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Abstract
To ensure food safety and uphold high standards, the food business must overcome significant obstacles. In recent years, 
promising answers to these issues have emerged in the form of artificial intelligence (AI) and machine learning (ML). This 
thorough review paper analyses the various uses of AI and ML in food quality management and safety evaluation, offering 
insightful information for academics, business people and legislators. The evaluation highlights the value of food quality 
assessment and control in consideration of growing consumer demand and regulatory scrutiny. The powerful capabilities of 
AI and ML are touted as having the potential to revolutionize these procedures. This study illustrates the numerous uses of AI 
and ML in food quality management through an in-depth exploration of these technologies. Defect detection and consistency 
evaluation are made possible using computer vision techniques, and intelligent data analysis and real-time monitoring are made 
possible by natural language processing. Deep learning techniques also provide reliable approaches for pattern recognition 
and anomaly detection, thus maintaining consistency in quality across manufacturing batches. This review emphasizes the 
efficiency of AI and ML in detecting dangerous microorganisms, allergies and chemical pollutants with regard to food safety 
evaluation. Consumer health risks are reduced because of the rapid identification of safety issues made possible by integrating 
data from diverse sources, including sensors and IoT devices. The assessment discusses issues and restrictions related to the 
application of AI and ML in the food business while appreciating the impressive progress that has been made. Continuous 
efforts are being made to improve model interpretability and reduce biases, which calls for careful evaluation of data quality, 
quantity and privacy issues. To assure compliance with food safety norms and regulations, the article also covers regulatory 
approval and validation of AI-generated outcomes. The revolutionary potential of AI and ML in raising food industry standards 
and preserving public health is highlighted on future perspectives that concentrate on new trends and potential innovations. 
This comprehensive review reveals that the integration of AI and ML technologies in food quality control and safety not only 
enhances efficiency, minimizes risks and ensures regulatory compliance but also heralds a new era of personalized nutrition, 
autonomous monitoring and global collaboration, signifying a transformative paradigm in the food industry.

Keywords  Artificial intelligence · Machine learning · Food quality control · Food safety assessment · Computer vision · 
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Introduction

The food industry at a global level is encountering an esca-
lation in challenges associated with ensuring food safety, 
sustainability and quality due to the increasing demands of 

consumers and environmental changes. To combat these 
challenges, industry professionals and researchers are 
resorting to artificial intelligence (AI) and machine learn-
ing (ML) techniques as effective instruments to transform 
food safety assessment and quality control. In this paper, 
an assessment is conducted to explore the varied applica-
tions of AI and ML in the food industry, with a particular 
emphasis on their potential to mitigate crucial challenges 
and enhance the overall efficiency. The requirement for 
advanced technologies in food safety assessment and qual-
ity control is apparent, and AI and ML provide encourag-
ing solutions. The conflation of hyperspectral imaging and 

 *	 Krishna Bahadur Chhetri 
	 krishnachhetri25@gmail.com

1	 Krishi Vigyan Kendra, Bhagwanpur Hat, Siwan 841408, 
India

2	 Dr. RPCAU​, Pusa, Samastipur, Bihar, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s12393-023-09363-1&domain=pdf


2	 Food Engineering Reviews (2024) 16:1–21

1 3

AI methodologies in a symbiotic manner, as illustrated by 
the innovative research undertaken by Rady et al. [1], car-
ried significant consequences for the food processing sec-
tor. This union facilitates the swift and accurate detection 
of pest infestations in apples, which fortifies pre-emptive 
measures and decreases crop losses. Furthermore, the AI-
powered analysis extends to quality management, permitting 
the real-time evaluation of factors such as ripeness and pol-
lutants. By refining procedures and ensuring the authenticity 
of products, this combination redefines the benchmarks for 
food safety and refines the general efficacy of the industry.

The food processing industry is on the cusp of a trans-
formative period, owing to the profound integration of 
AI and ML techniques. These advancements have signifi-
cantly altered the crop disease and pest detection landscape 
with remarkable precision, as evidenced by the pioneering 
research of Boyd and Sun [2]. Their groundbreaking expert 
system, which diagnoses potato ailments, is a pioneering 
achievement that demonstrates the expeditious and pre-
cise assessments that are now possible, ushering in a new 
era of rapid interventions and reduced agricultural losses. 
However, the realm of AI and ML surpasses the confines 
of immediate quality control. Instead, it assumes a mantle 
of paramount significance in navigating the intricate and 
multifaceted terrain of food security. The astute applica-
tion of fuzzy systems, as demonstrated by Peixoto et al. [3], 
offers a glimpse into this potential. Their ingenious dynamic 
regulation of soybean aphids exemplifies the strategic use 
of AI, resulting not only in augmented crop yields but also 
in fortifying the very foundation of the global food supply 
chain. Inextricably linked to the evolving tapestry of the food 
industry, the ascendancy of AI and ML technologies in food 
quality control and safety assessment is inexorable. As we 
traverse the dynamic contours of this landscape, it becomes 
increasingly evident that this review serves not merely as an 
exposition but also as a clarion call, illuminating the path to 
an augmented future where AI and ML stand as sentinels of 
excellence within the realms of food processing.

Materials and Methods

The synthesis of this all-encompassing review is sup-
ported by a rigorous methodology aimed at extracting valu-
able insights from the most authoritative sources currently 
available. A meticulous and systematic search strategy was 
executed, utilizing well-known databases such as PubMed, 
IEEE Xplore and ScienceDirect. This review covers litera-
ture published until 2022, ensuring a comprehensive and 
up-to-date coverage of the subject.

In accordance with strict inclusion criteria, the selection 
process gave priority to articles that have undergone peer 
review and notable conference proceedings. A thorough 

three-step screening process, involving the evaluation of 
titles, abstracts and full texts, was implemented to ensure 
the accuracy and relevance of the studies included. The cat-
egorization framework focused on the principal applications 
of AI and ML in the context of food safety, specifically com-
puter vision, IoT-enabled sensors, blockchain integration and 
predictive modelling. A systematic analysis of the benefits 
and limitations associated with each application supports a 
refined distillation of insights, contributing to a comprehen-
sive understanding of the subject matter.

Food Quality Control and Safety Assessment 
Through AI and ML Techniques

AI and ML techniques have revolutionized the field of food 
quality control by presenting inventive solutions to increase 
the consistency and safety of food items [4, 5]. Among the 
key techniques used in the industry are the following:

1.	 Computer vision: In contemporary food process engi-
neering, the combination of computer vision technology 
and AI has emerged as a pioneering development [5]. 
This combination is transforming the food industry by 
enabling meticulous and automated visual inspections. 
AI-powered computer vision systems excel at scruti-
nizing food products with precision and speed through 
image and video analysis. These systems are indispensa-
ble for crucial tasks such as grading, sorting and quality 
assessment. By rapidly identifying discrepancies from 
quality standards, they ensure that only products satis-
fying stringent criteria are delivered to consumers. The 
impact of this technology extends across diverse sec-
tors within food processing. In sorting, computer vision 
systems equipped with AI discern subtle variations in 
colour, size and shape. This enables precise product cat-
egorization, which is particularly essential in fruit and 
vegetable sorting, where uniformity is vital for quality 
and competitiveness. Furthermore, the implementation 
of computer vision addresses food safety concerns by 
promptly identifying potential contaminants or patho-
gens. Rapid data analysis allows timely interventions, 
minimizing risks to food safety and potential recalls. 
In quality assessment, these systems provide consistent, 
objective evaluations of attributes that influence con-
sumer preferences. By reducing human subjectivity, they 
enhance the standardized product evaluation, thus foster-
ing consumer trust and satisfaction. The combination of 
AI and computer vision not only accelerates processes 
but also optimizes resource usage. Early identification 
of defects minimizes waste, leading to cost savings and 
heightened sustainability.

2.	 Spectroscopy and sensors: The domain of food pro-
cess engineering is marked by the combination of AI 
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and ML, which is particularly evident in the realm of 
spectroscopy and sensors. According to Si et al. [5], 
ML algorithms intricately analyse data sourced from 
spectroscopic techniques and a diverse array of sensors, 
measuring crucial attributes such as moisture content, 
pH levels and chemical composition. This data-driven 
analysis empowers AI to make estimations regarding the 
nutritional value, ripeness and freshness of food items, 
facilitating informed decision-making for producers 
concerning production and storage strategies. The pro-
ficiency of AIs in interpreting spectroscopic and sensor 
data has profound implications for quality control and 
safety assessment. By harnessing AI’s pattern recogni-
tion capabilities, the technology enables producers to 
optimize production processes and minimize resource 
wastage. In addition, real-time data streams from sensors 
align with contemporary paradigms such as Industry 4.0 
and the Internet of things (IoT), facilitating predictive 
modelling for quality deviations and enabling timely 
intervention. This symbiotic blend of AI and ML in 
spectroscopy and sensors not only enhances operational 
efficiency but also strengthens the foundation of food 
safety and quality within the dynamic landscape of food 
process engineering.

3.	 Predictive modelling: Predictive modelling with con-
vergence of AI and ML has significant implications for 
food quality and control. Si et al. [5] have expounded 
on this technique, which utilizes historical data to train 
ML models and predict potential quality issues while 
estimating the shelf-life of food products. The combina-
tion of AI and ML facilitates the monitoring of a com-
prehensive range of variables throughout the production 
and storage phases, allowing the system to anticipate the 
likelihood of contamination, spoilage or other forms of 
deterioration. By identifying patterns and correlations 
in the data, AI-driven predictive models empower pro-
ducers to make informed decisions expeditiously. Sub-
sequently, timely interventions can be implemented to 
preserve the integrity of the final product, minimize 
wastage and ensure that consumers receive safe and 
high-quality food items.

In essence, the application of predictive modelling for-
tified by AI holds significant promise for revolutionizing 
food process engineering. By leveraging historical insights 
and real-time data, this approach enhances the industry’s 
ability to mitigate risks, optimize resources and ultimately 
deliver products that meet the highest standards of quality 
and safety.

4.	 IoT-enabled real-time monitoring: The integration of 
AI and ML has been emphasized by Si et al. [5], thus 
leading to the emergence of IoT devices equipped with 

sensors. This union has enabled real-time monitoring 
of critical parameters, thereby facilitating proactive 
quality control. With the aid of these IoT devices, data 
acquisition is performed in real time, ensuring that qual-
ity benchmarks are constantly upheld. In the event of 
any deviations, AI systems expeditiously analyse the 
data and deliver prompt notifications, thereby enabling 
immediate corrective measures. This dynamic approach 
not only hastens response times but also mitigates the 
risk of errors or contamination.

Furthermore, AI-powered automation and robotics play 
a crucial role in expediting quality control procedures. By 
eliminating human intervention, these technologies enhance 
precision and minimize the potential for errors. The intricate 
handling and examination of food products are facilitated, 
ensuring uniform quality and reducing needless wastage. In 
essence, the convergence of AI, ML and IoT within food pro-
cess engineering amplifies the industry’s ability to maintain 
superior quality standards. The real-time monitoring and 
automated responsiveness empower stakeholders to ensure 
that only products of the highest quality are presented to 
consumers, subsequently elevating trust, satisfaction and 
overall efficiency.

5.	 Data-driven decision-making: In the realm of food pro-
cess engineering, the confluence between AI and ML 
has been underscored by Si et al. [5] and Vijay et al. 
[6], utilizing expansive datasets for data-oriented deci-
sion-making. This approach combines an array of data 
sources, including customer feedback, laboratory test-
ing results and manufacturing records. AI’s capacity 
to process and scrutinize these vast datasets empowers 
upgraded quality control systems. This integration facili-
tates the identification of intricate trends and issues that 
may elude conventional methods. By discerning patterns 
and anomalies across multiple dimensions, AI enhances 
the accuracy of quality assessment and contributes to 
the proactive identification of potential challenges. The 
integration of AI and ML in food process engineering 
exemplifies a transformative shift towards data-driven 
decision-making. This not only enriches the compre-
hension of product quality but also fosters continuous 
improvement and innovation within the industry.

6.	 Blockchain and AI-enabled improved traceability and 
transparency in the food supply chain: The intersection 
of blockchain and AI has resulted in a significant break-
through in augmenting traceability and transparency 
throughout the food supply chain. The influential works 
of Si et al. [5] and Bestelmeyer et al. [7] underscored 
the pivotal role of this decentralized ledger in meticu-
lously monitoring the entire journey of food products, 
spanning from their origin to consumption. By lever-
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aging AI-powered analysis of blockchain data, a swift 
and accurate identification of sources is made feasible 
in cases of contamination or recalls. This integration 
fortifies the efficacy of traceability systems, safeguards 
consumer health and increases the efficiency of correc-
tive measures. The fusion of blockchain and AI within 
food process engineering not only empowers supply 
chain stakeholders with real-time insights but also instils 
a heightened level of accountability and integrity. By 
fostering an environment of transparency, these cutting-
edge technologies catalyse a new era in food safety and 
quality assurance, reinforcing consumer confidence and 
industry-wide standards.

The combination of AI and ML methodologies has pre-
cipitated a profound metamorphosis in the realm of food 
quality control, resulting in elevated consumer satisfaction 
levels, reduced wastage and reinforced safety [4, 6]. The 
developing landscape holds the potential for even more 
remarkable strides in food quality management, ensuring 
a consistent supply of secure and first-rate food products. 
These technologies have revolutionized the paradigm of food 
process engineering, augmenting its efficacy, precision and 
dependability. The collaborative synergy between AI, ML 
and food science underscores their pivotal role in shaping 
the future of food quality assurance. This trajectory not only 
guarantees continual improvement of consumer experiences 
but also establishes a robust foundation for industry’s growth 
and resilience. The comparison of AI and ML techniques 
for food safety and quality control is described in Table 1.

Sensor‑Based AI and ML Applications for Enhancing 
Food Safety and Quality Control

Data collection and analysis have been revolutionized by 
AI-based sensing technologies, which use AI algorithms 
to glean insightful information from sensor data [5, 6, 13]. 
These state-of-the-art sensing technologies have several uses 
in industries such as agriculture, healthcare and environmen-
tal monitoring. The AI and ML utilization in food industry is 
described in Fig. 1. AI-based sensing technologies are essen-
tial for maintaining the safety and integrity of food items 
across the supply chain in the field of food quality control.

1.	 IoT-enabled smart sensors: The combination of IoT 
devices with intelligent sensors is revolutionizing the 
landscape of food production, processing and storage 
[5]. These sensors are capable of continuously moni-
toring crucial factors such as temperature, humidity, 
pH levels, gas emissions and chemical compositions. 
The real-time data provided by these sensors enable 
the swift detection of quality and safety issues. The 
dynamic monitoring system created through this integra-

tion enhances food processing by maintaining optimal 
conditions, preventing microbial growth and averting 
any moisture-related damage. Furthermore, it assures 
safety by identifying abnormal gas emissions and moni-
toring chemical compositions, which allows for timely 
interventions and proactive measures [14]. The seamless 
partnership between IoT and intelligent sensors empow-
ers the food industry to ensure precise quality control 
and maintain vigilant safety measures along the entire 
food supply chain.

2.	 Image and spectroscopy sensors: Si et al. [5] empha-
size the combination of AI-driven imaging and spectros-
copy sensors in the evaluation of diverse aesthetic and 
chemical properties of food items. AI-powered computer 
vision algorithms are proficient in meticulously scruti-
nizing images to detect defects, blemishes and extrane-
ous substances in food products, thereby augmenting the 
quality control process in food production. Furthermore, 
spectroscopy sensors are pivotal in capturing the interac-
tion of food items with light, which provides valuable 
insights into their nutritional value, composition and 
freshness. This sophisticated analysis facilitated by AI 
considerably enhances the precision and efficacy of food 
quality assessment.

3.	 Gas and odour sensors: In the domain of food process-
ing and safety, Si et al. [5] emphasize the pivotal sig-
nificance of gas and odour sensors based on AI. These 
sensors expertly detect volatile compounds discharged 
by food products, thereby allowing for the identification 
of harmful substances, spoilage and undesirable smells. 
By leveraging the capabilities of AI, these sensors can 
swiftly and accurately analyse sensor data. Hence, com-
promised or deteriorating products are instantly flagged, 
ensuring their elimination from the production line 
before they reach consumers. This proactive approach 
not only diminishes potential health hazards but also 
safeguards the credibility of manufacturers and the over-
all integrity of the food supply chain. The findings repre-
sent a prime example of how integrating AI and sensor 
technology strengthens food safety measures, resulting 
in improved quality control and heightened consumer 
trust.

4.	 Nanosensors: The work of Si et al. [5] illuminated the 
transformative dimension of nanotechnology in the 
realm of food processing and safety. This innovative 
technology allows for the molecular-level recognition 
of substances and diseases, which, in turn, enables AI-
based nanosensors to play a pivotal role in assessing 
food safety. These nanosensors provide rapid and precise 
detection of contaminants, thus serving as an invaluable 
asset in safeguarding the quality of consumables. By 
harnessing the power of AI, nanosensors contribute to 
proactive food safety measures. Their exceptional sensi-
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tivity and specificity enable early identification of poten-
tial hazards, thereby acting as vigilant sentinels against 
foodborne threats. Real-time contamination detection 
facilitates swift intervention, bolstering consumer pro-
tection and industry integrity. The convergence of nano-
technology and AI in the realm of food safety signifies 
a revolutionary advancement. It not only enhances the 
monitoring and control of contaminants but also ushers 
in a new era of precision and reliability in the food sup-
ply chain. As a result, manufacturers can uphold strin-
gent safety standards, while consumers enjoy greater 
confidence in the products they consume.

5.	 Blockchain integration: Si et al. [5] emphasized the 
transformative potential of integrating blockchain 
and AI-based sensing to enhance food processing and 
safety. This mutually beneficial partnership bolsters data 
security and traceability by establishing an immutable 
ledger for the entire food supply chain. By using block-
chain to record sensor-derived data, transparency and 
permanence are ensured. Through AI-driven analysis, 
intricate relationships and patterns within the recorded 
data are uncovered. This dynamic synergy enhances the 
operational efficiency, mitigates risk and ensures adher-
ence to stringent quality standards. The integration of 
blockchain and AI represents a pivotal advancement, 
providing real-time insights to stakeholders, elevating 
accountability and strengthening consumer confidence 
in the safety and integrity of food products.

6.	 Remote sensing: Si et al. [5] and Spanaki et al. [13] 
underscore the criticality of AI-powered remote sensing 
techniques in augmenting food processing and safety. 
These technologies, which use satellites and drones, 
allow for comprehensive monitoring of agricultural 
fields and storage facilities. By evaluating crop vitality 
and environmental conditions and identifying anomalies 
such as pest outbreaks and temperature fluctuations, they 
contribute to the preservation of food quality. The real-
time insights gleaned from AI-driven remote sensing 
bolster decision-making, facilitating timely interventions 
to avert potential hazards. This proactive approach not 
only safeguards the integrity of food production and 
storage but also aligns with stringent safety standards. 
The fusion of AI, remote sensing and agricultural prac-
tices represents a powerful synergy that optimizes food 
processing operations while strengthening the assurance 
of safe and high-quality food products.

Predictive Modelling and Quality Assessment 
for Enhanced Food Safety and Quality Control

Predictive modelling and quality evaluation are already 
commonplace in modern food quality management systems, 
which use the strength of AI and ML to anticipate product Ta
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quality, identify possible problems and uphold uniform 
standards. The results of assessing model performance and 
accuracy in food safety are described in Table 2. Building 
consumer trust, adhering to rules and lowering food waste in 
the business all depend on this proactive approach to quality 
inspection [4, 18].

1.	 Predictive shelf-life modelling: The integration of AI 
and ML in food process engineering has introduced 
the concept of predictive shelf-life modelling. This 
data-driven approach involves analysing historical data 
encompassing various parameters such as composition, 
storage conditions and environmental influences [18] to 
enable precise estimation of a food product’s shelf life. 
Factors like temperature, humidity and storage duration 
are considered to determine optimal storage conditions 
and expiration dates. By adopting effective storage prac-
tices, manufacturers can minimize product wastage and 
deterioration, ensuring that products reach consumers at 
their peak quality.

2.	 Quality assessment using sensor data: The use of AI 
and ML in food process engineering has enabled real-
time quality assessment using sensor data [5]. Critical 
variables such as temperature, pH and moisture are con-

tinuously monitored using sensors throughout the pro-
duction and storage stages of food items. By harnessing 
ML algorithms, real-time data can be rapidly evaluated 
to identify deviations from established quality standards. 
The immediate detection of anomalies empowers manu-
facturers to take prompt corrective actions to maintain 
the desired level of product excellence while averting 
potential quality issues.

3.	 Contaminant identification and allergen control: AI-
driven image analysis and predictive modelling have 
enhanced the identification of contaminants and aller-
gens in food products [5], addressing food safety con-
cerns. ML algorithms proactively recognize potential 
sources of pollutants by analysing historical data and 
identifying patterns. This proactive identification mech-
anism ensures that potentially contaminated products 
are intercepted before reaching consumers, safeguard-
ing public health and upholding stringent food safety 
regulations.

4.	 Real-time process optimization: In the context of food 
process engineering, AI introduces real-time process 
optimization [5]. ML algorithms continuously analyse 
data streams from sensors, production equipment and 
environmental factors to make dynamic adjustments to 

Fig. 1   AI and ML utilization 
in food industry (based on the 
finding from Lee and Liew [15], 
Smith et al. [16] and Garcia-
Garcia et al. [17]
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Table 2   Assessing model performance and accuracy in food safety

Metrics and factors AI model evaluation ML model evaluation

Accuracy and precision Complex model performance assessment using 
various metrics [16].

Uses metrics for evaluating model accuracy and 
precision [16].

Robustness and generalization Sensitivity to dataset variations and the ability to 
generalize [15]

Assesses the model’s robustness and generalization 
capacity [15]

Overfitting and bias Addresses overfitting using regularization tech-
niques.

Detects and corrects bias using specific techniques

Cross-validation and hyperparameters Optimizes hyperparameters through cross-valida-
tion.

Uses cross-validation for parameter optimization.

Model interpretability Uses Shapley values to determine feature impor-
tance [19].

Implements feature selection and interpretability 
methods [19].
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industrial processes. This ensures consistent product 
quality, increased production efficiency and reduced 
resource consumption. By swiftly adapting to changing 
conditions, AI-driven optimization enhances product 
uniformity and minimizes waste.

5.	 Quality grading and sorting: AI-powered systems have 
enabled automated quality grading and sorting opera-
tions in food process engineering [5]. By harnessing 
computer vision and ML techniques, food items can 
be categorized on the basis of their quality attributes. 
This automated grading process ensures uniformity 
in the final product, mitigating deviations and elevat-
ing consumer satisfaction. The technology’s ability to 
accurately discern quality traits contributes to efficient 
sorting processes, a critical aspect of modern food pro-
cessing operations.

6.	 Food regulation compliance: AI plays a significant role 
in ensuring food safety and regulatory compliance [5]. 
The predictive modelling capabilities of AI algorithms 
enable food manufacturers to anticipate potential issues 
by analysing comprehensive data sources, including his-
torical records and lab tests. This proactive approach 
minimizes the risk of non-compliance and associated 
penalties, underscoring the technology’s crucial role in 
maintaining industry standards and consumer safety.

7.	 Analysis of customer feedback: The use of AI and ML 
technologies in the examination of customer feedback 
has led to profound impacts in the field of food process 
engineering, as noted by Si et al. [5]. Through the incor-
poration of this feedback into prediction models, manu-
facturers can gain invaluable insights into product qual-
ity and consumer satisfaction. This data-driven approach 
to decision-making empowers manufacturers to improve 
product attributes that align with consumer preferences, 
ultimately resulting in enhanced quality and increased 
consumer trust. The flowcharts of the applications of AI 
and ML are shown in Figs. 2 and 3, respectively.

The integration of AI and ML technologies in the realm 
of food process engineering and food safety represents a 
pivotal moment in the industry, characterized by preci-
sion, efficiency and heightened consumer protection. These 
advancements have contributed to the optimization of pro-
cesses, waste reduction, and the establishment of an envi-
ronment where the production of high-quality and safe food 
products is of utmost importance.

Data Analytics and Pattern Recognition 
for Advanced Food Quality Control and Safety

Data analytics and pattern recognition play a significant role 
in the evaluation of food quality management and safety. 
These methods use AI and ML to extract useful information 

from huge datasets, assisting in the detection of patterns, 
trends and potential problems in the production and distri-
bution of food. The importance of pattern recognition and 
data analytics in relation to food quality control is described 
as follows.

1.	 Quality assurance and defect discovery: The combina-
tion of computer vision technology and data analytics 
has revolutionized quality assurance in food process 
engineering, leading to proactive measures to eliminate 
the risk of substandard products reaching consumers 
and bolstering their trust. This has been made possible 
by harnessing the power of AI algorithms, which allow 
automated inspection systems to meticulously examine 
images and videos of food products. Through pattern 
recognition, these systems ensure consistent quality 
attributes and adherence to established standards and 
reduce wastage.

2.	 Predictive quality modelling: Predictive quality model-
ling is a cornerstone of modern food process engineering, 
which has been made possible by leveraging historical 
data encompassing production conditions, sensory eval-
uations and consumer feedback. This forward-looking 
strategy enables manufacturers to optimize production 
processes, ensuring enduring quality uniformity while 
aligning with evolving consumer preferences.

3.	 Early contaminant detection: Data analytics and AI-
driven insights are instrumental in ensuring food safety 
by facilitating early contaminant detection. This was 
made possible by analysing diverse data sources, includ-
ing sensor readings and laboratory tests, to identify 
potential contaminants or deviations from safety stand-
ards. Rapid recognition of abnormal patterns empowers 
timely interventions, preempting potential food borne 
illness outbreaks and safeguarding consumer health.

4.	 Supply chain optimization: The strategic use of data ana-
lytics optimizes the entire food supply chain by analys-
ing inventory levels, demand trends and transportation 
routes, which facilitates accurate demand forecasting 
and enhanced inventory management. The integration 
of AI algorithms predicts shifts in demand, streamlines 
inventory practices, reduces waste and ensures efficient 
product delivery to customers.

5.	 Consumer insights and personalization: Data analyt-
ics and ML techniques enable food producers to unlock 
valuable consumer insights and deliver personalized 
experiences. This tailored approach not only caters to 
specific market demands but also enhances consumer 
satisfaction and cultivates loyalty.

6.	 Adherence to food standards: In the realm of food pro-
cess engineering, data analytics play a pivotal role in 
ensuring compliance with rigorous food safety stand-
ards. This diligent approach ensures that products con-
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sistently meet established quality and safety benchmarks 
by continuously monitoring and analysing data from 
various production stages, which mitigates the risk of 
fines and recalls.

The synergy among data analytics, AI and food process 
engineering underpins enhanced quality, safety and effi-
ciency throughout the entire food production lifecycle. By 
embracing these advanced technologies, the food industry 

has pioneered an era of precision, traceability and consumer-
eccentric demands.

Enhancing Food Safety Management 
and Traceability Through AI and ML Technologies

The provision of safe, legal and high-quality food items is 
made possible through traceability and food safety manage-
ment, which are essential components of the food sector. 

Fig. 2   Flow chart showing a crucial role of artificial intelligence in food sector
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Modern technologies such as the blockchain, the IoT and AI 
have significantly improved how food safety and traceability 
are managed. The core elements of food safety management 
and traceability are explained below.

1.	 Hazard analysis and critical control points (HACCP): The 
incorporation of the HACCP framework with AI and ML 
has transformed food safety management in the manufactur-
ing sector [20]. This methodical approach utilizes data anal-
ysis to detect, evaluate and mitigate potential hazards. The 
data-crunching capabilities of AI enable the identification of 
risks, the prediction of outcomes and the implementation of 

preventive measures. Real-time monitoring and automatic 
alerts facilitated by AI and ML ensure swift actions, thereby 
minimizing risks and bolstering food safety.

2.	 IoT-based real-time monitoring: Real-time monitoring 
of critical factors, such as temperature, humidity and 
storage conditions, is achievable with the help of IoT-
based devices with sensors [13]. The AI algorithms pro-
cess the continuous stream of data from these sensors to 
detect deviations from optimal conditions. This constant 
vigilance minimizes the chances of contamination and 
spoilage, ensuring that food is handled, stored and trans-
ported under optimal conditions.

Fig. 3   Flow chart showing a crucial role of machine learning in food sector
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3.	 Blockchain for traceability: The transparency of block-
chain technology has revolutionized the traceability 
landscape [7]. With every transaction and movement 
recorded in an immutable ledger, customers and regula-
tors can track a product’s journey from its origin. AI’s 
analytical prowess can be harnessed to examine block-
chain data during foodborne illness outbreaks, revealing 
patterns, trends and potential sources of contamination 
for swift intervention.

4.	 Product authentication and anti-counterfeiting: Spec-
troscopic analysis and AI-powered image recognition 
techniques are used for food product authentication [21]. 
The ability of AI to compare product images and spec-
tral signatures with established patterns aids in identify-
ing counterfeit or adulterated products. This technology 
safeguards consumers by mitigating the risk of fraud and 
ensuring product integrity.

5.	 Supplier verification and compliance: AI and ML algo-
rithms play a critical role in supplier verification and 
compliance assessment [22]. By scrutinizing supplier 
data, certificates and historical performance, AI iden-
tifies potential risks, ensuring that only reputable and 
compliant vendors are integrated into the food supply 
chain. This proactive approach upholds food safety 
standards and minimizes potential risks.

6.	 Recall management: AI and ML technologies have rev-
olutionized recall management, enabling targeted and 
efficient product recalls [23]. In cases of food safety 
concerns or contamination, AI swiftly identifies affected 
batches and issues’ precise recall notifications by analys-

ing supply chain data. This precision reduces waste and 
minimizes the impact on consumers.

7.	 Data-driven decision-making: AI and ML algorithms 
process vast datasets from diverse sources, empower-
ing data-driven decision-making in food safety manage-
ment [24]. By analysing lab tests, customer feedback 
and factory records, these technologies provide insights, 
identify emerging trends and continuously enhance food 
safety procedures, thereby promoting proactive risk 
management.

The incorporation of AI and ML into food process 
engineering has augmented food safety practices, ensur-
ing proactive hazard management, real-time monitor-
ing, traceability and informed decision-making. As these 
technologies continue to evolve, these advancements will 
elevate food safety to new heights, thereby enhancing con-
sumer trust and well-being. Contaminant type detected and 
accuracy by AI and ML are shown in Fig. 4.

Regulatory Compliance and Certification in Food 
Safety Through AI and ML Innovations

Assuring that food items adhere to the norms and regula-
tions established by the appropriate authorities, regulatory 
compliance and certification play a critical role in evaluating 
the safety and quality of food. AI, data analytics and block-
chain are examples of cutting-edge technologies that work 
together to optimize compliance processes, speed up audits 
and provide consumers with transparent information about 

Fig. 4   Contaminant type 
detected and accuracy by AI 
and ML (based on the finding 
from Martinez et al. [25] and 
Singh et al. [8]
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food products. A closer look is warranted at the significance 
of certification and legal compliance in the food industry:

1.	 Ensuring food safety: Within the domain of food pro-
cess engineering, ensuring the highest levels of food 
safety is of utmost importance. The implementation of 
regulatory compliance protocols ensures that food items 
comply with strict safety requirements, mitigating the 
risks of contamination, foodborne illnesses and product 
recalls. By utilizing AI-driven tools and techniques, food 
manufacturers can establish comprehensive food safety 
management systems that not only comply with legal 
mandates but also surpass them by ensuring the well-
being of consumers.

2.	 Traceability and transparency: The application of block-
chain technology in the context of food process engi-
neering revolutionizes the concepts of traceability and 
transparency [7]. This innovation enables an unalterable 
record of a food product’s journey from its origin to its 
final distribution point. This level of traceability pro-
vides insights into each step of the supply chain, empow-
ering food engineers to closely monitor and verify the 
conditions under which the product has been handled, 
stored and transported. The integration of AI further 
enhances this traceability, allowing for real-time data 
analysis to detect any anomalies that could jeopardize 
the safety of the product.

3.	 Product labelling and claims: The convergence of AI 
and food process engineering enhances the accuracy of 
product labelling and claims. AI-powered systems can 
comprehensively analyse product labels, ensuring that 
all information aligns with regulatory requirements. 
By examining nutritional content, allergen information 
and ingredient lists, AI can help prevent misleading or 
incorrect information, thereby safeguarding consumers’ 
health and maintaining the integrity of food products.

4.	 Simplifying audits and inspections: In the realm of food 
process engineering, adhering to regulatory standards 
often entails rigorous audits and inspections. Here, AI 
and data analytics offer significant advantage by auto-
mating data collection and analysis. This streamlines the 
audit process, enabling food engineers to quickly com-
pile and present comprehensive compliance data. This 
data-driven approach enhances the efficiency, reduces 
the chances of oversight and facilitates smoother interac-
tions with regulatory authorities.

5.	 Predictive compliance modelling: The complexity 
of modern food safety regulations demands proactive 
approaches [24]. AI’s ability to analyse historical com-
pliance data can predict potential challenges and non-
compliance trends. By identifying these patterns, food 

engineers can preemptively address issues and establish 
corrective measures to ensure continuous adherence to 
regulations. This anticipatory approach minimizes risks 
and reinforces a culture of safety in food process engi-
neering.

6.	 Compliance with industry certifications and standards: 
AI’s analytical capabilities enhance the rigorous process 
of complying with industry certifications and standards. 
The intricate evaluation of vast datasets allows for more 
efficient certification processes, reducing the time and 
effort required to meet standards such as ISO, GMP and 
HACCP. This integration also supports the alignment 
of production processes with evolving industry bench-
marks, underscoring a commitment to excellence.

7.	 Early warning systems: Early warning systems play a 
critical role in food process engineering. Prompt iden-
tification and resolution of compliance deviations are 
of utmost importance [13]. With the aid of AI-powered 
technology, early warning systems can analyse data 
in real time, enabling stakeholders to be immediately 
notified of any deviations from established norms. This 
capability promotes the timely implementation of cor-
rective actions, which helps prevent potential compli-
ance breaches, thereby ensuring the safety and quality 
of food products.

8.	 Secure document management and verification: Effec-
tive management of compliance records is a crucial 
component of food process engineering [7]. Block-
chain technology, along with AI, provides a secure and 
tamper-proof method for storing important compliance 
records. This ensures the integrity of vital compliance 
records such as certificates, test results and other rel-
evant documents. Moreover, it allows seamless access 
to regulators, consumers and other stakeholders while 
preventing any unauthorized alterations. Case studies 
demonstrating AI and ML applications in food safety 
are shown in Table 3.

Challenges and Future Directions

It is crucial to solve the issues and consider other approaches 
if AI and ML are to be developed further and effectively 
used in food quality control and safety evaluation. Although 
these technologies have a lot of potential to enhance food 
quality and safety, some challenges must be overcome before 
they can reach their full potential. Looking at possible future 
possibilities can also provide insight into how these technol-
ogies will affect the food industry. Difficulties and possible 
directions are described as follows.
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Challenges

Few challenges and limitations for the adoption of AI 
and ML are explained in the following texts and shown in 
Table 4.

Data Availability and Quality  The dependence of AI and 
ML on extensive and high-quality datasets for precise pre-
dictions warrants critical appraisal, particularly in the con-
text of trends in food science. While AI holds the promise 
of revolutionizing food safety, the challenge of sourcing 
comprehensive and reliable datasets, especially for emerg-
ing contaminants and rare quality issues, exposes a crucial 
limitation [27]. AI models rely on vast amounts of high-
quality data for training and accurate prediction. In contrast, 
it can be challenging to find diverse and well-annotated data 
in the food industry. Data collection, labelling and storage 
issues must be carefully considered if reliable and repre-
sentative datasets are to be guaranteed. The production of 
food necessitates the use of sensitive information regarding 
formulas, processes and quality control. Strong data privacy 
and security safeguards must be in place to protect private 
data from unauthorized access, breaches or misuse. Deep 
learning models can be complex and challenging to inter-
pret. For food process engineering, understanding the rea-
soning behind AI-driven decisions is essential, especially 
regarding quality control, safety and regulatory compliance. 
Procedures for explainability and interpretability develop-
ment are necessary for a model to be accepted and to gain 
trust. A few are explained in the following:

•	 Privacy and security concerns: Delving into the realm 
of AI and ML brings to the forefront a critical examina-
tion of the intricate web of privacy and security con-
cerns, a topic of paramount significance in the evolving 
landscape of food science [28]. The assimilation of AI 
entails the inevitable acquisition and analysis of sensitive 
data, casting a shadow of uncertainty over the integrity of 
data privacy and security protocols. While the potential 
benefits of AI in food safety management are undeniable, 
the unresolved challenge lies in establishing impregnable 
fortifications against unauthorized data access and poten-
tial breaches. The intricate dance between harnessing the 
power of AI and safeguarding the sanctity of sensitive 
information demands not only careful vigilance but also 
innovative solutions that ensure the protection of con-
sumer trust in the digital age.

•	 Integration with existing processes: The haunting specter 
of obsolescence looms large as the chasm between 
entrenched legacy systems, and the vanguard of AI 
technologies yawns wider, inviting a crucible of criti-
cal inquiry from the discerning purview of distinguished 
experts in the trends of food science [29]. Compatibil-Ta
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ity issues, system integration difficulties and scalability 
restrictions need to be resolved to ensure a smooth transi-
tion and effective application of AI and ML technologies.

•	 Interpretability and explainability: A vexing conun-
drum pervades the realm of AI and ML, particularly 
concerning the intricate labyrinth of interpretability and 
explainability inherent in complex models such as deep 
neural networks, a challenge that demands incisive scru-
tiny from the vantage point of the esteemed experts in 
the trends of food science [31]. The opacity shrouding 
the decision-making mechanisms of these advanced AI 
architectures casts a cloud of ambiguity, rendering the 
very bedrock of predictions elusive. Inextricably inter-
woven with the intricacies of food safety, the dichotomy 
between the inscrutability of AI and the compelling 
necessity for interpretability and explainability plays a 
profoundly critical role in the delicate tapestry of stake-
holder trust and regulatory assurance [4]. The quest for 
effective solutions must navigate the treacherous terrain 
of unravelling AI’s enigmatic decision-making while 
safeguarding the indispensable confidence of the food 
industry’s custodians and gatekeepers.

•	 Regulatory compliance: The Byzantine labyrinth of regu-
latory acceptance looms as a herculean endeavour, a trial 
by fire for the vanguard of AI- and ML-generated data 
and its audacious claim to the throne of credibility within 
the hallowed halls of stringent food safety standards. A 
discerning eye cast upon this saga of persuasion and vali-
dation reveals a narrative fraught with complexities [30]. 
The food industry is subject to strict laws and regulations 
regarding food quality, safety, labelling and traceability. 
Making sure AI used in food process engineering com-
plies with all relevant laws and standards is crucial. AI 
model performance evaluation and documentation should 
be done to demonstrate compliance with regulations.

•	 Collaboration between people and machines: AI tools 
should not be seen as a replacement for human labour, but 

rather as a tool to supplement human expertise. Ensuring 
effective collaboration and synergy between AI systems 
and human operators is essential. To fully benefit from 
AI technologies and enable seamless human-machine 
interaction, employees should receive adequate training 
and upskilling programmes. Applications for AI should 
be created and implemented ethically, considering issues 
of fairness, bias and transparency. Ethical issues become 
crucial when AI is used for processes such as product 
creation, quality control or supply chain management.

•	 Cost and return on investment: Initially, implementing AI 
technologies can be expensive due to the need for infra-
structure, data collection and training. It is crucial to care-
fully assess the potential return on investment, accounting 
for factors such as increased productivity, lower waste, 
higher product quality and happier customers.

•	 Continuous monitoring and maintenance: AI models 
must be continuously monitored, updated and main-
tained to ensure optimal performance over time. Regu-
lar retraining, dataset updates and model adaptation to 
new situations or product modifications are required to 
keep AI systems accurate and effective. To address these 
issues and considerations, a multidisciplinary approach 
involving collaboration among food scientists, engineers, 
data scientists, regulatory specialists and stakeholders 
from the food business is required. By paying close atten-
tion to these aspects, AI can be successfully applied to 
food process engineering to promote innovation, increase 
productivity and ensure the production of high-quality, 
safe food items. The availability and quality of data are 
two significant barriers to incorporating AI into food pro-
cess engineering. For training and accurate prediction, AI 
algorithms require high-quality data. In contrast, it can 
be challenging to find diverse and well-annotated data in 
the food industry. Data collection, labelling and storage 
issues must be carefully considered if reliable and rep-
resentative datasets are to be guaranteed. To share data, 

Table 4   Addressing challenges in AI and ML adoption for food safety

Challenges AI adoption solutions ML adoption solutions

Data quantity and quality challenges Data augmentation and collaboration for compre-
hensive data [27].

Collaboration and sharing enhance dataset quality 
[16].

Data collection, pre-processing and collaboration 
efforts enhance dataset quality [27]. Aggregation 
and integration improve data quality [16].

Privacy and security concerns Implement robust encryption and access controls 
[28].

Use strong encryption methods and implement 
secure access controls [28].

Interpretability and explainability Develop explainable AI models and post hoc inter-
pretation techniques [4].

Use feature importance analysis and simplified mod-
els to enhance interpretability [4].

Integration with legacy systems Develop custom integration solutions and mid-
dleware [29].

Create middleware for smoother integration with 
existing processes [29].

Regulatory acceptance Stricter validation processes and collaboration with 
regulators [30].

Collaborate with regulatory agencies and implement 
rigorous validation procedures [30].



16	 Food Engineering Reviews (2024) 16:1–21

1 3

establish criteria for data collection, and to address this 
problem, the food industry can collaborate with research 
institutions, business associations and regulatory bod-
ies. Data quality assurance techniques should be imple-
mented to ensure the accuracy and dependability of the 
data used for AI modelling. Validation, normalisation 
and data cleansing should all be part of these procedures. 
Additionally, efforts to collect data and annotate it may 
be made specifically for AI applications in food process 
engineering.

Implications for Law and Ethics  It is important to carefully 
consider the ethical and legal implications of incorporating 
AI into food process engineering. AI models may have an 
impact on quality control, safety, labelling and traceability 
in the food production process. It is essential to ensure that 
AI systems abide by legal requirements, industry norms and 
ethical standards. The ethical issues include dealing with 
issues of unfairness, transparency, privacy and bias. Biases 
in data and decision-making processes should be reduced 
by AI models throughout design and training to ensure fair 
treatment and equal opportunity for all people. Transparency 
in AI algorithms and decision-making should be supported 
for accountability and to foster trust. Privacy concerns must 
be resolved to safeguard sensitive data that AI systems col-
lect and process. To manage ethical and regulatory issues, 
food corporations should establish solid governance frame-
works that include stakeholders from all disciplines and 
areas of expertise. Close collaboration with legal experts, 
ethicists and regulatory organisations can aid in adherence 
to rules, norms and ethical principles.

Interpretability and Explainability  The interpretability and 
explainability of AI models are important aspects of food 
process engineering. Interpreting and explaining AI models, 
particularly complex deep learning models, can be challeng-
ing. In the food industry, particularly in areas such as quality 
control, safety and regulatory compliance, understanding the 
reasoning behind AI-driven decisions is crucial. An effort 
should be made to develop methods for model interpret-
ability and explainability in the context of food process 
engineering. This may require the use of interpretable ML 
models, model-agnostic explanation techniques or visualisa-
tions to provide insights into the decision-making process 
of AI models. It is crucial to strike a balance between the 
demands for model accuracy and complexity, transparency 
and interpretability.

Human‑Machine Interaction  This is required for the suc-
cessful integration of AI into food process engineering. 
AI technologies should be viewed as tools to complement 
human skills rather than as a replacement for human labour. 
It is essential to ensure efficient interaction and coordination 

between AI systems and human operators. Employees 
should have access to training programmes to advance their 
familiarity with and competence using AI technologies. This 
includes understanding the limitations and potential biases 
of AI systems, applying AI-driven insights to decision-mak-
ing and learning how to evaluate AI outputs. Collaborative 
interfaces and user-friendly solutions should be developed 
to enable the seamless interaction between humans and AI 
technologies. Open lines of communication and feedback 
between human operators and AI systems should be devel-
oped in order to solve problems, build trust and continuously 
improve the efficacy of AI technologies.

Barriers to Adoption and Implementation  There could be 
several issues with the adoption and use of AI in the engi-
neering of food processes. Among the main challenges are 
as follows:

•	 Cost and return on investment: Initially, implementing AI 
technologies can be expensive due to the need for infra-
structure, data collection and training. Businesses in the 
food industry must carefully assess the potential return 
on investment, considering factors such as increased pro-
ductivity, decreased waste, higher product quality and 
happier customers.

•	 Employees who fear losing their jobs or are unclear about 
how AI systems operate may be resistant to the adoption 
of AI technologies. Businesses should invest in change 
management strategies that include training and com-
munication to allay concerns and promote acceptance of 
AI technologies.

•	 Integration with existing processes: Introducing AI tech-
nology into the current food manufacturing and produc-
tion processes requires careful planning and coordina-
tion. Compatibility issues, system integration difficulties 
and scalability restrictions must be resolved to ensure a 
smooth transition and effective application of AI tech-
nologies.

•	 Regulation and compliance requirements: The food 
industry is subject to strict laws and regulations regarding 
food quality, safety, labelling and traceability. Making 
sure AI used in food process engineering complies with 
all relevant laws and standards is crucial. AI model per-
formance evaluation and documentation should be done 
to demonstrate compliance with regulations.

•	 Limited AI expertise: Due to the rapid development of AI, 
there are few professionals who are also knowledgeable in 
food process engineering. Finding or training employees 
with the necessary skills to develop, implement and main-
tain AI systems in the food industry may be challenging 
for businesses. To address these issues, food companies 
should set clear adoption goals and roadmaps for AI, col-
laborate with industry experts and partners and invest 



17Food Engineering Reviews (2024) 16:1–21	

1 3

in ongoing training and internal AI knowledge develop-
ment. The development of a culture that values innova-
tion, experimentation and constant improvement will also 
help with the successful adoption and application of AI 
technology in food process engineering.

Future Directions

AI and ML personalize nutrition plans, improving health 
outcomes. Robotic systems and AI enhance quality control, 
boosting efficiency. Blockchain ensures traceability and 
transparency in the food supply chain. IoT and AI enable 
autonomous food safety monitoring, safeguarding artistry 
and consumer well-being (as mentioned in Table 5).

Conclusion

The review study investigated the uses of AI and ML in 
determining the safety and quality of food. This study dem-
onstrated how AI and ML technologies have transformed 
the food business, providing creative answers to improve 
food safety, uphold uniform quality and speed up compli-
ance procedures. Overview of AI and ML applications in 
enhancing food safety, challenges and considerations in AI/
ML applications for food safety and applications of AI and 

ML in various stages of agri-food processing is described in 
Tables 6 and 7 and Fig. 5, respectively.

The review paper exemplifies how AI and ML have the 
ability to completely alter how food safety and quality are 
assessed. These technologies have a significant impact on 
the food sector in the following ways:

1.	 Enhanced food safety through rapid contaminant detec-
tion: The integration of AI and ML technologies has 
enabled enhanced food safety through rapid contaminant 
detection. This integration has facilitated swift identifi-
cation of contaminants, allergens and pathogens in food 
products, significantly reducing the risk of foodborne ill-
nesses. Advanced algorithms analyse data from various 
sources, such as sensor readings and historical records 
to detect potential hazards and ensure the overall safety 
of the food supply chain [34].

2.	 Elevated quality control via automated inspection: 
Automated inspection has contributed to elevated qual-
ity control, minimizing defects and waste while ensur-
ing consistent product quality. AI and ML algorithms 
analyse real-time data from production lines, enabling 
early detection of deviations from quality standards and 
ensuring that only products meeting desired specifica-
tions reach consumers.

Table 5   Future directions in AI and ML applications for food safety

Future direction Potential impact

Personalized nutrition Tailoring dietary recommendations for individuals involves aligning nutrition plans with specific health 
needs, contributing to better health outcomes and well-being.

Autonomous quality control Optimizing inspection procedures leads to increased efficiency and consistency in quality control pro-
cesses, reducing human intervention and enhancing overall productivity.

Increasing blockchain integration Blockchain integration in the food supply chain promotes traceability and transparency, increasing con-
sumer confidence. Cryptographic elements must be precisely synchronized for reliable data governance. 
Regulatory compliance is essential for this technology. Blockchain improves culinary knowledge, but its 
success depends on a shared commitment to maintaining the integrity of the culinary narrative.

Improved allergy detection AI guarantees the provision of food devoid of allergens by means of accurate detection, combining 
algorithmic accuracy and data management. This ensures that every culinary creation is a cohesive and 
all-encompassing encounter, orchestrating a banquet in which allergens are entirely absent.

Global data sharing projects Enhancing early warning systems for outbreaks is achieved through improved global data sharing, enabling 
quicker detection and response to potential food safety issues.

Table 6   Overview of AI and ML applications in enhancing food safety

Application Advantages Disadvantages References

Computer vision Automated inspection, rapid contaminant 
detection

High computational requirements, overfitting [8]

IoT-enabled sensors Continuous monitoring, risk reduction Data security concerns, integration challenges [5, 32]
Blockchain integration Enhanced traceability, transparency Privacy concerns, regulatory acceptance [30, 33]
Predictive modelling Data-driven decision-making, process opti-

mization
Interpretability challenges, dependence on 

data
[4, 17]
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3.	 Proactive identification and management of risks: Pro-
active risk management is enabled through predictive 
modelling and early warning systems powered by AI 
and ML. These systems can forecast potential quality 
issues by analysing historical data and patterns, allowing 
manufacturers to take corrective actions before problems 
escalate. This safeguarding of product quality and con-
sumer well-being is crucial [35].

4.	 Enhanced transparency and trust with blockchain: 
The integration of blockchain technology into the food 
supply chain enhances traceability and transparency, 
thereby fostering trust and accountability. Tamper-proof 
and immutable records enable all stakeholders, includ-
ing regulators, vendors and consumers, to verify the 
origin, handling and safety of food products [36].

5.	 Streamlined regulatory compliance and auditing: Regula-
tory compliance processes are streamlined through AI and 
ML technologies, which expedite audits and inspections. 

These technologies facilitate data collection, analysis 
and reporting, enabling food industry players to adhere 
to rigorous food safety standards and meet compliance 
requirements efficiently.

Significance of AI and ML in Food Quality 
Control and Safety

The significance of AI and ML in revolutionizing the 
assessment of food quality control and safety cannot be 
overstated. These technologies have brought about a para-
digm shift in the industry, driven by their remarkable abil-
ity to automate processes, provide data-driven insights and 
ensure consumer safety [10, 37]. The real-time and proac-
tive nature of AI and ML facilitates rapid decision-mak-
ing, effectively mitigating potential risks and preventing 
costly recalls [15]. Their integration into food processing 

Table 7   Challenges and considerations in AI/ML applications for food safety 

Challenge AI/ML applications affected Elaboration of application-specific challenges References

High computational requirements Computer vision Computer vision applications encounter challenges due to the 
substantial computational power required. This is critical 
for tasks such as automated inspection and rapid contami-
nant detection, necessitating advanced hardware capabili-
ties.

[8]

Overfitting Computer vision Overfitting is a concern in computer vision applications, 
where models may become too tailored to training data, 
compromising their generalizability. Balancing model 
complexity is crucial for effective performance.

[8]

Data security concerns IoT-enabled sensors IoT-enabled sensors face challenges related to data security, 
particularly in real-time monitoring. Safeguarding data 
integrity and confidentiality is paramount, requiring robust 
encryption and authentication measures.

[5]

Integration challenges IoT-enabled sensors Integrating IoT-enabled sensors into existing systems poses 
challenges. Compatibility issues and seamless integration 
for continuous monitoring demand meticulous planning to 
ensure effective risk reduction measures.

[5]

Privacy concerns Blockchain integration Blockchain integration introduces privacy concerns, as the 
technology inherently stores data in an immutable and 
decentralized manner. Striking a balance between transpar-
ency and individual privacy is a critical consideration.

[30]

Regulatory acceptance Blockchain integration Achieving regulatory acceptance for blockchain integration 
in the food industry is a multifaceted challenge. Overcom-
ing legal and regulatory barriers is imperative for the 
widespread adoption of this technology.

[30]

Interpretability challenges Predictive modelling Predictive modelling encounters challenges related to inter-
pretability. Understanding and explaining the decisions 
made by these models are vital for gaining trust and ensur-
ing the practical utility of data-driven decision-making.

[4]

Dependence on data Predictive modelling Predictive modelling faces challenges regarding its depend-
ence on data. Ensuring the availability of high-quality and 
diverse data is crucial for the reliability and effectiveness of 
models in optimizing food processing.

[4]
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operations enhances efficiency, reduces waste and increases 
transparency, thereby fostering consumer trust in the reli-
ability of the entire food supply chain [38].

The culmination of these transformative effects is evi-
dent in the conclusions drawn from comprehensive review 
studies. AI and ML have emerged as indispensable tools 
with versatile applications and transformative potential in 
the realm of food quality control and safety assessment 

[39]. Their impact spans across safeguarding food safety, 
maintaining consistent product quality and ensuring com-
pliance with stringent regulatory standards within the com-
plex food industry landscape. Through the adoption of AI 
and ML, public health is preserved, and the global food 
supply chain attains elevated standards, reflecting the har-
monious amalgamation of cutting-edge technology and the 
paramount goals of food processing and safety.

Fig. 5   Flowchart of applications of AI and ML in various stages of agri-food processing
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