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Abstract 

The rapid advancement of mechanical and electronic engineering, particularly in heavy equipment and construction automation, requires 

innovative learning media that effectively bridge theoretical knowledge and practical implementation. Conventional instructional methods 

often provide limited opportunities for students to develop hands-on experience with complex mechatronic systems. This study presents the 

design, development, and evaluation of a miniature battery-electric excavator intended as an educational platform for teaching construction 

robotics, automation, and sustainable engineering principles. The development process followed a structured methodology consisting of 

conceptual design, mechanical fabrication, electronic integration, simulation, and functional testing. Unlike conventional excavators that rely 

on hydraulic actuators, the proposed system employs electric motors to drive the boom, arm, and bucket mechanisms, demonstrat ing an 

energy-efficient and environmentally friendly alternative. Locomotion is achieved using DC gearbox motors for wheel movement, while an 

independent DC motor enables 90° rotational motion. The control architecture is based on an Arduino Mega microcontroller integrated with 

a wireless PS2 joystick, providing intuitive and precise user control. Lightweight aluminum was selected for the backhoe assembly to reduce 

overall weight, whereas the main chassis was constructed from mild steel to ensure structural strength and operational stability. Experimental 

evaluation confirmed that the prototype successfully performed essential excavation motions, achieving a maximum horizontal reach of 

1,400 mm, a vertical reach of 1,420 mm, an average operating speed of 0.5 m/s, and a maximum speed of 1.0 m/s. With compact dimensions 

of 800 × 600 × 750 mm, the system is safe, portable, and suitable for laboratory-based education. Furthermore, the platform supports Deep 

Neural Network (DNN) data generation and reinforcement learning research, providing a cost-effective and safe environment for advancing 

student competencies in intelligent construction technologies. 
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1. Introduction 

In contemporary engineering education, particularly within mechanical and electronic disciplines, the demand for hands-on, interactive 

learning experiences is paramount [1]. Traditional pedagogical approaches often struggle to convey the intricate interdependencies of 

complex systems like heavy machinery, which are foundational to fields such as civil engineering and construction  [2]. Excavators, as 

ubiquitous heavy equipment, play a critical role in various industrial activities, including mining, agriculture, land clearing, and trenching 

[3]. Historically, these machines have relied predominantly on hydraulic systems for their power and movements, which, while effective 

for heavy loads, present complexities in control, maintenance, and environmental impact [4] . 

The advent of the digital era and increasing environmental consciousness has catalyzed a significant shift towards more sustainable and 

intelligent heavy equipment solutions. Electric excavators, powered by battery-based systems and controlled via microcontrollers, offer 

substantial advantages over their diesel-hydraulic counterparts, including reduced emissions, lower noise pollution, and improved energy 

efficiency [5]. This transition aligns with global initiatives for sustainable development and highlights the necessity for engineering 

graduates to be proficient in electric and mechatronic systems [6]. 

However, the high cost, large scale, and inherent safety risks associated with operating full-size excavators make them impractical for direct 

use as educational tools in a classroom or laboratory setting [7]. This limitation creates a significant gap in providing students with direct, 

practical exposure to the design, operation, and control principles of such complex machinery. To address this, miniature-scale excavators 

emerge as an innovative solution, offering a safe, cost-effective, and manageable medium for experiential learning . 

This paper introduces the design and development of a battery-electric mini-excavator, aiming to transcend the conventional role of a 

teaching aid. While its primary function is to serve as an effective learning tool for mechanical and electronic engineering concepts, its 

inherent mechatronic design positions it as a novel platform for exploring advanced topics in construction robotics [8][9]. Specifically, this 

robotized mini-excavator is envisioned as a medium for generating construction-specific Deep Neural Network (DNN) data and facilitating 

interactive reinforcement learning, which are critical for the development of digital twin technologies and autonomous construction 
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equipment [1][2][7]. By providing a scalable and safe environment, this research contributes significantly to preparing students for the 

evolving landscape of digitally-driven and sustainable construction industries [4]. The primary objectives of this study are: 

a. To design and construct a functional mini-excavator that integrates fundamental mechanical and electronic engineering principles. 

b. To develop a robust control system utilizing a microcontroller for precise and responsive operation. 

c. To evaluate the performance of the mini-excavator in executing essential excavation and mobility tasks. 

To highlight the mini-excavator's potential as an intelligent educational platform for advanced robotics, artificial intelligence (AI) training, 

and sustainable engineering applications, thereby establishing its novelty and broader impact. 

2. Methods 

The development of the mini-excavator followed a structured methodology encompassing design conceptualization, detailed engineering, 

control system integration, manufacturing, and rigorous testing. This iterative process ensured that the final prototype met both its educational 

objectives and functional performance requirements. 

 

2.1. Design Concept and System Architecture 
The initial phase involved identifying the core functional requirements for an educational mini-excavator. This included the ability to perform 

basic excavation movements (boom, arm, bucket), traverse, and rotate, mimicking a full-scale excavator's functionality but at a miniature 

scale suitable for classroom use [10]. Problem identification and data collection, as highlighted by Chauhan [11][7], were crucial to 

developing a robust design concept. The overall design process leveraged computer-aided design (CAD) software, such as CATIA, for 

detailed engineering drawings and technical specifications, ensuring precise component design and assembly [4]. Table 1 outlines the primary 

components and their functions within the mini-excavator system: 

Table 1. Functional Division of Mini-Excavator Components 

Component Function 

Base frame The main frame serves as a support, retainer, and holder of the driving machine. 

The frame must be made sturdy to be able to withstand the weight of all 

components. 

Backhoe (arm, boom, and bucket) An arm is an attachment that connects the boom to the bucket. A boom is an 

attachment that connects the base frame to an arm of a certain length to reach the 

loading/unloading distance. Bucket is a basket used to support the excavator's 

task, namely dredging and transporting. 

Actuator It plays a role in moving the arm, boom, and bucket components to perform the 

functions of each of these components. 

Control System (microcontroller) The microcontroller functions to drive all motion functions contained in the 

excavator, namely the movement of the arm, boom, bucket, wheel drive, and 

upper body rotation. 

Driver DC It functions to pass signals from the microcontroller to the processing components 

(actuators, DC motors, swing drives). 

Swing drive It functions to move the upper body to rotate 360°. 

Wheel drive tires As an excavator drive to perform forward, backward, and left or right turns. 

 

The mini-excavator is designed around a battery-based electric power system, a sustainable choice that aligns with modern trends in heavy 

equipment electrification[5][6]. This system replaces traditional internal combustion engines and hydraulic pumps with electric motors, 

reducing environmental impact and enhancing operational efficiency. 

 

2.2. Control System Integration 
The control system is the brain of the mini-excavator, enabling precise and flexible operation. Its architecture comprises four main parts: 

input, main controller, processor, and output. 

a. Main Controller: An Arduino Mega microcontroller serves as the central control unit. Chosen for its extensive input/output capabilities 
and processing power, it efficiently manages commands from the operator and translates them into actionable signals for various 

components [7]. 

b. Input Device: A PS2 wireless joystick is utilized as the primary operator interface. This allows for intuitive and ergonomic control of the 

excavator’s movements, offering flexibility and ease of operation without physical tethering [7]. 
c. Power Source: Two 12V 20A batteries provide stable and sufficient electrical energy to power all motors, actuators, and electronic 

components. The battery-electric system is a core feature that enhances the educational platform's sustainability profile [5]. 

d. Relays: Eight Songiwe 10A relays act as electronic switches, distributing power to the three 12V electric actuators (one for the bucket, 

one for the arm, one for the boom) and two variation LED lights. These relays enable precise, independent control of each moving part. 
e. Motor Drivers: Three BTS 43A Motor Drivers are used to control the main drive motors, specifically one for the left wheel, one for the 

right wheel, and one for the swing motor. These drivers convert signals from the Arduino Mega into appropriate speed and direction 

commands for the motors [12][7]. 

f. Output Components: The system includes three 12V electric actuators for the boom, arm, and bucket, providing controlled linear motion 

for excavation tasks. Two 24V DC gearbox motors drive the front wheels for locomotion, offering high torque at appropriate speeds . A 

12V DC motor facilitates 360-degree swing rotation of the upper body. These actuators and motors execute commands from the Arduino 

Mega via the motor drivers, ensuring responsive and accurate movements akin to full-scale excavators [13]. 

Figure 1 illustrates the detailed control system architecture, depicting the interconnections between the various electrical and electronic 

components. 
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Fig 1. Mini-Excavator Control System Diagram 

 

2.3. Manufacturing Process 
The manufacturing process involved several stages to transform raw materials into functional components, ensuring structural integrity and 

precise assembly. 

a. Material Procurement: Materials were selected based on design specifications and functional requirements. Aluminum was chosen for 

the backhoe components (boom, arm, and bucket) due to its lightweight yet strong properties, facilitating ease of movement and reducing 

overall excavator weight [9][14]. Mild steel with a 1/8" thickness was used for the lower and upper body frames, providing necessary 

structural strength and stability. Acrylic glass was utilized for the battery box and body side covers for visibility and protection. 
b. Fabrication Techniques: Various manufacturing techniques were employed, including cutting, grinding, turning, threading (Snei), arc 

welding (MIG and TIG), bench sawing, drilling, and bending. Arc welding was particularly crucial for joining structural components 

like the frame, arm, and boom, ensuring strong and reliable joints  [15]. 

c. Assembly and Quality Control: After individual components were fabricated, they underwent assembly. The modular design facilitated 
ease of installation and maintenance. Throughout the process, quality checks were performed to ensure that all components met specified 

tolerances and functions, mirroring the emphasis on precision in advanced manufacturing techniques [16] [17] 

The fabricated components were meticulously assembled to form the complete mini-excavator prototype, with dimensions of 800 x 600 x 

750 mm. Figure 2 presents the CAD model of the excavator design, and Figure 3 shows the physical product. 

 

Fig 2. CAD Model of the Mini-Excavator Design 

 

Fig 3. Fabricated Mini-Excavator Product 

2.4. Design Optimization and Simulation 
This mini-excavator serves as an invaluable teaching aid for mechanical and electronic engineering students. It provides a tangible, interactive 

platform for understanding complex concepts such as kinematics, dynamics, control systems, and power electronics through practical 

application. The integration of mechanical components with a microcontroller-based control system allows students to visually and 

interactively grasp how theoretical principles translate into real-world machine movements and operations [16][18].  
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Beyond its immediate educational utility, the most significant novelty and impact of this research lie in the mini-excavator’s potential as a 

specialized platform for construction robotics training and AI data generation, miniature-scale robotized excavators can serve as a cost-

effective and safe medium for [7]: 

a. Automated Data Collection and Labeling for DNNs: The robotized control enables precise, computer-directed motion control, allowing 

for automated collection of diverse imagery data with accurate 2D/3D pose labels. This directly addresses the critical data scarcity 
problem that hinders the training of AI models for construction equipment digital twinning and pose estimation [1][19].  

b. Interactive Reinforcement Learning (RL): The mini-excavator provides a practical live agent for task-oriented AI development. Students 

can experiment with RL algorithms in a controlled laboratory environment, simulating real-world construction scenarios without the 

safety concerns, logistical complexities, or high costs associated with full-scale excavators. This capability is crucial for developing 

adaptive AI solutions that can learn and respond to unpredictable construction site conditions [1] [9]. 

Furthermore, the battery-electric drive system offers a platform to teach sustainable engineering practices and energy management in heavy 

equipment, aligning with global efforts to reduce carbon footprints in the construction industry [5][6]. It serves as an excellent prototype to 

explore concepts of digital twins , where a virtual model of the excavator could be created and used for simulation, analysis, and predictive 

maintenance, enhancing its role as a comprehensive learning medium [1][2]. This approach can foster student competence in emerging fields, 

such as advanced mechatronics, AI in construction, and sustainable machinery design [20] [21]. 

3. Results and Discussion  

The developed mini-excavator prototype underwent comprehensive testing to validate its mechanical and control system performance, 

ensuring it met the criteria for an effective learning medium. 

 

3.1. Prototype Realization 
The final mini-excavator product adhered to the specified dimensions of 800 x 600 x 750 mm. The materials chosen proved adequate for 

their respective functions, with the hollow mild steel frame (20 x 40 mm) providing a sturdy yet manageable base, and the aluminum backhoe 

offering the necessary strength-to-weight ratio for operational movements. The use of acrylic glass for the battery box and side covers 

provided protection while allowing for visual inspection of internal components. 

 

3.2. Control System Validation 
The integrated control system, centered around the Arduino Mega, demonstrated successful command processing and execution. The PS2 

wireless joystick provided intuitive control, allowing operators to command precise movements of the excavator wirelessly. The eight 

Songiwe 10A relays effectively managed power distribution to the actuators and LED lights, enabling independent control of various 

functions. The BTS 43A motor drivers efficiently regulated the speed and direction of the 24V DC gearbox motors for wheel drive and the 

12V DC motor for swing rotation, translating microcontroller signals into mechanical actions. This precise control mechanism, similar to 

robotized miniature excavators used for DNN data generation, proved robust and responsive [7]. 

 

3.3. Performance Evaluation 
Operational tests were conducted to evaluate the mini-excavator’s core motion functions: backhoe movement, four-way displacement, and 

swing rotation. 

a. Backhoe Movement: The mini-excavator successfully performed backhoe movements, encompassing the coordination of the boom, arm, 

and bucket. As illustrated in Figure 4 and detailed in Table 2, the system achieved a maximum horizontal movement of 1400 mm and a 

maximum vertical movement of 1420 mm from point A (the fastening hole in the boom mount). The minimum horizontal and vertical 
movements were 850 mm and 250 mm, respectively. These ranges of motion demonstrate the excavator's capability to simulate practical 

excavation tasks effectively for learning purposes. The movements were smooth and responsive, indicating successful integration of 

actuators and control logic. 

 

Fig 4. Positional Diagram of Mini-Excavator Backhoe Movement Test 
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Table 2. Maximum Movement Distance of the Backhoe (mm) 

Gerakan Boom Cylinder Cylinder Arm Bucket Cylinder Horizontal (X) Vertical (Y) 

1 + + + 1180 mm 850 mm 

2 + + - 1150 mm 850 mm 

3 + - - 1150 mm 1420 mm 

4 - - - 1400 mm 250 mm 

5 - - + 1300 mm 250 mm 

6 - + + 1100 mm 250 mm 

7 + - + 850 mm 1400 mm 

8 - + - 1100 mm 250  

 

b. Displacement and Swing Rotation: The excavator demonstrated effective four-way movement (forward, backward, left, right) and 

achieved a 90° swing rotation of the upper body. The average speed of the mini-excavator was 0.5 m/s, with a maximum speed of 1 m/s 

(at 100% battery capacity) and a minimum of 0.08 m/s (at 25% battery capacity), as detailed in Table 3. This variability in speed with 

battery charge provides valuable insights for students into power management and operational efficiency in electric heavy equipment 

[5]. 

Table 3. Mini-Excavator Speed Test Results 

No Battery % Battery Current Time(s) Speed 

1 100% 24V 10 1 m/s 

2 75% 18V 15 0.7 m/s 

3 50% 12V 30 0.3 m/s 

4 25% 6V 100 0.08 /s 

 

3.4. Educational and Research Implications 
This mini-excavator serves as an invaluable teaching aid for mechanical and electronic engineering students. It provides a tangible, interactive 

platform for understanding complex concepts such as kinematics, dynamics, control systems, and power electronics through practical 

application. The integration of mechanical components with a microcontroller-based control system allows students to visually and 

interactively grasp how theoretical principles translate into real-world machine movements and operations. 

Beyond its immediate educational utility, the most significant novelty and impact of this research lie in the mini-excavator’s potential as a 

specialized platform for construction robotics training and AI data generation. As highlighted by Saffari et al, miniature-scale robotized 

excavators can serve as a cost-effective and safe medium for: 

a. Automated Data Collection and Labeling for DNNs: The robotized control enables precise, computer-directed motion control, allowing 

for automated collection of diverse imagery data with accurate 2D/3D pose labels. This directly addresses the critical data scarcity 

problem that hinders the training of AI models for construction equipment digital twinning and pose estimation . 
b. Interactive Reinforcement Learning (RL): The mini-excavator provides a practical live agent for task-oriented AI development. Students 

can experiment with RL algorithms in a controlled laboratory environment, simulating real-world construction scenarios without the 

safety concerns, logistical complexities, or high costs associated with full-scale excavators. This capability is crucial for developing 

adaptive AI solutions that can learn and respond to unpredictable construction site conditions. 

 

Furthermore, the battery-electric drive system offers a platform to teach sustainable engineering practices and energy management in heavy 

equipment, aligning with global efforts to reduce carbon footprints in the construction industry[5] [6]. It serves as an excellent prototype to 

explore concepts of digital twins, where a virtual model of the excavator could be created and used for simulation, analysis, and predictive 

maintenance, enhancing its role as a comprehensive learning medium. This approach can foster student competence in emerging fields, such 

as advanced mechatronics, AI in construction, and sustainable machinery design  [21]. 

4. Conclusion 

This study successfully demonstrated the design, development, and performance validation of a battery-electric mini-excavator. By 

integrating mechanical components with an Arduino Mega-based control system, the prototype effectively performs backhoe movements, 

displacement, and swing rotation, confirming its functionality and precision. With compact dimensions and an average speed of 0.5 m/s, it 

meets the criteria for an effective, safe, and accessible learning medium in mechanical and electronic engineering education. 

The core novelty and significant contribution of this research lie in repositioning this mini-excavator as an intelligent educational platform 

for future construction robotics training and AI development. It provides a unique, cost-effective, and safe alternative to full-scale equipment 

for: (1) generating high-quality, construction-specific data for Deep Neural Network (DNN) training, addressing the critical data scarcity 

issue in construction automation, and (2) facilitating hands-on experimentation with interactive reinforcement learning, crucial for developing 

adaptive AI agents for autonomous heavy equipment. This emphasis on robotization and AI integration elevates the mini-excavator beyond 

a conventional teaching aid, transforming it into a cutting-edge research tool that fosters student readiness for the digital transformation of 

the construction industry. The battery-electric drive also underscores a commitment to sustainable engineering practices, providing a practical 

example of energy-efficient heavy equipment. 

Future work will focus on several key areas to further enhance the mini-excavator's capabilities and extend its educational and research 

impact: 
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a. Enhanced Autonomous Capabilities: Implementing more advanced control algorithms and sensor integration to enable semi-autonomous 

and fully autonomous operation, mimicking real-world construction tasks. 

b. AI and Machine Learning Curriculum Development: Designing specific curricula and experimental modules around DNN training, 
reinforcement learning, and digital twinning using the mini-excavator platform, drawing from insights in. 

c. Advanced Materials and Structural Optimization: Exploring the integration of advanced materials, such as Functionally Graded Materials 

(FGM), and topology optimization techniques for lighter and stronger components, supported by detailed Finite Element Analysis (FEA) 

and AI-driven design tools. 
d. Comprehensive Performance Metrics: Developing and integrating additional sensors for real-time data collection on force, torque, and 

energy consumption, allowing for more detailed performance analysis and optimization studies, similar to those conducted for full-scale 

excavators and TBMs. 

 

By pursuing these directions, this mini-excavator will continue to serve as a versatile platform, not only enriching engineering education but 

also contributing to foundational research in the rapidly evolving domain of intelligent and sustainable construction. 
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