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Abstract

It was proved that computer vision is applicable for continuous estimation of bulk
volume from diameter imaging of apple slices and an empirical model with an average
relative percent error of approximately 6.45 % was established, which allowed continuous
estimation of total porosity as a function of volume shrinkage and moisture content. Texture
parameters were dependent on porosity evolution and glass transition, which was a function
of drying temperature and moisture content. Glass transition occurred within moisture
content range of 1.0 g/g to 0.26 g/g when open-pores converted into closed-pores. To create
crispy texture, the drying process should be carried out at 80 °C to moisture content of less
than 0.5 g/g with a total porosity of more than 0.7 when materials undergo glass transition
and case hardening. This knowledge makes it possible to develop an optimal industrially-
scaled drying process, using computer vision for continuous monitoring and prediction of

texture.

iX



List of Abbreviations Used

Nomenclature

0 Contact angle (°)

A Area (m?)

BP Ball probe

Cph Heat capacity

CP Compression plate

cwW Cell wall

cyt Cytoplasm

d Diameter (cm)

d.b. Dry basis

De Elastic deformation
DELTY Degree of elasticity

Dp Plastic deformation

DSC Differential scanning calorimeter
DTA Differential thermal analysis
E The modulus of elasticity
ESR Electron spin resonance

F Force (N)

h Thickness (cm)

is Intercellular space

K.,k Constant

L Length (m)

m Mass (g)

n Number of replications

P Pressure (psi)

pl Plasmalemma

r Radius of pores (cm)

ROI Region of interest

S.D./s Standard deviation

T Temperature

TMA Thermal mechanical analysis
TPA Textural profile analysis

\Y Volume (cm?)

vac Vacuole

w Weight fraction

w.b. Wet basis

X Moisture content on dry basis (g/g)
y Measurement



L
=

Density ratio coefficients

o Geometric value corresponding to the full turgor situation
Y Surface tension (N/cm)

€ Bulk porosity

A Ratio cube side/sphere diameter (cm)

& Bulk volumetric shrinkage/ shrinkage coefficient
p Density (g/cm?)

¥ The average of measurements

Subscript

1 Reading after pressurizing just the reference volume
2 Reading after expanding gas into the sample cell holder
a Air

b Bulk

c Cellular

C Carbohydrates

CE Cell holder

cp Closed

cr Critical point

expt Experimental

g Glass transition

gs Glass transition of solids

aw Glass transition of water

i i measurement

L Lipids

0 Initial

op Open

p Particle

Pr Protein

pycn Pycnometer

R Reference

s Solid

t Instantaneous

theo Theoretical

w Water

X1



Abbreviation

AD Convective drying
(A% Computer vision
EHD Electrohydrodynamic
FD Freeze drying
MWD Microwave drying
MWVD Microwave vacuum drying
PME Pectin methyl esterase
RF Radiofrequency
VD Vacuum drying
Terminology Definition Synonyms
Bulk volume Dimensional changes of material in
change drying, depends on drying
technology. Usually shrinkage in
air drying, puff in microwave
vacuum drying or constant in
freeze drying and final stage of air
drying
Computer vision Computer system for process Machine
(CV) control vision
Imaging A component/process of CV
Real-time The actual time during which a On-line,
process or event occurs continuous
Shrinkage Reduction in sample's bulk volume

in convective drying

xii



Acknowledgements

I would like to express my special thanks of gratitude to my supervisor Dr. Alex
Martynenko for encouraging me to pursue a graduate study and giving me an opportunity
to do this project as well as his endless guidance and support throughout my graduate years
at Dalhousie University. It is my great pleasure to work with him. His contributions are
sincerely appreciated and gratefully acknowledged.

I wish to express my thanks to Dr. Kenneth Corscadden, Dr. Sophia (Quan) He for
being my advisory committee members and for their patience, knowledge and willingness
to help me with all problems I faced during my program. I am also grateful to Dr. Kenneth
Corscadden and Dr. Sophia (Quan) He for their strong encouragement and contributions to
this manuscript.

In addition, I thank Dr. Bruce Rathgeber for providing technical equipment. I would
like to extend my thanks to those who offered collegial guidance and support over the years:
Dr. Peter Havard, Dr. Ashutosh Singh, and technicians: Scott Read and Chris Nelson and
administrative coordinator: Mandi Wilson. Their contributions are greatly appreciated.

I would also like to acknowledge Ms. Marg Rovers, Dr. Vilis Nams, Yougui Chen,
Alissa Spinney and Patrick Wells for their help in proofreading of some of the chapters in
this thesis. Thanks to the Natural Sciences and Engineering Research Council of Canada
(NSERC) for funding this research.

To all relatives, friends and others who, in one way or another, shared their support,

thank you. This thesis is dedicated to all of you.

xiil



Chapter 1. Introduction

Drying is a commonly used food processing operation, which extends food shelf life
by reducing water activity. Dehydration techniques, including convective air (AD),
microwave (MWD), and freeze (FD) drying have influences on quality indicators of dried
and semi-dried food including porosity, density and texture. For example, FD preserves the
food structure with high porosity and low shrinkage, but the capital investment is high
(Krokida et al., 2000b). Microwave vacuum drying (MWVD) leads to uniform dried
products with high operation costs (Hu et al., 2006). AD products are characterized by low
porosity and high shrinkage with significant color changes (Lewicki and Pawlak, 2003).
AD is commonly used in food industries due to its low investment and operation costs.

Removing extra water from fresh food affects the appearance and the market value.
On the other hand, food properties, microstructure and texture, are influenced by both
external (different drying conditions and methods) and internal (shape and size of samples)
factors during drying. Due to the variety of food shapes and states, such as powdered, sliced,
wet solid, liquid, etc., and a series of physiochemical changes during drying (such as
shrinkage, case hardening and porosity), as well as flavor change, the drying methods are
largely dependent on food properties. In other words, the initial food properties determine
which drying methods are preferred. Inversely, the drying techniques affect the final
properties of the food, which directly influence consumer preferences.

Consumers’ perception of quality usually includes visual and textural characteristics,
so it is important for industry to preserve food structure which is closely related to food
texture. Texture parameters are difficult to be measured directly during drying. However,

they could be related to structural changes (porosity), which are measurable in real-time



(Kawas and Moreira, 2001). Understanding the relationship between texture and
microstructure is of great importance for industries to determine the end point of the drying
process and to produce food with desirable qualities. Knowledge has been expounded on
food microstructure and texture independently, but very little information is available as to
the relationship between them. A few researchers had focused on the effects of
microstructure as they relate to texture parameters and strong relationships have been
reported for fried tortilla chips (Kawas and Moreira, 2001) and apple discs (Acevedo et al.,
2008, Do Trong et al., 2014). Hence, further investigation is needed to determine how
texture is affected by microstructure during the drying process.

Computer Vision (CV), a novel technology, has been considered as an efficient tool
for real-time food quality assessment but also in other fields, such as medical diagnostics,
autonomous vehicles and robot guidance (Brosnan and Sun, 2004). Imaging is the core
process of CV and has been applied in fields of quality inspection, classification and
evaluation of images (Sun, 2004). This newly developed method is a fast, automatic, and
non-destructive technique for monitoring food quality by acquiring non-contact surface
imaging, with objective information for evaluation. CV could be used as an element of a
robust real-time control system for on-line monitoring of area shrinkage, according to
image morphological attributes (Martynenko, 2006).

The relationship between food microstructure and texture is still unknown. It is
important for the food industry to understand texture changes during drying and create
products with desirable textural properties. Due to a lack of instruments, texture cannot be
directly measured in real-time during drying. Thus, the aim of this research was to use a

CV to monitor structural changes (bulk volume) of apple slices for texture prediction.



Chapter 2. Literature Review

Changes in food texture and microstructure under different drying technologies has
been receiving considerable attention. Most researchers and scientists have worked on the
effect of drying methods on food texture and microstructure separately, however little work
has been done on investigating their relationship or the effect of microstructure on food
texture. Moreover, the importance and application of the relationship have not been taken
into consideration in the food processing industry. This chapter reviews the effects of
processing methods on microstructure, texture and their relationship. In addition, the
examination of texture and microstructure has also been reviewed to imply the possibility
of designing a computer vision system for continuously predicting food texture by

controlling microstructure during drying in the food processing industry.

2.1 Effects of Drying Technologies on Microstructure and Texture

Dehydration not only removes water from food materials, but also preserves food
quality. The dehydrated materials are more stable at room temperature when compared to
fresh fruits and vegetables (Aguilera et al., 2003). There are a variety of drying methods
applied all over the world, used either as a sole technology or in hybrid with other
technologies. This study only reviews drying technologies that apply to solid foods, which
include solar, convective air, microwave, freeze and osmotic drying as well as hybrid of
these drying technologies, such as microwave vacuum drying, microwave hot air drying,
microwave vacuum and freeze drying. More advanced drying technologies, such as airless
drying, sonic drying, electrohydrodynamic drying (EHD) and radio-frequency drying
(Kudra and Mujumdar, 2009), are under development in order to satisfy the producers’ and

consumers’ requirements. For instance, the food processing industry has expectations of



low manufacturing costs, while the consumer demand for high quality products is
increasing (Saravacos, 1993, Saravacos, 1967, Krokida et al., 2000b). It was found that
drying technology significantly affects microstructure and texture of dried and semi-dried
foods (Krokida et al., 1998). Since then, a number of studies have been carried out to
determine the impacts of different drying methods on food microstructure and texture, such
as shrinkage, porosity, pore size, pore size distribution, crispiness and hardness (Aguilera
etal., 2003, Acevedo et al., 2008). It is important to choose an appropriate drying approach
to reach the desired microstructure and texture. There are four common drying technologies
used in the food industry and research: convective drying, freeze drying, microwave drying
and osmotic dehydration.
2.1.1 Convective Drying

Convective drying technology is the most frequently used method in the food
processing industry due to its simple operation and low cost (Krokida et al., 2000b, Xu et
al., 2004). Food microstructure and texture are mainly affected by the air temperature,
drying time and material shrinkability. Convective drying mainly takes place at a constant
rate and falling rate periods (Mujumdar, 1995). When the surface is wet and contains free
water at the beginning of drying, the dehydration rate is constant. The inside moisture is
transported out, as a result of the concentration gradient. When a dry spot appears on the
surface, insufficient water transport to the surface causes falling dehydration rate. In a fresh
apple, the concentration gradient is not large, solid skeleton is firm and water is distributed
uniformly on the surface and the interior of the material, which makes the material
viscoelastic and can be easily deformed. During the early stage of drying, as surface water

is removed, the material starts to shrink, which prevents the space where water was



removed from being replaced by air. At this stage, the shrinkage is proportional to the
amount of water evaporated. As the drying progresses, loss of water gives additional
strength and rigidity to the cell wall. The cell wall is not able to shrink, as the material
reaches glass transition temperature (Lewicki, 1998). This process occurs at the end of
convective drying, where volume shrinkage is not able to compensate for evaporated water
volume.

Shrinkage under convective drying can be explained as a result of heat and mass
transfers in the solid phase, which leads to moisture and thermal gradients and generates
mechanical stress. Moisture gradient occurs through the entire drying process. Stress, which
is generated from the thermal gradient, only affects shrinkage at the early drying stage
(Musielak, 2000). Accordingly, material shrinkage and deformation are mainly caused by
stress generated by the moisture gradient (Lewicki and Pawlak, 2003). Ptasznik et al. (1990)
stated that tensile stress generated by the moisture gradient caused internal cracks and
fissures. Musielak (2000) illustrated that tensional state occurs in the region close to the
surface and it is caused by water removal. The compression state occurs at the center of the
sample. Tension force is stronger than compression force; thus, brittle damage occurs at the
region near the surface. A negative pressure (-90kPa), formed in the center of the material
undergoing convective drying, was observed and considered as a contribution to
deformation (Pakowski and Adamski, 2012). Pakowski and Adamski (2012) also stated
that shrinkage released pressure at the center of the sample and reduced the number of pores
and pore size in the materials. From their observations, pressure increased slightly at the

initial drying stage, and then negative pressure formed quickly, reaching a minimum. Then



it increased, but still remained negative explaining the concave surface on the samples
under convective drying.

Lewicki and Pawlak (2003) reported that the cell wall was disrupted as water was
removed and Lewicki and Drzewucka-Bujak (1998) stated that the extent of this disruption
depended on moisture content especially before moisture content reached 2 g/g (d.b.). In
convective drying apples shrank isotropically compared to raw flesh, their cell volume and
area were reduced; likely due to their cavities being doubly elongated and irregular. Small
pores formed in the layers close to the surface and big pores spread all over the cut surface.
The formation of big pores may be the result of the joining of adjacent cells (Lewicki and
Pawlak, 2003). Consequently, convective air dried products are characterized by low
porosity (30-60 %) with most porosity formed at the end of drying when material stops
shrinking (Zogzas et al., 1994, Karathanos et al., 1996). Most food materials shrink, even
undergo irreversible structure changes with long exposure time under high temperature,
which leads to quality degradation, including taste, appearance and texture. To preserve the
material bulk volume and quality, freeze drying was introduced.

2.1.2 Freeze Drying

Freeze dried products have the most desirable properties with preserved texture of
fresh foods without negatively impacting their structure. A freeze dryer consists of three
parts: the refrigeration system, vacuum pump and heating system. In the freeze drying
process, materials are first kept at low temperature until they are frozen and the vapor is
condensed to ice, which will be easily removed in the next step. A vacuum environment is
maintained when ice is removed by sublimation. To convert ice into vapor, a heating system

is required to increase the product temperature. Heat can be supplied either by contact or



microwave; however, the amount of energy supplied is critical. It should be able to obtain
a high rate of sublimation, but avoid melting the food. A variety of food materials (apple,
banana, carrot and potato) under freeze drying have been investigated (Krokida et al.,
1998). Ice crystals are created within the material during freezing and voids are formed
when water is removed by ice sublimation. When material exceeds collapse temperature,
cells lose their structure and shrinkage occurs (Prothon et al., 2003). Structural collapse and
porosity reduction are due to viscosity reduction, caused by the increased “plasticity” of the
solid matrix that is surrounded by the ice crystals (Krokida et al., 1998).

According to Prothon et al. (2003), there is no structural collapse but the samples are
texturally fragile under collapse temperature. It has been proven that rehydrated freeze
dried products have loose and soft material texture (Prothon et al., 2003). Textural collapse
was explained as a result of ice crystal formation during freezing. This was also proposed
by Hills and Remigereau (1997) who found that during freezing the formation of ice
crystals destroyed membrane integrity and caused cell wall collapse. There are two phase
mixtures in the frozen products including ice crystals and a concentrated amorphous
solution, in which the solvent is the unfrozen water and it is dependent on temperature
(Krokida et al., 1998). Krokida et al. (1998) raised an assumption stating that it is the
surface tension of the capillaries that causes collapse. The high complex viscosity of the
matrix prevents the material from collapsing. They found that collapse occurs in a short
time at relative high temperatures. At relative low temperatures, it takes a longer time
because of the higher complex viscosity. Witrowa-Rajchert et al. (1995) stated that, drying
rate decreased at the final stage of drying because of the surface rigidity. Little or no

shrinkage under freeze drying provides a porous structure, which results in higher



absorption and apparent diffusivity of water. After freeze drying, doubly large and irregular
pores were observed (Lewicki and Pawlak, 2003). Compared with convective air dried
products, samples under freeze drying have lower bulk density and specific volume
(Saravacos, 1967, Krokida and Maroulis, 1997). Well-defined intercellular voids created
within materials increase the rehydration rate (Karathanos, 1993), which could be desirable
for some applications, e.g. vegetable drying. Freeze drying is not executable in the food
industry, due to the slow sublimation process, which requires high energy consumption as
well as a high installation and maintenance costs. Besides that, freeze drying took the
longest time (72 hours) to dry blanched carrot from 91.4 % to 10 % moisture content,
followed by air drying with 8 hours; while it only took 33 minutes for microwave vacuum
drying (Lin et al., 1998). Hence, microwave drying was introduced not only to increase the
drying rate, but also to produce foods with crispy texture due to the puffing phenomena.
2.1.3 Microwave Drying

Compared to convective air and freeze drying, microwave drying is rapid, more
uniform and energy efficient significantly shortening the drying process. Microwave drying
applies an electromagnetic field to the product causing dielectric oscillation of water
molecules. The oscillation of the water molecules produces heat and increases the
temperature of the material and moisture is removed by evaporation (Liu et al., 2012).
Microwave drying consists of three basic drying periods: heating-up, rapid drying (constant
drying rate) and falling drying rate periods (Soysal, 2004, Yan et al., 2010). Soysal (2004)
dried parsley under microwave conditions and found that 40.5 % of water was removed
during the constant rate period. As drying continued, the decreased moisture in the material

led to a reduction of microwave power absorption, which caused falling dehydration rate.



In this period, by increasing the microwave power (360W-900W), drying time decreased
to some extent. It was also reported for wild cabbage (Xu et al., 2004), mint leaves
(Therdthai and Zhou, 2009), apple slices (Han et al., 2010, Cui et al., 2008) and carrot
pieces (Cui et al., 2008, Yan et al., 2010) that high microwave power shortened the drying
time significantly. However, air bubbles were found in the wild cabbage when the
microwave power ranged between 1400W and 1900W negatively affecting the quality of
the final product (Xu et al., 2004). The reason for the bubble formation was not reported,
but it is possibly due to the hot spots caused by the caramelization of sugar in the wild
cabbage (Xu et al., 2004), or the non-uniformity of the electromagnetic field (Therdthai and
Zhou, 2009). Zhang et al. (2010) summarized the following advantages of microwave
drying: (1) increased drying speed; (2) uniform heating throughout the material, which
avoids the large temperature gradient; (3) high energy efficiency; (4) better process control
(e.g. selective heating); (5) improved product quality due to desirable chemical and physical
effects occurs during drying. However, in reality, microwave drying still has some
disadvantages. It is clear that poor quality products may be produced if excessive
microwave power, such as 600W, is applied (Han et al., 2010, Drouzas and Schubert,
1996). Rapid mass transfer, caused by high microwave power led to burning of dried whole
strawberries (Venkatachalapathy and Raghavan, 2000, Therdthai and Zhou, 2009). In
addition, due to the uneven temperature distribution on the material that was caused by
inherent non-uniform electric field intensity inside the drying cavity, some parts of the
material may be overheated (Dolan, 1994, Zhang et al., 2010). Hence a moderate mass
transport rate by microwave power is essential to prevent undesirable changes caused by

puffing and produce high quality products (Nijhuis et al., 1998, Yan et al., 2010).



2.1.4 Osmotic Dehydration

Osmotic dehydration relies on immersing materials in aqueous solutions of high
concentration; a 50 % w/w sucrose solution with a water activity value of 0.936 is
commonly used (Mavroudis et al., 1998). The osmotic process includes water diffusion
from material to solution (water loss) and sugar diffusion from solution to material (solid
gain). At the early stage of osmotic dehydration, solid and water flux are large due to high
concentration gradients between the solution and the material (Lewicki and Porzecka-
Pawlak, 2005). The initial structure and temperature control the mass transfer phenomena
under osmotic dehydration (Mavroudis et al., 1998). Mavroudis et al. (1998) found that for
apple osmotic drying, at the same process temperature, lower water loss and higher solute
uptake occurred in the inner parenchyma, which is close to the core, compared to outer
parts near the skin. This can be explained by the effects of the mass transfer phenomena on
cell structure and solution penetration. Different solid gains and water losses can be
explained by the mass transfer pathways for sucrose through three phases in tissue: cell,
cell wall and intercellular space phases (Gekas and Mavroudis, 1998, Mavroudis et al.,
1998). Mavroudis et al. (1998) stated that the inner cells with high volume are more
susceptible to a loss of cell vitality than the outer cells with low volume due to the
morphology of the intercellular space, as well as the viscosity of the solution. Plasmolysis
of the outer cells develops a gradient of turgor pressure, which deforms structure and
hinders water flow (Maguer, 1997). Water and solid diffusions are more dependent on
temperature than material structures: as the temperature rises, water losses and solid gains
increase (Mavroudis et al., 1998). Mavroudis et al. (1998) found that solution penetration

can be increased by reducing viscosity and increasing temperature. The drying rate is
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dependent on surface phenomena and partial pressure differentials (Farkas and Lazar,
1969).

Depending on the materials and solutions, the results for dehydration behavior and
structural collapse are different. Sadiq Nargal and Ooraikul (1996) noticed that immersion
in water with glycerol also prevented collapse. They proposed that partial water
replacement by glycerol decreased shrinkage. Neumann (1972) stated that the hydroxyl
groups of polyhydroxy compounds minimized hydrogen bonding of the cell wall, which
keeps tissue soft, moist and pliable. Monsalve-Gonalez et al. (1993) and Bolin and Huxsoll
(1993) observed that apple and pear samples shrank under 40 % sucrose, with breaking
cells, detachment of one cell from the other and softening of the surface layer. It was
followed by increasing firmness of apple samples, which caused new intercellular spaces
(Lewicki and Porzecka-Pawlak, 2005).

Bulk and particle density changes are dependent on the initial structure of materials
(Krokida and Maroulis, 1997, Mavroudis et al., 1998). An increasing porosity was found
from the inner to outer layers of apples (Mavroudis et al., 1998). Lozano et al. (1983)
reported that collapse can be reduced in osmotic dehydration by increasing initial solids
content. At the same temperature, a high initial solids content increased molecule weight
and viscosity; moreover, the collapse temperature increased (Tsourouflis et al., 1976). The
higher the initial solids content, the less sample tissue collapse occurred. Processing
temperature may have positive or negative effects on tissue collapse, as reported by
Witrowa-Rajchert et al. (1995) and Mavroudis et al. (1998). This can be explained by the
activity of pectin methyl esterase (PME), which helps to solidify plant tissue (Mavroudis

et al., 1998). Osmotic dehydration can be used for shrinkage and collapse prevention,
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especially in pre-treatment. It was proven by Witrowa-Rajchert et al. (1995) that apple
slices undergoing convective drying after osmotic pre-treatment shrank less. The longer
exposure to osmotic solution, the less sample shrinkage occurs in convective drying. Other
than osmotic pretreatment, application of different technologies simultaneously or
continuously also helps to improve food quality.
2.1.5 Hybrid Technologies

Hybrid drying employs a variety of methods at the same stages of the drying cycle
(Xu et al., 2004). Hybrid drying is now attracting more and more attention in the food
processing industry due to better thermal performance and quality control. The proper
hybrid drying methods is also economic and ecological, it avoids the disadvantages from a
specific technique as well (Hu et al., 2006, Duan et al., 2007).
2.1.5.1 Microwave Vacuum Drying

According to Duan et al. (2007), microwave vacuum drying had the highest drying
rate as compared to other drying techniques. Microwave drying heats the water in an
instantaneous and homogenous way, which is efficient for removing internal free water.
Vacuum drying increases the moisture gradients between inner and outer parts of the
products at low temperature, which is an advantage for drying products with heat sensitive
nutritional content. Hu et al. (2006) found that as the vacuum increased, boiling temperature
decreased and the driving force for mass transfer increased accelerating moisture
evaporation and reducing drying time. However, if the pressure is too high, the samples
will be overheated, causing irreversible damage to the products. In microwave vacuum
drying, heat and mass transfers are in the same direction from inside to outside of the

material facilitating the drying rate and making the drying process more efficient (Hu et al.,
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2006). However, microwave vacuum drying is not commonly applied in industries due to
its high capital investment and high operating cost. The size of installed microwave vacuum
equipment depends on the initial moisture content. Higher moisture contents require higher
investment, so it is rarely used in industries (Hu et al., 2006). Also, due to the enclosed
system, vapor is formed on the inner wall of the material under drying and influences the
quality of the final products. In the microwave drying, the whole material is heated from
the inside and water is transported to the surface in a fast and unified manner causing a
puffing phenomenon which prevented shrinkage and resulted in a crispy and delicate
texture (Sham et al., 2001, Zheng et al., 2013). Lin et al. (1998) and Nahimana and Zhang
(2011) found that, compared to convective drying, carrot slices dried under microwave
vacuum had less color deterioration, higher rehydration potential, higher nutritional content
(a-carotene, vitamin C), lower density and softer texture. They also indicated that the
quality of carrot slices under microwave vacuum drying is equal or even better than the
freeze dried materials as presented by a sensory panel for color, texture, flavor and overall
texture preference (Nahimana and Zhang, 2011).
2.1.5.2 Convective Air and Microwave Drying

Convective air removes water from the outer to inner flesh with an opposite direction
of mass transfer. The dried surface acts as a poor heat conductor and reduces the drying
rate, especially at the last drying stage. Xu et al. (2004) found that two-thirds of the time
was spent on removing one-third of moisture at the last drying stage. Hence, microwave
drying hybrid with forced convective drying to accelerate the drying rate. They stated
increasing microwave power from 1400W to 1900W the less time was consumed and better

quality was achieved for drying wild cabbage. The convective air and microwave vacuum
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drying not only reduced drying time significantly, but also changed the macro- and micro-
structures, providing more porous products and improving food quality (Andres et al., 2004,
Xu et al., 2004). Khraisheh et al. (1997) stated that the shrinkage of apple samples,
convective air and microwave vacuum drying was dependent on the air velocity and
microwave power, instead of the samples’ geometry and air temperature. Funebo and
Ohlsson (1998) explained that this was due to the minimization of thermal gradients within
samples, which maintained the microstructure. Several factors, including quality of raw
material, physical changes during drying (such as shrinkage of cell, loss of rehydration
ability, wettability and case hardening) and storage conditions could affect the quality of
the final products (Villota et al., 1980, Karel, 1991). Khraisheh et al. (1997) reported that
the shrinkage of potato samples during convective drying was homogenous at the initial
stage. However, as more water was removed, severe particle deformation was observed and
the shape of the samples became irregular. Shrinkage and volume changes were much
smaller under microwave vacuum drying, compared to convective drying. The introduction
of microwave drying with proper power is advantageous in reducing case hardening, which
greatly improved the products’ final quality and appearance. Figiel (2007) found that the
drying time of microwave drying had no significant effect on sample shrinkage. However,
as the microwave power increased, sample shrinkage decreased due to the puffing
phenomena, which increased the sample volume.
2.1.5.3 Convective Air and Freeze Drying

Another commonly employed hybrid drying method is convective air and freeze
drying, in which convective air is used for pre-drying and freeze drying is applied to

complete the drying procedure. A linear mode of structural collapse was reported by
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Karathanos et al. (1996). No matter when the freeze drying was applied, either after or
before air drying, the volume change was negligible and thus effectively kept constant,
which reduced sample shrinkage. It was found that the reduction of sample volume in air
drying was only related to the moisture content changes and weakly related to other drying
conditions such as air temperature. The volume of the sample remained stable throughout
the whole drying process with respect to its initial volume, with a linear decrease of bulk
density (Donsi et al., 1998). With the hybrid of convective air and freeze drying,
satisfactory quality could be achieved. However, sample shrinkage was still observed at the
first stage under air drying. When freeze drying was applied to remove 70 % of the
moisture, followed by convective drying, the collapse was reduced significantly because of
the increasing resistance under freeze drying in the outer layer of the samples (Anglea,
1994).

Karathanos et al. (1996) reported that the properties of products under hybrid of
convective air and freeze drying were between those dried with convective air and freeze
drying alone. For instance, the porosity was lower than that in freeze drying and higher than
it in convective dried products. Compared to samples under convective drying a higher
drying rate and more desirable texture properties were obtained under hybrid drying due to
better control under freeze drying.

Besides the conventional technologies, novel technologies are under development
through technology-push (technologies developed for other applications and applied to
drying) and market-pull (to meet current or future market demand). Other newly developed
thermal and non-thermal processing technologies include radiofrequency (RF) or high-

frequency microwave, infrared, refractance window, electrohydrodynamic drying, and

15



acoustic drying which avoid the damages caused by high temperature and they can be
applied independently or hybridized with others (Rawson et al., 2011, Kudra and
Mujumdar, 2009, Ramaswamy and Marcotte, 2005). For instance, under RF drying, food
materials are placed in between two electrode plates that generate electromagnetic energy.
This method achieves a more uniform heat compared to microwave drying (Ramaswamy
and Marcotte, 2005). In the food processing industry, RF and infrared drying can be applied
for the whole drying process or at the end stage of drying.

These research projects demonstrated that drying technologies, either as it is or
hybrid, have a significant impact on microstructure and texture of the dried material.
Knowledge of the influences of microstructure on texture formation with different drying
methods is necessary and helpful in designing food with ideal properties.

2.2 Relationship of Food Microstructure to Texture

Attempts have been made to investigate the relationship between microstructure and
texture. Aguilera (2005) mentioned that the way food is structured was directly related to
food quality, including texture, in which food microstructure was affected by the method
that food was processed. This was confirmed by Kawas and Moreira (2001) who correlated
porosity with crunchiness in fried tortilla chips. The more the chips shrank, the higher
degree of puffiness and the lower degree of crunchiness was observed, due to the hard
texture. Furthermore, water sorption properties, which cause different diffusions and
reactions, also change food texture. This was also verified by Acevedo et al. (2008) who
found that apple discs obtained by vacuum drying were harder than those under freeze
drying due to a denser structure provoked by shrinkage. It was explained that the

dehydrated cell wall provided structural integrity and mechanical resistance for the dried
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apple slices therefore increasing the hardness of the dried apple slices. Do Trong et al.
(2014) put forward the idea that apple rings with osmotic dehydration prior to air drying
had larger pore sizes and higher porosity, compared to those without pre-treatment. Besides
that, samples without pre-treatment had thicker tissue which contributed to its crispier
attribute. These researches showed that food texture is closely and directly related to its
microstructure. A more in-depth understanding of texture is necessary for continuous
prediction of texture from microstructural changes during drying.
2.3 Food Texture

Texture involves synthetic sensory properties and is considered to be an indicator of
quality attributes. Understanding texture properties makes it possible to control the texture
changes during processing so that desirable quality can be achieved. Part of texture
perception takes place in the mouth during the dynamic process of food breakdown, which
is affected by oral processes, such as motility, saliva production and temperature
(Wilkinson et al., 2000). Food texture measurement can be quantified by subjective
(sensory) and objective (instrument) methods. Although sensory evaluation gives
subjective information about the texture, multiple randomized responses allow texture
perception to be quantified. However, the defects such as the high-cost, training and
organization of panelists (labor-intensive) and time constraints make it rarely used in the
food industry. Usually, sensory evaluation could be hybridized with instrumental methods
as a reference in research (Baiano et al., 2012, Chauvin et al., 2010, Ismail et al., 2001),
which is important for simulating consumers’ preferences. Instrumental methods are
objective tools for texture determinations, and apply a controlled force on the surface or

into materials, in response to the deformation curve. Based on the general nature of the test,
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instrumental methods of texture measurement can be classified into three categories:
fundamental, empirical and imitative (Blair, 1958). The fundamental method measures
rheological properties of material, such as viscosity and elastic moduli, in which
information obtained is independent of sample size and dimension (Wilkinson et al., 2000).
The fundamental test was initially developed by engineers for material texture
measurement, but it is destructive. Destructive methods for texture measurements include
three-points bending test, single-edge notched bend test, compression and puncture test,
stress relaxation test, Warner-Bratzler shear force test, etc., and non-destructive methods
include mechanical techniques, ultrasound techniques and optical techniques (Chen and
Opara, 2013).

Compression and puncture tests are the most common fundamental methods for food
texture measurement. The simulated force used to bite the intact product copies the
consumer’s primary evaluation of food quality. In this case, the force applied is
proportional to the biting area and perimeter of the product. A plate with a constant speed
is applied to compress the sample into 20 % (typically) deformation or a needle is inserted
into samples, the depth of the compression is depending on the size and properties of the
samples. The force used to simulate the bite of the intact product indicates sample hardness
and elastic parameters (Chen and Opara, 2013). The stress-strain (or force-deformation)
behavior is usually investigated for elasticity and plasticity by generating a deformation
curve. Depending on moisture content, the hardness and elasticity varies. Treitel (1944)
found that at low moisture content, plant tissue showed low modulus elasticity, which was
calculated based on the slope of the curve. Also, for the patterns of stress-strain curves,

softer materials show flatter curves. A sample is placed between two parallel rigid plates
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for uniaxial compression for the modulus of elasticity measurement. The literature gives
examples for grains and apples (Mohsenin et al., 1963, Zoerb and Hall, 1960).
The modulus of elasticity (E) for uniaxial compression was found by taking the ratio

of conventional stress to conventional strain, calculated as follow (Mohsenin, 1970):

_Fm
T ALJL

2-1)
Where, F is force applied (N), A is original cross-sectional area of the sample (m?), AL is
deformation corresponding to force F and L is initial length of the sample.

In order to get the accurate modulus of elasticity, a series of loading and unloading is
applied until there is no residual deformation observed (Mohsenin et al., 1963); usually two
cycles are sufficient. A force-deformation graph with one cycle is presented in Figure 2-1.
It follows that deformation includes plastic and elastic components. The Y-axis indicates
loading and unloading force applied for 20 % sample deformation. The X-axis indicates
the deformation length under loading and unloading. The distance from the end of loading
to the end of unloading indicates the elastic deformation, while the difference between total

deformation and elastic deformation is the plastic deformation. From Figure 2-1, the degree

of elasticity (DELTY) can be calculated as (Kaletunc et al., 1991):

De
De+Dp

DELTY =

(2-2)

Where, D. and Dy, are elastic and plastic deformations, respectively.
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Figure 2-1. Force and deformation curve under loading and unloading for texture

measurement

The fundamental test is not sufficient for texture analysis of foodstuffs, due to their
complex rheological properties. Empirical measurement is based on practical experience
on the resistance of the sample to force deformation. Most instrumental measurements are
empirical, including penetrometers, compressors, consistometers, shear measures and other
devices, reported by Szczesniak (1963b). Although empirical methods have the advantage
of simplicity, the measurements are not well correlated with sensory texture measurement
and are poorly defined (Wilkinson et al., 2000, Szczesniak, 1963a).

The imitative test combines the advantages of fundamental and empirical tests. A
typical example is the GF texturometer. The GF texturometer provides seven textural
parameters on one curve in every bite: hardness, adhesiveness, fracturability, cohesion,
springiness, chewiness and gumminess. The physical definitions of texture parameters are
listed in Table 2-1 given by Szczesniak (2002). However, due to different opinions of

individuals and their traditions, in some cases, the same terminology is given by different
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definitions and the same definition is given to different terminologies as discussed by Jowitt

(1974) and Breene (1975).

Table 2-1. Physical definitions of texture parameters (Szczesniak, 2002)

Texture Parameters  Definitions
Hardness Force necessary to attain a given deformation

Work necessary to overcome the attractive forces between the
Adhesiveness surface of the food and the surface of the other materials with
which the food comes in contact

Force with which a material fractures: a product with high

Fracturability degree of hardness and low degree of cohesion
Cohesion Extent to which a material can be deformed before it ruptures
o Rate at which a deformed material goes back to its original
Springiness iy : .
condition after the deforming force is removed
Chewiness Energy required to masticate a solid food to a state ready for

swallowing: a product of hardness, cohesion and springiness

Energy required to disintegrate a semi-solid food to a state
Gumminess ready for swallowing: a product of a low degree of hardness
and a high degree of cohesion

The deformation measurements on cylindrically shaped food material with
commonly applied texture probes (plate and ball) are shown in Figure 2-2. In this case, the
geometry of probes should be taken into consideration to evaluate the deformation of food

tissues and will be discussed later in this thesis.
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Figure 2-2. Texture machines with sample simple geometries. T: the machine part
representing the human tissue; F: the tested food specimen (Campanella and Peleg, 1988,

copyright permission has been obtained)
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Textural Profile Analysis (TPA) is used as the foundation for the texture
measurement of apples and to determine their strong correlation with sensory attributes. By
using the TPA approach, Anantheswaran et al. (1985) found that the changes of texture
during thermal processing was complex. Hardness decreased dramatically during the first
few minutes of processing and the other texture attributes reacted differently depending on
the different variety of apples.

Texture is largely dependent on the treatment. Askari et al. (2006) studied the effects
of different processing methods on the texture of apple slices. It was reported that samples
under air drying had higher firmness than other methods (freeze drying and microwave
drying) due to the shrunken structure. Compared to air dried, the freeze dried and
microwave samples were more porous but less firm. Osmotic pretreatment decreased
hardness of tomato samples during drying. Specifically, convective air microwave drying
decreased hardness by 60 % (Askari et al., 2009).

Chauvin et al. (2010) measured sensory attributes of apple and pear samples by using
a Guss Fruit Texture analyzer for compressive forces. They employed both tensile and
compression elastic modulus for tensile determination, compared to results from a sensory
panel. Strong relationships were found between instrumental determinations and sensory

attributes, using both the Sinclair iQ™ and the Guss pressure sensor.

Figure 2-3. TA-XT plus texture analyzer (Stable Micro System, Surrey, UK)
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A recent texture measurement machine - TA-XT plus texture analyzer (Stable Micro
System, Surrey, UK) (Figure 2-3), automatically simulates specific or real-life situations of
oral processing with variable speed and a stress-strain curve performed by the software
during measurement. An example of a TPA plot of a force-time curve is given in Figure 2-

4. It represents hardness-time as automatically plotted by the computer.
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Figure 2-4. Force-Time curve of texture measurement from TA-XT plus texture analyzer

Table 2-2. TPA parameters and calculations from the force-time curve (Bourne, 2002)

Parameters Calculations
Hardness The peak force at the first loading cycle

The ratio of load area of second compression (A2) to the
load area of first compression (Al): A2/A1

Adhesiveness The negative unload area in the first compression: A3

The ratio of height after second load (L2) to the height

after first load (L1): L2/L1

The ratio of unload (A4) area to load area (A1) in the

first compression: A4/A1

The other texture parameters calculated from the force-time curve are presented in

Cohesion

Springiness

Resilience

Table 2-2 (Bourne, 2002). Strong relationships were found between instrumental

determinations with TPA and sensory attributes (Szczesniak, 1963b).
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To date, despite the long time commercial availability of TA-XT, real-time prediction
is not accessible from texture measurement. Hence, food plant microstructure should be
investigated to give the possibility of continuous estimation.

2.4 Food Plant Microstructure
2.4.1 Initial Structure of Plant Tissue

The living plant tissue has a well-organized structure. Crapiste et al. (1988) defined
plant tissue as a four-component system: vacuole, cytoplasm, cell wall and intercellular
spaces (Figure 2-5). The shapes of mature parenchyma cells are isodiametric polyhedrals
with an average flesh cell being 14-hedral (Lewicki and Porzecka-Pawlak, 2005, Lewicki
and Pawlak, 2003, Sterling, 1963). The cell’s size depends on its location in the plant tissue.
Cells in the outer flesh are slightly smaller than those in the inner flesh near the core

(Lewicki and Pawlak, 2003).

Figure 2-5. A schematic representation of the parenchyma tissue of apple. (is): intercellular
space; (cw): cell wall; (pl): plasmalemma; (vac): vacuole; (cyt): cytoplasm. (Prothon et al.,

2003, copyright permission has been obtained)
Ninety percent of plant water has low molecular-weight constituents (sugars, organic

acids and salts) and they are located in the vacuole. Aqueous solutions with high osmotic
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pressure (0.3-1.0 MPa) maintain a turgor on the cell interface (Lewicki and Pawlak, 2003),
which is responsible for the firmness and crispness of fresh plant tissue (Ilker and
Szczesniak, 1990).

Cytoplasm consists of colloidal solution enclosed within the plasmalemma. The
cytoplasm is composed of proteins and lipoproteins in water, salts and organic molecules,
which maintain high viscosity. The adjacent plant cells are interconnected with thin strands
known as plasmadesmata regulating the transport of water, small molecules and ions
between cells (Aguilera and Stanley, 1999).

The cell wall consists of complex organic polyphenols (fiber, cellulose). Carpita and
Gibeaut (1993) interpreted cell wall structure as three interacting, but structurally
independent domains. The semi-elastic cell wall structure is primarily built with cellulose.
Depending on the maturity of plant tissue, the contents of the cellulose-hemicellulose
domain varies from 50 % to 65 % of the dry weight of the cell wall. Around 50 % to 60 %
of cellulose in the plant cell wall is in a crystalline state, interconnected with amorphous
regions. Under high moisture content, the rubbery state gives high matrix mobility and low
mechanical strength of amorphous solids. The rapid removal of water leads to the formation
of an amorphous solid. At low moisture, the amorphous solid becomes glassy, with low
mobility and high mechanical strength. The glass transition occurs when moisture content
under a critical range and temperature of dried material becomes equal to the glass
transition temperature. This temperature is calculated from the Gordon-Taylor equation

(Gordon and Taylor, 1952):

T = Tgsws+kTgwww

9 ws+kw,,

2-3)
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Where, T, and Tgs are the glass transition temperatures of the binary mixture and dry matter
(solids). Tgw is the glass transition temperature of water taken at -135 °C (Johari et al.,
1987). ws and wy are the weight fractions of solids and water, respectively. k is a constant
parameter of the model.

After glass transition, the material becomes rigid and volume reduction is restricted
(Katekawa and Silva, 2007, Roos, 1995).

The structural skeleton of the cell wall consists of fine, unbranched threads called
cellulose microfibrils, which are interlocked by hemicellulose; the interstices are filled with
pectin substances. Lewicki and Pawlak (2003) stated that cellulose gives rigidity and
strength to the cell wall, along with the divalent cations such as magnesium and calcium
(Feinberg et al., 1973). The presence of hemicellulose and pectin substances are the most
important factors in providing plasticity and resistance to cell wall collapse during drying.
The function of cell wall carbohydrates to bond and hold water affects the textural attributes
of plant tissue.

The middle lamella (mainly formed by pectin) is a thin membrane, which glues the
adjacent cells together. Aguilera (2005) found that the state of the middle lamellae has
significant impact on hardness of plant tissues. It was reported that in soft beans the middle
lamellae between cells were dissolved, while in hard beans it adhered cells to another. The
intercellular spaces (air) occupy 25 % to 40 % of the tissue volume. Mature apple tissue is
not fully saturated contributing to pore formation during drying (Prothon et al., 2003, Khan
and Vincent, 1993). As cells got matured, intercellular spaces were formed and distributed
anisotropically (Lewicki and Pawlak, 2003). The distribution of intercellular free space in

plant tissue affects porosity development. The air volume in fresh fruits is quite small at
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less than 10 percent in pears (Ho et al., 2009, Schotsmans et al., 2002). During storage,
intercellular spaces and porosity increase (Alvarez et al., 2000). The food microstructure
properties depend on the evolution of the initial structure of plant tissue.
2.4.2 Food Microstructural Properties
2.4.2.1 Density
Carbohydrates, proteins and lipids are the three main components of plant tissue
(Ilker and Szczesniak, 1990). Carbohydrates maintain the hardness of fruits, while proteins
and lipids maintain the membrane integrity. Solid density (ps) of plant tissue depends on
the density of each component, carbohydrates, lipids and protein, and their proportion,
which is expressed as:
1/ps = wc/pc +wr/pL + Wer/ppr (2-4)
Where, w is the specific weight of each component. p., p; and pp, are the densities of
carbohydrates, lipids and proteins, respectively. The proportion of each component varies
from species and maturity. Typically, in a ripe apple, the proportion of carbohydrate in
weight is 96.55 %, 2.07 % and 1.38 % for protein and lipids, respectively (USDA, 2014).
1/ps = 96.55%/pc + 1.38%/p;, + 2.07 %/pp, (2-5)
Bulk (pv) and particle (pp) densities are determined by the volumetric ratio of moisture
and air content in the plant tissue. They can be measured (see 2.4.2.3) or calculated from

theoretical relationships (Guine, 2006):

1+X
oo =i (2-6)
(e 550
1+X
= 2-7
Pp (pis)-l-(%) (2-7)
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Where, X is moisture content on the dry basis, & is the volumetric shrinkage coefficient,
Pvo 1s the bulk density of dry solids, ps is the solid density and pv is the water density.
2.4.2.2 Porosity

As fruits ripen, cell size is enlarged and more intercellular spaces are filled with air
directly affecting porosity (€). At early drying stages, as water content decreases causing
the cells to shrink, which compensates with tissue shrinkage. As drying continues, a
disproportion between water removal and shrinkage results in different degrees of porosity
development. Porosity is calculated from bulk and particle density, which is expressed as
(Guine, 2006):

_ 1 _Pp -
e=1-2 (2-8)

Assuming theoretical relationships (equations 2-6, 2-7 and 2-8), porosity can be also

determined as a function of moisture content (X) and bulk volume shrinkage (& )

(Martynenko, 2008):
_ _ 1+6*X L _
e=1 a1+Xo*Ev (2-9)
V(t)
Sv ="0 (2-10)

Where, X, is original moisture content, o and B are density ratio, a=po/ps, f= ps/pw, po 18
initial density, ps is solid density and pw is water density.
2.4.2.3 Volume
2.4.2.3.1 Bulk Volume

Bulk volume includes the volume of solids, liquid and pores (both open and closed).
It can be calculated from either dimensional measurements or by volume displacement

(Webb, 2001). The most direct instrument for dimensional measurements is using a digital
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caliper. The best accuracy is achieved by using the caliper measurements, if a sample has
aregular shape (cube, rectangle or cylinder). However, non-homogenous shrinkage of food
materials during drying distorts regular shape (Katekawa and Silva, 2004). In this case, an
individual’s skill and applied force may have a significant effect on the accuracy of
measurements.

Bulk volume can be also measured by solid or liquid displacement ( Levine et al.,
1990, Rodriguez-Ramirez et al., 2012). For example, Joardder et al. (2015) used glass beads
of 57 um diameter to measure volume of coated apple slices with a high accuracy. The
other method is based on Archimedes principle, where bulk volume is determined by
buoyant force. Accuracy of measurements depends on the liquid used. If it is mercury,
coating is not required due to the high surface tension at the air interface. However, coating
is necessary when samples are immersed in water or organic solvent (toluene, heptane and
hexane) with low surface tension. Katekawa and Silva (2004) found that compared to water,
measuring bulk volume in N-hexane is faster and the accuracy are similar. However,
mercury and organic solvents are toxic, which brings environmental and safety concerns.
Besides that, the thickness of coating could affect the accuracy of volume measurements.

Imaging is a promising computer-aided technique for bulk volume measurements
with the advantages of continuous volume change observation (Sabliov et al., 2002, Deltel
et al., 2001, Hahn and Sanchez, 2000, Levine et al., 1990). However, the accuracy of
imaging depends on multiple factors, such as illumination, pixel distortion, sample
morphology, etc. (Martynenko, 2006). Imaging of axi-symmetrical samples requires

specialized algorithms (Wang and Nguang, 2007, Sabliov et al., 2002).
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2.4.2.3.2 Particle Volume

Particle volume includes solid, water and closed-pore volumes (Webb, 2001). Particle
volume is measured using displacement method with some modifications, such as
application of vacuum or additional pressure. In a vacuum pycnometer, samples are
immersed in water or other liquid, which brings the risk of liquid absorption and possible
error of volume measurement. When using the positive pressure pycnometer, the samples
are exposed to external pressure. The advantage of the positive pressure pycnometer is that
it measures pore size distribution from the pressure applied (Webb, 2001). In the case of
mercury, calculations are based on the Washburn equation in the assumption of cylindrical
pores (Vennat et al., 2009, Karathanos et al., 1996):

P-r=2-y-cosd (2-11)
where, P is pressure,  is radius of pores (cm), y is surface tension (N/cm) and 0 is contact
angle (°).

Mercury displacement provides accurate readings as high as + 3 % using known
volume of nonporous solids as references (Lozano et al., 1980). Helium is a safer alternative
to mercury (Marousis and Saravacos, 1990). It is widely applicable for volume
measurements of different biomaterials due to the best penetration ability (Guine et al.,
2006, Rahman et al., 2005). However, it should be noted that some isolated pores inside of
certain biomaterials are not accessible to helium (Chang, 1988). Volume is calculated from

pressure difference (Instruments, 2012):
P
V=V — VR(P_: -1) (2-12)
where coefficients Vcr and Vr are specific for the particular measuring chamber. P; is

pressure reading of the reference volume and P: is pressure reading of the sample holder.
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2.4.2.3.3 Solid Volume

For solid (true) volume measurements, all other phases (liquid, gas) should be
excluded. To exclude the liquid phase, samples must be bone-dried. To exclude closed
pores, samples must be fine-grinded (Sereno et al., 2007, Chang, 1988).
2.4.2.4 Examining of Food Microstructure

There is a variety of techniques for volume, density and porosity determination,
objective of measurements help to choose an appropriate technique. Measurement accuracy
largely depends on the methods applied due to the degree of void spaces included in the
sample materials. Open pores are on sample surface, which are connected to the ambient
environment and closed pores are located inside the sample, inaccessible from the surface.
Based on the pores included in the samples, density is divided into three common
categories. Density of sample including open and closed pores is defined as bulk density.
Apparent density (also called particle density) including only open pores but not closed
pores. The term true density reflects density of solid matrix (skeleton). In other words, it
excludes open and closed pores. Porosity, as showed above, is calculated from bulk and
particle density. Hence, the determination of volume is important for both density and
porosity identification. There is a variety of methods (pycnometer, buoyancy, density
gradient column, etc.) for density and porosity determination for regular and irregular
shapes of samples through volume measurement.
2.4.2.4.1 Dimensional Measurement

The most direct measurement of bulk volume is to use a vernier or physical caliper
(Karathanos et al., 1996, Marousis and Saravacos, 1990, Guine et al., 2006, Moreira et al.,

2000, Ochoa et al., 2002). The advantage of direct dimensional measurement is its
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simplicity and the results obtained were found to be sufficiently accurate for the
dehydration of apple slices (Moreira et al., 2000) and other fruits and vegetables. For
instance, Ochoa et al. (2002) reported percentage error of area estimation of the whole sour
cherry fruit, ranging from -6.86 % to 6.92 %. This method works well when the samples
have regular shapes but it is not always accurate at the last stages of convective drying. In
addition, the error could increase for semi-dried samples, which are particularly sensitive
to the force applied by the operator. Hence, the physical properties of materials and
subjective judgement of an operator could affect the results of direct dimensional

measurements.

2.4.2.4.2 Buoyancy Force

The buoyancy force method requires weighing samples in the air and liquid with a
known density (water, mercury, toluene etc.) (Rahman et al., 2005, Khraisheh et al., 2004,
Lozano et al., 1983). Volume can be calculated from the density and mass measurements.
Coating is necessary when samples are immersed in specific liquid (e.g. water), as the liquid
might be absorbed by the samples and resulting in an overestimation of weight. For
mercury, coating is not required because of high surface tension and negligible absorption
(Lozano et al., 1980). Ochoa et al. (2002) have investigated volumetric shrinkage measured
using buoyancy force and dimensional methods and reported that the percentage error
between two methods ranged from -11.9 % to 8.1 %. This method is recommended for
separation of materials according to the density (Webb, 2001). The density of material is
determined when materials either begin to sink or float or suspended at the neutral density

in the liquid (Webb, 2001). Hence, this method is not able to measure the exact density of
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the material, instead it only gives an estimate of density with reference to the density of

liquid medium, and is not employable for continuous estimation during drying.

2.4.2.4.3 Liquid Displacement

Samples are placed in a container of known liquid volume and the resultant volume
displacement measured (Wu et al., 2007, Venir et al., 2007, Madiouli et al., 2007, Lewicki
and Jakubczyk, 2004, Azzouz et al., 2002, Tsami and Katsioti, 2000). Similar as the
buoyancy force method, coating is necessary, due to possible absorption of the material
immersed in the liquid. A comparison of results for the bulk volume of pears estimated
from both dimensional measurements and liquid displacement was performed by Guine et
al. (2006). Liquid displacement was considered as more accurate, due to a more consistent
replication when compared with dimensional measurements (Guine et al., 2006). Compared
with water and toluene displacement, the differences were less than 2 % (Guine et al.,
2006). The application of n-heptane yielded the lowest coefficient of variance and was
recommended for bulk volume measurements of both fresh and dried fruit samples (Yan et
al., 2008). This liquid displacement enables the measurements of irregular samples but not
appropriate for real-time measurement. Also, most of the displacement media are toxic,
such as mercury and toluene. Besides that, the effect of the volume of the coating material
should be taken into consideration.
2.4.2.4.4 Solid Displacement

The use of solids-air pycnometer (glass beads) was reported as a reliable and
reproducible volume measurement for materials within a wide range of moisture contents
from 6.5-0.5 g/g (Joardder et al., 2015, Yan et al., 2008, Cui et al., 2008, Oppenheimer et

al., 1997, Levi and Karel, 1995). The size of glass beads should correspond to the size of
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open pores. Pore sizes were found to range from 50 nm to 200 pm on the surface of apple
slices when dried in an oven at 70 °C under natural convection (Joardder et al., 2015).
Coating of material is necessary, if the diameters of the glass beads are smaller than the
pore sizes, glass beads may enter the open pores. However, when glass beads have larger
diameters than the pore size, the low compactness increases the uncertainty of the spare
spaces between beads during measurements, which increase the error of measurements.
Thus, selecting an appropriate size of glass beads is important. It was found that the
difference between direct dimensional measurements and bulk volume measured with solid
displacement with glass beads’ with a diameter of 57 um was between 0.1-2 % (Joardder
etal., 2015). Hence, knowing the pore size and the size of glass beads is of great importance
for volume measurements of porous materials. Moreover, due to the fluidity of the glass
beads, it might be difficult to maintain the constant density and the volume of the glass
beads during measuring possibly strongly influencing volume measurements. Solid

displacement is also not adequate for continuous bulk volume estimation.

2.4.2.4.5 Imaging Method

Non-destructive methods include laser micrometers (May and Perré, 2002), X-Ray
microtomography (Léonard et al., 2003) and imaging (Madiouli et al., 2011). High-speed
laser scan micrometers have also been used to monitor the shrinkage of potatoes, carrots,
apples and avocadoes, which allows evaluation of the exchange surface area at any time
during drying (May and Perr¢, 2002). X-Ray microtomography with Skyscan at 1 mA and
a spatial resolution of 41 pm was also used to monitor the evolution of the volume of sludge
samples. In addition, a 3D Digital Image Correlation method (3D-DIC) has also been used

to determine the volume of banana during drying by reconstruction of its 3D shape
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(Madiouli et al., 2011). Chen and Martynenko (2013) used imaging to determine the
volume of blueberries by capturing images from the top (diameter) and side (diameter)
cameras during convective drying. They stated that the accuracy depends on the pixel
resolution of cameras. When samples twist or bend, the void spaces are invisible to a vision
system, which is a limitation of imaging methods. It has been reported that these methods
are accurate for volume measurements of symmetric and uniform samples (Martynenko,
2006). Recently, measurement of the volume of irregular non-symmetric materials (the
salmon fillet) was achieved using stereoscopic computer vision (Quevedo and Aguilera,
2010). Compared to other methods, the biggest advantage of imaging is that it allows
continuous estimation of bulk volume, which makes possible for texture prediction in food
processing industry.
2.5 Relevance for the Industry

The final target of this research is to equip the food processing industry with a
versatile and scalable CV technique to optimize drying operations. Once the objectives of
the proposed research have been achieved, a scalable CV system could be designed for the
food industry, which will allow to process foods with desired texture for different groups
of consumers by controlling the microstructure in real-time. Later, the application of
developed CV technique for apples could also be used to optimize drying of other fruits

and vegetables.
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Chapter 3. Hypothesis and Objectives

3.1 Problem Statement

The effect of drying conditions on microstructure and texture have been separately
and extensively studied, however, the gap in the relationship between microstructure and
texture has not been filled. Although it was found from the literature that texture of final
food products is affected by the microstructure formed during drying; the detailed
information on their relationships are scarce. The evolution of microstructure, texture and
their relationship need to be investigated, and results would be used to optimize the drying
process and improving quality of dried food materials.

Dimensional changes of materials can be monitored by a computer vision system in
real-time, however, texture cannot be assessed during drying. We assumed that the
estimation of texture changes from a computer vision system in real-time will be
achievable, once the relationship between texture parameter and porosity are defined.

The overall goal of this research is to develop a computer vision system that is able
to predict and control texture changes of apple slices during convective drying and produce
dried apple slices with desired qualities.

3.2 Hypotheses

In this thesis, we assumed that texture is affected by porosity changes during drying.
The relationship between texture and porosity could be represented by taking the moisture
content and dimensional changes of apple slices into consideration. It is possible to predict
and control texture changes of apple slices during drying by using a computer vision system
with subsequent image processing and extraction of information on area shrinkage, and

continuous moisture content identification from real-time mass monitoring.
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3.3 Objectives and Scope

The following objectives must be implemented in order to prove/reject the initial
hypothesis:

Objective 1: Determine if CV is applicable for bulk volume measurements:

. Off-line: Off-line bulk volume measured with digital caliper will be used as a
reference volume, assuming cylindrically shaped apple slices throughout the entire drying
process. Conduct dimensional measurements of bulk volume at different drying time with
different moisture contents.

. Real-time: Use different algorithms of CV to estimate bulk volume of apple slices
during process of drying with regular shape assumption.

. Evaluate applicability of CV by correlating results with off-line measurements.

. Verify of the relationship at drying different temperatures (40°C and 60°C).
Objective 2: Study the effect of porosity on texture parameter at different stages during the
process:

o Porosity determination: Calculate and measure porosity at different moisture
contents from a theoretical model and helium pycnometer, respectively.

o Texture measurement: Measure texture of apple slices at different stages with
different moisture contents using TA-XT texture analyzer.

o Correlate texture parameters with porosity changes.

. Evaluation performance of various drying scenarios (40°C and 60°C).
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Chapter 4. Estimation of Total, Open- and Close-Pore
Porosity of Apple Slices During Drying
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Abstract

The purpose of this research was to develop an approach for porosity estimation in
the process of convective drying. Fresh apple slices were exposed to 80 °C convective
drying to equilibrium moisture content 0.2 g/g. Porosity at different stages of drying was
estimated using three approaches: (1) direct volume and mass measurements, (2)
pycnometer measurements and (3) theoretical model. All three approaches were in good
agreement in the range of moisture contents above 1.0 g/g. However, at moisture contents
below 0.26 g/g, significant deviation of pycnometer measurements from both experimental
estimates and theoretical model was observed. This difference could be explained by
transformation of open pores into closed pores due to glass transition phenomena. This
study presents an example of separate quantitative estimation of total, open- and closed-

pore porosity.
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4.1 Introduction
Porosity is one of the most important indicators of food microstructure and texture.
It is defined as the ratio of total volume of air voids of a given porous material to its total

bulk volume of the material (Webb, 2001).

Va

E="7—"+
Vs+Vy+Vy

(4-1)

Where, ¢ is porosity, Va is air volume, V'w is water volume and Vs is solid volume.

Experimental measurements of volumetric changes and mathematical calculation of
porosity are commonly used approaches (Zogzas et al., 1994, Sereno et al., 2007,
Martynenko, 2011, Lozano et al., 1980, Chang, 1988). Usually, porosity is calculated from
the ratio of bulk (p») and particle (p,) densities, equation 2-8 (Zogzas et al., 1994).

Since density and porosity are calculated from volume measurements, accurate
estimation of volume is of great importance. Accuracy of measurements depends largely
on the microstructure and moisture content. Since a biological sample is usually a multi-
phase system containing air, water and solids, it is important to make the distinction
between bulk, particle and solid (true) volumes (Refers to 2.4.2.3).

Measurements of bulk, particle and solid volumes allow calculation of porosity (¢)
on the different stages of drying from the equations 4-1 and 2-8. Since periodic
measurements of particle volume in the process of drying is technically difficult, some
researchers use mathematical models for estimation.

Mathematical models create opportunities to real time porosity estimation. Accurate
prediction of porosity changes during drying has a great importance for the optimization of

the drying process and control of food quality. Most mathematical models use moisture
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content as a predictor. For example, Lozano et al. (1980) gave an empirical correlation for

the prediction of open-pore porosity of apples as a function of moisture content (X):

f=1_P0_ 0.852—0.462exp(—0.66X)
- pp  1.54exp(—0.051X)—1.15exp(—2.4X)

(4-2)

For total porosity of apples, they proposed the equation based on the ratio of cellular

(&) and bulk (& ») shrinkages and cellular dimensions:

e=1-g 22 (4-3)

where, a, is the geometric value corresponding to the full turgor situation and A4, is the
initial ratio cube side/sphere diameter (cm).

Theoretical models have definite advantages over empirical models, because they are
applicable to a range of products and experimental conditions, as well as physical meanings
of the parameters (Martynenko, 2008, Rahman, 2003, Chang, 1988). For example, Zogzas
et al. (1994) proposed the theoretical model for particle density (p,) as a function of solid
(ps), water (pw) densities and moisture content (X), equation 2-7.

It should be noted that this model of particle density takes into account only water
and solid volumes. Hence, this approach allows calculation of total porosity without
distinction between open and closed pores.

This approach was verified for a variety of fruits and vegetables by Krokida and
Maroulis (1997). The same model was also used by Moreira et al. (2000) in convective
drying of Golden Delicious apples at 70 °C. They also modified the equation for bulk
density (p») estimation, as a simple function of initial density (p,), shrinkage (§) and
moisture content (X), as shown in equation 2-6.

The theoretical approach was further developed in the form of a mathematical model
for porosity, equation 2-9 (Martynenko, 2008). The accuracy of this model depends on the
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accuracy of shrinkage and moisture measurements, as well as the error in parametrical
estimation of initial (p,) and solid (ps) densities.

Lozano et al. (1980) indicated that in the process of drying, all pores remain open
until moisture content reaches 1.5 g/g (d.b.). They concluded that transformation of open
pores into closed pores occurs due to the cellular collapse at the critical moisture content.
The empirical equations 4-2 and 4-3 were used for estimation of open-pore and total
porosity. However, it has never been verified whether or not the theoretical models (2-6, 2-
7 and 2-9) are applicable for separate estimation of open- and total porosity.

The objective of this paper was to verify the accuracy of theoretical model (equation
2-9) for porosity estimation in the range of moisture contents. For this purpose, porosity at
different stages of drying was estimated using three approaches: (1) direct volume and mass
measurements, (2) pycnometer measurements and (3) theoretical model. Apple slices were
used as an experimental object.

4.2 Materials and Methods
4.2.1 Materials and Sample Preparation

Golden Delicious apples harvested in 2014, were purchased locally and stored in a
refrigerator at 4+1 °C. Before each experiment, the apples were taken out of the refrigerator
and exposed to room temperature (20 °C) for one hour. They were then cut into cylindrical
slices with a diameter of 40 + 1 mm and a thickness of 10 £ 1 mm, from the outer cortex on
the plane parallel to the stem-calyx axis. To minimize the fruit-related components of
variability, an average of three samples was taken from each apple. Samples were placed
randomly and evenly in a single layer on a perforated two-level tray 34x18x10 cm. Each

batch contained 27 samples and the experiments were performed in triplicate.
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4.2.2 Instrumentation

Air drying of apple slices was performed in a pilot-scale tray convective dryer UOPS
(Armfield Ltd., Ringwood, UK) (Figure 4-1).

Air temperature was controlled and maintained with precision thermistors YSI144033
(YSI, Inc., Yellow Springs, OH, USA) with 0.1°C accuracy. Air velocity was constant at
0.9 m/s and periodically measured using Thermo-Anemometer HD300 (Extech
Instruments, NI, USA) with 3 % accuracy. The mass of each individual sample was
measured with a digital scale HCB1002 (Adam Equipment, Danbury, CT, USA) with 0.01g
accuracy. Instantaneous moisture content on dry basis X was calculated on the basis of mass
measurements, equation 4-4.

meg—ms

Xp === (4-4)

ms
Bulk volume (V) was calculated from dimensional measurements with the
assumption of cylindrical shape of the sample. Dimensions (diameter and thickness) of each

sample were measured with digital caliper (Mastercraft, TN, USA) with + 0.02 mm

accuracy.
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Figure 4-1 Schematic drawing of experimental drying apparatus
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Particle volume of intact and semi-dried samples was measured with pycnometer MVP-
6DC (Quantachrome, FL, USA) and estimated from equation 2-12, using pycnometer constants
Vee=11.573 cm® and Vz= 6.089 cm? (Instruments, 2012). True volume was measured similarly,
but with preliminary bone-drying and grinding of each sample. Calculated values of densities
were used to calculate porosity from equation 2-8.

Bulk, particle and true densities were calculated as a ratio of mass and volume:

p=1 (4-5)
4.2.3 Experimental Procedure

Dryer was preheated to the target temperature (80 °C) before experiment. This
temperature was chosen to make sure that samples undergo glass transition at the end of
drying. Every hour three samples were randomly taken out of dryer and cooled to room
temperature (20 °C) for mass, bulk and particle volume measurements. All samples were
dried at 105 °C for 24 hours in the oven 255G (Fisher, ON, Canada) for remove residual
moisture. Fine grinding of bone-dried samples was carried out in a coffee grinder CBG100S
(Black & Decker, NB, USA). Particle and true volumes were measured with the helium
pycnometer before and after grinding to verify initial hypothesis about effect of
microstructure on true volume measurements.

4.2.4 Porosity Estimation

Three approaches were used for porosity estimation: direct volume and mass
measurements (expt), pycnometer measurements (pycn) and theoretical model (¢4eo).

Direct volume and mass measurements: porosity was calculated from bulk volume
(V») and mass measurements according to the porosity definition (equation 4-1) by

subtraction of volume of solids V; and volume of water V,,:
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- _ms
ﬁ _ Vp=W=Vs Vp—msX Ps (4_6)

Vp Vb Vb

E =

Pycnometer measurements: porosity was calculated from bulk volume (V) and
pycnometer measurements in the assumption that pycnometer measures combined volume

of water and solids (V. +V5):

Vo _ Vp—(VwtVs)
Vp Vp

€= (4-7)

Theoretical model: equation 2-9.

4.2.5 Statistical Analysis

Each experiment was repeated in triplicate. Porosity estimated from three approaches
in nine separate experiments was analyzed from one-way analysis of variance (ANOVA)
using Minitab 17 with 95 % significance level of the acceptance limit. Boxplot was used to
check the outliers. Tukey’s comparison was used to compare the means, variability in the
data was expressed as the standard deviation and a p < 0.05 was considered as statistically
significant (Montgomery, 2013).
4.3 Results

Direct mass measurements show that in the process drying at 80 °C moisture content
decreased exponentially, following first-order behavior (Figure 4-2). After six hours, the
moisture content reached equilibrium around 0.20 g/g. Volumetric shrinkage followed the
decrease of moisture content during 4 hours of drying, until moisture content reached 0.26
g/g. After this point, shrinkage was not observed, which indicated case hardening. This
leads to the conclusion that this moisture content should be interpreted as critical, where

glass transition occurred.
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Figure 4-2 Kinetics of moisture content (trend line is based on three replications)

In previous research significant effect of glass transition on sample shrinkage was
reported (Katekawa and Silva, 2007). Effect of glass transition on the hardening of apple
slices in the range of temperatures from 40 to 80 °C was studied by Martynenko and
Janaszek (2014). However, to our knowledge, the effect of glass transition on particle
density has never been investigated. In order to investigate if sample microstructure had
any significant effect on particle density, the density of bone-dried samples was measured
with the pycnometer twice: before and after grinding (Table 4-1).

Table 4-1 Effect of grinding on particle density measured with a pycnometer

Grinding Density Number Mean + S.D. P-value
Before Pp 26 0.28+0.02 0.000

After Ps 26 1.50+0.04

It follows that the density of the samples before grinding was significantly smaller
than that after grinding. It could be explained only by the fact of significant effect of close-
pore volume. It is logical to assume that before grinding, samples consisted of volume of

solids and air trapped in closed pores. From our experiment, it became obvious that closed
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pores are not accessible to helium, which is in agreement with Chang (1988). Therefore, it
was concluded that density measured by pycnometer before grinding could be considered
as particle density, whereas density measured after grinding is solid or true density. From
Table 4-1 it follows that solid density was 1.50 + 0.04 g/cm?, which is in the range of 1.025
to 1.620 g/cm? for apples (Rodriguez-Ramirez et al., 2012). Hence, fine grinding of samples
should be considered as a mandatory step in solid density determination with pycnometer.

Porosity estimated at different stages of drying is presented in Figure 4-3 in time
domain and in Figure 4-4 in moisture domain. It follows that all three estimates were in
good agreement during the first three hours of drying or in the range of moistures above
1.0 g/g. It is important to mention that the pycnometer was able to accurately measure
particle volume at high moisture content, which is in agreement with Sereno et al. (2007).
However, after four hours of drying or 0.26 g/g of moisture content, significant difference
of pycnometer measurements became obvious. Below this moisture, the pycnometer
showed a dramatic decrease in porosity to 0.15. Similar behavior of porosity was observed
earlier by Lozano et al. for apples (Lozano et al., 1980) and carrots (Lozano et al., 1983).
Since our experiments showed negligible shrinkage at low moisture content, this
phenomenon could only be attributed to partial transformation of open pores into closed
pores. Table 4-1 proves that closed pores volume is not measurable with the pycnometer,

so pycnometer estimation should be considered as open-pore porosity.

46



Oexpt Apycn Otheo

0.6

0.5

Porosity
o o
w H

o
(Y]

0.1

0.0

0 1 2 3 4 5 6 7 8
Time (h)

Figure 4-3 Kinetics of porosity estimated from three approaches (trend lines connect average

values)

Oexpt Apycn Otheo
0.6

0.5

0.4

Porosity
o
w

0.2
=
0.1
0.0
0 1 2 3 4 5 6 7 8 9 10

X (9/g d.b.)

Figure 4-4 Porosity estimated from three approaches as a function of moisture content
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In contrast, porosity estimated from experiment and theoretical model increase to 0.5
until samples moisture reached 0.26 g/g and then slightly decreased to 0.45 at the end of
drying. It follows that in the whole range of moisture contents the theoretical model was in
a good agreement with the experimental measurements. It is important to note, that both
theoretical model and experimental measurements give similar estimates of total porosity.

Total porosity progressively increased with the decreasing moisture content, reaching
0.5 £ 0.05 at the end of drying. Open-pore porosity coincided with total porosity in the
range of high moisture contents. It means that above 1.0 g/g closed-pore porosity could be
neglected. However, below critical moisture content (0.26 g/g in our experiment), open-
pore porosity rapidly dropped to 0.15 + 0.07, while closed-pore porosity increased to 0.28
+0.06.

Because of the hourly intervals between sampling, it was difficult to identify the exact
value of critical moisture content. However, it definitely occurs between 1.0 and 0.26 g/g,
which is in the region of glass transition for apple tissue (Peleg, 1994).

4.4 Discussion

Mechanical changes in biomaterials at glass transition point were carefully
investigated by Peleg, who developed a relationship between temperature, moisture content
and hardness corresponding to glass transition (Peleg, 1994). Implications of glass
transition on viscoelastic properties of biomaterials in hot air drying were also discussed by
Bhandari and Howes, who identified water activity and temperature as major determinants
(Bhandari and Howes, 1999).

Structural changes of apple slices in convective drying were reported by Bourne

(1986), Krokida et al. (2000b), Lewicki and Lukaszuk (2000) and Martynenko and
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Janaszek (2014). Critical moisture content, where hardness dramatically increased, was
identified as 1.8 g/g at 70 °C drying (Lewicki and Lukaszuk, 2000, Krokida et al., 2000b)
or 0.04 g/g at room temperature (Bourne, 1986). These findings are in agreement with
Martynenko and Janaszek (2014), who found hardening of apple slices occurred on surface
layer and core tissue when moisture content below 2.0 g/g and 0.5 g/g, respectively.

In our experiments, absence of shrinkage below 0.26 g/g of moisture content
indicated glass transition of the core tissue. It significantly affected the sample
microstructure by case hardening and formation of closed pores inside of the sample. A
significant difference between particle density before and after grinding, measured with
helium pycnometer, suggests fine grinding as a mandatory step in solid density
determination.

By comparing experimental data with the theoretical model, it can be concluded about
validity of theoretical model for total porosity estimation on all stages of drying. Initial
porosity of fresh samples, calculated from pycnometer measurements, was 0.15 + 0.01,
coinciding with both experimental values and the theoretical model. All three approaches
showed initial increasing of porosity with the next decreasing at the end of drying, which
is in agreement with other publications (Rodriguez-Ramirez et al., 2012, Lozano et al.,
1980). However, moisture content had a significant effect on pore formation. Above critical
moisture content (in our experiments 1.0 g/g), open-pore porosity, measured with
pycnometer, coincided with experimental values and the theoretical model of total porosity.

Etotal = Eops (X>Xer) (4-8)
where &;4¢q; 18 total porosity, €, is open-pore porosity and X, is moisture content at

critical point.
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Below critical moisture (in our experiments 0.26 g/g), open-pore porosity was much
smaller than total porosity, which could be attributed to significant effect of close-pore
porosity.

Etotal = Eop T Ecpr (X<Xer) (4-9)
where, €., is closed-pore porosity.

Total porosity can be either measured experimentally or calculated from the theoretical
model. Considering open- and closed-pore porosity as additive components of total
porosity, combined instrumental and theoretical approaches allow calculation of the closed
pore porosity by simple subtraction. As an example, data obtained in this research were

used to present all components of porosity in Figure 4-5.
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Figure 4-5 Total (circles), open-pore (triangles) and closed-pore (squares) porosity as a

function of moisture content
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Figure 4-5 shows no significant difference between total and open-pore porosity at high
moisture content (above 1.0 g/g). Dramatic decrease of open-pore porosity and subsequent
increase of close-pore porosity at the end of drying was observed because of glass transition
and case hardening, which made internal pores inaccessible for measurements.

4.5 Conclusions

1. The theoretical model of total porosity (equation 2-9) is valid for the entire period
of drying. It is a reliable tool for the estimation of total porosity from volumetric shrinkage
and mass measurements in all ranges of moisture content. However, equation 2-8 should
be used with appropriate care, taking into account the methodology of particle density
measurements. If particle density is measured with the pycnometer, it gives an estimate of
open-pore porosity. If particle density is calculated from moisture content (equation 2-7),
it gives an estimate of total porosity.

2. Helium pycnometer measures open-pore porosity. In this research it was proved
that high moisture content did not affect volume measurements by pycnometer. Therefore,
it could be used for measurements of multiphase particle volume.

3. Moisture content had a significant effect on pore formation. Below critical moisture
content, the pycnometer showed a dramatic decrease of open-pore porosity, which could
be attributed to glass transition and transformation of open pores into closed pores.

Open- and close-pore porosities are additive components of total porosity and could be
estimated separately on the different stages of drying. By simultaneous measurements of
total and open pore-porosity it is possible to calculate closed-pore porosity, which becomes

significant below critical moisture content.
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Connecting Statement

In the previous chapter, the total porosity was estimated as a function of moisture content
and bulk volume shrinkage. The bulk volume shrinkage was calculated from periodic
dimensional measurements using a physical caliper. In the next chapter, computer vision
was introduced for continuous measurement of diameter and thickness, which could help

to estimate bulk volume shrinkage in real-time.
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Chapter 5. Computer Vision for Bulk Volume Estimation

of Apple Slices During Drying
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Abstract

The accuracy of imaging for bulk volume estimation of apple slices in the process of
drying at temperatures from 40 °C to 80 °C was investigated and compared with physical
caliper measurements. The initial hypothesis was that bulk volume of cylindrically-shaped
apple slices could be estimated from diameter and thickness imaging. Imaging of diameter
showed strong agreement with caliper measurements throughout the entire drying process,
however imaging of thickness was not accurate due to the irregular shrinkage and bending
phenomena. A linear model reflecting the relationship between diameter and bulk volume
was developed and validated at temperatures of 40 °C, 60 °C and 80 °C. It showed good
correlation between imaging diameter and bulk volume changes in the range of moisture
contents from 9.1 g/g to 0.25 g/g. The relative percentage error of the prediction model was
approximately 6.45 %, which suggests that imaging can be used as a robust tool for bulk

volume estimation of apple slices during convective drying.
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5.1 Introduction

Bulk volume estimation is critically important for calculation of density and porosity
of food materials. Bulk volume changes in drying are caused by changes in the original
plant cellular microstructure with water removal. Different foods have different
shrinkability, which depends on the drying technology (Martynenko and Janaszek, 2014).
For example, freeze drying usually results in non-significant changes to bulk volume
(Prothon et al., 2003). Microwave vacuum drying has a faster dehydration rate compared
to conventional drying, which results in a rapid increase in bulk volume referred to as
explosion puffing (Zhang et al., 2006). In contrast, convective drying leads to a reduction
of bulk volume, often called shrinkage (bulk shrinkage). Shrinkage is defined as an
instantaneous variable, reflecting relative changes of volume, refers to equation 2-10
(Lozano et al., 1980). Hence, special attention should be given to the bulk volume changes
of materials during the dehydration process in order to develop desirable food texture,
(Madamba, 2003).

Many methods have been used for bulk volume measurement, namely, dimensional
measurement, buoyancy force, liquid displacement, solid displacement and imaging (refers
to section 2.4.2.4). However, the challenge of this research was continuous measurement
of bulk volume through the entire process of drying.

The objective of this study was to evaluate the accuracy of imaging for continuous bulk
volume estimation in the wide range of moisture contents from 9.5 to 0.025 g/g (d.b.). In
order to develop a reliable, accurate and robust technique, in-depth understanding of
relationship between imaging and physical caliper measurements was needed. The

hypothesis was that two-dimensional imaging of diameter and thickness would allow
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continuous estimation of bulk volume changes during drying. To prove/reject this
hypothesis, an experimental study of apple slices drying under different temperatures using
continuous (imaging) and discrete (caliper) measurements of bulk volume at different

moisture contents was designed.

5.2 Materials and Methods
5.2.1 Materials and Sample Preparation

Golden Delicious apples harvested in 2014, were purchased locally and stored in a
refrigerator at 4+1 °C. Before each experiment, the apples were taken out of the refrigerator
and exposed to room temperature (20 °C) for one hour. They were then cut into cylindrical
slices with a diameter of 40 = 1 mm and a thickness of 10 + 1 mm, from the outer cortex
on the plane parallel to the stem-calyx axis. To minimize the fruit-related components of
variability, an average of three samples was taken from each apple. Samples were placed
randomly and evenly in a single layer on a perforated two-level tray 34x18x10 cm. Each

batch contained 27 samples and the experiments were performed in triplicate.

5.2.2 Instrumentation

Air drying of apple slices was performed in a pilot-scale tray convective dryer UOPS
(Armfield Ltd., Ringwood, UK). Air temperature was controlled and maintained with
precision thermistors YSI 44033 (YSI, Inc., Yellow Springs, OH, USA) with 0.1 °C
resolution. Air velocity was constant at 0.9 m/s and periodically measured using Thermo-
Anemometer HD300 (Extech Instruments, NI, USA) with 3% accuracy. The mass of each
individual sample was measured with a digital scale HCB1002 (Adam Equipment, Danbury,
CT, USA) with 0.01 g resolution. Another digital scale (WSB-8015, Omega Engineering,

Laval, QB, Canada) with 0.1 g resolution was mounted on the top of the dryer for continuous
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mass measurement (m,) of samples during drying. Instantaneous moisture content on a dry
basis (X;) was calculated from instantaneous mass (m;) reduction from equation (4-4).
5.2.3 Experimental Procedure

Before each experiment, the dryer was preheated to the target temperature. A high
temperature of 80 °C was chosen to ensure that samples would develop a crispy texture.
According to the Gordon-Taylor equation, moisture content of apple slices below 0.0383
g/g (d.b.) is sufficient for glass transition at room temperature 20 °C (Bai et al., 2001).

Throughout the entire process, every 30 minutes, three samples were randomly taken
out of the dryer and cooled to room temperature (20 °C) for mass and bulk volume (V)
measurements. The other two temperatures, 60 °C and 40 °C, were chosen for verification.
Materials were dried until there was no significant mass changes, 480 minutes, 675 minutes
and 1860 minutes for 80 °C, 60 °C and 40 °C, respectively. The sampling interval was 45
minutes for 60 °C and 60 minutes for 40 °C, since lower temperature requires more time for
water removal.
5.2.4 Bulk Volume Measurements

Bulk volume at different stages of drying was estimated using two methods: (i) direct
dimensional measurement with physical digital caliper (Cp) and (ii) imaging (I/m) with
computer vision.
5.2.4.1 Dimensional Measurements Using Caliper

Dimensions (diameter and thickness) of each sample were measured using a digital
caliper (Mastercraft, TN, USA) with £+ 0.02 mm resolution, were considered as true values.
Bulk volume was calculated from dimensional measurements, assuming cylindrical

geometry of the samples. The thickness and diameter measurements with physical caliper
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were repeated at least three times at different positions to avoid errors from non-uniform
shrinkage and bending. The bended part of the apple slices was visually distinguished and
avoided in manual measurements. To reduce the systematic and random error during the
experiment with physical caliper, dimensions were measured at different locations of the
material. To minimize human factor, only one operator was involved in dimensional
measurements with physical caliper. Thickness and diameter values were averaged, based
on the physical caliper measurements. The effect of operator and force applied were not
considered in the physical caliper measurement.

5.2.4.2 Imaging

Bulk volume was also estimated, using imaging with LabVIEW 8.5 (National
Instruments, Austin, TX, USA) imaging acquisition software. It was used to acquire images

of apple slices from the top and side and record the data every 2 minutes (Figure 5-1).

Top
Camera

Black tray as
background

Apple Slices

Side
Camera

ROI from top camera ROI from side camera

Figure 5-1. Schematic drawing of imaging and region of interest (ROI) from the cameras

The diameter and thickness of apple slices were measured by image processing using

different algorithms. The first step for image processing was to set the region of interest
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(ROI) and extract the masked region. Hue color plane was used to convert original images
to grey images. An appropriate threshold was chosen to convert the grey images to binary
images resulting in clear separation of object from the background. Diameter and thickness
were estimated, using conversion factors 0.33 mm/pix and 0.14 mm/pix, respectively.
Volume was calculated from estimated diameter and thickness, as described in section

5.24.1.

5.2.4.2.1 IMAQ Clamp subroutine (single soft caliper)

The diameter and thickness of samples were determined using the IMAQ Clamp
subroutine (IMAQ 6.5). The single caliper algorithm was based on edge detection of binary
images, measuring the maximum distance between edges along two parallel lines. The
IMAQ Horizontal and Vertical Max Clamps’ subroutines were applied for diameter and
thickness measurements. The Horizontal Clamp measured the maximum distance between
two horizontal sides of sample in the vertical direction. The Vertical Clamp measured
maximum distance between two vertical sides of sample in the horizontal direction.
Diameter was calculated as an average from two orthogonal measurements for each sample.
Thickness was measured with only Horizontal Clamp. Three samples were measured
simultaneously. Averages, calculated for three samples, were used as representative values

for diameter and thickness of apple slices.

5.2.4.2.2 IMAQ Clamp subroutine (multiple calipers)
The multiple caliper algorithm was based on multiple (five) edge detections for
thickness measurement of the same sample. This procedure minimized the risk of inaccurate

measurements caused by non-uniform shrinkage and sample bending. Unexpectedly
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increased thickness and brighter color caused by the reflection were found suitable to be

used as indicators of bending. In this case, outliers were removed manually.

5.2.4.2.3 Effect of threshold on segmentation

From previous research it was known that threshold could be easily affected by
changes in illumination (Martynenko, 2006). To increase robustness of estimation, the
effect of different threshold values at 45, 50 and 55 of grey intensity on the accuracy of
diameter estimation were studied. In this experiment, 9 samples were used with 3 samples

for each threshold. Average values were calculated from 3 replicates.

5.2.4.2.4 Effect of caliper position adjustments and manual sampling on diameter
measurement

Two modes of adjustment of the caliper position were investigated for the single caliper
algorithm. In automatic mode (4uto) the software detected the sample edges and adjusted
the imaging calipers automatically. In the manual mode (Manu) caliper position was
adjusted manually every 30 minutes. Manual mode was tested in two situations: with
(ManuWi) and without (ManuWo) physical moving of samples required for manual
sampling. The effects of caliper position adjustment and manual sampling on the accuracy
of diameter measurements were estimated using 9 samples were placed on the top level of

the tray, with 3 samples for Auto, 3 samples for ManuWo and 3 samples for ManuWi.

5.2.5. Statistical Analysis
Each of experiment and measurement was carried out in triplicate. The results

represented were mean value with standard deviation (s), which was calculated as:
_ [Zx—x)?
s = / —) (5-1)
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where, x is the value of each single measurement, X is the average of measurements and »

is the number of replications.

Relative percent error was calculated to determine the agreement between caliper (Cp)

and imaging (I/m) values:
E(%) = ¥ 2= x 1009 (5-2)
cp

The results obtained by two different measurements were analyzed using two sample t-

test at significance level =0.05 in Minitab 17 software (Minitab, State College, PA, USA).

5.3 Results and Discussion

5.3.1 Image Analysis

5.3.1.1 Diameter and thickness estimation with IMAQ clamp subroutine (single caliper)
The IMAQ clamp subroutine was used to determine diameter and thickness from

binary images, as shown in Figure 5-2a and 5-2b.

000 |=w = am

(a) (b)
Figure 5-2. The IMAQ clamp measurements of diameter and thickness of fresh samples:
(a) Maximum clamp for diameter measurement (b) Maximum clamp for thickness

measurement

For each of 3 samples, diameter was determined twice with a Vertical and a Horizontal
Clamp. The average value was used as an estimate of diameter. Graphical representation of
diameter and thickness changes, measured with both imaging and physical calipers are

shown in Figure 5-3.
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Figure 5-3. Diameter and thickness measured from imaging (Im) and physical caliper (Cp)
At the beginning of the drying process (within 60 minutes), samples shrank uniformly.
Imaging diameter was found in a good agreement with the physical caliper measurements
through the entire drying process with p-value of 0.098. However, imaging determinations
of thickness were found to be statistically deviated from the physical caliper measurements

(p-value<0.05), especially after sample bending (after 60 minutes of drying) (Figure 5-4).

(a) (b)
Figure 5-4 (a) Semi-dried samples from side camera; (b) Maximum clamp for thickness

measurements of semi-dried samples
The error of estimation became unacceptable towards the end of drying with 127.40%

of relative percent error, when samples are bended and hard. Figure 5-5a shows the image
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of the dried sample captured from the side camera. Figure 5-5b shows the distorted imaging

of thickness, based on the IMAQ clamp procedure.

(@) (b)
Figure 5-5. (a) Dried samples from side camera; (b) Imaging thickness of dried samples

Since the IMAQ clamp determines the maximum distance between two horizontal
lines, when samples started bending, the projection of the distance between the two lines
became larger and no longer represented the sample thickness, as shown in Figure 5-5b.
Because of the poor fit between single caliper imaging and the physical caliper
measurements of thickness, a multiple caliper procedure was tested.
5.3.1.2 IMAQ clamp subroutine (multiple caliper) on thickness measurement

In this case, thickness was measured using multiple calipers. (Figure 5-6).

Figure 5-6. Imaging thickness with multiple calipers subroutine

The results of thickness estimation with single and multiple calipers are presented in
Figure 5-7. Single- and multiple-caliper imaging corresponded physical -caliper
measurements for only the first 60 minutes of drying with 8.87% and 4.00% of relative

error, respectively.
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Figure 5-7. Comparison of thickness changes measured from imaging (single and multiple

calipers) and physical caliper (Cp)

As the drying continued and the sample started bending, the outliers measured from
the points of bending were removed from multiple caliper measurements to avoid
systematic error. However, at the end of drying the multiple-caliper estimation resulted in
114.81% error, as compared to 127.40% error by the single-caliper. It could be explained
that after 60 minutes of drying, the non-uniform shrinkage led to concave surfaces on the
samples, which were not measurable by imaging.

It could be concluded that imaging thickness is not reliable due to the effects of
irregular shrinkage and bending. In contrast, imaging of diameter was consistent with
physical caliper measurement through the entire drying process.
5.3.1.3 Effect of threshold on diameter measurement
Figure 5-8 compares the imaging of diameter with thresholds 45, 50 and 55 in both time

and moisture content domains.

63



42 4 e 45
1 A 50
40 = 55
L ]
L
£38{ T 1
£ |
= !
2D 36 "
£ e
o
a 34 i -
32. i ¥y Y i L 1§ : ¢
| SEEEEREEEERERE
T n
30
v T v T M I v T v T v T ¥ I v T
0 60 120 180 240 300 360 420 480
(a) Time (min)
42 4

[ N
co o
1 ]
HHSB—

Diameter (mm)
&
|

[ . Sl

W
B
1

!

32
A 50
30 m 55
g T T T T T T T T |
0 2 4 6 8 10

(b) Moisture content (g/g)

Figure 5-8. Diameter shrinkage measured under different threshold (45, 50 and 55) in time

(a) and moisture content (b) domains

In the range from 45 to 55, there was no statistically significant effect of threshold on
diameter imaging, which means that samples were well represented in this interval. To
improve stability of imaging, the middle value of threshold at 50 was used in further

experimental study.
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5.3.1.4 Effect of caliper position adjustments and manual sampling on diameter

measurement

Effect of caliper position adjustment on the accuracy of diameter estimation is shown in

Figure 5-9.
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Figure 5-9. Diameter changes measured under different modes in time (a) and moisture

content (b) domains
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It follows that there was no significant difference of diameter imaging under different
situations compared to physical caliper measurement of diameter. Therefore, the automatic
mode of imaging was used in further experimental study.

5.3.2 Correlation Between Imaging and Physical Caliper Measurements of Diameter
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Figure 5-10. Correlation of diameter estimated from imaging and physical caliper at 80 °C
The relationship was approximated by linear equation:
Dy = 0.8244 % D¢y, +7.6298  (R* = 0.9833) (5-3)

Equation 5-3 establishes a relationship between imaging diameter and physical caliper
measurements as presented in Figure 5-10. Imaging of diameter gave higher values than
those measured using physical caliper. This overestimation of imaging could be due to the
illumination effect (light reflection) on the tray near the sample edge, which was captured
by imaging as diameter measurement. The other reason could be the underestimation of

physical caliper because the materials under drying are soft and sensitive to force applied.
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5.3.3 Verification
The relationship between imaging and physical caliper measurements was further

verified under different drying conditions, 60 °C and 40 °C (Figure 11).
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Figure 5-11. Diameter estimated from imaging and physical caliper in the range 40- 80 °C
In this verification experiment, imaging diameter was correlated with real diameter
measured with physical caliper (equation 5-4). Trend line represents the correlations

between physical caliper and imaging diameter at 80 °C, 60 °C and 40 °C.
Dy = 0.8597 % D¢y, + 5.186 (R* = 0.9098) (5-4)

According to the sample diameter kinetics, the drying cycle can be divided into three
periods (Figure 5-11). In the first period (I), samples were rigid with high moisture content
(X>4.5 g/g) in the first hour of drying. The difference of diameter changes measured by
physical caliper and imaging at different drying temperatures were not significantly

different until diameter shrank to approximately 39 mm. As drying continued, moisture
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content decreased dramatically to 1.1 g/g with diameter reduced to approximately 32 mm
(Period II), data points at 60 °C and 40 °C are below the trend line, while data at 80 °C fall
above the trend line. In other words, physical caliper measurements of diameter are higher
than the imaging of diameter at 60 °C and 40 °C, while smaller than imaging diameter at 80
°C. This could be explained that under the lower drying temperature, the moisture removal
rate went slower, providing more time for samples to shrink. In this period, material dried
under higher temperature (80 °C) are softer and more sensitive to the force applied on the
physical caliper, which affected the texture measurements. When the moisture content
reached around 1.1 g/g where diameter was less than 32 mm (Period III), samples started
getting harder due to low moisture content, and were not sensitive to the force applied. The
higher temperature the materials dried, the higher diameter obtained. As mentioned before,
lower temperatures gave enough time for materials to shrink, which led to smaller diameter.
Another reason might be that at higher temperature, materials underwent glass transition,
which prevented the sample structure from further shrink. Assumptions about possible
reasons of discrepancy between physical caliper measurement and imaging of diameter
should be experimentally verified.

This verification experiment gives the possibility for further study of relationship
between diameter and bulk volume.
5.3.4 Correlation Between Diameter and Volume

Bulk volume was determined from physical caliper measurements of diameter and
thickness of apple slices. Since thickness was not measurable with imaging, only diameter

was used for volume prediction. To correlate diameter to bulk volume with respect to the
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physical relationship between diameter and volume, a non-linear cubic

approximation was applied:
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Figure 5-12. Correlation of volume and imaging diameter at 80 °C, 60 °C and 40 °C
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It was found that the cube of diameter corresponds well to measured bulk volume.

Hence, a linear model between D* and V was developed:

Vep = 0.2593 # D}, — 4.1754

(R? = 0.9696)

(3-5)

Predicted volume (Equation 5-5) at 80 °C corresponded well with the physical caliper

measurement through the entire drying process with 7.56 % of relative error. Figure 12

shows that temperature did not significantly affect the relationship between volume and

diameter. For apples dried at 60 °C, prediction error did not exceed 6.63 %. For apples dried

at 40 °C prediction error at the end of drying reached 4.92 %. In general, volume predicted

from imaging was not statistically different (p-value=0.986) from the volume measured

with a physical caliper with a relative error of 6.45 %.
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The error of predicted model increased as moisture content decreased, especially at the
end of drying where shrinkage stopped. The higher relative error at low moisture content
is possibly due to the intrinsic properties of materials, as well as the systematic errors in
physical caliper measurements and imaging, which need to be further experimentally
investigated. In general, the error throughout the entire drying process was consistent.
Therefore, the developed model was considered as a robust tool for bulk volume estimation

at different drying temperatures and moisture contents.

5.4 Conclusions

Bulk volume, predicted from diameter imaging, was in good agreement with physical
caliper measurements, which proved the initial hypothesis that imaging is reliable tool for
continuous estimation of bulk volume during drying. Diameter of apple slice was estimated
from real-time imaging in the range of temperatures from 40 °C to 80 °C and moisture
contents from 9.1 g/g to 0.25 g/g. Digital caliper adjustment or threshold variation in the
range from 45 to 55 of grey intensity did not significantly affect the accuracy of imaging.
In our study a linear relationship between diameter and bulk volume was established as

V =0.2593 x Dfmaging — 4.1754. The coefficients of this equation are specific for our

study, however general linear model is applicable for convective apple slice drying.

70



Connecting Statement

It was possible to estimate continuously microstructure and porosity of the material during
drying. Next in Chapter 6, texture changes of apple slices during drying and its relationship
with porosity are presented. The effect of glass transition on the texture measured with ball

and compression plates was also discovered.
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Chapter 6. Texture Changes of Apple Slices Under
Convective Drying
Abstract

Apple slices under convective drying showed three periods under 20 % compression
of texture measurement: softening, uniform hardness and hardening. The objectives of this
chapter was to investigate the effect of glass transition on texture of apple slices during
drying. Our research revealed that when moisture content reached a critical point of 0.5 g/g
(we considered this as the glass transition point), texture parameters had significant
changes. Hardness increased sharply when moisture content was less than 0.5 g/g. Due to
low moisture content and the shrinkage phenomenon, material became rigid and solid,
which made dried apples harder than the fresh apple. Adhesiveness decreased as moisture
was removed and reaches 0 at the glass transition point. Springiness and cohesion reduced,
while chewiness increased below the critical moisture content. This could be explained by
the water removal during drying, as well as the structural changes caused by shrinkage.
Samples shrank to compensate for the volume that was occupied by water until it reached
critical point where shrinkage remained constant.
6.1 Introduction

A great number of dried food products remain in the amorphous state under most
drying conditions, which is mainly due to the insufficient time for crystallization to occur
(Bhandari and Howes, 1999). The amorphous matrix exists either as a glassy state with
high viscosity, or as a liquid-like rubbery structure (Chirife and Buera, 1995). In the rubbery
state, shrinkage occurs throughout the entire process to compensate for moisture loss, where

the decrease in material volume is equal to the amount of moisture removed. As drying
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continues, food products become glassy and rigid, which restricts further volume reduction
(Bhandari and Howes, 1999, Mayor and Sereno, 2004). The glassy state is metastable and
eventually tends to be converted to crystal if critical temperature and moisture content are
reached (Flink, 1983, Bhandari and Howes, 1999). Typically, glassy material has high
viscosity; for example, the viscosity of glass is greater than 10'3 Poises (Sperling, 2015).
Food products with high viscosity are able to support their own weight against the force of
gravity. White and Cakebread (1966) stated that the discontinuities of certain physical
parameters (such as coefficient of expansion, free volume, dielectric constant and viscosity)
indicate the transition of amorphous state from liquid to glassy. Figure 6-1 shows the
changes of free volume and viscosity. As mentioned earlier, volume decreases until
materials become glassy and then it remains constant. During the vitrification process,
viscosity increases due to the immobilization of the disordered structure, which supports

its own structure.

@) Supercooled / (b)
Liquid

Liquid
Glass
V (ml) n

Crystal |

T

|
Tg

Figure 6-1 Characteristics of transition from liquid to glass. (a) Volume, (b) Viscosity.
(White and Cakebread, 1966, copyright permission has been obtained)

As indicated in Figure 6-1, glass transition point is where the amorphous state and

physical properties change during processing. The transition of amorphous material from
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a liquid-like rubbery state (7>T5) to a glassy (7<Ty), highly viscous solid, is defined as glass
transition. The temperature at this point is called the glass transition temperature (7%)
(Lievonen and Roos, 2002) and largely depends on water content (Levine and Slade, 1986).
Glass transition temperature is an important parameter for predicting and controlling the
behavior of food material during processing in order to optimize the drying process and
achieve the desired food quality. Karathanos (1993) mentioned that 7, may be related to
the shrinkage and hardening of solid products. Foods at the glassy state are very stable
because glass transition results in immobilization of water, and thus decreases the
molecular mobility, slows down chemical reactions and diminishes free volume while
increasing viscosity (Rahman, 1999). The indicators of glass transition include
discontinuity in physical, mechanical, electrical and thermal properties of a material and
these indicators has been used for development of analytical measurements for glass
transition temperature, such as differential scanning calorimetry (DSC), differential thermal
analysis (DTA), thermal mechanical analysis (TMA) and electron spin resonance (ESR).
DSC and DTA detect changes in heat capacity (Cpi) between the glassy and rubbery states,
while TMA measures changes in the elastic modulus (Bhandari and Howes, 1999). Due to
the increased free volume in rubbery state compared to the glassy state, ESR detects glass
transition temperature by measuring the mobility of a free radical probe (Labuza et al.,
1992). The Gordon-Taylor equation 2-3 (referred to Chapter 2) has been developed for
glass transition temperature calculation as well. Glass transition is second-order time-
temperature-moisture dependent (Rahman, 1999), and thus, either changes of intrinsic
conditions (such as moisture content, pH and oxygen tension) or extrinsic conditions (such

as temperature) help glass transition to occur (Rahman, 1999). For instance, when a product
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with a high sugar content is dried at a temperature that is higher than 7§, the product
becomes soft as water is removed. However, hardening occurs when the product is cooled
below T,, with a glass transition moisture content (Bhandari and Howes, 1999). During
drying, a state change of the amorphous matrix from rubbery to glassy may occur because
of decreasing moisture content, since glass transition temperature is dependent on moisture
content. As previously mentioned, materials under glassy state are more stable than those
under rubbery state due to low moisture content. It is well known that chemical reactions
and microorganism activities are restricted below a critical water activity as illustrated in
Figure 6-2 (Barbosa-Canovas et al., 2003). Most bacteria cannot grow at water activity less
than 0.85, while molds and yeast are more tolerant as they cannot grow when water activity
is below 0.60. Xerophilic molds and osmophilic yeasts are the most common
microorganisms which spoil foods with water activity higher than 0.6 and thus fruits are
usually dried with water activity below 0.6. Hence, it is important to obtain food within the
safe water activity range. Water activity is majorly related to the moisture content of foods.
A relationship between moisture content and water activity of apple flesh at 20-22 °C is
illustrated in Figure 6-3. Under the dehydration process, a decrease in moisture content

results in a reduction of water activity.
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Figure 6-2 Relationship of food deterioration rate as a function of water activity (Barbosa-

Cénovas et al., 2003, copyright permission has been obtained)
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Figure 6-3 Water desorption isotherm of apple flesh at 20-22 °C. X is on moisture content
on dry basis. (Bourne, 1986, copyright permission has been obtained)

Glass transition occurs when moisture content reaches the critical point. The
relationship between glass transition temperature and moisture content (dry basis) has been
found for wheat starch (Zeleznak and Hoseney, 1987), rice starch (Biliaderis et al., 1986),

maltodextrins (Roos and Karel, 1991), sugars and sugar mixes (Roos and Karel, 1991, Chan
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et al., 1986, Finegold et al., 1989, Hatakeyama et al., 1989, Soesanto and Williams, 1981),
horseradish root (Paakkonen and Roos, 1990), soybean seeds (Bruni and Leopold, 1991),
cabbage, carrots and potatoes (Karmas et al., 1992) and apple slices (Bai et al., 2001). In
their researches, certain levels of material moisture contents were achieved by placing
materials in a controlled humidity environment. Glass transition temperatures can be either
measured by methods aforementioned, or calculated from the Gordon-Taylor equation,
with determined 7, and K values for a specific substance.

A glass transition moisture content equation has been derived from the Gordon-Taylor
equation 2-3:
Tgs—Tg

Xg = (Tg—Tgw)*K

(6-1)

The constant K value is different from one material to another; hence, determination
of K value is of great importance in estimating glass transition moisture content. The
estimation of moisture content at glass transition point can be used to formulate materials
with desired physical properties during drying by terminating the dehydration process at an
appropriate point. It has been reported that as moisture content (d.b.) decreased, glass
transition temperature increased for both vegetables and fruits such as horseradish,
soybean, cabbage, carrots, potatoes, corn embryo, strawberries and apple slices (Paakkonen
and Roos, 1990, Karmas et al., 1992, Bruni and Leopold, 1991, Bai et al., 2001). Taking
apple slices for example, the 7y, Tew and K value were estimated as 41.3 °C, -135 °C and
3.59, respectively (Bai et al., 2001). Hence, in order to prevent apple from reabsorbing

water at room temperature (20 °C), samples should be dried below 3.69 % (w.b.) or 0.0383

g/g (d.b.) of moisture content. A relationship between moisture content and glass transition
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temperature of apple slices undergoing hot air drying based on Gordon-Taylor equation
(with the parameters mentioned above) is shown in Figure 6-4.
40

20
0

Tg(°C)

-100 X(g/g d.b)

Figure 6-4 Relationship between glass transition temperature (7;) and moisture content (X)

on dry basis for air dried apple tissue (Adopted from Bai, et al., 2001)

The study of glass transition helps explain and control the physical changes that occur
during food drying and storage, as well as the textural properties of food systems, such as
softening and hardening (Abbas et al., 2010). Ribeiro et al. (2003) reported that material
undergoing a flowable melt becomes soft once temperature increases above glass transition
temperature and materials become like clear glass with brittle texture when they are cooled.
Hence, glass transition affects material texture significantly. This chapter aims at studying
the textural changes of apple slices during drying, specifically beyond glass transition point.
6.2 Materials and Methods
6.2.1 Materials and Sample Preparation
Refers to Section 4.2.1.

6.2.2 Instrumentation

Drying instrumentation refers to section 4.2.2 and 5.2.2.
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The TA-XT plus texture analyzer (Stable Micro System, Surrey, UK) (Figure 2-3) was
applied for texture parameter measurements, including hardness, adhesiveness, springiness,
cohesion and chewiness. The texture analyzer was calibrated with a 50-kg load cell before
measurement; a computer program Exponent V.6 was also provided with the apparatus.
After drying, due to the shrinkage phenomena, samples had wrinkled non-uniform surfaces.
Both the ball probe (BP) and compression plate (CP) were applied for texture measurement
of semi dried and dried apple slices. The ball probe measures only one local point on the
surface of the sample whereas the compression plate measures the whole surfaces of
samples. A moderate compression strain of 20% was used in this study. Two-cycle
compressions were performed for every sample, with constant 2 mm/s falling rate and 5
seconds delay from the end of the first cycle to the beginning of the second cycle, which
gave enough time for samples to recover. To obtain a uniform force of compression across
the whole sample surface, a 5.08cm compression plate probe TA-25A was used (Texture
Technologies, Hamilton, MA, USA). A 1.27cm stainless steel ball probe (BP, T-18), which
covered less area and gave local pressure, was also used for texture measurement on the
geometrical center of the sample (Texture Technologies, Hamilton, MA, USA). The height
was calibrated before compression by lowering the plate probe which was attached to the
TA-XT Plus texture analyzer to contact with the test table, so the instrument could determine
the base position. The thickness of samples was measured automatically when the probe
touched them and the computer then determined the difference between the first time it
touched the samples and the base position. Then the probe went continuously with 2 mm/s
speed and the force was recorded by the computer once it reached 20 % deformation. The

force-time curve (Figure 2-4), which also represented hardness-time, was automatically
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plotted in real-time by the computer program as soon as the probe touched the sample. The
other texture parameters (cohesion, adhesiveness, springiness and chewiness) were also
shown or calculated from the force-time curve (Table 2-2). For each sample, texture
measurements were carried out first with BP and followed by CP, due to the potential risk
of breaking the crispy samples. All measurements were performed in triplicate at room
temperature (20 °C).
6.2.3 Experimental Procedure

Before each experiment, the dryer was preheated to a target temperature of 40 °C, 60
°C and 80 °C to investigate the effects of glass transition at the end of the drying period on
material texture. Throughout the entire process, three samples were randomly taken out of
the dryer every 30 minutes at 80 °C, every 45 minutes at 60 °C and every 60 minutes at 40
°C and cooled to room temperature for mass and texture measurements.
6.3 Results and Discussion
6.3.1 Effects of Drying Temperature and Moisture Content on Porosity

As moisture was removed, the porosity of materials under convective drying at
different temperatures showed the same trend, which increased and reached maximum
when moisture content decreased to around 0.5 g/g (Figure 6-5). All porosities dropped
rapidly when moisture content was lower than 0.5 g/g. In terms of the drying temperature,
at same moisture content ranging from 9.1 g/g to 0.25 g/g, higher temperature maintained
more porous structure. Porosity of material at 0.4 g/g were found to be 0.8, 0.7 and 0.6
when samples were dried at 80 °C, 60 °C and 40 °C. Hence, moisture removal determined
the development of porosity, however, the extent of porous structure was dependent on

drying temperature. Porosity increased more rapidly and intensely at higher drying
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temperatures. Under high temperatures (e.g. 80 °C), moisture was removed quickly and
shrinkage was unable to compensate for the increased air space, which created porosity.
Under low temperatures, the slower removal of moisture provided time for the material to
shrink and compensate for the volume, which was firstly occupied by water and then by

air.
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Figure 6-5 Porosity development respect to moisture content under different drying

temperatures
6.3.2 Effects of Moisture Content on Texture

The general texture tendency of apple slices under convective drying with different
temperatures was interpreted by Martynenko and Janaszek (2014). As reported, the drying
process was assigned into three periods, softening, uniform hardness and hardening, with
respect to moisture content. However, texture changes at the last period-hardening of apple
drying process have not been studied.

At the beginning of drying, hardness per unit area, as measured with CP and BP, had
no significant difference (Figure 6-6), which could be explained by the evenly distributed

moisture and turgor pressure within the material. Both CP and BP showed a decreasing
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trend of hardness, which indicated softening of the material. Moisture is removed rapidly
at high temperatures, leading to a drop in shrinkage (Figure 5-3). Pores were developed
when shrinkage was unable to compensate for evaporated volume of moisture. Due to the
removal of moisture at the beginning of drying, the development of pores within the
rubbery materials gave low and uniform hardness in the moisture range from 6 g/g to 0.5
g/g. In the period of hardening when moisture content reached around 0.5 g/g, BP showed
more rapid increasing of hardness than that measured with CP.

As drying continued to the end at extremely low moisture contents, unbalanced
shrinkage and moisture removal rate converted most of the open pores into closed pores.
The cell wall became rigid and strong, especially on the outer layer of materials, which
increased hardness at the glass transition point (Lewicki, 1998). As indicated in Figure 6-
6, dried apple slices had around twice hardness than fresh apple flesh. The hardened texture
of apple slices measured with CP mostly reflects hardness of the edge cells, which was due
to the non-uniform surface caused by shrinkage as moisture was removed (Martynenko and
Janaszek, 2014). In addition, a bending elasticity was measured by CP when materials were

bent.
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Figure 6-6 Hardness changes during drying of apple slices in moisture content domain

Hence, BP measurement was more representative of the hardness of dried apple slices.
The increasing hardness in this period could be explained as glass transition phenomena.
Under air temperature as high as 80 °C, once moisture content of high sugar product (e.g.
apple slices) reached critical glass transition point, samples became harder (glass transition)
as product material dropped below critical temperature (Bhandari and Howes, 1999). Under
low moisture content, hemicellulose, pectin substances and carbohydrates, provided
resistance to the cell wall and affect the textural attribute of dried apple slices.

It was observed that, adhesiveness measured using BP did not show significant changes
during drying moisture content domain (Figure 6-7). According to the definition of
adhesiveness, which is based on surface measurement, CP measurement was considered as

more accurate than BP measurement.
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Figure 6-7 Adhesiveness changes during drying of apple slices in moisture content

domain

Adhesiveness was greatly related to the moisture, porosity and sugar content on the
material surface. At the beginning of dehydration, high adhesiveness was a reflection of
high moisture and sugar content and low porosity, and it decreased as moisture was
removed. The viscous component in the samples could be the reason for the decreasing
adhesiveness (Martynenko and Janaszek, 2014). When moisture content reached around
0.5 g/g, adhesiveness remained constant at zero, as there was no free water available on the
surface of the material.

Springiness and cohesion also showed three distinct periods, corresponding to
softening, uniform hardness and hardening period. At the end of drying, when samples with
moisture content less than 0.5 g/g, springiness and cohesion noticeably dropped.

Springiness reflects the ability of a deformed material to return to its original shape.

Both BP and CP measurements gave similar changes during drying (Figure 6-8).
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Figure 6-8 Springiness changes during drying of apple slices in moisture content domain

Dehydration softened the material as moisture was removed, which gave elastic
properties to the material. As drying continued, springiness reached maximum of 100 % at
a moisture content of approximately 0.5 g/g, then it decreased sharply. These changes in
springiness agreed with results obtained by Bourne (1986). After glass transition, material
became plastic and was not able to recover. An increase of hardness caused a decline in
springiness which further led to a dropping of cohesion.

In terms of cohesion (Figure 6-9), CP measurements showed a constant cohesion, then
it dropped rapidly until moisture content reached around 0.5 g/g. Ball probe revealed an
increasing cohesion from 0.4 to 0.8 at the beginning of drying while the material matrix
was in a rubbery state. Guiné (2013) and Guine and Barroca (2011) stated that shrinkage
could be the reason for the increasing of cohesion. Samples became brittle with low
moisture contents (less than 0.5 g/g) leading to difficulties maintaining the integrity and

decreased cohesion.
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Figure 6-9 Cohesion changes during drying of apple slices in moisture content domain
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Figure 6-10 Chewiness changes during drying of apple slices in moisture content domain

There are three periods of chewiness measured with CP during drying in Figure 6-10:
decreasing, constant and increasing of chewiness. Materials with high moisture content in
a rubbery state have a chewy texture. As moisture was removed and reached 0.5 g/g,
materials became rigid and tough, which decreased chewiness. Chewiness of dried material

measured with CP was around two times higher than that measured with BP. This was
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similar to hardness changes and could be explained by the non-uniform shrinkage of
material at the final stage, where CP caused the chewiness of the edge cells. Since texture
changes of dried material was the topic of interest, BP was recommended for analysis of
dried or semi-dried samples because it measured chewiness at the center of the material.

Ball and cylinder compression probes were applied on the same samples for texture
measurement to investigate the effect of probes on texture measurement. This research
indicated that BP and CP gave different textural results. Different probes should be applied
depending on the textural parameters and the physical properties of the materials. For
instance, CP is more suitable for adhesiveness measurements because it accounts for the
overall area of the material and BP is more suitable for other texture parameter
measurements including hardness, springiness, cohesion etc., because of the ability to be
used on a specific region, even with non-uniform materials.
6.3.3 Effects of Drying Temperature, Porosity and Glass Transition on Texture

As discussed in section 6.3.2, CP gives texture measurement on the edge cells, BP was
applied for most of texture parameter measurement, while adhesiveness was measured
using CP. This section revealed the relationship how texture characteristics were affected
by drying temperature, porosity and occurrence of glass transition phenomena. Total
porosity was evaluated using methodology from theoretical model (Equation 2-9).

The higher the drying temperature, the more rapid the temperature drop that the
material suffered after cooling. As mentioned above in section 6.3.1, the rapid drop of

material temperature resulted in an increase of hardness (Figure 6-11).
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Figure 6-11 Hardness changes in porosity domain at different drying temperatures

At the early stage of drying, temperatures ranging from 40 °C to 80 °C did not influence
hardness significantly, instead, hardness decreased and reached a minimum as porosity
increased to around 0.4. For 40 °C drying, hardness decreased and reached a minimum at
around 1000 g/cm?. While for 60 °C, hardness showed a similar trend and constant at 1500
g/cm? when porosity reached 0.6. In general, temperature had a great impact on hardness
and porosity of dried apple slices. The higher temperature led to more porous materials
with higher hardness.

Adhesiveness decreased and reached zero as porosity increased to 0.4 for all
temperatures (Figure 6-12). This could be explained by the decreasing surface moisture
which created a porous material structure. Hence, adhesiveness was considered to be

temperature independent but porosity and moisture content dependent.
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Figure 6-12 Adhesiveness changes in porosity domain at different drying temperatures

Cohesion and springiness did not show three different periods at 40 °C and 60 °C of
drying. The cohesion of fresh material is approximately 0.35, then it increased and
remained at 0.9 (Figure 6-13) as porosity increased. Springiness of fresh materials is about
50% and it increased as porosity increased to approximately 0.4 and kept constant at 100%
when porosity was further increased to 0.65 (Figure 6-14). Significant drops of both
cohesion and springiness were observed when increased porosity from 0.65 to 0.75, which

could be caused by the glass transition phenomena.
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Figure 6-13 Cohesion changes in porosity domain at different drying temperatures
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Figure 6-14 Springiness changes in porosity domain at different drying temperatures

Similar to hardness changes, drying temperature had a great impact on chewiness.

Chewiness increased as materials dried at higher temperatures. Figure 6-15 demonstrated
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that an increased temperature among 40 °C, 60 °C and 80 °C resulted in a growing of
chewiness from 700 g, 1000 g to 2500 g. Besides that, porous structure and the occurrence
of glass transition phenomena also contributed to chewy dried materials. Before the
occurrence of the glass transition, as moisture decreased, open pore porosity increased in
rubbery materials, which gave a chewy texture. After the glass transition, due to the low
moisture content and structural changes of the porosity, from open pores to closed pores,
samples became rigid and tough. This change increased their chewiness and higher than the

initial chewiness of fresh apple slices.
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Figure 6-15 Chewiness changes in porosity domain at different drying temperatures

Texture changes of apple slices that underwent convective drying were substantially
dependent on moisture removal and porosity development. Textural parameters suffered
sharp changes when moisture content reached the critical point of about 0.5 g/g with a
porosity of 0.7. Lewicki and Lukaszuk (2000) found that work of deformation decreased
and reached a minimum when moisture content was 1.8 g/g, and then it slightly increased,
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when a deformation of 4 % was applied. The same critical moisture content was also found
by Krokida et al. (2000a), they stated that considerable changes of structure occurred when
moisture content was lower than 1.8 g/g. However, Bourne (1986) reported that hardness
of dried apple slices significantly increased at a moisture content around 0.04 g/g with water
activity between 0.12 and 0.23. Additionally, this critical moisture content agrees with Bai
et al. (2001). A glass transition (critical) moisture content equation was derived (Equation
6-1) based on the Gordon-Taylor equation. When storing dried apple slices at room
temperature using Ty = 20 °C, Ty = 41.3 °C, Tow = -135 °C and k£ = 3.59, the estimated
critical moisture content was 3.69 % (w.b.) and 0.04 g/g (d.b.). The difference of critical
moisture content between 1.8 g/g and 0.04 g/g could be explained by the different methods
and materials used. Lewicki and Lukaszuk (2000) and Krokida et al. (2000a) dried apple
under 70 °C convective drying with 10mm cubes, and 20 by 20 mm cylinders, respectively.
In their cases, they measured the average moisture content of apple slices during drying.
Under convective drying, the surface moisture was removed faster than inner moisture due
to low water diffusivity. Especially at the end of drying, as it is mentioned in Chapter 4,
due to the shrinkage phenomena, most of the open pores closed, which blocked moisture
diffusion to the surface from the inside of the material. This explained the different critical
moisture contents and increased hardness as reported in different literatures. Due to the
uneven distribution of moisture, at the final period of drying, the center of material still had

a higher moisture content than that on the surface (Figure 6-16).
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Figure 6-16 Moisture distribution of apple slices under convective drying

In other words, the surface became hard when it reached critical moisture content,
whereas the inner part of materials still had a relatively high moisture content, which led to
a varied critical moisture content from 0.5 g/g to 1.8 g/g. Bourne (1986) reported that it is
possible for the inner moisture to escape if apple slices were kept in a desiccator with a
constant relative humidity and the samples reached the specific water activity. In this case,
moisture was evenly distributed within the material and maintained a constant moisture
content. Under low moisture contents (<0.04 g/g), materials under the glass transition not
only demonstrated case hardening, but also revealed fragile behavior (Bourne, 1986).

Textural parameters and physical properties are largely dependent on initial materials
and drying technologies. For example, water is removed by sublimation under freeze drying
with negligible volume changes. Freeze dried materials are characterized by a porous and
fragile texture (Prothon et al., 2003). Materials under microwave vacuum drying
demonstrated that with a 100 % expansion rate, hardness remained constant at 169.85 g and
increased rapidly around 30 times to 5000 g when volume was constant at an expansion
rate of 180 % (Zheng et al., 2013). Zheng et al. (2013) explained that at the early stage,
materials expanded to maintain hardness meanwhile the spaces, filled with moisture and

then air, were able to support the sample’s structure. At the second stage, material became
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rigid and hard to keep the volume from further expanding. The puffing phenomena resulted
in a crispy and delicate texture (Sham et al., 2001, Zheng et al., 2013).

Since texture was not directly measurable, an estimation of texture parameters from
physical parameters (moisture content and porosity) was advised. From this study, in order
to get crispy apple slices with hardness around 6000 g/cm? under convective drying,
materials should be dried to a moisture content less than 0.5 g/g (d.b) with an approximate
porosity between 0.7 and 0.8 at 80 °C. Hence, the knowledge from this chapter gives a
possibility for the food processing industry to predict and control food porosity or moisture
content to achieve desirable texture under convective drying.

6.4 Conclusions

The glass transition phenomena played an important role in texture changes of apple
slices at 80 °C under convective drying. Samples experienced a rapidly cooling temperature
from 80 °C to 20 °C when they were taken out of the dryer, at this point, samples changed
from rubbery to vitreous or glassy solids, due to an extreme heat capacity change (Parks
and Huffman, 1926, Kasapis, 2009). Under high temperature drying, materials became soft
and uniform, and pores were open as moisture was removed. As drying continued, plant
tissue became hard and rigid due to a sharp drop of water, which acted as a plasticizer. The
conversion of open pores to closed pores took place when it reached the critical moisture
content and consequently caused the occurrence of glass transition (Kurozawa et al., 2012).
After the glass transition point, hardness and chewiness increased rapidly with a dramatic
decrease of springiness and cohesion.

Water, as a plasticizer, maintains the structure and elasticity of the cell wall so textural

parameters are largely dependent on moisture content. At the end of drying, when the
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moisture was almost removed and reached a critical moisture content, solid content played
an important role in maintaining structure by creating closed pores. Samples became plastic
and rigid, the conversion of open pores to closed pores at the glass transition point increased
hardness and chewiness, and reduced springiness and cohesion. It was further explained
that materials that underwent a glass transition were characterized as brittle, high in

strength, low in molecular mobility and high in porosity (Rahman, 1995).

Moisture
removal
kinetics

Drying
temperature

Glass
transition

Shrinkage
kinetics

Figure 6-17 Effects of drying regimes on texture development

Drying temperature was considered as a dominant factor that influence texture of the
dried apple slices. The occurrence of glass transition, moisture removal rate and shrinkage
kinetics were greatly and directly related to the drying temperature. Glass transition
occurred while drying materials at high temperatures (for example 80 °C in this research),
and cooled rapidly to room temperature. The difference of moisture removal and shrinkage
rates, as well as the occurrence of glass transition, created porous structure of the dried
material. The evolution of porosity and glass transition phenomena brought different
texture to the dried materials. In general, drying temperature is a vital factor that conditions
the final properties of the dried materials as indicated in Figure 6-17.

To summarize, texture of samples under convective drying were suffering three-period

changes, softening, uniform hardness and hardening, and the behavior was strongly
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influenced by drying temperature, moisture content and evolvement of porosity.
Knowledge of the relationship between microstructure (porosity and moisture content) and
macrostructure (texture attributes) under different drying technologies are also essential,

and should be further investigated.
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Chapter 7 General Conclusions and Recommendations

7.1 Achievements and General Discussion of the Results

To date, most researchers focused on the effect of drying regimes on either
microstructure or texture of fruits and vegetables, as food texture is closely related to the
food microstructure. However, the knowledge of how they are related under different
drying technologies is scarce. This research revealed the relationship between
microstructure (moisture content and porosity) on textural parameters of apple slices under
convective drying in order to improve the quality of dried materials.

Total, open- and closed- pore porosity are additive and they could be estimated

separately from moisture content and volume shrinkage monitored by CV. Total porosity

1+6%X
1+X,

can be calculated from the theoretical model e =1 — « * % Open-pore porosity is

able to be measured using helium pycnometer, which is applicable in measurements of
multiphase particle volume. Closed-pore porosity can be calculated from the difference of
estimated total pore porosity and measured open-pore porosity. As moisture content
decreased, total and open-pore porosity increased with negligible closed-pore porosity until
moisture content reached 1.0 g/g. Open-pore porosity dropped rapidly with a dramatic
increase of closed-pore porosity when moisture content was below 0.26 g/g. Glass
transition for apple tissues occurred at moisture content between 1.0 g/g and 0.26 g/g.
Bulk volume from dimensional measurement and diameter measured from CV in real-
time was successfully related, which means CV is applicable in real-time estimation of bulk
volume shrinkage. Due to the non-uniform thickness shrinkage and bending phenomena, it
was not possible to directly estimate thickness shrinkage from CV. The correlation of

diameter shrinkage measured from physical caliper and imaging was verified under
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convective drying of air temperature at 40 °C and 60 °C. Hence, CV is applicable for bulk
shrinkage estimation under convective drying in real-time.

Texture parameters showed three regions during convective drying, softening, uniform
hardness and hardening. Moisture removal and porosity evolution significantly affected
texture development of apple slices under convective drying especially at the end of drying
after glass transition phenomena. When moisture content reached 0.5 g/g with a porosity
more than 0.7, hardness increased sharply which was around two times higher than that of
the fresh apple disks. Adhesiveness decreased to zero when there was little surface water
left. Springiness and cohesion dropped while chewiness increased as moisture content
decreased to the glass transition point. The reason for these changes was possibly due to
the conversion of porosity from open to closed pores under convective drying at the end of
drying.

7.2 Recommendations for Future Research

Due to the non-uniform shrinkage and bending phenomena, direct measurement of
volume shrinkage in real-time was not achieved in this research. Attention should be drawn
in future study to overcome this challenge with more advanced computer vision and
imaging technology.

Texture of apple slices under convective drying was largely dependent on moisture
content and porosity development. In this research, moisture content of 0.5 g/g (d.b.) and
porosity of 0.7 were considered as critical point where glass transition takes place. The
apple slices dried at 80 °C with low moisture content (less than 0.5 g/g) and high porosity
(more than 0.7) are considered with crispy texture. A rubbery dried product could be

obtained by drying material with moisture content above 0.5 g/g and porosity lower than
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0.7. Bourne (1986) reported a critical moisture content of 0.04, which is closed to 0.0383
reported by Bai et al. (2001). Lewicki and Lukaszuk (2000) and Krokida et al. (2000b)
found a critical point with moisture content of 1.8 g/g. The difference between these
moisture content could be explained by different drying regimes, methods of
measurements, material properties and some other unknown and uncontrolled parameters,
which need further investigation.

This research proved that moisture content and porosity have significant impacts on
texture parameters when materials undergo convective drying. Zheng et al. (2013) found
that one of texture parameter, hardness, was related to puffing phenomena under microwave
vacuum drying. However, there is little research investigating the relationship between
texture and microstructures in other drying technologies, such as freeze drying and
microwave drying, future research on this topic is recommended.

In conclusion, the results obtained from this thesis significantly contribute in building
a database on physical and textural properties of food materials. This knowledge is
important in designing a CV to monitor and control food quality in real-time at an industrial

scale during the drying process.
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