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Abstract: This study focuses on micro-power design and transmission in the mechanical design of electronic products. It 
analyzes core principles, application scenarios, and various design aspects like topology optimization, material selection, 
etc. It also covers precision transmission, thermal management, and compares actuation methods in foldable displays. Case 
studies in medical implants and soft robotics validate performance, with future directions including solid-state actuation 
and AI-driven optimization.
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1. Introduction
In the field of modern electronics, the integration of mechanical design and micro-power technology is a pivotal 
research area. As electronic products trend towards miniaturization and high-functionality, traditional power 
supply and transmission methods face challenges, making micro-power design and transmission essential. For 
instance, in portable devices, they offer efficient, compact, and energy-saving solutions [1]. In 2023, the “New 
Generation of Electronic Information Technology Development Policy” was promulgated, which emphasizes 
promoting technological innovation in the electronics industry, including the development of micro-power 
technology. This study aims to analyze the application scenarios, design principles, and challenges of micro-power 
design and transmission in the mechanical design of electronic products, providing references for the development 
of advanced electronic products.
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2. Fundamentals of micro-power design in electronic products
2.1. Core principles of micro-power systems
The core principles of micro-power systems in the context of micro-power design for electronic products within 
the scope of mechanical design are centered around several key aspects. Energy conversion efficiency is of prime 
importance. In micro-power systems, every bit of energy counts, and a high energy conversion rate from the 
power source (such as a tiny battery or a micro-generator) to the actual power used by the electronic components 
is crucial. For example, in a miniaturized sensor within an electronic product, efficient energy conversion 
ensures longer-lasting operation and better performance [2]. Miniaturized actuation mechanisms are another core 
principle. These mechanisms are designed to carry out mechanical movements in a small space. They need to be 
precisely engineered to provide the necessary force and movement while consuming minimal power. In a micro-
electromechanical system (MEMS) device, the actuation mechanism must be carefully designed to work with the 
limited power available. Integration challenges in constrained electronic spaces also form an essential part of the 
core principles. As electronic products become more miniaturized, fitting all the components, including the micro-
power system, into a small space is difficult. This requires innovative design solutions to optimize the layout and 
ensure that the micro-power system does not interfere with other components, while still functioning effectively 
under the spatial constraints.

2.2. Application scenarios in consumer electronics
In consumer electronics, micro-power design finds diverse application scenarios. Wearables, such as smartwatch 
haptic drives, are prime examples. Smartwatches need to provide haptic feedback to users while consuming 
minimal power. Micro-power design enables the haptic drives to operate efficiently with low energy consumption, 
ensuring long-lasting battery life. This is crucial as users expect their wearables to function throughout the day 
without frequent recharging [3].

Micro-robotic joints in consumer electronics also rely on micro-power design. These joints are often used 
in small, portable robotic devices, like mini-cleaning robots or educational robotic toys. The joints need to move 
precisely while consuming little power. Micro-power design techniques help optimize the energy usage of the 
motors and control systems in these joints, making the micro-robots more practical and energy-efficient.

Piezoelectric MEMS actuators are another area where micro-power design is applied in consumer electronics. 
For instance, in some high-end smartphones, piezoelectric MEMS actuators are used for functions like audio 
output or camera autofocus. Micro-power design allows these actuators to perform their tasks with minimal power 
consumption, enhancing the overall power management of the device. This not only benefits the battery life but 
also contributes to the miniaturization and performance improvement of consumer electronics.

3. Advanced design methodologies for miniaturized drives
3.1. Topology optimization for high power density
Topology optimization is a powerful tool for achieving high power density in miniaturized drives within the realm 
of mechanical design for electronic products. By leveraging computational methods such as finite element analysis 
(FEA), it becomes possible to optimize the configurations of electromagnetic and microfluidic actuators under 
strict dimensional constraints [4].

This approach aims to distribute material in an optimal way within the given design space. For 
electromagnetic actuators, topology optimization can reconfigure the magnetic circuit layout. It allows for the 
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identification of the most efficient paths for magnetic flux, reducing magnetic losses and enhancing the overall 
performance. In the case of microfluidic actuators, it can optimize the flow channels’ shape and distribution. This 
optimization ensures efficient fluid movement with minimum energy consumption, which is crucial for achieving 
high power density in miniaturized systems.

The dimensional constraints add an extra layer of complexity but also drive the design towards more 
innovative solutions. Topology optimization algorithms explore a vast number of possible configurations to find 
the one that maximizes power density while adhering to these constraints. This not only improves the performance 
of the individual actuators but also contributes to the overall miniaturization and functionality of the electronic 
products, enabling them to meet the growing demands for more compact and high-performance devices in the 
market.

3.2. Material selection strategies
When it comes to material selection strategies for miniaturized drives in micro-power design and transmission 
within the scope of mechanical design in electronic products, comparing the performance trade-offs between 
shape-memory alloys, piezoelectric ceramics, and polymer-based nanocomposites in micro-transmission systems 
is crucial [5]. Shape-memory alloys possess unique shape-recovery properties. They can generate significant force 
upon heating, which is beneficial for applications requiring actuation. However, their response speed is relatively 
slow, and energy consumption during the phase-change process can be high. Piezoelectric ceramics, on the other 
hand, can quickly convert electrical energy into mechanical displacement. They offer high precision in micro-
transmission, but their output force is relatively limited. Polymer-based nanocomposites are lightweight and 
can be easily processed into various shapes. They show potential in enhancing the mechanical properties of the 
micro-transmission system while maintaining a certain level of flexibility. But their overall mechanical strength 
might be lower compared to the other two materials. Thus, in the design of miniaturized drives, a comprehensive 
consideration of these performance trade-offs is necessary to select the most suitable material according to the 
specific requirements of the electronic product, such as the need for high-force output, high-precision positioning, 
or lightweight design.

4. Precision transmission mechanisms in micro-drives
4.1. Motion transfer interfaces
4.1.1. Friction-based vs. positive engagement systems
When it comes to precision transmission mechanisms in micro-drives, the choice between friction-based and 
positive engagement systems at motion transfer interfaces significantly impacts the performance of micro-power 
design and transmission in electronic products. Friction-based systems rely on frictional forces to transfer motion. 
They can offer relatively smooth operation in some cases, but torque consistency can be a challenge. For instance, 
changes in environmental conditions like temperature and humidity may affect the frictional coefficient, leading to 
inconsistent torque transfer [6]. Additionally, they often struggle to minimize backlash, as the frictional connection 
might allow for small amounts of relative movement between components.

On the other hand, positive engagement systems, such as those in micro-geartrain solutions, ensure a more 
direct and reliable motion transfer. These systems use teeth or other interlocking features to engage components. 
This design enables better torque consistency as the mechanical connection provides a more stable transfer of 
rotational force. Moreover, positive engagement systems are generally more effective at minimizing backlash. 
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The interlocking nature of the components restricts relative movement, allowing for more precise control of the 
output motion. However, they may require more precise manufacturing and proper lubrication to maintain smooth 
operation and avoid excessive wear. Overall, when evaluating slip-ring couplings and micro-geartrain solutions, 
understanding the characteristics of friction-based and positive engagement systems is crucial for optimizing 
precision transmission in micro-drives within the context of mechanical design for electronic products.

4.1.2. Compliance mechanisms for error compensation
Compliance mechanisms play a crucial role in compensating for errors in micro-drive precision transmission. 
Flexure hinge designs are one such mechanism. These hinges are carefully crafted to provide a controlled degree 
of flexibility. In multi-stage micro-transmissions, misalignments can occur due to manufacturing tolerances or 
external factors. Flexure hinges can absorb these misalignments by deforming slightly, ensuring that the motion 
transfer remains smooth and accurate. They are designed with specific geometric parameters, such as thickness, 
length, and curvature, which determine their compliance characteristics [7].

Elastomeric dampers are another important compliance mechanism for error compensation. These dampers 
are made of elastic materials that can dissipate energy and reduce vibrations. In micro-drives, vibrations can 
cause significant errors in motion transfer. Elastomeric dampers can be strategically placed at key motion transfer 
interfaces to absorb these vibrations. They not only improve the accuracy of the transmission but also enhance 
the overall reliability of the micro-drive system. By adjusting the material properties and dimensions of the 
elastomeric dampers, their damping characteristics can be optimized to suit the specific requirements of the micro-
drive. This combination of flexure hinge designs and elastomeric dampers helps to achieve high-precision motion 
transfer in micro-drives by effectively compensating for alignment tolerances and reducing vibration-induced 
errors.

4.2. Efficiency degradation factors
4.2.1. Surface finish impacts on micro-bearing friction
The surface finish of micro-bearings significantly influences their friction characteristics, thereby affecting 
the efficiency of precision transmission mechanisms in micro-drives. Quantifying the effects of the Ra value 
is crucial. In sub-millimeter journal bearings, a rough surface with a high Ra value has a negative impact on 
lubricant retention. Lubricant is more likely to be displaced or lost from the bearing surface, leading to increased 
direct contact between the bearing components. This direct contact results in higher friction forces, contributing to 
efficiency degradation.

Conversely, stiction phenomena are also closely related to the surface finish. A rough surface can cause 
asperities on the bearing surfaces to interlock, especially when the bearing is at rest or starting to move. This 
interlocking gives rise to stiction, where an initial higher force is required to overcome the static friction 
and initiate motion. As the Ra value increases, the likelihood and magnitude of stiction effects become 
more pronounced. Understanding these relationships between the Ra value, lubricant retention, and stiction 
phenomena in micro-bearings is essential for optimizing the design of micro-power transmission systems in 
electronic products [8]. By carefully controlling the surface finish and minimizing the Ra value, it is possible to 
reduce micro-bearing friction, improve lubricant performance, and ultimately enhance the overall efficiency of 
precision transmission mechanisms in micro-drives.
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4.2.2. Thermal management in hermetic drive modules
In hermetic drive modules, thermal management is of great significance. These modules are often enclosed, 
which can lead to heat accumulation during operation. High temperatures can have detrimental effects on the 
performance and lifespan of the drive components.

One of the key aspects is the design of heat dissipation channels. Poorly designed heat-paths can cause 
inefficiencies in heat transfer. For example, if the heat-conducting materials used in the module have low thermal 
conductivity, heat cannot be effectively transferred away from the heat-generating components [9]. This results in a 
continuous rise in temperature within the hermetic module.

Phase-change material integration offers a promising solution. Phase-change materials can absorb and release 
large amounts of latent heat during phase transitions. When integrated into hermetic drive modules, they can act as 
thermal buffers. During periods of high heat generation, the phase-change material absorbs heat and undergoes a 
phase change, thus reducing the temperature rise within the module. As the heat generation decreases, the phase-
change material releases the stored heat. This helps to maintain a relatively stable temperature environment for 
the drive components, which is crucial for their long-term and efficient operation. By optimizing heat-paths and 
integrating phase-change materials, the thermal management in hermetic drive modules can be significantly 
improved, ensuring the reliable and efficient operation of micro-drives in electronic products.

5. Case studies and performance validation
5.1. Micro-drive integration in foldable displays
5.1.1. Stepper motor vs. SMA actuation comparative analysis
In the context of micro-drive integration in foldable displays, a comparative analysis between stepper motor 
and SMA (Shape Memory Alloy) actuation is crucial. Through benchmark positioning accuracy and energy 
consumption in hinge mechanisms across 10,000-cycle durability tests, distinct characteristics of these two 
actuation methods become evident [10].

Stepper motors offer high-precision positioning. Their discrete step-by-step motion allows for accurate 
control of the hinge’s movement during the folding and unfolding of the display. This is especially beneficial for 
applications where precise alignment of the display panels is required. However, stepper motors typically consume 
relatively more energy. The need to power the motor for each step of movement contributes to higher overall 
energy consumption, which might be a concern for portable electronic products with limited battery capacity.

Alternatively, SMA actuators have unique properties. They can generate large forces while undergoing a 
phase transformation. In hinge mechanisms for foldable displays, SMA actuators can potentially provide smooth 
and reliable movement. Their energy consumption is often lower in certain operating conditions, as they can 
utilize the heat-induced phase change for actuation. Nevertheless, the positioning accuracy of SMA actuators can 
be more challenging to control precisely compared to stepper motors. The response time of SMA actuators might 
also be relatively longer, which could affect the speed of the folding and unfolding process. This comparative 
analysis provides valuable insights for designers when choosing the most suitable micro-drive actuation method 
for foldable displays in the realm of mechanical design for electronic products.

5.1.2. Failure mode analysis from field data
In the context of micro-drive integration in foldable displays, field data serves as a crucial resource for failure 
mode analysis. By examining real-world usage scenarios, we can uncover latent issues that might not be apparent 
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in laboratory-based accelerated life testing. For instance, data collected from users’ actual operation of foldable 
display devices reveals the long-term effects of continuous folding and unfolding on the micro-drive components.

Some common failure modes identified from field data include misalignment of the micro-drive due to 
repeated mechanical stress during folding. This misalignment can disrupt the smooth transmission of power and 
signals within the display system, leading to display malfunctions such as screen flickering or incomplete image 
rendering. Another prevalent issue is the degradation of electrical connections in the micro-drive, which is often a 
result of environmental factors like humidity and particulate ingress, as identified through accelerated life testing 
protocols [11].

These field-derived failure modes provide valuable insights for improving the design and performance of 
micro-drive integration in foldable displays. They enable manufacturers to develop more robust solutions, such 
as enhancing the structural stability of the micro-drive to prevent misalignment, and implementing better sealing 
mechanisms to protect against environmental contaminants. Overall, analyzing field data is an essential step in 
validating the performance and reliability of micro-drive integration in foldable displays.

5.2. Medical implant applications
5.2.1. Biocompatible encapsulation techniques
In the realm of medical implant applications, biocompatible encapsulation techniques play a crucial role. For 
instance, in drug delivery pumps, assessing the ionic corrosion resistance of Parylene-C coatings and titanium 
alloy housings is of great significance [12]. Parylene-C, a biocompatible polymer, has shown excellent properties 
in providing a protective layer. It can effectively isolate the internal components of the drug delivery pump from 
the body’s physiological environment, reducing the risk of ionic corrosion. Titanium alloy, on the other hand, is 
renowned for its high strength-to-weight ratio and good biocompatibility. The housing made of titanium alloy not 
only provides mechanical support but also resists corrosion to a certain extent. Through case studies, researchers 
have investigated how different thicknesses of Parylene-C coatings and the composition of titanium alloy affect the 
overall performance of drug delivery pumps in terms of ionic corrosion resistance. These case studies help validate 
the performance of biocompatible encapsulation techniques in medical implant applications. By accurately 
evaluating the effectiveness of these materials and techniques, it becomes possible to optimize the design of drug 
delivery pumps and other medical implants, ensuring their long-term reliability and biocompatibility within the 
human body.

5.2.2. Magnetic coupling safety margins
In the realm of medical implant applications, ensuring magnetic coupling safety margins is of utmost importance. 
Case studies play a crucial role in validating these safety margins. By calculating flux leakage thresholds that 
ensure electromagnetic compatibility with pacemaker electronics, we can better understand the real-world 
implications [13].

For instance, in a case study involving the design of a wireless charging system for a medical implantable 
device, researchers had to precisely determine the magnetic field strength and flux leakage. They needed to ensure 
that the magnetic coupling between the charging coil outside the body and the implanted receiving coil did not 
interfere with the normal operation of nearby pacemakers. Through meticulous measurements and simulations, 
they were able to establish the maximum allowable magnetic field levels and flux leakage values.

Performance validation was then carried out. The designed system was tested under various scenarios, 
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including different distances between the charging and receiving coils, and in the presence of other nearby 
electronic devices. These tests verified that the calculated flux leakage thresholds were sufficient to maintain 
electromagnetic compatibility with pacemaker electronics. This not only ensured the safety of patients with 
pacemakers but also validated the effectiveness of the micro-power design and transmission in the mechanical 
design of such medical-related electronic products. The case studies and performance validation together 
contribute to setting reliable magnetic coupling safety margins in medical implant applications.

5.3. Emerging trends: Soft robotics integration
5.3.1. Pneumatic artificial muscle actuators
Soft robotics integration, specifically regarding pneumatic artificial muscle actuators, involves characterizing 
the pressure-volume relationships in McKibben-type actuators for prosthetic finger articulation. A series of case 
studies have been conducted to understand how these actuators perform in real-world applications related to 
prosthetic fingers. For instance, in a laboratory-based experiment, the pressure applied to the McKibben-type 
actuators was precisely controlled, and the corresponding volume changes were measured. These measurements 
were then used to validate the theoretical models that predict the behavior of the actuators [14]. The performance 
validation aimed to ensure that the actuators could accurately replicate the natural movement of finger joints. By 
accurately characterizing the pressure-volume relationships, it was possible to optimize the design of the prosthetic 
fingers, enabling more natural and efficient movement. This not only improved the functionality of the prosthetics 
but also enhanced the user experience. These case studies and performance validation processes are crucial steps 
in the integration of soft robotics, especially those utilizing pneumatic artificial muscle actuators, into the design of 
prosthetic fingers within the broader scope of mechanical design applications in electronic products.

5.3.2. Self-healing triboelectric nanogenerators
In the context of soft robotics integration, self-healing triboelectric nanogenerators (TENGs) have emerged 
as a promising solution. Soft robots often operate in complex and dynamic environments, where their energy-
harvesting components may be subject to mechanical damage. Self-healing TENGs can address this issue 
effectively.

For case studies, consider a soft robotic arm designed for delicate object manipulation in a laboratory setting. 
Equipped with self-healing TENGs on its surface, the TENGs can generate electricity through triboelectrification 
when the arm comes into contact with objects or during its movement. In the event of a minor cut or abrasion 
on the TENG’s surface due to accidental collisions, the self-healing mechanism kicks in. The TENG can 
autonomously repair the damaged area, restoring its energy-generating performance [15].

In terms of performance validation, researchers have conducted a series of tests. They measured the electrical 
output of the self-healing TENGs before and after damage. The results showed that after self-healing, the TENGs 
could regain a significant portion of their original power generation capacity. Additionally, long-term cyclic tests 
were carried out to simulate the continuous operation of soft robots. These tests demonstrated the durability and 
reliability of self-healing TENGs under repeated mechanical stress, making them a suitable choice for soft robotics 
applications within the scope of micro-power design and transmission in electronic products.

6. Conclusion
In conclusion, the exploration of micro-power design and transmission applications within the mechanical 
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design scope of electronic products has revealed a landscape rich with opportunities and challenges. The design 
methodologies for reliable micro-power systems, centered around material innovation and precision manufacturing 
breakthroughs, have laid a solid foundation. Material innovation has not only enhanced the performance of 
micro-power components but also broadened their applicability in various electronic product scenarios. Precision 
manufacturing has enabled the production of intricate micro-power systems with high reliability and efficiency. 
Looking ahead, the future directions such as solid-state actuation and AI-driven dynamic optimization frameworks 
hold great promise. Solid-state actuation can potentially revolutionize the way micro-power is transmitted and 
utilized, offering higher energy density and faster response times. AI-driven dynamic optimization frameworks 
will enable real-time adjustment of micro-power systems according to the changing operational conditions of 
electronic products, maximizing energy efficiency and system performance. These future directions will drive the 
continuous evolution of micro-power design and transmission in the mechanical design of electronic products, 
leading to more advanced, energy-efficient, and intelligent electronic devices. Overall, this research provides 
valuable insights and a roadmap for further development in this crucial area of electronics.
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