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ABSTRACT

Purpose of the work. The aim of this study is to summarise and systematically analyse contemporary risk-
oriented approaches to ensuring the safety of meat products intended for children and sensitive population groups, as
well as to substantiate the feasibility of using product shape and internal structure as engineering tools for reducing
technological risks in the production of dried meat products.

Methodology. The methodology of the study is based on a review and analytical approach employing structural-
logical, comparative and critical analysis of current scientific publications and regulatory documents: Codex
Alimentarius, ISO 22000, norms of EFSA etc. related to food safety management. The analysis is conducted from a risk-
oriented perspective, taking into account the multi-barrier concept, the role of water activity, dehydration kinetics, and
the influence of product geometry and internal structure on the formation of microbiological stability in meat products.

Scientific novelty. Scientific novelty lies in the development of a generalised conceptual model in which the shape
and internal structure of dried meat products are considered as active engineering factors for risk management. An
interpretation of safe-by-design principles in food technologies is proposed as an applied mechanism of “built-in safety”,
enabling the reduction of technological risks through product and process design rather than exclusively through
formulation- or ingredient-based solutions.

Conclusions. The conclusions indicate that, for meat products intended for children and sensitive population
groups, a risk-oriented approach should be combined with engineering control of product shape and internal structure.
Such an approach contributes to reducing the duration of product exposure to potentially hazardous conditions, levelling
water activity profiles, and decreasing dependence on preservative additives without compromising safety and quality.

Key words: risk-oriented approach, meat product safety, safe-by-design, water activity, structural design of food
products

AHOTALIA

MeTa po60oTH. MeTa po60OTH MOJIATAE B y3arajJbHEHHI Ta CUCTEMHOMY aHaJsi3i cCydacHUX PU3UK-OpPiEHTOBAHUX
nizxoiB /10 3a6e3mnedyeHHsI 6€3MeYHOCTi M’ ICHUX TPOAYKTIB, IPU3HAYEHUX /IS iTel Ta CEHCUTUBHUX IPYIl HACEJIEHHS,
a TAaKOXX B OGI'PYHTYBaHHI JOLJIbHOCTI BUKOPUCTAHHS (OPMH Ta BHYTPIIIHBOI GY/J0BU MPOJAYKTY SK iHXKEHEpHOro
IHCTPYMEHTY 3HU>KeHHsI TEXHOJIOTIYHMX PU3UKIB y Ipoljecax BUTOTOBJIEHHS CYLIEHUX M sICHUX BUPOGIB.

MeTopgosoris. MeTozosoris focaipkeHHS 6a3y€TbCSA Ha OIJIA0BO-aHAITUYHOMY IiJX0/i 3 BUKOPUCTAaHHAM
CTPYKTYPHO-JIOTIYHOTI'0, NOPiBHAJIBHOIO Ta KPUTUYHOTO aHaJi3y CyyaCHUX HAyKOBUX MyOJikalLlii i HOpMaTHBHUX
nokymeHTiB: Codex Alimentarius, ISO 22000, goxymeHTiB EFSA Ta iH., NpUCBAYEHUX yNpaBJiHHIO Ge3MeYHICTIO
XapuyoOBHUX INMPOAYKTIB. AHasli3 BUKOHAHO 3 MO3WI[iH PU3UK-OPiEHTOBAHOI JIOTiKM 3 ypaxyBaHHSIM GaraTo6ap’epHoi
KOHIIeMNIiil, poJii akTUBHOCTI BO/IM, KIHETUKM 3HEBOJHEHHS Ta BIJIMBY reoMeTpii i BHyTPIIHBOI CTPYKTYPH M’SICHUX
BUPOGiB Ha GopMyBaHHS MiKpo6iosoriyHoi cTabiIbHOCTI.

HaykoBa HoBH3HaA. PopMyBaHHS y3arajbHeHOI KOHIleNTya/lbHOI MoJeJi, B fIKii ¢opMa Ta BHYTpilIHA O6yf0Ba
CylIeHUX M’SICHUX IPOAYKTIB PO3TJIsAAal0ThCs IK aKTUBHI iHXKeHepHi YUHHUKU KepyBaHHsS pPU3HMKaMU. 3allpONIOHOBAHO
iHTepnperanito mpuHUMMiB safe-by-design y Xap4oBHUX TEXHOJIOTiISIX fK NPHUKIAZHOTO MexaHi3My «BOy/J0BaHO]
6e3MevYHOCTi», 10 Z03BOJISIE 3MEHIIYBATH TEXHOJIOTIYHI PU3UKH LIJIIXOM MPOEKTYBAHHSA NMPOJAYKTY Ta MPOLECY, a HE
BHUKJIIOYHO 33 PAaXyHOK pelleNTyPHHUX a60 iHTpeliEHTHUX pillleHb.
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Ki040Bi ci0Ba: pU3MK-OpieHTOBAaHUM MiAxiJ, 6e3mevyHicTb M'ICHUX NPOAYKTIB, safe-by-design, akTUBHICTb

BOJIU, CTPYKTYpPHE NIPOEKTYBAHHSA XapuOBUX NPOAYKTIB

Introduction

Ensuring the safety of food products
intended for children and other sensitive
population groups is one of the priority tasks of
modern food science and practice. These groups
include individuals with compromised immune
systems, chronic diseases, metabolic disorders,
as well as consumers for whom even moderate
levels of conventionally acceptable food-related
risks may have critical consequences. In this
context, approaches to food safety for such
population groups should be based not only on
compliance with general regulatory
requirements, but also on the principles of risk
reduction at all stages of production.

Meat products, particularly dry-cured and
fermented products, belong to a category of
foods characterised by high technological
complexity and a multifactorial nature of risk
formation. Their safety is determined by a
combination of physicochemical, microbio-
logical and structural factors, among which the
moisture content of the meat matrix, water
activity, the duration and uniformity of drying
processes, as well as the internal structure of
the product play a key role. For children and
sensitive population groups, even minor non-
uniformities in these processes may lead to an
increased level of risk, which necessitates a
more precise and controllable technological
approach.

Traditionally, ensuring the safety of meat
products has been based on the implementation
of food safety management systems, in
particular HACCP, as well as on the use of
ingredients with preservative effects, including
nitrites. At the same time, numerous scientific
publications and regulatory documents point to
inherent limitations of an exclusively
ingredient-based approach, especially in
products intended for vulnerable population
groups. In this context, the search for alternative
or complementary risk-reduction tools
becomes increasingly relevant, as such tools
allow for a reduction in dependence on
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technological additives without compromising
food safety.

Currently, food safety management is
based on systematic risk analysis aimed at the
identification, assessment and control of
hazards at all stages of production, processing,
storage and  distribution.  Scientifically
grounded food safety management systems,
such as HACCP, differ from traditional quality
control practices in that they adopt a preventive
approach focused on mitigating risks before
hazardous factors can lead to adverse
consequences for consumers. HACCP enables
the systematic identification of hazards, the
establishment of critical control points, critical
limits and monitoring measures, which are
essential for preventing biological, chemical and
physical risks in food products, including meat
products (Codex Alimentarius Commission
[CAC], 2022).

In quantitative microbial risk assessment
(QMRA), predictive modelling tools are
increasingly applied to describe microbial
behaviour under varying water activity and
process conditions (Ross & McMeekin, 2003;
Nauta, 2000; CAC, 1999). Such models allow not
only hazard identification but also comparative

evaluation of alternative technological
scenarios.
According to international guidance

documents, food safety management systems,
including HACCP, should be implemented at all
stages of the food chain - from raw materials to
finished products - and should be aimed at risk
reduction through scientifically justified
preventive measures rather than relying solely
on end-product testing (International Finance
Corporation [IFC], 2020).

Within the broader risk assessment
paradigm, product safety is defined as a set of
measures designed to minimise the likelihood of
exposure to significant hazards affecting
consumer health within acceptable limits
(International Organization for Standardization
[ISO], n.d.). In this paradigm, a risk-oriented
approach plays a key role, as it takes into
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account actual risk factors, their
interrelationships, and the potential severity of
consequences when developing control
strategies.

For meat products, the risk-oriented
approach must be adapted to the specific
characteristics of these foods, which undergo
complex physicochemical and microbiological
changes during processing, storage and
distribution. This applies both to thermally
processed products and to dried or fermented
products, where the risks associated with
excessive  microbial activity, component
oxidation, and the formation of potentially
harmful compounds may vary depending on
technological parameters and the internal
structure of the product (Brykova, T., 2024). In
practice, risk-oriented control in the meat
sector includes the analysis of biological,
chemical and physical risk factors, the
identification of critical control points within
the technological process, and the monitoring of
parameters that directly influence product
safety and quality.

Modern food safety ~management
standards, such as ISO 22000, integrate HACCP
requirements into a comprehensive food safety
management system and emphasise the
importance of linking risk-oriented
requirements with ~management system
elements, including communication, supply
chain control, traceability and hazard control
(ISO, n.d.). This integration enhances the
effectiveness of responses to emerging and
changing risks during food production
processes and ensures a clear connection
between risk management activities and
organisational aspects of production.

It is also important to note that a risk-
oriented approach is not limited solely to the
implementation of HACCP or ISO 22000. It
additionally encompasses methodological tools
for risk assessment, early identification of
potential safety issues, forecasting of hazardous
trends, and the integration of data on the impact
of risks on consumer health. In particular, risk
models employing quantitative assessment
methods enable the prediction of risk levels and
the comparison of alternative technological
scenarios in meat product manufacturing (Food
and Agriculture Organization of the United
Nations [FAO], 2017).

The specificity of risks in meat products
and the role of structural and engineering
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factors in their formation can be outlined as
follows. Meat products, especially dry-cured
and fermented products, are characterised by a
multifactorial nature of risk formation, in which
not only formulation but also the course of mass
transfer processes within the product matrix
are critical. In such systems, parameters
determining the state of water - namely raw
material moisture content and water activity -
as well as their spatial distribution (gradients
between the surface and the core), are directly
related to microbiological stability and product
safety. In particular, for dry and fermented
sausages, water activity is considered one of the
key “barriers” limiting the growth of
undesirable microflora, while its reduction to a
safe level is achieved through a combination of
drying and salting processes (Patarata et al,,
2022).

From a risk-oriented perspective, an
important consideration is that hazardous
zones in meat products may be localised. Even
when target parameters are achieved at the
product surface, internal regions may retain
elevated moisture content and water activity for
a longer period, thereby forming an “internal
risk window” (Benio et al, 2023). For dry-
fermented products, this issue is further
intensified due to the dependence of
dehydration kinetics on product geometry and
internal structure. Consequently, the control of
water activity should account not only for its
final value, but also for the sampling location
and the spatial heterogeneity of this parameter
within different product zones. This is
supported by recent studies addressing water
activity measurement practices in dried and
fermented meat products and demonstrating
the influence of sampling location on the
interpretation of product safety. Experimental
studies have demonstrated the strong
dependence of Salmonella growth dynamics on
water activity levels, reinforcing the need for
precise spatial control of aw during drying
(Gibson et al., 1988).

The classical scientific and practical
framework for describing such systems is
provided by the hurdle technology concept
(Leistner, 2000), according to which product
safety and stability are ensured not by a single
factor, but by a combination of multiple
barriers, including water activity, acidity, redox
potential, temperature, competitive microflora
and/or preservative substances. In the context
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of meat products, this concept is particularly
valuable as it explains how a reduced
dependence on individual additives, notably
nitrite, can be achieved provided that other
barriers are strengthened - primarily through
controlled dehydration and the homogenisation
of internal conditions within the product.

It should also be taken into account that
technological solutions aimed at “improving”
product composition - for example, reducing
salt or nitrite content - may shift the balance of
protective barriers and potentially increase
risks if adequate compensation by other factors
is not ensured, particularly water activity and
drying dynamics. For dry and dry-fermented
sausages, authoritative sources emphasise that
water activity represents the key barrier for
microbial control (Patarata et al, 2022).
Accordingly, any reduction in formulation
ingredients requires an engineering-controlled
dehydration process and a predictable
formation of water activity to maintain product
safety. The predictive role of water activity in
microbial stability has long been substantiated
in food systems and remains one of the most
reliable indicators of microbial growth
limitation (Labuza & Altunakar, 2007; Fontana,
2000).

Structural and engineering factors - such
as product shape, thickness, internal structure,
and the characteristics of the protein-fat matrix
- are critical because they directly determine
diffusion path lengths and moisture transfer
conditions within the product. For meat
systems, it is well established that the structure
of the protein matrix governs water retention,
texture, and the course of transformations
during technological processing (Tornberg,
2005). Consequently, modifications of external
shape and internal structure can affect both
mass transfer processes and the final quality
attributes of the product. As a fundamental
reference for substantiating the role of
structure and its relationship with quality and
the behaviour of meat proteins, the classical
review by Tornberg is considered particularly
relevant.

Within a risk-oriented framework for
products intended for children and sensitive
population groups, particular importance is
attributed to reducing the overall dietary
exposure to potentially undesirable substances,
notably nitrites, while maintaining
microbiological stability. EFSA highlights the
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technological role of nitrites, particularly their
inhibitory effect on Clostridium botulinum, while
simultaneously emphasising the need for a
scientifically substantiated approach to their
assessment and use (European Food Safety
Authority [EFSA], 2017). In addition,
quantitative exposure assessments confirm that
cumulative dietary intake of nitrites remains a
regulatory concern, especially in products
consumed by sensitive population groups (EFSA
ANS Panel, 2017). At the same time,
technological strategies aimed at nitrite
reduction require compensation through
alternative safety barriers (Sebranek & Bacus,
2007). Risk assessment studies also analyse the
contribution of meat products to long-term
cumulative dietary exposure to nitrites and
nitrates. This creates a basis for engineering
strategies in which part of the “risk-control”
function is shifted from additives to controllable
process parameters and product structural
characteristics.

Thus, the specificity of risks in meat
products arises from the combined effects of
mass transfer limitations that lead to spatial and
temporal heterogeneity of water activity,
structurally determined differences in diffusion
pathways across various product types (minced
and restructured whole-muscle products), and
the need to balance safety barriers when
pursuing nitrite reduction in products intended
for vulnerable population groups.

In this context, the safe-by-design logic
can be substantiated as an adaptation of the
engineering principle of “inherent safety”. That
is, risk reduction is achieved not only through
end-product control or intensified use of
additives, but through the design of product
shape and internal structure in such a way as to
accelerate and homogenise dehydration,
thereby reducing the duration during which the
product remains in a potentially hazardous
state.

In technical and regulatory disciplines,
safe-by-design or safer-by-design approaches
are interpreted as forms of inherent safety,
whereby risks are mitigated not solely by
control measures or testing of the final product,
but already at the design stage through the
selection of structural and constructive
solutions that reduce the likelihood of
hazardous scenarios throughout the product or
process life cycle. This logic has been most
systematically developed in the fields of
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material safety and nanotechnology; however,
its principles are of a general engineering
nature and can be adapted to food systems as
“risk-informed design” or “risk-aware product
design” approaches (Leistner, 2000).

As a concept in food technology, the term
safe-by-design can be interpreted as an applied
extension of the multi-barrier (hurdle)
approach. In food engineering, a historically
close analogue to safe-by-design is the concept
of hygienic design of equipment and processing
lines. According to this concept, equipment
design  should minimise contamination
accumulation and ensure effective cleaning and
disinfection, thereby reducing the risk of
microbiological  contamination.  Scientific
publications emphasise that poorly designed
equipment structures can directly lead to
microbiological and chemical hazards as well as
physical contamination (Mediani et al., 2022).

For example, a classical study on risk-
oriented design of aseptic processing for
heterogeneous food products demonstrated
that process parameters should be established
based on risk assessment and product
variability rather than solely on “average”
technological conditions (Kabil et al., 2025).
This represents a direct application of the
design-for-safety logic, whereby safety is
ensured through decisions made at the process
design level. Consequently, engineering
solutions should be regarded as an integral
component of food safety systems rather than
merely an auxiliary or secondary aspect.

The aim of this study is to synthesise and
systematically analyse contemporary scientific
approaches to ensuring the safety of meat
products intended for children and sensitive
population groups from a risk-oriented
perspective, as well as to substantiate the
feasibility of using product shape and internal
structure as engineering tools for reducing
technological risks in the production of dried
meat products.

To achieve this aim,
objectives were addressed:

the following

1.  toanalyse current scientific approaches to
risk-oriented food safety management in
meat products intended for children and
sensitive population groups;

2.  to systematise the main technological risk

factors in dried meat products, taking into
account water activity and the
heterogeneity of mass transfer processes;
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3. to evaluate the role of product shape and
internal structure as engineering factors
for safety control within the multi-barrier
(hurdle) concept;

4.  tosubstantiate the applicability of safe-by-

design principles in the design of meat
products with reduced technological risks.

Materials and methods

This study has a review and analytical
character and is based on a systematic analysis
of contemporary scientific publications,
regulatory documents, and analytical materials
addressing food safety of meat products, risk-
oriented food safety management, as well as the
influence of structural and engineering factors
on mass transfer processes in dried meat
products.

The materials analysed in this study
included peer-reviewed scientific articles from
international journals; review publications on
drying technologies and stabilisation of meat
products; monographs and reference sources in
food microbiology, food engineering, and meat
technology; regulatory and scientific advisory
documents of the European Union (EFSA);
international food safety management
standards, e.g. ISO 22000, as well as
publications addressing the concepts of risk-
based approaches, hygienic design, and safe-by-
design in related fields.

The literature search was conducted using
scientometric databases including Scopus, Web
of Science, PubMed, and ScienceDirect, as well
as official resources of EFSA and FAO. The
search strategy was based on the following
keywords: food safety, risk-based approach,
meat products, dry-cured sausages, water
activity, hurdle technology, safe-by-design, and
food engineering.

The literature analysis was carried out
using methods of structural and logical analysis
(to identify relationships between technological
process parameters, product structure, and
safety indicators), comparative analysis (to
compare different approaches to ensuring the
safety of meat products), systematisation and
synthesis (aimed at forming an integrated risk-
oriented concept of safety management based
on product shape and internal structure), as
well as critical analysis (to evaluate the
limitations of existing technological solutions
and the possibilities of their adaptation for
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products intended for children and sensitive
population groups).

The assessment of the role of structural
and engineering factors in shaping the safety of
meat products was conducted within the
framework of a risk-oriented approach, which
involves the identification of key risk factors -
primarily  microbiological-associated  with
water activity and dehydration heterogeneity.
This approach also includes an analysis of the
influence of product geometry and internal
structure on mass transfer processes and on the
duration for which the product remains in a
potentially hazardous state. In addition,
structural solutions were interpreted as
elements of a multi-barrier food safety system,
acting in combination with acidity, water
activity, temperature, and formulation-related
factors.

The synthesis of the analysis results was
performed with consideration of the hurdle
technology concept and safe-by-design
principles, which in this study are regarded as
an applied engineering interpretation of the
inherent safety principle in food product
development.

Results and discussion

The analytical review of contemporary
scientific sources revealed that, alongside
formulation- and process-related factors,
product shape and internal structure play a
significant role in determining the safety of
dried meat products, as they directly influence
mass transfer processes, the formation of water
activity profiles, and microbiological stability.

Control of product shape and internal
structure can therefore serve as an effective tool
for risk reduction. During the drying of meat
products, physicochemical and microstructural
changes play a critical role in shaping moisture
removal kinetics, structural properties, and
overall product quality. Moisture reduction
through drying is a key mechanism for limiting
microbial growth; however, the effectiveness of
this mechanism depends not only on
technological conditions (such as temperature
and processing time), but also on the internal
structure of the product. Recent reviews
indicate that drying methods and associated
microstructural changes affect drying kinetics,
the ability of water to diffuse toward the
surface, mass transfer pathways, and,
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consequently, the safety and quality of meat
products (Mediani et al., 2022).

For example, research findings reported
by Kabil et al. (2025) demonstrated that
different drying techniques (hot-air, infrared,
and microwave drying) exert distinct effects on
microstructure and dehydration characteristics
in meat samples, thereby confirming the
importance of considering structural effects
within technological processes. In particular,
drying temperature and method significantly
alter microstructure, shrinkage behaviour,
moisture diffusion rates, and post-drying

product  properties, including sensory
attributes.
The dehydration dynamics of meat

products are also closely related to sample
geometry and size, which directly affect
diffusion pathways for water. The application of
drying kinetics models based on Fick’s law has
demonstrated that the three-dimensional
geometry of the product, heterogeneity of initial
moisture content, and the combination of
internal and external diffusion resistances
determine the rate and uniformity of moisture
removal (Alvarez et al., 2021). This indicates
that product-forming parameters - such as
shape, thickness, and internal tissue
organisation - are important factors governing
mass transfer during drying.

In addition, studies by Aksoy et al. (2019)
have shown that different drying methods
induce distinct changes in the microstructure of
the meat matrix, which are reflected in water
reabsorption capacity, colour, porosity, and
other quality characteristics. For example, the
use of ultrasonic-assisted vacuum drying
resulted in higher matrix porosity and a more
open structure compared to conventional
methods, which in turn affected drying kinetics
and the properties of the final product.

Drying temperature and duration also
influence the dehydration of muscle proteins
and fats, leading to changes in sensory
attributes.  Microstructural ~ modifications
induced by drying may affect hardness, texture,
and rehydration capacity, which are important
not only from the perspective of final product
quality but also in terms of product safety (Li et
al, 2025). This is because heterogeneous
structures may give rise to zones with different
levels of water activity and, consequently,
varying risks of microbiological stability.
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Public interest in improving safety and
reducing risks in meat products also stimulates
the development of technological approaches
that consider product structural characteristics
as an integral part of risk management systems.
This includes the assessment of the impact of
structural and engineering solutions on
moisture transport Kkinetics, physicochemical
changes in the protein-fat matrix, as well as
final sensory properties and product safety
(Mediani et al, 2022). Such approaches are
consistent with the principles of multi-barrier
control, in which structural parameters become
additional resources for risk management,
either as alternatives to or in combination with
traditional ingredients and technological
additives.

Thus, controlling product shape and
internal structure represents a promising
direction for optimising drying processes and
reducing safety-related risks in meat products.
This provides a scientific foundation for the
further consideration of specific engineering
solutions that can be applied to homogenise
moisture and water activity profiles and to
shorten the duration during which products
remain under potentially hazardous conditions.
This aspect is particularly important in the
development of meat products intended for
children and sensitive population groups.

For food products, and meat products in
particular, the practical adaptation of safe-by-
design implies the following. Risk reduction
should not be limited solely to changes in
formulation or the introduction of additional
barrier ingredients; instead, product geometry,
shape, and internal structure should be
considered as parameters capable of controlling
mass transfer processes, the formation of water
activity profiles, and the duration for which the
product remains within the “risk window”. In
HACCP terminology, this effectively represents
a shift of part of risk control from “additional
measures” to the primary design of the product
itself. This approach is consistent with the
engineering interpretation of SbD as an iterative
process (Sanchez Jiménez et al., 2020), in which
solutions that preserve product functionality
while reducing health risks are selected and

subsequently verified wusing appropriate
indicators (e.g. water activity profiles,
microbiological criteria, and sensory
properties).
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In parallel, the European Union is
developing the Safe and Sustainable by Design
(SSbD) framework for chemicals and materials,
which requires safety considerations to be
integrated already at the R&D stage and
decision-making to be guided by a “safety + life
cycle” perspective (European Commission [EC],
2025). Although SSbD is directly targeted at
materials, its emergence signals a broader
European trend in which regulatory attention is
shifting toward the early “embedding” of safety
into design decisions. For food technologies, this
provides a meaningful conceptual context and a
terminological reference framework as a
guiding logic, though not yet as an established
sector-specific term.

Thus, within a risk-oriented approach to
meat products intended for children and
sensitive population groups, safe-by-design can
be appropriately interpreted as an applied
concept of product and process design.
According to this concept (Lelieveld et al,
2014), critical risks - primarily microbiological
risks associated with water activity and
dehydration non-uniformity are first
identified and subsequently mitigated through
engineering decisions related to product shape
and structure as well as drying parameters,
prior to any “corrective” modification of
formulation composition. This provides a
scientific basis for moving toward the analysis
of specific structural solutions in meat systems
that are capable of deliberately shortening
diffusion pathways and homogenising internal
product conditions during drying.

Several approaches to structural solutions
for controlling mass transfer in dried meat
products can be distinguished. For dried meat
products (including dry-fermented and dry-
cured sausages, dried whole-muscle products,
jerky, etc.), the key technological challenge is
the controlled reduction of moisture content
and water activity throughout the entire
product volume within an acceptable time
frame, without compromising product quality.
Syntheses of contemporary research indicate
that, alongside drying environment parameters
(temperature, relative humidity, air velocity),
structural characteristics of the product play a
decisive role, as they determine internal mass
transfer  resistance and the  spatial
heterogeneity of moisture content and water
activity profiles within the raw material
(Mediani et al., 2022).
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Control of product geometry and
characteristic dimensions (thickness/
radius/shape) can be described as follows. In
most drying models of meat products, internal
mass transfer is represented by a diffusion
mechanism (even though the real system may
be more complex), and in this case the
characteristic diffusion length (e.g. sausage
radius or layer thickness) directly determines
the rate of moisture equalisation. The shorter
the diffusion path, the faster a safe water
activity profile is established. From a
mathematical standpoint, such systems are
frequently approximated using Fickian
diffusion models, where characteristic diffusion
length becomes a critical determinant of
dehydration kinetics (Crank, 1975). Shrinkage
phenomena further modify effective diffusion
pathways and must be considered in realistic
modelling scenarios (Mayor & Sereno, 2004). The
practical  significance of geometry and
deformation/shrinkage  during drying is
demonstrated by models of dry-fermented
sausages that account for real or irregular shapes
and shrinkage behaviour (Cascone et al., 2015).

Control of internal microstructure and
porosity exhibits specific features. Studies on
meat drying processes show that drying
conditions shape porosity, density, and
microstructure, which in turn affect drying rate
and product quality attributes such as texture,
rehydration capacity, and hardness. Review
studies explicitly emphasise the link between
drying processes and porosity and structure, and
subsequently their influence on drying kinetics
and product properties (Mediani et al., 2022).

In addition, it has been demonstrated (Kim
et al,, 2022) that pore formation can reduce
undesirable shrinkage and excessive hardness
in certain dried meat products (e.g. jerky),
which is particularly important for the
acceptability of products intended for sensitive
population groups.

Control of matrix heterogeneity (fat phase
content and characteristics of the protein
network) leads to the following considerations.
Drying occurs within a multicomponent
protein-fat matrix, and microstructural changes
during dehydration affect both mass transfer
and sensory properties. Practical studies on the
drying of meat raw materials indicate (Kabil et
al, 2025) that different drying regimes
significantly alter microstructure and quality
indicators (including colour, texture, and
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oxidation-related parameters). Thus, structural
solutions should be evaluated not only in terms
of drying rate, but also with respect to quality
changes.

However, any structural solution that
accelerates moisture removal may potentially
alter moisture gradients, shrinkage behaviour,
and the formation of a surface layer or crust.
This can result in undesirable effects such as the
occurrence of locally overdried zones, texture
non-uniformity, loss of juiciness, and enhanced
oxidative  processes. For this reason,
contemporary reviews on meat drying
dynamics (Alvarez et al., 2021) emphasise the
need for a comprehensive analysis that
accounts for drying Kkinetics, internal and

external mass transfer resistances,
microstructure, and product quality.
A separate methodological aspect

concerns the heterogeneity of water activity and
the sensitivity to sampling location in dried and
fermented meat products. This issue is
particularly relevant for any structural
innovations (Beno et al, 2023), as they may
modify the spatial water activity profile.

Accordingly, control and  comparative

assessments should be performed using

consistent and appropriate sampling protocols

(e.g. centre versus periphery of the product,

standardised sample preparation).

For products intended for children and
sensitive  population  groups, structural
solutions should be selected according to the
following set of criteria, which integrate product
safety and quality:

1. emphasis on drying kinetics (reduction of
the time required to reach the target water
activity value) (Alvarez et al,, 2021);

. emphasis on the heterogeneity of
moisture content and water activity
profiles (reduction of centre-to-periphery
gradients and improved reproducibility of
results) (Beno et al., 2023);

. emphasis on product quality (structure

and texture, colour, and oxidation

indicators as markers of stability) (Kabil et

al,, 2025);

technological feasibility of product

manufacturing (applicability in real

production conditions, controllability of
process parameters, and absence of new
contamination sources in accordance with
hygienic design principles) (Mediani et al.,
2022).
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When formulated in this way, the approach
fully complies with risk-oriented logic. This is
because it does not introduce an additional barrier
without proper justification; instead, product
shape and/or internal structure are designed so as
to deliberately reduce risk factors - primarily the
duration of potentially hazardous internal
conditions and the heterogeneity of water activity
- while maintaining product quality.

Based on this, the following generalisations
of the risk-oriented approach can be made, and
directions for further research on meat products
intended for children and sensitive consumer
groups can be identified.

The analysis of scientific literature indicates
that the safety of dried meat products is formed as
a result of the interaction of multiple protective
barriers, among which water activity, dehydration
dynamics, spatial moisture gradients, and
structurally determined features of mass transfer
within the protein-fat matrix play a key role. This
is consistent with the principles of the hurdle
technology concept, according to which an
increased level of safety can be achieved not only
through ingredient-based solutions, but also
through the control of process parameters and
product properties.

In the context of products intended for
children and sensitive population groups, a risk-
oriented approach requires particular attention to
factors that determine the duration for which a
product remains under potentially hazardous
conditions, as well as to the heterogeneity of the
internal microenvironment. For this reason, the
control of water activity and related parameters
should be based not only on final values, but also
on appropriately selected sampling methodologies

®dinancyBanns / Funding

and the assessment of internal moisture profiles.
This is essential for the objective comparison of
technological solutions aimed at intensifying
drying processes.

Conclusions

The adaptation of the safe-by-design logic to
food technologies can be regarded as a practical
extension of the risk-oriented approach. In this
context, risk reduction is achieved by designing
technological processes and product
characteristics in such a way as to minimise the
occurrence of hazardous scenarios (e.g. prolonged
zones of elevated water activity) and to improve
the reproducibility of safety indicators. In the food
sector, closely related concepts include hygienic
design of equipment and risk-oriented process
design, in which engineering solutions are
considered integral components of food safety
management systems rather than merely technical
support for production.

Based on the above considerations, the
following research directions appear promising for
dried meat products intended for children and
sensitive population groups:

e development of methodologies for
comparative assessment of technological solutions
based on water activity profiles and
microbiological stability indicators;

e investigation of the effects of product shape
and internal structure on drying kinetics and
product quality;

e identification of technologically justified
approaches to reducing dependence on
preservative additives through the controlled
enhancement of other food safety barriers.

Lle gocnipkeHHs He oTpuMasio 30BHiHbOro ¢iHnancyBaHHs / This research received no

external funding.

3asBa npo AocrynHicts AaHux / Data Availability Statement

Lle mocsii>keHHs He reHepyBaJlo HOBUX eKCIIEpUMEHTa/IbHUX JAaHUX i 6a3yeThCs Ha aHaJi3i Ta
CUHTEe3i HayKOBUX MyOJIiKallid, HOpMAaTHBHUX JOKYMEHTIB Ta BIIKPUTHUX JKepeJ. Yci BUKOpUCTaHI
JlaHi Ta mxkepesia iHpopmauii npexacrtaBisieHi 6e3mocepeJHbO B TEKCTI CTATTi Ta y CHHUCKY
aitepatypu / This study did not generate new experimental data and is based on the analysis and
synthesis of scientific publications, regulatory documents, and open sources. All data and
information sources used are presented directly in the text of the article and in the reference list.

3asBa iHcTHTYLINHHOI peBisiiiHoi pasu / Institutional Review Board Statement

He 3acTocoByeThbcs / Not applicable.

3asBa npo indopmosany 3roay / Informed Consent Statement

He 3acTocoByeThcs / Not applicable.

178



ISSN 2786-6955 (Online) Biota. Human. Technology. 2026. No 1 Electronic edition

Kondaikr inrepecis / Conflict of interest

ABTOpHM 3asABASAIOTb MNP0 BiACYTHICTb KOHQJIIKTY iHTepeciB. KoaHe ¢iHaHCcyBaHHS,
CIIOHCOPCTBO 4YM IHIIMK BIJIUB 3 OOKY 30BHIIIHIX OpraHisalliii He BIUIMHYJIM Ha NpPOBEJEHHS
JlOCJIi/PKeHHs], iHTepnpeTalilo pe3ysbTaTiB a6o nigrotoBky pykonucy / The authors declare no
conflict of interest. No funding, sponsorship, or other influence from external organisations affected
the conduct of the study, the interpretation of results, or the preparation of the manuscript.

Aekaapariis Ipo T€eHepPATUBHUI IITYYHHN iHTEAEKT 1 TEXHOAOTii Ha OCHOBi IITY4YHOTO
inteaexry B mporneci Hanucanus / Declaration on Generative Artificial Intelligence and
Al-enabled Technologies in the Writing Process

Y 1upoMy [OCHi)KeHHI He BUKOPUCTOBYBABCA TeHepaTUBHHUM IUTYYHUN IHTeJeKT abo
TEXHOJIOTiI IITYyYHOTO iHTeJIeKTY AJs 3060py, aHani3y yM inTepnpeTauii ganux / This study did not
use generative artificial intelligence or Al-enabled technologies to collect, analyze, or interpret data.

References

Alvarez, S., Alvarez, C., Hamill, R,, Mullen, A. M., & O’Neill, E. (2021). Drying dynamics of meat highlighting
areas of relevance to dry-aging of beef. Comprehensive Reviews in Food Science and Food Safety, 20,
e12845. https://doi.org/10.1111/1541-4337.12845

Aksoy, A, Karasu, S., Akcicek, A., & Kayacan, S. (2019). Effects of different drying methods on drying
kinetics, microstructure, color, and the rehydration ratio of minced meat. Foods, 8(6), 216.
https://doi.org/10.3390/foods8060216

Beno, F., Kostlan, ], Pivorika, J., Pohiinek, V., & Seveik, R. (2023). Water activity of Czech dry-cured meat
products: Influence of sampling point and sample preparation method. Czech Journal of Food Sciences,
41(5), 340-347. https://doi.org/10.17221/99/2023-CJFS

Brykova, T. (2024). HACCP system in the production of semi-finished products. Commodity Science,
Technologies and Engineering, 50(2), 93-109. https://doi.org/10.31617/2.2024(50)07 (in Ukrainian)

Bpukosa T. Cucrema HACCP mpu Bupo6HULTBI HaniBpabpukatiB. MixcHapodHull HAyKko8o-npaKmMuvHuUll HCypHaa
"Tosapu i punku". 2024. No 2 (50). C. 93-109. https://doi.org/10.31617/2.2024(50)07

CAC. (1999). Principles and guidelines for the conduct of microbiological risk assessment (CAC/GL-30).
Codex Alimentarius Commission.

Cascone, G., Setegn, H. G., Miccio, M., & Diaferia, C. (2015). A tool for modelling and simulation of irregular
shape and shrinking salami during drying. Chemical Engineering Transactions, 43, 103.
https://doi.org/10.3303/CET1543018

Codex Alimentarius Commission. (2022). General principles of food hygiene (CXC 1-1969): Annex-
Hazard analysis and critical control point (HACCP) system and guidelines for its application. FAO/WHO.
https://www.fao.org/fao-who-codexalimentarius/codex-texts/codes-of-practice/en/

Crank;, J. (1975). The mathematics of diffusion (2nd ed.). Oxford University Press.

EFSA Panel on Food Additives and Nutrient Sources added to Food (ANS). (2017). Re-evaluation of
nitrites (E 249-250) and nitrates (E 251-252) as food additives. EFSA Journal, 15(6), e04786.
https://doi.org/10.2903 /j.efsa.2017.4786

European Commission. (2025). Safe and sustainable by design: Chemicals and advanced materials.
Research and Innovation. https://research-and-innovation.ec.europa.eu/research-area/industrial-
research-and-innovation/chemicals-and-advanced-materials/safe-and-sustainable-design_en

179


https://doi.org/10.1111/1541-4337.12845
https://doi.org/10.3390/foods8060216
https://doi.org/10.17221/99/2023-CJFS
https://doi.org/10.31617/2.2024(50)07
https://doi.org/10.3303/CET1543018
https://www.fao.org/fao-who-codexalimentarius/codex-texts/codes-of-practice/en/
https://doi.org/10.2903/j.efsa.2017.4786
https://research-and-innovation.ec.europa.eu/research-area/industrial-research-and-innovation/chemicals-and-advanced-materials/safe-and-sustainable-design_en
https://research-and-innovation.ec.europa.eu/research-area/industrial-research-and-innovation/chemicals-and-advanced-materials/safe-and-sustainable-design_en

ISSN 2786-6955 (Online) Biota. Human. Technology. 2026. No 1 Electronic edition

European Food Safety Authority. (2017, June 15). EFSA explains risk assessment: Nitrites and nitrates
added to food. https://www.efsa.europa.eu/en/corporate/pub/nitritesandnitrates170614

Fontana, A.]. (2000). Water activity’s role in food safety and quality. Food Safety Magazine, 6(2), 54-59.

Food and Agriculture Organization of the United Nations. (2017). Food safety risk management:
Evidence-informed policies and decisions, considering multiple factors. FAO.
https://openknowledge.fao.org/server/api/core/bitstreams/58107321-1049-4897-85cc-
621a4f4ad986/content

Gibson, A. M., Bratchell, N., & Roberts, T. A. (1988). Predicting microbial growth: The effect of water
activity on growth of Salmonella. International Journal of Food Microbiology, 6(2), 155-178.
https://doi.org/10.1016/0168-1605(88)90058-9

International Finance Corporation. (2020). Food safety handbook: A practical guide for building a robust
food safety management system. World Bank Group. https://www.worldbank.org

International Organization for Standardization. (2018). Food safety management systems—
Requirements  for any  organization in the food chain (ISO  22000:2018).
https://www.iso.org/standard/65464.html

Kabil, E,, Cakir, M. A, Yalinkilig, B., & Baslar, M. (2025). Quality and microstructural changes in salted
goose meat dried by hot-air, infrared, and microwave techniques. Processes, 13(10), 3223.
https://doi.org/10.3390/pr13103223

Kim, D.-H., Kim, Y. ],, Shin, D.-M,, Lee, ]. H,, & Han, S. G. (2022). Drying characteristics and physicochemical
properties of semi-dried restructured sausage depend on initial moisture content. Food Science of Animal
Resources, 42(3), 411-425. https://doi.org/10.5851 /kosfa.2022.e12

Labuza, T. P., & Altunakar, B. (2007). Water activity prediction and moisture sorption isotherms. In G. V.
Barbosa-Canovas et al. (Eds.), Water activity in foods (pp. 109-154). Blackwell Publishing.

Leistner, L. (2000). Basic aspects of food preservation by hurdle technology. International Journal of Food
Microbiology, 55(1-3), 181-186. https://doi.org/10.1016/S0168-1605(00)00161-6

Lelieveld, H. L. M., Mostert, M. A, & Curiel, G.]. (2014). Hygienic design of food processing equipment. In H.
L. M. Lelieveld, . T. Holah, & D. Napper (Eds.), Hygiene in food processing (2nd ed., pp. 91-141). Woodhead
Publishing. https://doi.org/10.1533/9780857098634.2.91

Li, W, Zhou, Y., Dy, Q, etal. (2025). Research progress on the effects of drying methods on the eating quality
of dried meat products. Meat Research, 39(1), 72-81. https://doi.org/10.7506/rlyj1001-8123-20240902-
233

Mayor, L., & Sereno, A. M. (2004). Modelling shrinkage during convective drying of food materials: A review.
Journal of Food Engineering, 61(3), 373-386. https://doi.org/10.1016/S0260-8774(03)00144-4

Mediani, A.,, Hamezah, H. S., Faidruz, A, Mahadi, N., Chan, S., Rohani, E., Che Lah, N. H., Azlan, U., Khairul
Annuar, N. A, Azman, N., Bunawan, H,, Sarian, M., Kamal, N., & Abas, F. (2022). A comprehensive review of
drying meat products and the associated effects and changes. Frontiers in Nutrition, 9, 1057366.
https://doi.org/10.3389/fnut.2022.1057366

180


https://www.efsa.europa.eu/en/corporate/pub/nitritesandnitrates170614
https://openknowledge.fao.org/server/api/core/bitstreams/58107321-1049-4897-85cc-621a4f4ad986/content
https://openknowledge.fao.org/server/api/core/bitstreams/58107321-1049-4897-85cc-621a4f4ad986/content
https://doi.org/10.1016/0168-1605(88)90058-9
https://www.worldbank.org/
https://www.iso.org/standard/65464.html
https://doi.org/10.3390/pr13103223
https://doi.org/10.5851/kosfa.2022.e12
https://doi.org/10.1016/S0168-1605(00)00161-6
https://doi.org/10.1533/9780857098634.2.91
https://doi.org/10.7506/rlyj1001-8123-20240902-233
https://doi.org/10.7506/rlyj1001-8123-20240902-233
https://doi.org/10.1016/S0260-8774(03)00144-4
https://doi.org/10.3389/fnut.2022.1057366

ISSN 2786-6955 (Online) Biota. Human. Technology. 2026. No 1 Electronic edition

Nauta, M. J. (2000). Separation of uncertainty and variability in quantitative microbial risk assessment
models. International Journal of Food Microbiology, 57(1-2), 9-18. https://doi.org/10.1016/S0168-
1605(00)00225-7

Patarata, L., Fernandes, L., Silva, |. A, & Fraqueza, M. J. (2022). The risk of salt reduction in dry-cured
sausage assessed by the influence on water activity and the survival of Salmonella. Foods, 11(3), 444-.
https://doi.org/10.3390/foods11030444

Ross, T., & McMeekin, T. A. (2003). Modeling microbial growth within food safety risk assessments. Risk
Analysis, 23(1), 179-197. https://doi.org/10.1111/1539-6924.00300

Sanchez Jiménez, A, Puelles, R., Pérez-Fernandez, M., Gomez-Fernandez, P., Barruetabeiia, L., Jacobsen,
N. R, Suarez-Merino, B., Micheletti, C., Manier, N., Trouiller, B., & Navas, ]. M. (2020). Safe(r) by design
implementation in the nanotechnology industry. Nanolmpact, 20, 100267.
https://doi.org/10.1016/j.impact.2020.100267

Sebranek, J. G., & Bacus, J. N. (2007). Cured meat products without direct addition of nitrate or nitrite:
What are the issues? Meat Science, 77(1), 136-147. https://doi.org/10.1016 /j.meatsci.2007.03.025

Tornberg, E. (2005). Effects of heat on meat proteins - Implications on structure and quality of meat
products. Meat Science, 70(3), 493-508. https://doi.org/10.1016/j.meatsci.2004.11.021

Received: 09.01.2026. Accepted: 08.03.2026. Published: 06.04.2026.

Bu Mo)KeTe LUTYBaTH LI0 CTAaTTIO TaK: Cite this article in APA style as:

Batrachenko O., Todorov M. Development of a risk- Batrachenko, O., & Todorov, M. (2026). Development
based approach to meat product safety. Biota. of a risk-based approach to meat product safety.
Human. Technology. 2026. Ne 1. P. 170-181. DOI: Biota. Human. Technology, (1), P. 170-181.
https://doi.org/10.58407 /bht.1.26.15 https://doi.org/10.58407 /bht.1.26.15

Information about the authors:

Batrachenko O. [in Ukrainian: Barpadenko 0.] 1, Doctor of Technical Sciences, Professor, email: o.batrachenko@chdtu.edu.ua
ORCID: 0000-0001-8920-0743

Department of Food Technology, Cherkassy State Technological University

333 Shevchenko Boulevard, Cherkassy, 18005, Ukraine

Todorov M. [in Ukrainian: Tonopos M.] 2, PhD student, email: nikolayohotnik4@gmail.com
ORCID: 0009-0002-1488-4065

Department of Food Technology, Cherkassy State Technological University

333 Shevchenko Boulevard, Cherkassy, 18005, Ukraine

1 Conceptualization of the study; development of the research idea and theoretical framework; formulation of the
research objectives; analysis and interpretation of scientific literature; drafting and critical revision of the
manuscript; final approval of the version to be published.

2 Literature search and data collection; systematization and analysis of scientific sources; participation in the
preparation of the manuscript; assistance in drafting and formatting the text.

181


https://doi.org/10.1016/S0168-1605(00)00225-7
https://doi.org/10.1016/S0168-1605(00)00225-7
https://doi.org/10.3390/foods11030444
https://doi.org/10.1111/1539-6924.00300
https://doi.org/10.1016/j.impact.2020.100267
https://doi.org/10.1016/j.meatsci.2007.03.025
https://doi.org/10.1016/j.meatsci.2004.11.021
https://doi.org/10.58407/bht.1.26.15
https://doi.org/10.58407/bht.1.26.15

