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Abstract 
The rapid advancement of imaging and sensor technologies in agriculture has led to a significant 
transformation in the way fruit quality is assessed. Real-time monitoring is becoming essential for 
optimizing harvest timing, improving food safety, reducing waste, and increasing overall agricultural 
efficiency. This review explores the application of cutting-edge imaging and sensor technologies, such 
as hyperspectral imaging, near-infrared spectroscopy (NIRS), and electronic nose (e-nose) sensors, in 
the context of fruit quality monitoring. The paper provides a comprehensive analysis of how these 
technologies are applied for non-invasive, real-time detection of parameters such as ripeness, color, 
texture, and spoilage. The review synthesizes findings from studies published between 2015 and 2023, 
highlighting the technological innovations and their integration into smart agricultural practices. In 
addition to technological advancements, the review examines the challenges faced in the widespread 
adoption of these technologies, such as cost, data interpretation complexity, and scalability in resource-
limited settings, particularly in India. Furthermore, it presents the opportunities these technologies offer 
to farmers, emphasizing their potential to optimize post-harvest management and minimize food losses. 
Based on a detailed analysis of the literature, this review also identifies gaps in the existing research, 
including the need for more field-based studies and the exploration of hybrid sensor systems. The paper 
concludes with recommendations for future research directions to enhance the integration of these 
technologies into practical, cost-effective solutions for smart agriculture. 
 

Keywords: Smart agriculture, fruit quality monitoring, advanced imaging, sensor technologies, real-
time monitoring, hyperspectral imaging, near-infrared spectroscopy, electronic nose sensors 
 

Introduction 
The agricultural sector is undergoing a profound transformation due to technological 
advancements, with digitalization being one of the most prominent trends. These 
advancements are not only aimed at increasing productivity and efficiency but also at 
improving sustainability and reducing the environmental footprint of farming. Among the 
various applications of technology in agriculture, real-time monitoring of crop and fruit 
quality is emerging as a critical component of modern farming practices. In this context, the 
use of advanced imaging and sensor technologies is becoming increasingly important for 
enhancing fruit quality assessment, reducing food wastage, and ensuring that produce meets 
the required standards for both domestic and international markets. 
Traditionally, fruit quality assessment has been a subjective process, relying on human 
observation and manual testing techniques. Methods like visual inspection, mechanical 
testing for firmness, and taste tests have been used to evaluate the ripeness, texture, color, 
and overall quality of fruits. However, these methods are time-consuming, labor-intensive, 
and prone to errors, especially when dealing with large volumes of produce. Furthermore, 
such methods may not be effective in detecting hidden internal defects, diseases, or spoilage, 
which can lead to significant post-harvest losses. As a result, there is a growing need for 
more reliable, non-invasive, and real-time techniques for fruit quality monitoring that can 
provide farmers and producers with instant, accurate data about the condition of their 
produce. 
With the advent of smart agriculture, there has been a shift toward the integration of 
advanced imaging and sensor technologies into fruit quality monitoring. These technologies 
allow for the non-destructive assessment of fruit quality, providing real-time data that can 
guide critical decisions regarding harvest timing, storage conditions, and transportation. Such 
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data can help reduce food waste by enabling the early 
detection of spoilage or ripening issues, thereby ensuring 
that fruits are harvested at the optimal time and transported 
under the best conditions to maintain quality. These 
technologies also offer the potential to optimize post-harvest 
management practices, which is essential for extending the 
shelf life of fruits and reducing the economic losses that 
occur due to the rapid deterioration of perishable produce. 
Among the most widely studied technologies for fruit 
quality monitoring are hyperspectral imaging, near-infrared 
spectroscopy (NIRS), and electronic nose (e-nose) sensors. 
Hyperspectral imaging, for instance, captures detailed 
spectral information across a wide range of wavelengths, 
providing insights into the internal and external properties 
of the fruit. This technology can detect subtle changes in 
fruit composition, such as variations in sugar content, 
moisture levels, and the presence of internal defects like 
bruising or rot, even before they are visible to the naked eye. 
Hyperspectral imaging has already demonstrated its 
potential for quality assessment in fruits such as mangoes, 
apples, grapes, and bananas, with studies showing its ability 
to identify ripeness stages and internal quality attributes 
with high accuracy. 
Similarly, near-infrared spectroscopy (NIRS) has gained 
considerable attention due to its ability to measure critical 
parameters such as moisture content, soluble solids 
concentration (e.g., sugar content), and acidity levels in 
fruits. NIRS has been successfully applied to a wide variety 
of fruits, including apples, bananas, and peaches, to predict 
ripeness and shelf life. NIRS is especially useful because it 
is a rapid, non-invasive technique that requires minimal 
sample preparation and can provide immediate feedback, 
making it a valuable tool for quality monitoring during both 
pre- and post-harvest stages. 
Another promising technology in fruit quality monitoring is 
the electronic nose (e-nose), which mimics the human sense 
of smell. E-nose sensors detect volatile organic compounds 
(VOCs) released by fruits, which are indicative of their 
quality and condition. These sensors have proven 
particularly useful in detecting spoilage and the presence of 
diseases, as they can identify changes in the volatile profile 
of fruits that occur as they ripen or decay. For example, e-
nose systems have been used to differentiate between fresh 
and decayed fruits such as oranges, strawberries, and apples, 
offering farmers real-time data on the condition of their 
produce. 
The integration of these advanced technologies into 
agricultural practices aligns with the growing demand for 
precision farming. Precision farming refers to the use of 
data-driven technologies to monitor and manage agricultural 
processes in a more precise and efficient manner. By 
providing real-time insights into crop health and quality, 
precision farming tools enable farmers to make better-
informed decisions about resource allocation, harvest 
timing, and pest management. The ultimate goal is to 
optimize yield while minimizing waste, reducing the use of 
chemicals, and ensuring sustainable farming practices. 
Advanced imaging and sensor technologies play a crucial 
role in this context by enabling farmers to monitor fruit 
quality continuously and remotely, which helps them 
respond to issues before they become significant problems. 
In India, where agriculture is a primary source of livelihood 
for millions of people, the adoption of precision agriculture 
technologies holds particular promise. India is one of the 
largest producers of fruits, including mangoes, bananas, 
apples, and citrus fruits, but it also faces significant 

challenges related to post-harvest losses, poor storage 
infrastructure, and inconsistent quality control. According to 
the National Centre for Cold-Chain Development (NCCD), 
India loses approximately 30-40% of its fruits and 
vegetables due to inadequate post-harvest management, 
including poor quality monitoring and improper storage 
conditions. By integrating advanced imaging and sensor 
technologies into the agricultural value chain, India can 
improve the quality and shelf life of its produce, reducing 
waste and enhancing the competitiveness of its agricultural 
exports. 
However, despite the potential benefits, the widespread 
adoption of these technologies in Indian agriculture faces 
several challenges. The high initial cost of equipment, 
limited access to specialized training, and inadequate 
infrastructure in rural areas are significant barriers to the 
adoption of smart farming practices. Additionally, while 
these technologies have demonstrated their potential in 
controlled environments and research studies, their 
scalability and effectiveness in real-world agricultural 
settings, particularly in smallholder farms, remain areas of 
concern. Furthermore, the integration of these technologies 
into existing farming practices requires a significant shift in 
the mindset of farmers, who may be resistant to change or 
may lack the technical expertise needed to operate advanced 
tools. 

 

Literature Review 
The integration of advanced imaging and sensor 
technologies in agriculture, particularly in fruit quality 
monitoring, has been a rapidly evolving area of research 
over the past decade. Hyperspectral imaging, near-infrared 
spectroscopy (NIRS), and electronic nose (e-nose) systems 
have emerged as the most promising technologies for non-
destructive, real-time evaluation of fruit quality parameters 
such as ripeness, firmness, sugar content, and internal 
defects. The use of these technologies offers significant 
advantages over traditional methods, which are often time-
consuming, labor-intensive, and prone to subjective errors. 
This section analyzes and critiques key studies conducted 
between 2015 and 2023, evaluating the development, 
application, and limitations of these technologies in fruit 
quality monitoring. 

 

Hyperspectral Imaging in Fruit Quality Monitoring 
Hyperspectral imaging has become one of the most widely 
studied technologies for fruit quality assessment due to its 
ability to capture detailed spectral data across a wide range 
of wavelengths. By analyzing the spectral signatures 
reflected from the fruit’s surface and internal layers, 
hyperspectral imaging can provide valuable insights into the 
fruit’s composition and quality attributes. Studies have 
shown that hyperspectral imaging can be used to assess 
parameters such as sugar content, moisture levels, firmness, 
and internal defects that are not visible on the surface. 
Patel et al. (2021) [1] demonstrated that hyperspectral 
imaging could effectively detect internal bruising and 
diseases in mangoes, with an accuracy rate of 92%. The 
study found that hyperspectral imaging could detect subtle 
changes in the fruit’s internal composition even before 
visible signs of damage appeared. This capability makes 
hyperspectral imaging particularly useful for ensuring fruit 
quality during harvesting and post-harvest handling. 
Similarly, a study by Singh et al. (2020) [4] found that 
hyperspectral imaging could accurately predict the ripeness 
and shelf life of bananas by measuring changes in their 
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chemical composition, including starch and sugar content. 
However, while hyperspectral imaging has shown great 
promise, it also has several limitations. The high cost of 
equipment and the need for specialized software for data 
analysis are significant barriers to its widespread adoption, 
especially in developing countries like India. Additionally, 
the large amounts of data generated by hyperspectral 
sensors can be difficult to manage and interpret without 
advanced machine learning techniques. 

 

Near-Infrared Spectroscopy (NIRS) 
Near-infrared spectroscopy (NIRS) is another key 
technology used for fruit quality monitoring. NIRS 
measures the absorption of near-infrared light by the fruit, 
which provides information about its chemical composition. 
By analyzing the absorption spectra, NIRS can measure 
parameters such as moisture content, acidity, and sugar 
levels. NIRS has been widely used in the agricultural 
industry to evaluate fruit quality, particularly in fruits like 
mangoes, apples, and peaches. 
Joshi et al. (2022) [3] showed that NIRS could be effectively 
used to predict the shelf life of mangoes by measuring their 
soluble solids content and moisture levels. The study 
demonstrated that NIRS could provide accurate predictions 
of shelf life, helping farmers and retailers make informed 
decisions about storage and transportation. Similarly, NIRS 
has been used to evaluate the quality of apples, where it 
successfully predicted attributes such as firmness and sugar 
content (Sharma et al., 2020) [4]. 
Despite its advantages, NIRS also faces challenges, 
particularly related to its ability to detect internal defects 
and diseases. While NIRS is effective in measuring external 
quality parameters like moisture and sugar content, it may 
not be as effective in detecting hidden internal issues such 
as bruising or microbial contamination. To address this 
limitation, researchers have been exploring the integration 
of NIRS with other imaging technologies, such as 
hyperspectral imaging, to create hybrid systems that can 
provide more comprehensive quality assessments. 

 

Electronic Nose (e-Nose) Technology 
Electronic nose (e-nose) technology, which mimics the 
human sense of smell, has shown promise in detecting 
spoilage and contamination in fruits. E-nose systems use 
sensor arrays to detect volatile organic compounds (VOCs) 
emitted by fruits, which are indicative of their quality and 
condition. The e-nose system can detect subtle changes in 
the chemical composition of fruits as they ripen, spoil, or 
become infected with pathogens. 
Sharma et al. (2020) [4] used an e-nose to differentiate 
between fresh and decayed oranges, demonstrating its 
ability to detect spoilage before visible signs appeared. 
Similarly, a study by Patel et al. (2021) [1] found that e-nose 
sensors could successfully differentiate between fresh and 
decayed mangoes, providing valuable information for post-
harvest quality management. These studies highlight the 
potential of e-nose systems in improving the efficiency of 
fruit quality monitoring by enabling early detection of 
spoilage and contamination. 
However, the use of e-nose technology also faces 
challenges. One of the main issues is the high variability in 
the VOCs emitted by different fruits, which can complicate 
the analysis. Furthermore, the e-nose system may struggle to 
detect certain types of spoilage or contamination, 
particularly if the VOCs are present in low concentrations. 
Additionally, the integration of e-nose systems into existing 

agricultural practices requires careful calibration and 
validation to ensure reliable results. 

 

Integration of Technologies and Hybrid Systems 
While hyperspectral imaging, NIRS, and e-nose systems 
have all shown promise in fruit quality monitoring, the 
integration of these technologies into a single, cohesive 
system remains a challenge. Researchers have begun 
exploring the use of hybrid systems that combine multiple 
sensor technologies to provide more comprehensive and 
accurate assessments of fruit quality. 
A study by Singh et al. (2021) [7] demonstrated the potential 
of combining hyperspectral imaging and NIRS for quality 
assessment in apples. The hybrid system provided 
complementary information, with hyperspectral imaging 
detecting internal defects and NIRS measuring moisture and 
sugar content. The combined system achieved higher 
accuracy in assessing fruit quality compared to using either 
technology alone. Similarly, researchers have explored the 
integration of e-nose technology with hyperspectral imaging 
and NIRS to create multi-sensor systems capable of 
detecting both visible and hidden quality attributes in fruits 
(Patel et al., 2022) [8]. 
The development of hybrid systems has the potential to 
overcome the limitations of individual technologies, but 
challenges remain in terms of cost, data integration, and 
real-time processing. Additionally, the development of user-
friendly platforms for farmers to access and interpret the 
data remains a critical area for future research. 

 

Gaps in Knowledge and Future Directions 
Despite the significant advancements in imaging and sensor 
technologies for fruit quality monitoring, several gaps in 
knowledge remain. One of the main limitations is the lack of 
research on the long-term performance of these technologies 
under real-world agricultural conditions. While many 
studies have demonstrated the effectiveness of these 
technologies in controlled environments, their scalability 
and reliability in field-based applications, especially in 
smallholder farming systems, need further investigation. 
Additionally, there is a need for more research on the 
economic feasibility of implementing these technologies in 
developing countries like India. While these technologies 
have shown great potential in laboratory settings, their high 
initial cost and the need for specialized expertise may pose 
significant barriers to adoption. Future studies should focus 
on developing cost-effective, scalable solutions that can be 
easily integrated into existing farming practices, particularly 
for small-scale farmers who lack access to advanced 
technologies. 
Furthermore, more research is needed on the integration of 
multiple sensor systems and the development of user-
friendly platforms for real-time data interpretation. The 
successful implementation of these technologies will require 
the development of systems that can provide actionable 
insights to farmers, enabling them to make data-driven 
decisions that optimize fruit quality and reduce post-harvest 
losses. 
 

Methodology 
This review follows a systematic and qualitative approach to 

analyze the advancements in imaging and sensor 

technologies for real-time fruit quality monitoring. The 

primary objective is to examine the application of 

hyperspectral imaging, near-infrared spectroscopy (NIRS), 
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and electronic nose (e-nose) sensors in fruit quality 

assessment within smart agriculture. The review focuses on 

studies published between 2015 and 2023 to capture the 

latest advancements in the field. The research design is 

exploratory, aiming to synthesize findings from peer-

reviewed articles, government reports, and industry 

publications on the effectiveness, limitations, and practical 

applications of these technologies. 

The data collection process involved a comprehensive 

search through multiple academic databases, such as Google 

Scholar, ScienceDirect, and PubMed, using relevant 

keywords such as "hyperspectral imaging," "near-infrared 

spectroscopy," "electronic nose," "fruit quality monitoring," 

and "real-time monitoring." The inclusion criteria for the 

selected studies were relevance to the topic of advanced 

imaging and sensor technologies, publication dates from 

2015 to 2023, and the application of these technologies in 

fruit quality monitoring. 

The selected studies were then analyzed based on the 

effectiveness, precision, and application of hyperspectral 

imaging, NIRS, and e-nose sensors. Studies were 

categorized according to the specific technology used and 

the fruit quality attributes assessed, such as ripeness, 

spoilage, internal defects, and sugar content. The review 

also compared the findings of various studies, looking for 

common trends and highlighting the strengths and 

weaknesses of the technologies. The aim was to identify the 

technologies' potential benefits in improving fruit quality 

management and post-harvest handling, particularly in the 

context of smallholder farming systems. 

To analyze the effectiveness of these technologies, the 

review examined how each one performed under controlled 

conditions and in real-world agricultural settings. The 

challenges of implementing these technologies, including 

cost, scalability, and data interpretation, were also assessed. 

Additionally, the review highlighted any gaps in the existing 

research, particularly in terms of real-world applications and 

the economic feasibility of adopting these technologies in 

developing countries like India. 

The analysis was further supported by insights gained from

software tools and instruments used in the studies, such as 

ENVI for hyperspectral imaging, MATLAB for data 

processing, and sensor calibration tools for e-nose systems. 

Data from real-world applications, including datasets from 

Indian mango farms and banana plantations, were 

incorporated into the review to provide a broader 

understanding of the practical challenges and opportunities 

these technologies present. 

 

Results 

The results of this review highlight the significant 

advancements in imaging and sensor technologies for real-

time fruit quality monitoring, with a particular focus on 

hyperspectral imaging, near-infrared spectroscopy (NIRS), 

and electronic nose (e-nose) sensors. The studies reviewed 

reveal that these technologies are increasingly being used 

for non-invasive, real-time quality assessment of fruits, with 

promising applications in both post-harvest management 

and pre-harvest decision-making. 

 

Hyperspectral Imaging 

Hyperspectral imaging has emerged as a powerful tool for 

detecting internal defects, assessing ripeness, and 

identifying diseases in fruits. Studies have shown that 

hyperspectral imaging is capable of accurately identifying 

quality parameters such as sugar content, moisture levels, 

and internal bruising that are not visible on the surface. For 

example, Patel et al. (2021) [1] demonstrated that 

hyperspectral imaging could detect internal bruising in 

mangoes with an accuracy rate of 92%. Similarly, Singh et 

al. (2020) [4] used hyperspectral imaging to assess the 

ripeness of bananas, finding that it could predict ripeness 

stages with 95% accuracy based on spectral data. 

A comparative analysis of hyperspectral imaging for 

detecting internal defects in apples and mangoes (as shown 

in Table 1) reveals that this technology consistently 

outperforms traditional methods in terms of accuracy and 

precision, particularly in identifying hidden defects that are 

difficult to detect by visual inspection. 

 

Table 1: Hyperspectral Imaging Performance for Detecting Internal Defects in Apples and Mangoes 
 

Fruit Type Accuracy for Internal Defect Detection (%) Method Used 

Mangoes 92% Hyperspectral Imaging (Patel et al., 2021) [1] 

Apples 94% Hyperspectral Imaging (Singh et al., 2020) [4] 

Oranges 90% Hyperspectral Imaging (Joshi et al., 2021) 

 

These findings indicate that hyperspectral imaging is highly 

effective in detecting internal quality attributes that 

traditional methods fail to identify, making it an ideal tool 

for fruit quality monitoring. 

 

Near-Infrared Spectroscopy (NIRS) 

NIRS has also shown considerable promise in fruit quality 

monitoring, particularly for assessing parameters such as 

moisture content, sugar levels, and acidity. Studies have 

demonstrated that NIRS can provide real-time data on the 

chemical composition of fruits, helping farmers determine 

the optimal harvest time and post-harvest handling 

procedures. For instance, Joshi et al. (2022) [3] used NIRS to 

predict the shelf life of mangoes, achieving an accuracy rate 

of 90% in predicting fruit quality based on soluble solids 

content and moisture levels. This method allows for non-

invasive testing of fruit quality without the need for 

destructive sampling. 
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Fig 1: NIRS-based Prediction of Mango Shelf Life 

 
In this figure, the NIRS measurements of soluble solids 
content (SSC) and moisture content are compared against 
the actual shelf life of mangoes. The graph shows a strong 
linear relationship between NIRS data and shelf life 
prediction, with R² values exceeding 0.85 in most cases. 
The ability of NIRS to predict shelf life based on soluble 
solids content and moisture levels underscores its potential 
as a tool for improving post-harvest management practices. 

 

Electronic Nose (e-Nose) Technology 
E-nose sensors, which detect volatile organic compounds 
(VOCs) emitted by fruits, have proven effective in 

monitoring spoilage and detecting pathogens. E-nose 
technology simulates the human sense of smell, enabling it 
to identify subtle changes in the chemical composition of 
fruits as they ripen or decay. For example, Sharma et al. 
(2020) [4] demonstrated that e-nose sensors could distinguish 
between fresh and decayed oranges with an accuracy of 
91%. Similarly, a study by Patel et al. (2021) [1] showed that 
e-nose sensors could differentiate between fresh and 
decayed mangoes, providing real-time data on the fruit's 
condition. 
The following table compares the accuracy of e-nose 
technology in detecting spoilage in various fruits: 

 
Table 2: E-nose technology for spoilage detection in fruits 

 

Fruit Type Accuracy for Spoilage Detection (%) Method Used 

Oranges 91% Electronic Nose (Sharma et al., 2020) [4] 

Mangoes 89% Electronic Nose (Patel et al., 2021) [1] 

Apples 87% Electronic Nose (Patel et al., 2021) [21] 

 
The e-nose system’s ability to differentiate between fresh 
and decayed fruits provides farmers with a tool for 
monitoring fruit quality in real-time, potentially reducing 
post-harvest losses and improving the efficiency of the 
supply chain. 

 

Hybrid Systems and Multi-Sensor Approaches 
Recent studies have explored the integration of multiple 
sensor technologies to provide more comprehensive and

accurate fruit quality assessments. For example, a study by 
Singh et al. (2021) [7] combined hyperspectral imaging and 
NIRS to predict the shelf life of apples and mangoes. This 
hybrid system enabled more precise assessments by 
leveraging the strengths of both technologies. The 
combination of hyperspectral imaging’s ability to detect 
internal defects and NIRS’s ability to measure chemical 
composition resulted in a system that achieved 95% 
accuracy in predicting fruit quality and shelf life. 

 

 
 

Fig 2: Hybrid System for Fruit Quality Monitoring (Hyperspectral Imaging + NIRS) 

 

http://www.computersciencejournals.com/ijcit


International Journal of Communication and Information Technology http://www.computersciencejournals.com/ijcit 

~ 48 ~ 

This graph compares the accuracy of the hybrid system 
(combined hyperspectral and NIRS data) to the individual 
performances of hyperspectral imaging and NIRS alone. 
The hybrid system significantly improves accuracy, 
particularly in detecting both internal defects and chemical 
composition. 
Hybrid systems like these show great potential for 
overcoming the limitations of individual technologies and 
can be particularly useful in providing comprehensive 
assessments of fruit quality across various parameters. 
However, challenges such as cost, data integration, and real-
time processing remain significant barriers to widespread 
adoption. 

 

Challenges and Future Directions 
While the technologies discussed in this review offer 
significant potential, the results highlight several challenges 
that must be addressed before they can be widely adopted in 
agricultural practice. The high cost of equipment and the 
need for specialized expertise to operate these systems are 
major barriers, especially for smallholder farmers in 
developing countries like India. Additionally, while these 
technologies have demonstrated their effectiveness in 
controlled environments, their scalability and reliability in 
field conditions remain areas of concern. 
Future research should focus on the development of cost-
effective solutions that can be easily integrated into existing 
farming practices. There is also a need for user-friendly 
platforms that can provide real-time insights in a manner 
that is accessible to farmers without specialized training. 
Finally, further studies are needed to evaluate the long-term 
impact of these technologies on crop yield, quality, and 
sustainability in real-world agricultural systems. 
 

Discussion 
The integration of advanced imaging and sensor 
technologies for real-time fruit quality monitoring has 
significantly altered the landscape of modern agriculture. 
Technologies like hyperspectral imaging (HSI), near-
infrared spectroscopy (NIRS), and electronic nose (e-nose) 
sensors have emerged as key tools in enhancing fruit quality 
assessment. These advancements are especially crucial in 
the context of smart agriculture, where precision, 
sustainability, and efficiency are the driving forces for 
transforming agricultural practices. This discussion 
critically analyzes the findings from studies conducted 
between 2015 and 2023, reflecting on the broader 
implications of these technologies, particularly in fruit 
quality monitoring. It also highlights the challenges and 
opportunities for their adoption in countries like India, 
where agriculture plays a vital role in the economy, yet 
faces significant challenges such as inefficiency in post-
harvest management and waste reduction. 

 

Hyperspectral Imaging: Precision and Practicality in 

Real-World Applications 
Hyperspectral imaging (HSI) has proven to be one of the 
most promising technologies in fruit quality monitoring due 
to its ability to capture a wide range of spectral information. 
Unlike traditional imaging techniques, HSI provides 
detailed spectral data across various wavelengths, allowing 
for the detection of both external and internal characteristics 
of fruits, including ripeness, sugar content, moisture levels, 
and internal defects such as bruising and rot. In the last 
decade, studies have shown that HSI can accurately measure 
these parameters, even in fruits with visible defects, making 

it a powerful tool for ensuring food safety and quality. 
For example, Patel et al. (2021) [1] demonstrated the 
application of HSI for detecting internal bruising in 
mangoes. The study found that the technology was able to 
detect subtle changes in the mango’s internal composition, 
which were not visible on the surface, with an accuracy rate 
of 92%. Similarly, Singh et al. (2020) [4] used hyperspectral 
imaging to assess the ripeness of bananas, successfully 
predicting ripeness stages with 95% accuracy. These studies 
highlight the immense potential of HSI for real-time 
monitoring of fruit quality, particularly in scenarios where 
traditional methods fail to detect hidden defects. 
Despite the promising capabilities, the widespread adoption 
of HSI faces challenges, primarily due to the high costs 
associated with the technology. Hyperspectral imaging 
requires sophisticated equipment, such as high-resolution 
cameras and specialized software for data analysis, making 
it financially inaccessible for many smallholder farmers, 
especially in developing countries. Additionally, the 
complexity of data processing and analysis can be a barrier 
for users who may not have the technical expertise required 
to operate these systems effectively. While some 
advancements have been made in improving the 
affordability of hyperspectral cameras, these technologies 
remain out of reach for a large portion of the farming 
community, particularly in resource-limited settings. 
Moreover, the size and weight of hyperspectral imaging 
systems also present logistical challenges for use in large-
scale agricultural operations, especially in the field. 
In terms of practical application, hyperspectral imaging has 
been largely confined to controlled laboratory settings or 
small-scale research projects, and its integration into 
everyday agricultural practices remains limited. For HSI to 
reach its full potential, more research is needed to develop 
portable, cost-effective systems that can be used on a larger 
scale. Furthermore, data integration tools that simplify the 
interpretation of hyperspectral images will be essential to 
make this technology more accessible to farmers who may 
not have the expertise to analyze complex spectral data. 

 

Near-Infrared Spectroscopy: Accessibility and 

Efficiency 
Near-infrared spectroscopy (NIRS) is another promising 
technology for real-time fruit quality monitoring, 
particularly because of its relatively lower cost and 
portability compared to hyperspectral imaging. NIRS works 
by measuring the absorption of near-infrared light by the 
fruit, which provides data on its chemical composition. The 
primary attributes that can be assessed using NIRS include 
moisture content, sugar levels, acidity, and other critical 
quality parameters such as firmness. These measurements 
are essential for determining the optimal harvest time and 
improving post-harvest management. 
In recent years, NIRS has been widely applied in the fruit 
industry due to its non-destructive nature and its ability to 
deliver results in real-time. Joshi et al. (2022) [3] used NIRS 
to predict the shelf life of mangoes, achieving an accuracy 
rate of 90% by analyzing the soluble solids content and 
moisture levels of the fruit. NIRS has also been successfully 
applied to apples, bananas, peaches, and citrus fruits to 
measure key quality parameters. The versatility of NIRS, 
combined with its relatively low cost and ease of use, makes 
it an ideal candidate for integration into smart farming 
systems, especially in developing countries where resources 
may be limited. 
However, while NIRS is a promising technology, it is not 
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without its limitations. One of the primary challenges is the 
need for accurate calibration models, which are essential for 
ensuring that NIRS can provide accurate and reliable data 
across different fruit varieties and environmental conditions. 
Calibrating NIRS systems for various fruits requires 
extensive data collection and analysis, which can be time-
consuming and costly. Additionally, NIRS may not be as 
effective at detecting internal defects or diseases, 
particularly in fruits that exhibit non-visible damage. For 
example, while NIRS can accurately measure the moisture 
content and sugar levels of fruits, it may not be able to 
detect bruising or fungal infections that are hidden beneath 
the skin. 
To address these limitations, some researchers have 
explored the use of NIRS in combination with other imaging 
technologies, such as hyperspectral imaging, to provide a 
more comprehensive assessment of fruit quality. Combining 
NIRS with other technologies can help overcome the 
limitations of individual methods and provide more accurate 
results. For instance, NIRS can be used to measure external 
attributes, while hyperspectral imaging can detect internal 
defects, offering a more holistic approach to fruit quality 
monitoring. 

 

Electronic Nose: A Non-Destructive Tool for Detecting 

Spoilage 
The electronic nose (e-nose) is a sensor-based technology 
that mimics the human sense of smell. It detects volatile 
organic compounds (VOCs) emitted by fruits, which are 
indicative of their condition. E-nose technology has gained 
attention for its ability to detect spoilage and microbial 
contamination in fruits, making it an effective tool for 
monitoring fruit quality in real-time. Unlike hyperspectral 
imaging and NIRS, which focus on the chemical 
composition of fruits, e-nose sensors focus on the VOCs 
released as fruits ripen or decay. These compounds are often 
produced by microorganisms or chemical reactions 
occurring inside the fruit, making e-nose technology 
particularly effective for identifying spoilage at an early 
stage. 
Research by Sharma et al. (2020) [4] showed that e-nose 
systems could accurately differentiate between fresh and 
decayed oranges, with an accuracy of 91%. Similarly, Patel 
et al. (2021) [1] demonstrated that e-nose technology could 
detect early signs of spoilage in mangoes, providing real-
time data on the fruit’s condition. The ability of e-nose 
systems to detect spoilage before visible signs appear is a 
significant advantage, particularly in supply chains where 
fruits are transported over long distances and time is critical. 
By identifying spoilage early, e-nose sensors can help 
reduce food waste and improve the efficiency of post-
harvest handling. 
Despite its potential, the e-nose system is not without 
limitations. One of the key challenges is the variability in 
the VOCs emitted by different fruits, which can complicate 
the analysis and interpretation of sensor data. Additionally, 
environmental factors such as temperature, humidity, and air 
quality can affect the performance of e-nose sensors, 
making calibration a critical step in ensuring accurate 
readings. Furthermore, while e-nose sensors have 
demonstrated effectiveness in controlled environments, their 
performance in real-world agricultural settings is still being 
studied. 

 

Hybrid Systems: Combining Strengths for 
Comprehensive Monitoring: Recent advancements in 

sensor technology have led to the development of hybrid 
systems that combine multiple sensor modalities to provide 
more comprehensive assessments of fruit quality. For 
example, a hybrid system combining hyperspectral imaging 
and NIRS has been used to predict the shelf life of apples 
and mangoes, achieving high accuracy in both internal and 
external quality assessments. The integration of these 
technologies allows for more precise measurements of both 
chemical composition and structural attributes, offering a 
more holistic view of fruit quality. 
Singh et al. (2021) [7] demonstrated that a hybrid system that 
combined hyperspectral imaging and NIRS could detect 
both internal defects and chemical composition, resulting in 
95% accuracy in predicting fruit shelf life. These hybrid 
systems capitalize on the strengths of each technology, 
providing a more complete and accurate picture of fruit 
quality. However, integrating multiple technologies into a 
single system presents challenges related to cost, data 
processing, and system complexity. Simplifying these 
systems while retaining their functionality is essential for 
making them more accessible and user-friendly for farmers, 
particularly smallholders in developing countries. 

 

Implications for Indian Agriculture 
In India, where the agricultural sector is characterized by 
smallholder farming, the potential for adopting advanced 
imaging and sensor technologies for fruit quality monitoring 
is immense. India is one of the largest producers of fruits, 
but it also faces significant challenges in post-harvest 
management, including inadequate storage facilities, poor 
quality control, and high levels of food waste. The adoption 
of technologies like hyperspectral imaging, NIRS, and e-
nose could help address these challenges by providing 
farmers with real-time data on fruit quality, enabling better 
decision-making regarding harvest timing, storage, and 
transportation. 
However, the widespread adoption of these technologies in 
India faces several barriers. The high initial cost of 
equipment, limited access to training and technical support, 
and the lack of infrastructure in rural areas make it difficult 
for smallholder farmers to adopt these advanced systems. 
Additionally, there is a need for localized solutions that can 
be easily integrated into the existing farming practices of 
Indian farmers. Government support and collaboration with 
research institutions are essential to facilitate the adoption of 
these technologies and ensure their success in real-world 
agricultural settings. 

 

Future Research Directions 
Looking ahead, future research should focus on developing 
cost-effective, portable, and easy-to-use technologies that 
can be adopted by smallholder farmers. More research is 
also needed to understand the long-term performance of 
these technologies in real-world conditions, particularly in 
diverse agricultural settings. Additionally, the integration of 
multiple sensor systems should be explored further, as 
hybrid systems have the potential to provide more accurate 
and comprehensive assessments of fruit quality. Finally, the 
development of user-friendly platforms that enable farmers 
to easily interpret the data and make informed decisions is 
crucial for the successful implementation of these 
technologies in the field. 
 

Conclusion 
Advancements in imaging and sensor technologies—
particularly hyperspectral imaging (HSI), near-infrared 
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spectroscopy (NIRS), and electronic nose (e-nose) 
systems—are transforming fruit quality monitoring by 
enabling real-time, non-destructive assessment. These 
innovations promise improved post-harvest management, 
reduced food waste, enhanced food safety, and smarter 
agricultural practices. However, challenges remain, 
especially in developing countries like India, where 
agriculture relies heavily on traditional methods. 
HSI excels at assessing both external and internal fruit 
quality, detecting hidden defects and diseases with high 
accuracy, such as bruising and ripeness in mangoes and 
bananas. Despite its potential, HSI's high cost and complex 
data interpretation limit widespread adoption. NIRS offers a 
more affordable, portable alternative, effective in measuring 
soluble solids, moisture, and acidity—key parameters for 
harvest timing and shelf life. It is widely used but struggles 
with detecting internal defects and requires calibration for 
different fruits and environments. The e-nose mimics human 
smell to detect spoilage and microbial contamination, 
providing real-time feedback. It effectively distinguishes 
fresh from decayed fruits but faces challenges due to 
variable volatile organic compounds and environmental 
influences, alongside cost and training barriers. 
Hybrid systems combining these technologies show promise 
by leveraging their complementary strengths, improving 
accuracy in predicting shelf life and spoilage. However, 
these systems remain costly and complex, limiting 
scalability. 
The primary barriers to adoption include equipment costs, 
the need for specialized knowledge, and limited 
infrastructure, particularly impacting smallholder farmers in 
India. To overcome these issues, research should focus on 
low-cost, portable, and user-friendly solutions, as well as 
AI-driven data analysis to simplify interpretation. 
Integrating these technologies into smart agriculture can 
reduce waste, enhance supply chain efficiency, and promote 
sustainability. India’s significant fruit production and post-
harvest losses underscore the potential benefits, supported 
by government initiatives like the National Mission on 
Sustainable Agriculture. Future efforts must emphasize 
affordable technologies, integration with precision farming 
tools, economic impact evaluation, and farmer training to 
ensure broad adoption and improved agricultural outcomes. 
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