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Abstract. Wind speed measurement plays a critical role in meteorology, 
environmental monitoring, aviation systems, and renewable wind energy 
applications. Conventional cup anemometers are widely used because of 
their simplicity and reliability. This study presents a low-cost modular cup 
anemometer system based on an Arduino Uno integrated with a 

Photointerrupter H92B4 for real-time wind speed measurement. The work 
focuses on the development of a detachable rotor mechanism that enables 
interchangeable testing of multiple rotor geometries, including variations in 
arm number (three-arm and four-arm configurations) and cup shape 
(hemispherical and conical designs). Experimental evaluation was 
conducted under controlled laboratory conditions using a blower and wind 
tunnel system to ensure stable airflow. The developed instrument was 
characterized through rotational calibration, wind speed validation, relative 

error analysis, and sensitivity evaluation against a reference anemometer. 
Experimental results showed that the three-arm conical rotor achieved the 
best overall performance with the lowest relative error of 0.47%, while the 
four-arm hemispherical rotor produced the highest error of 1.27%. The 
three-arm hemispherical rotor exhibited the highest sensitivity value of 
0.6359, followed by the four-arm conical rotor (0.5047), three-arm conical 
rotor (0.4841), and four-arm hemispherical rotor (0.4740). These results 
indicate that rotor geometry affects the measurement characteristics of the 

cup anemometer. The modular design also provides flexibility for evaluating 
different rotor configurations and demonstrates its applicability as a low-
cost wind sensing system for portable atmospheric monitoring and small-
scale engineering applications.  
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1 Introduction 

The transition toward sustainable development and low-carbon energy systems has 

significantly increased global interest in accurate environmental monitoring technologies. 

Among various environmental parameters, wind speed is one of the most important variables 

in meteorology, climate analysis, aviation safety, marine operations, environmental 

assessment, and renewable energy harvesting [1]. In particular, the rapid growth of wind 

energy technology has intensified the demand for reliable wind measurement systems 

capable of providing accurate, stable, and continuous data under diverse atmospheric 
conditions. The availability of precise wind speed information is essential not only for 

optimizing energy conversion efficiency, but also for supporting climate resilience strategies 

and sustainable infrastructure development. In this context, the advancement of affordable 

and efficient wind monitoring instrumentation directly contributes to the achievement of the 

Sustainable Development Goals (SDGs), especially SDG 7 (Affordable and Clean Energy), 

SDG 9 (Industry, Innovation, and Infrastructure), and SDG 13 (Climate Action) [2]. 

 Wind is fundamentally generated by atmospheric pressure differences caused by unequal 

solar heating across the Earth’s surface. The resulting airflow characteristics are influenced 
by multiple environmental factors, including topography, altitude, thermal gradients, and 

atmospheric circulation patterns. Because wind behavior is highly dynamic and fluctuates 

continuously in both magnitude and direction, accurate measurement systems are 

indispensable for obtaining reliable environmental data. Over the past decades, numerous 

wind speed measurement technologies have been developed, including ultrasonic, thermal, 

and mechanical anemometers. Ultrasonic anemometers provide high precision and rapid 

response characteristics; however, their complex hardware configuration, high power 

consumption, and elevated manufacturing costs limit their accessibility for widespread low-
cost applications. Thermal anemometers offer excellent sensitivity for low-speed airflow 

measurements but are strongly influenced by ambient temperature variations and exhibit 

limited robustness under outdoor operational conditions [3].  

 Among the existing technologies, mechanical cup anemometers remain the most widely 

utilized instruments for practical wind speed measurement applications. Their popularity is 

primarily attributed to their relatively simple construction, low manufacturing cost, ease of 

maintenance, and reliable operation under various environmental conditions. In wind energy 

systems, cup anemometers are extensively employed because they exhibit a relatively linear 
response within operational wind speed ranges and maintain stable performance even under 

moderately extreme weather conditions. The operational principle of cup anemometers is 

based on the conversion of aerodynamic drag forces into rotational motion, where the 

rotational speed of the rotor is proportional to wind velocity. Consequently, the aerodynamic 

behavior of the rotor becomes a critical factor determining the sensitivity, stability, and 

overall accuracy of the instrument  [4-6]. 

 Recent developments in embedded systems and open-source electronics have accelerated 

the integration of microcontroller-based technologies into environmental instrumentation. 
Arduino Uno microcontrollers have emerged as attractive platforms for developing low-cost 

measurement systems due to their flexibility, ease of programming, compact architecture, 

and compatibility with a wide range of sensors and data acquisition modules. The integration 

of microcontroller systems with optical sensing technologies enables the development of 

portable and energy-efficient wind monitoring devices suitable for educational, laboratory, 

and field-scale applications [7]. Furthermore, open-source instrumentation provides 

opportunities for developing countries and educational institutions to produce affordable 

scientific devices independently, thereby strengthening technological inclusivity and 
sustainable innovation ecosystems. 
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 Despite the widespread utilization of cup anemometers, the measurement performance 

of these devices is still strongly influenced by several aerodynamic and mechanical 

parameters. Previous studies have indicated that anemometer performance is affected by 

rotor inertia, aerodynamic drag characteristics, flow turbulence, environmental conditions, 

and rotor geometry [8]. Among these parameters, rotor geometry represents one of the most 

critical yet insufficiently explored factors. The number of rotor arms and the geometric 

configuration of the cup directly influence the aerodynamic torque generated by airflow 

interaction. Variations in cup geometry may alter drag coefficients, rotational stability, 
startup behavior, and sensitivity to low-speed wind conditions [9]. Similarly, differences in 

the number of rotor arms affect rotational inertia and angular momentum distribution, thereby 

influencing the dynamic response of the anemometer system [10]. 

 From an aerodynamic perspective, hemispherical cups are generally characterized by 

larger drag differences between advancing and returning surfaces, which may improve 

rotational response under certain conditions. Conversely, conical cup geometries potentially 

reduce airflow separation and rotational instability, leading to different sensitivity and 

accuracy characteristics. Likewise, three-arm rotor configurations are commonly associated 
with lower rotational inertia and faster response times, whereas four-arm configurations may 

provide improved rotational balance and mechanical stability. However, the combined 

influence of rotor arm number and cup geometry on the performance of microcontroller-

based cup anemometers remains insufficiently investigated, particularly in low-cost 

instrumentation systems intended for sustainable environmental monitoring applications 

[11,12]. 

 Therefore, this study aims to develop and experimentally investigate an Arduino Uno-

based cup anemometer with variations in rotor arm number and cup geometry. The proposed 
system employs an H92B4 photointerrupter sensor integrated with an Arduino Uno 

microcontroller and a 16×2 LCD display to perform real-time wind speed measurements. The 

rotor configurations were designed using three-arm and four-arm structures combined with 

hemispherical and conical cup geometries. Experimental characterization was conducted in 

a controlled laboratory environment using a blower and wind tunnel system to ensure stable 

airflow conditions during calibration and performance evaluation.  

 This research is expected to provide a comprehensive understanding of the influence of 

rotor geometry on the sensitivity, accuracy, and performance stability of cup anemometers. 
The findings may contribute to the optimization of low-cost wind speed instrumentation 

systems for renewable energy assessment, environmental monitoring, and educational 

applications. In a broader context, the development of accurate and accessible environmental 

sensing technologies represents an important step toward strengthening sustainable 

technological innovation and supporting global efforts toward clean energy transition and 

climate resilience. 

2 Method  

This study employed an experimental method to investigate the influence of rotor arm 

number and cup geometry on the performance of an Arduino Uno-based cup anemometer. 

Four rotor configurations were examined, namely three-arm hemispherical cups, four-arm 

hemispherical cups, three-arm conical cups, and four-arm conical cups. The research stages 

included prototype fabrication, electronic integration, calibration, and performance testing 

under controlled airflow conditions. The developed system integrated mechanical, sensing, 

and electronic subsystems into a compact and portable instrument. An Arduino Uno 

microcontroller based on the ATmega328P architecture was used as the main processing unit 
due to its flexibility, low power consumption, and ease of programming. Wind speed 

detection employed an H92B4 photointerrupter sensor combined with a slotted disk mounted 
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on the rotor shaft. During rotor rotation, the slotted disk periodically interrupted the infrared 

beam of the sensor, generating digital pulse signals proportional to rotor speed. These signals 

were processed by the microcontroller to determine wind velocity values, which were 

displayed in real time using a 16×2 LCD module. 

 Rotor geometry was varied based on two parameters: rotor arm number and cup shape. 

The configurations included three-arm and four-arm rotors combined with hemispherical and 

conical cup geometries. The hemispherical cups represented conventional anemometer 

designs, while the conical cups were developed to evaluate the influence of alternative 
aerodynamic characteristics on rotor performance. All rotor components were designed in 

detachable and interchangeable forms to ensure measurement consistency and repeatability. 

 

 

Fig. 1. Flowchat of the experiment. 

The operational principle of the developed anemometer was based on the conversion of 

aerodynamic drag into rotational motion of the cup rotor. The rotational motion was detected 
by the photointerrupter sensor and converted into digital pulse signals corresponding to rotor 

frequency. Optical sensing technology enabled stable signal detection with minimal 

mechanical contact, thereby reducing disturbances caused by friction and mechanical wear. 

Experimental characterization was conducted in a controlled laboratory environment using a 

blower and wind tunnel system. The blower served as the adjustable airflow source, while 

the wind tunnel provided stable and directed airflow conditions. Each rotor configuration was 

tested under various airflow conditions generated by varying the blower speed. During 

testing, the rotational response was continuously monitored through the photointerrupter 
sensor and processed by the Arduino-based system. Simultaneously, a tachometer and a 

standard reference anemometer were used to validate the rotational speed and wind velocity 

measurements. 
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 The characterization process consisted of rotational speed and wind speed evaluations. 

Rotational measurements obtained from the developed system were compared with reference 

tachometer data, while wind speed measurements were compared with those from a standard 

anemometer under identical airflow conditions. Performance evaluation included sensitivity, 

measurement accuracy, response stability, and relative error analysis. Linear regression 

analysis was also performed to determine the correlation between sensor output and reference 

measurements, while sensitivity was determined from the slope of the calibration curve. 

Finally, the experimental results from all rotor configurations were comparatively analyzed 
to determine the influence of rotor arm number and cup geometry on overall anemometer 

performance. The analysis focused on identifying the configuration with the best sensitivity, 

lowest relative error, and highest operational stability under controlled airflow conditions. 

The findings are expected to contribute to the development of accurate, portable, and low-

cost wind speed monitoring systems for renewable energy, environmental monitoring, and 

educational applications.  

3 Results and Discussion 

An Arduino Uno-based cup anemometer was successfully designed, fabricated, and 

experimentally characterized in this study. The developed prototype integrated mechanical, 

sensing, and electronic subsystems into a compact wind speed measurement instrument 

capable of performing real-time monitoring under controlled laboratory conditions. The 

system consisted of a rotor assembly, an H92B4 photointerrupter sensor, a slotted disk 

encoder, an Arduino Uno microcontroller, and a 16×2 Liquid Crystal Display (LCD) module 

for direct visualization of the measured wind speed values.  

 

Fig. 2. Developed Arduino Uno-based cup anemometer system: (a) block diagram of the 
measurement system, (b) rotor geometry variations consisting of hemispherical and conical cups with 

three-arm and four-arm configurations, (c) photointerrupter sensor and slotted disk assembly, and (d) 
fabricated prototype with real-time LCD display. 

The mechanical subsystem was specifically designed to investigate the influence of rotor 

geometry on anemometer performance. Four interchangeable rotor configurations were 
fabricated, consisting of three-arm hemispherical cups, four-arm hemispherical cups, three-
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arm conical cups, and four-arm conical cups. The interchangeable rotor design enabled direct 

comparison among all geometric configurations under identical experimental conditions. 

This approach minimized external variability and allowed a more comprehensive evaluation 

of the aerodynamic influence of rotor arm number and cup geometry on the dynamic response 

of the anemometer system. 

The electronic subsystem demonstrated stable operational performance throughout the 

experimental process. The photointerrupter sensor successfully converted rotor rotational 

motion into digital pulse signals, which were subsequently processed by the Arduino Uno 
microcontroller to determine rotational speed and wind velocity values. The measured data 

were displayed continuously through the LCD interface without significant signal 

interruption or instability. The developed system also exhibited good responsiveness under 

varying airflow conditions generated during wind tunnel testing. These observations indicate 

that the integration of optical sensing technology with a microcontroller-based processing 

system provides an effective solution for low-cost environmental monitoring 

instrumentation. 

From an engineering perspective, the prototype demonstrated several advantages, 
including portability, modularity, ease of calibration, and low energy consumption. These 

characteristics are important for the development of affordable environmental sensing 

technologies, particularly for renewable energy monitoring systems and educational 

laboratory applications. Furthermore, the use of open-source hardware architecture provides 

flexibility for future system expansion and integration with wireless communication or 

Internet of Things (IoT)-based monitoring platforms.  

3.1 Rotational Speed Characterization  

The first stage of experimental characterization focused on evaluating the rotational speed 

response of the developed sensing system. The rotational speed measurements obtained from 

the photointerrupter sensor were compared with measurements from a reference tachometer 
to determine the linearity, stability, and accuracy of the rotational sensing mechanism. The 

experimental results demonstrated a strong linear relationship between the rotational speed 

values generated by the developed system and the reference tachometer measurements for all 

investigated rotor configurations. The calibration curves exhibited consistent linear trends, 

indicating that the optical sensing mechanism effectively translated rotational motion into 

measurable electrical signals. The observed linearity confirms that the photointerrupter 

sensor combined with the slotted disk encoder provides reliable rotational detection with 

minimal signal distortion during operation. 
Differences in rotor geometry significantly influenced the rotational response 

characteristics of the system. The three-arm rotor configurations exhibited faster rotational 

acceleration and greater responsiveness under airflow excitation compared with the four-arm 

configurations. This behavior is primarily associated with the lower rotational inertia of the 

three-arm rotor structure. Reduced inertia enables more efficient angular acceleration, 

allowing the rotor to respond more rapidly to airflow variations. In contrast, the four-arm 

configurations exhibited relatively slower rotational response due to the increased 

aerodynamic loading and larger rotational inertia generated by the additional rotor arm. 
Fig. 3. Shows comparative rotational speed characteristics of rotor configurations. The 

influence of cup geometry was also clearly observed during rotational characterization. The 

conical cup configurations demonstrated smoother and more stable rotational behavior 

compared with the hemispherical cup configurations. This phenomenon can be attributed to 

the aerodynamic profile of the conical cup, which likely reduced airflow separation and 

turbulence around the rotor surface. Reduced turbulence contributes to more uniform 

aerodynamic torque distribution during rotation, thereby improving rotational consistency 
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and stability. Meanwhile, the hemispherical cup configurations generated larger aerodynamic 

drag forces, which enhanced rotational sensitivity under certain airflow conditions. However, 

the stronger drag interaction also increased the possibility of rotational fluctuation and 

turbulence-induced oscillation, particularly at higher airflow velocities. These findings 

indicate that rotor geometry plays a critical role in determining the dynamic behavior of cup 

anemometers and directly influences measurement performance. 

 

 

Fig. 3. Comparative rotational speed characteristics of rotor configurations 

3.2 Wind Speed Characterization  

The wind speed characterization stage was conducted to evaluate the measurement accuracy 

of the developed anemometer system under controlled airflow conditions. Experimental 

testing was performed using a blower and wind tunnel system to generate stable airflow 

environments and minimize disturbances caused by ambient air fluctuations. The wind speed 

values measured by the developed system were compared with measurements obtained from 

a standard reference anemometer under identical testing conditions. The experimental results 
demonstrated that all investigated rotor configurations were capable of measuring wind speed 

with relatively high accuracy and low relative error values. The three-arm hemispherical cup 

configuration produced a relative error of 0.56% with a sensitivity value of 0.6359. The four-

arm hemispherical cup configuration produced a relative error of 1.27% with a sensitivity 

value of 0.474. Meanwhile, the three-arm conical cup configuration achieved the lowest 

relative error value of 0.47% with a sensitivity value of 0.4841, whereas the four-arm conical 

cup configuration produced a relative error of 0.62% with a sensitivity value of 0.5047. The 

relatively low error values observed across all configurations indicate that the developed 
Arduino-based system successfully performed accurate wind speed measurements. The high 

correlation between the developed system and the reference anemometer also demonstrates 

the effectiveness of the calibration procedure implemented during the characterization 

process. Table 1 shows comparative wind speed characterization of the developed rotor 

configurations.  
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Table 1. comparative wind speed characterization of the developed rotor configurations. 

Rotor 

Configuration 
Sensitivity 

Relative 

Error (%) 

Measurement 

Stability 

Rotational 

Response 

Overall 

Performance 

3-Arm 
Hemispherical 

0.6359 0.56 Good Fast High 

4-Arm 
Hemispherical 

0.4740 1.27 Moderate Slower Moderate 

3-Arm Conical 0.4841 0.47 Very Good 
Stable and 
Fast 

Best 

4-Arm Conical 0.5047 0.62 Good Stable High 

  

 In addition, the experimental observations indicated that the developed system 
maintained stable operational performance throughout repeated testing cycles. No significant 

signal drift or measurement instability was observed during prolonged operation, indicating 

good repeatability and robustness of the sensing mechanism. This characteristic is 

particularly important for practical environmental monitoring applications that require 

continuous and stable measurement capability over extended operational periods. 

3.3 Discussion  

The experimental results demonstrated that rotor geometry, including rotor arm number and 

cup shape, significantly influenced the aerodynamic response and measurement performance 

of the developed anemometer system. Overall, the three-arm rotor configurations exhibited 

better measurement sensitivity and lower relative error compared with the four-arm 

configurations, while the conical cup geometries showed more stable rotational behavior and 

higher measurement accuracy than the hemispherical cup geometries. The superior 
performance of the three-arm rotor configurations can be attributed to their lower rotational 

inertia and reduced aerodynamic resistance. Lower inertia enables the rotor to achieve faster 

angular acceleration under airflow excitation, thereby improving responsiveness to wind 

speed variations. In addition, the reduced number of rotor arms decreases airflow obstruction 

during rotation, allowing more efficient conversion of aerodynamic drag into rotational 

motion. In contrast, the four-arm configurations exhibited relatively slower rotational 

response and slightly higher measurement error values due to increased rotor mass and 

aerodynamic loading. The additional rotor arm required greater airflow energy to initiate and 
maintain rotational motion, resulting in reduced sensitivity and slower dynamic response 

characteristics. 

 The influence of cup geometry was also clearly observed during experimental 

characterization. The conical cup configurations demonstrated smoother rotational motion 

and better operational stability compared with the hemispherical cup configurations. This 

behavior is likely associated with the streamlined aerodynamic profile of the conical cups, 

which reduced airflow separation and turbulence intensity around the rotor surface. The 

smoother airflow interaction contributed to more stable rotational behavior and reduced 
measurement fluctuation, particularly under varying airflow conditions. This effect was most 

evident in the three-arm conical configuration, which achieved the lowest relative error 

among all investigated rotor models. Conversely, the hemispherical cup configurations 

generated larger aerodynamic drag forces due to their wider airflow capture area. Although 

stronger drag interaction can improve rotational sensitivity, it may also increase turbulence-

induced rotational fluctuation, especially at higher airflow velocities. This phenomenon 
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likely contributed to the relatively higher error values observed in the hemispherical rotor 

configurations, particularly in the four-arm arrangement. 

 Overall, the obtained results indicate that optimization of rotor geometry plays a critical 

role in improving the performance of low-cost cup anemometers. The combination of a three-

arm rotor structure and conical cup geometry provided the best balance between aerodynamic 

efficiency, rotational stability, and measurement accuracy. These findings demonstrate that 

appropriate aerodynamic design can significantly enhance wind speed measurement 

performance without increasing electronic complexity or power consumption, making the 
developed system suitable for renewable energy monitoring, environmental observation, and 

educational instrumentation applications. 

 
This publication was funded by the Indonesia Endowment Fund for Education (LPDP) on behalf of the 
Indonesian Ministry of Higher Education, Science and Technology, and managed under the EQUITY 

Program (Contract Number 4308/B3/DT.03.08/2025 and B/284/UN39/HK.07.00/2025). 

4 Conclusion 

An Arduino Uno-based cup anemometer was successfully developed and experimentally 

characterized to investigate the influence of rotor arm number and cup geometry on wind 

speed measurement performance. The developed system demonstrated stable operation and 

could produce accurate wind speed measurements with relatively low error values under 

controlled laboratory conditions. The experimental results showed that rotor geometry 

significantly affects the aerodynamic response and measurement characteristics of the 

anemometer. In general, the three-arm rotor configurations exhibited better sensitivity and 
lower relative error compared with the four-arm configurations due to their lower rotational 

inertia and faster dynamic response. In addition, the conical cup geometry demonstrated 

better rotational stability and measurement accuracy than the hemispherical cup geometry, 

likely due to reduced airflow turbulence and improved aerodynamic efficiency. 

 Among all investigated configurations, the three-arm conical cup rotor provided the best 

overall performance, achieving the lowest relative error and stable sensitivity characteristics. 

These findings indicate that optimization of rotor geometry plays an important role in 

improving the performance of low-cost wind speed monitoring systems.Overall, the 
developed anemometer demonstrates strong potential for application in renewable energy 

monitoring, environmental observation, and educational instrumentation systems. Future 

studies may focus on outdoor field implementation, wireless monitoring integration, and 

further aerodynamic optimization to improve system performance under real environmental 

conditions. 
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