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Selective Motion Control of a Novel
Magnetic-Driven Minirobot With
Targeted Drug Sustained-Release Function
Zixu Wang , Shuxiang Guo , Fellow, IEEE, Jian Guo , Qiang Fu, Lingling Zheng, and Takashi Tamiya

Abstract—In this article, we propose a novel magneticactuated multimodule drug sustained-release minirobot
(DSM) manipulated by an external rotating electromagnetic
field. The structure of the DSM is mainly divided into three
parts: 1) a shell; 2) an internal propeller; and 3) a drug
chamber. The shell can effectively protect the intestinal
tract and reduce the various resistances during the work;
the built-in propeller not only realizes active locomotion but
also saves internal space, which provides the feasibility for
the development of functional modules of the robot. The
drug chamber pushes the carried drugs out of the chamber
similar to a syringe. With structural optimization, we have
realized the sustained-release and quantitative drug delivery based on the characteristics of minimagnets’ individual starting frequency- and pitch-related calculations. The
main challenge to achieve these functions is to manipulate
two magnets in the same magnetic field to drive different
functional modules, without mutual interference between
the two magnets. In this article, a series of simulations and
experiments are conducted to evaluate DSM’s motion performance, drug delivery function, and dose control during
drug delivery. In the experiment, two different drug delivery
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points were set up to make DSM spray the drug on the fester areas twice respectively. Finally, an in vitro experiment
using the DSM prototype was executed with fresh pig large
intestine in a curved shape pipe mold.
Index Terms—Active locomotion, drug delivery, drug
sustained-release function, electromagnetic actuation
minirobot, in vitro experiment.

I. INTRODUCTION
IRELESS capsule endoscopes (WCEs) are favored in
modern surgical procedures for the treatment of disease
in clinical surgery and examination. The patients are willing to
choose only simply swallowing a pill to do the early screening
and medical examinations without anesthesia. The WCE offers
a promising method for precision medicine for minimally or
noninvasive procedures in the gastrointestinal (GI) tract. Microrobots have the potential to revolutionize many aspects of
medicine [1]. It benefits from untethered wirelessly controlled
performance and diversified powered devices, which will make
existing therapeutic and diagnostic procedures less invasive
that can cause new procedures possible. Moreover, most of the
traditional capsule endoscopes (CEs) rely on their gravity and
intestinal peristalsis to move forward passively. Generally, the
time required for such a medical procedure is about 8 hours.
Furthermore, these CEs cannot achieve active locomotion and
may cause undesired effects, such as the risk factor for capsule
retention [2]. In view of the above problems, the development
of the active capsule endoscope (ACE) is required. Among
them, the magnetically manipulation method is accompanying
the invention of the ACE. Meanwhile, the energy supply problems, space constraints of the internal environment, operational
difficulties, and size limitations have always been the toughest
challenges. Some current-stage research to develop a function
module of magnetic-actuated minirobot is mainly focusing on
adding battery-powered function modules. Although with the
progress of technology, the desire of miniaturization and integration of hardware can be realized, the problem of energy supply
and security of the capsule robots is still inevitable; even in some
cases, the problem of heat dissipation is also a big hidden danger
[3].
As for the wireless magnetic-actuated minirobots, stable performance, fewer power supply problems, and better security
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are the benefits of this type of capsule minirobot. Also, the
assembly accuracy and delay issues are what researchers need
to overcome. While pursuing the development of functional
modules, the researchers should also pay attention to user experience and security. For example, Jang et al. [4] and Lee
et al. [5] proposed different leg type and crawling type of
magnetic-actuated minirobot; these types of robots have different mechanical structures and motion performances with great
value in treating vascular diseases by effective locomotion and
precise unclogging motion. However, in terms of details, these
robots’ rotating mechanisms may cause irreversible damage to
the human body. Some methods have been proposed to change
the size of WCEs by folding, which means the robots can run in
more complex environments; these robots can control different
motion modes by force transmission, and they proposed the
idea about multiple types of motion methods, which provided
research contributions for robotic targeted motion [7]–[11].
The authors of [13]–[15] proposed a curved scissor-extending
mechanism and a Y-shaped supporting mechanism of WCE to
make the robot anchored in the desired position. The authors of
[16]–[18] developed several robots for extracting tissue samples
from a biopsy, which also provided ideas for the diversity of
operations performed by capsule robots. As for the thrombosis,
with the development of robot-propulsion-related technologies,
the elevated magnetic torque values are still not sufficient to
unclog most blood vessels. Consequently, many researchers
have modified the electromagnetic field device and a basic
helical robot to improve its unclogging ability [19]–[21]. To
improve the control accuracy is also the main point in the field
of magnetic control device development [22], and in minimally
invasive surgery, some catheter surgery robots and colonoscopy
are also using magnetic control technology to complete the
operation [23]–[25]. Besides, the magnetically guided approach
is well-known in the field of nano biorobotics [26], [27].
In the previous research, according to the existing problems
and targets, a series of active magnetic capsule minirobots have
been proposed. The previous research proposed initial prototype
robots that can achieve fin motion and padding motion, which
only moves in the horizontal direction; it verified the feasibility
of multimotion minirobot [28], [29]. Fu et al. proposed a spiral
jet minirobot, a mechanism comprising a screw structure and a
three-pole rotor as the actuator [32]. Based on this type robot,
Fu et al. [30] and Wang et al. [31] proposed a more efficient and
faster robot with improved performance; the screw jet minirobot
is more suitable for swallowing and can move in tight spaces
in human intestinal or vessel. After that, a pilot study on the
docking and releasing motion of multiple minirobots has been
carried out [33].
The purpose of this article is to develop a multimodular and
functional capsule robot. Therefore, we propose a novel drug
sustained-release minirobot (DSM) that can realize steadily
active locomotion and quantitative drug delivery. To establish
the function of the drug sustained-release function, the main
challenge that has to be overcome is to drive two modules
under a single electromagnetic manipulation device. Therefore,
to ensure that these two magnets would not interact with each
other during the manipulation is essential.
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Fig. 1. Concept of drug delivery motion. (a) DSM releasing the drug at
fester area. (b) Task flow of the DSM in the pipe.

II. CONCEPT AND STRUCTURE DESIGNS
Capsule drugs were originally developed to mask the special
odor or irritation of certain drugs, and the most important effect
is the drugs can be sustained-release. Imitating this effect, researchers designed the CE to decrease the pain experienced by
the patients during the surgery or medical examination, and this
article is focused on the development of drugs sustained-release
function of the capsule minirobot.
In pharmacology, therapeutic drug monitoring is necessary
for the clinical management of some of the drugs to improve its
efficacy and reduce the risk of time- and dose-dependent toxicity
[34]. We were inspired to develop a kind of capsule minirobot
with drug dose control, which can sustain release the drug on
the desired area. So, the new type of capsule minirobot should
meet some specified conditions, such as a drug-release module
with high controllability, which can improve the accuracy of
targeted drug delivery, and high motion performance. Then, the
drug concentration, time, and other variables were combined and
evaluated. Based on this, the robot with an application value will
make a breakthrough in the field of CE drug delivery.
Once in the intestine, the DSM can be controlled by an external electromagnetic field to reach the desired position and change
a way of locomotion to achieve the drug delivery procedure.
One of the targets of the DSM aims at treating ulcer diseases of
the intestine; Fig. 1 shows the concept for the DSM releasing
the drug on the ulcer. Fig. 1(b) shows that by combining the
external electromagnetic field, we manipulate the trajectory of
DSM advanced to the first fester area and stop releasing the
drug quantitatively; the mass of the sprayed drug is about half
of the total. Then, the DSM moves to the second fester area to
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TABLE I
MAIN SPECIFICATIONS OF THE DSM

release the remaining drug. After completing the above tasks, it
will continue to advance in the intestine until it is expelled from
the body. The concept figure shows that the research purpose of
the DSM is to provide a more effective and concise method for
noninvasive clinical interventions.
The viscosity and relative motion of fluid will hinder itself
flow around the object. Then, for the purpose to reduce the
outflow phenomenon and pressure difference between the top
and tail of the object, we need to design a streamlined structure
that can force the fluid to better fit the surface of the robot.
Finally, the capsule-shaped shell was carried out to reduce
undesired resistance at the highest accuracy that we can achieve.
The structure of the DSM is mainly divided into inner and
outer layers; the outer layer is to protect the tissue directly in
contact with the motion mechanism. The size design of the robot
is mainly limited by the storage space and the curve. Leaving
enough internal structural space is the first necessity of design;
then, the radius of curvature of the pipe is also a point to consider.
When the robot passes through a curved pipe and the diameter
dr of the DSM is larger than the diameter of the pipe (2/DP <
dr < DP ), the maximum length of the robot can be expressed
as

2 
2
dr
DP
LMax = 2
− R+
R+
2
2

= 2 (2R + dr ) (DP − dr ).
(1)
The diameter of the pipe DP is 20 mm, and the radius
of curvature of the pipe R is set to triple of the diameter of
the pipe as 60 mm. There must be enough space inside the
robot to design the internal structure and fill the drug; then,
the diameter of the DSM is set to 18 mm. Calculated by the
above formula, the maximum length of the robot could be
33.2 mm. However, in practical applications, the size of the
robot needs to be determined according to the specific target
site, such as the gastric body, colon, small intestine, and big
intestine, so that the commercial CEs (PillCam, PillCam SB3,
and Colon 2) will specify the type of size and functional characteristics according to the actual situation. The section view and
parts of the prototype structure of the DSM are shown in Fig. 2,
and the parameters of the DSM are given in Table I, in which
the thickness of the shell and drug chamber is 0.5 mm. As for
the internal structure, in addition to the propeller that provides
propulsive force and the bearing for supporting, the other part is
the drug chamber. We designed a threaded rod for drug delivery,

Fig. 2. (a) Section view of the DSM. (b) Main prototyped component
of the DSM.

in which the bolt is rotated by O-ring type magnetic to push the
drug out of the chamber. Meanwhile, the screw on the threaded
rod can provide controllable displacement by its own pitch,
in which the operator could judge the dose according to the
O-ring-type magnetic’s rotation movement power supplied by
the external rotational electromagnetic field.
III. WORKING PRINCIPLES AND ACTUATION DEVICE
A. Electromagnetic Actuation System
In recent years, power supplied by the external electromagnetic field has been proposed so that the capsule minirobot
manipulating method by force transmission could be achieved.
In practical application, the intestinal image of patients is usually
generated by the computed tomography scanner. Doctors view
the intestinal images through the monitor to determine the target
area and control the magnetic-driven CEs to reach the target
area by manipulating Panton Omni [29], [35]–[37]. In this
research, three-axis Helmholtz coils are utilized to manipulate
the multimodule minirobot’s multidirectional motion, posture,
and high-precision drug delivery function.
There are three pairs of symmetric coils on the three-axis
Helmholtz coils, with flowing identical electric currents in each
pair coil. This operation system is to provide a rotational dynamic electromagnetic field for the movement of the robots and
the operating environment. It generates uniform electromagnetic
fields, which can be utilized to manipulate the different driving methods and directions of multirobots in the experimental
area. Fig. 3 shows the illustration of the experimental operating
system. The three-axis Helmholtz coils contain three pairs of
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Fig. 3.

Fig. 4.

Experimental operation system.

electromagnetic coils that are orthogonally arranged in a spatial
coordinate system, and the coils are driven by a servo amplifier,
whose signal of control input is calculated by the control program on the PC controller. The pairs of X- and Y-axis coils form a
cubic-shaped horizontal direction working space with a width of
370 mm, length of 400 mm, and height of 300 mm; meanwhile,
the generated uniform magnetic fields have the same magnitude
and direction at all points inside the working space. The operators can monitor the orientation and motions via the real-time
data and the information of the applied dynamic electromagnetic
field, such as magnitude, direction, and frequency by the control
panel. When the operator changes the electromagnetic field
generated by the Helmholtz coil, the digital signal is converted
to an analog signal, which is then passed and controlled to
the power supply to generate the desired current. Through the
above processes, the operators can manipulate the motions and
directions of the electromagnetic field according to real-time
data and conditions by using this open-loop controlling method.
The magnetic flux density of any point on the electromagnetic
field generated by the actuation system can be expressed as
B = 2N ×

μ0 iR2
3
2(R2 + a2 ) /2

8μ0 N i
=√
125R

(2)

where R is the radius of pairs of coils, a is the distance from
point a to the coil, μ0 is the permeability of vacuum, N is the
number of turns of pairs of the coil, and i is the electrical current
of the coil. Then, the magnetic force exerted on the permanent
magnet under the magnetic field can be expressed as
Fm = m (M · ∇) × B

(3)

where m and M are the volume and magnetization of the permanent magnet. The sinusoidal signal output generated from signal
generators steered DSM’s magnets to rotate clockwise or anticlockwise. The linear movement in a plane is controlled by the
magnetic field, which is generated by two couples of coils. The
voltage of the same pair of coils was set to 12 V; the range of current change frequency was 0–11 Hz. Sine signals of each pair of
Helmholtz coils with π/2 phase difference produced clockwise
rotation since 3π/2 phase difference produced anticlockwise.
As for the minirobot, it acts a carrier for functional modules and
implements expected functions in a variety of complex environments, such as drug delivery at the desired position, clearing
blood clots, and expanding unclogged regions in blood vessels.
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Horizontal movement model of the DSM in intestine.

This article is focused on non-battery-powered minirobots, so
the external rotating magnetic field that can generate uniform
force to drive and manipulate multiple function modules inside
the minirobot is the only method to be considered.
B. Motion Principle of the DSM
During the rotation, the blades generate lift force L and drag
force D when the water flows through the propeller device. The
lift force and the drag force of the blade per unit length are
1
L = CL · ρU 2 C
2
1
D = CD · ρU 2 C
2

(4)
(5)

where ρ is the fluid density, U is the flow velocity, CL and CD
are the coefficients of the lift and drag, respectively, and C is the
chord of blade, as shown in Fig. 4.
The dynamic resistance Fd of the DSM in the intestinal tract
can be divided into dynamic pressure force Fp and viscous
resistance force Fv as follows:
F d = Fp + F v .

(6)

It can be obtained from the deformation of Bernoulli equation
that the pressure difference ΔP at both ends of the robot is
ΔP =



1
ρ × ve 2 − v0 2
2

(7)

where ve is the flow velocity on the tail of the robot and v0 is the
flow velocity on the top of the robot. Then, the dynamic pressure
force Fp on the unit area of the fluid is obtained as
Fp =

1
ρA (ve 2 − v0 2 )
2

(8)

where A is the maximum cross area that is vertical to the flow
of fluid. As for the viscous resistance force Fv , when the DSM
is in quasi-static motion, we obtain
Fv = μπR (l − 2R)

vr
H

(9)

where vr is the average axial velocity of fluid relative to the
capsule minirobot, R is the radius of the DSM, l is the length, H
is the distance between the shell and the intestinal wall, and μ
is the dynamic viscosity of the intestinal fluid.
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Fig. 6. Schematics diagram of the drug delivery module. (a) Situation
of the anticlockwise rotational magnetic field. (b) Situation of the clockwise rotational magnetic field.
Fig. 5.

Bolt screw and O-ring-type magnet inside the drug chamber.

C. Drug Delivery Method
The shape of the drug chamber is a hollow cylinder; the inner
and outer diameters of it are 10 and 11 mm, respectively. Its
front end is inserted into a bearing, and the center of the bearing
is inserted into the magnet that drives the propeller. The drug
chamber’s tail is fixed by the support part at the end of the robot
shell to ensure that the structure of the robot is on the same
central axis.
The drug delivery mechanism inside the drug chamber is
shown in Fig. 5. It is machined from a pitch of 0.5 mm, a
thread radius of 1 mm, and a length of 20-mm plastic screw. The
bolt was made according to the thread diameter and the inner
diameter of the O-ring magnet and embedded into the inner ring
of the O-ring magnet.
For example, we control the O-ring magnet to rotate N turns
around the screw, the cross-sectional area of drug chamber is
Sd , and we can get the quantity of drug that has been released
in the period from ti to tj
 tj
Δd =
vt d (t) , (i > 0, j > i)
(10)
ti

Q = Δd · Sd = N · P · Δt · Sd

(11)

where P is the pitch of the screw; the volume of the released drug
can be calculated by the parameters such as the known pitch and
the rotational speed of the O-ring magnet. Then, the method of
evaluating the drug sustained-release function in this research
is to compare the drug quantity discharged in time Δt with the
drug quantity calculated in theory.
D. Functions of the DSM
To solve the lack of functions of the existing magnetically
driven robots, we provided the method to add the drug-release
module. The main challenge of this article is the method to drive
two magnets in the same dynamic electromagnetic device, and
the function modules driven by them do not interfere with each
other. In this experiment, because the same electromagnetic field
is used, the torque generated by the electromagnetic field on the
two magnets is in the same direction, which means that the two
magnets have the same torque direction at the same time. When
we set the electromagnetic field to rotate clockwise, these two

magnets will also rotate clockwise; this forces us to follow this
rule to design robots and their functions. For example, we now
set the dynamic electromagnetic field anticlockwise rotation,
since the screw on the thread is right-handed. The rotation of the
O-ring magnet causes the embedded bolt to move around the
thread toward the end of the drug chamber, which is shown in
Fig. 5. This motion is similar to injecting drugs with a syringe.
We use this motion to push the drug out of the drug chamber to
achieve the delivery function. Meanwhile, due to the design of
the propeller blades’ declination, the propeller does not provide
sufficient propulsive force in the case of anticlockwise rotation,
and the robot cannot be moved. In combination with the abovedescribed movements, the robot can stop at the desired location
and start releasing drugs [see Fig. 6(a)]. Another case is that
the dynamic electromagnetic field is set to achieve clockwise
rotation; contrary to the first case, the propeller starts to rotate
forward. When the rotating speed reaches the start frequency
of the robot (propulsion is greater than resistance), it provides
the power for the minirobot forward motion. In this situation,
the rotation of the O-ring magnet causes the embedded bolt to
move around the thread, and the direction of them is toward
the top of the drug chamber. When the magnet rotates to the
top, it stops rotating like a screwed bolt. In combination with
the above-described movements, the minirobot in the clockwise
rotation electromagnetic field can achieve the forward motion
with carrying the drug, as shown in Fig. 6(b).
Different from the previous capsule robots, the DSM contains
two NdFeB magnets. Therefore, we have to consider whether
the two magnets will affect each other during the experiment. We
measured the magnetic flux density at the midpoint from the top
surface of the O-shaped magnet to the top of the cylindrical
magnet. The minimum distance between the two permanent
magnets in this experiment is 7 mm. According to the given
information of magnets, the interaction force of the two magnets
at the distance of 7 mm is about 0.02 N, but the force created
by the magnetic field to the permanent magnet is 0.75 N, which
is much larger than the interaction force of the two permanent
magnets. When we anticipate the motion module as above, the
problem that comes with it is the effect of the attraction and
repulsion between the two magnets. In the calculation of the
suction force of a noncontact magnet, without considering the
influence of the magnetoresistance in the permanent magnet and
the external space leakage factors, the formula for calculating
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the force between two permanent magnets is shown as

2
Bp
1.5
×
F =
×A
1 + aL
4856
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(12)

where a is the correction factor (a = 3–5), the value of which
varies with the distance between two magnets, L is the distance
between two magnets, Bp is the permanent magnetization, and A
is the magnetic pole area of the permanent magnet. In the process
of O-ring-type magnet rotating to the tail of the DSM, the effect
of the external magnetic field on the permanent magnets needs
to be considered. Since one of the two radial magnets inside the
robot is in a fixed state and the other is movable, in this case,
the movement of the O-ring type magnet can only be achieved if
the force created by the magnetic field to the permanent magnet
is much larger than the attraction between the two magnets. The
torsional force of the magnetic field on the permanent magnet
can be written as
F =

μr − 1 2
B S
2μr μ0

(13)

where μ0 is the vacuum permeability, μr is the relative permeability, and B is the magnetic field density.
IV. HYDRODYNAMIC ANALYSIS USING ANSYS-FLUENT
SOFTWARE
Hydrodynamic characteristics are the key parameters that
determins the efficiency and accuracy of the process control
algorithms for capsule robots in the flow environment. Moreover, to optimize the structure of the capsule robot, taking into
consideration that the hydrodynamic characteristics of a capsule
robot are different for each motion, a unique propulsion system
is required for the capsule robot created by 3-D resin printing.
A series of vital hydrodynamic parameters of the motions can
be obtained through the analysis of the simulations.
In this section, simulation of the hydrodynamic of the capsule
robot in the static flow field and resistance flow field will be
proposed, which means the evaluation of the influences caused
by different environments. Before starting the establishment of
the simulation model, the first step is to simplify the relatively
complex internal structure of the robot and establish a fluid
domain. For example, simplifying the drug chamber and its
inside structure into a cylinder, merging a cylindrical magnet
and a propeller, a 260-mm-length 23-mm-diameter cylindrical
flow field was established. A Boolean subtract operation was
then carried out between the geometry of the robot and the flow
field. The model of the robot was subtracted from the flow field
to obtain the hydrodynamic analysis object. Then, the second
Boolean operation was subtraction between the rotating area
and the propeller, where the rotor area was built as a cylindrical
fluid domain surrounding the propeller blades. The next step is
to build the mesh of the whole model; in this process, we refined
the mesh of fluid–solid Interaction boundary. When the viscous
fluid flows through the solid surface, because of the viscous
effect, the velocity near the solid surface must be very different
from that of the mainstream. Therefore, we set up a boundary
layer at the junction of the two materials to increase the accuracy

Fig. 7. Meshing results of the flow field and the robot. (a) Simplified
geometry 3-D model. (b) Cross section on meshing result.

Fig. 8.

Mesh independence result.

of the calculation results. The meshing results of the geometry
model and the flow field are shown in Fig. 7.
In addition, it is necessary to evaluate the effect of the mesh
on the accuracy of the solution based on the study of mesh
independence. The most basic requirement is to ensure that the
residual value after each iteration is less than 0.0001. Then,
we compared the monitoring values in the simulation results
with different mesh sizes until the monitor points for the values
of interest have reached a steady solution. Fig. 8 shows the
comparison of the influence of five different mesh size on the
monitoring value, in which the mesh size increases by 20% in
each group. From the monitoring value, the variation error value
of different mesh size is between 1.9% and 0.4%. From the above
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evaluation, within the above mesh accuracy range, the simulation
results will not produce excessive error due to the mesh accuracy.
Under those settings, these will provide a mesh independence
solution. Considering the need to reduce computational saving of
computing resources, the total number of elements is maintained
between 300 000 and 400 000 in the following simulations.
According to the above mesh independence study, the total
number of nodes was 640 043, and the total number of elements
was 3 334 106.
After the meshing operation of the whole geometry, the meshing result was be imported into the ANSYS FLUENT SETUP
step. The calculation model used here was double precision with
the k-ε realizable model. In the cell zone conditions part, we
set the rotor as frame motion that rotates around the Y-axis.
Then, the boundary of the inlet was divided into two cases: the
pressure inlet for stationary and the velocity inlet for resistance
flow toward the top of the robot. We established two planes,
without any physical meaning, to monitor the pressure, speed,
and other parameters such as the lift force. Finally, select the
default divergence coefficient, and the convergence standard is
set to 0.0001. The above three different settings automatically
stop about 300 steps of iteration because there reaches the
convergence requirement.
After hydrodynamic analysis simulations, in the case of the
static flow field, by the rotation of the propeller, the liquid passed
through the propeller and generates the power of the forward
movement. The samples of velocity vector results are shown in
Fig. 9; the samples given here are cross-sectional images at the
highest driving frequency. The models used in Fig. 9 are four
blades, three blades, and two blades in Fig. 9(a)–(c) respectively.
The water inlet can well let the water flow in when the propeller
is rotating. The aisle between the drug chamber and the shell
can effectively pressurize and discharge the liquid. Combining
with the initial tests, the DSM achieved the highest velocity at
10 Hz. Therefore, we simulated the case of less than 10 Hz in the
fluid–structure coupling simulation, in which the ideal forward
velocity reached about 7 mm/s. The rest of the simulation results
will be given in the experiment part and compared with the
experimental results.
From the results of the cross section in Fig. 9, the flow
trajectory of the flow has changed significantly, which has a
very obvious impact on the propeller’s drainage. The lift force
obtained by monitoring converges to 0.11 N at the situation of
10-rad/s rotating speed.
In this section, a series of simulation analyses of the DSM
have been proposed, and the main basic environmental changes
were described and analyzed. Through the simulation, we get
some numerical values that are difficult to get in theory and experiment. The dynamic equation of the robot could be simplified
and optimized to control the strategy of the DSM to improve the
control accuracy and motion stability of the DSM.
V. EXPERIMENTS AND RESULTS
In this section, the evaluation of the motion performance of the
DSM in different flow environments will be proposed. The first
preparation work for the performance experiment is the stability

Fig. 9. Velocity simulation results in static flow field. (a) Four-blade
propeller. (b) Three-blade propeller. (c) Two-blade propeller.

test. We fixed a custom six-degree-of-freedom inertial measurement unit behind the DSM to make their coordinate systems
consistent so that the measured real-time angular velocity can
be used as a reference for the steady state of DSM movement
in liquid. During the test, the DSM performed linear motion in
rigid and flexible pipes, respectively.
In the measured data, the yaw is an important index for
evaluating the stability and safety of the DSM movement. For the
CEs, once the deviation from the original motion vector direction
is excessive, it will cause damage or damage to the tissue. In
this test, when the DSM was manipulated at the lower rotational
frequency (1–2 Hz), the resistance force was larger than the axial
propulsive force. Thus, the start frequency of the DSM is 3 Hz;
the flutter of the minirobot is obvious when it overcomes the
static friction and just starts to move forward. After that, the
robot has a relatively stable movement when the frequency is
4–7 Hz. With the increase in the frequency, the rotating speed of
the propeller was also increased, and its effect on the balance of
the robot began to emerge. In general, the deflection angle and
stability of the movement during the experiment are controllable
before 11 Hz, which is the step-out frequency of the DSM.
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Fig. 10. Experiment result of the DSM moving in the horizontal direction. (a) DSM in the resistance flow. (b) DSM in the resistance flow.

A. Horizontal Motion
In this part, several experiments in different environments
were carried out for the static flow and resistance flow separately in the pipe. The robot model used in the experiment will
be different, that is, the number of blades of propeller is the
variable parameter in the horizontal motion experiments, and the
different blades propellers are shown in Fig. 2(b). The velocity of
the DSM in a pulsatile flow environment was measured in a PVC
pipe of diameter 20 mm; the pulsatile flow was generated by a
peristaltic pump (EYELA RP-1000) at a rotation rate of 60 r/min,
which is similar to the flow rate in an intestinal fluid environment
and some cardiovascular environment of the human body. The
experiment results of velocity are shown in Fig. 10. As expected,
the velocity of the three experimental objects increases linearly,
and the experimental results demonstrated that when DSM at
low rotational frequencies, it was at a lower axial velocity.
Furthermore, its starting frequency is 3 Hz without the influence
of water flow. However, when it is in the environment of the
water flow opposite to its direction of motion, the low-frequency
rotating propeller-driven water flow is subject to the disorder of
the reverse water flow, causing its start frequency to be changed;
the DSM tended to fall into stop motion at lower rotational
frequencies as well. Under the influence of the resistance flow,
the propulsive force would increase as the rotational frequencies
increased; the axial velocity of the DSM began to increase significantly before the maximum frequency at 10 Hz for the DSM.
There is a steep increase in the velocity at 7 Hz; this phenomenon
is reflected in the results before 10 Hz, and combining with the
deflection angle results, as the velocity of the DSM increased,
its motion stability will also be affected; due to the existence
of the high-speed propeller, the DSM no longer moves close to
the pipe wall, but floats in the pipe and occasionally has a very
light collision. This is the reason why the speed of the DSM
becomes faster and higher than 7 Hz and the stability decreases.
But this level of vibration was still within the controllable range.
Finally, the velocity would drop sharply to 0 at 11 Hz, which is
the step-out frequency of the DSM.
Through simulation analysis and experimental comparison,
the curve of the DSM velocity result tends to a one-way function
curve. And the four-blade model has better motion performance,
which provides an effective verification for us when designing
the structure. The four-blade DSM will be used in the following
experiments.
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Fig. 11. (a) Drug delivery rate in different-frequency magnetic field.
(b). Experiment result of cooperative locomotion.

B. Drug Delivery Motion
The DSM can self-deliver quantitative doses after advancing
to the desired location, and it can continue to move advance to
the next location for drug delivery several times before the drug
is used up. Before the experiment of multimodule operation, we
used a dosing gun to measure the velocity with which the robot
actually discharged the drug under different frequencies of the
rotating magnetic field. The actual discharge of the drug has
some uncontrollable error compared with the calculated value
in the case of the rapid rotation of the O-ring magnet. We gave a
relatively stable experimental result of 1–5 Hz. The experimental
results are shown in Fig. 11(a), in which the drug discharge could
be better controlled at a low velocity. Also, we prefer using a
low frequency, because the magnet driving the propeller will also
rotate at the same frequency at the same time, which means that
if the rotating frequency of the propeller reaches a high velocity,
it may lead to an undesirable error in the stability of the DSM
and predetermined position.
Before the experiment of drug delivery in fluid environment,
it is necessary to examine the pressure balance inside and outside
the drug chamber. Furthermore, the sealing condition of the
O-type magnet and the chamber wall is also a significant concern
in this experiment. Therefore, in view of the above problems,
we reserve a small hole in the front end of the drug chamber
and choose the method of oil film sealing, which has less
friction for the sealing method to reduce the increase of the
errors.
C. In Vitro Experiment of Cooperative Locomotion
In the experiment of cooperative locomotion in the pipe, the
flowchart of each step is shown in Fig. 12, in which the 1 and 2 Hz
indicate the frequencies of the anticlockwise rotational magnetic
field. Then, the relationship between time, displacement, and
frequency is shown in Fig. 11(b). We manipulated the DSM to
achieve the mission: it starts to deliver the drug after advancing
to the desired position and can continue to move forward and
loop this process at different frequencies. The first step in this
experiment was to start the DSM, and it showed the change
in motion at 0–4 Hz. The results demonstrated that when the
frequency reached 3 Hz, the DSM started to move forward, and
the displacement curve value began to grow. The second step was
that the DSM moved to the desired position and stopped there to
release the drug under the anticlockwise rotating magnetic field
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Fig. 13. In vitro experiment setup to verify the motion performance and
drug-release capability.

Fig. 12. Steps of the experiment of cooperative locomotion in the pipe.
(a) Frequency increased from 1 to 4 Hz; meanwhile, the DSM gradually
starts to move forward. (b) Rotation frequency dropped directly to 0 Hz
and the DSM stopped at 21-cm position. (c) O-ring-type magnet rotated
toward the tail of the drug chamber under the 1-Hz anticlockwise magnetic field. (d) DSM advanced in a 5-Hz magnetic field. (e) O-ring-type
magnet rotated toward the tail of the drug chamber under the 2-Hz
anticlockwise magnetic field. (f) DSM restated moving forward the end of
the pipe. (g) Test of the DSM loaded with drug and started drug release.
(h) Delivery completed and moving forward.

(1 Hz in the figure). It can also be seen in Fig. 12(c) that the
O-ring magnet has been rotated to the tail of the drug chamber.
Then, the frequency of the magnetic field was set at 5 Hz, so that
the robot advanced to the next position. In Fig. 12(e), while the
robot reaches the second designated location, we controlled the
coils to generate anticlockwise rotating magnetic field of 2-Hz
frequency, and the DSM started to deliver the drug again. In the
figure, we can also see that the O-ring magnet rotated to the tail
of the DSM. Compared to the first time of the drug delivery rate,
the rate of O-ring magnet rotated to the tail at 2 Hz was double
of the 1-Hz case, which means the time that 2 Hz delivery cost
was almost half of the first time. Finally, steps 5 and 6 were that
the DSM moved forward at 4-Hz frequency and stopped. In the
above experiment, in order to better show how the DSM operates
the drug delivery function, the O-ring-type magnet was exposed
in the drug chamber without cover; it can be better to observe and
evaluate the completeness of its function. After demonstrating
that the function of the DSM can be achieved, we adjusted the
drug chamber to a normal state, that is, the screw was completely

Fig. 14. Experimental sequence and performance evaluation of the
DSM with the drug delivery module. (a) Three steps in the in vitro
experiment. (b) DSM arrives at the first target point. (c) First-time drug
delivery. (d) DSM arrives at the second target point and release the drug.

installed inside the drug chamber, and then put drugs and caps
to test the drug delivery, which is shown in Fig. 12(g) and (h).
The in vitro experiment usually uses components of the organism that have been isolated from the biological surroundings;
it can analyze the sample in a specific and simple method by
evaluating the manually processed organism samples. An in
vitro experiment was carried out to provide the effectiveness
of the cooperative locomotion of the DSM. A curved manually
processed pig large intestine pipe with different liquid levels
was used as the operation environment. The overview of the
experiment setup is shown in Fig. 13; during the process of the
experiment, both ends of the pipe are sealed with the membrane
and the pipe contains half of the volume of liquid. Meanwhile,
the irregular folds on the intestine will make the DSM operate
at different liquid levels. DSM’s embedded cylinder permanent
magnet, which is controlled by the external electronic magnetic
field, could provide the propulsive force to support the DSM
achieve multidirection movement in the pipe; then, the O-ringtype magnet inside the drug chamber will be activated if the
DSM arrives at the desired position.
The three steps of in vitro experiment are shown in Fig. 14.
1) DSM moves toward the desired position.
2) DSM stops at lesion I (P1 ) and lesion II (P2 ) to release
the drug under different frequencies.
3) Finish the task and keep moving to the end.
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The in vitro experiment is mainly to focus on the investigation
that the proposed mechanism has the ability to achieve cooperative locomotion in the GI tract and can artificially control the
drug delivery when it reaches the destination. The two target
points (P1 and P2 ) have been marked in advance and manipulate
the magnetic field through open-loop method according to the
curve and direction of the intestine handbefore. In Fig. 14(b),
the DSM arrived at the intended destination; we were going to
manipulate it to start the drug delivery motion and record the
time of it. The rotational magnetic field frequency was set to 2
Hz and lasted 5 s (anticlockwise rotational direction); as the drug
delivery motion progresses, the drug was expelled from the tail
of the DSM; the variation of chroma level around P1 is 30–42,
as shown in Fig. 14(c). After the first task, we manipulated
the DSM move toward the second lesion P2 ; then, it started to
release the drug under 1 Hz for 5 s. The variation of chroma level
around P2 is 12–22, as shown in Fig. 14(d). After completing
the above tasks, the DSM continued to advance and reached
the end position. This experiment shows the possibility that the
proposed DSM has the ability to perform different kinds of tasks
in more complex environments.

VI. DISCUSSION
In this article, as a critical application for WCE field, a drug
delivery function based on an actively controlled CE using different starting frequencies of permanent magnetics was developed.
This was the first trial to active control and drug delivery of
quantitative drugs in CE, which allows the CE to sustainedrelease the drugs at the desired position in the intestine. The
developed DSM has several advantages. All of the processes
are manipulated magnetically by an external operation system;
therefore, an active robot can avoid the limitations caused by the
battery. The propeller with a radial arrangement for driving can
save the internal space of the CE and provide the feasibility for
the development of the function modules, and to minimize the
risk of perforation, the shell of the DSM was smoothly fabricated
to reduce the scratching of the intestinal wall.
Through the in vitro experiment, we demonstrated that the
feasibility of this novel type capsule robot can be considered
a potential tool for the future development of invasive surgery.
However, compared with the in vivo experiment in living organisms, the in vitro experiment still has some limitations. First,
since the size of the screw and nut inside the drug chamber
cannot be further reduced at this stage, which causes the diameter
of the prototype to be larger than that of U.S. Food and Drug
Administration approved and applied CE size (12 × 33 mm2 ).
In further works, the developed DSM prototype will correspond
to the criteria. Second, for the commercialized CEs, a single
type robot still cannot cope with all the operating environments.
For the gastric body, colon, small intestine, and big intestine,
manufacturers have launched robots of different designs that suit
more special purposes and environments; PillCam and OMOM
have proposed different models of types CEs used in clinical
to make them adapt to different environments and patients.
Moreover, preoperative preparation and intraoperative patient
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cooperation, such as exhaust, posture change, and fluid supplements are also important steps. These steps are important to
eliminate some adverse conditions in clinical examination. So, to
quantify and build the model of the effect of the living organisms
and the pressure of internal organs on the intestinal environment
is necessary. In clinical examination, the methods of intestinal
expansion are generally divided into liquid expansion and gas
expansion. As one of the developing applications of magnetic
control technology, most of the proposed internal driven CEs
are developed in the liquid environment. However, the reasons
of the internal driven CEs have not been commercialized, such as
high operating environment requirements, quantification of the
intestinal parameters, and ethical and theoretical examination
are also the main challenges we encountered in this study. The
DSM was assumed to operate in the liquid environment, we verified that the DSM can complete the drug delivery task efficiently
and stably in a certain amount of liquid. We will also base the
works on application-oriented integration and feedback module
development, such as microcamera with the silver oxide battery
to the identified correct position and advanced high-accuracy
and stability positioning algorithm and technology. For further
research, the developed DSM will be analyzed for more complex
environments such as in vivo experiment with the pressure of
internal organs on the wall of the intestine. Besides, in minimally
invasive surgery, the surgeons need to customize treatment with
different types of functions robots; several multimodule capsule
robots with different functions or different drugs will be the trend
and direction of our research. These CEs can be swallowed in
sequence and form new structure characteristics inside the body
via docking to solve more complex and changeable inspection
requirements.
VII. CONCLUSION
In this article, a novel different-frequency-driven method
for the millimeter-level multiple-module minirobot actuated by
an identical uniform dynamic magnetic field was proposed. It
miniaturized the independent drug delivery module and showed
more efficient functionality than previous magnetic-driven CEs.
The DSM achieves autonomously control of the amount of drug
delivery in various tubular environments. The main challenge
of this research was to manipulate different modules inside
the DSM by the same rotational electromagnetic field in the
same direction and density to mimic the independent and cooperative locomotion in narrow tissues of the GI tract or other cavities
of the human body. Various dynamic models and simulations
in different environments were established, and according to
overlap angles of magnetic polarities, we proposed the structure
and evaluated the performance of motion and drug delivery. The
simulation and experimental results of different functions such
as different motion, drug delivery, and cooperative locomotion
verified the feasibility of controlling multiple modules robots
under the same electromagnetic field with different driven frequencies. From the experimental results, the velocity in the static
flow and resistance flow increased linearly, and controllability
of the start frequency. Our in vitro experiment also proved that
the DSM can still complete drug delivery tasks with stable
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efficiency in the simulated environment. By comparing with the
chroma level of two drug delivery tasks at different frequencies,
the efficiency of drug delivery in a nonliquid environment was
well verified. The multiple modules of capsule robots have a
great breakthrough compared with the traditional capsule robots,
which is improving the size and function limitations in the small
space. It is easier to operate the drug delivery module. The
principle of this functional module is that the permanent magnet
fixed on the periphery of the nut makes the nut rotate around
the screw through force transmission, in order to achieve the
effect of the syringe and push the drug out of the drug chamber.
The independent function module and the motion module have
been realized; therefore, the concept of this independent driving
module provides a feasibility of integrating the drug delivery
module for the similar CEs.
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