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REVIEW

A review of modeling and control of remote-controlled capsule endoscopes
Afsoon Fakhr Abdollahi a, Mohammad Hasan Shaheeda, Mohamed Adhnan Thahab,c and Ranjan Vepaa

aSchool of Engineering and Materials Science, Queen Mary University of London, London, UK; bBlizard Institute, Barts and the London School of 
Medicine & Dentistry, Queen Mary University of London, London, UK; cDepartment of Colorectal Surgery, Royal London Hospital, Barts Health NHS 
Trust, London, UK

ABSTRACT
Introduction: The significance of this review lies in addressing the limitations of passive locomotion in 
capsule endoscopes, hindering their widespread use in medical applications. The research focuses on 
evaluating existing miniature in vivo remote-controlled capsule endoscopes, examining their locomo
tion designs, and working theories to pave the way for overcoming challenges and enhancing their 
applicability in diagnostic and treatment settings.
Areas Covered: This paper explores control methods and dynamic system modeling in the context of 
self-propelled remote-controlled capsule endoscopes with a two-mass arrangement. The literature 
search, conducted at Queen Mary University of London Library from 2000 to 2022, utilized 
a systematic approach starting with the broad keyword ‘Capsule Endoscope’ and progressively narrow
ing down to specific aspects such as ‘Capsule Endoscope Control’ and ‘Self-propelled Capsule 
Endoscope’ using various criteria.
Expert Opinion: Efficiently driving and controlling remote-controlled capsule endoscopes have the 
potential to overcome the current limitations in medical technology, offering a viable solution for 
diagnosing and treating gastrointestinal diseases. Successful control of the remote-controlled capsule 
endoscope, as demonstrated in this review paper, will lead to a step change in medical engineering, 
establishing the remote-controlled capsule endoscope as a swift standard in the field.
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1. Introduction

1.1. Background and challenges of remote-controlled 
capsule endoscopes

The gastrointestinal tract comprises the esophagus, stomach, 
intestine, and colon and is approximately 30 feet in length 
[1,2]. In the 1950s, the gastrointestinal tract was examined 
using a gastrocamera [3]. In 1985, the first medical robot was 
used for carrying out a stereotactic brain biopsy, which was 
the beginning of the remarkable development of robots for 
medical care [4,5]. The medical robots are categorized into 
five areas: (i) medical intervention robots, (ii) assistive tech
nology robots, (iii) rehabilitation treatment robots, (iv) 
robotics for assisted preventive therapies and diagnosis, 
and (v) robotics for supporting professional care [6].

Numerous medical techniques approve minimally invasive 
remote-controlled capsule endoscopes, yet they are in their 
early stages. Nevertheless, they have the potential to provide 
an affordable, safe, and reliable alternative to conventional endo
scopy. Table 1 summarizes the endoscopic robots based on their 
propulsion techniques. In vivo remote-controlled capsule endo
scopes are still being used in laboratories because the main 
difficulty is creating a safe and power-efficient propulsion proce
dure for miniature in vivo remote-controlled capsule endo
scopes. The remote-controlled capsule endoscope field is still in 

its early stages and is progressing. The whole strength of the 
remote-controlled capsule endoscope is likely to be discovered 
after a few decades of cooperative research and progress 
between universities, healthcare providers and industries.

Since 1950, capsule endoscopes capable of radiofrequency 
transmission and oral administration have been modeled to 
investigate the physiological characteristics of the gastroin
testinal tract. However, a shortage of miniaturized electronic 
technology, such as integrated circuits and semiconductors, 
stopped developing these capsule endoscopes until the start 
of the 21st century [7]. In 2000, several researchers operated 
on patients separately and developed a capsule endoscope to 
obtain endoscopic images of the small bowel [8,9]. The first 
human trials of capsule endoscopes were offered in 2001; 
these were the first examples of commercializing this technol
ogy [7]. The same year, the Food and Drug Administration 
approved this first clinical capsule endoscope. They launched 
a wireless capsule endoscope in 2000, containing a camera 
and light-emitting diodes to examine the gastrointestinal 
tract. Patients with various gastrointestinal diseases are moti
vated to use this capsule endoscope because of its simple and 
noninvasive operation [3].

Various capsule endoscopes are developed for different 
areas of the gastrointestinal tract [10]. Since the first Food 
and Drug Administration approval of the capsule endoscope, 
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more than 2 million capsule endoscopes have been ingested 
worldwide. Even though capsule endoscopy was initially used 
for diagnosing the small bowel, its application has been 
expanded to other regions, including the colon, stomach, 
and esophagus. However, it is still primarily used for the 
small bowel due to the dearth of noninvasive substitutes [11].

Nevertheless, the movements of these capsule endoscope 
products are passive with the help of peristalsis, meaning 
that their orientations and movements cannot be controlled, 
reducing the accuracy of this technique [12]. Capsule endo
scopes can expand the interventional capability and enhance 
the accuracy of diagnosis. Hence, self-propulsion ability, 
actuators, and sensors are being pursued for these capsule 
endoscopes [13]. Various remote-controlled capsule endo
scopes have been designed for this purpose, as discussed in 
this paper, which reviews the current control approaches for 
improving motion and diagnostic efficiency for remote- 

controlled capsule endoscopes. These studies further concen
trate on the self-propulsion concept of remote-controlled 
capsule endoscopes, which are examples of nonlinear 
systems.

1.2. Applications of sliding mode control to nonlinear 
systems

Due to the nonlinearity of the dynamics of remote-controlled 
capsule endoscopes, nonlinear feedback control methods are 
required to be able to control their performance, including 
disturbances and uncertainties. Because while linear models 
can represent numerous dynamical systems, they are not 
always accurate or sufficient for examining such systems. 
Nevertheless, nonlinear systems, including neural networks, 
repetitive control systems, offshore platforms, Kuramoto- 
oscillator systems and bioreactors, are used in an extensive 
range of applications [14–19]. Therefore, to date, the control 
and analysis of nonlinear systems are the main challenges 
facing researchers. In several dynamical systems, their states 
are associated with past and current states when there is 
a time delay. In practice, this time delay can be generated 
for different reasons. Usually, the presence of a time delay can 
lead to poor performance or instability. Moreover, the perfor
mance and stability of the systems can be influenced by 
several uncertainties, such as model errors and external dis
turbances, which are unavoidable within control systems. 
Hence, it is essential to account for the influences of external 
disturbances and the time delay on the systems. Several non
linear system categories, such as switched nonlinear systems, 
uncertain nonlinear systems, and stochastic nonlinear systems 
have been substantially analyzed [20–23]. Several efficacious 
techniques have evolved for examining the control and ana
lysis difficulties of different nonlinear systems, including 
Sliding Mode Control, quantized control, adaptive control, 
and fuzzy control [24–31]. A vital benefit of the Sliding Mode 
Control is its ability to protect against external disturbances 
and variations in parameters. The matched uncertainty is fully 
compensated when the system approaches the sliding mode 
surface. Until recently, this system has become an attractive 
area for extensive use in numerous applications [32–34].

Article highlights

● This paper reviews the capsule robots, autonomous medical devices 
capable of being moved within the gastrointestinal tract without 
relying on peristalsis.

● The complete potential of the remote-controlled capsule endoscope 
is expected to be revealed through collaborative research and 
advancements among universities, healthcare providers, and indus
tries over the course of a few decades.

● Linear Quadratic Regulator control system has been proposed as the 
basis of a three-dimensional controller for remote-controlled capsule 
endoscopes.

● Sliding Mode Control has been presented for remote-controlled 
capsule endoscopes due to its robustness against parameter changes, 
and its strength to withstand external disturbances.

● Studies of control and dynamics in locomotion studies, where move
ment is driven by the internal body relative to the outer body of the 
remote-controlled capsule endoscope as a two-mass system, estab
lish a scientific foundation for the remote-controlled capsule endo
scope through the modeling of a self-propulsion system as a dynamic 
system due to its simplicity advantages in control and mechanical 
design.

● This review enhances the analysis of diverse control strategies pro
posed by researchers to create an active self-propelled remote- 
controlled capsule endoscope, with the goal of modifying the exist
ing models discussed herein for realistic implementation in research 
and clinical practice.

Table 1. Categorization of endoscopic robots according to their propulsion techniques, including a synopsis of the type of actuator, adequate position control, and 
testing scenario.

Locomotion Category Endoscopic Robots Type of Actuators used Adequate Position Control Testing Scenario

Internal Propulsion Legged 
Earthworm-like/Inchworm-like 
Cilia-based 
Paddling-based 
Electrical Stimuli 
Vibratory 
Swimming 
Internal reaction – Using linearly moving mass

SMA wires/springs 
BLDC motors 
Linear actuator/motor 
Electrical stimulation 
Vibratory motor 
Internal coil

Yes In vitro 
In vivo

External Propulsion External MRI guided 
External permanent magnet actuated 
External coils actuated

Different magnetic fields 
Electromagnetic actuation

No Ex vivo 
In vivo 
PVC pipe Plastic 
phantom

Hybrid Propulsion Magnetic and motor 
Magnetic and legged

Magnetic dragging 
BLDC motor

Varies depending on  
the method

In vitro 
Ex vivo 
In vivo
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2. Control method review for remote-controlled 
capsule endoscopes

2.1. Requirements for control systems and magnetic 
control techniques

The passive motion approach of capsule endoscopes restricts 
their application as commercial diagnostic devices within hos
pitals. Thus, various control approaches have been developed 
for remote-controlled capsule endoscopes. As presented in 
a study, magnetic locomotion is suggested by numerous 
researchers for wirelessly moving remote-controlled capsule 
endoscopes within the gastrointestinal tract because the body 
of the patient has negligible magnetic permeability and has no 
influence on the magnetic field distribution [35,36]. Numerous 
researchers have suggested magnetic control systems, and 
commonly, two methods are used to perform magnetic propul
sion control [37]. The first method is to generate a magnetic 
field gradient to apply direct pulling of a remote-controlled 
capsule endoscope onto the internal magnetic section. It is 
impossible to control remote-controlled capsule endoscope 
movement because of the low controllability accuracy. 
The second method is based on electromagnetic induction 
using a rotating magnetic field. Due to the variable driving 
frequency, field strength, and field direction of the electromag
netic method, this method displays greater controllability than 
does the permanent magnet method. Considering the reliability 
and practicability of the technique, a magnetic field is 
employed for the non-cable outfield driving system to supply 
energy and for remote-controlled capsule endoscopy, which is 
the safest and easiest way to validate the research technique 
via experiments. The standard mechanical conductive electro
magnetic control method has complicated operation and poor 
control precision [38]. Several researchers have proposed the 
use of the electromagnetic system and the OctoMag system as 
stationary electromagnetic control methods, which involve sev
eral pairs of electromagnets and require a complicated control 
system and hardware tools [39,40]. The magnetic control 
method of an extensive permanent magnet causes magnetic 
field interference to the surrounding apparatus, as its magnetic 
field cannot be ended [41]. The tubular circular magnetic con
trol Alice method combined with a rotation saddle-formed coil 
was proposed, and the electromagnetic actuation method was 
proposed by numerous researchers to achieve multiple degrees 
of freedom in the movement of a remote-controlled capsule 
endoscope [42,43]. However, the gradient field and uniform 
field of this method within each direction require an indepen
dent incentive; thus, additional electromagnetic coils are 
needed, and issues related to intense heat dissipation occur. 
The proposal of the magnetic control method based on six 
square electromagnetic coils, and the proposal of a magnetic 
control system containing five independent square electromag
netic coils according to the isocentre spacing can control the 
capsule endoscope deflection by the clamping movement pro
duced from the square wave or periodically enhance the gra
dient of the magnetic field via the orientation and employment 
of the sawtooth wave so that the remote-controlled capsule 
endoscope produces a stick-slip with a small enough size 
[44,45]. The method structure of this kind of square coil pro
vides flexibility and high-precision control.

A further study of a remote-controlled capsule endoscope 
system involving a wireless magnetic control technique was 
performed. Analytical modeling and numerical simulation are 
conducted to manipulate the remote-controlled capsule endo
scope within an esophagus prototype modeled as a multi- and 
simple channel strategy for developing a control strategy. To 
wirelessly control the movement of the remote-controlled 
capsule endoscope, a developed magnetic levitation system 
was employed. This system generates an electromagnetic field 
using six electromagnets and a polepiece to control the gen
erated external magnetic field. The controller is set to control 
the remote-controlled capsule endoscope horizontally 
because controlling the current ratio within the electromag
nets allows the remote-controlled capsule endoscope to be 
moved within the horizontal plane. The remote-controlled 
capsule endoscope is moved in step inputs by the propor
tional-derivative-integral controller, and the feasibility of 
manipulating the remote-controlled capsule endoscope is 
demonstrated. For the remote-controlled capsule endoscope 
to be moved inside the channel, a test is carried out by the 
proportional-derivative-integral controller. The closed-loop 
control technique is the control approach in the x and 
y directions, and the proportional-derivative-integral controller 
gains are achieved through the experiment. Within the hor
izontal direction, two positive input commands act on the 
remote-controlled capsule endoscope. The remote-controlled 
capsule endoscope slightly followed the step commands. The 
experimental results revealed that the remote-controlled cap
sule endoscope is manipulated and moved within the desired 
trajectory inside a viscous fluid [46].

Another study presented an approach to implement the 
drive and control for numerous remote-controlled capsule 
endoscopes under the same rotational magnetic field. Based 
on the start-up rotation speed principle, they proposed that 
the control approach for multiple remote-controlled capsule 
endoscopes involves various start-up rotation speeds within 
the same rotational magnetic field inside the intestine. They 
showed that by alternating the speed and direction of the 
rotational magnetic field, remote-controlled capsule endo
scopes are controlled to arrive at any position under the 
same magnetic field to obtain adequate control and manip
ulation of multiple remote-controlled capsule endoscopes. 
Experiments showed that the presented drive and control 
approach for numerous remote-controlled capsule endo
scopes was implemented successfully [47].

Alternative work proposed a new system for controlling 
remote-controlled capsule endoscopes using two innovative 
control methods, which intends to provide orientation and 
locomotion control to remote-controlled capsule endoscopes. 
This remote-controlled capsule endoscope incorporates 
a magnetic control method for reorientation, which functions 
by a neodymium magnet within the remote-controlled cap
sule endoscope to increase susceptibility to an external mag
netic field. This remote-controlled capsule endoscope is 
externally controlled using a controlled Arduino Uno device 
with a motor shield. Since the general purpose of this inves
tigation is to allow the operator to navigate the remote- 
controlled capsule endoscope inside the gastrointestinal tract 
while operating a real-time endoscope with a hand-held 
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controller, the controller is wirelessly connected to the com
puter. Based on the inputs from the operator, the computer 
reorients the remote-controlled capsule endoscope by redir
ecting the magnetic field intensity and the movement of the 
limbs. The computer uses feedback from the sensors to locate 
the orientation and position of the remote-controlled capsule 
endoscope, plots it on a virtual human body, and views the 
footage within the virtual reality environment. Thus, this 
approach assists the operator in decreasing the endoscopy 
duration, while allowing the operator to retain more con
trolled footage to assist in recognizing symptoms and improv
ing the diagnosis. The later steps of this study will focus on the 
refined magnetic navigation technique currents and the data 
transmission. The following steps will then concentrate on 
creating a user-friendly virtual reality environment to permit 
the operator to make real-time diagnoses, with the potential 
to control the orientation and position of the remote- 
controlled capsule endoscope completely [48].

An additional study proposed a square coil platform with 
extra flexibility to control remote-controlled capsule endoscopy. 
This proposal studied a type of electromagnetic coil method that 
is applied for controlling the high-precision attitude of remote- 
controlled capsule endoscopes with the following key control 
characteristics: high precision and increased control flexibility; 
a diverse control system; a novel form of hardware and control; 
and a one-key switch between body feeling control and interface 
control. A permanent magnet is placed inside to understand the 
movement control of the remote-controlled capsule endoscope 
in vivo. Using the adjustment of the space magnetic field by the 
external electromagnetic coil technique, the remote-controlled 
capsule endoscope is controlled within three dimensions with 
five degrees of freedom. The control hardware piece comprises 
a drive board (direct current brushing motor driver), a personal 
computer machine, and a data collector (National Instruments) 
to obtain the six-circuit signal output. The upper computer 
releases the control signal, conducts the output of the Digital/ 
Analogue transformation of the analogue voltage signal via the 
data collector, and applies the required current signal to the 
electromagnetic coil via the driver following amplification, with 
greater precision of the control. The development of the upper 
computer operation interface is based on LABVIEW. The JY-61 
gyroscope chip accepts the body-feeling control remote- 
controlled capsule endoscope to obtain continuous movement 
within the rear, front, right and left (i.e. the operator grasps the 
gyroscope chip and controls the remote-controlled capsule 
endoscope movement within the four directions through the 
right, left, rear, and front directions). Based on the results of the 
experiment, the magnetic control technique is suitable for saving 
space and efficiently controlling remote-controlled capsule endo
scope motion within the simulated gastric environment. The 
verification of the experimental results showed that their high- 
precision magnetic control principle drives the remote-controlled 
capsule endoscope to an external magnetic field to ensure 
numerous movements. The development of the matched opera
tion method for the upper computer is achieved by controlling 
the posture and position of the remote-controlled capsule endo
scope within the button knob and body-feeling operation. This 
investigation supplied the several driving mechanisms of the 
external magnetic field of the remote-controlled capsule 

endoscope, and the body feeling operation system and the 
operation interface system were obtained at one time, which 
provides the basis for high-precision driving control via the 
remote-controlled capsule endoscope. Moreover, their magnetic 
control principle is also employed in the fine control of remote- 
controlled capsule endoscopes under different liquid environ
ments, including magnetization cell control and intraocular sur
gery microrobot. For future experiments, the movement design 
of remote-controlled capsule endoscopes will be discovered con
tinuously while driving within various current types to further 
enhance the reliability of the principle and precision of the control 
based on obtaining the driving control operation of the remote- 
controlled capsule endoscope model. Nonetheless, the discovery 
of several classes of control systems for body feeling operation 
has enhanced response speed and flexibility. In the future, Virtual 
Reality technology will be used in combination with other meth
ods to obtain further detailed examinations and improve oper
ability [49].

2.2. Power supply control method

A study designed a power supply control technique to control 
the motion of a remote-controlled capsule endoscope. The 
system includes two pieces, called the master and slave. On 
the master personal computer, the health professional oper
ates the joystick, based on the position and image data shown 
on the screen, which are sent by the remote-controlled cap
sule endoscope of the slave piece. The joystick transforms the 
operation of the health professional into a position parameter 
and transmits it to the personal computer. The power supply 
control technique of the personal computer transforms the 
position parameters into the power supply commands of the 
slave piece, and then wirelessly sends them to the power 
supply. Once the signal is received, the power supply supplies 
the corresponding three-phase alternating current, to alter the 
rotating magnetic field produced by the three-axis Helmholtz 
coils. Moreover, this technique can control remote-controlled 
capsule endoscope motion with built-in magnets [50].

2.3. Wireless control and drive system of a 
micro-remote-controlled capsule endoscope

A study proposed a wireless control and drive system, com
prising a wireless transmitter, a terminal device (i.e. computer), 
and a micro-remote-controlled capsule endoscope driven by 
a stepper motor. First, the terminal personal computer sends 
the control instructions, which are transferred into the wireless 
transmitter using the designed human machine interface. 
Next, the command information converts to the Radio 
Frequency signals and emits them using the transmitter. 
Finally, the information is collected and transported into the 
microprocessor using the radio receiver within the micro- 
remote-controlled capsule endoscope. Then, identified using 
the embedded program, the control element outputs suitable 
motion commands into the stepper motor for driving the 
remote-controlled capsule endoscope. The results showed 
that this system is feasible for the wireless control and drive 
of the micro-remote-controlled capsule endoscopes [51].
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2.4. Spiral-form wireless capsule endoscope

One study presented a spiral-form wireless capsule endoscope 
using a novel hand-held magnetic actuator. They made an actua
tor, primarily composed of a microcontroller, a step motor, and 
a dummy remote-controlled capsule endoscope with a spiral and 
cylindrical magnetic shell. The ex vivo experiments inside the 
small bowel of the pig showed that the medical tool moved back 
and forth under actuator control. However, the orientation of the 
remote-controlled capsule endoscope within the desired direc
tion is not possible with the hand-held actuator. Furthermore, 
the calculation of the regulation signal, which is employed in the 
step motor, is not based on the position feedback of the remote- 
controlled capsule endoscope [52].

2.5. Application of a linear quadratic regulator in a 
remote-controlled capsule endoscope

A study investigated the evolution of controlled actuation sys
tems for remote-controlled capsule endoscopes by presenting 
a novel inexpensive wireless navigation technique using 
a magnetic actuator to address issues related to the actuation 
techniques described in the literature [35]. Since the presented 
technique is state controllable and observable, the Linear 
Quadratic Regulator control system is used as the basis of the 
three-dimensional controller suggested for precision motion 
application to compromise between the most remarkable per
formance and the minimum energy. To validate the performance 
of the presented optimized control technique, the MATLAB/ 
SIMULINK device is used to simulate the actuation technique, 
and its capability is subsequently assessed based on the control 
input parameters. Nevertheless, this control system involves 
numerous disadvantages, including the restrictions of the con
troller to obtain a compromise between the state magnitude and 
the applied input of the technique, using the trial-and-error 
process for deciding the gain coefficients of the control [53,54]. 
Consequently, there is a significant emphasis on optimization 
algorithms within the state-space format to achieve the opti
mum parameters for state feedback controller systems. For 
designing the Linear Quadratic Regulator controller, numerous 
computer-aided optimization approaches, including Artificial 
Bee Colony, Particle Swarm Optimization, Genetic Algorithm, 
and Particle Swarm inspired Evolutionary Algorithm, have been 
applied to find the optimum weighting matrices [55–58]. The 
Artificial Bee Colony approach is an example of a tuning algo
rithm that is effectively used to solve numerous optimization 
issues [59]. Within a study, the tuning algorithm of the Artificial 
Bee Colony was created as a remote-controlled capsule endo
scope actuation technique using the Linear Quadratic Regulator 
control method [35]. The optimum Artificial Bee Colony-Linear 
Quadratic Regulator controller performance is analyzed for the 
step input based on the criteria of standard control. The arrange
ment of the three-degree-of-freedom actuation technique com
prises a cylindrical permanent magnet in the remote-controlled 
capsule endoscope with a generating coil, a controlled electro
magnet formed using three coils symmetrically placed on 
a three-degree-of-freedom slide, a three-degree-of-freedom 
robot to move the coil frame, a processor to apply the actuation 
controller, and three-position coil sensors fixed to the lower 

poles of the actuator coils. The magnetic feedback sensors are 
implemented to provide feedback to the controller regarding the 
position of the remote-controlled capsule endoscope that is 
utilized to regulate the current of the actuator needed for mov
ing the remote-controlled capsule endoscope in the x, y, and 
z directions and keeping it within the desired position. 
Concerning the control effort of the technique, the coil currents 
should be within a reasonable range. The law of control is 
assisted by using outstanding permeability iron-cored coils and 
increasing the number of coil turns. The system functions within 
practical application by placing the embedded magnet initially 
within the operating point area because the presented linear 
controller is only valid within the equilibrium position. Future 
research can review the technique’s validation of the presented 
autotuning Artificial Bee Colony-Linear Quadratic Regulator con
troller by employing a floating-point digital signal processor and 
applying it in real time.

2.6. Remote control prerequisites and applications

Since the development of remote-controlled capsule endo
scopes, proposals to control remote-controlled capsule endo
scopes have mainly concentrated on steering using 
extracorporeal magnets. However, these methods are simple 
and have several disadvantages. For instance, operators require 
a long time to complete complex maneuvers, and this 
approach requires precise control. To resolve these disadvan
tages, a remote-controlled capsule endoscope should be 
a simple technique for remote control and should be comple
tely three-dimensional steerable. A study aimed to develop 
a remote-controlled capsule endoscope system to be used 
from the home of patients remotely controlled by the hospital 
using remote-controlled technology, wireless control, and ubi
quitous networks. Their study proposed that it is not very far off 
to have a supreme patient-friendly remote-controlled capsule 
endoscope system that can diagnose and treat allied patient, 
with little disturbance to their everyday lives. The authors sug
gested that the most possible and least expensive method for 
understanding this purpose to develop a wireless motor-control 
technique into a remote-controlled capsule endoscope, which 
is extremely common inside radio-controlled toys. Based on 
their literature review, hardly any studies have presented an 
innovative experimental remote-controlled capsule endoscope 
implemented with a wirelessly driven motor that did not consist 
of network devices. This remote control technology involves 
intelligent processes controlled using software, microproces
sors, and wireless technology for remote control. This capsule 
endoscope involves an Internet-linked robotic capsule endo
scope approach and is remotely controlled by the hospital. 
Employing the Internet within internal remote-controlled sur
gery is becoming more frequent. Few investigations might plan 
to develop remote-controlled control techniques because they 
are inexpensive, convenient, and patient friendly. In the past 
few years, there have been numerous challenges because of 
the incomplete use of wireless remote-controlled technology. 
However, remote control of capsule endoscopes via the 
Internet is now feasible because of the rapid progress in the 
wireless approach (high-speed Long-Term Evolution) and the 
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Internet. They suggested and validated a primary kind of 
Internet-linked robotic capsule endoscope that can be wire
lessly, three-dimensionally, and more precisely controlled 
through the Internet using tools that are easily accessible and 
inexpensive. As displayed in Figure 1, the Internet-linked 
robotic capsule endoscope involves a motion control compo
nent, which is wirelessly and remotely steered through the 
Internet using a portable tablet tool via Bluetooth. The tablet 
tool within their hospital is utilized for remotely controlling the 
prototypes, using the application software installed on their 
smartphone beside the phantom. The smartphone is 
a repeater for the control signals between the individual pro
totype and the tablet. No studies have evaluated remote con
trol via remote-controlled capsule endoscopy once patients 
leave the hospital. However, when the prototypes are built 
and tested, they recognize numerous areas that require 
enhancement to understand the practical form, including the 
high-speed transfer and frame rate of the video data for real- 
time control. Real-time control is challenging through the 
Internet because of the delay of video arrival at remote tablets, 
and the low frame rate. Even though this technique is far from 
complete, the wireless and remote-controlled development can 
lead to innovative, advanced, and perfect remote-controlled 
capsule endoscopes. Future research should concentrate on 
developing a swallowable form of the Internet-linked robotic 
capsule endoscope to improve the understanding of remote 
patient-friendly medicine [60].

2.7. Steering control approach

Steering control of the remote-controlled capsule endoscopes 
in the gastrointestinal tract is highly crucial and challenging, 
due to its three obstacles which must be addressed: 1) to 
resolve the wireless energy transmissions within the curve 
environment, 2) to create the remote-controlled carriers which 
can steer smoothly in the gastrointestinal tract, and 3) to opti
mize the magnetic spin vector orientation for the improved 
steering navigation within the curve environment. The first 
obstacle is considered in this review because it addresses the 
capsule endoscope remote control aspect by resolving the 
wireless energy transmissions within the curved environment 
using magnetic control. Hence, this topic has attracted consid
erable interest due to the applicability, reliability, and safety of 
wireless magnetic control. Indeed, the understanding of mag
netic steering control is complete until the universal magnetic 
spin vector is effectively superimposed using three-axis 
Helmholtz coils supplied by three distinct sinusoidal current 
inputs for the robot to steer within the curve environment 

based on the discrete approximation control approach. The 
universal magnetic spin vector uses the digital control indis
pensable for steering control of the remote-controlled capsule 
endoscope. One study suggested the use of a petal-shaped 
remote-controlled capsule endoscope based on the discrete 
approximation control approach, in which once the universal 
magnetic spin vector is applied beforehand, to discontinuously 
monitor the tangent direction of the trajectory of the curve, the 
remote-controlled capsule endoscope swimming velocity 
invariably remains through the tangent direction; therefore, 
steering swimming is obtained using magnetic navigation [61].

2.7.1. Low torsional torque capsule robot
A study suggested the use of Tri-axial Helmholtz Coils with three- 
phase current inputs to produce a rotating magnetic field. This 
approach propels and steers the remote-controlled capsule 
endoscope across locations with structureless bends. Moreover, 
magnetic steering control is challenging and is one of the main 
procedures for practical application because the gastrointestinal 
tract is complex and contains numerous folds, bends, and dis
torted forms [62,63]. In addition, a helical propulsion and steering 
approach within two-dimensional and three-dimensional spaces 
was proposed using two synchronized rotating dipole fields. 
Nevertheless, remote-controlled capsule endoscope movement 
reaction is not fast because the rotation and position of the 
external magnets are controlled by a remote control arm, while 
complicated locomotion, including helical steering motions, is 
extremely challenging [64]. To study the capability of noncontact 
steering, a Low Torsional Torque Capsule Robot with the combi
nation of fluid resistance torsion torque-weaken impact and 
helical surface, is proposed. This study analyzed the Low 
Torsional Torque Capsule Robot features of spatial steering mag
netic torque to drive a spatial magnetic torque system for 
a universal rotating magnetic vector. An approach is suggested 
using a critical coupling magnetic torque to detect the steering 
fluid resistance torsion torque. These results showed that the 
Low Torsional Torque Capsule Robot decreases robot swing, 
enhances steering stability, and organizes safety in complicated 
and tortuous environments [37].

2.7.2. Tethered capsule endoscope
One study proposed a steering system prototype for the 
Tethered Capsule Endoscope employed to test the stomach. 
The navigation system comprises a steering technique, 
a controller, and an extension tube built from flexible Bowden 
cables, as illustrated in Figure 2. The experimental tests revealed 
that the Tethered Capsule Endoscope was steered in the desired 
direction. However, the remote-controlled capsule endoscope is 

Figure 1. The general structure of the Internet-linked Robotic Capsule Endoscope.

6 A. FAKHR ABDOLLAHI ET AL.



not utilized to test all digestive organs. Additionally, the cabled 
tool navigation in the gastrointestinal tract can induce discom
fort and pain in patients [65].

2.8. Periodic control modes for the inner body of 
remote-controlled capsule endoscope

The control and dynamics of locomotion studies, which 
involve movement within the resistive media due to the 
movement of the inner masses, will provide a scientific foun
dation for remote-controlled capsule endoscopy. An optimiza
tion issue for the body, which is controlled by the movement 
of the inner mass and travels within the resistive environment, 
was initially expressed by several researchers [66,67]. The 
design of the periodic control modes is for the inner mass 
relative motion, and based on that, the capsule shell travels 
with a velocity that periodically changes and moves the same 
distance for each period within the given direction. The con
trol modes, which are based on acceleration and velocity, are 
examined. The inner mass travels back and forth between its 
extreme positions for the velocity-based control mode, at 
constant velocities. The control mode based on the accelera
tion indicates three intervals for each period, in which the 
relative acceleration of the inner mass is constant. Both con
trol modes yield the optimal variables that maximize the 
average velocity of the capsule shell. Following the aforemen
tioned system, several researchers resolved the optimal con
trol issue for rectilinear motion along the horizontal line, in 
which the friction between the capsule shell and plane follows 
Coulomb’s law. The control parameter is selected as the inner 
mass acceleration in relation to the capsule shell. They 
designed a periodic control with zero average, which delivers 
capsule shell movement with a velocity that periodically 
changes and maximizes its average speed. Using this control 
design, the periodic law of the inner mass movement can be 
restored, which produces the optimal movement of the sys
tem [68]. A few researchers resolved a similar issue, where the 
system included two internal bodies, one of which moved 
periodically along the vertical line and the other of which 
moved periodically along the horizontal line parallel to the 

motion line of the capsule shell. The vertical movement of the 
inner mass controls the normal pressure of the capsule shell 
on the supporting plane, leading to control of the friction of 
the remote-controlled capsule endoscope, which performs on 
the capsule shell throughout its movement [69]. Several 
researchers have designed and studied energy-optimal control 
modes for system movement where the inner mass is in an 
environments with power-law resistance. The energy con
sumption is measured using the work generated from the 
resistance forces for one period of system movement. 
Optimal control is achieved for the specified values of the 
inner mass movement period, and the system’s average velo
city [70]. An additional study explained the control of the 
remote-controlled capsule endoscope, which was developed 
on the basis of the principles of other researchers, where an 
electromagnetic (solenoid) drive is involved in this remote- 
controlled capsule endoscope. Alternating the polarity and 
magnitude of the voltage, which is applied to the solenoid 
coil, controls the direction and magnitude of the force applied 
to the internal body. These investigations expected the control 
force produced by the actuator of the system to be the only 
force affecting the internal body of the remote-controlled 
capsule endoscope within its movement direction [66,67,71].

2.8.1. Oscillatory system between internal and external 
body of remote-controlled capsule endoscope
One study demonstrated the innovative ability of controlling 
a capsule endoscope by connecting the inner mass to the cap
sule shell using an actuator. They designed an oscillatory system 
by connecting the inner mass to the capsule shell using a spring 
distinguished by its natural frequency, which essentially alters 
the system’s dynamic behavior. Thus, if the control force, the 
excitation force that functions between the inner mass and the 
capsule shell, is altered periodically, then resonance phenomena 
are expected. When creating the control mode, these phenom
ena must be considered. The control force is expected to be 
altered periodically within a constant piecewise pulse-width 
mode. The designs of remote-controlled capsule endoscopes 
need to be suitable for carrying out controlled planar move
ments [72]. Further study of a locomotion system involving the 
inner masses that travel along straight lines in relation to the 
capsule shell and the rotor, in which the rotor revolves around 
the horizontal axis and is controlled using the torque applied to 
this horizontal axis, was performed. This torque creates an asym
metry within the normal pressure distribution over the system 
contact surface, which causes a torque of the friction forces to be 
applied to the capsule shell during its motion. Due to this torque, 
the capsule shell alters its orientation with respect to the under
lying plane. A suggested control technique can generate the 
desired planar movement of the system [73].

2.9. Self-propulsion systems and applications of sliding 
mode control

Researchers are thoroughly investigating the practical explana
tions for controllable remote-controlled capsule endoscopes, 
and progress has been made in identifying untethered control
lable self-propelled capsule endoscopes [74–76]. Additional 
research has shown that the self-propelled remote-controlled 

Figure 2. The tethered capsule endoscope model showcasing its navigation 
mechanism.
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capsule endoscope comprises the inner mass and capsule shell. 
In this system, the controlled asymmetric motion of the inner 
mass results in increased energy consumption efficiency. The 
input of this concept is applied to operate a friction-operated 
board and control an inverted pendulum operated a cart. As the 
initial test to verify this experimentally, a controller is generated 
using a pulse width modulation technique to simplify the hard
ware. It is necessary to approximate proper friction and enhance 
the strength of the device against parameter changes to improve 
remote-controlled capsule endoscope performance. They 
designed a controller using the Sliding Mode Control technique, 
demonstrating the control of the movement of the remote- 
controlled capsule endoscope by Variable Structure Systems 
control using the friction coefficient approximation because the 
Sliding Mode Control is reliable for obtaining strong robustness 
to parameter changes. For the experiment, open-loop control is 
used to verify the behavior of the remote-controlled capsule 
endoscope by the optimized control input. However, these 
results are not promising because the surface conditions alter 
the friction coefficient. Next, a modified robust control technique 
is suggested using a combination of bang-bang control and 
Sliding Mode Control, to approximate the friction coefficient 
and position under difficult conditions. The desired command 
to design the controller is disconnected into two scenarios by 
choosing the position of the capsule shell and inner mass. First, 
the simulation results are demonstrated, to verify the control 
input validity within the two scenarios. Next, an alternative con
troller is designed, to set the relative position of the internal body 
as the desired command. Despite demonstrating the acceptable 
behavior of the inner mass, the behavior of the capsule shell is 
unclear. Finally, by disconnecting the controller for the stick-slip 
mode, a modified control method is produced, by assigning the 
Sliding Mode Control technique only to the slip mode. An 
approximation of the friction coefficient is crucial, as the friction 
coefficient is involved within the optimal feed forward controller. 
The modified Variable Structure Systems control provided accep
table results using this model because it demonstrated satisfac
tory tracking performance, which was verified via simulation [77].

An alternative study developed a self-propulsion system in 
which the advantage of this technique is its simplicity in terms 
of control and mechanical design, which involves no require
ment for any external driving attachments while permitting 
independent motions within complicated environments. For 
increase the progression effectiveness of the mode, the con
trol parameters optimized, such as the amplitude and fre
quency excitation, were reviewed by another study [78]. For 
general vibro-impact models, the amplitude and frequency of 
the excitation are the two major control parameters for advan
cing the working effectiveness of the model. However, when 
the remote-controlled capsule endoscope external excitation 
follows a square wave signal, the third control parameter 
becomes the duty cycle ratio of the square [79].

The optimal control designs are designed to minimize the 
energy consumption or maximize the average velocity. 
However, the formulation and solution of these control issues 
are complex because of the disordered or singular response 
inherent within vibro-impact dynamics. Therefore, unavoid
able errors in regulating the friction force can lead to severe 
consequences. Hence, a full-scale numerical simulation is 

required to achieve valid control. Several researchers have 
suggested an intermediate design for remote-controlled cap
sule endoscopes, which consist of an actuator and two impact 
restraints that are highly stiff springs. Different results for the 
dynamics and control have been analytically derived. Bang- 
bang control is suggested for confirming periodic movement 
at any specified speed when the maximum actuator attempt 
surpasses the friction force [80].

3. Dynamic system modeling review of 
self-propelled remote-controlled capsule 
endoscopes based on a two-mass arrangement

The remote-controlled capsule endoscope considered in our 
investigation is supported by a locomotion system to move 
the device within a resistive environment. It comprises the 
firm capsule shell and inner mass, in which the inner mass is 
driven relative to the capsule shell using the actuator. The 
actuator applies force to the inner mass, causing the reaction 
force to be applied to the capsule shell, which leads to an 
alteration in the capsule shell velocity relative to the environ
ment. This velocity change results in the resistance friction 
force being modified, which is implemented on the capsule 
shell from the environment. The external force is the friction 
force, while the internal force for the remote-controlled cap
sule endoscope system, including both the inner mass and 
capsule shell, is the force produced by the actuator. Therefore, 
the external force exerted on the capsule endoscope can be 
controlled by controlling the movement of the inner mass 
using the internal force, which allows the movement of the 
whole system to be controlled. A significant number of studies 
have investigated the design of remote-controlled capsule 
endoscope structures, which include the inner masses inside 
the capsule shell [66–73,77,81]. As such, this design is selected 
for developing the proposed control schemes of our research 
because it was tested with phantoms by other researchers, as 
discussed next.

3.1. Vibro-impact self-propelled remote-controlled 
capsule endoscopes

A study proposed the new idea of self-propulsion by operating 
impact and vibration actuation within a remote-controlled cap
sule endoscope [82]. A few researchers initially presented this 
idea, where the procedure principle is the rectilinear movement 
of the remote-controlled capsule endoscope, which is produced 
by the interaction of the periodically driven inner mass with the 
capsule shell as a hammer, in the presence of external resistances 
[83]. The whole remote-controlled capsule endoscope pro
gresses at its maximum throughout the hammer resonance. 
This design has simple control and mechanics, without requiring 
any external driving accessories, yet allows independent motions 
in complicated environments. In an investigation, they extended 
the idea of the hammer remote-controlled capsule endoscope 
from 1D to 2D driving to obtain a painless remote-controlled 
capsule endoscope [82]. The impact and vibration forces are 
transferred from the inner mass, which moves to the whole 
remote-controlled capsule endoscope system using this techni
que. The authors demonstrated the movement of remote- 
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controlled capsule endoscope through porcine intestinal tissue 
that was cut open using the four-coil driving technique. This 
four-coil excitation control technique is used to drive the 
embedded neodymium permanent magnet, by involving the 
four coils which work simultaneously and are placed inside the 
remote-controlled capsule endoscope. The four-coil driving tech
nique was successfully demonstrated on cut-open porcine 
intestinal tissue, a curved track, and a smooth plane.

Additional research has investigated contact modeling via 
numerical and experimental methods to design a self- 
propelled remote-controlled capsule endoscope that travels 
within the small intestine. The vibro-impact remote- 
controlled capsule endoscope incorporated the inner mass 
within the rigid capsule shell that were connected by 
a damper and a spring. Connecting the capsule shell to 
a secondary spring impacts the inner mass when the gap 
between the inner mass and the secondary spring is equal 
to or less than the relative displacement between the inner 
mass and the remote-controlled capsule endoscope. Capsule 
endoscope-intestine contact is multimodal because the intest
inal tract’s natural peristalsis induces the short visualization of 
the intestinal surface. Comprehensive finite element analysis 
and experimental testing were performed to compare the 
contact pressure on the remote-controlled capsule endoscope. 
Their analytical, numerical and experimental results revealed 
a satisfactory agreement. Due to the occurrence of small 
intestinal peristalsis, a synthetic small intestine was used in 
this investigation, in which the contact pressure varied from 
0.5 kPa to 16 kPa based on various contact conditions, which 
included contraction or expansion. Hence, the remote- 
controlled capsule endoscope design must include a proper 
control technique or a robust stabilizing procedure to allow 
such high-pressure variation [84]. The synthetic small intestine 
comprises woven fibers and synthetic human tissue analogues 
[85]. With the compression of the small intestine, synthetic 
human tissue analogues dominate the mechanical character
istics of the intestine. Once the remote-controlled capsule 
endoscope expands the small intestine, its mechanical char
acteristics are dominated by woven fibers, and the experiment 
showed the stress relaxation phenomenon. Thus, the four 
trials of the relaxation experiments were performed by quickly 
pushing the remote-controlled capsule endoscope inside the 
small intestine and forcing it to suddenly stop in the middle of 
the intestine. Next, the three-element model parameters are 
estimated by the measured contact pressure. The three- 
element model is proposed from the perspective of the five- 
element model which examines the viscoelastic characteristic 
of the lining of the small intestine, and the small intestine’s 
stress-strain relationship is represented using the Maxwell 
model, involving two viscous dampers and three elastic 
springs [86–88]. In an investigation, the Maxwell model with 
one viscous damper and two elastic springs is used due to its 
greater suitability for stress relaxation tests [84]. This five- 
element model concept is also used as a motivation to design 
interaction modeling between remote-controlled capsule 
endoscopes and the gastrointestinal tract.

Alternative research has studied the friction of the intestine 
on self-propelled remote-controlled capsule endoscopes for 

endoscopy of the small bowel by assessing various remote- 
controlled capsule endoscope-intestine contact conditions 
under numerous progression speeds of remote-controlled cap
sule endoscopes. They employed the vibro-impact self-propelled 
remote-controlled capsule endoscope system, which involves no 
external moving pieces, and connected the inner mass inside the 
rigid capsule shell using a helical spring, a damper, and 
a constraint on the capsule shell. A harmonic force excites the 
inner mass, and the impact between the constraint and the inner 
mass occurs once the relative displacement is equal to or greater 
than the original gap. When the interaction force between the 
inner mass and capsule shell exceeds the intestinal friction, the 
entire remote-controlled capsule endoscope moves back or forth 
[76]. Derived from the two-mass strategy for rectilinear move
ment, the vibro-impact system of their research involved the use 
of the remote-controlled capsule endoscope strategy for the 
control of movement of another research method [76,83,89]. 
The vibro-impact remote-controlled capsule endoscope is con
trollable and active compared to the passive capsule endoscope. 
Their study controlled the progression velocity by adjusting the 
amplitude and frequency of the excitation force, and further 
research designed a position feedback controller for such an 
aim [76,90]. As the vibro-impact remote-controlled capsule 
endoscope has no external moving parts, the damage risk to 
the gastrointestinal tract is decreased compared to that of other 
locomotion systems. Since the vibro-impact remote-controlled 
capsule endoscope is an unsmooth dynamical system, it has 
complicated dynamics, which depend strongly upon its environ
mental frictions and design parameters [83]. Thus, it is crucial to 
investigate the dynamics of this phenomenon in a natural fric
tional environment. In line with their initial investigations, several 
researchers carried out experiments and numerical simulations, 
demonstrating that the performance of the system, concerning 
the energy efficiency and the progression velocity, depends 
upon the friction of the intestine applied to the remote- 
controlled capsule endoscope [74,91]. Therefore, it is critical to 
understand the amount of friction that a remote-controlled cap
sule endoscope experiences throughout its movement inside the 
gastrointestinal tract. An alternative study revealed that no inves
tigations have evaluated various remote-controlled capsule 
endoscope-intestine contact conditions, such as full or partial 
contact with the intestine, considering that contact conditions 
are altered based on peristalsis of the gastrointestinal tract and 
remote-controlled capsule endoscope gestures [75]. Therefore, 
this influences intestinal resistance, which acts upon the remote- 
controlled capsule endoscope, and further influences the 
dynamics and performance of the vibro-impact remote- 
controlled capsule endoscope. Usually, the environmental resis
tant force is classified as a negative feature within engineering 
applications. However, vibrogoverned locomotion systems apply 
an environmentally resistant force for obtaining planar or recti
linear movements [83,92]. Accordingly, environmental friction 
considerably influences these systems’ dynamics, which causes 
nonlinearity in the system, inducing complicated and highly 
nonlinear phenomena. For remote-controlled capsule endo
scope systems, tribological investigations assume that environ
mental friction is constant and that the movement of the 
remote-controlled capsule endoscope is uniform. Nevertheless, 
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based on the findings of numerous researchers, these authors 
proposed that these assumptions are not consistent with the 
findings of the vibro-impact remote-controlled capsule endo
scope system [74,91]. Hence, it is essential to measure the envir
onmental frictions implemented on remote-controlled capsule 
endoscopes under different contact conditions and to study how 
these frictions affect remote-controlled capsule endoscope 
dynamics, concerning force amplification and average velocity. 
By the comparison between the theoretical and measured fric
tions of the intestine and their effects on remote-controlled 
capsule endoscope dynamics, the numerical and experimental 
findings within an investigation can be applied as instructions for 
the design to optimize the vibro-impact remote-controlled cap
sule endoscope prototype [75,93]. Their investigation developed 
an experimental testing rig to measure the frictional resistance 
applied to a remote-controlled capsule endoscope under four 
contact conditions and with numerous progression speeds. The 
four standard remote-controlled capsule endoscope-intestine 
contact conditions were tested by moving the remote- 
controlled capsule endoscope in the synthetic small intestine 
with a nylon rope. The authors also used the Maxwell model 
from another study to explain the viscoelastic characteristics of 
the synthetic small intestine. The authors concluded that the 
numerical and experimental results achieved in the investigation 
can be employed as a guideline for the design and prototype of 
the following creation of a controllable remote-controlled cap
sule endoscope [75,84,85].

3.2. Underactuated dynamic systems

One study investigated a legless remote-controlled capsule 
endoscope by using underactuated dynamic systems with 
fewer independent control actuators than controlled degrees 
of freedom [81]. This system design originates from another 
study in which an item was propelled under friction by impul
sive propulsion using the reactive principle between two 
weight items. The item travels within a straight line using 
periodic propulsion [81,94]. Additional research has studied 
this system from a physics viewpoint and suggested the 
ideal parameters for the technique and control law [89]. 
Using the exact theory, a specific underactuated method, i.e. 
the pendulum-driven cart-pole method, is suggested by an 
alternative study [95]. Using control theories, several research
ers have studied the trajectory tracking issue of the pendu
lum-driven cart-pole method and the system tracking issue. 
A profile of the movement scheme-established trajectory was 
studied, and the open-loop control law was presented [96]. 
Additional research has studied the closed-loop control law for 
the pendulum-driven cart-pole method, in which an alterna
tive study subsequently applied the exact concept to investi
gate the trajectory tracking issue on a remote-controlled 
capsule endoscope [81,97]. The purpose of their research 
was to drive the remote-controlled capsule endoscope in the 
desired direction. According to the reactive concept, a seven- 
step movement scheme is suggested. Two trajectory tracking- 
based control methods involving open-loop control and 
closed-loop control methods are investigated. A Simple 
Switch Control method was also used to control the remote- 
controlled capsule endoscope. The Simple Switch Control 

method, which applies the other two control methods, is 
robust to external interruption and can be applied without 
difficulty within a real experimental rig [81].

4. Methodology

The methodology employed for this review is outlined as 
follows: Initially, utilizing the criterion ‘Capsule Endoscope,’ 
a total of 3553 publications were identified in the Queen 
Mary University of London Library Search spanning the years 
2000 to 2022. Subsequently, the criteria were refined by incor
porating ‘Capsule Endoscope Control,’ revealing a total of 800 
publications in the same library search from 2002 to 2022. 
Additionally, considering the adoption of the self-propulsion 
concept in this research, the criteria are further expanded to 
include ‘Self-Propelled Capsule Endoscope,’ revealing a total of 
22 publications in the Queen Mary University of London 
Library Search from 2004 to 2022.

5. Conclusion

Since 2001, capsule endoscopes have been used to examine 
minor bowel diseases, frequently obscure gastrointestinal 
bleeding. There are numerous benefits of capsule endoscopy 
compared with probe endoscopy, including being less inva
sive and more suitable due to the inflexibility and large dia
meter of the endoscope. Thus, all the areas, including blind 
spots and complex and narrow regions, like the small bowel, 
cannot be accessed. However, there are several limitations 
associated with these capsule endoscopies, which need to 
be resolved. For instance, they do not have therapeutic abil
ities, such as undergoing a biopsy; some work is in progress to 
resolve these issues. Additionally, capsule endoscopes can 
only collect passive pictures while being moved within the 
gastrointestinal tract and cannot inflate the gastrointestinal 
lumen, preventing some damage from being detected. 
Furthermore, operating on capsule endoscopes and under
standing the pictures could be time-consuming. Additionally, 
substances such as mucus and bile can cause unclear picture 
results to be collected.

Minimally invasive remote-controlled capsule endoscopes 
show promise in the medical field, offering a potentially cost- 
effective, safe, and reliable alternative to traditional endoscopy. 
Despite being in the early stages, in vivo remote-controlled 
capsule endoscopes are being tested in laboratories. However, 
the main challenge lies in developing a safe, power-efficient 
propulsion system for miniature in vivo remote-controlled cap
sule endoscopes. The field of remote-controlled capsule endo
scopy is still evolving, and its full potential is expected to 
emerge through collaborative research and progress involving 
universities, healthcare providers, and industries over the next 
few decades.

Wireless capsule endoscopes can be categorized as passive 
or active, depending on whether they possess uncontrolled or 
controlled locomotion. While many existing models rely on 
passive movement, active locomotion is considered more pre
cise. Researchers often recommend magnetic locomotion for 
remote-controlled capsule endoscopes in the gastrointestinal 
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tract, as the patient’s body has minimal magnetic permeability 
and does not impact the magnetic field distribution.

Studies on the control and dynamics of locomotion in 
remote-controlled capsule endoscopes, particularly those 
influenced by the movement of the internal body relative to 
the external body in a two-mass system, constitute the scien
tific foundation for remote-controlled capsule endoscope 
development. Researchers have developed a self-propulsion 
system that is advantageous for its simple control and 
mechanical design, requires no external driving attachments 
and allows independent motions in complex environments. 
The vibro-impact remote-controlled capsule endoscope, 
derived from the two-mass strategy, is both controllable and 
active compared to passive capsule endoscopes. This type of 
endoscope lacks external moving parts and thus reduces the 
risk of damage to the gastrointestinal tract. However, due to 
its rough dynamical system, the vibro-impact remote- 
controlled capsule endoscope exhibits complex dynamics 
influenced by environmental frictions and design parameters. 
Understanding the amount of friction experienced during 
movement in the gastrointestinal tract is crucial, as it affects 
intestinal resistance, influencing the dynamics and perfor
mance of the vibro-impact remote-controlled capsule endo
scope. In contrast to traditional engineering applications, 
environmentally resistant force, in this case, is utilized for 
obtaining planar or rectilinear movements in vibro-governed 
locomotion systems. This environmental friction significantly 
contributes to the system’s nonlinearity, leading to complex 
and highly nonlinear phenomena.

Because of the nonlinear dynamics of remote-controlled 
capsule endoscopes, effective control methods such as Linear 
Quadratic Regulator and Sliding Mode Control are essential for 
managing their performance. Researchers examining remote- 
controlled capsule endoscopes are exploring the use of Linear 
Quadratic Regulator as the basis for a three-dimensional con
troller tailored for precision motion applications. The objective 
is to strike a balance between achieving optimal performance 
and minimizing energy consumption. Additionally, researchers 
are investigating Sliding Mode Control for remote-controlled 
capsule endoscopes because of its ability to withstand external 
disturbances and variations in parameters.

To conclude, current capsule endoscopes rely on passive 
movements driven by peristalsis, limiting their controllability 
and reducing accuracy. To enhance diagnostic precision and 
interventional capabilities, research is underway to incorporate 
self-propulsion devices, actuators, and sensors into capsule 
endoscopes. Thus, this paper discusses different remote- 
controlled capsule endoscopes tailored for this objective. This 
study provides an overview of current control approaches 
aimed at enhancing motion and diagnostic efficiency in 
remote-controlled capsule endoscopes, with a specific focus 
on the concept of self-propulsion.

6. Expert opinion

Research has focused on capsule endoscopes due to their advan
tages in medical examination, including convenience, compact
ness, and straightforward nature. However, they exhibit passive 
locomotion due to peristaltic motion, which prevents their 

adoption in clinical practice. Wireless capsule endoscopes are 
either passive or active, based on whether they involve noncon
trolled or controlled locomotion. Most current models are 
dependent on passive locomotion, yet active locomotion is 
more precise. This journal reviews various approaches that 
have been developed to date by researchers to control remote- 
controlled capsule endoscope movement and improve diagnos
tic efficiency. The desired requirements of the system depend on 
the control action of the controller. Therefore, an intelligent, 
robust, and smart controller is needed to overcome and solve 
the key challenges and limitations of current remote-controlled 
capsule endoscopes. However, obtaining an optimal control 
performance becomes more challenging as the system complex
ity increases. Hence, this review contributes to the analysis of 
diverse control strategies proposed by researchers for develop
ing self-propelled remote-controlled capsule endoscopes. The 
aim is to modify the existing models reviewed in this paper to 
facilitate realistic implementation in research and clinical prac
tice. As a result, these advancements can significantly enhance 
real-world outcomes, making diagnosis, treatment, and drug 
delivery procedures more convenient, affordable, painless, effec
tive, straightforward, and safer.

Numerous medical techniques approve minimally invasive 
remote-controlled capsule endoscopes, yet they are in their 
early stages. Nevertheless, they have the potential to provide 
an affordable, safe, and reliable alternative to conventional 
endoscopy. In vivo remote-controlled capsule endoscopes are 
still being used in laboratories, as the main difficulty is creating 
a safe and power-efficient propulsion procedure for miniature 
in vivo remote-controlled capsule endoscopes. The authors are 
intrigued by the concept of hybrid propulsion, which could 
serve as the benchmark solution for the in vivo remote- 
controlled capsule endoscope. The field of remote-controlled 
capsule endoscopy is currently in its nascent stages and con
tinues to advance. The full potential of remote-controlled cap
sule endoscopes is expected to unfold over the next few 
decades through collaborative research and progress involving 
universities, healthcare providers, and universities.

Researchers have focused on developing a lightweight, inex
pensive, autonomous, and safer remote-controlled capsule 
endoscope, aiming for the ultimate goal of enhancing medical 
interventions. The current medical diagnosis and treatments are 
different from what they will be in the future. The remote- 
controlled capsule endoscope will continue to be modified, 
and new tools will be used continuously. The whole surgical 
mechanism will improve in terms of flexibility and reduce in 
size. Modular miniature collaborative in vivo remote-controlled 
capsule endoscopes can alter the dynamics of surgery in a new 
direction. The mechanism of the remote-controlled capsule 
endoscope will lead to further intelligence and integration. 
The autonomous collaborative remote-controlled capsule 
endoscope and teleoperation will be joined to allow advanced 
medical care services, including diagnosis, biopsy, drug delivery 
and surgical operations for distant and isolated locations. The 
effective drive and control of remote-controlled capsule endo
scopes can potentially overcome the restriction of current med
ical technology for achieving a feasible solution for diagnosing 
and treating diseases in blind regions of the gastrointestinal 
tract. To attain this goal on the basis of this review work, the 
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development of a self-propelled vibro-impact remote- 
controlled active capsule endoscope incorporating magnetic 
locomotion and employing nonlinear feedback control techni
ques such as Linear Quadratic Regulator and Sliding Mode 
Control appears more promising than other the research endea
vors outlined in this review paper. The accomplishment of 
remote-controlled capsule endoscope control will induce 
a considerable revolution within medical engineering, and 
remote-controlled capsule endoscopy will quickly become 
a standard within medical engineering. It is vital to develop 
a remote-controlled capsule endoscope to move within the 
gastrointestinal tract and enhance its functions using wireless 
control. This area is the focus of interest for the authors. The 
motion controllability of remote-controlled capsule endoscope 
is a crucial constraint for observing, detecting, and analyzing 
diseased regions and completing targeted medical procedures, 
including drug delivery, surgical operation, and biopsy. The goal 
is to develop complete gastrointestinal screening and therapy 
using remote-controlled capsule endoscopy at home remotely 
controlled by robotic technology, ubiquitous networks, and 
wireless control. Hence, to achieve this goal, this paper reviews 
the current technology and the latest developments in remote- 
controlled capsule endoscopes focusing on their control 
approaches and self-propulsion models for dynamic system 
modeling.
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