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Abstract— Capsule endoscopic robot holds great promise for
the early diagnosis of gastrointestinal diseases without causing
discomfort to patients. However, currently available active
capsule endoscopic robots suffer from issues such as complex
structure, poor mobility, large size, and high cost, which have
hindered their widespread adoption and resulted in a lower
screening rate for gastrointestinal diseases. To address these
challenges, this paper proposes a highly integrated propeller-
driven capsule endoscopic robot (PCER) system that integrates
STM32 processor, magnetic sensor, IMU, RF communication
unit, and motor drive. The micro propeller of the PCER has
been analyzed through finite element simulation to ensure its
efficiency. FLUENT software has been utilized to simulate
the fluid force acting on the PCER as it moves through a
liquid medium. The results of the simulation are then used
to determine the optimal pitch angle for the robot’s movement.
The thrust generated by the capsule robot propellers has
been measured using a lever mechanism to investigate the
relationship between the thrust and voltage applied to the
motors. The experiments confirmed that the PCER is capable
of performing flexible motions within fluid environments, such
as changing pitch angle during movement, passing circular
obstacles, horizontal motion, and spiral ascent. These findings
demonstrate the feasibility of the proposed PCER as an effective
tool for non-invasive early screening of gastrointestinal diseases.

I. INTRODUCTION

Gastrointestinal cancers pose a significant public health
challenge, being the fifth most common cancer worldwide,
accounting for over one million cases and 780,000 deaths
annually. This high incidence leads to a substantial burden on
healthcare resources [1]-[3]. Early diagnosis of GI tumors is
crucial to improving the survival time of patients [4]. The 5-
year survival rate for patients with IA and IB after surgery are
94% and 88%, respectively, while the survival rate for stage
IIIC patients drops to a mere 18% [3]. Identifying typical
lesions of digestive tract cancer at an early stage can prevent
the development of GI cancers. However, the similarity of
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early GI cancers symptoms to common GI diseases can
pose complex challenges for patients to identify potentially
cancerous growths. Conventional gastroscopy, although ef-
fective, can cause discomfort and lower patient acceptance
during the examination [5]. Although anesthesia can alleviate
patient discomfort during sedation, it comes with risks and
requires specialized personnel to monitor patients continually
throughout the procedure, making the process more time-
consuming and resource-intensive. Thus, there is a critical
need to develop more efficient and less invasive methods for
early screening of gastrointestinal diseases, which are more
patient-friendly and consume fewer healthcare resources.

The wireless capsule endoscopic robot was initially de-
veloped and manufactured by an Israeli company as an
innovative swallowable endoscope device that minimizes
patient discomfort during examinations [6]-[8]. Previous
passive capsule endoscopic robots were limited to following
the natural peristaltic movements of the gastrointestinal tract
and lacked active control, resulting in a high rate of missed
examinations [9]-[11].

Therefore, active control of capsule endoscopic robots is
essential for precise and comprehensive inspection, and has
emerged as a prominent research focus in this field [12]-[15].
Spiral-type active capsule robots use a spiral pattern on their
surface to generate forward thrust. Chi et al. have developed
a spiral-type capsule robot equipped with an internal perma-
nent magnet that rotates around its own axis, enabling it to
move forward under the control of an external magnetic field
[16]. Liang et al. have developed a capsule endoscopic robot
that utilizes a micro motor to drive the tail screw structure
[17]. Zhang et al. proposed a vibrating capsule robot with
multiple electromagnetic coils mounted inside that drive the
capsule robot forward by controlling the current of the coils
to vibrate the internal permanent magnets [18]. Zhang et
al. developed a spherical capsule endoscopic robot that can
be controlled by an external electromagnetic field to enable
rolling in the digestive tract [19]. A magnetorheological soft
capsule robot, controlled by an external magnetic field, was
developed by Hua et al [20]. Gao et al. have developed an
inchworm-like capsule robot [21]. This robot is equipped
with legs that can expand and contract, with one of the legs
being capable of moving backwards and forwards. Mahoney
et al. proposed a solution that uses a robot arm to control a
permanent magnet to drive the capsule robot directly [22].
Song et al. used multiple electromagnetic coils to accomplish
stable levitation, attitude modulation and motion control of
the capsule robot [23]. Because most actively-driven capsule
endoscopic robots require contact with the lining of the
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Fig. 1. (a) Schematic diagram of the internal structure of the PCER. (b)
Schematic diagram of the PCER’s electronic system. (c)(d) PCER prototype.
(e) Printed circuit board of the PCER. (f) Signal receiver and antenna.

digestive tract to obtain forward force, these designs may
not be suitable for examinations in larger spaces of the
stomach. The capsule robots that use magnetic field to realize
levitation require highly accurate positioning methods to
achieve stable closed-loop control, which can be difficult and
expensive to achieve.

To address the challenges of existing capsule endoscopic
robots, we propose a new design based on miniature pro-
pellers, which offers improved efficiency and reduced cost.
Section II presents the hardware structure and circuit sys-
tem of the proposed PCER robot. In section III, we use
computational fluid dynamics to simulate the hydrodynamic
characteristics of the propeller and shell of PCER. PCER
thrust measurement and motion experiments are presented in
section IV to validate the overall design. Section V provides
a summary of this work.

II. HARDWARE DESIGN OF THE PCER

Figure 1 illustrates the capsule endoscopic robot driven by
four propellers. The current shell of the PCER is fabricated
through 3D printing, utilizing resin as the primary material.
Four hollow cup motors (diameter: 4 mm and length: 8§ mm)
are mounted at the rear of the PCER. On each motor shaft,
a miniature propeller is attached. The STM32F411 micro
processing unit serves as the core of the PCER’s circuit,
which generates PWM signals to control the motor drive
IC (BDR6122T) and regulate the speed of each motor. Data
from the IMU (BMI088) and magnetic sensor (QMC5883P)
is transmitted via the IIC bus with the STM32F411. The
radio frequency communication unit (CC2640) enables data
exchange with the STM32F411 through the UART serial
port. The signal receiver uses a 2.4 GHz RF signal to
establish communication between the host computer and the
PCER.

Propeller design is optimized and modified based on
existing design maps, such as the B-o maps and the K-J maps
[24]. The map method is utilized to determine the design
parameters that correspond to the outer contour and blade
section characteristics, either through the pitch ratio or the
advance speed coefficient. In this paper, we utilize OpenProp,
an open source tool based on MATLAB, to assist in the
design of propellers. OpenProp takes the chord length and
thickness of the propeller blade section at different radii as
input, and generates multiple three-dimensional value point
data that can be fitted to a smooth propeller blade section.
The centerline and thickness characteristics of the propeller
blade section surface profile can be defined, usually modified
according to the characteristics of the existing propeller
model [25]. The 3D point data exported from MATLAB can
be imported into SOLIDWORKS for modeling.

ITII. FLUID SIMULATION AND ANALYSIS
A. Simulation and analysis of the propeller

The simulation and analysis of the propeller were con-
ducted using FLUENT, which offers various Reynolds Aver-
age Navier-Stokes equations (RANS) turbulence models. To
accurately simulate the boundary layer with large pressure
gradient and the propagation of cylindrical jet flow in the
fluid, the Realizable K-¢ turbulence model was employed
[26]. However, since the turbulent flow on the surface of the
propeller blade is not fully developed, the K-¢ model with
wall functions was used to deal with the flow near the wall.
In still water, the Reynolds number of the fluid flowing over
the surface of the propeller blades can be approximated as:

nD?

14

Re =

)

where n is the rotation speed of the propeller; D is the diam-
eter of the propeller; v is the dynamic viscosity coefficient
of the fluid.

It is estimated that the minimum operating speed of the
propeller is 2000 rpm, and the Reynolds number of the
fluid on the surface of the propeller blade is around 4200,
indicating a low Reynolds number turbulent flow. Scalable
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Fig. 2. The grid refinement is applied close to interface. Boundary layer
mesh is unstructured grid to fit the geometrical characteristic of the propeller.

Velocity Magnitude (a) Velocity Magnitude

Fig. 3. Iterative cloud map showing the flow field velocity when the rotation
domain has a speed of 12000 rpm, and the inlet has a speed of 0.05 m/s.

Wall Function was used to process the boundary layers grid
with low Reynolds number to prevent singular values that
are difficult to converge in the boundary layers [27].

To estimate the propeller thrust and torque, three mesh
division methods can be used: single-moving reference frame
mesh (SRF), sliding mesh, and overlapping mesh. All three
methods are reliable and effective in predicting the open-
water thrust characteristics of propellers [28]. SRF has the
advantages of fast calculation speed and simple grid division.
In this paper, SRF is used for modeling and calculation.

The model is divided into two parts, one part is the fluid
domain with the propeller surface as the wall. The other
part is the fluid domain that does not rotates directly, which
wraps around the former part. The interface between the two
domains adopts the grid share topology during mesh parti-
tioning [29]. The fluid on the surface of the propeller and the
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Fig. 4. (a) Relationship between propeller thrust and rotation speed at
different PCER forward velocities. (b) Relationship between propeller torque
and rotation speed at different PCER forward velocities.

rotation domain is relatively complex, and hence the mesh
is refined [30]. The grid adopts the poly-hexcore method
of fluent mesh. The structured grid and the unstructured
grid are established hierarchically. This approach can divide
higher-quality grids while keeping the number of grids small,
improving the simulation calculation speed. As shown in Fig.
2, the number of grids is about 2,630,000. The minimum
orthogonal quality of the grid is about 0.2, and the maximum
skewness is about 0.6, both of which appear on the boundary
layers of the propeller, meeting engineering requirements.

During capsule endoscope examination, patients need to
empty their stomach and take 2 liter of water to temporarily
fill the stomach. At a temperature of 20 °C, the dynamic
viscosity coefficient of human gastric acid is less than 10%
different from that of pure water, and the density of gastric
acid is also similar to that of pure water. Therefore, the
working environment of the PCER can be approximated as
pure water.

The speed of rotation domain ranges from 2000 rpm to
12000 rpm. The wall of the propeller is set as a moving
wall, and the rotation speed is consistent with the rotation
domain. The inlet is set to velocity inlet, with respective
speeds of 0 m/s and 0.05 m/s; the outlet is set to pressure
outlet; the turbulent intensity of the fluid is set to 5%; the
turbulent viscosity ratio is set to 10%.

The residual convergence condition is set to 107° to
achieve higher simulation calculation accuracy. In simula-
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Fig. 5. (a) The motion state of the PCER and robot coordinate system.
(b) Pressure distribution in the YZ-plane. PCER moves forward at 0.06 m/s
with 45 degrees pitch angle. The pressure distribution shows that the fluid
exerts forces on the PCER in the Z and Y directions.

tion, the pressure-velocity coupling iteration scheme adopts
the COUPLE method; the pressure term adopts the second-
order equation; the momentum adopts the second-order up-
wind scheme and the turbulent kinetic energy and dissipation
rate adopt the first-order upwind scheme. The initial value
is set to 30 steps of iterative calculation in the hybrid
initialization method. During the iterative calculation process
before convergence, the velocity contour of the liquid near
the propeller is shown in Fig. 3. It can be observed that
the fluid initially diffuses from the rotating domain to the
surroundings, and the fluid state is unstable. The propeller
generates a relatively clear turbulent flow backward, and the
rest of the fluid state is stable, reflecting the convergence of
the results.

The results obtained by the simulation are shown in Fig.
4. When the advance speed is 0, the propeller only rotates
without moving forward, the thrust and torque obtained
are the largest. When the advance speed coefficient of the
propeller increases, the thrust coefficient and torque coeffi-
cient decrease [31]. The propeller thrust and torque can be
expresses as :

F = K,pn*D* 2)
Q= K,n*D° ?3)

where K; and K, are coefficients, n is the rotation speed
of the propeller; D is the diameter of the propeller; p is the
fluid density. When the advance speed remains constant and
the propeller speed decreases, the advance speed coefficient
increases, the coefficients K; and K, decreases. When the
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Fig. 6. (a) The component of the fluid force on the PCER in the Z-direction
shows a positive correlation with the Z-directional velocity and pitch angle
of the PCER’s motion. (b) The component of the fluid force on the PCER
in the Y-direction shows a positive correlation with the velocity in the Z-
direction of the PCER. At the same speed, the component of the fluid force
in the Y-direction reaches its maximum at 45 degrees pitch angle.

propeller has the same velocity, higher advance speed causes
lower thrust and torque.

B. Simulation and analysis of PCER shell

The average density of the PCER is greater than water,
and therefore it remains submerged while underwater. In
addition, the position of the center of mass plays an important
role in determining the pitch angle of the PCER during move-
ment, which can significantly impact the robot’s mobility
performance. As shown in Fig. 5(a), the PCER is subjected
to the impact of the current as it moves through the water.
In the vertical plane, the impact force can be divided into a
force along the Y-direction and a force in the Z-direction. The
impact force in the Y-direction aids the robot in overcoming
gravity. When the sum of the component of fluid force in
the Y-direction, buoyancy force, and the component of the
thrust generated by the propellers in the Y-direction equals
the gravity of PCER, the robot is able to achieve a stable
movement in the Y-direction. When the thrust generated by
the PCER propellers in the Z-direction and the resistance
of the fluid in the Z-direction balance each other, the robot
maintains a constant speed in the Z-direction.

We use FLUENT to simulate and analyze the fluid re-
sistance and lift force of the PCER. Figure 5(b) presents
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Fig. 7. (a) Device for measuring the thrust of PCER. The PCER is mounted
in a fixed ring at the end and its thrust is amplified by a lever, which in turn
is measured by a force sensor. (b) The thrust of the four PCER propellers
shows an approximately linear relationship with the motor voltage. The
same gradually increasing voltage was applied to all four motors in the
experiment.

the pressure distribution of the PCER in the YZ-plane at a
pitch angle of 45 degrees and a velocity of 6 cm/s. Using
FLUENT’s built-in force calculation tool, the force in the Y
and Z directions of the PCER were quickly computed. We
examined the force in the Z-direction as the pitch angle of
the PCER body varied from 20 degrees to 65 degrees and
the velocity changed from 2 cm/s to 8 cm/s. As illustrated
in Fig. 6(a), the drag force in the Z-direction of the robot
increased with the pitch angle and body speed. Therefore,
the pitch angle of the PCER should not be excessively large
to conserve energy consumption. On the other hand, the lift
force in the Y-direction increased with speed but decreased
when the pitch angle exceeded 45 degrees, as shown in
Fig. 6(b). Consequently, to obtain the optimal lift effect and
energy conservation while considering the forces in the Y
and Z directions, the pitch angle of the PCER body should
be maintained near 45 degrees.

IV. EXPERIMENTAL VALIDATION

To evaluate the thrust generated by a PCER in a liquid
environment, we devised an experimental platform, as de-
picted in Fig. 7(a). Computational simulations have indicated
that the PCER’s thrust output is minimal, necessitating the
application of a lever mechanism to amplify the thrust. A
carbon fibre tube (diameter: 12 mm and wall thickness: 2
mm) is used as the force arm of the amplifying lever. The

Fig. 8.

(a) The pitch angle adjustments of the PCER during movement.
(b) The PCER traverses a circular target with a diameter of 4 cm. (c) The
PCER moves horizontally in the vertical plane. (d) The PCER completes
cruise in a spiral upwards.

carbon fibre tube is fitted with a ring at the end to hold the
PCER in place. The lever’s power arm is 25 cm in length,
while the resistance arm is 3 cm in length. After the PCER
was fixed to the device, we applied the same progressively
increasing voltage to the four motors and recorded the force
sensor readings. The results shown in Fig. 7(b) demonstrate
that the thrust of the PCER increases with increasing voltage
which has good linearity.

To validate the mobility of the PCER, a simulated operat-
ing environment was created using a tank with dimensions
of 220 x 160 x 170 mm. The PCER’s attitude and movement
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direction during locomotion are controlled by the differential
speed between the corresponding propellers. To prevent rota-
tion of the capsule robot around its own axis, it is necessary
to ensure that the torque on the PCER is balanced between
the clockwise and counterclockwise rotating propellers. Fig.
8(a) shows the PCER changing the pitch angle of the body
in a liquid environment. Through our experiments we have
found that the PCER is able to achieve flexible changes in the
pitch angle by manipulating the difference in thrust between
the upper and lower propellers. This motion function allows
doctors to observe more information during the operation
of the PCER. The motion control capabilities of capsule
endoscopic robots are crucial in precision examinations. To
assess the control performance of the PCER, we conducted
an experiment in which the capsule robot traversed a circular
path. In this experiment, the PCER was initiated from the
bottom of the tank, approached the target ring (4 cm in
diameter), and passed through it as shown in Fig. 8(b). This
experiment verifies that the PCER can precisely reach the
desired position and maintain a stable control of its own
motion. The horizontal and spiral movements of the capsule
robot are important for achieving the robot’s automatic
cruise inspection function within the stomach. The horizontal
motion enables multiple views of the same target height
in the stomach, while the spiral upward motion realizes
examination of targets at varying heights in the stomach.
We validated the capability of the PCER to execute both
horizontal and spiral movements in a liquid environment via
experiments as shown in Fig. 8(c) and Fig. 8(d).

V. CONCLUSION

In this paper, we propose a novel capsule endoscopic
robot that employs miniature propellers for locomotion.
The integration of various electronic components within
the limited space of the capsule robot has enabled it to
perform data processing and autonomous attitude solving.
The hydrodynamic performance of the miniature propeller
is evaluated using finite element simulations. Additionally,
the forces applied on the PCER when operating in a liquid
environment are also simulated. A comprehensive analysis
is conducted to determine an optimal angle of orientation
for the robot’s motion. In order to conduct an assessment of
the performance of PCER propellers, the thrust generated by
the whole machine is measured and a correlation between
thrust and motor voltage is obtained. The experiment results
demonstrate that the proposed capsule robot is capable of
executing diverse motion functionalities, including changing
attitude during movement, reaching specific targets, travers-
ing circular obstacles, maintaining stable horizontal motion,
and helical cruising motion. As a compact endoscopic robotic
system, the PCER significantly reduces the dependence of
existing magnetic capsule endoscopes on large equipment
and lower the cost of examination, which is important for
promoting early screening for gastrointestinal diseases. The
innovation and utility of the PCER can be further enhanced
by future research aimed at modeling the dynamics and

automated control of propeller-driven capsule endoscopic
robot.
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