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Abstract. This paper presents the design and development of an intelligent air quality monitoring system that utilizes the 
widely adopted and versatile Arduino Uno microcontroller as its foundational platform. The system underwent comprehensive 
testing procedures to ensure its adherence to specified requirements. Moreover, a series of experiments were conducted in diverse 
areas of a residential environment to generate datasets for various air quality indicators. The research findings showcase the poten-
tial of the developed system in accurately monitoring and assessing indoor air quality in real time. Enhancing indoor air quality 
plays a crucial role in mitigating the transmission of common airborne viruses and pollutants, thus significantly benefiting respira-
tory health. 
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1. Introduction 

Indoor Air Quality (IAQ) holds a paramount role 
in shaping our well-being and health, given that a sub-
stantial portion of our lives is spent within enclosed 
spaces [1-3]. As the intricate interplay between indoor 
and outdoor environments continues to unfold, it be-
comes increasingly evident that prioritizing IAQ is piv-
otal not only for individual comfort but for the preserva-
tion of human health as well. 

The consequences of subpar IAQ reverberate far 
beyond mere inconvenience, delving into the realms of 
physiological discomfort and potential long-term afflic-
tions [4]. From the pervasive annoyance of headaches 
and respiratory irritations to the more insidious specter 
of chronic ailments like asthma and allergies, the mani-
festations of poor IAQ cast a wide net. Studies have 
sounded the alarm, linking extended exposure to dimin-
ished IAQ with an unsettling 16% uptick in the risk of 
developing cancer [1]. Such findings underscore the 
urgent need to delve deeper into the dynamics of indoor 
air composition. 

Among the key culprits behind IAQ degradation 
stand Volatile Organic Compounds (VOC), a ubiquitous 
presence that often eludes our awareness [5]. These 
elusive gases, exhaled by various materials, exercise a 
potent influence over the delicate balance of indoor at-
mospheres. With a propensity to sow both immediate 
discomfort and long-term health challenges, VOCs 
emerge as formidable antagonists. From the vibrant hues 
of paint to the unassuming allure of everyday household 
products, the seemingly innocuous is often the source of 
VOC emissions. A vision of an indoor environment 
virtually free from VOC beckons, yet the pursuit of ab-
solute eradication remains tantalizingly elusive. 

Emerging as a beacon of hope within this com-
plex scenario are strategies tailored to wrest control over 

VOC emissions [6-8]. The judicious choice of furnish-
ings and coatings that bear a minimal VOC burden, 
alongside the vigilant stewardship of chemical stores, 
emerges as a practical arsenal in the battle against indoor 
pollution. Nevertheless, these measures, while potent, 
represent incremental steps toward a cleaner atmosphere, 
and the benchmarks for VOC levels remain steadfastly 
distant. 

In the tapestry of air quality management, the ex-
isting narrative is rooted in vigilant surveillance and the 
design of purpose-built tools [6]. However, the narrative 
must evolve to encapsulate the intricate choreography 
between sources, sinks, and circulation. The journey 
toward comprehending and optimizing IAQ is still in its 
infancy, pregnant with the promise of novel discoveries 
and innovative solutions. The integration of cutting-edge 
sensor technologies, predictive modeling, and smart 
building designs holds the potential to revolutionize our 
approach to IAQ management. The path forward is re-
plete with challenges, but it is also laden with unprece-
dented opportunities to safeguard our well-being, en-
hance our productivity, and ensure a healthier, more 
vibrant future. 

2. Disadvantages 

The research has several disadvantages that need 
to be considered. Firstly, it does not aim to provide uni-
versally applicable reference values for all apartments, 
limiting its direct practicality for broader contexts. In-
stead, its objective is to assess the effects of specific 
products on air quality within a controlled environment. 

Moreover, the study was conducted within a con-
trolled environment, which might not fully represent real-
world scenarios. The absence of real-life variables, such as 
varying ventilation conditions and occupant behaviors, 
could impact the generalizability of the findings. 
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While the study highlights potential risks associ-
ated with specific products in the controlled setting, it 
may not encompass all potential risks and interactions 
that could arise from different product combinations or 
prolonged exposure. 

Numerous air quality monitoring systems have 
been explored in existing literature [1, 9], showcasing 
the potential of Internet of Things (IoT) technology in 
utilizing low-cost sensors for IAQ assessment. The 
emergence of such systems was significantly influenced 
by the global pandemic in 2020, where the understand-
ing of viral transmission heightened concerns about 
poorly ventilated indoor spaces. Recognizing the para-
mount importance of air quality in safeguarding human 
health [10], these systems became instrumental in ensur-
ing safer living and working environments. Previous 
research primarily focused on evaluating the environ-
mental quality of indoor spaces across various buildings. 

This research has proved to be of great value, en-
compassing monitoring scenarios in offices with varying 
occupancies, tracking air quality in conference halls and 
offices with different room characteristics, and assessing 
the environment of spaces with diverse functions within 
hospital settings [11-12]. However, there remains a no-
table scarcity of studies dedicated to monitoring air qual-
ity in contrasting rooms within residential households. In 
response, this article introduces a novel tool specifically 
designed for monitoring the surrounding environment in 
residential spaces, aiming to explore the relationship 
between room properties and air quality fluctuations. By 
delving into this aspect, the research aims to advance our 
understanding of IAQ dynamics and further enhance the 
implementation of air quality monitoring systems in 
residential settings. 

3. Goal of the work 

The primary objective of this work is to conduct a 
comprehensive review and subsequently develop an 
intelligent air quality monitoring system, with Arduino 
Uno as the foundation, undergoing rigorous testing to 
ensure its compliance with established requirements and 
standards, involving a series of experiments within a 
residential setting and focusing on creating a diverse and 
extensive dataset of various air quality indicators, meas-
ured in contrasting rooms of the house with considera-
tion of the room size, occupancy, ventilation, and activi-
ties conducted within each space. 

4. Implementation of the system 

The implementation of the system is built upon 
the reliable and versatile Arduino Uno platform, known 
for its sufficient computational power and wide-ranging 
support for numerous protocols through its ports. This 

choice of hardware ensures ease of use and compatibil-
ity, making it a popular and widely adopted option in 
various applications. 

To measure an extensive range of air quality indi-
cators, the system incorporates two advanced sensors: 
the BME680 and CCS811. These sensors are carefully 
selected for their capability to accurately measure essen-
tial parameters, including temperature, humidity, atmos-
pheric pressure, carbon dioxide (CO2) levels, VOC, and 
overall IAQ assessment. 

The BME680 sensor, with its multi-functionality, 
enables precise measurements of temperature, humidity, 
atmospheric pressure, and VOC concentration. By lever-
aging these capabilities, the system provides comprehen-
sive insights into the overall air quality within the moni-
tored environment. 

In addition to the BME680, the CCS811 sensor 
plays a critical role in detecting and measuring the levels 
of CO2 and VOC present in the air. This sensor's ability 
to precisely gauge these specific elements contributes 
significantly to the accuracy and reliability of the sys-
tem's air quality assessments. 

As depicted in Figure 1, the external appearance 
of the developed system is thoughtfully designed to be 
user-friendly and intuitive. Its compact and sleek design 
ensures seamless integration into various indoor spaces, 
allowing users to monitor air quality effortlessly. The 
visual presentation of the system provides an immediate 
understanding of its purpose, encouraging users to en-
gage proactively in assessing and maintaining IAQ. 

The combination of Arduino Uno, the BME680, 
and CCS811 sensors, along with the system's thought-
fully crafted external appearance, exemplifies the suc-
cessful integration of hardware and aesthetics. This intel-
ligent air quality monitoring system strives to provide a 
user-friendly and reliable solution for IAQ assessment, 
catering to the growing demand for smart home tech-
nologies that contribute to environmental health and 
well-being. 

 

 
 

Fig. 1. External appearance of the developed system 
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In conjunction with the visual representation of 
the system's external configuration in Figure 1, the func-
tional electrical circuit diagram of the intelligent air 
quality monitoring system is presented in Figure 2. This 
comprehensive diagram reveals the relationships be-
tween the system's elements and the specific functions it 
performs, providing valuable insights into its operational 
mechanisms and internal processes. 

The crucial air quality sensors, BME680 and 
CCS811, are intelligently integrated into the system's 
architecture. Utilizing the I2C serial bus for seamless 
communication with the Arduino Uno microcontroller, 
these sensors diligently read and measure various air qual-
ity indicators, including temperature, humidity, atmos-
pheric pressure, CO2 levels, and VOC. The acquired data 
is then effectively transmitted to the central controller for 
further analysis and processing. 

Within the heart of the system, the Arduino Uno 
microcontroller receives the data from the sensors. Em-
ploying its computational power, the microcontroller 
processes the incoming data with precision, enabling 
sophisticated calculations and assessments of IAQ pa-
rameters. 

The NX3224T028 display serves as a user-friendly 
interface, establishing a seamless connection with the 
Arduino Uno through the UART port, utilizing both the 
receive stream (RXD) and transmit stream (TXD) mod-
ules. This display promptly showcases real-time air qual-
ity data to the users, fostering informed decision-making 
and proactive engagement in IAQ management. 

Additionally, an audible alert mechanism is ingen-
iously integrated into the system. The speaker operates 
through a single information input, facilitating the trans-
mission of signals that generate sound when critical air 
quality indicators surpass pre-defined thresholds. This 
functionality serves as a vital warning system, ensuring 
prompt responses to potential air quality issues and creat-
ing a safer indoor environment. 

In conclusion, the comprehensive functional elec-
trical circuit diagram unveils the intricate interplay of the 
system's components, enabling a thorough understanding 
of its operations and processes within the internal envi-
ronment. The intelligent integration of hardware ele-
ments, such as the air quality sensors, microcontroller, 
display, and speaker, exemplifies the system's capability 
to deliver real-time air quality assessments and enhance 
overall IAQ management. 

The intelligent air quality monitoring system 
boasts a remarkable feature in the form of a color-coded 
display, specifically designed to present essential air 
quality indicators. This display offers users a quick and 
intuitive glimpse into the current IAQ, CO2 levels, and 
VOC concentration within the monitored environment. 
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Fig. 2. Functional electrical circuit diagram of the system 
 

The color-coded visual representation serves as a 
user-friendly interface, where distinct colors are associated 
with different air quality levels. This design enables users to 
promptly assess and comprehend the overall air quality 
status without the need for complex data analysis.  

The air quality ranges for IAQ, CO2, and VOC in-
dicators are thoughtfully compiled and presented in 
Table I. This table acts as a reference guide, providing 
users with the corresponding numerical values for differ-
ent color-coded levels. By consulting this table, users 
can gain a deeper understanding of the specific air qual-
ity thresholds associated with each color on the display. 

The incorporation of a color-coded display ele-
vates the system's usability and accessibility, making it 
suitable for various users, regardless of their technical 
expertise. It enables individuals to effortlessly engage 
with the system, fostering a proactive approach towards 
monitoring and managing IAQ effectively. 

Overall, the color-coded display, coupled with the 
comprehensive air quality ranges in Table 1, embodies 
the system's commitment to delivering user-friendly and 
insightful air quality assessments. 

Table 1. Color-Coded Air Quality Indicators and Ranges 

Quality Index 
(color) CO2 IAQ VOC 

Good (Green) ≤ 700 ≤ 50 ≤ 200 
Moderate (Yellow) 701 - 1000 51 - 175 201 - 400 
Sensitive (Orange) 1001 - 1500 176 - 200 401 - 600 
Unhealthy (Red) 1501 - 2500 201 - 300 601 - 1000 
Hazardous (Purple) > 2500 > 300 > 1000 

Table 2. Measurement Errors of Air Quality Indicators 
in the Intelligent Monitoring System 

Air indicator 
Maximal 
Possible 

Error 

Measurement 
ranges 

Atmospheric pressure ± 1 hPa 300 — 1100 hPa 
CO2 ± 3% 400 — 8192 a. u. 
Humidity ± 3% 0 — 100 % 
Temperature ± 1.0 °C -40 — 85 °C 
Volatile Organic Com-
pounds 

± 3% 0 — 11870 ppb 
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Table 2 presents the measurement errors for all air 
indicators in our intelligent air quality monitoring sys-
tem. These errors align with the values declared by the 
sensor manufacturers, ensuring accuracy and reliability 
in our measurements. 

5. Analysis of variations in air quality 
across different living rooms in one building  

The primary focus of this research entailed a 
comprehensive analysis of air quality variations within a 
single building, specifically investigating three distinct 
living spaces: a bedroom, a kitchen, and a bathroom. To 
accomplish this, a meticulously designed experiment 
was conducted, during which sensor data was collected 
continuously for 10 days. Daily recordings were sched-
uled at precisely 1:00 PM to minimize potential inaccu-
racies and fluctuations caused by temporal variations. 
Moreover, a preliminary half-hour warm-up period was 
employed before each measurement session, ensuring 
optimal sensor performance and precision throughout the 
data collection process. This robust approach aimed to 
provide a thorough and insightful understanding of the 
diverse IAQ dynamics experienced across these distinct 
rooms. 

The results of the data collection process encom-
passed four crucial air quality indicators: IAQ, humidity 
levels, CO2 concentrations, and VOC. These essential 
parameters were recorded and analyzed separately for 
each of the three designated rooms. Figure 3 illustrates 
the outcomes for IAQ, Figure 4 presents the findings for 
humidity levels, Figure 5 showcases the data for CO2 
concentrations, and Figure 6 provides insights into the 
VOC measurements. 

By scrutinizing the data represented in these fig-
ures, the research aimed to unveil the intriguing patterns 
and disparities that emerge across the diverse living 
spaces. This exploration of air quality variations not only 
provides valuable insights into the potential factors in-
fluencing IAQ but also offers opportunities for further 
research and potential interventions to optimize and 
enhance the overall living environment. The comprehen-
sive findings, derived from this meticulous investigation, 
serve as a foundation for informed decision-making and 
evidence-based measures to promote healthier and more 
sustainable indoor living conditions. 

Figure 3 highlights the varying CO2 concentra-
tions in the kitchen, bathroom, and bedroom. The 
kitchen records the highest CO2 levels, possibly owing to 
factors like poor ventilation, the use of gas stoves, and 
the presence of household chemicals. While the bath-
room exhibits lower CO2 levels compared to the kitchen, 
they are still higher than those observed in the bedroom, 
owing to better ventilation in the bathroom. However, 
the use of cleaning agents and air fresheners in the bath-
room contributes to reduced air quality in comparison to 
the bedroom. 

Figure 4 illustrates the differences in humidity 
levels observed across the kitchen, bathroom, and bed-
room. The bathroom and kitchen tend to have higher 
humidity levels due to the inherent nature of these 
spaces, involving constant water usage and relatively 
inadequate ventilation. Activities like drying clothes in 
the bathroom and cooking in the kitchen further contrib-
ute to increased humidity levels in these rooms. 

 

 
 

Fig. 3. Dataset for Carbon dioxide
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Fig. 4. Dataset for Humidity 
 

 
 

Fig. 5. Dataset for Indoor Air Quality 
 

Figure 3 showcases the variations in IAQ among the 
three distinct living spaces: the kitchen, bathroom, and 
bedroom. The IAQ readings indicate that the kitchen and 
bathroom exhibit poorer air quality compared to the bed-
room. This discrepancy can be attributed to the usage of 
household chemicals, cleaning agents, and air fresheners in 
these areas, along with higher relative humidity levels. 

Figure 6 presents the abundance of VOC across the 
three living spaces. The bathroom demonstrates higher VOC 
levels, primarily emitted from air fresheners, cleaning agents, 
cosmetics, and personal care products used in the area. 
Moreover, VOC can also originate from cooking and the use 
of air heaters, resulting in higher levels in the kitchen com-
pared to the bedroom, where such sources are absent. For a 
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comprehensive analysis of air quality disparities among 
different rooms, conducting this experiment in various sea-

sons would be valuable to observe the impact of weather 
phenomena on the measured parameters. 

 

 
 

Fig. 6.  Dataset for Volatile Organic Compounds 
 

6. Analysis of the impact of fragrance 
products on IAQ 

In contemporary scientific research, the investiga-
tion of IAQ has become paramount due to the potential 
risks posed by VOC emitted from various household 
cleaning agents and chemical reactions. These VOC, 
released into the air during the use of everyday items in 
our homes, can significantly compromise the overall 
IAQ, potentially leading to health issues and discomfort 
for occupants. 

To comprehensively assess the impact of these 
VOC-emitting household products on IAQ, a meticulous 
experiment was conducted, featuring a range of com-
monly used items found in homes. These included aro-
matic diffusers, perfumes, and aerosols, which are often 
present in households for various purposes like air fresh-
ening, personal grooming, and cleaning routines. 

The experiment employed sophisticated analytical 
techniques to measure and analyze the concentrations of 
IAQ-relevant parameters, such as CO2 and VOC. CO2 
levels serve as an essential indicator of indoor air venti-
lation and occupant respiration patterns, while VOC 
concentrations directly reflect the emission of potentially 
harmful compounds into the air. The generalized dia-
gram of the effect of aromatic diffuser and perfume on 
CO2, IAQ, and VOC is shown in Figure 7. 

 
 

Figure 7. Diagram of the effect of aromatic diffuser and 
perfume on CO2, IAQ, and VOC 

 

Figure 8, showcased the detailed results of CO2 
levels, offering insights into how the tested household 
products influenced indoor air ventilation n. Understand-
ing these CO2 levels is crucial for gauging the effective-
ness of air circulation and the potential presence of ele-
vated CO2, which could signify insufficient ventilation. 

Figure 8, b presented the IAQ data, indicating the 
overall air quality impacted by the tested household 
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products. IAQ is a comprehensive measure that consid-
ers various factors, including VOC, particulate matter, 
and other pollutants that influence the air's health within 
an indoor environment. Analyzing Figure 8, b allows for 
a holistic assessment of the IAQ implications of using 
these common household items. 
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Figure 8. Impact of Aromatic Diffuser  
and Perfume on CO2 (a), IAQ (b), and VOC (c) 

In Figure 8, c, the comprehensive VOC data was 
revealed, offering a breakdown of individual VOC and 
their respective concentrations released during the ex-
periment. This detailed analysis enables precise identifi-
cation of the most prevalent and potentially concerning 
VOC emitted by each household product, contributing to 
a more comprehensive understanding of indoor air pollu-
tion sources and potential health risks. 

In a controlled scientific experiment aimed at in-
vestigating the impact of household products on IAQ, 
the system was operated for one hour before initiating 
measurements to ensure sensor stability.  

The first pollutant introduced was an aromatic dif-
fuser, positioned approximately five meters away from 
the sensor. The aromatic diffuser placement occurred at 
14:13, and the readings reached their peak at 14:15. 
Thereafter, starting from 14:16, VOC gradually dis-
persed into the environment. By 14:19, the IAQ showed 
significant improvements after the window was opened. 
However, the window was closed again at 14:25. 

Next, at 14:27, a perfume with a 17% concentra-
tion was sprayed, leading to a substantial deterioration in 
air quality. Critical readings were recorded, indicating a 
high concentration of VOC in the indoor environment. 
The VOC started to dissipate at 14:29. By 14:31, the 
readings began to stabilize, and considerable improve-
ment in air quality was observed after the window was 
opened. The sensors fully stabilized at 14:54. 

In summary, the experiment demonstrated that 
aromatic diffusers, while causing some degradation in 
IAQ, did not reach hazardous levels of pollution. How-
ever, aerosols, as evident from the perfume's impact, can 
severely affect air quality, making them unsuitable for 
use in bedrooms or confined spaces where occupants 
may be exposed to their potential health effects. 

The careful analysis of these household products' 
effects on IAQ provides valuable insights into choosing 
safer alternatives to maintain a healthier indoor envi-
ronment and protect the well-being of occupants. This 
research contributes to the broader understanding of how 
everyday products can influence IAQ and serves as a 
foundation for formulating effective strategies to en-
hance overall indoor living conditions. 

7. Conclusions 

This work transcends the boundaries of traditional 
IAQ monitoring systems, ushering in an era of intelli-
gent, data-driven air quality management. By shedding 
light on the concerning impact of household products 
and by providing an extensive dataset for research and 
analysis, this study serves as a cornerstone for further 
advancements in the realm of IAQ research. Ultimately, 
the insights gleaned from this research can pave the way 
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for informed decisions, healthier indoor environments, 
and improved public health outcomes. The researched 
monitoring system aims to be intuitive, user-friendly, 
and capable of providing real-time data on IAQ. It as-
pires to empower residents with valuable insights into 
the air they breathe within their homes, allowing them to 
make informed decisions about their living environment. 

8. Gratitude 

The authors express their gratitude to the Ministry 
of Education and Science of Ukraine for the support 
(Project for Young Scientists No 0122U000807). 

9. Conflict of Interest  

The authors state that there are no financial or 
other potential conflicts regarding this work. 

References  
[1] Z. Liu, G. Wang, L. Zhao, G. Yang, Multi-Points Indoor Air 

Quality Monitoring Based on Internet of Things [J]. IEEE 
Access 9, 2169-3536 (2021) DOI: 
10.1109/ACCESS.2021.3073681 
https://ieeexplore.ieee.org/document/9406012  

[2] C. De Capua, G. Fulco, M. Lugarà, F. Ruffa, An Improvement 
Strategy for Indoor Air Quality Monitoring Systems [J]. Sen-
sors, 23(8), 3999 (2023) DOI:10.3390/s23083999 
https://www.mdpi.com/1424-8220/23/8/3999  

[3] D. Bousiotis, L. N. S. Alconcel, D. C. Beddows, R. M. Harri-
son, F. D. Pope, Monitoring and apportioning sources of in-
door air quality using low-cost particulate matter sensors [J]. 
Environment International, 174, 107907 (2023) 
DOI:10.1016/j.envint.2023.107907 https://www. sciencedi-
rect.com/science/article/pii/S0160412023001800  

[4] A. Fazziki, Dj. Benslimance, A. Sadiq, J. Ouarzazi, M. Sadgal, 
An Agent-Based Traffic Regulation System for the Roadside 
Air Quality Control [J]. IEEE Access 5, 13192-13201 (2017) 
DOI: 10.1109/ACCESS.2017.2725984 https://ieeexplore. 
ieee.org/document/7974743  

[5] A. Hemoud, L. Awadi, A. Khayat, W. Behbehani, Streamlining 

IAQ guidelines and investigating the effect of door open-
ing/closing on concentrations of VOCs, formaldehyde, and 
NO2 in office buildings [J]. Building and Environment 137, 
127-137 (2018) DOI: 10.1016/j.buildenv.2018.03.029 
https://www.sciencedirect.com/science/article/abs/pii/S03601
32318301641  

[6] J. Jo, B. Jo, J. Kim, S. Kim, W. Han, Development of an IoT-
Based Indoor Air Quality Monitoring Platform [J]. Sensors 
and Applications in Agricultural and Environmental Monitor-
ing 2020, (2020) DOI: 10.1155/2020/8749764 https://www. 
hindawi.com/journals/js/2020/8749764  

[7] M. Khatib, H. Haick, Sensors for volatile organic compounds 
[J]. ACS nano, 16(5), 7080-7115(2022). DOI: 
10.1021/acsnano.1c10827 
https://pubs.acs.org/doi/abs/10.1021/acsnano.1c10827  

[8]  H. Guo, S. C. Lee, L. Y. Chan, W. M. Li, Risk assessment of 
exposure to volatile organic compounds in different indoor en-
vironments. Environmental Research, 94(1), 57-66 (2004) 
DOI:10.1016/S0013-9351(03)00035-5 https://www. sciencedi-
rect.com/science/article/abs/pii/S0013935103000355  

[9] F. Hung, K. Tsang, C. Wu, Y. Liu, H. Wang, H. Zhu, C. Koo, 
W. Wang, An Adaptive Indoor Air Quality Control Scheme 
for Minimizing Volatile Organic Compounds Density [J]. 
IEEE Access 8, 22357-22365 (2020) DOI: 
10.1109/ACCESS.2020.2969212 
https://ieeexplore.ieee.org/document/8968426  

[10] A. Yahiaoui, Modeling and Control of Hybrid Ventilation in a 
Building With Double Skin Façade [J]. IEEE Access 8, 
184172-184186 (2020) DOI: 
10.1109/ACCESS.2020.3024260 
https://ieeexplore.ieee.org/document/9197637  

[11] D. Wall, P. McCullagh, I. Cleland, R. Bond, Development of 
an Internet of Things solution to monitor and analyze indoor 
air quality [J]. Internet of Things 14, 100392 (2021) DOI: 
10.1016/j.iot.2021.100392 
https://www.sciencedirect.com/science/article/pii/S25426605
21000366  

[12] A. Chamseddine, I. Alameddine, M. Hatzopoulou, M. El-
Fadel, Seasonal variation of air quality in hospitals with in-
door–outdoor correlations [J]. Building and Environment 
148, 689-700 (2019) DOI: 10.1016/j.buildenv.2018.11.034 
https://www.sciencedirect.com/science/article/abs/pii/S03601
32318307297 

 


