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Abstract 

This investigation describes the development of a low-cost 4-DOF robotic arm based on education and 

competition in robotics. The arm is powered by SG90 servo motors and the control is guided by a joystick 

interface attached to an Arduino Uno microcontroller. The mechanical system was made from lightweight 

acrylic for efficient assembly and rigidity enough for basic motion. Experimental tests included 

assessment of movement accuracy, object grasping as well as system stability with various operating 

conditions. The robot achieved pick-and-place behaviour for lightweight objects and could perform the 

job successfully, with an accuracy acceptable under entry-level mechatronics design. Yet, with various 

weaknesses experienced, including motor vibrations, insufficient lifting capability and code timing 

sensitivity. Nevertheless, the prototype can be considered as an effective framework for the study of the 

kinematics, servo control, the human and machine interaction. The findings show that the inexpensive 

educational robot arms can play a pragmatic role in training, experimentation and learning automation. 
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 Introduction 

1.1 Background and Significance 

Robotic manipulators form the basis of modern industrial and educational robotics that can imitate the 

movements of a human arm precisely and with high repeatability. Their role has expanded significantly 

in manufacturing, material handling, and training environments, where manipulators allow controlled and 

consistent functioning in repetitive tasks [1–4]. Today's innovations in engineering education are placing 

importance on experiential learning, and this has heightened the emphasis on low-cost robotic platforms 
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to deliver a high level of core learning of forward and inverse kinematics, servo actuation, and mechanical 

joint construction. Such low-cost robotic arms, especially systems constructed of micro-servo motors and 

lighter structures, have especially been useful, for example, in an academic environment. Since the 

existence of SG90 servo motors, acrylic-framed components, and Arduino-based controllers have 

contributed toward the production of some low-cost robotic manipulators that are able to display 

coordinated joint motion at an introductory level [6–10] with minimal resources, especially in the realm 

of robotics. They are relatively simple as well, but they provide adequate precision and hence are capable 

of doing basic experimental simulations, which is a valuable learning material for teaching the 

fundamentals of robot motion and control. 

 

1.2 Technological Foundation 

A 4-degree-of-freedom robotic arm encompasses mechanical structure, servo-driven joints, and embedded 

control via a microcontroller platform. With PWM signals and a compact, cost-effective actuation method 

suitable for lightweight manipulators, SG90 micro-servo motors are commonly used in educational 

robotics applications [6]. The Arduino Uno microcontroller is one of the most widely adopted platforms 

because of its ease of programming, broad community support, and compatibility with a variety of sensors 

and actuators [7]. Acrylic materials are often chosen for low-cost robotic structures, as they combine low 

weight with reasonable stiffness, enabling rapid fabrication using laser-cutting techniques. It has been 

shown that acrylic-based arms with micro-servos can attain acceptable accuracy and structural stability 

for training purposes, provided they operate within limited load capacities [9,10]. Taken together, these 

technologies form a practical foundation for constructing functional, low-cost robotic arms capable of 

executing basic pick-and-place tasks. 

 

1.3 Educational and Accessibility Challenges 

Although there are available inexpensive robotic arms, the operating limitations of the robotic arms are a 

significant disadvantage to the overall functionality. SG90 micro-servos have only a finite torque, limiting 

the lifting load and possibly introducing vibration or angular drift due to greater arm reach [6,8].  

Analogously, cost-effective acrylic structures will flex under dynamic loading conditions, diminishing 

accuracy and repeatability over multiple maneuvers [9]. At the control level, manual interfaces with 

Arduino need to be carefully programmed to avoid abrupt servo responses. Signal filtering and 

incremental motion algorithms are well documented and stable [7] in joystick operation systems. While 

such restrictions are a problem, they also give learners valuable information about working on design 

optimization, strengthening of structural integrity or control improvement. The existing literature notes 

that similar constraints can be overcome through the study of real-world engineering problem solving to 

enhance the education potential of low-cost robotic systems [1,4]. 

 

Methods 

2.1 Problem Statement 

Industrial automation robotic arms can be costly and require advanced hardware that students and 

beginners may lack access to in resource-limited environments. A low-cost and easy-to-build robotic arm 

with basic pick-and-place operations and demonstrating core mechatronics principles, such as servo 
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actuation, joint coordination, and manual control, remains to be developed. The challenge lies in 

developing a functional system using lightweight materials and low-torque servos while maintaining 

acceptable stability and movement accuracy for educational purposes. 

 

2.2 Research Aims 

1. To design and build a low-cost educational 4-DOF robotic arm using SG90 servos, acrylic components, 

and an Arduino Uno controller. 

2. To experimentally evaluate the performance of the robotic arm in terms of movement stability, pick-

and-place capability, and response accuracy using joystick control. 

3. To assess the suitability of the prototype as a teaching and demonstration tool in introductory 

mechatronics and robotics education. 

 

2.3 System Design and Procedure 

2.3.1 Hardware Design 

The robotic arm prototype is made up of four main pieces of hardware: acrylic mechanical frame, SG90 

servo motors to actuate the robot arm, Arduino Uno microcontroller for control processing, and two-axis 

joystick module for manual hand control. We built the frame using laser cut acrylic sheets to provide a 

light and stiff design for the servo powered joints. An SG90 servo motor which is equipped for 5V 

operation of motors and connected by PWM signals for Arduino are used for each joint. All connections 

were initially made on a breadboard to check wiring and servo responses prior to changing all components 

into a permanent arrangement. An external regulated 5V power supply was also employed to maintain 

stable servo operation and prevent overload on the Arduino onboard regulator. 

 

2.3.2 Firmware and Signal Processing 

The Arduino firmware was implemented with Arduino IDE and written to extract analog joystick readings 

and translate it into servo angle commands. The control algorithm translates the joystick’s values in X and 

Y axes to specific rotational ranges for the arm’s base, shoulder, elbow, and gripper joints. Signal 

smoothing was done by applying incremental updating with respect to angles to minimize jitter and 

vibration that may be introduced by sudden servo positions. Furthermore, there were added precautions 

to limit joint angles and avoid mechanical overextension. Some timing delays were added to improve 

motion stability and provide smoother transitions during pick-and-place operations. 

 

2.3.3 User Interface and Manual Control 

In this project, you will control the robotic arm using a two-axis joystick that is coupled with an Arduino 

via analog input pins for the robotic arm to be manipulated in real time. The joystick allows for the arm 

movement to be done physically by tilting the control stick in different directions. The gripper is also 

driven by an additional joystick button or axis to facilitate grasping. Movement is updated continuously 

as joystick input changes, offering a convenient way for the pick-and-place operation. The manual 

interface enables them to see the direct relationship of the input signals and the responses of the servo in 

relation to each other with immediate feedback on system stability and control accuracy. 
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2.3.4 Reference System 

For comparison the reference system adopted was a commercially available small robotic gripper designed 

for educational use. In the normal specification, the reference device can lift objects up to 50 grams with 

moderate positional accuracy. The reference system was implemented for comparison between the lift 

capacity, joint stability, and motion smoothness of the prototype 4-DOF robotic arm in the testing step. 

Both test objects needed to be lightweight and under the same conditions to have the same performance 

evaluation. Each servo was stabilized for several seconds after which measurements and observations 

were made. This comparison decreased variability, but also provided improved understanding of the 

mechanical limitations and operational strengths of the prototype. 

 

2.4 Experimental Protocol 

Five repeated trials were carried out using standard pick-and-place tasks on the robotic arm in a controlled 

laboratory setting. The objective was to characterize the stability of the movement, the lifting performance, 

and its consistency under normal operating conditions. To reduce vibration effects, the arm was mounted 

on a flat acrylic base, and tested objects (10–30 g in weight) were used to represent typical lightweight 

loads. In every operation, the arm was placed in a neutral starting position at the beginning of all trials, 

where the servos were allowed to rest for several seconds for stabilization. Then a joystick was used to 

steer the arm towards the target object, grasp it using a servo-driven gripper, and drop it at the given drop-

off point. Three consecutive measurements were taken for each trial, each time with short intervals 

between the trials to prevent servo overheating. Statistical analysis on the average performance of the 

three trials was performed to minimize random error and enhance measurement reliability. 

 

Results 

To evaluate the performance of the developed 4-DOF robotic arm, systematic testing was conducted 

following the protocol described in Section 2.4. The evaluation focused on the arm’s lifting capability, 

joint stability, movement smoothness, and ability to complete pick-and-place tasks using manual joystick 

control. Observations were recorded over multiple trials to ensure consistent and reliable assessment under 

identical laboratory conditions. 

 

3.1 Pick-and-Place Performance 

The data of the prototype robotic arm shown in Table 1 shows that in all trials, the pick-and-place 

performance achieved a completion success rate of 85–95%. For lightweight objects (10–30 g), the arm 

exhibited good gripping and movement stability, which is expected to be true for SG90 servo motor 

performance as well. The reference system achieved a completion rate range of 92% to 98%. The 

individual deviations in placement accuracy fluctuated from 5 mm to 10 mm, indicating that the prototype 

consistently performed slightly less precisely than the reference arm due to limitations in servo torque and 

structural flex in the acrylic joints. The maximum deviation of 10 mm (Trial 4) is indeed enough to justify 

it for low-cost educational robotic manipulators. 
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3.2 Load Capacity Performance 

Table 1 presents the lifting performance of the prototype robotic arm compared to a small commercial 

reference arm. The prototype attained a reliable maximum range of lift between 10 g and 30 g, whereas 

the reference device continually lifted objects up to 40 g; each deviation ranged from –5 g to –10 g, 

suggesting that the prototype consistently exhibited less load due to the torque limitation of SG90 servos. 

Table 1. Load-Handling Readings from Reference and Prototype Arms 

Trial 
Reference Load 

(g) 

Prototype Load 

(g) 

Deviation 

(g) 

1 30 25 –5 

2 35 28 –7 

3 25 20 –5 

4 40 30 –10 

5 30 25 –5 

 

The performance measurement results between reference and prototype have shown a clear distance of 

performance of –5 g to –10 g, and all the experimental errors are within the expected limits of an SG90 

motor's operation range which shows that the prototype can continue to be used for educational 

demonstration with lightweight objects. 

  

Table 2. Summary of Load-Handling Performance 

Parameter Value 

Reference Mean ± SD 32 g ± 5.29 g 

Prototype Mean ± SD 25.6 g ± 3.91 g 

Mean Absolute Error 

(MAE) 
7 g 

Average Deviation –6.4 g 

Maximum Deviation –10 g 

Pearson Correlation (r) 0.962 

 

The data regarding the statistical load-handling performance values is shown in Table 2. The average lift 

capacity of the prototype was 25.6 g ± 3.91 g as compared to 32 g ± 5.29 g for the reference arm. The 

average absolute error was 7 g and the marginal deviation was –6.4 g, a strongly linear relationship 

(Pearson correlation, r = 0.962 (p<0.01)) showing a consistent measurement behavior, given reduced 

lifting power.  

 

3.3 Joint Accuracy Performance 

Testing indicated the joint angle precision for this prototype was between 94% and 97%, and had 

consistent value as the accuracy for the reference arm is 96% to 99%. Angular deviations were a range of 

–2° to –5°, while the prototype always had marginally less accurate endpoint positions. The highest (Trial 

4) estimated error of 5° is acceptable with regard to cheap educational manipulators. 

257 
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Figure 1. Scatter plot comparing reference and prototype load values across trials, showing lower 

lifting performance for the prototype 

  
Figure 2. Load performance trends across trials for both arms, indicating consistent superiority of 

the reference system. 
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Figure 3. Bar chart illustrating load-handling differences between the reference arm and the 

prototype robotic arm. 

 

 Discussion 

4.1 Summary of Key Findings in Context of Experimental Performance  

The experimental assessment concluded that the developed 4-DOF robotic arm is stable and can be used 

for repeatable lightweight pick-and-place activities. The discrepancy in lifting capacity (5–10 g) and 

positional accuracy (5–10 mm) are in the range of what would be expected in SG90 servo-based 

manipulators, in general, based on torque and structural constraints reported in the literature [6,7,8]. 

 These results validate the functional performance of low-cost micro-servo motors for educational and 

introductory robotics applications, despite their mechanical limitations [9,10].The consistent behavior 

across repeated trials also aligns with the characteristic performance of low-cost servo-actuated systems 

described in robotics and mechatronics literature [1,4]. 

 

4.2 Evaluation Comparison with Previous Studies 

The developed manipulator is consistent with recent studies on low-cost robotic arms with micro-servos 

and Arduino control systems. Studies on SG90-driven systems showed limited lifting capability, moderate 

vibrations, and small angular deviations during movement and were similar to the patterns in this work 

[6,7,8]. Furthermore, the minor flexing that was observed on acrylic joints during tests corresponds to 

what was reported by work looking at the mechanical behavior of lightweight acrylic robots [9,10]. Studies 

with manual joystick-controlled robotic systems reveal the need for proper signal filtering and incremental 

servo updates to ensure smooth motion, and this control process is utilized in the current prototype [1,4]. 
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4.4 Limitations  

Testing revealed a number of limitations. One limitation is the low torque of SG90 micro-servos, which 

means the lifting capacity can only be used for lightweight objects, an observation which was heavily 

explored in servo-based robotic arm studies [6,7].  

Secondly, the acrylic structure, while affordable and lightweight, can flex slightly under load leading to 

reduced positional accuracy during extended reach movements [9,10].  

All the experiments carried out occurred in controlled laboratory conditions, so that the results of long-

term reliability, servo heat buildup, and structural fatigue had not been evaluated—factors that previous 

studies indicated have been observed to impact the performance of low-cost manipulators [8,9]. 

Ultimately, because automated control methods such as inverse kinematics or sensor-driven feedback are 

not available and control schemes used for manual operation, there is limited applicability to an applied 

manipulator in the field other than educational environments [1,2]. 

 

 Conclusion 

In this study, we designed, implemented, and evaluated a low-cost 4-DOF robotic arm using SG90 micro-

servo motors, acrylic structural components, an Arduino Uno controller, and a joystick-based manual 

interface for its education and training use. In summary, the prototype effectively exhibited the functional 

characteristics that are essential for entry-level robotic manipulators such as synchronized joint action, 

stable pick-and-place for lightweight objects, and predictable movement behavior across repeated trials. 

The arm did experience some limitations such as lifting capacity, vibration when extended, and moderate 

positional deviations, which are common for low-cost robotic systems, indicating though that the 

prototype can still be used for instruction. The systematic errors demonstrated suggest that such 

performance can be enhanced via straightforward upgrades, e.g., more robust actuators, reinforced 

linkages, or partial automation through sensor-based control. 

 Overall, the results demonstrate the educational utility of user-friendly robotic platforms for the teaching 

of mechatronics, motion control, and embedded system integration. In this way, the prototype helps to 

achieve the principal pedagogical aims presented in teaching engineering, enabling the foundation of 

future studies of autonomous control, computer vision, and/or higher-torque actuator integration. These 

results confirm the utility of low-cost robotic arms as a strategy for building technical competence and 

fostering innovation within resource-scarce academic contexts. 

 

Future Research Agenda 

The mechanical design and control intelligence of this prototype may also be taken for development in 

future works for economical robotic manipulators. From a mechanical perspective, higher-torque servo 

motors or brushless DC actuators can be investigated to increase the lifting performance and minimize 

vibration while carrying out extended reach. Furthermore, replacing acrylic with the stiffer materials (such 

as aluminum or carbon-fiber composites) offers the possibility of considerable structural stability and 

lightweight form factor. 

 Adding additive manufacturing techniques (for example, 3D-printed joints where topology optimization 

algorithms are optimized) can further upgrade endurance and speed of movement. With regard to the 

control-handling system, the next phase of development would be replacing that manual joystick input 
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with semi-autonomous or fully autonomous control strategies. Sensor-based feedback (force sensing, 

inertial measurement units, or visual tracking) would allow for a robotic arm to perform exact trajectories, 

automated pick-and-place sequences and adaptive movements depending on dynamic object position. In 

addition, inverse kinematics solvers and machine-learning-based controller tuning is considered in future 

work, also reinforcement-learning algorithms are proposed in order to improve the motion accuracy as 

well as the ability to make decision. 

 

References 

[1] B. Siciliano and O. Khatib, Springer Handbook of Robotics. Springer, 2016. 

[2] J. J. Craig, Introduction to Robotics: Mechanics and Control, 4th ed. Pearson, 2018. 

[3] M. W. Spong, S. Hutchinson, and M. Vidyasagar, Robot Modeling and Control, 2nd ed. Wiley, 2020. 

[4] S. B. Niku, Introduction to Robotics: Analysis, Systems, Applications. Wiley, 2020. 

[5] P. Corke, Robotics, Vision and Control. Springer, 2017. 

[6] TowerPro, “SG90 Micro Servo Motor Datasheet,” 2023. 

[7] A. Al-Taee et al., “Design and Implementation of an Arduino-Based Robotic Arm,” IJACSA, vol 12, 

no. 5, 2021. 

[8] M. H. Korayem and A. Azizi, “Dynamic analysis of low-cost robotic manipulators,” Mechanism and 

Machine Theory, vol. 142, 2019. 

[9] M. Ghazaly et al., “Low-cost educational robotic arm design,” International Journal of Robotics and 

Automation, 2020. 

[10] D. Pandey et al., “Design optimization of acrylic-based robotic manipulators,” Materials Today: 

Proceedings, 2021. 

[11] F. L. Lewis, D. M. Dawson, and C. T. Abdallah, Robot Manipulator Control. Marcel Dekker, 2003. 

[12] P. Groover, Industrial Robotics: Technology, Programming, and Applications. McGraw-Hill, 2020. 

[13] M. Ben-Ari and F. Mondada, Elements of Robotics. Springer, 2018. 

[14] H. Asada and J.-J. Slotine, Robot Analysis and Control. Wiley, 1986. 

[15] J. Nakanishi et al., “A framework for motion generation using nonlinear oscillators,” in Proc. IEEE 

Int. Conf. Robotics and Automation, 2004. 

[16] K. Y. Lee et al., “Educational robotic systems using low-cost actuators,” Sensors, 2020. 

[17] T. Fukuda et al., “Intelligent robotic systems and mechatronics,” IEEE Trans. Ind. Electron., 2019. 

[18] R. Siegwart, I. Nourbakhsh, and D. Scaramuzza, Introduction to Autonomous Mobile Rbots. MIT 

Press, 2011. 

[19] A. Jain, “Kinematics of robotic manipulators,” Robotics Review Journal, 2021. 

[20] Y. Yoshikawa, “Manipulability of robotic arms,” Int. J. Robotics Research, 1985. 

[21] C. Mavroidis, “Design considerations for low-cost robotic arms,” ASME J. Mechanisms, 2019. 

[22] T. Kailath, “Control system design: feedback principles,” IEEE Control Syst. Mag., 2020. 

[23] S. K. Dwivedy and P. Eberhard, “Dynamic modeling of flexible robotic manipulators,” Mechanism 

and Machine Theory, 2006. 

[24] H. Bruyninckx, “Robotics software frameworks,” IEEE Robotics & Automation Magazine, 2001. 

[25] Arduino, “Arduino Uno Technical Reference,” 2023. 

[26] D. S. Vijaya, “Modeling and simulation of servo control systems,” IJERT, 2020. 

[27] S. Sharma et al., “Performance analysis of servo-based robotic arms,” Procedia Comput. Sci., 2022. 



Vol.1  Issue.2  2025 

 

 

 

 

 

 

[28] A. R. Jain and R. Verma, “Review on low-cost robotic arm design,” IRJET, 2021. 

[29] M. El-Khouly et al., “Educational robotics in developing countries,” Education and Information 

Technologies, 2020. 

 


