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Abstract

Among various fruits and vegetables, apple and potato are the most widely used products for

consumption. Consumers select the food products which retain a natural texture, color and

freshness. The overall quality and freshness of apple and potato depend on their mechanical

properties (cell-wall tension, cell-wall stiffness, stretch ratios, turgor pressure, tissue strength

etc.) and structural properties (moisture content, shrinkage, porosity, density, surface area

etc.).

From harvesting to consumption of apple and potato, mechanical and structural proper-

ties of these products are affected badly at several stages. Due to the application of exter-

nal mechanical forces during post-harvest handling, several types of damage occur in these

products. Mechanical damage is one of the major causes for the degradation of the quality

of these products. On the other hand, during storage, drying and processing, water removal

from apple and potato leads to change their structural properties. The first step in reduction

of damage in apple and potato is the understanding of cell-wall mechanical properties. The

mechanical properties of cell-wall can be calculated by developing constitutive relations/-

mathematical models for cell-wall material during deformation.

The dehydration process is frequently used to extend shelf-life of foods by increasing

their stability during storage [95]. Previous research indicates that the water removal, from

apple and potato during dehydration, caused the contraction in the cell material which results

the formation of pores [11]. As drying process proceeds, moisture content in apple and

potato decreases, consequently internal pressure in these products generated on pore surface.

This pressure is responsible for change in porosity. Basically, the dependence of porosity

on moisture content variation has been discussed in literature [81, 184]. The effect of initial
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porosity and the stress, originated in cellular structure during water removal, have not been

studied yet. Therefore, a suitable model is required to describe porosity variation with respect

to pressure generated on the cell surface.

It is evident from previous studies [82, 83, 184] that the mathematical models, developed

by several researchers to predict structural properties of various food products, are the func-

tion of moisture content only. During dehydration, the effect of drying time on the structural

properties has not been considered so far. For industries point of view, variation in structural

properties with respect to time is important for allocation and optimization of resources.

Therefore, more work is required for the development of mathematical models, so that, the

moisture content variation and structural properties can be studied as function of drying time.

Outline of the thesis

The present thesis is compiled in 6 chapters, and the chapter wise description is given below.

Chapter 1 is an introductory and contains some basic definitions related to thesis. It

gives brief description of mechanical and structural properties, mathematical modeling and

work done by various authors for apple and potato.

In Chapter 2, we have proposed a strain energy function to study the mechanical prop-

erties (cell-wall tension and stretch ratios) of apple and potato by considering tissues as a

lattice of hexagonal cellular structure under an external load. It has been considered that the

tissues are isotropic, incompressible, homogeneous, thin, and shows hyperelastic behavior.

The aptness of the proposed model is explored in the light of numerous experimental data

[50, 87] of apple and potato tissues in isotropic condition. A Levenberg-Marquardt algorithm

is used to estimate material constants of the model, which is based on the regression between

predicted results and experimental data. A good fit of the proposed model is obtained with

available experimental data. Comparisons are made between our results and previous stud-

ies. It is noticed that our results are better in respect of coefficient of determination (R2) and

standard deviation (SD) than the previous results. It can be concluded that our model can

describe those mechanical properties of apple and potato tissues for which different model
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were proposed earlier.

In Chapter 3, a generalized form of the strain energy function, which has been developed

in Chapter 2, is proposed. Turgor pressure plays an important role in stiffness of apple and

potato cells and hence freshness of the whole product. To determine the quality of these

food products, it is important to understand the effect of turgor pressure in the cells. The

effects of turgor pressure can also be analyzed by using constitutive relations between turgor

pressure and stretches in cell-wall material. Therefore, in this chapter, we have developed a

relation between turgor pressure and stretch ratio by using strain energy function developed

in Chapter 2. The developed relation is validated with the help of experimental data taken

from literature [87]. A Levenberg-Marquardt algorithm is employed for regression analysis

to calibrate the model constants by correlating predicted and experimental values of turgor

pressure and stretch ratio for apple and potato tissues. A good fit of the developed relation

to experimental data is obtained with the coefficients of determination of 98.02% for apple

and 98.0% for potato.

In Chapter 4, variation of porosity in apple and potato is discussed during dehydration.

Porosity (volume fraction of pores) is one of the key parameter that affects the quality and

other properties of foods (such as apple and potato). Therefore, to examine the porosity

variation during dehydration in apple and potato, an arbitrary small cubic volume element is

considered which contains pores (intracellular spaces) distributed in it. Further, it is assumed

that each pore in the cubic volume element is spherical. A mathematical relation is developed

between porosity and pressure generated (due to contraction of cells during water removal)

in outward direction on the surface of spherical elements containing pore. The developed

relation is tested with the help of experimental data [81, 83] for several drying methods for

apple and potato and found satisfactory in respect of experimental observations. For the

given pressure range, acquired porosity range is 0.1 to 0.92 for apple and 0.03 to 0.89 for

potato which is matched with the existing experimental values.

In Chapter 5, drying behavior and structural properties of apple and potato are inves-

tigated as a function of drying time. It is well known that mathematical modeling is a fre-

quently used tool to study the drying kinetics of various fruits and vegetables. Therefore, in
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this chapter we have proposed a thin-layer drying (mathematical) model for investigating the

drying characteristics of apple and potato. For validation of the proposed model, we have

conducted experiments for one apple variety, namely, Fuji and three potato varieties, namely,

Kufri Chipsona-1, Kufri Himsona and Kufri Bahar at temperature 60, 70 and 80oC. A non-

linear regression procedure is employed to fit the drying model to the experimental data. The

model is compared with several existing thin-layer drying models according to chi-square

(χ2), coefficient of determination (R2) and root mean square error (RMSE). Results based

on our model has close resemblance with experimental observations and are better in com-

parison of other models cited in literature. The effect of temperature on drying characteristics

of apple and potato is determined. It is observed that the moisture content in all the samples

decreases exponentially as the drying process progresses. On the successful validation of

the drying model by experimental observations, drying model is used to calculate structural

properties in terms of drying time. Our model is able to describe these properties suitably.

Finally, Chapter 6 presents the summary and concluding remarks of this thesis and the

possible directions of the future scope.
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Chapter 1

Introduction

1.1 Fruits and Vegetables

Foods are the primordial unit for survival of all living organisms and have a scrumptious

world in itself. These can be demonstrated as those materials which are consumed by animals

or humans for health, growth, blissfulness, contentment and satisfying social needs. These

materials can be in the form of raw, processed or formulated products. Food products can be

categorized as fresh, harvested, processed, minimally processed, perishable, nonperishable,

manufactured, preserved, functional, synthetic, primary, secondary derivatives and medical

foods [127].

In the view of fruits and vegetables, the whole world is aware of the importance of these

foods. Due to the invaluable importance of these foods, there is a great need to prevent the

deteriorations which can be occurred due to improper management of postharvest factors,

such as handling, packaging, transportation and processing. These factors are responsible

for 20-30% spoilage of the total production of fruits and vegetables [84]. Now-a-days, con-

sumers are increasing their demand for products with higher quality and freshness. They

select those fruits and vegetables, which retain a natural texture, flavor, color, and preserve

nutritional values. Therefore, it is a matter of attention for food processors and producers

to fulfill the requirements of fresh and quality fruits and vegetables for consumers [152].

Usually, consumers check the quality of fruits and vegetables by its external appearance.

1
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On the other hand, the internal quality of food products is checked during the consumption.

Consumers prefer quality foods as well as damage free products. The quality of foods can

be defined according to their use in different purposes. Nutritionists considered the quality

of foods by its nutritional values, for microbiologists quality refers to safety of foods, while

for chemists food items stability is important [20].

Preservation of fruits and vegetables is required to use these products for long time.

Preservation methods start with the complete analysis and understanding of the whole food

chain including growing, harvesting, packaging, processing, storing and distribution. The

degradation of food quality is dependent on types of formulation, composition, storage and

packaging of foods [156]. The loss in food quality can be reduced at any stage of food

harvesting, processing, distribution and storage.

1.1.1 Apple and Potato

Apple [152] and potato [142] have momentous significance among the various fruits and

vegetables due to their invaluable ingredients. Due to high enrichment, consumers have

special attention towards these food products (unless otherwise stated, ‘food products’ refers

to apple and potato throughout the thesis). Both of these have major components in the

human diet, which are necessary for human being in daily life.

Due to the high nutritional values, apple may be considered as one of the best foods in

the human diet. Antioxidants in apple have several health promoting and disease prevention

properties, and thereby, truly justifying the adage, “An apple a day keeps the doctor away."

An apple fruit anatomy is presented in Fig. (1.1)

Potato (Solanum tuberosum L.) popularly known as ‘The king of vegetables’. It has

emerged as fourth most important food crop in India after rice, wheat and maize. The dry

matter, edible energy and edible protein content of potato makes it nutritionally superior

vegetable as well as staple food not only in India but also throughout the world [142]. Now

it becomes as an essential part of breakfast, lunch and dinner worldwide. A potato tuber

anatomy is presented in Fig. (1.2) and terms related to figure are defined as follows:

• Sprouting Bud: Sprouting buds are the potato eyes, from which new potato plants
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Figure 1.1: Apple fruit anatomy
(Source: http://www.geochembio.com/biology/organisms/apple/)

Figure 1.2: Potato tuber anatomy
(Source: http://www.geochembio.com/biology/organisms/potato/)
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growth emerge.

• Periderm (skin): Tuber skin is composed by two layers of cells: an outer layer of cells

called the epidermis, underlain by several layers of corky cells called the periderm.

• Medulla: Medulla represents the primary storage area for the potato tuber.

• Vascular ring: Vascular ring contains cells that transport nutrients from the above

ground stems to the medulla.

• Cortex: Tissues between skin and a vascular ring are known as cortex.

• Perimedulla (outer medulla): It is located between the vascular ring and medulla.

1.1.2 Cell and Tissue

The cell is the basic structural, functional, and biological unit of all known living organisms.

A tissue is a collection of likeminded cells and extracellular matrices that consists of fibers

(for example, elastin and the proteins collagen). To respond mechanical loadings, cells in

the tissues maintain and organize the structure of tissue by developing a large amount of

tissue constituents and adjusting the tissue structure. A frequently change in the structure

of tissues can be observed due to response and growth of mechanical environment. The

mechanical environment of tissues means the mechanical loading applied on the tissues in

some particular time [34].

The edible part of apple and potato mainly consist of parenchyma cells. Pitt [119] re-

ported that the parenchyma cell is composed of a cell-wall surrounding the cytoplasm, nu-

cleus and a vacuole which contains over 90% of the cell’s liquid. These cells are bonded

together by a pectin layer, called the middle lamella, which is responsible for cohesion be-

tween the cell-walls. The volume outside the cell, that does not include the middle lamella,

consists of interstitial air spaces and the extracellular fluid. Cell-walls are composed of

middle lamella components, cellulose microfibril, xyloglucans and pectin. In parenchyma

cells, the cell-wall is a primary one with no secondary deposition of additional layers; hence,

the cell-wall is relatively thin and elastic, and contains less than 10% cellulose volume [46].
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The cell-wall is the stiffest component of the cellular conglomerate, and thus, the mechanical

properties of the cell-walls are extremely important in determining the mechanical properties

of the cellular conglomerate (tissue).

The factors such as cell size, cell-wall thickness, cell adhesion, cell shape and cell or-

ganization characterize the cellular structure of fruits and vegetables. The rigidity of cells

is affected by the elasticity of cell-walls, osmotic potential of the cell contents and turgor

pressure. However, some biological cells and molecules (especially Red Blood Cells) are

generally considered as diamagnetic material [58]. The mode of failure under an applied

load will also depend on the structure of the raw material.

The structure of tissue in apple and potato is very complex. Every component in the

structure exerts a determinate effect on the mechanical properties of the tissue. Cellular

liquid can fall in the category of these components. When an external load is applied to

apple or potato, tissue in the product is compressed, and each cell in the tissue subjected to

equal load. According to Nilsson et al. [107] and Haman et al. [60], following processes

are the consequence of compression/laoding: (i) cell shape changes; (ii) the increase in the

ratio between cell-wall surface and volume resulting in the increase of cell-wall tension; (iii)

increase in the turgor pressure; and (iv) intracellular liquids flow out of the cell. The strength

of tissues basically depends on the cell-walls [121]. Due to the applied higher load on food

products, a continuous deformation in the cell results in increase of tensile stresses in the

cell-walls which cause cell-wall cracking and hence failure of the tissue.

1.2 Damages in Apple and Potato

The overall quality and recency of apple and potato depend on their mechanical properties

(cell-wall tension, stiffness, turgor pressure, rupture, tissue strength, force-deformation re-

lation, stretch ratio etc.) and structural properties (moisture content, shrinkage, porosity,

density, specific volume, surface area etc.) (definitions are given in section 1.3). Mechanical

properties are related to the harvesting and postharvest handling (packaging, transportation
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and storage) process, while structural properties are related to storage, processing and dehy-

dration process.

Overall handling process of apple and potato, from harvesting to consumption, is a long

chain. During this process at several stages, mechanical and structural properties of these

products are affected badly. During the process of postharvest handling, apple and potato

are subjected to external loads/forces. There are various types of external loads, which are

subjected to these products during postharvest handling. High speed, impact loads, long term

loads, static loads and small-repeated loads are included in this category [120]. Due to the

application of external mechanical forces, several types of damages can be occurred in apple

and potato. Mechanical damage is one of the major causes for degradation of the quality

of these products. Another physical changes, that can be seen in vegetables, are the loss of

water and loss of turgidity, which can be controlled by selecting the appropriate packaging

[10].

1.2.1 Mechanical Damage

Various types of damages can take place in apple and potato during harvesting, packaging,

transportation and storage. These damages occur due to compression and impact of products.

Visual characteristics, such as appearance and shape of apple and potato, are first criterion

for consumers to choose disorder and defect free products. The external quality/appearance

such as shape, size and color of food products play an important role in selecting the high

quality products.

According to Mohsenin [103], mechanical damage in food products is defined as the

spoilage of products when they are subjected to excessive deformation during impact. The

spoilage of apple and potato is generally consequence of external or internal forces applied

under dynamic or static conditions. Internal forces are responsible for physical changes,

whereas external forces results mechanical injuries in these products. The injury or damage

in these products reduces the income of farmers as well as reduces the quality of processed

products obtained from them. Hence, during harvesting and packaging of these products,

the prevention of mechanical damages can ameliorate the quality and recency of processed
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food products and in turns to farmers’ income. During harvesting and packing operations,

mechanical damages can be reduced in apple and potato products by identifying the compo-

nents which cause bruising.

1.2.2 Types of Mechanical Damage

In apple and potato, damage can be generally divided into two categories, external damage

and internal damage. These are defined by Chiputula [31] as follows:

1.2.2.1 External Damage

External damages are shown in Fig. (1.3).

• Shatter Bruise: Shatter bruise causes the cracking or splitting of the products during

mechanical impact. The splitting may be inside or on the surface of the product.

• Skinning: Skinning (abrasion) is an injury, in which areas of the product are rubbed

off, giving the product a feathered appearance or scuffed.

• Pressure Bruise: Pressure bruise is the depression or flattening of the product surface

formed as a result of external pressure at a point of contact with another product and

storage structure or equipment.

• Cut: Cut is a division or penetration by a sharp edge of an object.

Figure 1.3: External damage in apple and potato
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Figure 1.4: Internal damage in apple and potato

1.2.2.2 Internal Damage

Internal damages are shown in Fig. (1.4).

• Hollow Heart: Hollow heart is an internal noninfectious physiological disorder of the

potato tuber. It appears due to cell damage in response to stresses in the pith of the

tuber that occurred early in the tuber’s development.

• Black Spot Bruise: Black spot is an internal discoloration resulting from impact, that

damages cells in the tissue beneath the periderm.

1.2.3 Causes of Mechanical Damage

At microscopic level, the mechanical damage (or loss of freshness and quality) is the conse-

quence of failure (breakage) of cells/tissues in apple and potato. According to the hypothesis

of Pitt [119] and Pitt and Chen [121], the failure of cells may be the consequence of three

mechanism: intercellular debonding, cell-wall rupture and cell relaxation from the migration

of fluid out of the cells. These three mechanism are the main reasons for initiation of failure

of soft tissue, and hence damage of the whole product. These mechanism take place due to

either internal forces or external forces under dynamic or static conditions. These forces can

be the result of uncontrolled temperature, and physical changes such as biological, chemical

and variation in moisture content [31].
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At macroscopic level, Pang [116] reported the following three main sources of mechan-

ical damage in apple and potato, i.e. compression damage, vibration damage and impact

damage (bruising).

• Compression Damage: This type of damage occurs in these products mainly due to

applied excessive external pressure on upper product to lower product and compression

of the products against containers.

• Vibration Damage: This type of damage results in these products due to prolonged

and repeated vibration during handling and transport operations.

• Impact Damage: It can be occurred at any stage of product handling system from

harvesting through to the consumers. This type of damage occurs due to free falling of

products against a hard surface, on another products, on the parts of any grading and

treatment machinery and due to mechanically applied force on these products.

Severity of damage to the product is primarily related to: (i) number of impacts; (ii)

height of fall; (iii) type of impact surface and size; and (iv) physical properties of the products

related or not to maturity [7]. The apple industry is particularly concerned about fruit damage

during handling and transport operations.

During postharvest handling, deformation occurs in apple and potato due to excessive

pressure. This deformation is responsible for cell-wall fracture, that leads to internal crash

(no skin breakage), shatter, cracking and splitting (skin breakage). Cell membrane damage

is the consequence of deformation that leads to black spot bruise [31]. The major reason

for mechanical damage or deformation in apple and potato is the impact and shock during

mechanical handling.

1.2.4 Damage Control

To reduce the damage in apple and potato, it is necessary to understand the mechanical prop-

erties of their soft tissues first. An important step in the control of damage and improvement

of food quality is the development of methods for prediction and quantification of damage
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in food products. To prevent the mechanical damage of food products, it is necessary first

to identify the damages or bruises in these products as soon as possible. It is important to

determine causes and nature of the damage before a beginning can be made towards reducing

such losses. The understanding of mechanism behind the food bruising and development of

suitable techniques for the rapid assessment of bruise damage is an crucial issue for packers

and growers to improve the food quality. Special attention should be kept when time is short

for harvesting and packaging. Food products quality is normally influenced by bruise depth,

number of bruises and the bruise size.

Then et al. [167] mentioned that the study of mechanical properties of biological tissues

is growing rapidly by applying computational tissue modeling in various fields of biome-

chanics. The first step in reduction of damage in apple and potato (in general, fruits and

vegetables) is the understanding of mechanical failure in these products during handling,

transportation and distribution. The better way to explore the mechanical failure is the study

of cell-wall mechanical properties, which can be calculated by developing the constitutive

relations for cell-wall material during deformation. The mechanics analysis can also be

used to study the relationship between whole tissue properties and individual cell properties.

The study of mechanical properties, such as stress-strain relation, stiffness, turgor pressure,

failure characteristics, strength of cell-wall and gross mechanical properties of tissue, is es-

sential. It is very difficult to relate the stress in the cell-wall to applied stress or strain. There-

fore, development of some mathematical formulations/models are required to understand the

elastic properties of cell-wall.

1.3 Structural Properties

Density, shrinkage, porosity, pore size distribution and specific volume are the invaluable

structural properties that characterize the structure of food materials. However, porosity and

density are the most common structural properties reported in the literature [81, 176]. Spe-

cially, porosity is a crucial structural property due to controlling the speed of re-wetting,

reconstitution, appearance and taste of the dried products [83]. These structural properties
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depend on several components, for example, moisture content, pretreatment, process condi-

tions and processing methods. The demand of shelf-stable high-quality dried fruits and veg-

etables is increasing day by day. During dehydration process, external and internal changes

occur in food products due to water removal . The internal changes in these products are re-

sponsible for apparent changes of the products (for example, textural changes, deformation

and shrinkage). These internal changes can be noticed by using various imaging techniques.

The structural properties as a function of moisture content can be estimated by developing

suitable mathematical models. Structural properties, which are used in drying technology

[130, 145, 184], are defined as follows:

Assumptions: Before defining these properties, following assumptions are considered:

• Food materials are composed of water, dry solids and air phases.

• Volumes of water, dry solids and air phases, that compose the porous system (e.g.,

food products), are additive, i.e.

V =Vw +Vs +Va , (1.1)

where V,Vw,Vs and Va (m3) are the total volume and volumes of water, dry solids and

air pores, respectively.

• Mass of air phase is negligible with respect to mass of water and dry solids, i.e.

m = mw +ms, (1.2)

where m, mw, and ms (kg) are the total mass and the masses of water and dry solids,

respectively.

Now, the following definitions (Table 1.1) can be considered:
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Table 1.1: Definitions of structural properties.

Property Definition Expression

Moisture Content (X)
(kg water / kg solid)

The material moisture content on a dry basis can
be defined as the amount of water per unit mass
of dry solids in the sample.

X = mw/ms

Density (ρ)
(kg/m3)

Density is defined as mass per unit volume.
For the characterization and process calculation
of food products, different forms of density can
be used as follows:

ρ = m/V

(i) Solid density (ρs) Solid density is the density of the solid material
(including water), excluding any interior pores
that are filled with air.

ρs = ms/Vs

The density of enclosed water (ρw) ρw = mw/Vw

(ii) Particle density (ρp) Particle density is the density of a particle,
which includes the volume of all closed pores
but not the externally connected pores.

ρp = m/Vp ,
Vp =Vs +Vw

(iii) Apparent density (ρa) Apparent density is the density of a substance
including all pores remaining in the material.

ρa = m/V

Porosity (ε) Porosity is defined as the volume fraction of the
air or the void fraction in the sample.

ε =Va/V

Shrinkage (S) Shrinkage is the decrease in volume of the food
during processing such as drying. It is defined
as the ratio of the volume at a given moisture
content to the initial volume (V0) of materials
before processing.

S =V/V0

Specific Volume (ν)
(m3/kg, dry basis)

The specific volume of the sample is defined as
the total volume per unit mass of dry solids.

ν =V/ms

1.4 Basic Definitions

1.4.1 Mechanical Properties

The properties of a material that reveal its elastic and inelastic behavior when force is ap-

plied, thereby indicating its suitability for mechanical applications; for example, modulus of

elasticity, tensile strength, elongation, hardness and fatigue limit etc.
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1.4.2 Strain Energy

Strain energy is the energy stored by a system undergoing deformation. When the load is

removed, strain energy is released gradually as the system returns to its original shape.

1.4.3 Hyperelasticity

Hyperelasticity refers to those materials which can experience large elastic deformation on

applying the force and that is return to original shape after removal of the force without

dissipation of any energy in the process.

1.4.4 Turgor Pressure

The cell-wall is an indispensable component of cells which is semipermeable to water and

certain solutes; it is also able to hold water under pressure by having a high internal concen-

tration of solutes. The high concentration of solutes inside the cell dilute the internal water

as compared to that outside. By osmosis, water can move into the cell through the semiper-

meable membrane. The diffusion of water inside the cell reduces its concentration gradient

[137]. The solutes cannot cross the membrane and remain inside the cell. Further, as water

enters into the cell, the cell starts to swell and a pressure is generated on the cell-wall. This

pressure is known as turgor pressure [177]. In other words, turgor is a force exerted outward

on a cell-wall by the fluid contained in the cell. This force gives the cell-wall rigidity, and

may help to keep it firm. The turgidity of a cell is shown in Fig. (1.5)

Figure 1.5: Turgor pressure
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1.5 Mathematical Modeling

Mathematical modeling is the best tool for optimizing and characterizing innovative food

processing technologies and the analysis of mechanical and physical problems of biological

structures. By using mathematical modeling, real world (biological) problems can be trans-

lated into mathematical models and solution of these problems again can be interpreted in

the language of real world [118]. The numbers of experiments, which need to be conducted

to determine the influence of parameters, can be minimized by mathematical modeling. For

the successful mathematical modeling of living tissues, relationships between cellular de-

formation and tissue deformation need to be investigated. Shahari [147] suggested that the

mathematical modeling approach is an approach that is complementary to existing laboratory

experiments. At present, the concept of mathematics and biology are widely used together

to deal with a multiscale problems, e.g., detection of cancer [117] and growth of tumor [75].

Two types of mathematical models, namely, observation based and physics based, are

used to formulate the real world problems in to mathematical forms [39]. The starting point

of observation based model formulation is the measurement of experimental data. These

types of models are generally empirical in nature. On the contrary, the physics based models

are formulated by using universal physical laws which explain the presumed physical facts.

After the formulation of the physics based model, experiments need to be performed to vali-

date the model. Preference is given to use of observation based models when the mechanism

of model formulation is not well defined. However, observation based models do not pro-

vide much insight of the formulation. On the other hand, physics based models are generally

preferred for predictive models in those areas which are not related to foods, for example,

aeronautics [40].

The second most important thing needs to be focussed during model formulation is the

number of parameters in the model. A model generally fit well to experimental data if the

number of parameters in the model increases, but the uncertainty in the parameters estimation

also increases, which is undesirable. Therefore, attention should be given during model

formulation in such a way that the number of parameters in a model are less and the model

still gives an acceptable fit.
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1.5.1 Strain Energy Function

When an externally applied force causes a material to deform, energy must be introduced into

the system. This energy is called strain energy. Strain energy is an important mechanical

parameter for elastic solids; because it can be converted into mechanical energy to elastically

restore an object to its original shape and orientation when an external force is removed. In

other words, strain energy is the energy stored within a material as it is loaded.

The existence of strain energy, which allows the strained continuum to regain its initial

state after the removal of the load, is the defining property of an elastic continuum. The

mathematical expression of this physical entity is defined as a strain energy function [161].

During the impact on the food products, work is done by the normal contact force which

caused compression in the products. During compression, normal contact force deforms the

product and raises the internal energy. When the contact force/load is removed, the absorbed

energy during compression is recovered and this part of energy is known as elastic strain

energy [31].

The susceptibility of food products to mechanical damage depends on the mechanical

properties of food materials. Traditionally, in most of the techniques for evaluation of food

mechanical properties, it is assumed that the food behaves as a continuum material in which

the mechanical properties essentially do not depend on the spatial scale. However, foods

consist of different tissues, which in their turn form a complex conglomerate of cells [6].

It is apparent from literature [49–52] that the tissues of apple and potato can be assumed as

hyperelastic material and hence strain energy function can be used to analyze and understand

the mechanical properties of these two foods.

1.5.2 Constitutive Equations

Materials for which the constitutive behavior is only a function of current state of deforma-

tion are known as elastic. The objective of the constitutive theories is to develop mathemati-

cal models for representing the real behavior of materials to determine material response. A

constitutive equation describes a physical property of a material under specific conditions of
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interest. Nonlinear constitutive theory is suitable for hyperelastic materials, which can un-

dergo large reversible deformations. Since, the physical phenomena representation should be

the observer independent, therefore in model formulation, physical quantities are expressed

in such a way that they are independent of coordinate systems. Hence, a constitutive equa-

tion must be a tensor equation. Every term in the equation must be a tensor of the same

rank. It can be used to describe the mechanical behavior of any continuum, as an example,

the generalized constitutive equation has been used to study the effects of secondary flow on

the rate of deformation tensors, pressure and velocity components [25]. In the continuum

mechanics theory, the material behavior of solids and fluids can be described by a set of field

equations [155].

1.5.3 Stress, Strain and Deformation

Mathematical models play the vital role to predict the stress and to gain further insight of im-

portant aspects in biological materials when experimental measurement of stress is difficult

[9]. Change in the material body is termed as deformation, under applied certain external

forces. The deformation in the body can be produced by the application of normal and/or

tangential components of force.

For the study of finite deformation of membrane or cell-wall, the deformation should be

described in terms of ‘stretch ratios’ (ratios of final lengths to initial lengths) at the place of

strains, because a stretch ratio depends only on the state of strain and not on the choice of ref-

erence axis [18]. The deformation of the body can be described mathematically by labeling

the particles of the body under some specific method and the position of each material par-

ticle can be specified before and after the deformation. The region occupied by the material

particles at any time before deformation is termed as reference configuration and after defor-

mation it is called deformed/current configuration. Suppose that a material particle X , whose

rectangular Cartesian coordinates are (X1, X2, X3), occupies the position X before deforma-

tion. After the application of load, the geometric shape of the body changes and assumes a

new configuration called deformed configuration. Now, let the particle X occupies the new

position x in the deformed configuration. The deformation of the body may be described by
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Figure 1.6: In the undeformed configuration, points P and Q, separated by dX, takes the
position R and S, respectively, in the deformed configuration where they are separated by dx.

a map χ(X), called deformation map, which takes the position vector X from reference con-

figuration and places the same point in the deformed configuration as x = χ(X). Under the

applied load on the body, the material element dX in reference configuration is transformed

into a material element dx in the deformed configuration (Fig. 1.6). The tensor which gives

the relationship between dX and dx is defined as deformation gradient, and given as

dx = F ·dX = dX ·FT or F =

(
∂x
∂X

)T

. (1.3)

More explicitly, we have

F =


∂x1
∂X1

∂x1
∂X2

∂x1
∂X3

∂x2
∂X1

∂x2
∂X2

∂x2
∂X3

∂x3
∂X1

∂x3
∂X2

∂x3
∂X3

 . (1.4)
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According to the polar decomposition theorem, the deformation gradient tensor can be writ-

ten as

F = R ·U = V ·R , (1.5)

where U and V are the positive-definite symmetric right and left stretching tensor, respec-

tively and R is the orthogonal rotation tensor. Two more measures of the stretching of the

deformation is introduced as the right and left Cauchy-Green deformation tensor and defined

by

C = FT ·F and B = F ·FT . (1.6)

The tensors B and C are related to V and U by B = V2 and C = U2. Since FT ·F is real

and symmetric, therefore, there exists an orthogonal matrix A that transforms FT ·F into a

diagonal matrix, i.e.,

U2 = FT ·F = C = A


λ 2

1 0 0

0 λ 2
2 0

0 0 λ 2
3

AT , (1.7)

where λ1, λ2 and λ3 are the eigenvalues of U (or V) which are called principal stretches and

the corresponding orthogonal eigenvectors are called the principal directions. Throughout

the thesis as otherwise stated, we assume that the material under consideration is incom-

pressible, which leads to the condition det F = 1, where det means the determinant.

1.5.4 Levenberg-Marquardt Method

To solve the non-linear least squares problems, a standard technique Levenberg-Marquardt

method is frequently employed. This curve-fitting method is a combination of the Gauss-

Newton and gradient descent minimization method. The non-linear least square problems,

generally, comes into the picture when a parameterized function, non-linear in parameters,
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fitted to a set of measured data points by minimizing the sum of squares of the errors between

the function and data points. Therefore, let a parameterized function f (x,p) is fitted to a data

set of n points (xi,yi). Then, the aim is to find the value of parameter p such that the sum

of square of the errors between the measured data y(xi) and the fitting function f (xi,p) is

minimum, i.e.,

S =
n

∑
i=1

[y(xi)− f (xi,p)]2 (1.8)

is minimum. Since, the model function f (x,p) is nonlinear in parameter p, therefore, min-

imization of S with respect to p is carried out iteratively. The aim of every iteration is to

calculate the perturbation h in the parameter p that reduces S. Therefore, according to the

Levenberg-Marquardt method (if there is no error in measuring the data set)

[JT J+λ I]hlm = JT (y− f(p)), (1.9)

where J= ∂ f(p)
∂p is the Jacobian matrix, JT is the transpose of Jacobian matrix, I is the identity

matrix, λ is the (non-negative) damping factor. For small value of λ , this technique reduces

to Gauss-Newton method

[JT J]hgn = JT (y− f(p)). (1.10)

According to the Gauss-Newton method, sum of the squared errors is reduced by assum-

ing the least squares function as locally quadratic, and finding the minimum of the quadratic.

For large values of λ , this technique reduces to gradient descent method

hgd = αJT (y− f(p)), (1.11)

where the positive scalar α determines the length of the step in the steepest-descent direction.

Further, in the gradient descent method, the sum of the squared errors is reduced by updating

the parameters in the direction of the greatest reduction of the least squares objective.
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The steepest-descent procedure is expected to converge for poor starting values but re-

quires a lengthy solution time. On the other hand, the Gauss Newton method will converge

rapidly for good starting estimates. Thus, in the Levenberg-Marquardt procedure, the initial

values of λ are large and will decrease to zero as the optimum is approached.

1.6 Review of Literature

Study of texture of fruits and vegetables is important as it is used to fix the quality attributes of

these products. Texture can be determined by the macroscopic mechanical properties of soft

tissues, which is generally affected during harvesting, packaging, transportation and stor-

age. The macroscopic mechanical properties of the tissue are, thus, determined by various

microscopic cellular and histological features, such as cell size, intercellular space, turgor

pressure, mechanical properties of the cell-wall and middle lamella. A micromechanical ap-

proach is therefore preferable to understand the relative importance of these features on the

overall mechanical behaviour of foods [108].

A great amount of literature has been published on the mechanical properties of bio-

logical tissues and development of constitutive relation for plant materials [3], soft tissues

[43] and arterial tissues [66]. The main focus has been given to study the relation between

stress and strain in the tissues. Under low stress levels, soft biological tissues deform finitely.

Therefore, the infinitesimal elasticity cannot be used to study the finitely deforming incom-

pressible biological material [143]. To get rid of this problem, several researchers have used

the same approach as has been adopted to develop constitutive law for rubber-like materials.

Numerous strain energy functions for rubber-like materials [53, 59, 110], elastic and hypere-

lastic material [104, 136, 170], red blood cell membranes [160], axial plant growth [97] and

porous hyperelastic materials [36] exists in the literature. Silber et al. [154] used a constitu-

tive modeling method to describe the elastic properties of soft foams and demonstrated the

applicability of strain energy function for finite hyperelasticity. Liepsch [86] discussed the

importance of biofluid mechanics for future cell research in basic biology. Apart from above
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studies, a concise list of strain energy functions for tissues is provided in Table (1.2). How-

ever, in this thesis we have restricted our attention to those strain energy functions which

were developed to characterize mechanical properties of agricultural products.

A large body of literature (discussed in the present paragraph) has been published related

to different types of properties of apple and potato. But a very few number of papers [49–

52] are available which discussed mechanical properties of apple and potato tissues by using

mathematical models. Bruce [18] reported that the mechanical properties of cell-wall can be

delineated by using theory developed for continuum isotropic materials. Under a uniform

load, Pitt [119] developed a mechanics model for the cellular structure and obtained the re-

lationship between cell-wall stress, applied external stresses and cell turgidity. In addition,

a probability model was developed to discuss the failure process in vegetative tissues. The

effects of body accelerations on fluid flow [27] and pulsatile flow of fluid through a tube [26]

have been studied, and the variation of wall shear stress in tube was obtained. The tissue stiff-

ness and stress-strain failure properties of vegetative tissue were investigated by developing

a mathematical model for the cellular structure under a uniform load [121]. Apart from these

properties, physico-chemical composition of apple [157] and physic-chemical characteris-

tics & chipping performance of potatoes [133] were investigated. In addition, Chopra and

Singh [32] extended their studies for the extraction of pulp from apple fruits. A compression

test was performed by Holt and Schoorl [64] on apple and potato and obtained the fracture

properties of these products. When an external load, such as compression, is applied to apple

and/or potato, the energy is stored elastically and recovered on the release of the load [64].

Elastic-plastic bending of shallow shells is presented by Mazumdar et al. [96]. Pitt [120]

performed an experiment and developed a statistical model to determine the failure charac-

teristic of potato tissues under cyclic loading. Mijovic and Liepsch [102] studied the fluid

flow in an elastic Y-model experimentally and concluded that the model wall elasticity also

influences the flow behavior. Walsh et al. [174] estimated the wall shear stress experimen-

tally and validated the results with numerically predicted results. Hepworth and Bruce [62]

measured the deformation of tissue and individual cells within tissues using light microscopy

and image analysis during potato tissue compression. A relationship between deformation
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of global tissue and cells was found. Sharma et al. [149] studied the temperature distribution

in living biological tissues with different heating methods by means of mathematical mod-

eling. Further, thermal and temperature dose response of tumor tissues were investigated by

Sharma et al. [150] during hyperthermia treatment.

Gupta et al. [57] & Gupta and Sowokinos [56] studied the kinetic and physicochemical

properties of those factors whose biochemical and molecular mechanisms involved in reg-

ulating the sweetening in potato tubers during cold storage. However, Brusewitz et al. [19]

determined the effect of storage time and static preloading on cell-wall stress-strain relation,

cell turgor pressure and tissue stiffness in potato. It was found that the cell turgor pressure de-

creases in starting of storage and latter it increases. The sugar content in potato is developed

when the tubers exposed to temperatures below 10oC in the cold storage [98].

It is worth mentioning that the mechanical properties of tissues depend on tempera-

ture and turgor pressure, and these parameters can change the fracture properties of tis-

sues. Therefore, Zdunek et al. [182] applied mechanical test and used the acoustic emission

method to analyze the change in fracture properties of potato tissues. Elnajjar et al. [44]

studied the heat transfer characteristics of multi-walled carbon nanotubes. It was reported

by Mernone and Mazumdar [100] that the mathematical model can help in a better way to

understand the physiological characteristics of fluid flow being modeled. Lin and Pitt [87]

performed experiments on apple and potato and discussed the effect of strain rate and turgor

pressure on failure mode, failure stress, failure strain and tissue stiffness. It was noticed that

with higher level of cell-wall stretch, the cell-wall stiffness in apple and potato parenchyma

increases, which indicates the non-validity of Hook’s law for cell-wall material. Further, the

mode of tissue failure was dependent on cell turgor, for example, tissue under high turgor

failed by cell-wall rupture, while tissue under low turgor failed by cell separation. Kilani

et al. [74] studied the blood flow in a Screw-Type Blood Pump.

It is evident that turgor pressure is an important mechanical property of apple and potato

cells. The effect of turgor pressure on other properties of foods and food quality has been

investigated by several researchers as discussed below. The differences of mechanical prop-

erties of potatoes were examined during storage for one and ten months [146], and the loss of
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water in the cells was compensated by adjusting turgor pressure. Bajema et al. [12] studied

the tuber tissue behavior under natural turgor reduction through slight dehydration. Also, the

failure properties of potato tuber tissue were investigated under axial compression by adjust-

ing the turgor pressure using mannitol solution. Cellular structure and intracellular pressure

play a significant role in determining the mechanical properties of apple and potato tissues.

Potato tissue cracking is greatly influenced by cell size and turgor pressure. Oey et al. [109]

investigated the influence of turgor pressure on micromechanical properties of apples tissue

during cellular deformations and recorded ripening stage.

During the storage of apple and potato, water loss is responsible for decrease in turgor

pressure which results the mechanical resistance reduction in tissues. These tissues are more

prone to debonding of the cells, changes in cell shapes, cell-wall cracking and leakage of

intercellular liquids through the cell-walls [77]. Water loss from apple and potato is the

serious problem during storage. Rapid water loss, specially from potato, can take place at

harvest and during first weeks of storage. Dehydration in tubers can be increased during

transportation in open air vehicles and harvesting the tuber in low relative humidity. During

the harvest and storage of the tuber, more moisture can be lost due to greater vapor pressure

deficit. During the early storage season, higher storage temperature, higher transpiration and

higher tuber respiration rate results the greater shrinkage loss [21].

It is evident that the requirement of drying of fruits and vegetables is due to the increasing

demand of dry foods. The most important aim of drying is the reduction of moisture content

to a required level for allowing safe storage, to prevent growth of mould, microbes, microbial

and other harmful reactions [147]. In the food industry, drying of food is a crucial aspect of

the production of various types of foods. This process is very challenging. However, using

a mathematical modeling, a new dryer can be developed, the appearance of the product can

be enhanced, flavor can be encapsulated and nutritional value can be maintained [33].

Many foods have a cellular solid structure or alternatively can be considered to have a

porous structure [131]. The quality of these food products is determined by the porous char-

acteristics of these food products. Explicitly, porosity is a direct consequence of air bubble

formation during the production of the food products and has a dramatic and important effect
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on textural quality [138]. Quality and texture of food products can be characterized by their

structural properties during dehydration without affecting their taste and appearance. The

dehydration process is frequently used to extend shelf-life by increasing stability of food

products during storage, since it decreases extensively the water activity of the material and

minimizes physical changes [95].

Several physical and structural changes can be seen in food materials due to moisture

removal during drying process [76]. Ratti [132] modified the transport property and dimen-

sions of individual particles during drying, that caused changes in shape and size of food

materials. Numerous studies are available in literature which investigated these physical and

structural changes in various foodstuffs. Among the diverse-studied properties for different

drying methods, some of the properties are listed in Table (1.3) for selected fruits and veg-

etables. Quevedo et al. [124] and Gibson et al. [54] reported that the mechanical properties

of food material are effected by the presence of pores and the degree of porosity. The ap-

plication of channel flow through porous medium is discussed by Sharma and Sharma [151]

in the field of agriculture engineering. The porosity of apple and potato mainly depends on

the temperature, moisture contents, humidity, air velocity, drying method and initial porosity

[78, 111, 129].

Drying of apple and potato can result the significant microstructural deformations that

may be responsible for change in physical properties and bulk level deformation of these

food products. The structure of many hydroscopic materials, such as food products, is basi-

cally an array of cells [30]. Cellular fruit’s tissues are taken as a combination of cell body,

cell membrane, cell-wall and intercellular spaces. Intercellular spaces (pores) are randomly

distributed among the cells and diverse in different foods [147]. For example, in apple tissue

pores are large and interconnected, while in potato, they are thin and isolated [134].

1.7 Objective of the Study

Due to the increasing demands of fresh and damage free food products, the study of mechan-

ical and structural properties of foods is an important topic of research. From above literature
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review, it is clear that most of the previous works, related to apple and potato properties, have

been done experimentally. To study the mechanical properties of apple and potato tissues,

very few models are available, but there is an ambiguity to use an appropriate mathemati-

cal model. The relationship between turgor pressure and stretch ratio is not developed yet.

Further, the effect of pressure and initial porosity on current porosity in apple and potato has

not been investigated mathematically so far. Apart from this, the dependence of structural

properties of apple and potato on drying time has not been studied previously. Therefore, the

objectives of this thesis are:

• To propose a new strain energy function, and use this function to develop a suit-

able constitutive relationship between cell-wall tension and stretch ratio for apple and

potato tissues.

• To develop a mathematical relationship between stretch ratio and turgor pressure for

apple and potato tissues.

• To examine the effect of pressure and initial porosity on the current porosity in apple

and potato by means of mathematical modeling.

• To propose a drying model for apple and potato, and use this model to analyze struc-

tural properties with respect to drying time.
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Chapter 2

A New Strain Energy Function to

Characterize Apple and Potato Tissues

2.1 Introduction

Several constitutive laws have been developed by researchers to understand the mechanical

properties of agricultural products. Initially in this process, Nilsson et al. [107] developed

a linear elastic constitutive model by assuming cells as fluid filled, cell-wall as thin and cell

conglomerate obeys Hooke’s law on a gross level. By using Nilsson’s model, Murase et al.

[105] developed a model to analyze the effect of Young’s modulus of potato tissue. By

considering cell conglomerate as two dimensional, Pitt [119] developed an elasticity model

for vegetative tissues, which predicts that the stiffness in the tissues increases but decreases

both the stress and strain at which cell-wall failures are initiated, as initial turgor pressure

increases, Pitt and Chen [121] developed a mathematical model for individual plant cells

to relate the externally applied stress and strain to the cell-wall stresses, cell viscoelastic

properties and cell turgor pressure. Pitt and Davis [122] modeled the parenchyma cells

as the thin-walled fluid-filled sphere, and used the finite-element technique to analyze the

response of cells to external compressive load. Gates et al. [52] developed an elastic cell-wall

constitutive law for large strains. Gao et al. [50] developed a constitutive model to analyze the

elastic properties of cellular materials (e.g., apple and potato). Another nonlinear constitutive

29
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law was introduced by Gao et al. [51] to describe the data for apple parenchyma. Zhu and

Melrose [183] developed a mechanics model for plant and vegetable tissues by considering

tissues as a lattice of three dimensional hexagonal cells. The effect of microfibrillar stiffening

factors was also investigated.

Mechanical damage to the soft tissues of apple and potato is amenable to reduce the qual-

ity of these products [122]. External loads damage 50% of the edible tissues of apple and

potato during harvesting, handling, transportation and storage. Lin and Pitt [87] studied the

effect of turgor pressure and strain rate on tissue stiffness, failure stress and failure strain

of the apple and potato tissues. It was noticed that under constant strain rate and uniaxial

compressive loading, fruit or vegetable tissues may fail either by cell rupture or cell debond-

ing. Gao and Pitt [49] reported that the intercellular bonding and cell orientation affect the

stress-strain properties of cellular structure. Further, they found the relationship between

micromechanical properties of individual cells and macroscopic properties of whole tissue.

Investigations were carried out by researchers to study the deformation of soft tissues of

apple and potato by assuming cell shape as spherical. Most of the studies concentrated on the

individual cell deformation. Experiments have been performed [50, 87] on different varieties

of apple and potato cultivars, in which mechanical properties of tissues, such as cell turgor

pressure, cell-wall stiffness and cell-wall stress-strain relations were examined. To reveal

some of the above properties of tissues mathematically, different models [50–52], shown in

Table (2.1), have been developed for different experimental data. These models are product

specific i.e. one model can not be used to study mechanical properties of other variety.

Therefore, there is an ambiguity, which model should be considered to study the mechanical

properties of apple and potato tissues for a particular data. To overcome this problem, in

the present chapter, our aim is to propose a new strain energy function and use this function

to develop a suitable mathematical model which is appropriate to the all experimental data

[50, 87] of apple and potato.
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2.2 Mathematical Formulation

Deformation of any agricultural product is directly related to the deformation of individual

cells in the tissue and vice versa. Therefore, it is appropriate to study either individual cell

deformation or the cell conglomerate (tissue) deformation. When an external load is applied

on any agricultural product, its tissues deform and the shape of product changes. Due to this

deformation, damage occurs in agricultural products. Earlier, most of the studies have been

done by considering individual cell deformation rather than the deformation of tissue.

In the present chapter, a section of soft tissues is assumed as an array of homogeneous

cells of identical size, shape and properties. We have focused on a conglomerate of cells in

the form of a cubic slice of unit volume. Suppose the cubic slice is cut from apple or potato

and a load (or force f1, f2, f3) is applied on this cubic slice. The slice deflects in the direction

of applied load, and after deformation, it takes the new shape as shown in Fig. (2.1)

Here we have considered the homogeneous deformation that can be classified as pure

homogeneous strain (when a strain occurs such that the unit cube transformed into a rect-

angular parallelepiped having three unequal edge lengths, then this type of strain is known

as pure homogeneous strain). The rectangular Cartesian coordinates (X1, X2, X3) identify

material particles in the reference configuration, while (x1, x2, x3) are the corresponding co-

ordinates after deformation with respect to the same axes (Fig. 2.1). The principal axes of

the deformation coincide with the Cartesian coordinate directions.

Figure 2.1: Strained state of the cubic slice.
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The following assumptions are made in the present study:

• The material of tissues is isotropic, incompressible and homogeneous.

• The material of tissues shows hyperelastic behavior.

• The slice, considered for the deformation, is very thin.

Let three principal stresses are acting in the direction parallel to the principal axes of

strain. The stresses can be defined in two ways: true stresses and nominal stresses. True

stresses are defined as forces per unit strained area and are denoted by t1, t2 and t3, whereas

nominal stresses are defined as forces per unit unstrained area and are denoted by f1, f2 and f3.

Principal stretch ratios are denoted by λ1, λ2 and λ3 corresponding to stresses t1, t2 and t3,

applied on the tissues. By considering the form of unit volume, it is supposed that the force

f1 (in the direction of x1) acts on the area λ2λ3 measured in the strained state (Fig. 2.1).

Therefore, the corresponding true stress is given by

t1 =
f1

λ2λ3
= λ1 f1, (2.1)

where (incompressibility condition)

λ1λ2λ3 = 1. (2.2)

Similarly, we can find t2 and t3 (t2 = λ2 f2 and t3 = λ3 f3).

2.2.1 Strain Energy Function (SEF)

The study of mechanical behavior of soft tissues is based on the suitable choice of the SEF.

To formulate the SEF, there are two approaches, namely, microstructural and phenomeno-

logical [68]. In the microstructural approach, the geometrical and mechanical properties

of individual tissue components are measured directly. Then, with assumptions pertaining

to the interactions between these components, a macroscopic constitutive relation for the

complex tissue is derived by first principle. Whereas, in the phenomenological approach,
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construction of SEF depends on an iterative process [143, 163]. It was mentioned by Gao

et al. [50] that for the development of constitutive law, it is necessary to hypothesize the

model first and then validates it with the experimental data. The model, which provides the

best fit with the experimental data, is considered as a valid function. At the present time, phe-

nomenological approach is used widely to obtain the SEF [37]. Hereof, due to the relative

simplicity and consistency within a continuum framework, in our study, we have focused on

the phenomenological approach to construct the SEF.

Fung [47] proposed a SEF (Eq. 2.3) to describe the elasticity properties of soft biological

tissues in simple elongation. The SEF was based on the fact that in simple elongation, the

tensile stress is nearly an exponential function of the strain in the lower strain range. This

model consists of first strain invariant I1 only, which is responsible for capturing the stiffness

at lower strain.

W =
G
2b

(
eb(I1−3)−1

)
, (2.3)

where the dimensionless constant b > 0 is stiffening parameter and G > 0 is the shear mod-

ulus for infinitesimal deformations. When a load is applied to the tissues of apple or potato,

tissues do not deform in one direction. Furthermore, it is possible that a large strain, up

to 50%, can be imposed on potato tissues during loading [52]. Consequently, this model

(Eq. 2.3) is not able to characterize the mechanical behavior of apple and potato tissues.

Therefore, we proposed an extended form of this SEF (Eq. 2.3) by adding a term of second

strain invariant I2. The basic idea of adding this term in the expression of W (SEF) is that

this term provides a better sensitivity to the rapid stiffening characteristic at large stretches

of tissues. Another reason of adding this term in the existing model is that the new model

shows the better fit with tension-stretch data for the apple and potato tissues in comparison

of the previously established models.

Further, we also keep in the mind that the proposed SEF satisfies necessary conditions

[37], which are as follows:

1. The strain energy function must be non-negative for all deformations.
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2. The strain energy function must be invariant under coordinate transformations.

3. The strain energy function must be a function of either stretch or strain invariants. Fur-

thermore, because of isotropy, the strain energy function is symmetrical with respect

to the principal stretches.

4. The strain energy function must have a zero value at the undeformed state.

A SEF (W), which satisfies all above conditions, is given by the following equation:

W =
C1

2b
[exp(b(I1−3))−1]+

C2

2
(I2−3)2, (2.4)

where b,C1 and C2 are material constants. The Fung [47] model can be obtained by substi-

tuting C2 = 0 in Eq. (2.4).

2.2.2 Constitutive Equation

For the study of tissue deformation, we have followed the Cauchy-Green deformation crite-

rion, according to which strain invariants I1 and I2 are given as

I1 = λ
2
1 +λ

2
2 +λ

2
3 , I2 = λ

2
1 λ

2
2 +λ

2
2 λ

2
3 +λ

2
3 λ

2
1 . (2.5)

Since, we have assumed that the material of tissues is incompressible; therefore, only

two stretches can be varied independently. For this reason, it is appropriate to use the incom-

pressibility condition (Eq. 2.2) to express the SEF as a function of two independent stretches.

As a result, we can get

W =
C1

2b

[
exp
(

b
(

λ
2
1 +λ

2
2 +

1
λ 2

1 λ 2
2
−3
))
−1
]
+

C2

2

(
λ

2
1 λ

2
2 +

1
λ 2

1
+

1
λ 2

2
−3
)2

. (2.6)

Now, forces can be determined by the equation which equates the change in SEF with

respect to stretch ratios to the work done by applied forces. There are different methods

to obtain the tension-stretch relation for the study of deformation of tissues. Most of the

researchers (e.g., [50–52]) considered the soft tissues as a two-dimensional array of cells for
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(a) (b)

Figure 2.2: Two dimensional arrangement of cells: (a) undeformed state, and (b) deformed
state.

the convenience of analysis. To obtain the tension-stretch relation, we have used the method

mentioned by Treloar [169]. When a load is applied to a thin slice of cells, then a plane

stress condition occurs, and we may set f3 = t3 = 0, i.e. the stress normal to the plane of the

slice. Now, let us consider that only two forces f1 and f2 are applied in the direction of λ1

and λ2 on the conglomerate of cells (Fig. 2.2). Suppose these forces f1 and f2 are applying

such that the extension in the direction of λ1 is increased by the amount dλ1, while λ2 held

constant, the only work done by applied forces is that done by the force f1. Therefore,

dW = f1dλ1, (2.7)

also, from Eq. (2.6)

dW =
∂W
∂λ1

dλ1. (2.8)

On combining Eqs. (2.1), (2.7) and (2.8),

ti = λi
∂W
∂λi

(i = 1, 2). (2.9)

(Note that in Eq. (2.9), there is no summation over the repeated index i)
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When tissues are assumed to be the three-dimensional elastic continuum, W (λ1, λ2) de-

notes the strain energy per unit initial volume [164]. The relation between stress ti and

tension Ti can be derived from SEF as

Ti =
h

λ1λ2
ti (i = 1, 2), (2.10)

where h is the thickness of tissues.

When the tissues are treated as a two-dimensional elastic continuum (considering h very

small in comparison to other dimensions), W (λ1,λ2) denotes the strain energy per unit initial

area [165]. Therefore,

Ti =
1

λ1λ2
ti (i = 1,2). (2.11)

From Eqs. (2.6), (2.9) and (2.11), we can get

T1 = C1

(
λ1

λ2
− 1

λ 3
1 λ 3

2

)
exp
(

b
(

λ
2
1 +λ

2
2 +

1
λ 2

1 λ 2
2
−3
))

+ 2C2

(
λ1λ2−

1
λ 3

1 λ2

)(
λ

2
1 λ

2
2 +

1
λ 2

1
+

1
λ 2

2
−3
)
, (2.12)

T2 = C1

(
λ2

λ1
− 1

λ 3
1 λ 3

2

)
exp
(

b
(

λ
2
1 +λ

2
2 +

1
λ 2

1 λ 2
2
−3
))

+ 2C2

(
λ1λ2−

1
λ1λ 3

2

)(
λ

2
1 λ

2
2 +

1
λ 2

1
+

1
λ 2

2
−3
)
. (2.13)

Due to the availability of data for an isotropic condition only, here we are more concern

with isotropic deformation of tissues so that we can compare our results with the previous

results. Hence for isotropy, (λ1 = λ2 = λ ), T1 = T2 = T and Eqs. (2.12) or (2.13) reduces to

T = C1

(
1− 1

λ 6

)
exp
(

b
(

2λ
2 +

1
λ 4 −3

))
+ 2C2

(
λ

2− 1
λ 4

)(
λ

4 +
2

λ 2 −3
)
. (2.14)
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Table 2.2: Estimated values of material constants in our model for various experimental data.

Data Product b C1(MPa) C2(MPa)

Lin and Pitt [87] Ida red apple 1 0.5764 11.5541

Idaho potato 1 0.2405 1.4305

Gao et al. [50] Empire apple 1 0.3524 6.4440

Russet Burbank potato 1 0.0283 3.0118

2.3 Results and Discussion

In the present chapter, material constants are estimated by the correlation between predicted

values and various experimental values of apple as well as potato tissues. Due to the avail-

ability of data for isotropic stretch only, constitutive law (Eq. 2.14) is written in terms of

isotropic tension caused by a uniform isotropic stretch. For regression analysis, Levenberg-

Marquardt algorithm is used to fit the model with available experimental data, and the values

of b, C1 and C2 are obtained for the best fit of the model to the experimental data. The values

of estimated constants are written in Table (2.2).

Results obtained by our model are compared with the results of four different models;

one model of Gates et al. [52] (GPRC = Gates-Pitt-Ruina-Cooke), two models of Gao et al.

[50] (GPBa = Gao-Pitt-Bartsch model for apple and GPBp = Gao-Pitt-Bartsch model for

potato), and one model of Gao et al. [51] (GPR = Gao-Pitt-Ruina) for distinct experimental

data, which are shown in the form of tables as well as in figures.

2.3.1 Comparison of Our Model with the GPRC Model

We have calculated material constants by regression procedure from the experimental data

of Lin and Pitt [87] for Ida red apple and Idaho potato. Comparisons are made between

our model and GPRC model on the basis of coefficient of determination (R2) and standard

deviation (SD) for both apple and potato, and are shown in Table (2.3). The obtained curve

between tension (T ) and stretch ratio (λ ) are shown in Figs. (2.3) and (2.4) for apple and

potato, respectively. Both the curves demonstrate concave-upward profile attribute of tissues.
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Table 2.3: Comparison between our model and GPRC model on the basis of a coefficient of
determination (R2) and standard deviation (SD).

GPRC model Our model

Ida red apple

R2 0.991 0.996

SD 0.009 0.0045

Idaho potato

R2 0.958 0.986

SD 0.026 0.0020
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Figure 2.3: Isotropic tension versus isotropic stretch ratio. Comparison of our model with
GPRC model for the experimental data of Lin and Pitt [87] for Ida red apple.

Now, the obtained results are summarized as follows:

• Figure (2.3) depicts the nonlinear variation in cell-wall tension with respect to stretch

ratio in apple tissues.

• The nonlinear relation in tension-stretch shows that Hook’s law is invalid to character-

ize the mechanical properties of apple and potato tissues, as also mentioned by Gates

et al. [52], but the contrary of the result of Lin and Pitt [87] for Ida Red apple which



40

mentioned that Hook’s law is valid for this commodity.

• The tension in the tissues increases exponentially as λ increases, which agreed the

experimental observation of Lin and Pitt [87]. This indicates that the stiffness of the

cell-wall material (the slope of the graph) increases sharply as the stretch ratio in-

creases.

• For apple data, Fig. (2.3) shows that our model is very close to the GPRC model.

Therefore, it is clear that our model can describe similar material properties as the

GPRC model.

• It is clear from Fig. (2.3) that from λ = 1 to λ = 1.04, the value of T for our model

is identical to the value of T for the GPRC model and after λ = 1.04, T is increasing

slowly in our model than the GPRC model as λ increases.

• Figure (2.4) presented the graph between cell-wall tension and stretch ratio, and the

comparison of our model with GPRC model for potato data.

• For the GPRC model, initially T increases slowly as λ increases and when λ crossed

the value 1.06, T started to increase rapidly, while in our model, the tension in the

tissues increases monotonically as λ increases.

• However, the point of inflection seems at the value λ = 1.082 in the experimental data

point. The possible reason of this behavior of tension may be due to the turgor pressure

on the cell-wall caused by fluid inside the cell. When the tissue is compressed, fluid

inside the cells generates the pressure (turgor pressure) on the cell-wall which results

the stretching in the cell-wall material. After a certain limit, turgor pressure produces

less effect on the cell-wall; therefore, the rate of increment of tension become slower.

• For the potato data, tension-stretch graph depicts a difference between our model and

the GPRC model (Fig. 2.4). The reason is the previous study (with GPRC model)

was done by excluding last two data points, whereas our model shows good agreement

with all data points.
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Figure 2.4: Isotropic tension versus isotropic stretch ratio. Comparison of our model to
GPRC model for the experimental data of Lin and Pitt [87] for Idaho potato.

• It is clear from Fig. (2.4) that the stiffness in the cell-wall increases rapidly up to

λ = 1.082.

• Values of R2 and SD for our model are better than the values of R2 and SD for the

GPRC model (Table 2.3).

2.3.2 Comparison of Our Model with GPBa, GPR and GPBp Models

Due to the repeatedly applied loads on the tissues, increment in stiffness may enhance the

rupturing of the cell-wall. As a result, tissues can be broken structurally and texturally by a

loss of firmness [120], and this diminish the apparent freshness of the product. Further, the

obtained results are summarized as follows:

• Material constants b,C1 and C2 are calculated from the experimental data of Gao et al.

[50] for the Empire apple and Russet Burbank potato tissues.

• The results of our model are compared with the results of two models of Gao et al. [50]

(GPBa and GPBp models) and one model of Gao et al. [51] (GPR model) in respect of

R2 and SD (Table 2.4).
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Table 2.4: Comparison between our model, GPBa, GPBp and GPR models on the basis of a
coefficient of determination (R2) and standard deviation (SD).

GPB model GPR model Our model

Empire Apple

R2 0.920 0.920 0.940

SD 0.054 0.054 0.030

Russet Burbank Potato

R2 0.964 0.965

SD 0.022 0.004

• Plotted graph between T and λ for apple and potato are shown in Figs. (2.5) and (2.6),

respectively.

• Both the graphs manifest a sharply increasing slope in the tension-stretch curve with

the increasing stretch. The stiffness in cell-wall increases exponentially with the in-

crement in stretch ratio.

• Figure (2.5) depicts the graph between cell-wall tension and stretch ratio for GPBa,

GPR and our model for experimental data of apple [50].

• Graph of our model is tantamount to the graph of GPBa and GPR model. This demon-

strates that our model can describe the same material properties, for apple tissues, as

the GPBa and GPR models. However, the rate of increasing T with respect to λ is

slow in our model as compare to GPBa and GPR model. This situation also agreed by

experimental values.

• The advantage of our model over the GPBa and GPR model is that our model is better

in respect of R2 and SD, and also closer to the experimental values. Therefore, for the

better description of the mechanical properties of apple and potato tissues, our model

is appropriate.

• The comparison of our model with GPBp model is presented in Fig. (2.6) for the

experimental data (Gao et al. [50]) of potato.
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Figure 2.5: Isotropic tension versus isotropic stretch ratio. Comparison of our model with
GPR and GPBa model for apple data (Gao et al. [50]).
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Figure 2.6: Isotropic tension versus isotropic stretch ratio. Comparison of our model with
GPBp model for potato data (Gao et al. [50]).
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• For our model, T increases exponentially as λ increases, while for the GPBp model,

it showed S type shape (Fig. 2.6). The reason for this behavior during deformation is

as follows [50]: the embedded microfibrils in a potato cell-wall are elastic. So, dur-

ing the infinitesimal deformation of the cell-wall of potato tissues, these microfibrils

undergo elastic extension. For finite deformation, the pectin matrix deforms causing

rapid slippage between microfibrils; therefore, large cell-wall deformations are plastic

and have a different stress-strain slope.

• However, in Fig. (2.6), the experimental values of tension are seemed to increase

exponentially as stretch ratio increases. Furthermore, the values of R2 and SD for our

model is better than the GPBp model (Table 2.4); therefore, it is clear that our model

is more appropriate to describe mechanical characteristics of potato tissues.

2.4 Conclusions

By comparing the results of our model with the GPRC, GPBa, GPBp and GPR models, it

can be concluded that our model performs better than these models. Our model satisfies

similar material properties and has better values of the coefficient of determination (R2) and

less value of standard deviation (SD) as compared to the previous models. The benefit of

our model, over the previous models, is that our model can incorporate those mechanical

properties of apple and potato tissues for which various models were developed previously.

However, due to unavailability of the experimental setup, our model could not be validated

by own experimental data, although it presented good agreement with experimental material

behavior, and better performance than previous models. At this stage, to use the model in

industrial applications, parameters C1 and C2 should be previously calibrated experimentally.

From the present study, it is also clear that analysis either of a single cell or a conglomerate

of cells does not make much difference in tissue properties during deformation. In this study,

following points are of consideration:

• A SEF is proposed to study the mechanical properties of apple and potato tissues.
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• By using this SEF, a tension-stretch relation is developed for finite deformation of cell

conglomerate.

• Model is fitted to the various experimental data of apple and potato. Results showed

good agreement between predicted values and experimental values.

• The resulting models facilitate our understanding of the tissue’s function and provide

an insight into the tissue’s response to a given deformation.

• Obtained results are compared to the results given in literature. It is noticed that our

results are better in respect of R2 and SD than the previous results.
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Chapter 3

Analytical Study of Turgor Pressure in

Apple and Potato Tissues

3.1 Introduction

A large percentage of water is contained in apple and potato which is responsible for turgid-

ity in the soft tissues. To determine the quality of these products, it is important to understand

the effect of turgor pressure in the cells. Initially, the study of turgor pressure for tissues was

provided by Nilsson et al. [107], who derived the relationship between tissue rigidity and

turgor pressure for infinitesimal deformation. The influence of turgor pressure was found on

the failure strain, failure stress, tissue stiffness and failure mode in soft tissue by performing

experiments on apple and potato samples [87] and apple samples [121]. Under constant uni-

axial loading, potato tissues decrease the failure susceptibility [106] and reduce its strength

at high turgor pressure [63].

Turgor pressure and temperature influence the mechanical properties of apple and potato

tissues. Bajema et al. [13] investigated the effect of turgor pressure and temperature on the

failure properties of potato tissues. Zdunek et al. [182] analyzed the potato tissues, and

observed that failure mode of the tissues between cell-wall rupturing and cell-cell debonding

can be changed by changes in turgor pressure and temperature. Turgor pressure and cell size

have a great effect on the wall elasticity of plant cells and potato tissue cracking. So, an

47
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acoustic emission method was used to analyze failure conditions [77] and fracture properties

[182] of potato tissues with different turgor pressure and cell size distribution.

In many studies, turgor pressure was adjusted by soaking potato tissues [8, 12, 146],

apple and potato tissues [87] and tomato tissues [71] in mannitol solutions of various con-

centrations. Further, the influences of turgor pressure on pear tissues [41] and apple tissues

[5, 108] were investigated during tensile and compression test. It was adduced that macro-

scopic mechanical behavior of apple and potato depends on microscopic properties. Oparka

and Wright [112] analyzed the effect of cell turgor pressure on sucrose partitioning in potato

tuber tissues during storage. Increment in turgor pressure reduces the failure stress and strain

under axial compression of apple and potato tissues [12].

To study the effect of turgor pressure on cellular structure of apple and potato tissues,

most of the work have been done experimentally. A very less number of studies are available

which deal with the problem mathematically. Therefore, the aim of the present chapter is

to develop a mathematical relationship between turgor pressure and stretch ratio by using

strain energy function for apple and potato tissues . Further, a generalized form of the strain

energy function is proposed, which can be used in future studies to investigate the mechanical

properties of hyperelastic tissues.

3.2 Materials and Methods

3.2.1 Experiments

The tissues considered in the present study are from ‘Ida Red’ apples and ‘Idaho’ potatoes.

In this chapter, experiments conducted by Lin and Pitt [87] on apple and potato tissues have

been used for validation of the results. Apples and potatoes were kept in cold storage before

testing. Both the products were divided into sections and then cylindrical samples were

cut from the flesh side of the sections. Cell turgor pressure was manipulated by soaking the

cylindrical samples into mannitol solutions of concentrations from 0.0 to 0.8 M for apple and

0.0 to 0.5 M for potato. An Instron Universal testing machine was used for the compression

test of apple and potato (for more details, see Lin and Pitt [87].
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3.2.2 Mathematical Formulation

For the mathematical modeling, it is assumed that the tissues of apple and potato are com-

posed of identical parenchyma cells which are uniform in thickness and mechanically ho-

mogeneous. Therefore, when a uniform compressive stress is applied to the tissues, each

cell in the tissues is subjected to an equal load [121]. Consequently, the fluid inside the

cell generates the pressure (turgor pressure) on the cell-wall. Further, as stress increases,

turgor pressure increases within the cell and cell-walls start to stretch. In more turgid cells,

if the external stress on the cellular conglomerate increases slightly, the cell-wall stretching

exceeds its strength and cell-wall rupture occurs [35, 121].

3.2.2.1 Generalization of Strain Energy Function

The study of mechanical properties of hyperelastic material has been a topic of interest for

many decades. Numerous strain energy functions have been developed for the characteri-

zation of hyperelastic materials (Tables 1.2 and 2.1). In this context, a new strain energy

function (Eq. 2.4) has been introduced in Chapter 2 and a mechanical model has been devel-

oped to present the relation between cell-wall tension and stretch ratio for apple and potato

tissues. A more general form of this strain energy function are proposed as

W =

(
A
b

)
[exp(b(I1−3))−1]+

(
B
m

)
(I2−3)m, (3.1)

where A and B are the material constants, which can be determined by experimental data,

and m is any natural number. This generalized form can be used in further studies for in-

vestigating mechanical properties of hyperelastic material (for example, biological tissues).

This function satisfies the necessary requirement of normalization conditions [65], which

states that W (SEF) should vanish in the reference configuration where I1 = I2 = 3, I3 = 1

i.e. W (I) = 0; and W increases with deformation i.e. W ≥ 0.

On expanding the exponential term, Eq. (3.1) can be written as

W =

(
A
b

)[
∞

∑
n=1

(
bn

n!

)
(I1−3)n

]
+

(
B
m

)
(I2−3)m. (3.2)
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Table 3.1: Reduced form of strain energy function (Eq. 3.1) and/or (Eq. 3.2) into several
well known strain energy functions.

Values of m and n Reduced strain energy function Reduced strain energy function is
equivalent to strain energy function of

m→ ∞ W = (A/b)[exp(b(I1−3))−1] Fung [47]; Humphrey and Yin [69]

m→ ∞,n = 1 W = A(I1−3) Neo-Hookeano model (Rivlin [136])

m→ ∞,n = N W = (A/b)∑
N
n=1(b

n/n!)(I1−3)n Yeoh [181]

m = 1 W = (A/b)[exp(b(I1−3))−1]+B(I2−3) Veronda and Westmann [173]

m = 2 W = (A/b)[exp(b(I1−3))−1]+ B
2 (I2−3)2 Chapter 2

m = 1,n = 1 W = A(I1−3)+B(I2−3) Mooney [104]

m = 1,n = 2 W = A(I1−3)+(Ab/2)(I1−3)2 +B(I2−3) Isihara et al. [70]

m = 1,n = 3 W = A(I1 − 3) + (Ab/2)(I1 − 3)2 +
(Ab2/6)(I1−3)3 +B(I2−3)

Biderman [16]

Now, we are in the position where several strain energy functions can be acquired from

Eqs. (3.1) and/or (3.2). For the different values of m and n, Eqs. (3.1) and/or (3.2) can be

reduced into several previously developed strain energy functions. A concise list is given in

Table (3.1).

3.2.2.2 Constitutive Equation

Several strain energy functions have been reported in the literature for characterization of

biological tissues. To study the mechanical properties of apple and potato tissues, however,

as shown in Chapter 2, the more appropriate form of strain energy function can be procured

from Eq. (3.1) corresponding to m = 2. In the present chapter, therefore, we have modeled

our problem by considering the following form of strain energy function

W =

(
A
b

)
[exp(b(I1−3))−1]+

(
B
2

)
(I2−3)2, (3.3)

where A =C1/2 and B =C2.
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Figure 3.1: A typical hexagonal cell structure with l as edge length of hexagonal section, t
as thickness of cell-wall and h as height of the prisms.

Furthermore, the principal components of Cauchy stress are written as

τi =−p+2
[

λ
2
i

(
∂W
∂ I1

)
−λ

−2
i

(
∂W
∂ I2

)]
, i = 1, 2, 3 (3.4)

where τi are principal components of Cauchy stress, λi are the eigenvalues of left Cauchy-

Green tensor, and scalar p introduced as an indeterminate Lagrange multiplier analogous to

a hydrostatic pressure (for more details, see Holzapfel [65]).

For the study of plant vegetative tissues, a remarkable study was done by Zhu and Mel-

rose [183]. In this context, we have considered apple and potato tissues as having hexagonal

cellular structure (Fig. 3.1). In the assumed hexagonal cellular structure, let us consider that l

denotes the edge length of the hexagonal section, t denotes the thickness of the cell-wall and

h denotes the height of the prisms. The principal stretch ratios of the cell-wall are defined as

λ1 =
l
l0
, λ2 =

h
h0

, λ3 =
t
t0
, (3.5)

where l0, t0 and h0 are the initial dimensions at turgor pressure pc = 0. The cell-wall volume

fraction (the cell-wall volume over the tissue volume) is

ν0 =
2t0√
3l0

. (3.6)

Further, as mentioned by Zhu and Melrose [183], Cauchy stresses can be derived by the
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force equilibrium and given by

τ1 =

(√
3l pc

t

)
− pi, τ2 =

(√
3l pc

2t

)
− pi, τ3 =−pi, (3.7)

where pi = pc + p0, p0 is external atmospheric pressure.

Stresses are indeterminate to the amount of an uninformed hydrostatic pressure (p) due

to the assumption of incompressibility of material. Merely, the differences between any two

of the principal stresses are determinate [169]. By calculating the difference of the stresses

therefore the effect of hydrostatic stress will be removed. Consequently, from Eqs. (3.5 –

3.7), we can get the difference in the stresses as

τ1− τ3 =
2λ 2

1 λ2 pc

ν0
, (3.8)

τ2− τ3 =
λ 2

1 λ2 pc

ν0
. (3.9)

Furthermore, from Eq. (3.4), we can obtain

τ1− τ3 = 2(λ 2
1 −λ

2
3 )

(
∂W
∂ I1

+λ
2
2

∂W
∂ I2

)
, (3.10)

τ2− τ3 = 2(λ 2
2 −λ

2
3 )

(
∂W
∂ I1

+λ
2
1

∂W
∂ I2

)
, (3.11)

where ∂W/∂ Ii, i = 1, 2 are calculated from Eq. (3.3). After equating Eq. (3.8) to (3.10) and

(3.9) to (3.11), and making use of incompressibility condition i.e. λ1λ2λ3 = 1, we obtain the

following relations

λ 2
1 λ2 pc

ν0
= (λ 2

1 −λ
−2
1 λ

−2
2 )

[
(C1/2)exp(b(λ 2

1 +λ
2
2 +λ

−2
1 λ

−2
2 −3))

+ C2λ
2
2 (λ

2
1 λ

2
2 +λ

−2
1 +λ

−2
2 −3)

]
, (3.12)

λ 2
1 λ2 pc

ν0
= (λ 2

2 −λ
−2
1 λ

−2
2 )

[
C1 exp(b(λ 2

1 +λ
2
2 +λ

−2
1 λ

−2
2 −3))

+ 2C2λ
2
1 (λ

2
1 λ

2
2 +λ

−2
1 +λ

−2
2 −3)

]
. (3.13)
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Here, Eqs. (3.12) and (3.13) are symmetric in λ1 and λ2, therefore, we can find the rela-

tionship between pc and λ either from Eq. (3.12) or from Eq. (3.13). Therefore, from Eq.

(3.13)

pc = (λ2λ
−2
1 −λ

−4
1 λ

−3
2 )

[
α exp(b(λ 2

1 +λ
2
2 +λ

−2
1 λ

−2
2 −3))

+ 2βλ
2
1 (λ

2
1 λ

2
2 +λ

−2
1 +λ

−2
2 −3)

]
, (3.14)

where

α =C1ν0, β =C2ν0. (3.15)

The appropriateness of the study required that the validation of the proposed relation

should be explored in the light of experimental observations. Since, the experimental data

is available only for the isotropic stretch (i.e. stretching in the cell-wall is same in all direc-

tions), therefore λ1 = λ2 = λ , and Eq. (3.14) reduced to

pc = (λ−1−λ
−7)[α exp(b(2λ

2 +λ
−4−3))+2βλ

2(λ 4 +2λ
−2−3)]. (3.16)

This is the required relation between turgor pressure and stretch ratio.

3.3 Results and Discussion

In the present chapter, we have developed a relationship between turgor pressure and cell-

wall stretch ratio for apple and potato tissues. The experimental data is used from literature

[87] for validation of the obtained relation. The experimental data for apple and potato

tissues is available only for an isotropic condition; therefore, the final expression of turgor

pressure is written in terms of the isotropic stretch ratio. The constants (α and β ) of turgidity

are calibrated by correlating the predicted and experimental values of turgor pressure and

stretched ratio for ‘Ida Red’ apple and ‘Idaho’ potato tissues. The Levenberg-Marquardt

algorithm is employed for regression analysis to fit the model with experimental data. The

fitted curve is satisfactory with a coefficient of determination of 98.02 % and a standard
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Figure 3.2: Graph between cell-wall stretch ratio and turgor pressure for Ida Red Apple
(Experimental data from Lin and Pitt [87]).

deviation about the regression line of 0.017 for apple, and a coefficient of determination of

98.0 % and a standard deviation about the regression line of 0.019 for potato.

For the calibration of material constants α and β , experimental data of Lin and Pitt [87] is

used for apple and potato tissues. The calibrated values of material constants are α = 1.1170

MPa and β = 23.4504 MPa for apple and α = 0.5532 MPa and β = 2.7060 MPa for potato.

Further, the results obtained in this chapter are summarized as follows:

• The acquired graphs between stretch ratio and turgor pressure are shown in Figs. (3.2)

and (3.3) for apple and potato, respectively.

• For each product, stretch ratio increases nonlinearly as turgor pressure increases. This

result is supported by previous study [87].

• Further, it can be seen from the figures that at starting values of turgor pressure (ap-

proximately, upto pc = 0.3 for apple (Fig. 3.2) and pc = 0.25 for potato (Fig. 3.3)), the

rate of increment of the stretch ratio is faster than the latter values of turgor pressure.

After these values, as the turgor pressure increases, stretching in the cell-wall increases

gradually. This behavior of stretch ratio is also confirmed by the experimental values.
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Figure 3.3: Graph between cell-wall stretch ratio and turgor pressure for Idaho Potato (Ex-
perimental data from Lin and Pitt [87]).

• Initially, when there is no stress applied to the apple tissues, i.e. turgor pressure (pc)

is zero, consequently, no stretching in the cell-wall, which implies λ = 1 (Fig. 3.2).

Similar behavior can be seen for potato tissues (Fig. 3.3).

• When a load is applied to the tissues, stress is generated in the cell and fluid inside the

cell generates the pressure (turgor pressure) on the cell-wall. With the enhancement of

turgor pressure, stretching in the cell takes place, which results in the stiffness in the

cell-wall. Also, tissues stiffness increases as turgor pressure increases.

• At higher turgor pressure, the unruptured cells provide greater resistance to applied

load. In fresh tissues, when cell-walls are in greater turgid condition, less force or

deformation can induced failure in tissues.

• From Figs. (3.2) and (3.3), it can be seen that, initially up to pc = 0.4, the rate of

enhancement of the stretch ratio is much faster than the latter values of turgor pressure.

• Both the products (apple and potato) show similar behavior for stretch in the cells

for applied stress, albeit stretch in the potato cells is greater than the stretch in the
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apple cells for same value of turgor pressure. For example, the stretch ratio is 1.05

corresponding to turgor pressure 0.72 in apple cells (Fig. 3.2); whereas, the stretch

ratio is 1.118 corresponding to turgor pressure 0.71 in potato cells (Fig. 3.3). This

demonstrates that potato cells (or tissues) can sustain more pressure than apple tissues.

Cell-walls are an important component in the construction of fruits and vegetables tissues.

Strength of the cell-wall is the main property which characterize texture and quality of these

products. During the compression of fresh tissues, pre-stressing of the cell-wall by water

uptake leads to sufficient stiffness in the tissues. Stiffness of the cell-wall in tissues increases

as stretch increases [87]. The effect of turgor pressure on the tissue stiffness is noticed

during loading. There is a strong relationship between tissue stiffness and cell-wall stiffness

[87, 119, 122]. Since at the higher stretch (i.e. higher turgor pressure) cell-walls become

very stiff, this may lead to an unruptured cell-wall volume which will not increase further.

Beyond this limit, further increment in turgor pressure may result in rupture of cell-walls,

and hence, fluid inside the cell starts to move out. However, this situation is not seen in the

presented graphs.

3.4 Conclusions

In the present work, a generalized form of a strain energy function is proposed. With the

help of an appropriate form of this proposed strain energy function, a mathematical relation-

ship between turgor pressure and stretch ratio is developed for apple and potato tissues. The

validity of the relation is checked and found in good agreement with experimental values.

Further, the influences of turgor pressure on the cell-walls of apple and potato tissues are dis-

cussed. Higher turgor pressure ruptures the cell-walls in these products, which is responsible

for damage of cells and reduction in the quality of the products. The results obtained in the

present study are sufficiently close to the experimental results. A good agreement between

predicted and experimental results is obtained with the coefficients of determination being

98.02 % for apple and 98.0 % for potato. From the results of Chapters 2 and 3, it is clear that

the cell-wall tension is affected by turgor pressure, i.e., as turgor pressure increases, stretches
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in cell-wall increases, which is responsible for increment in cell-wall tension. Therefore, the

quality and freshness of apple and potato are affected by turgor pressure also. In further

studies, this mathematical relation may be helpful in understanding the mechanical proper-

ties and influences of turgor pressure on soft biological tissues, especially, apple and potato.
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Chapter 4

Mathematical Modeling to Study the

Influence of Porosity on Apple and Potato

during Dehydration

4.1 Introduction

For the quality characterization of dehydrated food products, the study of structural prop-

erties, such as density and porosity, is important. These properties have profound effects

on other properties, namely, permeability, diffusivity and thermal conductivity [78]. Among

various changes, the most significant change in food products is the reduction of its external

volume, which occurs during drying. The change in microstructure, i.e., shrinkage and for-

mation of pores is the consequence of water loss and heating, that causes stress in cellular

material [95]. Bai et al. [11] studied the structural changes in apple rings during convective

drying. They observed that the removal of water leads to cell rupture and the formation of

cracks in the inner structure, which is caused due to microstresses in the cell-wall during

dehydration process. Further, Sinha [158] reported that during dehydration, the more the

water loss, the more the contraction stresses are originated in the material, that generates the

pressure outward on the cavity (pores) surfaces. As a result, pores of different size and shape

build up in food products [94], that increase the porosity in food products.

59
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Numerous studies are available in the literature [72, 93, 99, 125, 126, 176], which re-

ported that the formation of pores is the consequence of evaporation of water from cellular

products during dehydration. Further, it is also reported that the development and increment

of pores in foods during drying is strongly affected by initial porosity, initial material mois-

ture content, relative humidity, composition, drying methods and drying conditions [184].

Rahman [126] mentioned that the factors which affect the development of pores can be

grouped as (i) extrinsic and (ii) intrinsic factors. Relative humidity, temperature, gas at-

mosphere, pressure, electromagnetic radiation and air circulation are including in extrinsic

factors, whereas the intrinsic factors are: initial structure and chemical composition. During

drying, the shrinkage is considered as ideal if the decrease in volume of material is propor-

tional to the loss of mass. On the other hand, porosity comes into the view if the volume

reduction of material is lesser than volume of water loss [90].

As drying process proceeds and temperature increases, the moisture content in apple and

potato decreases. Consequently, internal pressure in these products generated by water vapor,

which is responsible for pore formation. The most common terminology used for character-

izing pores is porosity (volume fraction of pores) [125]. For the prediction of porosity during

dehydration, therefore, the aim of this chapter is (i) to develop a mathematical relationship

between porosity (volume fraction of pores) and pressure (a contraction stress generated in

the cells due to water removal during dehydration) with the help of strain energy function for

apple and potato; and (ii) to examine porosity behavior with respect to pressure and initial

porosity.

4.2 Mathematical Medeling

4.2.1 Problem Formulation

Natural solid foodstuffs constitute systems of cellular tissues, and therefore, may be re-

garded as peculiar porous systems [99]. Rahman [125] described various factors (such as

surface tension, pore pressure, structure, environment pressure, and mechanisms of moisture

transport) that play important role in explaining the pore formation during drying of food
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Figure 4.1: The structure of porous material (a) cubic porous solid containing spherical voids
(b) undeformed configuration (c) deformed configuration.

products. Further, Rahman [125] hypothesized that the capillary force is the main force re-

sponsible for collapse, so counterbalancing this force causes formation of pores and lower

the shrinkage. The counterbalancing forces are results of generation of internal pressure due

to vaporization of water or other solvents, variation in moisture transport mechanism and

pressure outside the material. It is also reported in literature [132] that food products un-

dergo deformations that can be characterized by changes in volume, shape, porosity, density,

shrinkage, and collapse phenomena during drying.

To study the porosity behavior and deformation of porous material (apple and potato),

let us consider an arbitrary small cubic volume element containing pores distributed in it

(Fig. 4.1a). For the mathematical analysis, it is assumed that every pore in the cubic vol-

ume element surrounded by a spherical surface, which is lying completely in the material

matrix at every instant. Suppose that this porous material is subjected to the pressure, that

is responsible for counterbalancing forces and generated on the surface of porous matrix, as

depicted in Fig. 4.1 (c). Therefore, the problem under consideration is the study of deforma-

tion of a sphere consisted of spherical pore, and the analysis of growth of the pore (i.e. void

or cavity) in deforming material. Due to spherical symmetry, the pressure on the surface of

porous matrix prescribed radial deformation of the spherical solid element enclosing pore.

Fig. 4.1(b and c) depicts the undeformed and deformed configurations of the spherical ma-

terial, respectively. Suppose that in the undeformed configuration, the radius of a spherical
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void cell is denoted by A0 (inner radius) and that of the bulk material by B0 (outer radius),

while in the deformed configuration, the radius of the void cell and material are denoted by

A (inner radius) and B (outer radius), respectively. Using spherical polar coordinates, the

position x of a particle is denoted by (R,Θ,Φ) in the undeformed configuration, and after

deformation, suppose it takes the new position y and is denoted by (r,θ ,φ). For the study of

cavitations in porous hyperelastic solid, the radial symmetric deformation ([15, 67, 159]) is

defined as

y =
F(R)

R
x, (4.1)

where y = (y1,y2,y3) , x = (x1,x2,x3) , R = |x| =
√(

x2
1 + x2

2 + x2
3
)

and F(R) is a function

of R, which will be determined.

Since deformation is radially symmetric; therefore,

r = |y|= F(R), Θ = θ , Φ = φ . (4.2)

Deformation gradient tensor F (defined in Eq. 1.3) associated with deformation (Eq. 4.1) is

given by

F =
∂y
∂x

=

[
∂yi

∂x j

]
, (4.3)

where

∂yi

∂x j
=

xix j

R2

(
F ′(R)− F(R)

R

)
+

F(R)
R

δi j, for all i, j = 1,2,3 (4.4)

where F ′(R) is derivative of F(R) and δi j is Kronecker delta. By the assumption of incom-

pressibility, we have

det(F) = 1 and also B3−A3 = B3
0−A3

0. (4.5)
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On solving Eqs. (4.3) and (4.5) (with the help of Eq. (1.4) and (4.4), and after some simpli-

fication), we obtain

det(F) = F ′(R)
(

F(R)
R

)2

. (4.6)

By using incompressibility condition, det(F) = 1, Eq. (4.6) is solved to obtain

F(R) =
(
R3 +C

)1/3
, (4.7)

where C is constant of integration.

During deformation, the point R = A0 deformed into the point r = F(R) = A , therefore,

Eq. (4.7) reduced to

F(R) =
(
R3 +A3−A3

0
)1/3

. (4.8)

If A = A0, Eq. (4.8) implies that r = R, i.e., no deformation in the solid matrix.

4.2.2 Constitutive Relation

To study the mechanical properties of apple and potato tissues, we have proposed a strain

energy function in Chapter 2. By using this strain energy function, the influence of turgor

pressure on apple and potato tissues, as a function of stretch ratio, has been discussed in

Chapter 3. In the present chapter, therefore, we have considered this strain energy function

(Eq. 2.4) to obtain the desired mathematical relation for prediction of porosity in apple and

potato.

In Eq. (2.4), strain invariants I1 and I2 are defined as

I1 = trB and I2 =
1
2
[
(trB)2− tr(B)2] , (4.9)

where B is the left Cauchy-Green deformation tensor calculated from B = F ·FT = V2, F is

given by Eq. (4.3) (for more details, see subsection 1.5.3 in Chapter 1). Principal stretches
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λr,λθ and λφ (i.e. eigenvalues of V ) are given by

λr = F ′(R), λθ = λφ =
F(R)

R
. (4.10)

Using incompressibility condition (Eq. 2.2), λrλ
2
θ
= 1, Eq. (4.9) can be written as

I1 = λ
2
r +

2
λr

and I2 =
1

λ 2
r
+2λr , (4.11)

where

λr = F ′(R) =
(

1+
A3−A3

0
R3

)−2/3

=

(
1−

A3−A3
0

r3

)2/3

, (4.12)

λθ =

(
1+

A3−A3
0

R3

)1/3

=

(
1−

A3−A3
0

r3

)−1/3

. (4.13)

For the isotropic, incompressible and hyperelastic material, Cauchy stress tensor [65] is

defined as

τ =−ρ +2
∂W
∂ I1

B−2
∂W
∂ I2

B−1, (4.14)

where ρ is hydrostatic pressure. From Eq. (4.14), the principal components of Cauchy stress

can be obtained as

τrr =−ρ +2λ
2
r

(
∂W
∂ I1

)
− 2

λ 2
r

(
∂W
∂ I2

)
, (4.15)

τθθ =−ρ +2λ
2
θ

(
∂W
∂ I1

)
− 2

λ 2
θ

(
∂W
∂ I2

)
. (4.16)

4.2.3 Equilibrium Equation

During deformation, the stress distribution within the material can be solved with the help of

equilibrium equation. For the radial deformation, the equilibrium equation [24, 67, 123] can
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be written as

dτrr

dr
+

2
r
(τrr− τθθ ) = 0 . (4.17)

4.2.4 Boundary Conditions

The pressure, p, developed on the surface of the porous sphere (which is responsible for

counterbalancing force in formation of pores) based on deformed configuration is related to

radial stress [24, 123] by the relation

τrr = p
(

B0

B

)2

at r = B

or by using Eqs. (4.5) and (4.13) (i.e. substituting value of B3−B3
0 from Eq. (4.5) into Eq.

(4.13), then at r = B, λθ = (B0/B)−1), τrr can be rewritten as

τrr =
p

λ 2
θ

at r = B . (4.18)

It is also assumed that the cavity surface is traction free, which gives

τrr = 0 at r = A . (4.19)

4.2.5 Final Desired Relation

The difference between τrr and τθθ can be calculated from Eqs. (4.15) and (4.16) as

τrr− τθθ =−2
(

1−λ 3
r

λr

)(
∂W
∂ I1

+
1
λr

∂W
∂ I2

)
. (4.20)

Hence, the problem in hand is to solve the Eq. (4.17) with boundary conditions (4.18)

and (4.19). Therefore,

dτrr

dr
=

4
r

(
1−λ 3

r
λr

)(
∂W
∂ I1

+
1
λr

∂W
∂ I2

)
. (4.21)
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On integrating Eq. (4.21) from r = A to r = B, we get

τrr(B)− τrr(A) = 4
∫ B

A

[(
1−λ 3

r
λr

)(
∂W
∂ I1

+
1
λr

∂W
∂ I2

)]
dr
r
. (4.22)

By using boundary conditions (4.18) and (4.19), and change the variable of integration

from r to λr with the help of Eq. (4.12), we obtain

p = 2λ̄
2
θ

∫ B̄

Ā

[(
1+λ

3/2
r

λ
1/2
r

)(
∂W
∂ I1

+
1
λr

∂W
∂ I2

)]
dλr, (4.23)

where Ā, B̄ (with initial porosity f0 = (A0/B0)
3 and current porosity f = (A/B0)

3) and λ̄θ

(λθ at r = B) are given by

Ā =

(
f0

f

)2/3

, B̄ = (1+ f − f0)
−2/3 ,

and

λ̄θ =

(
B3

0 +A3−A3
0

B3
0

)1/3

= (1+ f − f0)
1/3 . (4.24)

On using Eq. (2.4) with (4.11), Eq. (4.23) reduced to

p = 2λ̄
2
θ

∫ B̄

Ā

[(
1+λ

3/2
r

λ
1/2
r

){
C1

2
exp
(

b
(

λ
2
r +

2
λr
−3
))

+
C2

λr

(
1

λ 2
r
+2λr−3

)}]
dλr . (4.25)

With the use of Eq. (4.24), Eq. (4.25) gives the desired relation between current porosity

and pressure in terms of initial porosity during dehydration in apple and potato.
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4.3 Porosity Measurement Methods

Porosity plays an important role in characterizing the quality and the texture of dry and

intermediate moisture foods. It has significant effect on the physical (such as thermal con-

ductivity, thermal diffusivity and diffusion coefficient), textural and mechanical properties of

foods [125]. Porosity is defined as the volume fraction of the air or the void fraction in the

sample, and expressed as:

Porosity =
Void volume
Total volume

.

Various methods, that can be used for porosity measurement of food products, were re-

ported by Sahin and Sumnu [144], and are summarized as follows:

• Direct method: This method is used to determine the porosity by calculating the

difference of bulk volume of a sample of porous material and the volume measured

after destruction of all voids by compression. The porosity of very soft material can

be determined by using this method.

• Optical method: In this method, porosity is determined from the microscopic view of

a section of the porous medium. This method is appropriate if the porosity is uniform

throughout the sample.

• Density method: In this method, porosity is measured from the densities of materials

as:

Porosity = 1− Bulk Density
Particle Density

,

where bulk density and particle density can be measured by the methods given in the

literature [81]. In another way, if the densities data of the material are not available

then porosity can be calculated from its pore volume. Liquid or gas displacement

method [144] can be used for pore volume measurement.
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• Gas pycnometer method: In this method, air comparison pycnometer is used to mea-

sure the porosity by measuring the volume fraction of air.

• Using porosimeters: Mercury porosimetry can be used to determine the porosity,

pore’s characteristics and pore size distribution. Porosimeters are based on the prin-

ciple of either liquid extrusion from the pores or liquid intrusion into pores. In liquid

intrusion method, liquid (such as oil, mercury or water) is forced into the pores by

applying pressure and intrusion volume is measured. On the other hand, in extrusion

porosimetry, pores in the porous materials are filled by wetting liquids and pressure is

applied to displace the liquid from the pores. Further, change in volume of extruded

liquid is measured with pressure.

Among these methods for porosity measurement, density method was used extensively

by researchers to measure the porosity of apple, carrot and potato [184], potato [176] and ap-

ple, banana, carrot and potato [81, 83]. However, Gas pycnometer and porosimeters method

was used for corn, wheat and sorghum kernels [23], apple, potato, cabbage and carrot [72]

and apple [129]. These methods can also be used to measure porosity of food products before

and after drying process. In the present chapter, the data used for porosity is measured by

density method. The details of density method can be found in literature [81, 83, 176, 184]

for the experimental measurement of porosity of apple and potato.

4.4 Results and Discussion

4.4.1 Analysis of Cavity Growth

To discuss the growth of cavity (pores) during dehydration in apple and potato, we have

considered two possible cases for the value of A (i.e. growth of cavity). It may be possible

that either A = A0 or A > A0.

(i) When A = A0

It is evident from literature [93, 178] that the fresh apple and potato contains certain

amount of arbitrarily distributed voids/pores in it. However, the cavities are small as
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compared to the whole structure of the product. For instance, if we assume that initial

porosity in these products is zero (i.e. A0 = 0) which leads to A = 0, the Eqs. (4.2)

and (4.8) describes a trivial deformation in which the body remains undeformed. Also,

the value A = 0 contradicts the results regarding pores formation during dehydration,

which have been reported in several experimental studies [83, 88, 129]. Therefore, the

assumption A0 = 0 is not valid and hence A0 > 0. Again, if A = A0 > 0 , then Eqs.

(4.2) and (4.8) describes a trivial deformation.

(ii) When A > A0

In this case, cavity formation and size of cavity depends on the values of A0. If we

assume that A0 = 0 (i.e. absence of initial porosity), then the value of p calculated

from Eq. (4.25) is very large for formation of pores in drying products. Practically, no

such large pressure can be generated during dehydration in these products. Therefore,

it is reasonable to consider some positive value of initial pore radius (i.e. A0 > 0).

Also the value of A depends on p that should not exceed a suitable limit. The case

A = A0 is not possible as discussed above. The only possibility remains is A > A0.

For practically valid situations, we have explored all possible conditions for A. During

dehydration when amount of water in apple and potato decreases, internal pressure in

cells increases, consequently radius of cavity (A) increases.

4.4.2 Numerical Solution

Equation (4.25) presents the relationship between current porosity and pressure (in kPa),

which is (responsible for counterbalancing force in formation of pores) developed on the

surface of spherical elements containing pores formed by water evaporation during dehydra-

tion. The integral in Eq. (4.25) is evaluated numerically by using Gauss-Legendre quadrature

rule. The values of constants, b = 1, C1 = 0.3524 (MPa), C2 = 6.4440 (MPa) for apple and

b = 1, C1 = 0.0283 (MPa), C2 = 3.0118 (MPa) for potato, are taken from Chapter 2. The

obtained relation (Eq. 4.25) is used to predict the porosity variation in apple and potato for

varying pressure values during drying.
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4.4.3 Experimental Data

For various drying methods and temperature, experimental works had been carried out for

diverse food products (for example, apple, banana, carrot and potato) by several researchers

[79, 80, 82], and a relationship between moisture content and maximum stress and maximum

strain was reported in dehydrated products. This stress is analogy to the pressure generated

on the cell-wall, or in other words, on the surface of spherical elements containing pores. The

values of pressure generated on the spherical surface are varying in different drying methods;

therefore, a range (from minimum value to maximum value) for pressure is considered in the

present work. In the acquired range of pressure, we have done our calculation and obtained

a range for porosity. This range of porosity is recumbence in between the range (values of

porosity) which is given in literature. For different experimental studies, the values of initial

porosity for apple and potato are presented in the Table (4.1).

Krokida and Maroulis [78] & Oikonomopoulou and Krokida [111] collected data of

porosity for various foodstuffs, temperature, conditions and drying methods from literature.

It was observed that porosity is varying from 0.1 to 0.92 and 0.03 to 0.89 for apple and

potato, respectively. In the present study, for the applicability of the developed mathematical

relation, data have been extracted from the experimental works [81, 176, 184] for apple and

Table 4.1: Initial porosity of apple and potato.

Product Initial porosity References

0.15 Krokida and Maroulis [81]

Apple 0.182 Lozano et al. [88]

0.194 Sablani and Rahman [139]

0.20 Mavroudis et al. [92]; Rahman [128]

0.22 Rahman et al. [129]

0.03 Mavroudis et al. [92]

Potato 0.04 Lozano et al. [89]

0.05 Suzuki et al. [162]; Zogzas et al. [184]

0.08 Krokida and Maroulis [81]
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potato.

4.4.4 Model Validation

The relationship between porosity and pressure, developed in the present work, is based on

the strain energy function (Eq. 2.4). To study the mechanical properties of apple and potato,

the adequacy of this strain energy function is described well in Chapter 2 and Chapter 3.

The developed model has been validated with the help of existing experimental data. A good

agreement has been obtained between predicted values and experimental data. It has been

reported that this strain energy function is appropriate to study the mechanical properties

of apple and potato. Therefore, in the present chapter, the strain energy function given in

Eq. (2.4) has been used for the development of the desired relation. Further, by considering

the range of pressure given in literature [79, 80], the values of porosity are calculated for

various drying methods. The obtained values of porosity are checked and found in the range

which is given in literature [81, 176, 184]. Therefore, it can be concluded that the relation

developed in the present chapter is appropriate for the study of porosity behavior as a function

of pressure.

4.4.5 Porosity Variation in Different Drying Methods

By using Eq. (4.25), values of current porosity are calculated for the different values of

pressure. For various drying methods, the effects of pressure and initial porosity on the

current porosity are plotted in the Figs. (4.2–4.6) for apple and Figs. (4.7–4.11) for potato.

Before starting the drying process, when there is no moisture loss, the porosity (i.e. the initial

porosity) is shown in Figs. (4.2–4.11) corresponding to pressure p = 0. During dehydration,

as moisture content decreases in apple and potato samples, air fill the space left by the water.

Increasing volume of air put the pressure on the cell-wall, as a result cell shrinks which

causes increment in the porosity. Further, during dehydration, it can be seen that the current

porosity increases as initial porosity increases.
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4.4.5.1 Porosity Variation in Apple

The variations in current porosity with respect to pressure and initial porosity are presented

in Figs. (4.2–4.6) for apple in various drying methods. The main results are summarized as

follows:

• Figure (4.2) depicts the porosity variation as a function of pressure and initial porosity

during freeze drying of apple.

• Due to continuous process of drying, moisture loss from the sample increases, which

causes increment in pressure, consequently current porosity increases in the sample.

Pressure and initial porosity has significant effects on the current porosity.

• The current porosity increment is depending on the initial porosity and it is higher

for the greater value of the initial porosity. For any particular fixed value of pressure,

significant increment in current porosity is observed corresponding to greater value

of initial porosity. For example, in freeze drying for p = 10, the value of current

porosity is 0.445 corresponding to initial porosity 0.15, whereas current porosity is

0.651 corresponding to initial porosity 0.22 (Fig. 4.2).

• Further, initial porosity has considerable effect on pressure. It is observed that for the

high value of initial porosity, less amount of pressure is sufficient to attain the maxi-

mum value of current porosity. For example, in freeze drying, for initial porosity 0.15,

maximum value of current porosity (0.9357) is achieved for p = 53.2578, whereas for

initial porosity 0.22, maximum value (0.9357) is achieved for p = 24.7555 (Fig. 4.2).

• Figure (4.3) displays the effect of the pressure and the initial porosity on the current

porosity for vacuum drying of apple. Graphs are plotted for different values of the

initial porosity (0.15, 0.182, 0.194, 0.2, 0.22).

• From Fig. (4.3), it can be observed that the current porosity increases as pressure in-

creases. That is, at the initial drying stage, moisture removes rapidly from the sample,

which causes the rapid increment in pressure, consequently, current porosity increases

swiftly. However, the increment of porosity become slow for latter drying stages.
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Figure 4.2: Porosity variation with respect to initial porosity and pressure developed due to
water removal during freeze drying of apple.
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Figure 4.3: Porosity variation with respect to initial porosity and pressure developed due to
water removal during vacuum drying of apple.
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Figure 4.4: Porosity variation with respect to initial porosity and pressure developed due to
water removal during microwave drying of apple.

• In the vacuum drying, values of pressure and current porosity are less as compare to

freeze drying for the same value of initial porosity (Fig. 4.3).

• Figures (4.4 and 4.5) illustrate the current porosity variation with respect to pressure

and initial porosity for microwave and convective drying, respectively. Again, current

porosity increases as pressure increases.

• In microwave and convective drying, similar effects of the initial porosity, as in freeze

and vacuum drying, are observed on current porosity and pressure. When the value of

initial porosity is low, the highest value of current porosity is achieved at large amount

of pressure, whereas corresponding to higher value of initial porosity, highest value of

current porosity is achieved at lower amount of pressure.

• In the microwave and convective drying, the values of pressure and current porosity

are less as compare to vacuum drying (Figs. 4.3 and 4.5).

• For the osmotic dehydration of apple sample, the dependence of current porosity on

pressure and initial porosity is presented in Fig. (4.6).
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Figure 4.5: Porosity variation with respect to initial porosity and pressure developed due to
water removal during convective drying of apple.

• Current porosity is increasing with pressure, which favour the physical phenomenon

of food dehydration. Further, current porosity and generated pressure depends on the

initial porosity. For lower values of initial porosity, higher value of pressure causes

porosity increment, while for higher value of initial porosity, lower value of pressure

causes porosity increment.

• In case of osmotic dehydration, the values of pressure and current porosity are less as

compare to microwave and convective drying (Fig. 4.6).

• Figures (4.2–4.6) illustrate that the current porosity varies from 0.15 to 0.93, 0.72,

0.63, 0.60 and 0.54 in the cases of freeze drying, vacuum drying, microwave drying,

convective drying and osmotic dehydration, respectively. These range of porosity for

apple are supported by experimental results [78, 111] for different drying methods.

• Current porosity is the highest in freeze drying (Fig. 4.2), whereas it is the lowest in

osmotic dehydration (Fig. 4.6). The high porosity in freeze drying of foodstuffs is the

consequence of absence of capillary forces during sublimation of the frozen solvent

[90].
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Figure 4.6: Porosity variation with respect to initial porosity and pressure developed due to
water removal during osmotic dehydration of apple.

• In the different drying methods, greatest value of pressure is different (Figs. 4.2–4.6).

It is maximum in freeze drying whereas minimum in osmotic dehydration.

In the early stage of drying, the porosity increases rapidly for all values of the initial

porosity and after that its increasing rate became slow. The open space in the structure

formed by the water evaporation is caused of the incapability of structure to collapse per-

fectly as water evaporated [72]. The cause for collapse may be the interfacial tension of

tissue’s walls filled with water.

4.4.5.2 Porosity Variation in Potato

The current porosity and generated pressure are shown in Figs. (4.7–4.11) for various drying

methods and different values of initial porosity in potato. Further, following results are

observed:

• Figure (4.7) depicts the effects of pressure and initial porosity on current porosity for

freeze drying of potato. It is observed that the current porosity increases as pressure

increases.
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Figure 4.7: Porosity variation with respect to initial porosity and pressure developed due to
water removal during freeze drying of potato.

• Further, current porosity depends on the initial porosity. For any fixed value of pres-

sure, the higher value of current porosity is observed corresponding to greater value of

initial porosity.

• Pressure is also affected by initial porosity. For less values of initial porosity, large

amount of pressure generated in potato cells. However, for greater value of initial

porosity, lesser amount of pressure are generated which is responsible for porosity.

• Similar types of behavior of porosity and pressure are recorded for microwave drying

of potato (Fig. 4.8).

• Figures (4.7) and (4.8) display that the high pressure is generated in potato cells.

The possible explanation of high pressure in these drying methods are as follows: in

freeze drying method large crystal of ice form, which is responsible for high pressure.

Whereas, in microwave drying electromagnetic waves are used to generate the heat

inside the material, which causes the high pressure.

• The current porosity variation, in terms of pressure and initial porosity, are presented
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Figure 4.8: Porosity variation with respect to initial porosity and pressure developed due to
water removal during microwave drying of potato.

in Figs. (4.9–4.11) for vacuum drying, drying at 70oC and convective drying, respec-

tively. Similar trends of current porosity, as for freeze and microwave drying, are

observed for these drying methods.

• The value of current porosity is the highest in freeze drying (Fig. 4.7), whereas it is

the lowest in convective drying (Fig. 4.11).

• The current porosity increases rapidly in starting drying hours of potato in case of

vacuum drying, convective drying and drying at temperature 70oC for initial porosities

0.05 and 0.08, whereas the value of current porosity is lower in these cases for initial

porosities 0.03 and 0.04.

• The values of porosity and pressure are higher in vacuum drying than the convective

and drying at 70oC but lower than the freeze and microwave drying.

• The porosity characteristics presented the nonlinear variation with respect to pressure,

as expressed, in the form of Eq. (4.25). Further, it can be seen from Figs. (4.7–4.11)

that the current porosity increases rapidly for slight changes in initial porosity.
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Figure 4.9: Porosity variation with respect to initial porosity and pressure developed due to
water removal during vacuum drying of potato.
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Figure 4.10: Porosity variation with respect to initial porosity and pressure developed due to
water removal during drying potato at 70oC.
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Figure 4.11: Porosity variation with respect to initial porosity and pressure developed due to
water removal during convective drying of potato.

• For potato (Figs. 4.7–4.11), current porosity varies from 0.03 to 0.88, 0.78, 0.32, 0.31,

0.20 in case of freeze drying, microwave drying, vacuum drying, drying at temperature

70oC and convective drying, respectively, for the given values of pressure. These range

of porosity for potato are supported by experimental results [78, 111] for different

drying methods.

• It is also observed that potato is more sensitive against drying temperature than the

apple. The rate of porosity increment in potato drying is high as compare to apple

drying.

• Ultimately, the increasing porosity affects the shrinkage properties of apple and potato

predominantly.

The possible reason of the formation of porosity in foodstuffs explained by Krokida et al.

[83] is given as: in the initial drying hours, cellular tissues are sufficiently elastic to shrink

into the space left by the evaporated water. As the drying process proceeds, the water is

replaced by air, and hence, structural changes occur in the tissue that results in a more rigid
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skeleton, that favoring the development of porosity. Further, results obtained in this chapter

are supported by experimental results of Krokida and Maroulis [81].

4.4.6 Comparison of Different Drying Techniques

Several drying methods are generally liable for formation of different porous micro and

macro structures in a different way due to various process parameters. In the process of

freeze drying of apple and potato, internal water from these products removed in two steps:

firstly, the product is frozen by keeping pressure and temperature low, and secondly, the wa-

ter is removed by sublimation. In the vacuum drying method, drying is performed using low

temperature and different pressure. In the microwave drying method, heat inside the material

is generated using electromagnetic waves. This method is applied by food industries to dry

the products at the reduced drying time using dielectric heating with microwaves. Convec-

tive air drying is the most widely applied method for food dehydration. In this method, high

temperature is applied for drying food products, and the moisture is removed from the center

to the surface of the product. In the osmotic dehydration method, apple and potato is im-

mersed in the concentrated solutions, as a result, products of intermediate moisture content

obtain due to natural water removal. The details of various drying techniques can be found in

literature [78, 111]. Drying methods have immeasurable influences on the porosity of apple

and potato. Results of these methods can be compared as follows:

• The final porosity for apple is the highest (92%) in freeze drying (Fig. 4.2) and the

lowest (54%) in osmotic dehydration (Fig. 4.6). The higher porosity value for apple

means that the greater volume of pores is formed during freeze drying. The larger pores

creation is the consequence of larger ice crystal development during freeze drying. The

porosity of apple during other drying techniques, such as vacuum drying, microwave

drying and convective drying are 73%, 63% and 60%, respectively.

• It is clear that the microwave dried apple developed lower porosity than vacuum dried

apple and greater porosity than convective dried apple (Figs. 4.3–4.5). Similar results

for porosity of apple were reported by Krokida and Maroulis [82].
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• In the case of potato drying, the freeze dried potato (Fig. 4.7) developed the highest

porosity (89%), whereas the lowest porosity (21%) is obtained in convective drying

(Fig. 4.11). These results are agreed with those obtained by Krokida and Maroulis

[82] and Zogzas et al. [184]. For the other drying methods, for example, microwave

drying, vacuum drying and air drying at temperature 70oC, the porosity of potato is

78%, 33% and 31%, respectively.

• The porosity of vacuum dried potato is greater than the porosity of air dried potato and

lower than the porosity of microwave dried potato (Figs. 4.8–4.10). Similar results

were reported by Krokida and Maroulis [78, 82] for porosity of potato.

It is evident from results, discussed above for porosity of apple and potato, that the dried

apple developed higher porosity than the dried potato in freeze drying, vacuum drying and

convective drying. This means that the apple is more capable to shrink as compare to potato.

These results may be helpful for food drying industries to choose an appropriate drying

technique to obtain the desired quality, appearance and texture of final product.

4.5 Conclusions

In the present chapter, a mathematical relation, for the prediction of porosity (volume frac-

tion of pores) variation in apple and potato, is developed as a function of initial porosity

and pressure which is (responsible for the counterbalancing forces) developed on the surface

of porous spherical structure during dehydration. Current porosity is largely depended on

the initial porosity. For the different values of initial porosity, the effect of pressure on the

current porosity is obtained. The obtained porosity range for apple and potato is satisfactory

and agreed by the previously published experimental observations. It is evident from prac-

tical situations that the contraction stress (pressure) increases in cells of apple and potato

due to water removal. Therefore, the present study justifies the physical behavior of apple

and potato in respect of change of porosity and pressure during dehydration. Additionally,

due to close resemblance between experimental and theoretical results, the developed math-

ematical relation is appropriate for the study of porosity behavior of apple and potato. This
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relation may be helpful in food industries for choosing the suitable drying process according

to requirement of final dried product. Also, it can be used in further studies for the calcula-

tion of porosity and structural properties of apples and potatoes. Eventually, the use of this

mathematical relation can be extended to examine the porosity behavior for other fruits and

vegetables during dehydration.
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Chapter 5

Modeling of Time Based Variation of

Moisture Content, Density, Porosity and

Specific Volume during Drying of Apple

and Potato

5.1 Introduction

Among various fruits and vegetables, apple and potato are the most widely used foods for

consumption. These are frequently used in different forms, processed and unprocessed.

Fresh apple and potato contains a large percentage of water, which should be removed to

obtain long time preservable processed products. Water removal from apple and potato is

the main factor responsible for changing their physical properties during dehydration. It is a

very crucial and complex process. The applications of food drying techniques are very com-

mon to improve food stability and minimize chemical and physical changes during storage

[95]. Drying is the most extensively used technique for food preservation [45, 53, 171]. This

process is often used in food industries to maintain the quality, nutrition values and extend

the shelf-life of foods.

During drying, tension inside the cells of biological products (such as apple and potato)
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reduces due to water removal which caused the amendment in cellular structure [153]. As

a result, a considerable reduction in shape, size, mass and volume of food products occurs

that influences their structural properties. Therefore, dehydrated food products have many

benefits, such as convenience in use and minimize transportation, storage and packaging cost

and time [141].

Structural properties, such as shrinkage, porosity, density (particle and bulk) and spe-

cific volume generally characterize the structure of dried apple and potato. These properties

are immensely affected due to the water reduction, and play a crucial role in characterizing

the quality of final dried product. These properties are also very essential in improvement

of the quality of existing products, and in the development of new industrial products with

specific desired properties. These structural properties have been investigated by several

researchers by performing experiments on different fruits and vegetables. In this process,

Lozano et al. [89] reported the data on bulk density, porosity and shrinkage as a function of

moisture content by performing experiments on pears, carrots, potatoes, sweet potatoes and

garlic. Porosity and density in drying starch materials were investigated by Marousis and

Saravacos [91]. Further, a linear relationship between porosity and moisture content, and a

polynomial function for density and moisture content were fitted with obtained data. For the

prediction of structural properties as a function of moisture content, several researchers have

proposed mathematical models for apple, banana, carrot and potato [81, 83], potato [176],

apple, potato and carrot [184]. Al-Muhtaseb et al. [4] examined the shrinkage, bulk density,

particle density and porosity with respect to moisture content variation of potato starch gel.

Experimental data of various vegetables for apparent density, true density and porosity in

terms of moisture content was correlated with a simple mathematical model [17]. Chemkhi

and Zagrouba [29] experimentally determined the density and shrinkage of potato and cor-

related the data with density and shrinkage equations as a function of moisture content.

It is clear from above literature that the mathematical models, developed by several re-

searchers to predict structural properties of various food products, are the function of mois-

ture content solely. During dehydration, the effect of drying time on the structural properties

has not been considered so far. The concept of structural properties in terms of drying time
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may be interesting and give a new direction in further research to obtain a desired quality

of dried food products. For industries point of view, variations in structural properties with

respect to time are important for allocation and optimization of resources. Furthermore, to

obtain the desired quality of dried food products, measurement of moisture content repeat-

edly is time consuming and may contain errors during the measurement process. Therefore,

to resolve this problem, a mathematical model needs to be developed to predict moisture con-

tent as a function of drying time and then use of this model to predict structural properties in

terms of drying time.

Mathematical modeling is an important tool to study the drying characteristics of fruits

and vegetables under different drying conditions. It provides a platform where overall im-

provement in quality of the final products can be controlled. Mathematical models are gen-

erally used to describe the drying behavior and predict the quality of the dried products with

the help of variables involved in the process. Several thin layer drying models are available

in literature. These models are frequently used to describe the drying behavior of different

agricultural products, for example, carrots [1], apple, potato and pumpkin [2], potato [14],

sweet potato [42], black tea [115], apple [140, 171], pumpkin, green pepper, stuffed pepper,

green bean and onion [180].

The thin-layer drying is defined by Akpinar [2] as to dry one layer of sample or slice

of fruits or vegetables. The drying phenomenon of these products can be described by the

thin-layer drying models that can be categories as theoretical, semi-theoretical and empirical

[115]. The first category of thin-layer drying models is considered for study the internal re-

sistance to moisture transfer, while other two categories are considered for study the external

resistance to moisture transfer between air and product [61]. The theoretical models are de-

rived from Fick’s second law of diffusion [115], while semi-theoretical models are generally

derived from Fick’s second law by its modifications and from Newton’s law of cooling [45].

Keeping above literature in mind, the overall objective of this chapter is to (i) propose a

suitable drying model for moisture content as a function of drying time and use this model to

study the drying characteristics of apple and potato; (ii) conduct experiments on one variety

of apple and three varieties of potato at different drying temperature to validate the proposed
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drying model; (iii) describe the influences of temperature on drying kinetics of apple and

potato; and (iv) use of the proposed drying model for determining the structural properties

of apple and potato with respect to drying time.

5.2 Mathematical Model

5.2.1 Drying Model

The concept of thin-layer drying models for characterizing the drying behavior was sug-

gested, initially, by Lewis [85], who derived the semi-theoretical model from Newton’s law

of cooling for porous hygroscopic materials

MR =
X−Xe

X0−Xe
= exp(−kt), (5.1)

where MR is the moisture ratio, X , Xe and X0 are the instantaneous, equilibrium and initial

moisture contents (g water/g dry matter), respectively, k is the drying constant (m−1), t is

the time (min). After that, Page [114] modified the Lewis model by adding a dimensionless

empirical constant (n) and used it for study the drying behavior of shelled corns

MR =
X−Xe

X0−Xe
= exp(−ktn). (5.2)

Overhults et al. [113] modified the Page model and obtained the following equation (this

model is known as Modified Page-I Model)

MR =
X−Xe

X0−Xe
= exp(−kt)n. (5.3)

In addition, to describe the drying kinetics of soybeans, White et al. [179] introduced the

following model (this model is known as Modified Page-II Model)

MR =
X−Xe

X0−Xe
= exp(−(kt)n). (5.4)
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Table 5.1: Semi-theoretical thin-layer drying models.

No. Model Name Model equation References

1 Lewis (Newton) MR = exp(−kt) Lewis [85]

2 Page MR = exp(−ktn) Page [114]

3 Modified Page-I MR = exp(−kt)n Overhults et al. [113]

4 Modified Page II MR = exp(−(kt)n) White et al. [179]

5 Modified Page equation- II MR = exp(−k(t/l2)n) Diamante and Munro [42]

6 Midilli et al. MR = aexp(−ktn)+bt Midilli et al. [101]

7 Two term exponential MR = aexp(−kt)+(1−a)exp(−kat) Sharaf-Eldeen et al. [148]

8 Modified Two-Term Exponential MR = aexp(−kt)+(1−a)exp(−gt) Verma et al. [172]

9 Approximation of Diffusion MR = aexp(−kt)+(1−a)exp(−kbt) Kaseem [73]; Yaldýz and Ertekýn [180]

10 Our model MR = exp(−(kt)n)−akt Present work

Except of these models, several other researchers have used Fick’s second law of diffusion for

derivation of thin-layer drying models for study of drying behavior of different agricultural

products (a list is given in the Table 5.1).

The drying process of apple and potato is considered as the external resistance to moisture

transfer between air and product. Therefore, the drying behavior of these products can be

characterized by semi-theoretical thin-layer drying models. Various drying models were

tested with measured experimental data for apple and potato. Some of them were good,

but others have shortcomings, such as they were failed to describe drying behavior of these

products at the time t = 0. Also, during the initial hours of drying, some models under

predict the drying behavior, while they over predict the drying behavior during the later

stages of drying. Further, the number of parameters should be less in a model to be estimated

adequately and fit the model to experimental data. In this context, to overcome from the

above-mentioned shortcomings, we proposed the following semi-theoretical model to study

the drying kinetics of apple and potato

MR =
X−Xe

X0−Xe
= exp(−(kt)n)−akt, (5.5)

where X , Xe and X0 are the instantaneous, equilibrium and initial moisture contents (g water/g

dry matter), respectively, k is the drying constant (m−1), t is the drying time, n is the dimen-

sionless empirical drying exponent and a is the empirical model constant (dimensionless).
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The constant a is introduced for obtaining the best fit of the model to experimental data;

whereas, the drying exponent n is introduced to obtain rapid drying behavior during the

early stage of drying. The proposed model is the modification of the Modified Page-II model

by adding a linear term. The linear term is added in this model to overcome the problem of

over prediction drying behavior of apple and potato during last drying hours. The moisture

ratio (MR) can be calculated from Eq. (5.6) instead of (X −Xe)/(X0−Xe) due to the very

small value of Xe as compare to X or X0 ([140, 166])

MR =
X
X0

. (5.6)

Hence, Eq. (5.5) reduced to

MR =
X
X0

= exp(−(kt)n)−akt. (5.7)

The amount of the evaporated moisture with respect to time is termed as drying rate and

can be expressed as

DR =
Xt+∆t−Xt

∆t
, (5.8)

where DR is the drying rate (g water/g dry matter. min), Xt and Xt+∆t are the moisture

contents (g water/g dry matter) at the time t and t +∆t, respectively, t is the drying time

(min).

The dependence of drying constant (k) on the drying temperature (T ) is described by the

exponential equation

k =C exp(DT ), (5.9)

where C and D are constants.
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5.2.2 Density, Porosity and Specific Volume Model

Several researchers (e.g., [82, 83, 184]) have performed experiments on apple, potato, banana

and carrot to examine the density (particle and bulk), porosity and specific volume at various

moisture contents. Further, to predict these properties, following mathematical models were

proposed:

Particle density

ρp(X) =
1+X
1
ρs
+ X

ρw

, (5.10)

Bulk density

ρb(X) =
1+X

1
ρb0

+ β ′X
ρw

, (5.11)

Porosity

ε(X) = 1− ρb

ρp
, (5.12)

Specific volume

ν(X) =
1

ρb0
+

β ′X
ρw

, (5.13)

where four parameters define as: the dry solid density ρs, the density of enclosed water ρw,

the dry solid bulk density ρb0, and the volume shrinkage coefficient β ′.

It is clear from the above equations that the structural properties are calculated as function

of moisture content only. By using Eq. (5.7), these properties (particle density, bulk density,

porosity and specific volume) can be calculated as a function of time. Therefore, substituting

the value of X (moisture content) from Eq. (5.7) into Eqs. (5.10–5.13) and denoting f =

akX0, we obtain
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Particle density

ρp(t) =
1+{X0 exp(−(kt)n)− f t}

1
ρs
+ {X0 exp(−(kt)n)− f t}

ρw

, (5.14)

Bulk density

ρb(t) =
1+{X0 exp(−(kt)n)− f t}

1
ρb0

+ β ′{X0 exp(−(kt)n)− f t}
ρw

, (5.15)

Porosity

ε(t) = 1− ρb(t)
ρp(t)

, (5.16)

Specific volume

ν(t) =
1

ρb0
+

β ′{X0 exp(−(kt)n)− f t}
ρw

. (5.17)

These are the desired equations for structural properties as function of drying time.

5.3 Material and Methods

5.3.1 Material

One apple variety (Fuji) was purchased at the local market in Shimla, Himachal Pradesh,

India and kept at the room temperature until use. Further, three potato varieties, Kufri

Chipsona-1, Kufri Himsona and Kufri Bahar, harvested in the month of March 2014 at Cen-

tral Potato Research Institute Campus Modipuram, Uttar Pradesh, India, were used for the

drying experiments. After harvesting, potatoes were stored at temperature 12oC and humid-

ity 90% until the drying experiments carried out. The experiments were conducted during

the month of July 2014 in the PHT Laboratory of Central Potato Research Institute Shimla,

Himachal Pradesh, India.
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5.3.2 Sample Preparation

Before starting of each experiment, apple and potato were washed in running tap water, and

cut into slices of 2 mm thickness by a mechanical slicer. Out of these slices, 20g sample

was used from each variety for drying experiments. To calculate the initial moisture content,

100g sample of each variety was dried in an oven dryer at temperature 80oC for 24 hours.

The initial moisture content (wet basis) was found 85.45% of apple and 76.51%, 75.70% and

84.83% of Kufri Chipsona-1, Kufri Himsona and Kufri Bahar, respectively.

5.3.3 Experimental Procedure

The drying experiments were carried out using a tray dryer equipped with temperature con-

troller, thermometer and multiple drying trays. From each apple and potato variety, 20g

sample was placed in the tray dryer. Drying experiments were conducted at temperatures

60,70 and 80oC. Each experiment was performed in five replications at each temperature

and time to calculate the moisture contents.

Before placing samples in the dryer, the dryer was run for at least two hour to obtain

steady temperature. Once the temperature had stabilized, the samples were placed on the

tray and placed it in the dryer. A digital balance (SD Fine-Chem Limited, India EA-300,

precision of 0.01g) was used to determine the water loss from the samples by weighing the

samples periodically during the drying process. The samples were weighted at every 30

minute time interval from starting to end of the process. The drying process was continued

until the final moisture content of the samples reached approximately 3−5% (dry basis) of

each variety. The averages of five replications were calculated at each temperature and time

in every experiment.

5.3.4 Statistical Analysis

A non-linear regression technique was employed for analysis of data measured during drying

experiments. Among the various criterion of model fitting to experimental data, we used

statistical test methods, such as chi-square (χ2), coefficients of determination (R2), and root
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mean square error (RMSE), to evaluate the goodness of fit. The Levenberg-Marquardt (LM)

algorithm was used for non-linear regression analysis. The higher values of R2 and the lower

values of RMSE and χ2 were chosen as the criteria for goodness of fit.

5.4 Results and Discussion

5.4.1 Drying Properties

The dimensionless moisture content as a function of drying time is given by the Eq. (5.7).

The moisture contents data, obtained in drying experiments, are fitted to drying model (Eq.

5.7) by employing non-linear regression technique. The calibrated values of model constants

are written in the Table (5.2) for different drying temperature (60,70 and 80oC).

5.4.1.1 Fitting of the Drying Models

Several semi-theoretical drying models (Table 5.1) are fitted to the data of moisture content

after converted it to moisture ratio (MR) by using the Eq. (5.6). The statistical results and

comparison of models are shown in Tables (5.3 – 5.6) for apple, Kufri Chipsona-1, Kufri

Himsona and Kufri Bahar, respectively.

Table 5.2: Estimated constants related to proposed model at different drying temperature for
apple and potato.

Product Variety 60oC 70oC 80oC
k = 0.00761 k = 0.00941 k = 0.01283

Apple Fuji n = 1.38951 n = 1.36380 n = 1.24917
a = 0.00455 a = 0.00254 a = 0.00061
k = 0.00523 k = 0.00655 k = 0.00834

Kufri Chipsona-1 n = 1.60203 n = 1.41921 n = 1.48259
a = 0.00644 a = 0.01038 a = 0.00618
k = 0.00549 k = 0.00714 k = 0.00886

Potato Kufri Himsona n = 1.70892 n = 1.49928 n = 1.56078
a = 0.00202 a = 0.00560 a = 0.00324
k = 0.00570 k = 0.00696 k = 0.00851

Kufri Bahar n = 1.61507 n = 1.41448 n = 1.46990
a = 0.00280 a = 0.00930 a = 0.00716
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Table 5.7: Statistical results for drying constant.

Equation Drying products Coefficients χ2 R2 RSME

Apple A = 0.00121, B = 0.02952 1.917E-8 0.9988 1.384E-4

Kufri Chipsona-1 A = 0.00127, B = 0.02346 1.902E-9 0.9996 4.362E-5

k =C exp(DT ) Kufri Himsona A = 0.00135, B = 0.02356 1.762E-8 0.9969 1.327E-4

Kufri Bahar A = 0.00171, B = 0.02005 1.431E-11 1 3.784E-6

To assess the better model, the comparison of models are made according to χ2, R2 and

RMSE.

• It can be seen from Tables (5.3 – 5.6) that the values of R2 are greater for our model

than the corresponding values of other models.

• In addition, the values of χ2 and RMSE are lower for our model than the corresponding

values of other models. Accordingly, our model is better to characterize the drying

behavior of apple and potato.

• Drying curves for our model, fitted to experimental data, are shown in Figs. (5.1 – 5.4)

at different drying temperature.

• It can be seen from these figures that the proposed model provides a close relationship

between the calculated and experimental moisture ratio. This reveals the aptness of

the model for describing the drying characteristics of apple and potato.

• Further, the relationship between drying constant (k) and drying temperature (T ),

given by Eq. (5.9), is set up by using regression analysis and the statistical results

are shown in the Table (5.7).

5.4.1.2 Effect of Temperature on Moisture Content

Drying curves for dimensionless moisture content (experimental and calculated) and drying

time, for apple and potato dried at different temperatures, are shown in Figs. (5.1 – 5.4) for

apple, Kufri Chipsona-1, Kufri Himsona and Kufri Bahar, respectively. It is apparent that
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Figure 5.1: Moisture ratio variation with drying time at different temperature for apple.

the initial moisture content in samples are not same during each experiment. Therefore, to

normalize the drying curves, and further, to minimize the effect of errors occurred during data

measurement, graphs have been plotted for moisture ratio at place of moisture content with

respect to time. Hence, plotted graphs are appearing similar in nature. Further, following

results are observed from the study:

• Figure (5.1) depicts the moisture content variation with respect to drying time for

apple.

• Figure (5.1) shows that the moisture content in apple decreases approximately expo-

nentially as drying time increases. The moisture content decreases rapidly at the be-

ginning of the drying process (approximately up to t = 150 min), whereas it decreases

gradually at the end stage of drying (after t = 150 min). The reason of this behavior of

moisture content is the excess of water in the sample in starting.

• As expected, drying temperature had a significant effect on moisture content and dry-

ing time. In other words, with the increase in drying temperature, drying curves be-

came steeper and hence considerable decrease in drying time is noticed.



101

0 100 200 300 400 500
0

0.2

0.4

0.6

0.8

1

Drying time (min)

M
oi

st
ur

e 
ra

tio

Kufri Chipsona−1

 

 

60oC, Predicted

60oC, Experimental

70oC, Predicted

70oC, Experimental

80oC, Predicted

80oC, Experimental

Figure 5.2: Moisture ratio variation with drying time at different temperature for Kufri
Chipsona-1.
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Figure 5.3: Moisture ratio variation with drying time at different temperature for Kufri Him-
sona.
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Figure 5.4: Moisture ratio variation with drying time at different temperature for Kufri Bahar.

• These effects of temperature on the time and moisture content are due to applying

energy at a higher rate to drying samples and consequently increase in drying rate

[28].

• Similar behavior of moisture content with respect to time and temperature are recorded

for potato; Chipsona-1, Himsona and Bahar, Figs. (5.2 – 5.4), respectively.

• Figure (5.2) depicts the predicted and experimental moisture content variation with

respect to drying time at different temperature for Chipsona-1.

• It is observed that moisture content decreases rapidly from sample during initial drying

hours.

• Similar effect of drying time on moisture content variation for Himsona (Fig. 5.3) and

Bahar (Fig. 5.4) is seen at different drying temperature.

• At the drying temperature 60,70 and 80oC, the drying time were 390,350 and 300

min, respectively for apple, 450,360 and 300 min, respectively for potato to attain the

final moisture content.
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• The obvious decrease in drying time with the increase in drying temperature has also

been observed by Aghbashlo et al. [1] for carrot, Bakal et al. [14] and Chayjan [28]

for potato and Wang and Chao [175] for apple slices.

• It is also observed that apple sample requires less time to be dried as compare to potato

sample.

5.4.1.3 Effect of Temperature on Drying Rate

The experimental and calculated drying rates as a function of time are shown in Fig. (5.5)

for apple and in Figs. (5.6 – 5.8) for potato at different temperature.

• Figure (5.5) indicates that during the initial two hours of drying, drying rate is higher

in apple than the latter hours of drying. Initially, the drying rate in apple is high due to

the excess amount of water in the sample, and hereafter, as drying proceeds, amount

of water in sample decreases gradually which results the decrease in drying rate.

• Further, it can be seen from the Fig. (5.6) that the drying rate for Chipsona-1 increases
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Figure 5.5: Changes of drying rate with time at different temperature for apple.
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Figure 5.6: Changes of drying rate with time at different temperature for Kufri Chipsona-1.

rapidly in the initial drying hours and after reaching its maximum value, the drying

rate decreases gradually as the sample approached the dried state. This means that the

moisture loss rate in samples is more in starting drying hours as compare to the last

drying hours.

• Similar behavior of the drying rate is observed for Himsona and Bahar, Figs. (5.7) and

(5.8), respectively.

• The drying temperature has a great effect on the drying rate of apple and potato. In

other words, a higher temperature resulted in a higher drying rate.

• Similar type of effect of drying temperature on the drying rate was also reported by

Velić et al. [171] for apple and Darvishi et al. [38] for potato. Therefore, to reduce

the drying time of apple and potato samples a higher drying rate can be produced by

higher drying temperature.

• The main reason for increase the drying rate of apple and potato samples may be due to

increase in heat transfer and acceleration of water migration between air and sample.
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Figure 5.7: Changes of drying rate with time at different temperature for Kufri Himsona.

0 50 100 150 200 250 300 350 400 450
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

Drying time (min)

D
ry

in
g 

ra
te

 (
g 

w
at

er
 / 

g 
dr

y 
m

at
te

r 
. m

in
)

Kufri Bahar

 

 

60oC, Predicted

60oC, Experimental

70oC, Predicted

70oC, Experimental

80oC, Predicted

80oC, Experimental

Figure 5.8: Changes of drying rate with time at different temperature for Kufri Bahar.
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• From Figs. (5.5 – 5.8), it is also clear that the drying rate is greater in apple than potato.

• Additionally, Bahar has the greater drying rate than Chipsona-1 and Himsona, which

is due to the fact of higher initial moisture content in Bahar than Chipsona-1 and

Himsona. Hence, proposed model is able to predict the drying rate suitably for apple

and potato.

5.4.2 Structural Properties

It is clear from subsections (5.4.1.1) and (5.4.1.2) that the proposed drying model is suitable

to predict the moisture content variation with respect to drying time. Hence, during dry-

ing of apple and potato, we can calculate the drying time which may required to obtain a

desired dried product. Therefore, we can use the proposed drying model for the prediction

of structural properties of apple and potato with respect to time during drying. However,

here we have discussed the structural properties of apple and Kufri Himsona at temperature

70oC only. For other varieties and temperature, these properties can be discussed in similar

way. Firstly, moisture content is calculated from Eq. (5.7) and then it is used to calculate

structural properties. Further, the effect of drying temperature on structural properties can be

determined by using Eq. (5.9) in Eqs. (5.14) – (5.17).

5.4.2.1 Particle and Bulk Density

The particle and bulk density, in terms of drying time, is given by Eqs. (5.14) and (5.15),

respectively. Values of parameters ρs, ρb0, β ′ and ρw have been used from previous study

[81] for drying of apple and potato at 70oC. The variation of particle and bulk density with

respect to time is presented in Figs. (5.9) and (5.10), respectively.

• Figure (5.9) shows the particle density with respect to moisture content for the existing

model (Eq. 5.10) and the particle density with respect to moisture content calculated

from drying model proposed in the present study for apple and potato.
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Figure 5.9: Variation of particle density with moisture content and drying time (a) apple (b)
potato.
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• It is clear from the figure that the particle density, in terms of moisture content, can be

predicted well by using our model. Hence, these results confirm the use of Eq. (5.14)

to obtain relationship between the particle density and drying time.

• Further, the particle density variation with respect to drying time is also presented in

Fig. (5.9 a) for apple and Fig. (5.9 b) for potato.

• It can be seen from the Fig. (5.9) that the particle density increases as drying time

increases.

• It is evident that as the drying process proceeds, moisture in the sample decreases,

consequently, particle density increases. This should be expected because particle

density ranges between water density ρw and density of dry solid ρs

• During the initial drying time (approximately up to t = 150 min), particle density

increases slowly and after that it increases rapidly. The reason behind this behavior

of particle density is the availability of high moisture content in the sample initially.

Similar results were obtained by Krokida and Maroulis [81] for particle density of

apple and potato.

• Furthermore, Fig. (5.10) presents the bulk density for apple and potato with respect to

the moisture content for existing model (Eq. 5.11) and the bulk density with respect to

moisture content calculated from drying model proposed in the present study.

• Fig. (5.10) shows close resemblance between both the results. Hence, the relationship

(Eq. 5.15) between bulk density and drying time is admissible. In addition, bulk

density ranges between density of water ρw and bulk dry solid density ρb0 as expected.

• With the increase of drying time, moisture content in samples decreases, consequently,

bulk density of potato increases. On the contrary, bulk density of apple decreases as

drying proceeds.

• Initially (approximately up to t = 150 min), the rate of increment of bulk density is

slow and after that as moisture in the sample reduced gradually, the bulk density of



109

0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
0

2

4

6

8

10

M
oi

st
ur

e 
C

on
te

nt
 (

g/
g,

 d
ry

 b
as

is
)

Apple

 

 

0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
0

80

160

240

320

400

T
im

e 
(M

)

Bulk density (g/cm3)

Time vs Bulk Density
Existing model (Eq 11)
Our model

(a)

1 1.1 1.2 1.3 1.4 1.5
0

2

4

6

8

M
oi

st
ur

e 
C

on
te

nt
 (

g/
g,

 d
ry

 b
as

is
)

Potato

 

 

1 1.1 1.2 1.3 1.4 1.5
0

100

200

300

400

T
im

e 
(M

)

Bulk density (g/cm3)

Time vs Bulk Density
Existing model (Eq 11)
Our model

(b)

Figure 5.10: Bulk density variation with moisture content and drying time (a) apple (b)
potato.
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potato increases at a higher rate. While a reverse effect of drying time on the bulk

density of apple is seen. These results are supported by experimental work of Krokida

and Maroulis [81].

5.4.2.2 Porosity and Specific volume

Porosity is calculated from the Eq. (5.16) in terms of drying time. The expression of porosity

is obtained by substituting the expression of particle density (Eq. 5.14) and bulk density

(Eq. 5.15) into (Eq. 5.16). The suitability of the density equation is checked in subsection

(5.4.2.1), therefore, the porosity of apple and potato can be calculated from Eq. (5.16).

• Figure (5.11) demonstrates the porosity variation of apple and potato with time and

moisture content (existing and calculated in the present work). Similar to the density,

our model is appropriately describing the porosity variation with respect to drying

time.

• Initially, porosity is increasing at slow rate, and gradually, as drying time increases it

appears to be increasing at a higher rate [81].

• Further, it can be seen from Fig. (5.11) that the porosity variation with respect to

moisture content for existing model and our model presented very closely.

• Time dependent relation for specific volume is given by Eq. (5.17). Specific volume

variation with respect to time and moisture content is depicted in Fig. (5.12) for apple

and potato.

• During the initial drying hour, specific volume decreases at higher rate while after

t = 200 min (approximately) it decreases at slower rate.

• Specific volume variation with moisture content seems linear, whereas it is seemed

nonlinear with respect to drying time. The reason of this behavior of specific volume

is the exponential reduction in moisture content during drying. In other words, as

the drying process progressed, moisture content in the sample reduced in exponential

fashion which is responsible for the reduction in the specific volume.
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Figure 5.11: Porosity variation with moisture content and drying time (a) apple (b) potato.
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• Apple and potato shows similar pattern for specific volume variation with respect to

drying time as well as moisture content, which is agreed by the literature [81].

5.5 Conclusions

A new drying model for prediction drying behavior of apple and potato is proposed and

compared with several thin-layer drying models. The proposed model is validated with ex-

perimental data obtained from the experiments of one variety of apple and three varieties

of potato at different temperature. There are close agreement between our model and ex-

perimental results, based on observations of the parameters studied in the present work, in

comparison to the other models cited in literature. Our model is able to predict drying be-

havior suitably in the beginning (t = 0 min) of drying and in last drying hours when moisture

content remains very less in samples. The drying constant (k) of our model can be predicted

as a function of drying temperature from the exponential equation. The drying rate curves

of apple and potato are produced and found falling drying rate period. Further, the drying

model is used to predict structural properties, such as density, porosity and specific volume

as a function of drying time. However, more experimental works need to be done to obtain

data for structural properties in terms of drying time for other fruits and vegetables. Further,

the proposed drying model can be used to predict the drying behavior and structural proper-

ties of other fruits and vegetables under different drying conditions, such as temperature, air

velocity, humidity, and different sample geometry such as cubes, and various slice thickness.

The use of the proposed model for commercialization will be a topic of further research.
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Chapter 6

Conclusions and Future Scope

6.1 Summary and Conclusions

In the present thesis, an attempt has been made to understand the mechanical properties

(tension-stretch relation, turgor-stretch relation) of cell-wall of apple and potato tissues and

structural properties (shrinkage, density, porosity, specific volume) of apple and potato. The

primary goal of this work was to understand the tissue deformation (or damage) and changes

in the structure occurred in apple and potato during the process of handling, packaging,

transportation, storage and dehydration. The deformation (or damage) is the consequence of

externally applied loads. The damage in apple and potato can be understand by analyzing

mechanical properties of their soft tissues. On the other hand, structure related changes are

the consequence of water removal and formation of pores during dehydration. The change

in quality, texture and appearance can be understand by analyzing the variation in density,

porosity, shrinkage and specific volume during water removal from these products.

The deformation of soft tissues is the complex process. To perceive the whole process,

it is necessary to explore the factors behind the process. The whole methodology can be

comprehend by developing mathematical models for deformation of cells or conglomerate

of cells (or tissues). Formulation of constitutive equation plays a vital role in thorough

understanding of tissue properties. Therefore, in Chapter 2, a new strain energy function was

proposed and used to develop a constitutive model to investigate the mechanical properties
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of apple and potato tissues. The developed model was capable to predict, why and how,

the tension and stretch in the cell-wall get affected during mechanical loading of tissues.

Therefore, this model can be applied to understand and control the tissue damage in more

realistic loading regimes. Further, the work was extended to develop a relationship between

turgor pressure and stretch ratio for apple and potato tissues, which is presented in Chapter -

3. The development of this relation was based on the strain energy function. It is evident that

during transportation of food products, control of cell turgidity is necessary for reduction

in bruise susceptibility and maintain apparent freshness. Chapter - 4 was mainly concern

with the study of porosity variation in apple and potato during dehydration process. It was

observed that current porosity is depended on initial porosity and pressure (or contraction

stress in cells due to water removal). For study drying characteristics of apple and potato, a

drying model was proposed in Chapter - 5. The proposed model was compared with other

drying models cited in literature, and then it was used to obtain structural properties as a

function of drying time. Throughout the thesis, models were validated with experimental

data by using a very efficient Levenberg-Marquadt algorithm.

The freshness and quality of food products is dependent on the strength of the tissues.

The strength is related to the failure of one or more cells or bonds in a tissues. Turgor

pressure have great influence on the macroscopic fruit firmness and tissue strength. It is lost

due to water loss through transpiration in apple or potato. Since, more damage in cells will

occur during handling of highly turgid products, therefore, more work is required to control

turgidity during transport and storage of food products.

Besides aforementioned drying methods (discussed in Chapter 5), moisture removal also

comes into the picture during postharvest handling, storage and transportation of apple and

potato (in general fruits and vegetables). The process of moisture loss from fresh fruits and

vegetables is termed as transpiration. The transpiration process includes the evaporation of

moisture from the surface of the fruits or vegetables to the surrounding air during storage

[22]. Due to this process, moisture loss induces shrinkage, increase in porosity, wilting, and

loss of firmness and crispness of apple and potato, and thus contrarily affects the texture,

flavor, appearance and the mass of these products. During storage, the formation of pores in
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fresh apple and potato is the consequence of water removal that is largely dependent on the air

velocity, relative humidity and the heat of respiration. This loss of moisture can be reduced

by minimizing the water vapor pressure difference between the air and the products and

hence porosity increment can be minimized [22]. Additionally, at packaging time, various

moisture-proof films and skin coatings can be used. As a result, mass loss and shrinkage can

be reduced in these products that caused an improvement in firmness, appearance and overall

storage life.

Following conclusions have been drawn from this study:

• A new strain energy function is used to develop the constitutive relation to explore the

effects of stretch ratio on the cell-wall tension and effects of turgor pressure on stretch

ratios for apple and potato tissues.

• The use of strain energy function is appropriate to study the mechanical properties (for

example, tension-stretch relation, turgor-stretch relation) of apple and potato tissues.

Further, an effort can be made to incorporate the mechanical properties of other fruits

and vegetables by using this strain energy function.

• By the results of the present work, it is clear that the higher turgor pressure is respon-

sible for cell-wall rupture, which is responsible for damage of cells and reduction in

the freshness and quality of the products.

• It is observed that cell-wall tension increases as stretch ratios increases and stretch

ratios increases as turgor pressure increases. Hence, it can be concluded that the cell-

wall tension increases as turgor pressure increases.

• A successful understanding of parameters, which are responsible for tissue damage,

one can leads to develop suitable methodology for damage control of tissues and thus

maintain and enhance the quality of apple and potato.

• The porosity of apple and potato is largely depended on initial porosity and pressure.

It increases due to moisture loss from these products.
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• To obtain good dried food products, suitable drying methods and appropriate drying

conditions are necessary, which can be investigated with the help of mathematical

modeling.

• The study of structural properties as a function of drying time is invaluable, which can

be used for allocation and optimization of resources in food drying industries.

6.2 Future Scope

The study of food related properties is the wide area of research. Although, we have explored

some of the mechanical and structural properties of apple and potato, further work is needed

to investigate other properties (e.g., optical, sensory, texture, physical, etc.) by means of

mathematical modeling. Additionally, these properties can also be investigated for other

fruits and vegetables.

Various techniques are available for preservation of fruits and vegetables. In this context,

the radiation process technique is growing fast all over the world. Radiation is one of the

latest methods in food preservation. Irradiation of food is one of the most effective ways of

food preservation to inactivate microorganisms and destroy insect pests. In this technique,

foods become safe for eating without changing in texture and freshness because radiation

destroy bacteria from the foods. Further, foods do not gain any harmful toxic residues of

radiation for two reasons. First, the gamma rays from Cobalt-60, used in food radiation, are

not energetic enough to make it radioactive. Second, as the food never comes into contact

with the source directly, it is not possible for the food to become contaminated with radioac-

tive material. Disease causing organisms such as bacteria and parasites can be eliminated by

the use of radiation.

Radiation in fruits and vegetables can be used for delaying ripening and/or sprouting,

extend shelf-life, prevent spoilage or damage, kill infesting insects, destroy food borne

pathogens and bacteria. Therefore, more research needs to be done to determine how ra-

diation treatment interacts with commodity type, temperature and packaging for fruits and

vegetables, specially apple and potato.
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