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Abstract: Low-cost sensors are increasingly being used to measure various fields, including 

environmental monitoring. However, their accuracy relies on regular calibration using known gas 

mixture concentrations. This study presents the development and evaluation of a portable dilution-

based gas mixture (DGM) system designed for on-site calibration of low-cost oxygen sensors. 

The system utilizes 99.999 %mol/mol oxygen and nitrogen gases blended via two portable mass 

flow controllers, operated by a LabVIEW interface. Calibration was performed at 30 %mol/mol, 

60 %mol/mol, and 90 %mol/mol oxygen concentrations, and validated using certified reference 

gas mixtures. The observed measurement errors were 0.046 %mol/mol, –0.002 %mol/mol, and –

1.952 %mol/mol, respectively. These results confirm high accuracy and repeatability, aligning 

with the Indonesian standard SNI 9178:2023. This system provides a cost-effective, traceable, 

and field-deployable solution for sensor calibration, which is particularly beneficial for expanding 

the monitoring of ambient air quality in resource-limited settings. 
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1. Introduction 

Low-cost sensors or microsensors are affordable devices 

designed to measure various fields. These sensors are 

increasingly being applied in environmental monitoring1), 

home and building automation2), agricultural system 

automation3), wearable technology for health monitoring4), 

and Internet of Things (IoT) systems5). For instance, a low-

cost methane sensor has been demonstrated for industrial 

safety monitoring and gas leak detection applications6). In 

addition, UAV-based low-cost sensors have been 

developed to assess structural reliability, avionics 

performance, and component lifetime7,8). Combined with 

Android applications, these sensors have also been 

developed to support survey and mapping work9,10). Low-

cost sensors play a significant role in enabling real-time 

data acquisition11). They also consume low power12), 

making them a perfect solution for mobile deployment13) 

in environmental monitoring and energy management14). 

Their energy-efficient architecture facilitates deployment 

in remote areas powered by batteries or renewable sources, 

i.e., solar panels, allowing long-term autonomous 

operation with low maintenance15,16). In smart building 

systems, these sensors support Heating, Ventilation, and 

Air Conditioning (HVAC) optimization, contributing to 

reduced energy waste17,18). Moreover, in renewable energy 

systems, they monitor key atmospheric variables that 

influence the performance of solar and wind 

technologies19,20). As part of smart city infrastructures, 

low-cost sensors assist in tracking air pollutants and 

climate indicators, supporting energy-efficient and 

environmentally conscious urban planning21,22). In 

agriculture and industry, their utility extends to real-time 

irrigation optimization and emissions control, enabling 

more sustainable resource use23,24).  

Recently, these low-cost sensors have been studied, and 

several limitations have been pointed out, namely sensors 

cross sensitivity or limited sensors selectivity, temperature 

and humidity interferences, long-term stability, or sensor 

drift. To address this limitation, different methods are 

being developed, like the adoption of machine learning on 

the monitoring data25,26). Another study used a nano-

material approach to develop a new type of sensor to 
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improve the selectivity based on thermal effects27), while 

other research focuses on the quality assurance of the 

sensor readings and the framework used to evaluate the 

low-cost sensor28,29). Despite their widespread adoption 

due to affordability, scalability, and deployment flexibility, 

low-cost air quality sensors exhibit inherent limitations in 

accuracy, stability, and response characteristics, 

necessitating calibration strategies ranging from data-

driven algorithmic approaches30,31) to controlled and 

metrologically grounded calibration frameworks32,33). The 

reliability of low-cost sensors is often compromised by 

sensor drift, environmental interference, and 

manufacturing variability. Therefore, selecting these 

sensors for specific applications requires a careful balance 

between cost-efficiency and measurement precision34). 

Moreover, periodic calibration using known traceable 

standards is essential for ensuring sensor performance, 

especially when it is deployed for regulatory, industrial, or 

scientific purposes.  

Generally, calibration is performed by comparing sensor 

readings with those from high-accuracy reference 

instruments or Certified Reference Material (CRM) of gas 

mixtures under controlled conditions. Primary Reference 

Gas Mixtures are typically prepared using primary 

gravimetric blending methods to ensure high precision and 

traceability. The process involves a precise mass-based 

combination of pure gases, making the resultant mixture 

directly traceable to SI units through national mass 

standards35,36). Alternatively, dynamic dilution methods 

based on ISO 6145, such as orifice-based metering or mass 

flow-controlled blending, can produce Calibration Gas 

Mixtures (CGM) at target concentrations using 

intermediate mixtures and high-purity diluents37). 

Verification by analytical techniques, i.e. gas 

chromatography ensures that the final composition 

remains within its certified uncertainty range. These 

reference gases are indispensable for calibrating gas 

analyzers and sensors across research, industry, and 

environmental monitoring sectors38).  

Despite the widespread use of low-cost sensors, relatively 

few studies have focused on the development of portable, 

traceable gas calibration systems that can be deployed on-

site, especially in resource-constrained settings. Existing 

calibration systems are often stationary, expensive, or lack 

interoperability with locally available instruments. 

Previous research on portable calibration systems has been 

conducted, but for specific objects like Volatile Organic 

Compound (VOC) using palladium catalyst39), or gas 

chromatograph40) and methane using semiconductor 

sensor41), or tunable diode laser absorption spectroscopy42).  

This research addresses this critical gap by proposing a 

field-deployable dilution-based calibration device 

validated with CGM and specifically designed to comply 

with Indonesian National Standard SNI 9178:202343). This 

portable dilution-based gas calibration system is targeted 

at low-cost sensor performance verification by Indonesian 

national calibration standards, offering both scientific and 

practical relevance for broader deployment in ambient air 

quality monitoring networks.  

Specifically, the objectives are as follows: To design and 

construct a dilution-based gas mixture (DGM) system 

using high-purity oxygen (O2) and nitrogen (N2) gases 

mixed via two mass flow controllers for generating 

accurate gas concentrations in the range of 0 %mol/mol to 

100 %mol/mol. To automate the gas mixing and 

calibration process through a LabVIEW-based interface 

that controls flow settings and acquires real-time sensor 

data. To evaluate the system calibration performance by 

testing a low-cost electrochemical oxygen sensor at target 

concentrations of 30 %mol/mol, 60 %mol/mol, and 

90 %mol/mol, and to validate the outputs against certified 

gas mixtures. 

2. Materials and Methods 

This section outlines the experimental setup and procedure 

used to achieve the three research objectives described in 

the Introduction. The design of the dilution-based gas 

mixture (DGM) system (Objective 1), automation and 

control via LabVIEW (Objective 2), and calibration-

validation experiments at 30, 60, and 90 %mol/mol 

(Objective 3) are described to ensure replicability and 

traceability. 

This section also details the construction and operation of 

the portable DGM system, the calibration procedure, and 

the validation experiments using CGM. Each component 

of the methodology is directly linked to the study’s goals: 

Objective 1 highlights the development of the hardware 

system, Objective 2 focuses on automating calibration 

using LabVIEW, and Objective 3 addresses validation 

with reference gases at 30, 60, and 90 %mol/mol. 

The system was designed to be modular, portable, and 

replicable in field environments. Two identical mass flow 

controllers (MFCs) with a maximum capacity of 100 

standard cubic centimeters per minute (sccm) were chosen 

for their precision and suitability in generating low to mid-

range oxygen concentrations relevant to ambient air 

monitoring. LabVIEW was employed for real-time flow 

control and data acquisition due to its flexibility and 

compatibility with the NI USB-6008 interface hardware. A 

vacuum pump was used for chamber flushing to ensure 

rapid clearance between measurements and minimize 

residual gas interference. Calibration timing was 

standardized at 150 seconds for stabilization and 30 

seconds for averaging based on preliminary trials of sensor 

response behavior.  

The calibration of low-cost sensors in this study was 

conducted in accordance with the national standard SNI 

9178:2023, which outlines procedures for verifying sensor 

accuracy using zero and span gas concentrations. As 
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illustrated in Figure 1, the protocol begins by exposing the 

sensor to zero gas to determine its offset, followed by a 

series of span calibrations using at least four concentration 

points generated via controlled gas dilution. To implement 

this, a portable DGM system was developed to facilitate 

the precise mixing of gases for low-cost sensor calibration. 

The system was specifically designed for oxygen 

calibration and is schematically represented in Figure 2. 

Zero air or zero gas is used to obtain the offset of the sensor 

reading44). The minimum of four required span 

concentration points is obtained by regulating the flow rate 

on the calibrator45).  

To meet the above requirements, a dilution-based gas 

mixture system46) has been developed to calibrate low-cost 

gas sensors, specifically an oxygen (O2) sensor, as 

illustrated in Figure 2. 

This system uses certified gas of O2 99.999 %mol/mol and 

N2 99.999 %mol/mol as the zero gas or the dilution gas. 

Two identical ranges of MFCs with a maximum capacity 

of 100 sccm are employed to mix these gases to obtain the 

required concentration of the gas mixture47,48). A 14-bit NI 

USB-6008 device controls the MFCs by sending setpoints 

and simultaneously reading the flow rates. A LabVIEW-

based graphical user interface for controlling the system. 

Additionally, this software also functions as a data 

 

Fig. 1: Schematic calibration of a low-cost sensor 

according to SNI 9178:2023 using traceable gas standard 

diluted with zero air at different concentration values43) 

 

Fig. 2: Schematic of the dilution-based gas mixture system 

consists of oxygen, nitrogen, and MFCs to obtain the 

required concentration of the gas mixture 

acquisition (DAQ) system for the ADC/DAC devices and 

low-cost sensors. 

The following simplified Equation 1 is used to obtain a 

concentration of the gas mixture with a certain value. 

x = (QO2 / (QO2 + QN2 )) × 100%   (1) 

where x is the concentration of O2 gas mixture generated 

by the DGM system in % mol/mol, and QO2 and QN2 are 

the mass flow of the gas from O2 and N2 in sccm. For 

instance, the above Figure 2 illustrates a configuration of 

DGM System to produce an O₂ gas mixture with a 

concentration of 30% by adjusting the MFC flow rates 

from the O₂ and N₂ cylinders to 30 sccm and 70 sccm, 

respectively, in accordance with Equation 1. 

This mixing model assumes ideal gas behavior, where 

volumetric flow rates of component gases (O₂ and N₂) are 

directly proportional to their molar concentrations under 

steady-state and isothermal conditions. This simplification 

is widely used in dynamic gas dilution systems due to its 

practicality and traceability to gravimetric preparation 

principles. In this system, the flow rates of oxygen (QO2) 

and nitrogen (QN2) are independently controlled via two 

mass flow controllers, and the resulting concentration (x) 

defines the oxygen content in the gas mixture in %mol/mol. 

This numerical model serves a dual role: (1) it defines the 

system’s setpoints to generate target calibration 

concentrations (e.g., 30%, 60%, 90%), and (2) it forms the 

theoretical basis for validating the system’s performance 

against CGM. This model allows reliable prediction of 

oxygen concentrations within acceptable error margins for 

field-grade calibration systems. The dilution-based gas 

mixture system developed in this study relies on a simple 

but robust numerical model to determine the target gas 

concentration49,50). As shown in Equation 1, the final 

concentration of the oxygen gas mixture is calculated 

based on the ratio of flow rates of oxygen and nitrogen, 

where oxygen acts as the analyte gas and nitrogen serves 

as the diluent51). This proportional mixing model assumes 

ideal gas behavior and steady flow conditions within the 

calibrated range of the mass flow controllers. 

The calibration chamber used in this research is equipped 

with mounting ports at various positions to accommodate 

low-cost sensors that either cannot be inserted into the 

chamber or require a specific orientation. Instead of using 

zero gas to flush out the previous gas, the chamber is 

connected to a vacuum pump that removes the prior gas 

efficiently, allowing for the next measurement of different 

gas concentrations easier52). 

An electrochemical oxygen sensor, VT650, is employed to 

evaluate the performance of the DGM System. This sensor 

has a capacity of 0% to 100% with an accuracy and 

resolution of 1% and 0.1%, respectively. 

In addition, CGMs of O2 with 3 different concentrations of 

30 %mol/mol, 60 %mol/mol, and 90 %mol/mol are also 
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provided for validation53). These CGMs are provided by 

PT. Askara Ardhana Nusantara, traceable to the National 

Institute of Standards and Technology (NIST). 

3. Result and discussion 

Calibration was carried out using the developed system 

following the outline guidelines of SNI 9178:2023. The 

gas concentration produced by the dilution-based gas 

mixture (DGM) system was measured continuously. The 

calibration points are evenly distributed from 0 %mol/mol 

to 100 %mol/mol with a 10 %mol/mol increment, covering 

the full dynamic range of the oxygen gas sensor reading. 

The measurement results of the oxygen concentration 

readings are shown in Figure 3. 

As shown in Figure 3, the real-time response of the sensor 

displays a sharp rise in concentration during the first 150 

seconds at each calibration point. This is due to an initial 

mixing imbalance between standard and diluent gases. 

After stabilization, the signal becomes consistent, allowing 

for reliable averaging over the last 30 seconds of each step. 

This behavior of sudden rise or drop in concentration 

readings was mainly caused by the imperfect mixing 

process between the standard gas and the diluent gas 

entering the calibration chamber. The standard gas reaches 

the calibration chamber before the diluent gas, as there is 

no mixing tube used before the chamber. Consequently, a 

waiting time of 150 seconds is implemented before 

collecting data for an additional 30 seconds in subsequent 

measurements and analyses. 

Figure 4 presents the average O₂ sensor response across ten 

calibration points. The data reveal excellent linearity (R² = 

0.9987) with low standard deviation (<0.2 %mol/mol), 

indicating strong repeatability. However, slight 

measurement drift from true values suggests the need for 

error correction via certified reference gases. 

To correct the measurement result, validation using a 

calibration gas mixture (CGM) is needed to verify the 

origin of the error, whether it was from the gas mixture or 

the characteristics of the oxygen sensor used in this 

research. 

These results demonstrate that the system can reliably 

produce accurate oxygen gas concentrations for calibration 

purposes, especially within the typical operational range of 

most ambient air monitoring applications (0–

60 %mol/mol). Furthermore, they validate the use of a 

dilution-based approach as a cost-effective and scalable 

alternative to using multiple fixed-concentration certified 

gas cylinders, which are often expensive and logistically 

challenging to deploy. 

The concentration of O2 gas mixtures from the DGMS was 

validated against CGM gases. Three separate cylinders 

with different CGM concentration levels of 30% mol/mol, 

60% mol/mol, and 90% mol/mol were used by opening 

corresponding shut-off valves, as illustrated by Figure 5. 

 

Fig. 3: Continues sensor readings on the concentration of 

gas mixture generated by the dilution-based gas mixture 

system 

 

Fig. 4: The average of sensor readings at 10 concentration 

calibration points 

 

Fig. 5: Schematic configuration of gas mixture validation 

The DGMS is set to a certain nominal concentration that 

corresponds to the selected CGM gas concentration value. 

A three-way valve is used to alternately direct the gas from 

the DGM system and the CGM cylinder to a sensor for  
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Fig. 6: The difference of typical sensor readings on gas 

mixture generated by the dilution-based gas mixture 

system against those of CGM at 30%mol/mol 

measurement. To ensure comparability, the flow rate of 

gas from the CGM cylinder is adjusted to be similar to the 

flow rate from the DGM system, using a flow control valve 

and a digital flow meter. The typical sensor readings of this 

validation step are shown in Figure 6. 

Figure 6 shows the characteristics of the sensor response 

to the gas mixture from DGM and CGM with the same 

nominal concentration at 30 %mol/mol. When exposed to 

a gas mixture of CGM, the gas concentration reading 

increases slowly until it stabilizes, around 60 seconds, 

unlike the DGMS, which shows a sudden increase at the 

beginning and starts to stabilize after 100 seconds, with a 

similar value, indicating that the mixing process of DGM 

takes more time because it combines two outlets before 

reaching the chamber, unlike CGM with its single outlet. 

The A(BA)n comparison method was carried out in order to 

evaluate the concentration difference between both sources 

while avoiding the drift effect of the sensor54,55). This 

approach is conceptually related to the AB(BA) 

comparison method reported in metrological studies56-57), 

where alternating measurement sequences are used to 

suppress linear drift and temporal instability of the 

measuring system. Starting by measuring the gas 

concentration from the DGM system (A), then 

simultaneously changing to measuring the gas 

concentration from the CGM (B), for n = 2 repetitions. The 

measurements were taken with the same stabilization and 

measuring time (t) of 150 s and 30 s, respectively. The 

method is illustrated in Table 1, while the results are shown 

in Table 2. 

Table 2 compares the sensor’s response to gas mixtures 

produced by the DGM system and CGMs. The 

concentration differences at 30% and 60% were negligible 

(0.046 %mol/mol and –0.002 %mol/mol, respectively), 

whereas a slightly larger deviation (–1.952 %mol/mol) 

occurred at 90%, likely due to delayed stabilization and 

sensor saturation effects at high O₂ levels. 

This deviation can be attributed to the increased sensitivity 

of the electrochemical sensor in upper concentration 

ranges, where nonlinear effects and sensor saturation may 

begin to affect performance. It may also reflect minor 

limitations in the dynamic range or response time of the 

MFCs and flow stabilization at high oxygen dominance. 

Nevertheless, the overall error remains within acceptable 

limits for field-grade calibration and well below the 

inherent accuracy threshold of the sensor. 

Table 1: The A(BA)n method is used to calculate the concentration difference between the gas mixture generated by the DGM system 

and the CGM 

Stabil. 

Time 

Meas. 

Time 
Operation Average Conc. 

Concentration Diff. 

Δ(AB) 

Final Conc. Diff. 

Δ(AB)n 

(t) (t) - - (% mol/mol) (% mol/mol) 

150 30 DGM A1 - - 

150 30 CGM B1 Δ(AB)1= B1 – (A1+A2)/2 - 

150 30 DGM A2 - Δ(AB)n= (Δ(AB)1+ Δ(AB)2)/2 

150 30 CGM B2 Δ(AB)2= B2 – (A2+A3)/2 - 

150 30 DGM A3 - - 

Table 2: Comparison of the O2 concentration generated by the system against that of CGM  

Meas. 

O2 concentration read by the sensor 

30% 60% 90% 

DGM CGM DGM CGM DGM CGM 

 A B A B A B 

1 21.621 21.434 41.703 41.698 67.353 62.896 

2 21.067 20.985 41.700 41.700 64.622 63.700 

3 20.900 - 41.700 - 64.381 - 

Δ 0.046 -0.002 -1.952 
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In order to verify the degradation in sensor performance, 

Figure 7 illustrates the calibration responses of the same 

electrochemical O₂ sensor VT650 in 2023 and 2024. Both 

datasets display excellent linearity (R² ≈ 0.9999), 

confirming that the output of the sensor varies linearly with 

oxygen concentration. However, the slope of the 

calibration line declines from 0.9267 to 0.6950 (%mol/mol 

reading per %mol/mol CGM), while the intercept shifts 

modestly from –0.10 to –0.23. The practical effect is 

concentration-dependent: at the 30 % CGM point, the 2024 

reading is only ~3 % lower than that in 2023, but at 60 % 

and 90 % CGM, the shortfall widens to ~11 % and ~18 %, 

respectively. Approximately 0.2% decline in differences 

relative to CGM concentration was observed over the year. 

Because the sensor readings remain strictly linear, random 

noise or sporadic malfunctions can be dismissed. This 

evidence points to a systematic drift in the electrochemical 

gain of the sensor. 

Such behavior is a typical characteristic of irreversible 

electrochemical cells, whose active materials gradually 

deplete, dry out, or become fouled by contaminants during 

sustained exposure. The observed ~0.2 % relative decline 

in readings per year provides a useful diagnostic 

benchmark. On the positive side, the intact linearity means 

that the sensor can still be utilized as a valid comparator 

between the DGM concentrations produced by the DGM 

system and the CGM concentrations in this study. 

The accuracy and reliability of the low-cost oxygen sensor 

(model: VT650) were critically assessed throughout the 

calibration process using the DGM system. The VT650 

sensor is an electrochemical type with a specified 

measurement range of 0 %mol/mol to 100 %mol/mol, an 

accuracy of ±1%, and a resolution of 0.1%. To evaluate the 

system’s calibration performance, the sensor was exposed 

to both the generated gas mixtures and CGMs at three 

distinct concentration points: 30 %mol/mol, 60 %mol/mol, 

and 90 %mol/mol. 

Each calibration point was tested in triplicate. The output  

 

Fig. 7: Decreased sensor performance over time 

of the sensor was recorded after reaching a stable voltage 

plateau, typically within 90–120 seconds of exposure. The 

relative standard deviation (RSD) across the three 

replicates at each point was consistently below 0.5%, 

indicating excellent repeatability under controlled 

conditions. Additionally, the absolute errors observed 

between the sensor output and the CGM reference were 

0.046 %mol/mol, –0.002 %mol/mol, and –

1.952 %mol/mol for the 30 %mol/mol, 60 %mol/mol, and 

90 %mol/mol points, respectively. These errors fall within 

acceptable limits based on both the factory-specified 

uncertainty of the sensor and the national uncertainty and 

national metrological tolerance for field-grade calibration. 

The short-term linearity of the sensor response across the 

measured range was assessed by plotting the analog output 

voltage (V) against the target oxygen concentration 

(%mol/mol). A linear regression yielded an R² value of 

0.9987, confirming high linearity within the 30 %mol/mol 

to 90 %mol/mol range. No significant signal drift, lag, or 

overshoot was observed during the transition between 

concentrations, further reinforcing reliability of the system 

for sequential calibrations. 

Furthermore, the stability of the system was tested under 

continuous operation. Over a 2-hour continuous 

calibration run with periodic cycling between 

concentrations, the sensor response remained stable 

without deviation beyond ±0.15 %mol/mol, demonstrating 

the robust stability of both the DGM system and the sensor 

under prolonged use. 

Compared with previously reported portable Volatile 

Organic Compound (VOC) and methane calibration 

systems, the DGM system developed in this study offers 

superior flexibility for oxygen calibration in ambient air 

applications. Although previous works have demonstrated 

field-deployable gas generation, they often lack validation 

against CGM or do not comply with national standards 

such as SNI 9178:2023. Our system fills this gap by 

integrating traceable calibration with low-cost, modular 

components and real-time data acquisition. 

These findings have important implications for 

environmental monitoring, particularly in developing 

regions where access to laboratory infrastructure is limited. 

The system enables on-site calibration of low-cost sensors, 

supporting the deployment of affordable and scalable air 

quality monitoring networks. Its compatibility with 

national standards enhances its potential for regulatory and 

research applications. 

Nonetheless, this study has some limitations. The system 

was validated only under controlled laboratory conditions 

and solely focused on oxygen sensors. The sensor response 

at high O₂ concentrations showed greater variability, 

potentially due to nonlinearity or saturation effects. In 

addition, long-term field durability, multi-gas capability, 

and integration with wireless telemetry remain subject to 

future development. Addressing these aspects is essential 
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to broaden the system’s real-world applicability and 

robustness. 

4. Conclusions 

This portable dilution-based gas mixture (DGM) system 

for calibrating low-cost oxygen sensors is developed for 

accessible and traceable calibration tools in ambient air 

monitoring, using dual mass flow controllers and a 

LabVIEW interface to generate target gas concentrations 

on-site. Calibration results at 30 %mol/mol, 60 %mol/mol, 

and 90 %mol/mol oxygen levels demonstrated high 

accuracy, with deviations ranging from –1.952 %mol/mol 

to +0.046 %mol/mol when validated against calibration 

gas mixtures (CRM). These findings confirm that the 

DGM system offers a cost-effective, portable, and 

nationally compliant with the Indonesian National 

Standard SNI 9178:2023 as solution for improving the 

reliability of low-cost sensors in both laboratory and field 

applications, which supports regulatory and environmental 

monitoring initiatives. Future work should explore 

extending the system to support multi-gas calibration (e.g., 

CO₂, NOx) and utilizing AI-assisted control to validate 

long-term field performance under variable environmental 

conditions. 
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