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Abstract

The development of formulations and the adoption of emerging baking technologies have increased the
complexity of predicting bread quality. Key attributes such as texture, colour, moisture content, and volume
are governed by strongly coupled heat and mass transfer phenomena, structural transformations, and
reaction kinetics. Understanding and predicting these changes remain challenging due to the dynamic and
interconnected nature of the baking process. This work aims to develop an integrated framework that
combines physics-based modelling, quality kinetics, and data-driven analytics to predict the evolution of
key bread quality attributes during baking. A mechanistic model was developed to describe transient heat
and moisture transfer within bread during baking. Kinetic models were used to characterise quality changes,
including texture development, moisture loss, and crust colour formation. Experimental baking trials were
conducted under varying processing conditions to measure temperature, moisture content, crumb firmness,
specific volume, pore distribution, and colour attributes. The experimental data, together with model-
derived process variables, were used to train predictive data-driven models for quality prediction. The
integrated framework successfully linked transport phenomena and quality kinetics with the development of
bread quality attributes. The combination of mechanistic and data-driven approaches enabled accurate
prediction of texture, moisture content, colour development, and volume expansion under different baking
conditions. The results also provided improved insight into the underlying mechanisms driving quality
evolution during baking. While the pure first-principles approach offers explainability and exceptional data
efficiency, it suffers from heavy computational bottlenecks when addressing complex phenomena in real
time. Conversely, purely data-driven approaches (including machine learning) provide instant predictions
but fail to extrapolate safely beyond their training data. The proposed hybrid framework supports the
potential of combining physics-based modelling, kinetics, and data-driven analytics for digital food
processing applications. Such an approach can support quality prediction, process optimisation, and
intelligent control strategies, contributing to more consistent and sustainable bread production.
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Abstract

The microstructure of bread crumb is an important quality characteristic that directly influences the physical
and textural properties. Therefore, to gain a deeper understanding of how formulation and processing
conditions affect crumb development, the microstructure of crumb structure is necessary for a quantitative
description of the structural changes during baking. This work aims to investigate the microstructure (crumb
pore structure) of bread produced under different formulation and processing conditions, with particular
emphasis on the effects of chickpea flour substitution and emerging processing. To investigate the effect,
Response Surface Methodology (Central Composite Design) was applied for the baking experiment. For
analyzing the crumb structure, cross-sectional images of all bread samples were acquired using
multispectral imaging (Video meter). Python was used for image processing, where the images were
converted from RGB to greyscale and then into binary images, allowing segmentation between pore and
solid regions of the crumb. A defined region of interest was selected for each sample, and individual pores
were identified and quantified with image scale calibrated using a reference grid. The bread crumb structure
was characterized based on porosity (@), pore distribution, average pore diameter (d_av), and maximum
pore diameter (d_max). Results indicated that formulation significantly affected the product of bread crumb
structure as well as physical properties were significantly influenced by structural changes during the
baking. Chickpea concentration effects were particularly important for the porosity and maximum pore
diameter, and developed models showed good predictive performance for the porosity (R? = 0.861) and
maximum pore diameter (R? = 0.821), Further, differences in crumb porosity were observed between
emerging technology and conventional baking, indicating that baking method affected pore development.
The image processing provided a deeper insight into microstructure changes during baking, which can be
used to better understand the relationship between formulation, processing conditions, and the structural
quality of the final product.
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A food extruder subjects raw materials to a combination of thermal and mechanical forces, leading to
structural, chemical, and nutritional transformations. During extrusion, starch undergoes gelatinization and
melting, proteins denature in response to thermal and mechanical stresses, and heat-sensitive vitamins are
degraded. While these transformations have been studied individually, no comprehensive model currently
exists to predict the extent of conversion across food matrices. To address this need, machine learning
models were trained to predict the degree of transformation of diverse food compositions subjected to
extrusion, using barrel temperature, residence time, shear stress, and substrate identity as input variables. A
dataset compiled from the literature, comprising observations such as starch gelatinization/melting, protein
denaturation, and vitamin degradation, was used to train and compare four machine learning approaches:
multiple linear regression, polynomial regression, artificial neural networks, and random forests.
Hyperparameters and polynomial degree were selected via 5-fold cross-validation. Model metrics such as
RMSE, MAE, and R2 were used to evaluate the prediction performance of the models. Random forest
achieved the best performance for predicting the extent of conversion in an extruder, followed by
polynomial regression, the neural network, and multiple linear regression, which performed the weakest.
This ranking was consistent with 5-fold cross-validation, indicating that the observed performance
differences were driven by the models' ability to capture underlying relationships rather than by variability
arising from a single train-test split. Machine learning successfully captured the non-linear effects of
extrusion conditions on food transformation behavior, highlighting its potential as a predictive tool for
quantifying extrusion conditions-induced conversions and supporting data-driven design and optimization
of extrusion operation. This approach could facilitate the development of food product formulations and
process conditions that minimize undesirable transformations, such as excessive protein denaturation and
vitamin degradation.



