe are set as the standard
atmospheric pressure outlet. Because the overall position of the
microrobot in the pipe is unchanged, the microrobot will not be
subject to resistance during the rotation of the spiral structure.

The velocity contour of the fluid flowing into the microrobot
inlet surface is shown in Fig. 5. It shows that the fluid velocity
at the entrance increases with the increase of the rotation speed
of the microrobot. When the spiral structure rotates at high
speed, the fluid velocity attached to it is much faster than other
parts, so it is red on the velocity contour.

The velocity contour of the middle plane surface of the fluid
outflow microrobot is shown in Fig. 6. The results show that the
fluid velocity in the middle part of the microrobot increases
with the microrobot rotation speed. However, the fluid velocity
outside the microrobot hardly changes, proving the microrobot
shell's reliability for human intestinal protection.

The velocity contour of the outlet surface of the fluid outflow

(c) v=70mm/s (d) v=100mm/s

microrobot is shown in Fig. 7. It is shown that the fluid velocity
at the outlet increases with the rotation speed of the microrobot.
The velocity at the outlet is much faster than that at the inlet at
the same speed due to the rotation of the screw structure.

The axial plane velocity contour of the fluid in the pipeline is
shown in Fig. 8. It shows that the fluid velocity increases with
the rotational speed. When the rotational speed of the spiral
structure is too low, the liquid at the tail of the microrobot may
not spray evenly, which may lead to random shaking of the
robot and damage to the intestinal tract.

C. Resistance Analysis of the Microrobot

For resistance analysis, the axial velocity of the robot is a
crucial factor. However, the finite element simulation software
is more convenient to set fluid motion and boundary parameters,
and the data is more accurate when analyzing the whole moving
object. Therefore, setting the fluid velocity as the motion
velocity of the microrobot can better analyze the influence of
resistance on the microrobot. On this basis, the fluid velocity is
set as 0 mm/s to 100 mm/s, the increment of 5 mm/s is used as
the velocity of the microrobot, and the pipeline entrance surface
is set as the velocity entrance surface, the whole microrobot
moves axially at a certain velocity.
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Fig. 14. Measurement system of the motion performance of the microrobot.

The velocity contour of the fluid flowing into the microrobot
inlet surface is shown in Fig. 9. The results show that the
velocity of the inlet fluid increases with the increase of the axis
velocity of the microrobot. Due to the viscous force, the
velocity of the fluid in contact with the spiral structure is low,
so the velocity contour is blue.

The velocity contour of the middle plane surface of the fluid
outflow microrobot is shown in Fig. 10. The results show that
with the increase of the axial velocity of the microrobot, the
fluid velocity in the middle of the microrobot increases. In
contrast, the fluid velocity outside the microrobot changes little,
proving the microrobot shell's reliability for human intestinal
protection.

The velocity contour of the outlet surface of the fluid outflow
microrobot is shown in Fig. 11. The results show that the fluid
velocity at the outlet increases with the increase of the axial
velocity of the microrobot.

The axial plane velocity contour of the fluid in the pipeline is
shown in Fig. 12. The results show that the fluid velocity
increases with the increase of the axial velocity of the
microrobot. Moreover, the flow direction of the fluid flowing
out of the microrobot outlet is uniform with the increase of the
axial velocity of the microrobot.

V. EXPERIMENT RESULTS

The MACMS was used to test the motion performance of the
magnetic actuated spiral jet microrobot with a protective shell,
as shown in Fig. 13(a). The microrobot is placed in a uniform
rotating magnetic field region generated by a three-axis
Helmbholtz coil. When the PC controller sends signals to the
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Fig. 15. (a) Relationship between propulsive force and rotation frequency of
the microrobot. (b) Relationship between resistance and rotation frequency of
the microrobot. (c) Relationship between resultant force and rotation
frequency of the microrobot.

MACMS, the coil of the slave will generate a rotating magnetic
field to provide energy for the microrobot. By adjusting the
magnetic field frequency from 0 Hz to 50 Hz, the direction of
the rotating magnetic field is adjusted to control the rotation
velocity and motion direction of the microrobot in the
fluid-filled pipe [32]. The measurement system of propulsion
force and resistance of microrobot consists of thin lines, a
heavy weight, and electronic scales, as shown in Fig. 14. Our
team prior to imaging features of the microrobot research,
image acquisition module encapsulation well into the
microrobot, PC controller to connect to wireless receiving
module, image in the process of microrobot movement, the
appearance of the target is clear, the entire imaging process
time is 20 s, indicating that the microrobot can realize the
function of real-time image information collection [33]. Fig.
13(b) shows the structure of the microrobot 3D printed by
medical resin, Fig. 13(c) shows the prototype of the microrobot,
and the size is consistent with table II.



A. Motion performance of the microrobot

The relationship between the propulsive force and rotation
frequency of the microrobot and the relationship between the
resistance and rotation frequency of the microrobot are shown
in Fig. 15(a) and Fig. 15(b). The results show that the
propulsive force and resistance of the microrobot increase
exponentially with the increase of rotational frequency.
However, due to the influence of friction in the experiment, the
experimental propulsion force is less than the calculation and
simulation results. Although the rotation of the spiral structure
of the microrobot generates propulsion force, the microrobot
cannot move because it cannot overcome the maximum static
friction force. Until the rotation frequency reaches 19 Hz, the
microrobot can move and produce resistance. When the
rotation frequency raised to 28 Hz, the microrobot's internal
permanent magnet cannot keep the same rotation frequency
with the magnetic field and enters the cut-off state, so the
microrobot's resistance measurement range is 19 Hz to 28 Hz.
Due to friction's influence, the experiment's resistance
measured is higher than the calculation and simulation results.
The resultant force F. of the microrobot in motion is expressed
as:

Fr = Fpro - Fres (15)

Where F), is the propulsive force of the microrobot, F; is the
resistance of the microrobot. Fig. 15(c) shows the results of the
resultant force of the microrobot when the microrobot is
moving. The curvatures of the curves of calculation, simulation
and experiment are k;, k; and k; respectively, which can be
obtained:

7.6x107
ky = 3
(1.007+7.6><10‘4 f )2
8.11x10™*
k, = g (16)
(1.01+ 8.11x107* f )2
7.48x107*
k, = g
(1.006+8.11><10’4 f )2

Where f'is the rotation frequency of the microrobot in motion.
The difference between the curvatures of the curves of the three
results is less than 0.1%, indicating that the three curves have a
very close bending degree, which proves that the growth degree
of the resultant microrobot force of the three results is the same.
However, because the friction cannot be eliminated in the
experiment, and there are errors in the geometric dimensions of
the microrobot, and the pipeline, the resultant force of the
microrobot in the experimental results is less than that in the
calculation and simulation results.

B. Flexibility of microrobots in clinical applications

During the experiment, the changing frequency of the
magnetic field was adjusted at 1 Hz per order in a transparent
tube with a diameter of 26 mm. The peristaltic pump was used
to simulate the peristaltic environment of the human intestinal
tract because of the persistent peristalsis of the human intestinal
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Fig. 17. Process of microrobot performing medical inspection task.

tract. The relationship between the velocity of the microrobot
and the rotation frequency of the magnetic field was measured
under the condition that the stagnant water and the peristaltic
speed of the peristaltic pump were +15 mm/s, +10 mm/s, 5
mm/s, -15 mm/s, -10 mm/s, -5 mm/s respectively. The
maximum speed of the microrobot is 26.78 mm/s in the still
water, 34.81 mm/s in the peristaltic speed of peristaltic pump
+15 mm/s, and 23.01 mm/s in the peristaltic speed of peristaltic
pump -15 mm/s. The experimental results show a linear
relationship between the magnetic field frequency and the
moving velocity between 17 Hz and 28 Hz, as shown in Fig. 16,
and the microrobot's forward and backward motion
performance is the same. It is because when the magnetic field
frequency is lower than 17 Hz, the magnetic torque generated
by the magnetic field cannot overcome the maximum static
torque of the microrobot itself. This phenomenon is defined as
the starting frequency of the microrobot. When the magnetic
field frequency exceeds 28 Hz, the phenomenon that the
internal permanent magnet of the microrobot cannot
synchronize with the rotating magnetic field; cannot produce
enough propulsive force to overcome the fluid's resistance is
defined as the cut-off frequency of the microrobot. In other
words, in medical applications, to make the microrobot can be



Forward motion

B\ ‘
Initial position e

: Forward motion

Area 1
A peristaltic pump

velocity=-5mm/s

-
s - peristaltic pump

velocity=-10mm/s

RS

_ (@ (b) (©)
~ { Backward motion “ { Backward motion
. - - - ~

velocity=+10mm/s

w Area3
_ > S peristaltic pump

N —

§ ! Area 4
S peristaltic pump

velocity=+15mmvs

N —

peristaltic pump

velocity=+5mm/s

| Fixed point inspection |

_ G)
‘ w Area 6

peristaltic pump
velocity=-15mm/s

accurately controlled, it only needs to be in the control area
where the magnetic field frequency does not exceed the
stability.

Multiple reciprocating motions are designed to simulate the
clinical examination process of human intestinal peristalsis at
different velocities. The relationship between the microrobot
velocity and the peristaltic pump velocity and the displacement
of the microrobot in the whole process is shown in Fig. 17.
Firstly, the microrobot moved forward in area 1 with a
peristalsis velocity of -5 mm/s; and moved forward in area 2
with a peristalsis speed of -10 mm/s. Then the microrobot
moves back and forth in area 3 with a peristalsis speed of +10
mm/s. Then the microrobot moves back in area 4 with a
peristalsis speed of +15 mm/s. Then the microrobot moves
forward in area 5 with a peristalsis speed of + 5 mm/s. When the
peristalsis speed of -15 mm/s area 6 is reached, the robot cannot
stay in the intestinal tract due to the peristalsis of the intestinal
tract, and it needs to maintain a similar speed to achieve the
purpose of accurate inspection in the diagnosis area. Therefore,
by controlling the microrobot's frequency characteristics, its
speed is about -15 mm/s, so it can stay in area 6 and hardly
move. After the inspection, the microrobot moved forward and
was discharged from the pipe. The experimental results are
shown in Fig. 18.

VI. CONCLUSIONS

This paper focuses on the structure and control method
optimization of the magnetically driven spiral jet microrobot.

-
L " xcd point

) (f)
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Fig. 18. The displacement of microrobot. (a) shows microrobot in initial position. (b-c) shows that the forward motion of microrobot in the area 1 with peristalsis
velocity of -5 mm/s and the area 2 with peristalsis velocity of -10 mm/s respectively. (d-e) shows that the backward motion of microrobot in the area 3 with
peristalsis velocity of +10 mm/s and the area 4 with peristalsis velocity of +15 mm/s respectively. (f-g) shows that the forward motion of microrobot in the area 5
with peristalsis velocity of +5 mm/s and the area 6 with peristalsis velocity of -15 mm/s respectively. (h) shows that the microrobot stops at the fixed point in the
area 6 with peristaltic velocity of -15 mm/s for inspection task. (i) shows microrobot in end position.

The microrobot comprises a spiral structure and a protective
shell, with space for embedding the functional module. Based
on the dynamic model of the microrobot, the influence of the
structure parameters of the microrobot on the motion
performance is analyzed by using FDM. The fluid simulation of
the microrobot is carried out using the finite element method,
and the influence of the propulsion and resistance of the
microrobot on the motion is obtained. By changing the
frequency of the rotating magnetic field to adjust the speed of
the microrobot, it has been verified that the microrobot still has
good flexibility in the static fluid and peristaltic pump
simulation intestinal system. Whether it is a platform that uses a
permanent magnet and motor consolidation to control the
movement of the microrobot in a single direction [34] or a
control platform that uses a micro coil to power the microrobot
[35] wirelessly, the MACMS in this paper can realize the
movement in any direction, which is suitable for clinical
application.

Meanwhile, compared with the microrobot with bare
threaded shell [36], the microrobot in this paper can nload
modules and protect the intestinal tract. In addition, by
optimizing the structure design and control method of the
microrobot in this paper, the microrobot can maintain better
flexibility in the environment with the change of peristaltic
speed, which significantly improves the adaptability of the
microrobot to the human intestinal peristaltic environment. In
the future, we will focus on developing multiple functions in
the magnetic drive microrobot, and design some experiments to
simulate the realization of medical functions.
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