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Abstract: This paper focuses on the study of mechanical design and control measures in smart home systems. First of
all, it elaborates on the theoretical foundation of mechatronics technology, including its multidisciplinary integration
characteristics, system design principles, and constituent elements. It then reviews the research progress in this field,
followed by a detailed analysis of mechatronics design in systems such as smart lighting and smart security, as well as
the application of control algorithms and communication protocols in smart homes. Finally, it discusses challenges such
as system compatibility and data security risks, proposing corresponding solutions to provide theoretical and practical

references for the development of smart home systems.
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1. Introduction

With the rapid advancement of emerging technologies such as the Internet of Things (IoT) and artificial
intelligence (Al), smart home systems have evolved from simple automation to ecosystem integration.
Mechatronics technology, as a multidisciplinary field integrating mechanical engineering, electronic engineering,
computer science, and control engineering, plays a pivotal role in this transformation. It provides a solid
foundation for the optimized design and efficient operation of smart home systems. Significant progress has been
made in the research of mechatronics design and control within smart home systems, covering areas such as smart

lighting, smart security, and environmental control.

1.1. Theoretical foundation of mechatronics technology
Mechatronics technology is a comprehensive discipline that integrates mechanical engineering, electronic
engineering, computer science, and control engineering. Its core lies in achieving optimized system design and

efficient operation through multidisciplinary collaboration. At the system design level, factors such as the motion
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characteristics of mechanical systems, input-output requirements, and operating environments must be considered,
alongside the characteristics of electronic components and sensors for holistic planning. This process includes
mechanical structure design, power supply planning, and communication interface configuration to ensure system
stability and reliability.

The constituent elements of a mechatronics system include structure, motion, power, sensing, and intelligence,
governed by four principles: energy conversion, information control, interface coupling, and motion transmission
"l For instance, energy conversion involves energy exchange and transmission between components, while
information control relies on intelligent elements for data collection, transmission, and analysis. Mechatronics
emphasizes the tight integration of hardware and software, as well as the coordination and optimization of system
components, laying a robust theoretical foundation for the design and implementation of smart home systems.

1.2. Research progress in mechatronics design and control for smart home systems

In recent years, with the rapid development of IoT and Al significant progress has been made in mechatronics
design and control for smart home systems. These systems have evolved from simple automation to ecosystem
integration, with mechatronics playing a crucial role. For example, in smart lighting systems, light sensors detect
ambient brightness to automatically adjust light intensity and color temperature, becoming a key technology for
enhancing user experience. Mechatronics-based designs for smart home systems encompass intelligent operation,
environmental control, and security functions. In smart security, the use of infrared and door/window sensors has

significantly improved the accuracy and reliability of intrusion detection "

. Additionally, research on fuzzy logic
optimization in mechatronics intelligent control systems has proposed methods combining genetic algorithms or

simulated annealing to address uncertainties and complexities.

2. Mechatronics design in smart home systems

2.1. Mechatronics design of smart lighting systems

The mechatronics design of smart lighting systems integrates mechanical, electronic, and sensor technologies to
enable automatic adjustment of light intensity and color temperature. The core mechanism involves light sensors
detecting ambient brightness in real-time, combined with user preferences or scene modes, to adjust light source
output parameters via controllers. Specifically, light sensors convert ambient brightness data into electrical signals,
which are transmitted to a central processing unit. After algorithmic analysis, control commands are issued to drive
the dimming module.

This design not only enhances lighting intelligence but also significantly improves energy efficiency. Modern
smart lighting systems often employ multi-channel control technology, allowing independent adjustment of red,
green, and blue color ratios to achieve dynamic color temperature changes. This relies on precise electronic circuit
design and efficient driver technology to ensure system stability and reliability. The design is based on closed-loop
control system theory, using feedback mechanisms for precise lighting control, as shown in Figure 1. In practical
applications, the design must consider factors such as ambient light variation, user habits, and device response
speed. For instance, in night mode, the system reduces brightness and adjusts to warmer tones for a comfortable
visual environment, while in daytime or work scenarios, it prioritizes sufficient brightness and cooler tones for

efficiency .
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Figure 1. Smart lighting system architecture.

2.2. Mechatronics design of smart security systems
The intrusion detection function of smart security systems relies on the multidisciplinary integration of
mechatronics, particularly the combined application of sensor and signal processing technologies. Infrared sensors
detect human presence through thermal radiation, while door/window sensors use magnetic components to detect
unauthorized entry. Modern systems often employ multi-sensor fusion to analyze data, reducing false alarms and
enhancing reliability. Implementation involves signal acquisition, data processing, and alarm triggering. Signal
acquisition requires high-sensitivity, low-noise sensors; data processing uses filtering algorithms and pattern
recognition to denoise and extract features; and alarm triggering depends on preset thresholds and logic rules.
Advanced systems incorporate machine learning to optimize performance, providing a technical foundation
for smart home security. The alarm linkage mechanism is a key feature of mechatronics design, enabling rapid
response and comprehensive protection through multi-device collaboration. Upon intrusion detection, the system
triggers alarms, cameras, and smart locks via communication protocols, such as activating alarms, recording
footage, and locking doors *!. This employs a hybrid centralized-distributed control strategy to ensure coordination
and fault tolerance, with redundancy designs addressing communication delays to enhance safety and user

experience.

2.3. Mechatronics design of other smart home subsystems
Smart environmental control systems are a key application of mechatronics, intelligently adjusting indoor
temperature and humidity for user comfort. Comprising temperature/humidity sensors, air conditioners, and
humidifiers/dehumidifiers, these systems dynamically adjust environments through integrated design and control
strategies. Sensors collect data, which is processed by a central controller to adjust device states based on preset
ranges and user needs. Implementation addresses multi-variable coupled control and energy optimization, using
fuzzy logic or PID control to coordinate temperature and humidity, with timed operations for energy savings and
integration with other subsystems for enhanced intelligence .

Smart appliance control systems also reflect mechatronics design, improving convenience through remote
and timed control. Comprising smart plugs, gateways, and controllers, these systems enable user-device interaction
via wireless communication, such as remote or scheduled operations, with some supporting voice control.

Implementation relies on hardware-software synergy, with hardware executing commands and software parsing
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and distributing them. Designs must ensure communication stability, and Al can optimize strategies by learning
user habits.

3. Control measures in smart home systems

3.1. Control algorithms

Traditional control algorithms like PID control are widely used in smart home systems due to their simplicity
and ease of implementation. It generates control signals by performing proportional, integral, and derivative
operations on the error between the system output and the setpoint. For example, in smart thermostats, PID control
dynamically adjusts device output based on the difference between current and target temperatures, achieving
precise regulation. However, in complex nonlinear systems with frequent environmental changes, PID control’s
accuracy is limited, especially for systems lacking precise mathematical models.

Despite this, it remains efficient for simple single-input, single-output systems. To address these limitations,
intelligent control algorithms like fuzzy logic and neural networks are increasingly adopted. Fuzzy logic, using
fuzzy sets and inference, handles uncertainty and complexity, such as adjusting lighting based on ambient light
and user activity with strong robustness. Neural networks mimic human learning, adapting system behavior, such
as identifying anomalies in smart security systems to improve intrusion detection accuracy, ensuring reliable

performance in complex environments.

3.2. Communication protocols

In smart home communication architectures, wired protocols like RS-485 and Ethernet play significant roles. RS-
485, with strong anti-interference and long-distance transmission, is used for short-range data transfer in smart
appliance control systems. For example, in a smart appliance control system, multiple distributed devices can be
connected to achieve centralized control and status monitoring. However, it uses a half-duplex communication
mode, which does not support simultaneous bidirectional data transmission, limiting its application scenarios to
some extent. Ethernet, as a high-speed wired communication protocol, offers higher bandwidth and more stable
transmission performance, making it suitable for scenarios requiring large-scale data transfer, such as high-
definition video surveillance and multimedia streaming. However, its high deployment cost and stringent wiring
requirements somewhat limit its application in small-scale smart home systems '°’. With the rapid development of
wireless communication technologies, protocols such as Wi-Fi, Bluetooth, and ZigBee have been widely applied
in smart home systems.

Wi-Fi, as a mature wireless communication technology, offers high transmission rates and wide coverage,
making it particularly suitable for connecting smart home devices to the internet. For example, in smart
environmental control systems, it enables real-time uploading of sensor data, such as indoor temperature and
humidity, to the cloud, supporting remote monitoring and control. However, Wi-Fi’s high power consumption
makes it unsuitable for battery-powered low-power devices. Bluetooth, with low power and cost, is suited for

short-range communication, such as smart locks interacting with mobile devices.

4. Challenges and solutions in mechatronics design and control
4.1. System compatibility issues

Smart home systems face significant compatibility challenges due to differences in technical standards and
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communication interfaces among devices from different brands or protocols. Due to differences in technical
standards and communication interfaces among devices from different brands and protocols, efficient
interoperability between devices cannot be achieved. For example, some smart lighting systems use proprietary
communication protocols, while security devices from other brands employ different control protocols, making
it difficult for the two to work collaboratively due to this heterogeneity. Furthermore, even within a single brand,
products from different generations may experience reduced compatibility due to technological upgrades, thereby
affecting user experience. More critically, uncoordinated control can lead to degraded overall system performance
or even functional conflicts. For instance, when multiple subsystems simultaneously attempt to adjust indoor
environmental parameters, the lack of a unified coordination mechanism may result in resource waste or control
failures. Consequently, system compatibility issues not only limit the scalability of smart home systems but also
pose significant challenges to their practical application effectiveness.

To address the aforementioned system compatibility issues, establishing unified technical standards and
adopting middleware technology are considered effective solutions *'. Promoting the standardization process
through industry collaboration can significantly reduce barriers to device interoperability. For example,
establishing unified communication protocols and data format standards ensures consistency in data transmission
and control command execution across devices from different brands. Additionally, the introduction of modular
design concepts provides a new approach to addressing compatibility issues. By dividing the system into multiple
functional modules and defining standardized interfaces for each module, the system’s flexibility and scalability
can be effectively enhanced. Meanwhile, the application of middleware technology can, to some extent, shield
differences in underlying hardware and communication protocols, enabling seamless integration between devices.
For example, communication methods based on IoT buses can improve system reliability and scalability through

shared information and collaborative mechanisms.

4.2. Data security risks

Mechatronics design and control in smart home systems face significant data security risks during data
transmission and storage. On one hand, with the widespread adoption of IoT technology, the interconnectivity of
smart home devices has significantly increased data traffic, providing more attack vectors for malicious actors. For
example, during data transmission, unencrypted data packets may be intercepted and tampered with, leading to
abnormal execution of control commands or the leakage of user privacy information ”’.On the other hand, the data
storage process also presents risks, particularly in cloud storage models. Once servers are compromised by hacker
attacks, sensitive user information, such as home layouts and lifestyle habits, may be stolen, thereby posing a threat
to personal security. Furthermore, the distributed architecture of smart home systems increases the complexity of
data Additionally, this makes data integrity protection and access control more challenging. Therefore, effectively
addressing these data security risks has become a critical issue in the design and control of smart home systems.

To ensure data security in smart home systems, encryption technologies and access control measures are
widely applied in practical designs. Encryption technology effectively prevents data leakage and tampering by
encoding data during transmission and storage. For example, using the AES (Advanced Encryption Standard)
algorithm to encrypt sensitive data can maintain data confidentiality while preserving high computational
efficiency """ In addition, the introduction of access control technologies can further restrict unauthorized users
from accessing system resources. By implementing multi-level permission management mechanisms, such

as Role-Based Access Control (RBAC), it ensures that only authorized users can perform specific operations.
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Additionally, combining dynamic authentication technologies, such as Two-Factor Authentication (2FA), can
significantly enhance system security.

5. Conclusion

Overall, mechatronics technology provides strong support for the development of smart home systems, with
successful applications in subsystems such as smart lighting, smart security, and smart environmental control,
achieving system intelligence and efficiency through the integration of multidisciplinary knowledge. Proper
selection of control algorithms and communication protocols ensures stable operation and data transmission.
However, challenges like system compatibility and data security persist. Unified standards, middleware,
encryption, and access control can mitigate these issues. Future advancements should focus on optimizing design
and control strategies to make smart home systems safer, more compatible, and intelligent, enhancing user

experience.
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