
  

  

Abstract—This paper proposes an anti-interference targeted 
therapeutic delivery microrobot, where the targeted therapeutic 
delivery to the lesion site in human intestine can be operated by 
the external magnetic field. The robot is composed of a shell and 
a targeted delivery mechanism. Under the actuation of the 
external magnetic field, the spiral structure on the outer surface 
of the shell can actively moves the robot back and forth in 
human intestine. The internal embedded targeted delivery 
mechanism is fixed with a radial magnetized O-type permanent 
magnet. It not only realizes flexible movement in the fluid 
environment, but also realizes the intestinal anchoring and 
targeted therapeutic delivery functions against the constant 
peristalsis of human intestine. The proposed robot is designed to 
finish the drug treatment concentration and treatment effect 
precisely in the lesion site against the intestinal peristalsis. A 
series of simulations and experiments are conducted to evaluate 
the feasibility of the developed robot. In experiments, the robot 
is used to release drugs after anchoring in the lesion site. Finally, 
ex vivo experiments are carried out on fresh porcine intestines. 

Index Terms—Magnetic actuation microrobot, targeted 
therapeutic delivery, anti-interference, intestinal anchoring. 

I. INTRODUCTION 

ICROROBOT has widely attracted attention for its great 
potential in biomedical field, which has brought historic 

progress to the examination and treatment of human 
gastrointestinal tract [1-3]. Great research efforts have been 
directed towards the active motion control and path planning 
of the microrobot, and there are many breakthrough research 
advances [4-6]. However, the treatment function cannot fully 
satisfy the clinical requirements. When a certain intestinal 
disease needs drug treatment, invasive treatment such as 
endoscopy will cause trauma to the patient. Meanwhile, oral 
drugs can easily reach the lesion site at insufficient 
concentration due to the influence of gastric acid or intestinal 
mucus, reducing the treatment effect [7-11]. Therefore, how to 
enable microrobot to achieve targeted therapy to the lesion site 
in the constantly peristaltic intestinal tract has become a 
research hotspot [12-15]. 

In order to solve this problem, many researchers have 
investigated the drug delivery function using microrobot. Pi et 
al. developed a new type of solid propellant micro thruster 
[16]. The structure generates energy through the chemical 
reaction in the micro thruster and sends a signal through the 
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external device to trigger the drug delivery. Dietzel et al. 
proposed an active agent release system consisting of two 
magnets as drug container [17]. When reaching the lesion site, 
the magnets can be separated by the external magnetic field to 
release the drug. Beccani et al. proposed a magnetic drug 
delivery capsule with embedded coil [18]. When the external 
signal is triggered, the coil is activated, and a repulsive force is 
generated between the two magnets, resulting in the release of 
drugs. 

However, if only large-scale and large-dose administration 
is considered, microrobot cannot accurately move to the lesion 
site, and cannot achieve targeted administration in human 
intestine. Moreover, the normal tissues will also be injured. 
Therefore, how to accurately navigate and target the lesion site 
has been widely investigated [19-23]. Le et al. proposed a 
passive drug delivery device based on the remote control of 
soft magnets [24]. The robot is driven to the lesion site by an 
external magnetic field, and a suitable magnetic field is 
applied to demagnetize the magnet. The two soft magnets lose 
magnetism and release the drugs in the capsule. Cai et al. 
developed a magnetically controlled targeted drug delivery 
microrobot, which can actively move to the lesion site [25]. 
The microrobot has a cam structure connected with a radial 
magnetized permanent magnet. The cam rotates through the 
rotating magnetic field to realize the targeted drug delivery 
function. Wang et al. proposed a new magnetically driven 
multi-module microrobot for drug sustained-release [26]. The 
internal propeller realized active motion, and the drug cabinet 
pushed the drugs out like a syringe, realizing the 
sustained-release and quantitative drug delivery. However, 
although the robot can accurately move to the lesion site to 
release drugs, it cannot stay at the lesion site due to the 
peristalsis of human intestinal tract. Thus, it cannot ensure that 
the released drugs are applied to the lesion site. In this case, the 
drug concentration might be too low and the treatment effect 
will be affected [27-29]. 

Due to the constant peristalsis of human intestine, it is 
crucial for most intestinal diseases to receive sustained 
medication at the lesion site. In this paper, an anti-interference 
targeted therapeutic delivery microrobot (ATTDM) is 
proposed, which is remotely operated by an external 
permanent magnet (EPM) to deliver the treatment to the lesion 
site of the peristaltic human intestine. Furthermore, an internal 
embedded targeted delivery mechanism is fixed with radial 
magnetized O-type internal permanent magnet (IPM), which 
realizes flexible movement in the fluid environment. 

The contribution of the proposed ATTDM can be 
summarized as follows: 

(1) ATTDM is equipped with targeted delivery mechanism 
to easily achieve targeted drug delivery at the capsule scale. 

(2) ATTDM can not only actively move to the lesion site 
via external magnetic field control, but also anchor in the 
constantly peristaltic intestine for targeted drug delivery. 
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(3) ATTDM provides an enabling method for targeted 
therapeutic delivery against the intestinal peristalsis. 

II.  CONCEPT AND DESIGN 

Fig. 1(a) shows the concept of the clinical scenario of 
ATTDM in human intestinal tract. The system is divided into 
the primary control system and the secondary processing 
system. ATTDM at the secondary end, controlled by the 
primary controller, realizes the intestinal targeted therapeutic 
delivery function. The detailed clinical process is described as 
follows. First, the patient drinks a certain amount of water 
after cleaning the intestine to provide conditions for the active 
movement of ATTDM. Second, the patient swallows ATTDM 
under the guidance of the doctor and lies in the diagnosis and 
treatment area of the secondary processing system. Next, the 
doctor runs the magnetic actuation system through the primary 
console to control the motion mode of ATTDM. When 
reaching the lesion site, ATTDM is switched to targeted 
therapeutic delivery mode, and it anchors in the constantly 
peristaltic intestine and applies drugs to the lesion site, as 
shown in Fig. 1(b). After the diagnosis and treatment 
functions are completed, ATTDM switch back to motion 
mode and will be discharged through the digestive system. 

A. Structure Design of ATTDM 
The model of ATTDM is shown in Fig. 1(c). The spiral 

structure can generate propulsion force when rotating in a 
fluid environment. Compared with the driving structures of 
various capsule robots [30], the spiral structure has the best 
motion characteristics in the fluid environment and is designed 
as the power supply of the robot. The explosive structure of 
ATTDM is shown in Fig. 1(d). When ATTDM is moving, the 
internal part is shown in Fig. 1(e). Through the magnetic 
dipole moment generated by EPM and IPM, the movement 
direction and rotation velocity of ATTDM are controlled so 
that it can accurately reach the lesion site. The interior of 
ATTDM during targeted application is shown in Fig. 1(f), 
where the rotating EPM generates a rotating magnetic field to 
rotate IPM and the targeted delivery mechanism. As a result, 
anchoring arms are pushed out and anchored in the constantly 
peristaltic intestine to overcome interference and release drugs. 
At the end of the targeted therapeutic delivery, the magnetic 
field is controlled to restore ATTDM to the motion mode and 
continue to move. By changing the rotation direction and 
velocity of the EPM, ATTDM can be controlled to move 
freely in various environments, and anti-interference 
anchoring and targeted application therapy can be performed 
in the lesion site. 

As shown in Fig. 1(d), the ATTDM consists of a spiral 
structure, a bearing, a targeted delivery mechanism, four 
anchoring arms, an IPM (material: NdFeB35), and a fixed rod. 
The targeted delivery mechanism and IPM are fixed, and IPM 
is magnetized in the vertical direction. When IPM rotates 
axially, ATTDM can rotate, move, and switch the motion 
mode. When IPM rotates radially, the targeted delivery 
mechanism, driven by IPM, performs the anchoring task and 
delivers the drug treatment in a targeted manner. 

 
B. Working Principle of ATTDM 

The working principle of ATTDM is shown in Fig. 2. 
When the patient swallows ATTDM to the initial position of 
the intestine, it is ready to start the examination and treatment 
of the intestine, as shown in Fig. 2(a). In the fluid filled 
intestinal environment, the IPM embedded in ATTDM keeps 
synchronous rotation axially by the rotation of the EPM, and 
ATTDM will move forward relying on the fluid reaction force 
generated by the rotation of the spiral structure, as shown in 
Fig. 2(b). When ATTDM reaches the lesion site, IPM rotates 
radially to expand the targeted delivery mechanism. The 
targeted delivery mechanism pushes anchoring arms, so that 
ATTDM can be fixed in the constantly peristaltic intestine, 
enter the targeted therapeutic delivery mode, and release drugs. 
During this period, ATTDM can prevent insufficient drug 
concentration caused by intestinal peristalsis or robot passive 
movement to non-pathological areas, as shown in Fig. 2(c). 
After the treatment is completed, change the direction of the 
magnetic field to restore it to the motion mode, as shown in 
Fig. 2(d). Subsequently, ATTDM continues to move and is 
finally discharged from the body. 
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Fig. 1.  (a) Schematic diagram of ATTDM system, (b) Principle of targeted 
therapeutic delivery using ATTDM, (c) and (d) The isometric and explosive 
views of ATTDM, (e) and (f) Sectional views of ATTDM in motion and 
targeted therapeutic delivery modes. 
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Fig. 2.  Working principle of ATTDM: (a) move forward, (b) reach the lesion 
site, (c) targeted therapeutic delivery, (d) move forward. 
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III. CONTROL STRATEGY 

According to Newton's second law of motion, the motion 
behavior of ATTDM in fluid is analyzed, and the distribution 
of capsule machine manpower is simplified, including the 
propulsion force Fp, the resistance force Fr, the magnetic force 
Fm, the buoyancy force Fb and the gravity force Fg. Their 
relationship is expressed as [30]: 

 sin sin sinp r m f b f g f
vm F F F F F
t

θ θ θ∂
= − + ±

∂
  (1) 

where m is the mass of ATTDM, θf is the included angle 
between ATTDM and the standard horizontal plane. Based on 
the theory of fluid mechanics, when ATTDM moves in the 
fluid environment, the volume of liquid passing through any 
vertical plane in any time interval is the same at any position. 
The cross-sectional areas A1 and A2 are the fluid inflow area 
and outflow area of ATTDM, respectively. The volume of 
liquid flowing into ATTDM per unit time is equal to the 
volume of liquid flowing out, which can be expressed as: 

 1 1 2 2Q S v S v= =  (2) 

where Q is the liquid flow through the spiral structure, v1 is the 
inflow velocity of the inflow area S1, and v2 is the outflow 
velocity of the outflow area S2. 

The resistance force of ATTDM can be expressed as [30]: 
 21

1 12r d f nF C S v Fρ µ= +  (3) 

where Cd is the resistance coefficient, ρ is the liquid density, μf is 
the friction coefficient, and Fn is the normal force between 
ATTDM and the human intestinal surface. 

Therefore, the propulsion force Fp of ATTDM can be 
expressed as: 

 2 21
2 2 1 12p D f nF A v C S v Fρ ρ µ= − −  (4) 

A.  Magnetic Actuation Principle 
The EPM is used as the driver to control the IPM and 

ATTDM, which can realize flexible adjustment of the space 
position and orientation [31]. EPM is fixed to the flange of a 
robot and rotated by a motor. It can easily generate a uniform 
rotating magnetic field with arbitrary rotating velocity in any 
direction in an open large-scale space. 

However, if the distance between ATTDM and EPM is too 
large, the magnetic flux density applied to ATTDM will be too 
small to drive its movement. On the contrary, the excessive 
magnetic force will cause ATTDM and EPM to attract each 
other, which may injure the intestinal tract [32]. Thus, keeping 
proper distance between ATTDM and EPM is a key factor for 
accurate control of ATTDM. 

As shown in Fig. 3, when the magnetic torque TM is equal 
to the maximum circumferential friction torque Tf, there is a 
maximum control distance dmax. At this time, the driving 
torque of ATTDM is 0 Nm and it cannot rotate. When the 
magnetic force Fm is equal to the gravity force Fg, there is a 
minimum control distance dmin. ATTDM will be attracted to 
the intestine and cannot move. It can be expressed as: 

 max

min

:
:

m f

m g

d T T
d F F

=
 =

 (5) 

When the change in magnetic force enables ATTDM to 
eliminate the interference of gravity and buoyancy in the 

horizontal direction, ATTDM achieves the optimal control 
distance [32]. According to the magnetic coupling theory, the 
coupling magnetic torque of the universal rotating magnetic 
vector acting on the permanent magnet is perpendicular to the 
plane formed by the magnetic moment vector and the 
magnetic vector of the permanent magnet. Then the external 
magnetic field will generate the torque driving the robot, that 
is, a torque of Tm is generated between EPM and IPM: 

 sinm r mT Bm θ=  (6) 

where mr is the magnetic moment vector of the permanent 
magnet and B is the magnetic vector of the rotating magnetic 
field, θm is the slip angle between the rotating magnetic field 
vector and the magnetic moment vector of the permanent 
magnet embedded in ATTDM. 

B. Dynamics Modeling 
Based on the hydrodynamics theory, the dynamic 

modeling of ATTDM is established, as shown in Fig. 3. For 
the convenience of analysis, the coordinate axis is built in Fig. 
3, where uc and va are defined as the circumferential and axial 
velocities, respectively, U and W are the velocity projections 
of uc and va along and perpendicular to the helical direction, 
respectively, and θ is the angle of microrobot spiral. Then U 
and W can be combined by uc and va [30]: 

 
cos sin
sin cos

a

c

vW
uU

θ θ
θ θ

−     
=     

     
 (7) 

 
According to the Reynolds equation, p1(x) and p2(x) are the 

pressure distributions at A1 and A2, respectively, which are 
obtained as follows: 
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where α= A1+A2, β= A2/α, γ= h/c, G= c2[(1-β) W1+β(1+γ) W2], 
L is the length of the spiral structure, c is the distance between 
the thread and the intestine, h is the height of the thread, and µ 
is the fluid viscosity. 

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

 

2
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2
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d d
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y
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∫ ∫

∫ ∫
 (9) 

Therefore, when the spiral structure of ATTDM rotates, 
the axial propulsive force and radical circumferential friction 

 
Fig. 3.  Magnetic actuation principle of ATTDM. 
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resistance are expressed as: 

 
sin cos
cos sin

p y x

r y x

F F F
F F F

θ θ
θ θ

= −
 = +

 (10) 

The circumferential friction torque Tf can be expressed as: 
 f rT F r= ⋅  (11) 

C. Anchoring Modeling 
As shown in Fig. 4(a), when ATTDM moves to the lesion 

site, anchoring arms are pushed out by rotating the targeted 
delivery mechanism via the rotation of the EPM. The anchor 
structure is accurately anchored in the intestinal tract and 
resists the interference of intestinal peristalsis to perform the 
drug delivery treatment. As shown in Fig. 4(b), the pushing 
out distance of the anchor structure rv can be expressed as: 

 1 22 ( ) πv Er d dθ= −  (12) 

where θE represents the rotation angle of EPM, and the 
maximum pushing out distance is (d1-d2)/ 2 in the vertical 
direction. 

 
IV. HYDRODYNAMIC MODELING AND ANALYSIS 

Hydrodynamic characteristics are the key indexes of the 
robot in fluid environment. Each structural parameter has 
different effects on the hydrodynamic characteristics of 
ATTDM. Experimental testing using 3D printed prototypes is 
laborious and time-consuming. Therefore, in the 
determination of the structural parameters, finite element 
analysis is conducted to investigate the influence of a series of 
important structural parameters. In order to establish an 
appropriate model, some conditions need to be set. First, the 
central axis of ATTDM always coincides with the central axis 
of the intestinal tract without considering the deformation of 
the intestinal tract. Secondly, water is taken as the 
experimental fluid set in simulation and regarded as a viscous 
incompressible fluid. In clinics, according to surgical 
regulations, patients need to clean the intestine with a large 
amount of water before taking the capsule robot [33]. This 
operation fills the intestine with water, which creates a good 
environment for the movement of the capsule robot. Finally, 
since the main purpose is to investigate the influence of the 
structural parameters, some other forces of ATTDM, such as 
gravity and buoyancy, are ignored, and the motion of ATTDM 
is only affected by the propulsion force and resistance. 

A fluid environment is established in ANSYS. In fluid 
simulation, the complex internal structure of ATTDM is 
simplified as it hardly affects the overall motion performance. 
A regular cylinder with a length of 425 mm and a diameter of 
22 mm is used to simulate the intestinal tract. ATTDM is 
placed in the middle of the pipeline, and the parts not 
participating in the fluid simulation are removed from the flow 

field. Coarse meshing and fine meshing are adopted for the 
intestinal model and the dynamic flow field of ATTDM, 
respectively. Using the hexahedral mesh, the total amount of 
elements is maintained between 300000 and 400000 so as to 
guarantee the precision of analysis. 

In order to obtain more accurate results in finite element 
analysis, the solver is set as the k-epsilon turbulence model 
featuring wide applicability, reliability, and convergence. The 
model is particularly applicable to external flow problems in 
regular geometry (such as the intestine) [34]. Semi-Implicit 
Method for Pressure-Linked Equations (SIMPLE) algorithm 
solves the coupling equations of pressure and velocity in 
simulation. In the unit area condition section, the rotation axis 
is set as the frame motion rotating about the Z-axis. Then, the 
inlet boundary is set as the pressure-inlet, the outlet boundary 
is set as the pressure-outlet, and the other boundary is set as the 
wall. Four planes without any physical significance are 
selected to monitor the pressure, velocity, and other 
parameters. Finally, select the default divergence coefficient, 
set the convergence standard to 0.0001, and the maximum 
iteration number is set to 800. 

There are too many structural parameters in ATTDM. For 
the simplicity, only the cases with different number of threads 
are discussed here. All the other parameters are invariant. The 
robot models with 2 to 5 threads are established and analyzed. 
Other parameters L, θ and γ are set to be 25 mm, 35° and 0.5, 
respectively. The samples of velocity contour results when 
ATTDM moves at a rotation velocity of 15 Hz are shown in 
Fig. 5. The results show that when the spiral structure rotates, 
the fluid can pass through the inlet. The channel between the 
intestinal tract and the shell can effectively pressurize and 
discharge the fluid, so that the fluid flow rate at the outlet rises 
sharply. 

 
The relationship between the rotation velocity of ATTDM 

and the propulsion force is shown in Fig. 6. The results show 
that the propulsion force increases exponentially with the 
increase of the rotation velocity of ATTDM. Moreover, under 
the same rotation velocity, the motion performance of 4-thread 
is the best. Therefore, the structure of ATTDM is finalized 
using the 4-thread spiral structure. 

  

(a) (b) 
Fig. 4.  (a) Anchoring process. (b) Anchoring modeling. 

Rotation direction

Targeted therapeutic delivery modeMotion mode

rvd1

d2Anchoring
arm

Anchoring
slideway

Motion mode

Targeted therapeutic
delivery mode

  
(a) (b) 

  
(c) (d) 

Fig. 5.  Simulation results on velocity contour with different thread numbers: 
(a) 2-thread, (b) 3-thread, (c) 4-thread, and (d) 5-thread. 
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Subsequently, the ATTDM model in targeted therapeutic 

delivery mode anchored in the intestine is established, and the 
simulation results of velocity contour are shown in Fig. 7. The 
results show that when ATTDM reaches the lesion site for 
targeted drug treatment, with the expanding of the targeted 
delivery mechanism, the channel between the drug chamber 
and the shell can effectively pressurize and discharge the fluid 
drug. Therefore, the embedded fluid drug gradually flows out, 
and targeted drug delivery can be completed on the lesion site 
of the intestine. 

Through simulation, some numerical values which are 
difficult to obtain theoretically or experimentally can be 
obtained. The dynamic equation of ATTDM can be simplified 
and optimized to accurately control the strategy of ATTDM to 
improve the control accuracy and motion stability. 

 
V.  EXPERIMENT RESULTS 

The experimental setup is shown in Fig. 8(a). ATTDM is 
placed in a transparent acrylic pipe with an inner diameter of 
26 mm and a length of 400 mm. The acrylic pipe is filled with 
water (water density: 998.203 kg/m3) at 26°C and placed in an 
X-ray fluoroscopy system. The operator controls the robot arm 
and EPM through the PC controller, thereby controlling the 
position and posture of ATTDM. A peristaltic pump is used to 
simulate the peristaltic environment of human intestine. 

Through 3D printing technology, ATTDM is fabricated 
using photosensitive resin to quickly test the feasibility. In the 
future trials in clinics, a biocompatible material, BioMed 
Resin from Formlabs, can be used to avoid potential risks and 
injury to human intestine [35]. The main structural parameters 
of ATTDM and permanent magnet are listed in Table Ⅰ. The 
prototype of ATTDM is shown in Fig. 8(b). The thread pitch, 
height, and width of ATTDM are 2 mm, and the maximum 
pushing out distance of the targeted delivery mechanism in the 
vertical direction is 2.82 mm, as shown in Fig. 8(c). The 
structural design meets both process requirements and the 
medical dimension requirements, that is, the maximum size 
that can pass through the curved part of the intestine is 
Φ20×33.2 mm [25]. 

 
A. Motion Characteristics of ATTDM 

The control of ATTDM is important as it needs to 
guarantee that EPM can remotely rotate ATTDM, and the 
attraction force cannot be too large to scratch the intestinal 
tract. Through experiments, it is found that the maximum and 
minimum control distances to drive ATTDM are 146 mm and 
33 mm, respectively. In this range, ATTDM can be precisely 
controlled to perform forward, backward, and steering motion. 
Accordingly, the maximum and minimum control distances to 
anchor ATTDM are 112 mm and 20 mm, respectively. In this 
range, ATTDM can be precisely controlled for any degree of 
anchoring. 

Further, the motion characteristics of ATTDM are 
evaluated. During the experiment, the rotation frequency of 
EPM is increased at an interval of 1 Hz. The control distance 
was set to 60 mm to obtain the relationship between the 
rotation frequency and the motion velocity of ATTDM. The 
prototype of ATTDM is placed in a 26 mm pipe filled with 
water. The simulation and experimental results of motion 
characteristics are obtained and shown in Fig. 9(a). The 
experimental results are obtained by averaging ten 
measurements, which shows that there is a linear relationship 
between the frequency and the motion velocity of ATTDM 
before 12 Hz. Due to the lack of resistance in the simulation, 
the simulation result is higher than the experimental results. 

In addition, when the rotation frequency of EPM reaches 
13 Hz, ATTDM enters the cut-off state and cannot continue to 
move. This is because IPM cannot keep the same frequency as 
EPM. Therefore, 12 Hz is set to be the cut-off frequency of 
ATTDM. Moreover, ATTDM has the same motion 
characteristics when moving backward. 

The results of the motion performance of ATTDM under 
different intestinal diameters are shown in Fig. 9 (b), where a 
linear relationship can still be observed between the frequency 
and the motion velocity. At a control distance of 60 mm, the 
maximum motion velocity for pipe diameters of 22 mm, 24 
mm, and 26 mm are 34.91 mm/s, 33.04 mm/s, and 32.47 mm/s, 
respectively. It can be concluded that changes in intestinal 
diameter slightly affect the motion performance of ATTDM. 
Furthermore, the starting frequency and cut-off frequency of 
ATTDM are not affected by the pipe diameter. 

 
Fig. 6.  Relationship between the rotation velocity of ATTDM and the 
propulsive force. 
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Fig. 7.  (a) Simulation results on axis-plane velocity contour. (b) Simulation 
results on bottom-plane velocity contour. 
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Fig. 8.  (a) The experimental setup. (b) Prototypes of ATTDM. (c) Targeted 
therapeutic delivery mode. 
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TABLE I 
SPECIFICATIONS OF THE ATTDM AND MAGNETS. (UNIT: mm) 

Parameter OD & ID Length & Height 
Spiral structure 20 (16) 25(2) 

Shell 20 (14) 1.5(1) 
Targeted delivery mechanism 6.5 (1.5) 4(4) 

IPM 8 (4) 2 
EPM 30 20 
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Fig. 10.  (a) Start from the initial position. (b) Reach the lesion site. (c) Switch to the targeted therapeutic delivery mode. (d) The targeted therapeutic delivery 
mode. (e) Treat the lesion site. (f) Move forward to end position. 
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The peristalsis velocity of human intestine is random, and 
the maximum value can reach ±202.8 ml/min under the 
diameter of 26 mm [33]. Therefore, the relationship between 
the motion velocity and the frequency of ATTDM is obtained 
under the conditions that the flow rate is +200 ml/min, +100 
ml/min, -100 ml/min, and -200 ml/min, respectively, as shown 
in Fig. 9(c). The experimental results show that there is a 
linear relationship between the frequency and the motion 
velocity when ATTDM can move normally. The maximum 
velocity of ATTDM in still water is 32.47 mm/s, the 
maximum velocity is 40.78 mm/s when the flow rate is +200 
ml/min, and the maximum velocity is 13.98 mm/s when the 
flow rate is -200 ml/min. 

Furthermore, when the flow rate is -100 ml/min and -200 
ml/min, ATTDM starts to move forward at 2 Hz and 3 Hz 
because ATTDM cannot generate enough propulsion force to 
overcome the resistance of the fluid. With the increase of the 
circumferential friction force, the magnetic torque generated 
by EPM remains unchanged, which leads to the drop of the 
cut-off frequency of ATTDM. When the flow rate is -100 
ml/min or -200 ml/min, the cut-off frequency of ATTDM 
drops to 11 Hz and 10 Hz, respectively. Due to the inherent 
properties of ATTDM, when the frequency exceeds 12 Hz, 
ATTDM cannot follow the rotation of EPM. Thus, even when 
the flow rate is +100 ml/min or +200 ml/min, the cut-off 
frequency of ATTDM is still 12 Hz. In addition, under the 
control distance of 60 mm, ATTDM could keep in place at a 
flow rate of -453 ml/min, exhibiting strong anti-interference 
capability. 

B. Targeted Therapeutic Delivery of ATTDM 

According to the task requirements of ATTDM in human 
intestine, the peristaltic pump is used to simulate the whole 
process of the targeted drug application task at the flow rate of 
-200 ml/min, as shown in Fig. 10. ATTDM is internally 
equipped with red granules of drugs, which can be targeted for 
therapeutic delivery according to the set lesion site. First, 
ATTDM starts to move from its initial position, as shown in 
Fig. 10(a). By controlling EPM, the embedded IPM rotates 
axially and moves forward under the action of the fluid 
reaction force until it reaches the lesion site, as shown in Fig. 
10(b). Subsequently, EPM is controlled to make IPM rotate 
radially, drive the targeted delivery mechanism to push 
anchoring arms, and release the drug after anchoring, as 
shown in Fig. 10(c) and (d). At the flow rate of -200 ml/min, 
ATTDM releases many drugs to treat the lesion site, as shown 
in Fig. 10(e). Finally, ATTDM completes the targeted 
therapeutic delivery, and moves forward to finally expel from 
the pipe, as shown in Fig. 10(f). Furthermore, ATTDM can 
resist the maximum flow rate of -1207 ml/min in the targeted 
therapeutic delivery mode, which is far beyond the flow rate of 
the human intestine. 

Fig. 11 shows the position of ATTDM during the targeted 
therapeutic delivery process. At 25th second, ATTDM arrived 
at the lesion site, and EPM used for ATTDM's motion mode is 
switched to the EPM for targeted therapeutic delivery mode. 
During the transition, under the action of the peristalsis, 
ATTDM is pushed backward by 13 mm. Then, EPM used for 
targeted therapeutic delivery mode controls ATTDM to adjust 
its posture and anchor, so that it can finish targeted therapeutic 
delivery. The whole process of targeted therapeutic delivery is 
115 seconds. 

   
(a) (b) (c) 

Fig. 9.  (a) Relationship between frequency and motion velocity of ATTDM. (b) Motion characteristics of ATTDM at different pipe diameter environment. (c) 
Motion characteristics of ATTDM at different flow rate environment. 
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C. Ex Vivo Experiments of ATTDM 

Ex vivo experiments are carried out on a fresh porcine 
intestine filled with water to evaluate the motion 
characteristics of ATTDM, as shown in Fig. 9(a). The 
maximum motion velocity of ATTDM in porcine intestine is 
6.77 mm/s, which is lower than the maximum motion velocity 
in pipe of 32.47 mm/s. This is because the random growth of 
many fat particles inside porcine intestine hinders the normal 
rotation of the spiral structure. Ultimately, ATTDM is subject 
to extra resistance, resulting in a decrease in motion velocity. 

Meanwhile, ATTDM prototype is used to mimicking the 
treatment in clinics and its position is photographed by the 
X-ray fluoroscopy system, as shown in Fig. 12. First, ATTDM 
rotates and moves forward in the porcine intestine, as shown in 
Fig. 12(a). When reaching the lesion site, ATTDM switches to 
the targeted therapeutic delivery mode, as shown in Fig. 12(b) 
and Fig. 12(c). Through the X-ray images, it can be clearly 
observed that ATTDM anchored at the lesion site. After the 
treatment, ATTDM excluded from the porcine intestinal tract, 
as shown in Fig. 12(d). This experiment verifies the feasibility 
that ATTDM can perform tasks such as movement, anchoring 
and targeted therapeutic delivery in a more complex 
environment. 

 

VI. DISCUSSION 
This paper focuses on the realization of the active 

movement and targeted drug delivery of ATTDM after 
anchoring through the targeted delivery mechanism. The 
prototype and corresponding experiments verify the function 
and feasibility of the proposed ATTDM. In clinical 

application, the X-ray fluoroscopy system can be used to 
provide position feedback for ATTDM, and the shell can be 
made of biocompatible material to meet the biocompatibility 
with human body. 

The overall comparison between ATTDM and other 
similar drug delivery robots is provided in Table Ⅱ. Although 
the design in [36] can realize drug delivery, there is a certain 
risk of leakage when using batteries as power supply. The 
design in [25] and [26] can only move to the lesion site, but 
cannot be fixed in the constantly peristaltic human intestine. 
Although the design in [37] can be anchored, its size is large 
and it lacks active motion mechanism. Based on the above 
comparison, the proposed ATTDM can not only move flexibly, 
but also targeted therapeutic delivery after being anchored in 
the constantly peristaltic intestine. 

 

VII. CONCLUSION 
In this paper, the ATTDM is proposed to deliver drugs to 

the lesion site of the constantly peristaltic intestine through 
external magnetic field. It miniaturizes the targeted delivery 
mechanism and shows more effective functions than previous 
magnetic actuated microrobots. It can be converted into 
motion mode for flexible movement in the fluid environment, 
or into targeted therapeutic delivery mode for anchoring and 
targeted therapeutic delivery at the lesion site. Various 
dynamic models and simulations under different environments 
are established. Through the simulation and experimental 
results of ATTDM's motion, targeted therapeutic delivery and 
other different functions, the feasibility of controlling 
ATTDM with EPM is verified. From the experimental results, 
in the fluid filled tubular environment, the frequency and the 
motion velocity keep increasing linearly until reaching the 
cut-off frequency of ATTDM. Moreover, ATTDM can 
maintain flexible movement when confronted with various 
flow rate environments. The experimental results also prove 
that ATTDM can still complete targeted therapeutic delivery 
task with stable efficiency in the environment simulating 
intestinal peristalsis. Finally, through the experiment of fresh 
porcine intestine, it is well verified that ATTDM can anchor 
and targeted therapeutic delivery in the actual intestine. 

Compared with the conventional capsule robots, ATTDM 
is superior in its movement and targeted delivery mechanism. 
It has improved the shortcomings of multiple permanent 
magnets to achieve multiple functions, as well as the limitation 
of being unable to anchor and deliver drugs in the constantly 
peristaltic intestine. In the future, we will further study the 
precise dose of targeted therapeutic delivery of ATTDM, treat 
specific clinical diseases, and conduct further research in the 
real environment of living animals. 
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