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Abstract: Efficient sand grading is critical to concrete quality, productivity, and occupational safety in construction activities, 

particularly in developing economies where manual sieving remains prevalent. This study presents the design, fabrication, and 

experimental evaluation of an automatic vibratory sand sieving machine incorporating wireless variable-speed control. The 

system integrates an inclined double-layer sieve assembly, an eccentric-mass vibration mechanism, spring isolation, and a 

Bluetooth-enabled speed control unit based on an ESP32 microcontroller. Performance evaluation was conducted using dry 

river sand across a wide operating speed range. The results demonstrate that the developed machine achieves sieving 

efficiencies of 78-94%, with optimal performance at approximately 1,100 rpm and an inclination angle of 18°, corresponding 

to a throughput of 31–33 kg/min. Power consumption increased quasi-linearly with speed, remaining within the 0.5 HP motor's 

rated capacity. Compared with manual sieving, the proposed system delivers more than a fivefold increase in productivity 

while significantly reducing operator exposure to dust and vibration. The combination of low fabrication costs, local material 

sourcing, and wireless control positions the machine as a practical, scalable solution for small- and medium-scale construction 

enterprises. 
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1. Introduction 

 

Sand is one of the most essential fine aggregates used in the construction industry, serving as a fundamental component of 

concrete, mortar, plaster, and masonry. Its grading quality directly affects the strength, durability, cohesion, and workability of 
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cement-based materials. Well-graded sand ensures proper particle packing, reduces voids, and enhances the overall 

performance of construction composites, while poorly graded sand can lead to segregation, excessive cement demand, and 

reduced structural integrity. As construction activity expands rapidly across developing regions, demand for uniformly graded 

sand has increased significantly. Despite this growing demand, sand processing practices in many low-income and developing 

countries remain largely traditional and manual, relying heavily on handheld wire-mesh sieves for size separation [1]-[3]. These 

methods are not only inefficient but also increasingly unsustainable in the face of rising construction volumes and stricter 

quality requirements. Manual sand sieving is a labor-intensive and time-consuming process that yields relatively low 

productivity, often less than 7 kg per minute per worker. This low throughput creates bottlenecks in construction workflows, 

delays project timelines, and increases labor costs. In addition to productivity concerns, prolonged engagement in manual 

sieving exposes workers to serious occupational health risks. Fine sand particles contain respirable crystalline silica, which 

becomes airborne during sieving operations and can be inhaled deeply into the lungs. Long-term exposure to silica dust has 

been strongly linked to silicosis, lung cancer, chronic obstructive pulmonary disease, and other respiratory illnesses [4].  

 

Furthermore, repetitive motions associated with sieving, such as shaking and handling, contribute to musculoskeletal disorders 

affecting the wrists, shoulders, and lower back, ultimately reducing workers’ long-term productivity and quality of life. The 

rapid expansion of housing developments, road construction, and infrastructure projects has further highlighted the limitations 

of manual sand sieving methods. As urbanization accelerates, construction sites increasingly require consistent and large 

quantities of graded sand within tight timeframes. Manual processes cannot reliably meet these demands, prompting interest in 

mechanized alternatives. Mechanized sand sieving machines have been proposed to improve throughput, consistency, and labor 

efficiency. Early machine designs commonly employed reciprocating or rotary mechanisms driven by electric motors. While 

these systems demonstrated higher output than manual methods, they often suffered from significant drawbacks, including 

excessive vibration transmission to the supporting frame, high energy consumption, noise generation, and limited adaptability 

to varying sand moisture levels and grain characteristics [5]. These issues reduced machine lifespan, increased maintenance 

requirements, and limited widespread adoption in small-scale construction settings. More recent studies have shown that 

vibratory sieving systems provide a more effective and energy-efficient approach to particle separation. Vibratory sieves use 

oscillatory motion to stratify and separate particles by size, allowing finer particles to pass through the mesh while coarser 

particles are retained.  

 

Systems employing eccentric masses combined with spring isolation have demonstrated improved separation efficiency, 

reduced structural stress, and enhanced operational stability [6]. The use of inclined sieve beds further improves material flow 

and prevents clogging, particularly when processing slightly moist sand. Despite these technical advantages, many locally 

fabricated vibratory sand sieving machines remain rudimentary. They often operate at fixed vibration speeds, lack adequate 

safety enclosures, and require operators to stand close to the vibrating unit during operation, thereby maintaining exposure to 

dust, noise, and mechanical hazards. In parallel with advances in mechanical design, recent developments in embedded systems 

and wireless communication technologies have opened new opportunities to improve the safety, adaptability, and usability of 

small-scale construction machinery. Low-cost microcontrollers such as the ESP32 have gained popularity for their integrated 

wireless communication, low power consumption, and ease of programming [2]. These devices support Bluetooth and Wi-Fi 

connectivity, enabling remote control, monitoring, and data acquisition without the need for expensive industrial-grade drives 

or controllers [7]. In construction equipment applications, wireless control systems enable operators to adjust machine 

parameters, such as speed or vibration intensity, from a safe distance, thereby reducing direct exposure to dust and mechanical 

risks. The ability to vary vibration speed is particularly important in sand sieving operations, as optimal vibration intensity 

depends on material properties, including grain size distribution, moisture content, and feed rate.  

 

Fixed-speed machines may perform well under specific conditions but become inefficient or prone to clogging when material 

characteristics change. Variable-speed control enables real-time optimization of sieving performance, improving separation 

efficiency while minimizing energy consumption and mechanical wear. Studies have shown that adaptive control of vibration 

parameters can significantly enhance throughput and reduce operational downtime, especially in environments where material 

quality is inconsistent [8]. Integrating such control mechanisms into low-cost, locally fabricated machines can greatly enhance 

their practicality and appeal to small and medium-scale construction enterprises. This study addresses these technical, 

economic, and occupational challenges by developing a low-cost vibratory sand-sieving machine equipped with wireless 

variable-speed control. The proposed system is designed with a strong emphasis on affordability, simplicity, and suitability for 

local fabrication using readily available materials [12]. The mechanical design incorporates an inclined double-mesh sieve 

supported by spring isolation to improve separation efficiency and reduce vibration transmission to the frame. The vibratory 

motion is generated by an eccentric-mass mechanism driven by an electric motor, providing consistent, controllable oscillations. 

To enhance operational safety and flexibility, an ESP32 microcontroller is integrated into the system to enable Bluetooth-based 

wireless control of motor speed. The implementation of wireless speed control allows operators to adjust vibration intensity 

remotely using a mobile device, eliminating the need to interact directly with the vibrating unit during operation.  This feature 

significantly reduces exposure to dust and mechanical hazards while enabling rapid adaptation to varying sand conditions. In 
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addition, the system’s low-cost electronic components make it accessible to small-scale contractors and artisans who may lack 

the financial resources to invest in industrial-grade machinery.  

 

The use of open-source development platforms further supports ease of maintenance, customization, and local capacity 

building. A comprehensive experimental evaluation is conducted to assess the performance of the developed machine in terms 

of sieving efficiency, throughput, power consumption, and operational stability. Performance metrics are compared with those 

of traditional manual sieving and conventional fixed-speed machines to demonstrate the advantages of the proposed design. 

Particular attention is given to evaluating how variable-speed control influences separation efficiency and energy usage under 

different operating conditions. The findings provide valuable insights into the feasibility of combining vibratory sieving 

technology with low-cost wireless control systems to address persistent challenges in sand processing. Overall, this work 

contributes to the development of safer, more efficient, and more adaptable sand sieving solutions for small- and medium-scale 

construction sites. By leveraging advances in mechanical design and embedded electronics, the proposed system bridges the 

gap between traditional manual methods and expensive industrial equipment. The outcomes highlight the potential of locally 

fabricated, technology-enhanced machinery to improve productivity, reduce health risks, and support sustainable construction 

practices in developing regions [8]. 

 

2. Literature Review 

 

2.1. Evolution of Sand Sieving Technologies 

 

The practice of sand sieving has evolved from rudimentary manual techniques to sophisticated mechanical systems driven by 

electric motors. Traditional manual sieving, though simple and inexpensive, is inherently limited by human endurance and 

inconsistent output quality [9]. The introduction of mechanized sieving in the early twentieth century marked a significant shift, 

with rotary and reciprocating sieves becoming common in industrial material processing. These systems improved throughput 

but often exhibited low efficiency when handling fine particles due to clogging and non-uniform motion [10]. The development 

of vibratory screening technology represented a major advancement in particulate separation. By employing unbalanced masses 

to induce controlled oscillatory motion, vibratory sieves enhance particle stratification and increase the probability of fine 

particles passing through mesh apertures. Studies in mineral processing and bulk solids handling have consistently shown that 

vibratory systems achieve higher separation efficiencies at lower specific energy consumption than rotary alternatives [11]-

[13]. In the construction sand industry, vibratory sieves have been adapted into portable and semi-portable configurations 

suitable for on-site use. In developing countries, research efforts have focused on reducing fabrication costs and adapting 

designs to locally available materials. Several prototypes reported in the literature demonstrate moderate success in improving 

productivity; however, many remain confined to laboratory-scale evaluation [14]-[16]. The absence of adaptive control and 

limited consideration of operator safety continue to constrain widespread adoption. 

 

2.2. Comparison of Manual, Rotary, and Vibratory Sieving Methods 

 

Manual sieving relies entirely on human effort to agitate sand over a mesh surface. While the method allows visual inspection 

and flexibility, Qi et al. [16] noted that it is highly inefficient and prone to inconsistency. Rotary sieving machines, which use 

cylindrical or conical drums, provide continuous operation and higher capacity, but their efficiency is often compromised by 

particle rolling rather than stratification [18]. Moreover, rotary systems typically require higher power input and larger 

footprints. Vibratory sieving machines operate on fundamentally different principles. The imposed oscillatory motion causes 

particles to stratify according to size and density, allowing finer particles to migrate downward and pass through the mesh [19]. 

Experimental comparisons reported in the literature consistently show that vibratory sieves outperform both manual and rotary 

systems in terms of efficiency and throughput for dry granular materials. Additionally, vibratory machines can be configured 

with multiple mesh layers, enabling simultaneous production of different sand grades. Despite these advantages, many vibratory 

sieves designed for local construction use operate at fixed speeds, limiting their adaptability to variations in sand moisture 

content and particle size distribution [17]; [20]. This limitation highlights the need for variable-speed operation to maximize 

performance under diverse site conditions. 

 

2.3. Principles of Vibratory Sieving and Machine Dynamics 

 

The performance of a vibratory sieve is governed by the dynamics of the vibrating system, including excitation force, frequency, 

amplitude, and inclination angle. Excitation is commonly generated by an eccentric mass rotating at an angular velocity, 

producing a centrifugal force proportional to the square of the angular velocity [21]. This force induces periodic motion of the 

sieve frame, facilitating particle stratification and transport. The sieve inclination plays a critical role in balancing residence 

time and throughput. Low inclination angles increase retention time and efficiency but reduce capacity, whereas excessive 

angles promote rapid discharge at the expense of separation quality. Reported optimal angles for sand sieving typically fall 

within the range of 15°–25° [22]; [24]. Spring isolation is employed to support the vibrating assembly and minimize 
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transmission of dynamic forces to the supporting frame. Zhang and Li [23] observed in their study th, to avoid resonance and 

excessive vibration, the operating frequency is maintained sufficiently above the spring–mass system's natural frequency. 

Understanding these principles is essential for designing machines that achieve high efficiency without compromising structural 

integrity or operator safety. 

 

2.4. Speed Control and Wireless Operation in Small Machines 

 

Speed control is a critical factor in vibratory sieving, as vibration intensity directly influences particle motion. Fixed-speed 

systems are inherently inefficient when processing materials with varying characteristics [25]; [26]. Mechanical speed variation 

methods, such as stepped pulleys, offer limited flexibility and require manual intervention. Electronic control approaches, such 

as variable-frequency drives, provide precise control but are often prohibitively expensive for small-scale applications. Recent 

advances in embedded systems have enabled low-cost electronic speed control using microcontrollers and pulse-width 

modulation techniques [27]. The ESP32 microcontroller, in particular, offers integrated Bluetooth communication, making it 

suitable for wireless control applications. Wireless operation allows operators to adjust machine parameters remotely, reducing 

exposure to dust and vibration. Although such technologies have been widely applied in automation and robotics, their adoption 

in small-scale construction machinery remains limited. 

 

3. Materials and Methods 

 

3.1. Description of Adopted Method 

 

The methodology adopted in this study encompassed mechanical design, material selection, fabrication, control system 

integration, and experimental evaluation. The machine frame was constructed from mild steel square tubing to provide adequate 

strength and rigidity while maintaining low cost and ease of fabrication. The sieve assembly consisted of a double-layer 

rectangular frame fitted with stainless steel wire meshes of 4 mm and 1–2 mm apertures, enabling coarse and fine separation. 

The sieve was inclined at 18° to facilitate gravity-assisted discharge of oversized particles. Vibration was generated using a 

centrally mounted 0.5 HP single-phase electric motor fitted with an eccentric mass. The eccentric mass, implemented by 

welding a ball bearing off-centre on the motor shaft, produced controlled circular motion of the sieve frame. Four helical 

compression springs supported the vibrating assembly, providing isolation and reducing transmission of dynamic loads to the 

main frame. Spring stiffness was selected to keep the system's natural frequency well below the operating frequency range. A 

wireless speed control system was developed using an ESP32 microcontroller, a relay module, and a potentiometer interfaced 

via Bluetooth. Motor speed was varied by adjusting the pulse-width modulation signal, enabling continuous control over a 

range of approximately 400–1,300 rpm. The control architecture enabled remote operation using a smartphone or laptop, 

enhancing operator safety. Performance testing was conducted using dry river sand under controlled conditions. Key 

performance metrics included sieving efficiency, throughput rate, and power consumption. For each test, a fixed mass of sand 

was fed onto the sieve, and the mass of material passing through the fine mesh was measured. Efficiency was calculated as the 

ratio of collected fine sand to the total fine fraction in the sample. Power consumption was monitored using a digital wattmeter. 

Tests were repeated across multiple speed settings to establish performance trends. 

 

3.2. Design Considerations and Specifications  
 

The design was guided by the need to handle 20–40 kg/min of dry river sand, with mesh sizes of 4 mm (coarse) and 1–2 mm 

(fine), while minimizing vibration transmission and operator exposure (Table 1).  

 

Table 1: Design specifications of the vibratory sand sieving machine 

 

Parameter Specification Justification/Source 

Overall Dimensions  

(L × W × H)  

900 mm × 600 mm × 800 mm  Compact for site portability  

 

Sieve Area  0.54 m² (900 mm × 600 mm)  Balances throughput and efficiency  

Mesh Layers/Sizes  2 layers (4 mm coarse, 1–2 mm fine)  Standard for construction sand grading  

Inclination Angle  18°  Optimal for debris discharge  

Motor Rating  0.5 HP, 220 V, 50 Hz, 1,400 rpm  Affordable and available locally  

Eccentric Mass  6205 ball bearing (0.15 kg, 25 mm offset)  Generates 50–100 N centrifugal force  

Spring Stiffness (each)  500 N/m  Isolates 80% vibration  

Speed Range  400–1,300 rpm  Variable via PWM for sand type adaptation  

Throughput  28–35 kg/min  5× manual rate  

Total Weight  45 kg  Portable by two workers  
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These specifications ensure the machine meets the project's aim of high efficiency (78–94%) while remaining practical for 

SMEs.  

 

3.3. Material Selection  
 

Material selection was based on strength, cost, availability in Nigeria, corrosion resistance (for dusty environments), and 

weldability. Mild steel was prioritized for the frame and structural components due to its high yield strength (250 MPa) and 

low cost (₦1,200– 1,500/kg), while stainless steel meshes were chosen for durability against abrasion (Insights Made-in-China, 

2024) (Table 2). Justification focused on balancing performance and economy.  

 

Table 2: Material selection and justification 

 

Component Material Properties/Justification 

Main Frame (Legs/Base)  Mild steel square tubing (50 × 50 × 

3 mm)  

Yield strength 250 MPa, weldable; resists bending under 

85 kg load  

Sieve Frame  Mild steel angle iron (40 mm × 40 

mm × 5 mm)  

High rigidity for mesh support, easy welding, withstands 

a 50 kg sand load  

Meshes  Stainless steel wire (SS304, 1.5 mm 

dia.)  

Abrasion-resistant, noncorrosive; aperture accuracy 

±0.05 mm  

Flat Bars (Transmission)  Mild steel (40 mm × 8 mm)  Tensile strength 400 MPa; transmits vibration without 

fatigue  

Springs (Suspension)  Helical compression (50 mm OD, 

120 mm length, 8 mm wire)  

Stiffness 500 N/m, isolates  

80% vibration; fatigue life  

>10^6 cycles  

Motor Casing/Collector  

Tray  

Mild steel sheet (2 mm thick)  Formable, dust-proof; galvanized for rust prevention  

Eccentric Mass  6205 ball bearing (welded)  0.15 kg mass, 25 mm eccentricity; generates required 

centrifugal force  

 

All materials were sourced from local markets to minimize costs and support the economy.  

 

3.4. Detailed Design Calculations 

 

3.4.1. Design Data and Assumptions 

 

 Gravitational Acceleration: g = 9.81 m/s
2
 

 Density of Dry River Sand: ρ = 1600 kg/m
3
 

 Maximum Sand Load on the Sieve at a Time: ms = 50 kg 

 Mass of Vibrating Assembly (sieve frame + mesh + fasteners): mf = 35 kg 

 Total Vibrating Mass: mt = ms +mf = 85 kg 

 Motor Rating: P = 0.5 HP = 375 W 

 Speed Range: 400 ≤ N ≤ 1300 rpm 

 Eccentric Mass: me = 0.15 kg 

 Eccentricity (Offset Distance): r = 0.025 m 

 Number of Suspension Springs: n = 4 
 

3.4.2. Sieve Area and Capacity Calculation 

 

 Sieve Dimensions: L = 0.9 m,W = 0.6 m 

 Sieve Area: A = L ×W = 0.9 × 0.6 = 0.54 m2 
 

This area is adequate for a throughput range of 25–35 kg/min, based on empirical vibratory screening guidelines for construction 

sand. 

 

3.4.3. Angular Velocity Calculation 

 

Angular velocity is given by: 
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ω =
2πN

60
                                                                   (1) 

 

3.4.4. Centrifugal Force Due to Eccentric Mass 

 

The centrifugal force generated by the eccentric mass is: 

 

Fc = me ω2 r            (2) 

 

3.4.5. Vibration Amplitude Estimation 

 

Amplitude is related to excitation force and system stiffness: 

 

A ∝
Fc

k
             (3) 

 

Recommended operating amplitude: 3–5 mm (efficient stratification without particle scattering) 

 

3.4.6. Spring Design and Natural Frequency 

 

 Each Spring Stiffness: ks = 500 N/m 

 Total Stiffness: k = n × ks = 4 × 500 = 2000 N/m 
 

Natural frequency of the vibrating system: 

 

fn =
1

2π
√

k

mt
                         (4) 

 

fn =
1

2π
√
2000
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fn = 10.6 Hz 

 
Operating frequency at 1000 rpm: 

 

fo =
1000

60
= 16.7 Hz 

 
fo > fn ⇒ No resonance (safe operation) 
 

3.4.7. Static Spring Deflection Check 

 

Total static load: 

 

W = mtg                         (5) 

 

W = 85 × 9.81 = 833.9 N 

 
Deflection per spring: 

 

δ =
W

k
             (6) 

 

δ =
833.9

2000
 

 
δ = 0.417 m = 41.7 mm 

 
This value is within the elastic working range of the selected springs. 
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3.4.8. Motor Power and Torque Requirement 

 

Motor torque: 

 

T =
P

ω
             (7) 

 

At 1000 rpm: 

 

T =
375

104.7
 

 
T = 3.58 Nm 

 
Required torque to drive eccentric mass: 

 

Tr = Fc × r = 41.4 × 0.025 

 
Tr = 1.04 Nm 

 
T > Tr ⇒ Motor is adequate 
 

3.4.9. Throughput Calculation 

 

Throughput: 

 

Q =
M

t
                                                                                              (8) 

 

At optimum speed (1100 rpm): 

 

M = 10 kg, t = 19 s 

 

Q =
10

19
× 60 

 
Q = 31.6 kg/min 
 

3.4.10. Sieving Efficiency Calculation 

 

η =
Mass of fine sand collected

Total fine sand
× 100           (9) 

 

At 1100 rpm: 

 

η = 94% 
 

Hence, the motor operates safely within its rated capacity. 

 

3.4.11. Inclination Angle Justification 

 

Selected angle: 

 

θ = 18∘ 
 

Reason: 

 

 Lower angles → high efficiency, low discharge 

 Higher angles → excessive material throw 
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According to Qi et al. [15], 18° provides the best balance between residence time and throughput. 

 

3.5. Fabrication and Assembly of the Sand Sieving Machine 

 

The construction process of the wireless speed control of an automatic vibratory sand sieving machine is shown in Figure 1. 

The fabricated sand sieving machine was constructed in strict adherence to the design specifications to ensure optimal 

performance. Its assembly involved precise component alignment, selection of appropriate materials, and integration of 

mechanical and operational features. This section presents the detailed fabricated functional machine. This is presented in 

Figure 2.  

 

 
 

Figure 1: Construction process 

 

 
 

Figure 2: Fabricated and assembled sand sieving machine

4. Results and Discussion 

 

Figure 3 shows that increasing motor speed raises angular velocity, centrifugal force, and vibration amplitude. Low speeds 

generate insufficient excitation for effective sieving, while moderate speeds (1,000–1,200 rpm) produce adequate vibration for 

efficient particle stratification and separation. At very high speeds, excessive centrifugal force causes particle scattering and 

higher mechanical stresses. Hence, an optimal operating range exists in which efficiency is maximized without compromising 

stability. 

 

 
 

Figure 3: Effect of motor speed on centrifugal force 

 

Also, Figure 4 shows that vibration amplitude increases progressively with motor speed due to the rise in centrifugal force 

generated by the rotating eccentric mass. At low speeds, the small amplitudes are insufficient to effectively agitate particles. 

Moderate speeds produce amplitudes that enhance stratification and sieving efficiency, while very high speeds result in 

excessive vibration, leading to particle scattering and increased mechanical stresses on the machine. 
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Figure 4: Effect of motor speed on vibration amplitude 

 

Figure 5 exhibits a linear relationship between motor speed and angular velocity, confirming the direct proportionality predicted 

by rotational kinematics. As motor speed increases, angular velocity rises uniformly, providing predictable control of vibration 

intensity. This linearity validates the use of speed regulation to accurately adjust the excitation force and overall performance 

of the sieving machine. 

 

 
 

Figure 5: Effect of motor speed on angular velocity 

 

Figure 6 indicates that power consumption increases steadily with motor speed due to higher inertial and vibratory forces. Even 

at the maximum speed of 1300 rpm, the measured power remains below the rated limit of 375 W, confirming efficient energy 

usage and safe operation of the sieving machine. 

 

 
 

Figure 6: Motor speed against power consumption 

87



 

Vol.1, No.2, 2025 

Figure 7 shows that sieving efficiency increases steadily with motor speed as vibration intensity increases, improving particle 

agitation and stratification. Maximum efficiency is achieved around 1100 rpm, beyond which it declines due to excessive 

vibration, which causes particle overthrow, reduced residence time on the sieve surface, and less effective separation. 

 

 
 

Figure 7: Sieving efficiency against speed 

 

Similarly, Figure 8 shows that sieving efficiency increases with increasing power consumption up to approximately 330 W, at 

which optimal separation occurs. Further increases in power do not improve efficiency; instead, they cause a decline, indicating 

diminishing returns and energy losses associated with excessive vibration and material scattering. 

 

 
 

Figure 8: Sieving efficiency power consumption 

 

5. Conclusion 

 

This study has presented the successful development of an automatic vibratory sand sieving machine equipped with wireless 

variable-speed control. The integration of an inclined double-layer sieve, eccentric-mass vibration, spring isolation, and 

Bluetooth-enabled control resulted in a compact and efficient system tailored to the needs of small- and medium-scale 

construction sites. Experimental evaluation demonstrated that the machine achieves optimal performance at approximately 

1,100 rpm, delivering sieving efficiencies of up to 94% and throughput rates exceeding 30 kg/min, which represent more than 

a fivefold improvement over manual methods. The wireless speed control feature represents a significant advancement over 

existing locally fabricated machines, enabling safe remote operation and real-time performance optimization. By reducing 

operator exposure to dust and vibration, the system improves occupational health outcomes. The use of locally sourced materials 

and low-cost electronic components ensures affordability and ease of maintenance, supporting scalability and widespread 

adoption. The results in this study confirm that the proposed design offers a practical, cost-effective, and safer alternative to 

manual sand sieving. Future work should focus on extending the control system to incorporate data logging and predictive 

maintenance, and on evaluating performance with moist or clay-contaminated sand. The findings of this study provide a strong 
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foundation for further development and commercialization of intelligent construction equipment in resource-constrained 

environments. 
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