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Abstract: The purpose of this paper is to discuss in depth the automatic camera dust removal device
based on intelligent control technology. Through the analysis and comparison of different cleaning
solutions, the robotic arm cleaning solution is selected and its technical principle, control strategy,
application status and limitations are elaborated in detail. Further proposed targeted optimization
measures, in order to enhance the performance of the camera automatic dust removal device to
provide a theoretical basis and technical reference, to promote the continuous development of the
field of technology and wide application.
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1. Introduction

In the field of modern technology, cameras are used in an extremely wide range of
applications, covering security monitoring, industrial inspection, traffic monitoring, film
and television shooting and many other important areas. However, camera lenses are sus-
ceptible to dust, dirt and other pollutants, resulting in image quality degradation and
equipment performance damage. Traditional manual cleaning methods are difficult to
meet the needs of efficient, accurate and non-destructive cleaning, therefore, the develop-
ment of automatic camera dust removal device has significant practical significance. This
study focuses on the application of intelligent control technology in automatic camera
dust removal devices, and is dedicated to solving the related technical problems and ex-
ploring the optimisation path.

2. Camera Cleaning Solution Analysis
2.1. Static Electricity Cleaning Programme

Electrostatic cleaning is based on the principle of static adsorption, which effectively
removes tiny dust particles on the surface of the lens. Under the action of the electrostatic
field, the dust is adsorbed onto the specific cleaning tool or material, thus avoiding direct
scratching of the lens surface, which is superior for protecting the lens coating and sensi-
tive optical components.

However, the programme has a number of shortcomings. The action of static elec-
tricity on the one hand may potentially harm the sensors, lenses, etc. of the camera. Exces-
sive electrostatic fields may cause scratches or stains at the microscopic level due to the
usually high precision and fragility of the camera's optical components and sensors, which
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in turn affects the imaging quality. On the other hand, electrostatic cleaning is often diffi-
cult to achieve complete adsorption during the cleaning process, and may transfer and re-
attach some dust particles on the lens surface, resulting in secondary contamination. In
addition, due to the use of electrostatic cleaning method for a long time, in dry environ-
ments may cause electronic component failure or short-circuit, thus posing a serious threat
to the normal operation of the camera and peripheral electronic equipment, may accumu-
late a large amount of static electricity, which is a particularly prominent problem. At the
same time, if the electrical safety design of the electrostatic cleaning equipment is not up
to standard, it may also adversely affect the battery, circuitry, etc., inside the camera, so
that the performance and reliability of the equipment decline [1].

2.2. Blower Cleaning Programme

The blower cleaning solution removes dust and impurities from the surface of the
lens by generating airflow to remove dust and impurities from the surface of the lens. Its
outstanding advantage is that it can avoid direct contact with the lens surface, effectively
preventing lens scratching and damage caused by improper use of wiping tools. Espe-
cially for camera lenses, it has the application of special anti-reflective coating, this non-
contact cleaning method can make the optical performance of the camera get maximum
protection. In addition, blower cleaning is characterised by its ease of operation and speed,
and the cleanliness of the lens can be quickly restored when dealing with a small amount
of dust accumulation.

Even so, there are obvious limitations to blower cleaning. Firstly, the powerful air-
flow may blow away dust from the surface of the lens while blowing some dust or tiny
particles into the internal parts of the lens, such as the lens, the sensor and other sensitive
areas. These piles of dust can cause gradual degradation of picture quality over time, and
may also cause other internal malfunctions. Secondly, some blowers generate static elec-
tricity during operation, which not only attracts more dust and dirties the surface of the
lens, but in severe cases may also cause damage to the camera, especially to sensitive areas
such as the sensor, and may even have a devastating effect on the equipment. Moreover,
if the airflow intensity of the blower is not properly controlled, the overly strong airflow
may impact on the camera's internal precision mechanical components, such as autofocus
motors, aperture blades, etc., the normal operation of these components will be affected
by the prolonged use of these components, thus reducing the overall performance and
service life of the camera [2].

2.3. Robotic Arm Cleaning Programme

The robotic arm cleaning programme completes the lens cleaning task with the help
of the movement of the robotic arm. The robotic arm can accurately follow the pre-set
programme and trajectory of the cleaning action, cleaning efficiency, neat and tidy. In
large-scale surveillance systems, UAV aerial photography and other scenes that require
frequent cleaning of the camera, robotic arm cleaning can make the manual operation of
the workload significantly reduced, the frequency of cleaning and the stability of the qual-
ity will also be improved.

However, the robotic arm cleaning programme is not perfect and still has certain
shortcomings. In terms of fineness and flexibility, the construction and movement of the
robotic arm has certain limitations. Robotic arm in the face of special optical structure or
high-precision coating of the lens, may be due to the cleaning process may produce
scratches or other forms of damage to affect the imaging quality and service life of the lens,
and thus can not be fully adapted to the complexity of the surface shape and material
properties.

Considering the advantages and disadvantages of the above three cleaning solutions,
this study chooses the robotic arm cleaning solution as the basis and carries out further
optimisation studies to address its limitations.
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3. Principles of Intelligent Control Technology for Robotic Arm Cleaning Solutions
3.1. ESP8266 WiFi Module
3.1.1 Wireless Communication Technology

The ESP8266 WiFi module supports 802.11b/g/n wireless communication protocols
to establish a stable connection with surrounding wireless network devices. Through the
connection with the router to lay the foundation for remote control and data transmission,
the camera automatic dust removal device can communicate with the external network

(3].

3.1.2 Network Protocol

The module has a built-in TCP/IP protocol stack, which can effectively encapsulate,
transmit and decapsulate data at the network layer. In the application layer, the HTTP
protocol is used to achieve interaction with the web client. By entering a specific IP ad-
dress or domain name in the browser, the user can send control commands to the auto-
matic camera dust removal device and receive status information from the device.

3.2. Embedded Programming
3.2.1. Arduino IDE

The Arduino IDE development environment is used to write the control code for the
ESP8266, which is mainly programmed in C/C++. In this environment, it is easy to config-
ure and operate the GPIO pins, serial communication, network connection and other func-
tions of the ESP8266, so as to realise the precise control of the movements of the joints of
the robotic arm.

3.2.2 Web Server

Build a small web server on ESP8266 to handle HTTP requests from web clients, the
web server receives and parses these requests and generates the corresponding control
commands according to the pre-set programme logic and sends them to the control mod-
ule of the robotic arm when the user operates the control buttons or enters the relevant
parameters on the web page [4].

3.2.3 API Interface

Design a special API interface that defines the format and specification of data trans-
fer between the web client and the ESP8266. Through the API interface, the web client can
accurately send control commands to the device, such as starting the cleaning process,
adjusting the speed and angle of the robotic arm, etc., and at the same time, receive status
information returned by the device, such as the current position of the robotic arm, clean-
ing progress, etc., so as to achieve two-way data interaction and real-time control.

3.3. Client Technology
3.3.1 HTML/CSS/JavaScript

HTML is used to build the basic structure of a web page, defining the layout and
elements of the page; CSS is used to set the style of the web page [5], including fonts,
colours, sizes, button styles, etc., so as to make the web page have a good visual effect and
user experience; and JavaScript is used to add dynamic interactive functions to the web
page, realising the response to the events of clicking the buttons, dragging the sliders, etc.,
and converting the user's operation into a response to the JavaScript adds dynamic inter-
active functions to the web page, responding to button clicks, slider drags, etc., converting
user actions into HTTP requests to the server, and updating the content of the web page
in real time to provide feedback on the operating status of the device.
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3.3.2 AJAX

Asynchronous data transfer between web pages and servers using AJAX technology.
Without refreshing the whole page, AJAX can periodically send requests to the server to
obtain the latest status information of the device and update the corresponding parts of
the web page, such as displaying the current position of the robotic arm, the remaining
time for cleaning, etc., so as to make the web page interface more dynamic and real-time,
and to improve the user's ability to monitor and control the cleaning process.

3.4. Control Algorithms and Hardware Interfaces
3.4.1 PWM Control

The rotation angle of the SG90 servo is controlled by PWM (Pulse Width Modulation)
technology, the duty cycle of which determines the target angle of the servo, and can be
precisely adjusted to enable the robotic arm to follow the pre-set trajectory and sequence
of movements, thus realising precise control of the robotic arm joints at different angular
positions.

3.4.2 GPIO Control

The GPIO (General Purpose Input Output) pins of the ESP8266 are used to electri-
cally connect to the SG90 servo to drive and control the servo. By setting the level state
and output pulse signal of the GPIO pins [6], the direction and speed of rotation of the
servo are controlled to ensure that the joints of the robotic arm move in unison to complete
complex cleaning tasks.

4. Control Strategies for Robotic Arm Cleaning Programmes

In order to achieve efficient, precise and safe lens cleaning, this camera automatic
dust removal device adopts an intelligent control strategy.

Before starting the cleaning process, the device first detects the dust condition on the
mirror through the sensor. When the detected dust concentration exceeds a pre-set thresh-
old, the device automatically starts the cleaning process. When the dust concentration is
greater than the pre-set threshold, the device automatically starts the cleaning process,
and the control algorithm precisely adjusts the movement of each joint of the robotic arm
according to the pre-set cleaning modes and parameters by means of the signals from the
PWM control. For example, the movement trajectory of the robotic arm is based on the
shape and size of the lens, and while controlling the pressure and rotation speed of the
sponge cleaning head, the pressure and rotation speed of the sponge cleaning head is set
to spiral outward from the centre of the lens, thus ensuring that the dust is completely
removed without damaging the lens.

Users can also intervene manually on the web client. The web terminal provides a
wealth of control options such as manually adjusting the position of the arm, setting the
cleaning time and selecting the cleaning mode. When the user finds special stains or a
specific area on the lens that needs to be cleaned in particular, manual operation can be
realised for precise control. In addition, the device also has a timed cleaning function, the
user can be based on the use of the camera environment and frequency of pre-set fixed
cleaning time / day or week, so that the device can automatically complete the cleaning
task, unattended to ensure that the lens is always in a good state of cleaning.

5. Application Cases and Current Status of Automatic Camera Dust Removal Devices
5.1. Application Cases
5.1.1. Security Surveillance

In the city security monitoring system, there are a large number of cameras distrib-
uted in various complex environments. Cameras installed with automatic dust removal
devices respond effectively to the effects of pollutants such as dust and sand. For example,
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in some of the major traffic routes in the monitoring camera, automatic dust removal de-
vices regularly clean the lens, to ensure the clarity of the monitoring screen, to monitor
traffic flow, identification of violations, etc., provides a reliable image data support, to
enhance the level of urban traffic management intelligence, improve the safety of urban
traffic management.

5.1.2. Industrial Inspection Field

In industrial production lines, product quality inspection uses high-precision indus-
trial cameras. For example, tiny dust particles may lead to short circuits in the chip or
performance degradation in the manufacture of electronic chips. Camera automatic dust
removal device in the production process can be real-time cleaning of the camera lens, to
ensure the accuracy of the detection image, so that the product quality inspection pass
rate increased, the scrap rate reduced, so that the entire industrial production efficiency
and economic benefits have been improved.

5.1.3. Intelligent Transport

In intelligent transport systems, the image quality of road surveillance cameras and
on-board cameras is critical for functions such as traffic signal control and automatic driv-
ing assistance. The application of automatic dust removal devices can ensure the normal
operation of these cameras in various weather and road conditions, providing a strong
guarantee for the stable operation of intelligent transport.

5.2. Application Status

At present, the camera automatic dust removal device has been applied to a certain
extent in some of the higher requirements for image quality, the environment is more
harsh or manual cleaning inconvenient areas. However, the scope of its application is still
relatively limited, the main reasons include the higher cost, greater technical complexity
and the adaptability of different camera models and brands. In some small civilian camera
markets, due to cost factors, the popularity of automatic dust removal devices is low, and
most still use simple manual cleaning methods. In addition, in terms of technological re-
search and development, although certain results have been achieved, there are still some
technical difficulties that need to be further overcome, such as in the ultra-precision clean-
ing, adaptability to complex environments, etc. There is still room for improvement.

6. Limitations and Optimisation Measures of Automatic Camera De-Dusting Devices
6.1.Llimitations
6.1.1. Limited Cleaning Accuracy

Although the robotic arm cleaning solution can meet most of the regular cleaning
needs, but in the face of some of the optical structure of ultra-precise or coated with special
lenses, the robotic arm cleaning accuracy is still lacking. It may be due to the movement
precision of the arm and the characteristics of the cleaning medium, or in the cleaning
process of the lens caused by the slightest damage to the lens, thus affecting the imaging
quality and optical performance of the lens, resulting in the lens surface of the tiny con-
taminants can not be completely removed.

6.1.2. Inadequate Adaptation to Complex Environments

The performance and reliability of the camera's automatic dust removal device can
be greatly affected by harsh environmental conditions such as extreme temperatures, high
humidity, and strong electromagnetic interference. Such as electronic components in a
high-temperature environment, accelerated aging, may cause the device failure; water va-
pour in the humidity of the environment, may enter the internal equipment caused by
short-circuiting or corrosion; equipment, wireless communication and control signals in a
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strong electromagnetic interference environment may be interfered with, resulting in loss
of control of the cleaning operation.

6.1.3. Higher Costs

The development, production and maintenance costs of automatic camera dust re-
moval devices are relatively high. Among other things, high-performance sensors, micro-
controllers, WiFi modules, and sophisticated robotic arm components add to the cost of
the device. This makes it difficult for the device to be widely used in some cost-sensitive
areas or in large-scale civilian markets.

6.2. Optimisation Measures
6.2.1. Improved Cleaning Accuracy

Development of a high-precision robotic arm structure: The movement accuracy and
positioning precision of the robotic arm have been enhanced by a more sophisticated drive
mechanism and sensor feedback system. For example, high-precision encoders and laser
distance sensors are introduced to monitor the position and attitude of the robotic arm in
real time, achieving sub-millimetre precision in motion control.

Optimised cleaning media: New cleaning materials such as nanofibre cleaning cloths
or microgel cleaning media with better adsorption and softness have been developed to
effectively remove tiny dust particles that do not cause harm to the lens. At the same time,
the selection of appropriate cleaning media, for different lens material, coating character-
istics of personalised cleaning.

Improved cleaning algorithm: Using advanced image processing algorithms and ma-
chine learning technology to accurately analyse the distribution of dust and the degree of
contamination on the lens surface. According to the results of the analysis, the cleaning
path, pressure and speed of the intelligent precision cleaning robot arm are automatically
adjusted. For example, a large number of lens contamination images using deep learning
algorithm training, the device can automatically identify different types of stains, and de-
velop a corresponding cleaning strategy.

6.2.2. Enhanced Adaptability to Complex Environments

Environmental adaptability design: The hardware design and protective measures of
the device are designed for different harsh environmental factors. In high-temperature
environments, high-temperature-resistant materials such as ceramic circuit boards and
high-temperature alloy housings are used to make key components, and heat dissipation
structures such as heat sinks, heat pipes, or fan heat dissipation systems are designed to
ensure that the electronic components function within a safe temperature range. In envi-
ronments with high humidity, prevent water vapour from entering the interior of the
equipment and treat the circuit boards with moisture-proof coatings, such as using sealing
rubber rings and waterproof breathable valves to waterproof and moisture-proof the
equipment. Increase the metal shielding cover, shielding cables and other electromagnetic
shielding layer, optimise the circuit layout, reduce the electromagnetic coupling path, and
improve the anti-interference capability of the device in a strong electromagnetic interfer-
ence environment.

Environmental monitoring and adaptive control: Environmental sensors such as
temperature, humidity, electromagnetic intensity, etc. are integrated into the device for
real-time monitoring of environmental parameters. The working parameters and opera-
tion mode of the device are automatically adjusted according to changes in the environ-
ment. For example, reduce the working frequency of the device to reduce the heat gener-
ated in the high temperature environment; increase the drying device or extend the drying
time in the humidity environment; switch to a communication with strong anti-interfer-
ence ability or use wired communication in the strong electromagnetic interference envi-
ronment to ensure stable operation of the device.
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6.2.3. Reduce Costs

Localisation and optimisation of parts and components: In terms of localised substi-
tution of key parts and components, support and cooperation with relevant domestic
parts and components suppliers will be increased. Its manufacturing costs will be reduced
through the optimisation of parts design and production processes. For example, research
and development of domestic high-performance and lower-cost sensors and microcon-
trollers that replace imported products and reduce raw material costs.

Modular and standardised design: the modular design concept is adopted to divide
multiple functional modules such as robotic arm module, control module, sensor module
and so on into camera automatic dust removal device. Each module achieves standardised
design and production to improve production efficiency and reduce production costs. At
the same time, the modular design makes the equipment easy to maintain and update, so
that the late maintenance costs have been reduced.

Economies of scale effect: by expanding the scale of production, the production cost
per unit of product is reduced. Establishing strategic partnerships with camera manufac-
turers or enterprises in related industries to achieve mass production and sales and in-
crease market share, thereby achieving economies of scale in procurement, production
and sales and reducing overall costs.

7. Conclusion

The camera automatic dust removal device based on intelligent control technology
has important application value in improving the camera image quality, extending the
service life of the equipment and reducing the maintenance cost. Through the analysis
and comparison of different cleaning solutions, the advantages and limitations of the de-
vice are clarified by selecting the robotic arm cleaning solution and studying in depth its
intelligent control technology principle, control strategy, application cases and current sit-
uation. A series of optimisation measures are proposed to address its limitations, includ-
ing improving the cleaning accuracy, enhancing the adaptability to complex environ-
ments and reducing costs, which provide an effective technical way to further improve
and perfect the camera automatic dust removal device. With the continuous development
and innovation of science and technology, it is believed that the camera automatic dust
removal device will be widely used in more fields, and continuously improve its perfor-
mance and reliability, providing powerful technical support for the development of vari-
ous industries.
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