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Resumen

Disefio de producto para la valoracion de jarabes de cafia. Caso de estudio :
formulacion de las barras de cereal

El consumo de barras de cereales ha ido en aumento a lo largo de los afios debido a una
mayor demanda de alimentos naturales, integrales, funcionales y nutritivos. Generalmente,
las barras de cereales estan compuestas principalmente por frutos secos y deshidratados,
cereales, aceites vegetales y azlicares 0 agentes edulcorantes. Durante la conformacion de
las barras, la mezcla de solidos se aglomera utilizando un liquido altamente viscoso,
principalmente jarabe de glucosa, que también actiia como agente edulcorante. Sin embar-
go, el jarabe de glucosa es un producto sintético que puede causar diversos problemas de
salud, como obesidad o enfermedades cardiovasculares. Para solucionar este problema, el
jarabe de glucosa podria ser reemplazado por sustitutos més saludables y de origen natural,
como la miel de abeja, jarabes extraidos de diferentes plantas (por ejemplo, agave, arce,
abedul) y jarabes concentrados obtenidos del procesamiento de jugos de cafia de azUcar
(como la melaza o el jarabe de panela) o de otras plantas ricas en azUcar (como la
remolacha, el sorgo, el datil, el coco y la palma Palmyrah). Estos sustitutos potenciales son
considerados adecuados para esta funcion, ya que son endulzantes naturales y alimentos
funcionales con acciones terapéuticas documentadas. No obstante, sus propiedades
fisicoquimicas y reoldgicas son diferentes a las del jarabe de glucosa, por lo que su
desempeiio como agentes edulcorantes y aglomerantes debe ser evaluado. En este sentido,
este trabajo se centra particularmente en la evaluacion del desempefio de las mieles de cafia
en la consolidacion de barras de cereales. Inicialmente, se analizaran las propiedades fisicas,
funcionales y sensoriales de las barras de cereales comerciales aglomeradas con jarabe de
glucosa como punto de referencia. Esto incluira, entre otros aspectos, la densidad, el
contenido de agua, la curva de flujo, la viscosidad a temperatura ambiente, las propiedades
mecénicas y el sabor de las barras bajo una formulacién tipica. Luego, las mieles de cafia
seran caracterizadas y modificadas para cumplir con las propiedades de desempefio
esperadas y se utilizaran en la elaboracion de barras de cereales. Estas barras seran
caracterizadas de manera similar y se evaluaran sus propiedades sensoriales. Finalmente, la
formulacién de la barra de cereales que contenga miel de cafia sera optimizada mediante un
disefio de mezclas asistido por computadora con el fin de reducir los costos de produccion.

Palabras clave : barras de cereal, jarabe de glucosa, mieles de cafia, propiedades fisicas,

disefio de mezclas



Abstract

Product design for the valorization of sugarcane syrups. Study case : Formulation of cereal
bars

The consumption of cereal bars has been increasing over the years due to a larger demand for
natural, whole, functional, and nutritious foods. Generally, cereal bars are mainly composed
of dried nuts and fruits, cereals, vegetable oils, and sugars or sweetening agents. During bars
conformation, the mixture of solids is agglomerated using a highly viscous liquid, primarily
glucose syrup, which also plays a role as sweetening agent. However, glucose syrup is a
synthetic product that may cause many health problems such as obesity or heart diseases. To
overcome this issue, glucose syrup might be replaced by using healthier and natural-based
substitutes such as bee honey, extracted syrups from different plants (e.g. Agave, Maple, Birch)
and concentrated syrups from processing of juices from sugarcane (e.g. molasses, jaggery
syrup) or from other sugar-rich plants (e.g. Beet root, Sorghum, Date, Coconut, Palmyrah
palm). These potential substitutes are considered suitable for the task as they are natural
sweeteners and functional foods with documented therapeutic action. Nevertheless, their
physicochemical and rheological properties are different from those of glucose syrup, so their
performance as sweetening and agglomerating agents must be assessed. In this regard, this
work is particularly focused on assessing sugarcane honeys performance in the consolidation
of cereal bars. Initially, physical, performance and sensorial properties of commercial cereal
bars agglomerated with glucose syrup will be assessed as a benchmark. Among others this will
include density, water content, flow curve, viscosity at room temperature, mechanical
properties, and taste of the bars under a typical formulation. Then, sugarcane honeys will be
characterized and modified to meet expected performance properties and used in the
preparation of cereal bars. The latter will be similarly characterized, and their sensorial
properties will be evaluated. Finally, formulation of the cereal bar containing sugarcane honey
will be optimized based upon a computer-aided design of mixtures in order to reduce the
production costs.

Key words: cereal bars, glucose syrup, sugarcane honeys, physical properties, design of
mixtures
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1. Introduction

World population health has been degrading over the years to potentially reach a point of non-
return, affecting life expectancy, public health systems, and social welfare. According to the
World Health Organization (WHO), in 2022, more than one billion people suffered from obesity
in the world, including 650 million adults and 39 million children (ONU Infos, 2022). Besides,
it has been established that the number of obesity cases in adults keeps increasing over the
years, as it has more than doubled since 1990 (WHO, 2024). A main cause of this issue is the
spiking consumption of unhealthy processed products, high in added sugars, saturated fats,
synthetic ingredients, and salts. In the case of added sugars, a wide range of processed foods
incorporate synthetic glucose syrup as an ingredient. Glucose syrup is mainly produced via
hydrolysis of corn, potato, and wheat starches, and depending on the grade, it is mainly
composed of glucose, fructose, maltose and higher oligosaccharides. For instance, during the
hydrolysis of starch, the main carbohydrates produced are the simple ones (glucose and
fructose) but the reaction might create more complex carbohydrates including maltose and
oligosaccharides; this depends on the extent of hydrolysis during production (Ataman
Chemicals, n.d.). Besides being widely available at low costs, the extended use of this
ingredient in the food industry is mainly due to its sweetening, agglomerating, thickening, and
moisture-retaining capacity. Nonetheless, it has been recently stated that glucose syrup has
been associated with a variety of diseases (e.g. diabetes, obesity, heart diseases) (Kavaler,
2024). As a result, different companies and food researchers have been trying to develop and
use healthier and natural substitutes.

In different studies, natural-based honeys and syrups have been assessed as potential
substitutes of glucose syrup, including maple syrup, agave nectar, bee honey, and brown sugar
syrup. While most of them are more expensive than industrialized glucose syrup limiting their
use as ingredient, some are derived from large scale industrial processes. For instance, brown
sugar syrup is produced by dilution of the molasses that are obtained as mother liquor from
the last crystallization step during industrial refining of table sugar. Nonetheless, molasses has
a lower content of functional components due to the physicochemical refining processes (e.g.
clarification, liming, bleaching). Alternatively, sugarcane honeys obtained during the open
evaporation of sugarcane juices from artisan jaggery facilities can also be used. They are less
processed than molasses and can be produced with variable sugars content. Besides, they
contain a variety of nourishing components and have a characteristic caramel-like flavor
(developed during the concentration process) that can enhance the sensory profiles of
different food products. Sugarcane honeys are mainly composed of sucrose (40-60%),
reducing sugars (10-15%), water (30-36%), and a series of nutritious components including
minerals (0.3% calcium, 8.5-10 ppm iron, 5 ppm phosphorus), proteins (0.01-1 %p), vitamins
(14 ppm) and antioxidants (e.g. phenolic compounds) (Quezada et al; 2016).

In addition to being a whole food and better for health, sugarcane honeys have documented
therapeutic properties (Bernuzzi, 2022). Nevertheless, and in spite of the potential to replace
synthetic sugars in some food products, sugarcane honeys do not have the same physical,
chemical, and rheological properties of glucose syrup thus making substitution in formulated
products more challenging. Besides sweetening, incorporation of glucose syrups in different
foods is also done to obtain desired mechanical properties, water activity and flow behavior,



among others. This is the case of cereal bars where glucose syrups provide sweetening,
agglomeration capability, coalescence of fine particles, flowability, chewability, specific water
activity, and mechanical resistance, among others. Consequently, there might be need to tune
the properties of sugarcane honeys to obtain similar performance to those of glucose syrup.
Such tuning could be done by using specific solids concentrations (Honeys contain 50-80% wt.
solids), by modifying sugars profile via partial hydrolysis of sucrose, or by incorporating
hydrocolloids or other ingredients. This is particularly important in the formulation of cereal,
energy or granola bars, which have become widely consumed snacks, and due to consumption
trends, they are highly value-added food products suitable to incorporate artisan-based
ingredients. For this reason, formulating cereal bars with sugarcane honeys is of particular
interest for Colombian producers as it will help fostering the jaggery sector and to valorize
other agricultural goods. Besides, most of the ingredients of a typical cereal bar (i.e. cereals,
dry fruits, some nuts, and natural based syrups, and honeys) are produced in the country, and
this would enable rural producers to find alternative markets and to add more value to their
final products.

To make the use of sugarcane honeys a viable substitute for glucose syrup in the formulation
of energy bars, there is need to understand expected quality factors of bars, the performance
of syrups and the way it contributes to meeting consumers’ expectations. In this regard, there
is need to characterize commercial cereal bars, to identify typical formulations, to establish
key performance properties of the product, and to determine how glucose syrup contributes
to such properties. Subsequently, and based upon reported or measured properties of glucose
syrup, a set of target characteristics will be defined to meet them using sugarcane honeys as
substitute. Finally, cereal bars will be formulated using sugarcane honeys, trying to fulfill
expected behavior, and minimizing ingredients costs. The bars will be subjected to
physicochemical and sensory characterization to validate physical performance and
satisfaction of consumers’ expectations.

Considering the above, this work was conducted under the following objectives:
General

e Evaluate sugarcane honeys as a substitute of glucose syrups in the production of cereal
bars.

Specific

e Determine the key properties and the corresponding ranges that define effective
performance of glucose syrup as ingredient in cereal bars.

e Characterize identified key properties of sugarcane honeys for their potential use as
glucose syrup substitute.

e Implement a product design method to formulate cereal bars using sugarcane honeys as
ingredient instead of glucose syrup.

e Assess performance and sensory properties of cereal bars formulated with sugarcane
honey.



2. Background

2.1 Cereal bars

2.1.1 Market

Currently, the cereal bars market is valued at $14.51 billion, and it is expected to reach $22.64
billion by 2034 (Roy Choudhury, 2024). Among the different types of cereal bars encountered
inthe market, energy bars have become predominant. Currently, the global energy bar market
size is valued at around $3.28 billion, and it is expected to reach $3.85 billion by 2029, with an
average annual growth of 3.32% (Mordor Intelligence, 2024). The demand for cereal bars
keeps increasing because they are convenient food snacks that match modern consumers’
trends regarding energy boosting, ready-to-eat, natural-based, and convenient size products.
In terms of regional markets, North America is the leader before Europe and Asia, having more
than half the global market and being represented by large food companies such as General
Mills Inc, Kellogg Co. and PepsiCo (see Table 1).

Table 1 : Key companies in the global cereal bar market (Fortune Business Insights, 2024)

Key companies in the cereal bar market in 2023 Country
General Mills Inc. United States
Kellogg Company United States

Nestle Switzerland
PepsiCo Inc. United States
Clif Bar&Company United States
McKee Foods Corporation United States
Atkins Nutritionals Inc United States
Kind LLC Mexico
Dextro Energy GmbH & Co.KG Germany
JUNKLESS Foods Inc United States
Mondelez international United States

The cereal bar market is also important in Oceania, especially Australia. For example, during
2020-2021 in Australia, the food group of cereal bars represented more than 4% of the total
apparent consumption of cereals (See Figure 1, Australian Bureau of Statistics, 2020-2021).
Regarding the Colombian market, as observed in Figure 2, the country and South America do
not stand for a large share of the cereal bar market, yet it still exhibits a steady growth.
According to recent reports, since 2016, the revenue in the granola bar segment has increased
around S 5 million (Mordorintelligence, n.d.).



= Others 10.2

=
8]

I Confectionary and bars

N

M Savory Sauces and Condiments

&
N

M Cereal based products

o
N

m Cereals and Cereal products

\e]

M Meat &; Poultry products

©o
"

M Fruit products

=
N
()]

1 Vegetable fruits

[y
(o]

= Milk products

. 24.7
[ ] Nonalcohollclbeverages

o

5 10 15 20 25 30
Figure 1 : Percentage contribution of groups that produce cereal bars to the total clear
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Figure 2: Revenue of the Granola/Muesli Bars market in South America (taken from
Mordorintelligence, n.d.)



Considering that cereals are main ingredients in the energy bars, it is important to assess their
availability in Colombia. According to recent reports, they are widely available, and the bakery
and cereals market size in the country was around $3.2 billion in 2021, and it is expected to
grow by 2026 with a CAGR of 4% (GlobalData, 2022). In this regard, promoting local cereals
and other crops like fruits and nuts is crucial for small farmers. By incorporating these
agricultural products into high-value foods, farmers could increase their profits significantly.
Additionally, the energy bars market might also create growing opportunities for the
Colombian jaggery artisan sector. Instead of selling jaggery in blocks or granules, intermediate
sugarcane honeys could be incorporated into energy bars as a substitute of glucose syrup. In
addition to improving nutritious value of such bars, and reducing glucose syrup content,
jaggery provides a caramel-like flavor that evolves in a totally new family of products for
consumers. Nonetheless, it is important to verify if sugarcane honeys can provide similar
performance properties to those provided by glucose syrup in terms of agglomeration, water
retention, sweetness, and mechanical behavior.

2.1.2 Cereal bar Ingredients

Cereal bars are typically produced with a defined set of ingredients to provide a suitable
balance of macro- (i.e. proteins, carbohydrates, fat), micro-nutrients (i.e. vitamins, minerals,
phytochemicals) and sensory characteristics (i.e. flavor, aroma, mouthfeel). Typically, as
presented in Table 2, these compounds are incorporated using different whole foods including
cereals (i.e. grains or flour), nuts, dried fruits, sweetening agents, vegetable oils and other
ingredients.

Table 2 : Categories of ingredients used for the cereal bar formulation.

Category Ingredients Category Ingredients
Cereals Oats Driedfruits Apples ApricotsFigs
Rice flakes White rice PeachesPears
flourBrown rice flour Raisins
Wheat flour
Nuts HazelnutsPeanuts Fats/oils Soy lecithinPalm oil
Pecan Walnuts Vegetable oil
Almonds
Sweeteners/sugars Glucose syrup Others Coconut Chocolate chips
Sugarcane honey Maltodextrin
Brown sugar Honey
Glycerin
Fructose

2.1.2.1 Cereal

Cereals, known as edible grains and seeds, belong to the families of Gramineae, Polygonaceae
and Chenopodiceae, respectively (Ray, 2017). All cereals are composed of three distinct parts:
the germ, the endosperm and the aleurone layer. In most grains the germ is a thin- walled
structure that holds the developing plant and contains vitamins and minerals, and the
endosperm is a structure where complex carbohydrates (such as starch), proteins (gluten) and



oils are contained (VIVESCIA, 2022). The endosperm is surrounded by the aleurone layer
(Nayik et al; 2023). In whole grains, the three distinct parts are still present whereas in refined
grains the germ and the layer are separated (Ray, 2017). The most used and consumed cereals
in the world are wheat, rice and maize, and they represent more than half of the cereal
production (Nayik et al; 2023) and provide more than 90% of total cereal calories (Saldivar,
2003).

Wheat is usually sowed during colder seasons (winter) and is harvested during summer. Due
to the available species and varieties, it is produced and consumed globally, and it is currently
an agricultural commodity. Even though The United States, China and Russia are the leading
producers, wheat farming is spread in different countries worldwide (G.Nayik et al; 2023).

In the case of rice, it is mostly produced in Asia (China, Japan, Korea among others) nourishing
a large part of the world population located in that continent. Rice grain is composed of an
exterior supportive layer that is removed to expose the edible rice caryopsis (G.Nayik et al;
2023).

Regarding maize or corn, it is the third most consumed cereal, and it is sowed during spring
(mid-March) when the temperature of the soil is above 10°C (SEMAE, n.d.). Even though there
are many types of maize, there are four main classifications for edible products, named flint
maize, dent, sweet corn, and popcorn (G.Nayik et al; 2023).

Cereal grains are commonly processed to obtain flakes by means of heating and pressing, and
flours (e.g. wheat flour, maize flour, rice flour) after grinding and sieving (Grands Moulins de
Paris, 2020). In order to provide a higher protein content or more minerals and fibers, some
whole grain or processed flours (e.g. cake flour, bread flour) might also be used. Particularly,
in the formulation of cereal bars, the most commonly used processed grains are oat grains,
rice flakes, white or brown rice flour, and wheat flour.

Table 3 : Physicochemical characteristics of some processed cereals
Processed | Moisture | Protein | Fat | Carbohydrates | Calcium and Calories Glycemic | Cost References
grain (%) (%) (%) (%) Magnesium | (kcal/100g) index | (S/ton)
(mg/100g)
Oats 8.22 16.9 6.9 66.3 54.0-177.0 389.0 55 240.0 USDA, 2024
TRIDGE, 2024
DiabetesNet,2024
Rice flakes 11.0 6.7 1.3 86.2 5.0-/ 365.0 80.0 4965.0 | Prospre, 2024 Glycemic
Index,2024
Jamoona, 2024
White rice 11.60 6.94 (1.30 80.0 6.0-23.0 359.0 78.5 390.0 | TRIDGE,2024USDA,2024
flour Team Diabesmart,2024
Brown rice 12.1 8.0 3.85 75.5 10.0- 124.0 366.0 62.0 10,000.0(Doves Farm Foods Ltd, n.d.
flour USDA,2024
Team Diabesmart,2024
Wheatflour 11.1 12.0 1.7 74.6 22.0-36.1.0 362.0 60.0 650.0 Team Diabesmart,2024
USDA,2024 TRIDGE, 2024

As observed in Table 3, the moisture content for processed cereals is approximately 10%.
Cereals are known to be protein-rich foods and their protein content varies from 6.7 % (rice
flakes) to 16.9% (oats). As the endosperm is mainly used to produce refined flour, they



generally contain more carbohydrates (i.e. starch and smaller saccharides) than cereals, with
80.0 % for white rice flour and 74.6% for wheat flour. Similarly, whole cereals have higher
amounts of minerals (calcium, magnesium among others) than flour and flakes because the
external shell high in minerals are eliminated during their manufacturing. As a result of the
high starch content, cereals have an important glycemic index that can vary from 55 (oats) to
around 80 (white rice flour). This is a measure of how quickly food causes our blood sugar
levels to rise, and it is ranked from 0 to 100. As reference, a glycemic index higher than 69 is
considered high, between 56 and 69 is considered moderate, and 55 or less is considered low.

2.1.2.2 Dry nuts

Dry nuts, consumed as typical foods or snacks, are dry fruits or seeds with an edible core and
a hard shell. They are a high source of monounsaturated and polyunsaturated fats and present
high contents of proteins, dietary fiber, antioxidants (phytochemicals) and different vitamins
and minerals including E vitamin, pyridoxine, niacin, magnesium, calcium, or potassium
(Gongalves et al., 2023). In contrast, they are low in saturated fats (4% - 16%) and free of dietary
cholesterol (Ros; Mataix, 2006). Their unique nutritional value, flavor, distinctive taste, and health-
related benefits allow nuts to be an important part of human diet (Wojdyfo et al.,2022).

It has been reported that including nuts in the diet is related to reducing risks of heart diseases
and low-density lipoprotein (LDL) cholesterol, to reducing inflammation in the body due to
their antioxidants, and to maintaining healthy blood vessels and blood pressure (Spritzler,
2023). However, antioxidants are mostly located in the peel (pellicle) of nuts (almonds,
peanuts) and they are lost when it is removed. Nuts are also characterized by the essential
and non-essential amino acids content. Among the non-essential ones, glutamic acid and
arginine are the two more important: the first is the most abundant in almonds with a content
of 6.2g/100g, while the arginine content is the highest in peanuts with 3.15g/100g. Cashews,
walnuts, almonds, and hazelnuts are among the most widely produced nuts globally
(Gongalves et al., 2023):

Cashew nuts come from a tropical tree native to South America. They are developed in the
end of cashew apples, used to produce a filtrated, pasteurized juice (Orwa et al; 2009). Like
other nuts, cashews contain 50% fat and about 25% carbohydrates (mostly starch) (ANSES,
n.d.). In 2022, cashews were widely produced in Africa and Asia, especially in Ivory Coast (970
kt/yr.) and India (752 kt/yr.) (FAOSTAT, 2022). As a result of the increasing demand for
cashews, it has been generating ethical and environmental issues (i.e. labor conditions and
carbon footprints), so its use in industrial food products has been scrutinized (Robbins, 2022).

Walnuts come from trees cultivated in temperate areas, and the nuts are composed of two
parts: the shell and the kernel, usually in two halves (Amy Grant, 2023). They are a good source
of proteins, fats, and carbohydrates and have been widely used as ingredients in industrial
foods (Gongalves et al., 2023). Harvesting of walnuts is mostly carried out in North America
and Asia, reaching a production of 1.4 Mt in 2022. China was the world leader producer before
the United States, with an estimated production of 0.68 Mt/yr (World Population Review,
2023).



Almonds are cultivated in a tree from the genus Prunus, especially in moderate Mediterranean
areas where winter weather is cold. Almonds seeds are surrounded by a hard shell and an
outer hull, but they are commercialized as shelled or unshelled almonds, including blanched
almonds (Petruzzello, 2024). They provide fats, proteins and carbohydrates and it is one of the
most widely used nuts in the food industry. The leading producer of almonds, far ahead of
others, is the United States that represents 80% of world’ supply. In 2022, The United States
produced 1.8 Mt, mostly in California and the second largest producer was Australia with 360
kt (FAOSTAT, 2022).

Hazelnuts, cultivated in a tree from the genus Corylus, are used in snacks or baking foods and
desserts. They are typically used to producing pralines and some famous chocolate foods like
Nutella. A hazelnut is composed of an edible kernel surrounded by a hazel-colored shell and a
fibrous husk. They can be consumed raw or roasted (Nut Health Org, 2021). This nut is a good
source of unsaturated fats, carbohydrates, proteins and a little water (U.S. Department of
Agriculture, 2024). The leader in the hazelnuts market is Turkey with a production of 765 kt in
2022. Italy and the United States, second and third places are far behind with 98,670 ton and
70,310 ton, respectively (FAOSTAT, 2022.).

The above mentioned are the most commonly used nuts in the formulation of cereal bars, and
some of their characteristics are summarized in Table 4.

Table 4: Characteristics of some nuts (hazelnuts, peanuts, pecan, walnuts, and almonds

Moisture [Protein |Fat(%) |[Carbohydrates |Calcium and Calories Glycemic |Cost References
(%) (%) (%) Magnesium(mg/100g) |(kcal/100g) [index (S/ton)
Hazelnuts [4.31 15.0 60.8 17.0 114.0-163.0 628.0 0.0 3,360.0 TRIDGE,2024
Carughi etal; 2016
Peanuts |4.82 23.7 49.7 21.0 92.0-168.0 567.0 14.0 1,750.0 USDA, 2024
Index Mundi, 2024
Pecan 3.0 9.2 72.0 21.0 70.0-121.0 691.0 0.0 6,661.0 Peanut Institute,
2024
Walnuts [3.14 15.2 65.2 10.9 98.0-158.0 654.0 0.0 2,830.0 . .
Selina Wamucii,
Almonds |4.26 21.3 50.6 20.0 248.0-275.0 575.0 0.0 8,500.0 2020

In general, nuts usually contain low moisture (about 5%), but it is slightly higher in almonds.
While all nuts (except pecans) are rich in proteins with an average protein content of 18.5, they
also contain high amounts of fats, from 49.7 % (peanuts) to 72.0 % (pecans). In comparison,
their carbohydrates content is moderate since they are not rich in starch unlike cereals
(Carughi et al, 2016; USDA, 2024). Due to their high amounts of fats, nuts are heavily caloric
with at least 565.0 kcal/100g (peanuts), but they do not contribute to the glycemic index,
except for peanuts whose glycemic index is 14.0 (Peanut Institute; 2024). Nuts are also known
for being a high source of minerals, but due to issues of low productivity at field, nuts are
highly expensive with a cost per ton ranging from around $1,700.0 (peanuts) to $8,900 in 2024
(pecans) (TRIDGE, 2024). These prices vary a lot depending on the country and the time (year).
These prices were taken for a specific date and to a specific country.

2.1.2.3 Dried Fruits
Fresh fruits are an essential part of people’s daily diet as all food guidelines and organizations
advocate the consumption of 5 portions of vegetables and fruits per day. However, eating




seasonable fresh fruits throughout the year is difficult due to post-harvesting degradation and
limited storage. Therefore, dried fruits have become alternatives to fresh fruits since they can
be conserved for longer times, and they preserve the most nourishing compounds such as
proteins, dietary fibers and antioxidants. Yet, they are also high in carbohydrates (fructose,
glucose) and a moderate source of energy (Rybicka et al., 2021). Dried fruits consumption is
related to lower risk of chronic diseases, cardiovascular diseases, type 2 diabetes, obesity, and
some cancers due to their various bioactive compounds and phytochemicals. They actually
contain flavonoids, proanthocyanidins, phenolic acids, carotenoids, or stilbenes. Various
phenolic compounds are reported in dried fruits including apples, apricots, cranberries, or
peaches. Carotenoids (B-carotene or a-carotene), responsible for the yellow or orange color
in products are contained in all dried fruits except seedless raisins. Finally, some dried fruits
(apricots, raisins, and prunes among others) contain phytoestrogens, molecules with a similar
effect of the hormone’s estrogens (Alasalvar et al., 2023). Dried fruits are heavily consumed
around the world, especially in the Middle East, Europe, Asia and North America. In 2020, the
global production of dried fruits was about 3.2 Mt and United States was the leader (16% of
production share) followed by Turkey (15%), Iran (12%) and Saudi Arabia (7%). Raisins are the
leading dried fruits, far ahead of others with almost half of the worldwide production. Dates,
prunes, figs, apricots, peaches, apples, and pears are also widely consumed (Rybicka et al.,
2021).

Dried raisins are obtained after the drying of raisins grapes. In general, there are three main
drying methods: sun drying, dehydrator drying and oven drying. Sun drying is an inexpensive
method, but ambient conditions (insects’ infection, bad weather, contamination) affect the
quality of the raisins. As for mechanical drying, it is an effective and fast method, but it involves
high energy consumption (Terry, 2023). In India, raisin grapes are generally processed in areas
with high temperature (around 40-45°C) and a low relative humidity (20-30%) in order to
speed up the drying process (10-14 days). Grapes are also dried during winter-spring (from
Mid-February to Mid-April). However, temperature must be controlled because low level will
slow the process whereas very high temperatures may affect the raisin color. A high relative
humidity higher than 50% will also affect the raisin color which will become dark. To overcome
this issue, ascorbic acid is spread along the drying process (Sharma et al, 2018). Dried raisins
provide the same qualities and nutrients as fresh raisins, except the moisture content which
is lower in dried fruits (around 15%) (U.S. Department of Agriculture, n.d.).

Dried dates are mostly produced in hot desert regions, especially in the Middle East and North
Africa. In 2010, the world production of dates was 7.68 Mt, where Egypt, Saudi Arabia, Iran,
and Iraq are the leading producers (Mohamed et al., 2014; Al-Farsi & Lee, 2008). Date drying
is mainly done using sun drying at intermediate temperatures (from 30°C to 50°C) and at high
relative humidity (60-85%) conditions. This drying method takes around 7 to 10 days to be
completed and ambient conditions including insect infection, microbial infestation or
browning by enzymatic reactions heavily affect the quality of dates. To overcome these issues,
dates can also be dried under controlled temperature, relative humidity and air conditions (Al-
Farsi & Lee, 2008). Dates are a good source of fiber (6.40-11.50 %), carbohydrates (70-80%)
proteins, minerals (iron, potassium and calcium), and vitamins (C, B1, B2, B3 and A). They also
provide many therapeutic properties including antimutagenic, antioxidant, anticancer or



gastroprotective properties (Mohamed et al., 2014).

Dried plums are fruits of Prunus domestica L. originated in Europe, and they were introduced
in California in the XIXth century. After being harvested, prunes are dried at high temperatures
(90°C) for almost a day. Known by their sweet flavor and their laxative effect, prunes provide
therapeutic properties. The laxative action is mainly due to their sorbitol content but also their
phenolic compounds including chronologic acids. The latter helps to reduce risks of chronic
diseases (heart diseases or cancer among others). The high amount of potassium contained in
prunes may prevent cardiovascular diseases (Stacewicz-Sapuntzakis et al., 2001). Dried prunes
present a moderate moisture content (about 30%). They also contain 60% of carbohydrates
(mostly glucose, fructose and sorbitol), 7% of fibers, minerals (especially potassium with 732
ppm) and vitamins (C, B1, B2, B3, B6, and A among others) (U.S. Department of Agriculture,
n.d.). The main characteristics of dried fruits commonly used in the formulation of cereal bars
are presented in Table 5.

Table 5: Characteristics of some dried fruits (apples, apricots, figs, peaches, pears, and raisins

Moisture | Protein | Fat | Carbohydrates Calcium Calories | Glycemic| Cost References
(%) (%) (%) (%) and Potassium | (kcal/100g) | index (S/ton)
(mg/100g)

Apples 31.76 0.9 0.4 66.0 14.0-450.0 243.0 35.0 | 4,400.0 | TRIDGE, 2024
Apricots 30.9 34 |05 62.6 55.0-1162.0 241.0 31.0 | 2,180.0 |Carughiet al:2016
Figs 30.0 33 0.9 63.9 162.0-680.0 249.0 61.0 | 2,620.0 | Made in China,

Peaches 31.8 3.6 0.8 61.3 28.0-996.0 239.0 35.0 | 2,500.0 2024
Pears 26.7 1.9 |0.63 69.7 34.0-533.0 262.0 43.0 | 3,310.0 Care, 2023
Raisins 15.46 31 |05 79.2 50.0-749.0 299.0 65.0 | 4,710.0 | USDA 2024

Even though most water is removed from fresh fruits during drying, commercial dried fruits
can still have a moderate moisture content (up to 30%), except for dried raisins. Regarding
proteins, the content in dry fruits ranges from 1 to 4%, and peaches stand out with a low
content followed by apricots and figs (3.4% and 3.3%). With respect to fat, the content in dried
fruits is lower than 1%, and the caloric content mainly comes from a high content of
carbohydrates including fructose and glucose (carbohydrates > 60% of dried fruits).
Nonetheless, dried fruits are not highly caloric with an average of 250 kcal/100g (Carughi et
al; 2016) and they are low or medium glycemic. Regarding inorganic compounds, dried fruits
are well known sources of minerals, especially potassium; apricots contain the most potassium
with up to 1,162.0 mg/100g. Finally, regarding market bulk prices, dried fruits are normally
expensive, with a minimum price per ton of $2,000. (TRIDGE, 2024).

2.1.2.4 Sweetening agents

In general, sugars and/or sweeteners are contained in most industrialized foods, and they are
present in most daily diets (Gupta, 2018). Besides flavor and taste, sweeteners provide water
uptake capacity, stability and agglomerating properties, which explains the extended use as
food ingredient. Different categories of sweeteners are used in the formulation of industrial
products:



e Sugars

These mostly correspond to all simple carbohydrates including glucose, fructose, or sucrose.
The last is naturally found in many foods such as fruits, vegetables, sweet desserts, or dairy
products (Hopkins Medicine; 2022). Mixtures of these sugars are encountered in natural syrups
and honeys including agave syrup, glucose syrup, molasses, sugarcane honeys, bee honeys or
maple syrups, and they are also considered in this category. They are used to provide a sweet
taste and flavor in foods and beverages. Nevertheless, sugars are not essential macronutrients
unlike starch or fiber since they will affect blood sugar levels, as well as weight or blood fats
(Diabetes Canada; 2018). It is recommended to have a moderate sugars intake, especially for
people with diabetes and other illnesses.

e Sugar Alcohols

They are also known as polyhydric alcohols and are organic compounds that contain hydroxyl
groups (-OH) in their structure, therefore, they are highly water-soluble molecules. These
compounds are typically synthetized by hydrogenating sugars, and they are mainly used as
substitutes of sugars in low caloric industrialized foods (Leech et al, 2023). They are also used
in liquid medications (cough or cold syrups). Even though they are partially absorbed by the
body, they have fewer calories, and they do not increase blood sugar levels. Nevertheless, an
intake of more than 10g of sugar alcohols a day may provoke side effects such as gases, bloating
or diarrhea. The most widely used sugar alcohols are xylitol, sorbitol and mannitol (Diabetes
Canada; 2018).

e Sweeteners (natural or artificial)

Besides sugar and sugar alcohols, there are other natural and artificial chemical compounds
that provide sweetness. In general, they are mostly used to replace table sugar or other high
caloric sugars that are considered bad for human health. Unlike sugar alcohols, they contain
less food energy (calories) and have from 30 to 13,000 times the sweetness of table sugar
(Sharma et al., 2016). Artificial sweeteners are derived from chemical synthesis while the
natural ones are mainly extracted from plants. The most common sweeteners used in the food
industry are aspartame, acesulfame-K, saccharin, sucralose and stevia (Diabetes Canada;
2018).

A few examples and characteristics of main sweeteners from all categories are detailed below.

e Table sugar or sucrose

Sucrose is a disaccharide composed of glucose and fructose, and its glycemic index is 65 (Sugar
Nutrition Resource, n.d.), having a reduced effect on blood glucose. It contains 2% water and
provided 390 kcal per 100g (U.S. Department of Agriculture, 2024.). Currently, worldwide
production of table sugar is estimated to 183.5 Mt, being Brazil and India the mainproducer
with 41 Mt and 36 Mt, respectively (USDA Foreign Agricultural Service, 2024). Tablesugar can
be derived from two sources: sugarcane or sugar beets. Sugarcane is crushed to extract the
juice, and then the juice is filtered, evaporated and then crystallized to obtain crystals of raw
sugar (The Sugar Association, 2018). They can be subjected to further refiningto obtain white
sugar. Asforthe other source, sugar beets are sliced, and the pulp is removedin order to obtain
raw juice. Unlike the juice from sugarcane, this one is heated twice and then filtered. It will be
then evaporated and crystallized to produce table sugar (British Sugar, n.d.).



e Sorbitol or glucitol

Itis a sugar alcohol used to sweeten foods and beverages, but it is mostly known for its laxative
effect. It is produced by reducing glucose with the coenzyme NADH and an enzyme aldose
reductase (Sikiroglu et al., 2007). It is mostly present in potato starch, but it can also be found
in other food products such as apples, pears, or prunes. Although sorbitol provides 50 -75% as
sweetness as table sugar, it is used in many diet foods, chewing gum or cough syrups.
Nevertheless, due to its partial absorption by the intestines, it can cause gastrointestinal issues
such as gas or diarrhea (Naturelle, 2021).

e Stevia

It is a genus that comprises approximatively two hundred herbs coming from Latin America
(Paraguay). Stevia Rebaudiana is the most representative of the genus Stevia, growing in warm
zones (15-30°C) and containing the highest level of sweetness, about 200-300 times sweeter
than sucrose. The main components of the Stevia Rebaudiana are steviol glycosides that
humans cannot metabolize. Thus, stevia sweeteners are calorie free (Institut national de santé
publique du Québec, n.d.), nevertheless, the plant is known to be rich in minerals and vitamins
(ascorbic acid, niacin, zinc, calcium, or magnesium among others). It also contains about 20%
of proteins, 30% of carbohydrates and 10% of amino acids. Finally, stevia leaves present
polysaccharides which control blood sugar levels (Marcinek & Krejpcio, 2015), so it is widely
used in many beverage products and foods including some cereal bars.

Main characteristics of some of the commonly used sweeteners in the formulation cereal bars
are presented in Table 6.

Table 6: Characteristics of some sweeteners (glucose syrup, sugarcane honey, brown sugar,
honey, glycerin, and fructose)

Moisture | Protein | Fat [Carbohydrate| Calcium Calories  |Glycemic| Cost References
(%) (%) (%) s(%) and Potassium| (kcal/100g) index (S/ton)
(mg/100g)

Glucose syrup 20.0 <1.0 0.0 80.0-85.0 13.0-1.0 283.0 75.0 550.0 Glycemic IndexGuide, 2024
(62 mg USDA, 2024; MyNetDiary,
sodium) 2024; Made-In-China,

2024
Sugarcanehoney 23.8 3.4 0.5 75.0-80.0 | 136.0-1056.0 241.0 31.0 5,100.0 Quezada, 2016
Brown sugar 1.34 0.12 0.9 98.1 83.0-133.0 380.0 61.0 4,500.0 Mercadolibre,2024

USDA, 2024

Honey 18.0 0.3 0.8 82.4 28.0-996.0 304.0 35.0 3,760 Pagan, 2024
USDA, 2024 TRIDGE,2024
Glycerin N.K. 0.0 0.0 100.0 34.0-533.0 400.0 43.0 2,200.0 | Evolution Chemicals, 2020

Arcane Direct, n.d
Fructose 0.0 0.0 0.5 100.0 0.0-0.0 400.0 20.0 2,000.0 Bantle, 2006
(crystillized) USDA, 2024

As observed, sweeteners in cereal bars are mostly carbohydrates or at least derived from
carbohydrates like glucose syrup, brown sugar, glycerin, or fructose. Therefore, sweeteners
contain few fats and proteins (percentages lower than 1%). Nevertheless, they can have a
moderate moisture content (about 20%) except brown sugar that contains less than 2%.
Sweeteners are not rich in minerals, except sugarcane honey that contains high amounts of
magnesium and calcium. They are caloric compounds and have a low or medium glycemic



index. Excluding glucose syrup that is a commodity product derived from the corn industry,
most sweeteners are highly expensive with a minimum cost of $2,000 per ton. Besides the
technical challenges, this could be a major drawback when intending to replace refined sugars
with natural or whole sugar substitutes.

2.1.2.5 Oils

Fats and oils are mixtures of triacyl glycerides coming from plants and animal sources, and
even synthetically produced, that provides flavor, texture and smoothness to food, and that
have become a key ingredient of many industrialized foods. They differ from viscous paste-like
solids, such as margarines and butters, to liquids such as soybean or sun seed oil. The triacyl
glycerides are esters of glycerol with fatty acids of different chain length and degree of
unsaturation, and they are energy sources in the metabolic processes of living beings (Institute
of Food Science and Technology, n.d.). The content of monounsaturated, polyunsaturated and
saturated acids determines the quality and the properties of edible oils. Even though some
fatty acids might be considered non-essential, those containing multiple and conjugated
double bonds (i.e. omega-3, 6 and 9 fatty acids) are highly important because the human body
cannot produce them, and they play a key role in cell membranes performance (Pileje, n.d.).
They provide flexibility, fluidity, and permeability to cell membranes, especially in brain cells
and the eye retina (Compagnie des Sens, n.d.). Omega-6 fatty acids are involved in the
beginning of inflammation processes protecting the organism from infections. As for Omega-
3 acids, they interfere with the resolution of the inflammation by producing EPA, DHA and then
anti-inflammatory molecules (European Food Information Council, 2024.). In general, products
derived from animals are mainly solid fats instead of oils, and liquid oils are mainly extracted
from vegetable sources. Among them, palm oil, soybean oil and rapeseed oil are the most
widely consumed due to their stability and high yields.

e Palm oil

It is extracted from the fresh mesocarp of the fruits from the palm tree, and it has the largest
share of the oil market, reaching ~80 Mt in 2023. It is mainly produced in Asia (Malaysia and
Indonesia) and used in various applications such as food, cosmetics and biodiesel.
Nevertheless, 80% of this oil is used in the food industry for edible purposes. Palm oil is mainly
composed of saturated triacylglycerols (TAG) and due to intense refining, minor components
responsible for its stability and biological activity are commonly removed (Esposito et al.,
2019). Besides health concerns due to high saturated fatty acid content, palm oil usage has
suffered from criticism due to deforestation, biodiversity losses and human-wildlife conflict in
Malaysia and Indonesia. Also, air, soil and water pollution, soil erosion and climate change are
major impacts of large-scale production of palm oil (WWF, n.d).

e Soybean oil

It is extracted from soybeans that have an average oil content of ~22%. This oil is highly used
in food processing and formulation mainly because of its high content of unsaturated linolenic
acid, also known as omega-6 fatty acid (Pratap et al., 2016). It also contains a high level of
unsaturated fatty acids that contribute to maintaining normal blood conditions and contribute
to the normal growth of infants. Soybeans are produced in arears with hot summers (around
20-30°C), and therefore, the main producers are United States, Brazil and Argentina. Due to
its high availability in developed economies, it is highly used as ingredient in industrialized



food products.

e Rapeseed oil or canola oil

It is the third most produced and consumed vegetable oil in the world, following palm and
soybean oil. It is widely used as a culinary oil mostly due to its high polyunsaturated fatty acids
and low saturated fat content, and because it has a high content of omega-3 and omega-6
fats. Besides, it contains vitamins such as vitamin E and some bioactive compounds such as
flavonoids, known for preventing UV or pigmentation (Shen et al., 2023). Due to its high
monounsaturated fatty acids content, rapeseed oil belongs to the few unblended oils that can
be used at a high frying temperature without losing its health benefits (antioxidants) and its
sensory qualities (color, flavor among others) (Team, 2020). Finally, according to regulations,
canola oil must have a content of erucic acid less than 2% (Heathline, 2023).

These three vegetable oils are the most widely used of food products, mainly to enhance flavor
and texture. In particular, soybean and rapeseed are liquids at ambient conditions while palm
oil tends to be semi-solid or liquid with dissolved crystals. Oil content in food products is
generally declared as fat contents, disregarding the origin or the physicochemical state. They
have low moisture content, and their prices correspond to those of agricultural commodities.

Table 7 : Characteristics of oils

Moisture|Protein| Fat |Carbohydrates| Calcium and Potassium | Calories Glycemic | Cost References
(%) (%) | (%) (%) (mg/100g) (kcal/100g) index (S/ton)

Soybean oil 0.0 {100.0 0.0 (0,13 mgiron) 900.0 0.0 1,043.6 FEDIOL,

n.d. YCharts,
n.d.

Palm oil <1.0 0.0 |100.0 0.0 (156.0 mgiron) 884.0 0.0 1,022. | USDA,2024

0 Business
Insider,2024

2.1.2.6 Others

In addition to the abovementioned constituents, industrialized foods such as cereal bars also
contain additional ingredients, and they are employed to meet desired sensorial attributes and
to achieve certain product performances. In particular cases of cereal bars, soy lecithin,
coconut, maltodextrin and chocolate chips.

e Soy lecithin.

It is used in most industrialized foods and cosmetics for its effects as emulsifier, lubricant and
flavor/aroma protector. Also, lecithin has health benefits such as brain cell membrane
regeneration. It is a brown | yellowish to brownish viscous liquid mostly present in nuts, dry
fruits, soybean cake, and in egg yolk.

e Coconut

Coconut, which is native to the coastal regions of Southeast Asia and the Pacific Islands, thrives
in tropical climates and well-drained sandy soils (Rajesh et al., 2015). It consists of a hard,



fibrous shell internally coated with an edible flesh, and full of a water solution rich in fats, fiber,
vitamins (including vitamin C and several B vitamins), minerals (such as potassium and iron),
and electrolytes (USDA, n.d.). To obtain the coconut flakes and impart its characteristic flavor
to various foods, the flesh is dried and sweetened. Besides fiber, coconut is widely utilized due
to its content of vegetable oil, but despite its content of antioxidants, vitamins, and minerals,
it is highly saturated making it important to monitor its consumption (Rdn, 2022). In 2023, the
annual production of coconuts was approximately 12.5 Mt, with the Philippines, Indonesia,
India, and Brazil being the leading producers (FAOSTAT, n.d.). As explained above, coconut is
rich in fats (33%) but also in minerals and vitamins (about 3.3 mg/100g of C vitamin). It is
considered a low glycemic product with a Gl of 45 (USDA, n.d.).

e Maltodextrin

Maltodextrin is primarily used to improve food texture and stability. It is recognized as a food
additive and preservative found in a variety of products, including seasonings, cereals, potato
chips, desserts, soups, sauces, canned fruits, snacks, spice mixes, baked goods, instant
puddings, salad dressings, yogurts, and nutrition bars (Market Research Future, n.d.).
Maltodextrin is a carbohydrate produced through the partial hydrolysis of starch, typically
derived from corn, rice, or potatoes. Due to its high content of glucose units, maltodextrin is
high in sugars but lacks vitamins and minerals. As a result, its consumption should be
monitored due to its high glycemic index. However, it is a rapid energy delivery ingredient,
making it popular among athletes. In 2023, global production of maltodextrin was estimated
at 1.5 Mt, with the leading producers being the United States, India, Japan, and China. This
year, the maltodextrin market was valued at over $4.13 billion (Future Market Insights, n.d.).
As a carbohydrate, maltodextrin has a higher glycemic index than sugar or glucose. Being a
synthetic ingredient like glucose syrup, it is a low-cost commodity with an average price of
$800 per metric ton. Maltodextrin is highly caloric, so it is important to monitor its
consumption.

e Chocolate chips

Finally, a typical ingredient sought after by consumers in different foods is chocolate, either as
coating or added chips. This ingredient provides sweetness and characteristic flavor to foods,
especially cereal bars. Additionally, the small pieces of chocolate can provide agglomerating
and coating properties depending on the nature of chocolate and chip sizes. There are different
types of chocolate chips: semi sweet, milk chocolate, dark chocolate, white chocolate and
bittersweet. Nonetheless, all of them are mostly derived from cocoa butter, and they are a
complex mix of carbohydrates and fats (USDA, n.d.). Due to their high fat and sugar contents,
chocolate chips are highly caloric and have a medium glycemic index (Listonic, 2024).

Some characteristics of above-mentioned ingredients are summarized in Table 8.



Table 8: Characteristics of other ingredients used in the formulation of cereal bars

Ingredient Moisture | Protein | Fat | Carbohydrates | Calcium and Calories | Glycemic | Cost References
(%) (%) (%) (%) Potassium | (kcal/100g) | index | ($/ton)
(mg/100g)
Soy lecithin 1.0 0.0 |>90.0 0.0 763.0 0.0 630.0 USDA, 2024
MadeinChina,
2024
Coconut 47.0 3.33 33.5 15.2 14.0- 356.0 354.0 45.0 919.0 USDA, 2024
MadelnChina,
2024
Maltodextrin N.K. 0.0 0.0 94.6 (89 mg sodium) 375.0 110.0 | 750.0- | Recipal, 2024
850.0 | MadelnChina,
2024
Chocolate chips N.K 6.67 30.0 60.0 (4.8 mgiron) 467.0 40.0 7,500.0 USDA, 2024
(semisweet) MadelnChina,
2024

2.1.3 Manufacturing process

In order to develop a new energy and cereal bar product, there is need to define ingredients
in the formulation, to prototype the product following a set of typical processes, and to carry
out characterization, performance evaluation and consumer assessment. In general, the
manufacturing process is similar disregarding the ingredients because novel products must be
implemented in the existing industrial facilities using the available equipment. A typical
manufacturing process of a cereal bar involves a series of steps to incorporate and blend the
different dry and wet ingredients, to agglomerate the bar and to stabilize the product. (See
Figure 3). In particular, this procedure corresponds to the general manufacture of homemade-
type cereal bars and despite the ingredients can differ from one recipe to another, the
manufacture remains pretty much the same.

The process begins with the grinding of nuts (i.e. hazelnuts, peanuts, or almonds) before
mixing them with other ingredients. This size reduction ensures high contact areas to ensure
that particles agglomerate better, and that the mechanical strength of the bar is improved.
First, the ground nuts are combined with a binding syrup (e.g. glucose syrup, sugarcane honey,
or bee honey) followed by the addition of cereals (e.g. oats, flour, or wheat). Once the mixture
is homogenized and depending on the available machines and the production scale, the solid
matrix is compacted either by using batch compression machines or continuous rolling
cylinders. In the case of the batch process, the mixture is loaded in molds that are subjected
to compression, followed by the release of the agglomerated mass for subsequent processing.
Afterwards, the mass is covered with a coating (optional), cooked in an oven at 180°C for
approximately 20 minutes, and then refrigerated or cooled down to consolidate the structure.
Finally, the mass is cut to the desired portions with pressing or rolling blades. In general,
commercial cereal bars weigh is approximately 25 g and they are finally packed in plastics
covers.
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Figure 3 : The general manufacturing process of a cereal bar

2.1.4 Use of glucose syrup in cereal bars

Glucose syrup is an important synthetic ingredient used in many industrialized foods including
snacks, cookies, confectionery, frozen foods, ice creams, canned foods, dairy and bakery
products, sauce and dressings, beverages, energy bars, etc. It is mainly produced via catalytic
and/or enzymatic hydrolysis of corn, potato and wheat starches, and the employed process
defines the type of product; confectioner’s syrup is obtained via acid hydrolysis, while high
maltose glucose syrup is obtained via enzymatic hydrolysis. In general, the production process
used to obtain glucose syrup is described as follows:

- Starch is partially hydrolyzed in an aqueous phase suspension that contains between 35 to
40% starch and a strong acid such as hydrochloric acid. Then, the mixture is treated with an
enzyme (i.e. a-amylase) at high temperature (150°C) for a short time (~5 minutes)at pH of 6 or
above. To maintain the stability of the enzyme at the operating temperature,there is need of a
minimum loading of calcium ions. The concentration of calcium ions is typically 40 ppm in a
dispersion that contains 30-35% of dried starch. It is equivalent to 114-135 ppm relative to the
weight of dried starch.

- Then, the partially hydrolyzed starch obtained is again heated at high temperature and
treated with a glucogenic enzyme in order to form a hydrolysate with a high content of



glucose.

- The resultant hydrolysate, enriched with glucose, is clarified, and refined. When needed,
the mixture is treated with enzyme glucose-isomerase that converts a part of glucose into
fructose. This is normally done to manufacture high fructose syrups.

- Finally, the syrup is purified (mostly filtrated) and part of the water is evaporated to provide
a thick and clear syrup. (Hurst & Lloyd, 1982)

Besides being a low-cost sweetening agent and a high caloric source, the rheology of the
glucose syrup and its properties enables to provide desired behaviors in the final products.
These include flowability, softness, mechanical strength, rapid dissolution, binding action,
chewability, mouth feel, and many others that depend on the final application. For instance,
in ice creams, glucose syrup provides a glossy aspect, better stability, conservation, and a soft
or flexible aspect (PagesJaunes, n.d.). Nonetheless, it has been recently reported that synthetic
glucose syrup is associated to a variety of health issues, including obesity, diabetes, and heart
diseases. Furthermore, in some glucose syrups, mainly high-fructose ones, the content of
mercury could be high thus becoming a major concern for the environment and people’s
health (Riskcom, n.d).

2.1.5 Potential use of sugarcane honeys in cereal bars

As nowadays consumers are more prone to scrutinize ingredients in their foods, industrial
producers are trying to develop substitutes for glucose syrup in different applications. Among
the most promising alternatives sugarcane honeys standout as natural sweeteners and
functional foods. These honeys are intermediate products obtained during the open pan
evaporation of sugarcane juices in the production of jaggery (“panela”). Such honeys are
aqueous solutions with a solid content in between 50 to 80% w.t, and the solids fraction is
mainly composed of sugars (sucrose, glucose, and fructose), minerals, vitamins, proteins,
antioxidants, flavonoids, and other minor components. As it is mainly composed of sucrose,
sugars in this honey are less bioavailable than the glucose of syrups, thus reducing adsorption
in the blood streams and mitigating health issues. Besides, the minor components provide
functional actions, making sugarcane honeys a whole food rather than a simple sweetener.

Despite its potential advantages, few studies have been done on the use of sugarcane honeys
as an ingredient in industrial foods. Some recent attempts have been made to incorporate
jaggery in different products (e.g instant drinks, ice cream, bakery), but few have been done
on the use of sugarcane honeys. In order to foster the use as ingredient in different food
products, it is necessary to characterize the sugarcane honeys, and to match their physical and
performance properties to those of the glucose syrups. Such kind of studies have not been
reported in the open literature, and there is need to construct the basic knowledge for the
potential substitution of glucose syrups using sugarcane honeys. This study will focus on
formulating cereal bars by partially or completely replacing glucose syrup with sugarcane
honey. This might boost the Colombian jaggery industry by broadening the portfolio of value-
added products.

2.2 Computational-aided design of mixtures

The design of mixtures refers to the systematic approach used to create and optimize mixture
of materials or ingredients to achieve desired properties or outcomes. The application areas



of this method are numerous: engineering, chemistry, food industry, or manufacturing, among
others. In the case of cereal bars, the most common ingredients were previously mentioned,
and they correspond to cereals, nuts, dry fruits, sweeteners and other minor components. In
principle, the mixture of such components must fulfill consumers’ needs regarding flavor,
nourishing value, energy delivery, palatability (chewability, hardness, plasticity), safety, etc.
Additionally, there are other considerations that are important for manufacturers such as
workability to facilitate processing, flowability for blending and dosing, low ingredients costs,
etc. All these are known as quality factors of the product and are generally characterized after
product assessment in the lab, in the manufacturing facilities and with consumers.

Despite quality factors are difficult to assess directly, there are key performance properties
that can correlate with the expected quality factors and the performance of the product. In
the case of cereal bars, some physical and chemical properties are typically maintained in
certain ranges to fulfill expected performance. These key properties include viscosity, texture,
sweetness, water activity, moisture content, hardness, bar weight, content of protein, fat,
carbohydrates, sugar and energy content (calories), and glycemic index, among others. Then,
in the design of cereal bars, the ingredients must be balanced in proportions that match
acceptable ranges of key performance properties under the minimum total costs. In the case
of computer-aided methods, this means that predictive models there must be developed to
estimate the expected performance properties based upon the content of ingredients and the
processing conditions. As the manufacturing equipment and their operating conditions are
generally constrained by design, predictive models of performance properties are generally
based upon the ingredients only, because they can be freely modified.

2.2.1 Optimization approach

To address the computer-aided design problem there are different techniques that can be
employed, but most of them involve the solution of an optimization problem. In this case there
is need for the construction of a mathematical model that correlates formulation variables
with key response variables or functions.

As previously mentioned, the design variables might include processing conditions (e.g.
temperature, pressure, pH, mixing speed, mixing time, etc.) and proportions of the ingredients
(nature and concentration). This means that the design problem might involve continuous
and/or discrete variables. Regarding the response variables, they mainly correspond to key
performance properties of the product, including stability, viscosity, texture, sensory behavior
(Color, sweetness) or cost, among others. Correlating such performance properties with
ingredients concentrations is not trivial; this requires extensive experimental evaluation under
a wide range of conditions. But even if experimental data are available, the resulting correlated
models are generally complex and non-linear, and these might include viscosity mixing rules
involving solids, quadratic models obtained by statistical correlations, or the phase equilibrium
models.

In addition to the above, different restrictions must be included in the model to ensure that all
variables are in proper domains and that target properties are within the expected ranges.
Such restrictions can come from safety and legal regulations, formulation heuristics, market
trends, health and other considerations (e.g. sustainability). This means that the optimization
behind product design could become a highly constrained non-linear problem combining



continuous and discrete variables. Such complex problems are formally known as Mixed
Integer Nonlinear Programming Problems, and there is a large variety of methods that have
been developed to address their solution.

In the case of the design of cereal bars there is a lack of predictive models for key performance
properties. In general, only those that can be computed directly from the material balance can
be used in the design of the mixture. These equations include the total content of moisture,
fat, protein, carbohydrates, energy, the corresponding glycemic index and sweetness. These
models could be used to compute the formulation cost which needs to be minimized. If
required, extensive experimental work would be required to generate correlations for other
performance properties or to assess potential synergies among ingredients.

2.2.2 Optimization methods

2.2.2.1 Experimental optimization

This task is normally carried out by mean of a design of experiments, and as the name
indicates, this is primarily an experimental approach to solve the product design problem.
Instead of using a trial and error method that could be resources-intensive, and applying
statistical inference, during the design of experiments a set experiments is conducted to
identify relationships between the design variables (factor) and the key objectives (response)
and whether the factors interact in their effect on the response variable. This methodology
uses statistical considerations to define the number of experiments and the corresponding
operating conditions to obtain significant information from a limited set of experiments.
Techniques such as factorial designs (i.e. full, central point, fractional), mixture design, and
surface response approaches are commonly employed.

In the particular case of the response surface methodology (RSM), it is a statistical method
whose aim is to model and analyze the influence of the design variables on the response
variable. Furthermore, after correlation of parameters, it also helps to determine the optimal
conditions for the desired criteria. In the case of cereal bars this could be texture, taste,
nutritional values, cost, etc. Nevertheless, to use the response surface methodology, the
design variables need to be independent. One of the strengths of the RSM is that its help to
provide relationships between multiple design variables and a response variable, without
experimenting with every combination. The correlation between all design variables and the
response ones might be under different forms (polynomial or linear equations among the most
common ones). In the case of cereal bars, the response surface methodology could be used to
identify the optimal combination of ingredients in order to achieve a product that performs
similar to a commercial cereal bar but under minimum costs.

In some response surface problems, there is a correlation between the design variables and
multiple response variables. This is known as multi-response optimization. In this case, for
each response variable, there will be a response surface model. Once each response variable
has a response surface model; the idea is to operate under specific conditions where all the
response variables are optimized or at least they are in certain ranges where a trade-off
between optimized variables is achieved (D.C. Montgomery et al; 2022).



2.2.2.2 Computer-based optimization

Either from theoretical foundations or from experimental data, once mathematical models
linking input variables to response variables are established, mathematical optimization can
be applied to the product design problem. In this context, it is essential to have models that
can accurately predict response variables across a broad range of conditions, and that can be
slightly extrapolated beyond their original validity range if necessary. The mathematical
optimization of the models could be done by using deterministic or stochastic methods.
Deterministic optimization aims to find the best solution of a mathematical problem, under
theoretical guarantees that the returned result is the global optimal. Linear and nonlinear
programming models are widely used in deterministic optimization, mainly to solve convex
problems (a single solution which is the globally optimal one). In the case on non-convex
problems, mixed-integer nonlinear programing (MINLP) methods are employed. However,
such methods present initialization and convergence difficulties mainly when dealing with
complex problems or when the search spaces are large.

Comparatively stochastic optimization algorithms employ processes with random factors, so it
does not guarantee finding the optimal solution for a given problem. However, there is always
a chance of finding the globally optimal result. In stochastic optimization, this probability is
linked to the available computing time. As execution time increases, the likelihood of reaching
the global optimum also grows. Therefore, with infinite execution time, there is a 100% chance
of identifying the global optimum. Nonetheless, for real-life problems, a global optimum is not
necessarily required, so a good result might be enough, and this could be achieved in a
controlled optimization time. Besides facilitating initialization, convergence to the best
solution is ensured as it depends on the imposed calculation time or iterations. In general,
most stochastic methods use evolutionary approaches in order to improve the solution of the
optimization problem after each iteration.

Geneticalgorithms (GA) are some of the most widely used stochastic methods. These generally
use biological evolution concepts in order to improve the performance of the objective
function; in the case of product design, it will find a formulation that meets the desired product
attributes. GA methods involve the creation of new formulations by combining already existent
ones. In the case of cereal bars, each formulation (a cereal bar) might be represented as a
chromosome. Genes, unities present in a chromosome, illustrate the proportions of each
category of ingredients (cereals, nuts, cereals). For instance, the first gene is the proportion of
nuts, the second corresponds to the proportion of sweeteners and the third one the amount
of cereals. Each gene may be constrained into a defined range (between a minimum and a
maximum limit). Each cereal bar formulation (chromosome) needs to meet some desired
criteria, and it is represented by a fitness function. The criteria may include taste, texture,
nutritional facts, or costs, and the fitness function can be a combination of the different
previous objectives. During the solution, the initial combination of cereal bar formulation
(chromosome) will evolve until giving the best and optimized chromosome (the solution). The
evolution of the solution can be tracked along the optimization process to characterize
convergence and to try to ensure a single solution.



2.2.3 Integrated design methods

Considering that entirely experimental product design would be time-consuming and
resources-intensive, and that a pure computer optimization of an open-ended problem might
require long computational times and expensive hardware resources, there is need to use
more effective methods for the design of formulated products. In this regard, an integrated
method was recently proposed for product design purposes (J. Arrieta; 2018). This
methodology is graphically described in Figure 4, and it incorporates assessment of product
performance with consumers to identify and rank the importance of quality factors, the
identification of surrogate performance properties for those factors, the use of predictive
models to estimate performance properties based upon ingredients, the incorporation of
design heuristics as restrictions, the solution of the optimization problem and the
experimental validation of the optimal solution. If required, an iteration can be carried out to
fine tune heuristics and/or the predictive models. In this method, the incorporation of heuristic
knowledge is paramount to reduce the search space during the optimization and to accelerate
the design process. While it has been proved very effective, relying on heuristics only might
have drawbacks when designing innovative products. However, it can be expected that the
methodology could be successfully implemented in the design of cereal bars, which are well
known market products.
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Figure 4 : Integrated methodology for formulated products (taken from J. Arrieta; 2018)

2.2.4 Quality factors, performance properties and consumer needs duringcereal
bars design

There are different quality factors that need to be considered when addressing the design of
cereal bars. Such factors are related with consumer expectations and also with manufacturer
requirements. While the firsts are mostly related to the sensory impact, the nourishing content
of the product, and the trade-off between quality and price, the lasts are related with
workability, product effectiveness and profitability. Nonetheless, some of the quality factors
are important for both stakeholders, such as moisture content, product shape, size, and
weight, and the mechanical strength. Some of the key quality factors to consider during the



design of cereal bars are discussed in the following sections

2.2.4.1 Baking efficiency

As the manufacturing process of cereal bars involve the blending of ingredients and the
consolidation of the structure at high temperature (i.e. baking), it is common to have a weight
reduction associated to moisture evaporation and a potential thermal degradation of some
components (e.g. decarboxylation). This factor can be assessed by mean of the baking
efficiency that corresponds to the ratio between the final weight of the blend after thermal
treatment with respect to the initial one. In order to optimize production costs, it is important
to have a minimal weight lost, so the baking efficiency must be close to the unity or to 100 in
terms of percentage. The baking efficiency is calculated by measuring the weight of the cereal
bar before and after production

2.2.4.2 Water activity

As it might seem ambiguous, water activity does not correspond to moisture of food. Actually,
the value of water activity is a measure of water present in material that is either available to
react with or attach itself to another material. Water molecules that are unattached are
referred to as free molecules while unavailable molecules are called bound molecules. Water
activity is an indicator of the total amount of water, including bound water and free water
(Company, n.d.), and it offer insights regarding the behavior of water in the product and of
the energy required for its removal (Llc, n.d.). Water activity can affect sensory attributes such
as texture, flavor, smell, color, taste, or aroma but also the activity of enzymes and vitamins
present in food products (Company, n.d.). In general, low a water activity is required to avoid
bio-mediated degradation of food products thus enhancing shell life.

Water activity can be calculated by computing the ratio of the vapor pressure of water in the
sample and the vapor pressure of pure water at the same temperature, as presented in
Equation 1 (Sandulachi, 2012):

aw= P/Py (1)

Here, aw is the water activity of the sample, P is the vapor pressure of water in the sample
and Po is the vapor pressure of pure water at the same temperature. Water activity can be
measured using a hygrometer at a given temperature (in general at the ambient temperature
of 20°C-25°C). The hygrometer is composed of a temperature-controlled chamber, and the free
water molecules contained in the sample evaporate and fill the air chamber. At equilibrium,
the relative humidity in the air is measured and so is the vapor pressure. The corresponding
vapor pressure of pure water at the same temperature could be obtained from reported data
or regressed equations (Company, n.d.).

2.2.4.3 Texture

Texture properties of a solid are related to its mechanical and surface characteristics and the
morphology of constituent materials. In the case of agglomerated particles, this also depends
on their particle size distribution, their nature, the presence of liquids or consolidating
additives, and the process used to conform the product. In general, there are three categories




of properties that can be related to texture: Mechanical, morphological and Superficial. Some
of these properties are described in Tables 8 to 10.

Table 8 : Mechanical properties expected in a snack food

Property Definition Property Definition
The resistance of a material toan The ability of a material to stick
applied force without deformation together or to anothersurface
Strength PP . Adhesiveness &
or failure under stress or
external forces.
The ability of a material to returnto The change of material due toan
- its original form after an applied . applied force
Elasticity & pp Deformation PP
force (the speed of recuperation of
the material).
. The property of a material to stick The property of a material to
Cohesiveness property property
. together under external forces. In break under stress or external
(chewiness, . . . .
. other words, the abilityof a Fracturability forces. It is the opposite of
gumminess, or . . .
. material to not break into cohesiveness
brittleness)
crumbs.

The response of a material to
compressive (squeezing) andtensile
(stretching) forces

Compressionand
tension behavior

(Stable Micro Systems, n.d)(Rustagi, 2020) (Taylor Hobson, n.d.). Bertha Guzman, Working Material and
Presentation, class of Sensorial Analysis, Universidad Nacional deColombia, 2023

Table 9 : Morphology characteristics in snack food
Categories Property Definition
The irregularities and deviations from a smooth surfaceof
a material visible at the microscopic level
The most considerable deviations of a surface from aflat
surface, visible at the naked eye
Size or shape| Geometrical dimensions of particles that consist of a
Morphology of particles fextured shape
Porosity| The presence of tiny holes or voids on the surface
The ability of a material to resist deformation or
penetration
The ability of particles to stick together or to the surface
of a material
(Stable Micro Systems, n.d)(Rustagi, 2020); (Taylor Hobson, n.d.); Bertha Guzman, Working Material and
Presentation, class of Sensorial Analysis, Universidad Nacional deColombia, 2023

Roughness

Waviness|

Hardness,

Adhesion

Table 10 : Superficial properties expected in snack food

Categories Property Definition
. Moisture content The amount of water in a material
Superficial - -
Fat content The amount of fat in a material

Bertha Guzman, Working Material and Presentation, class of Sensorial Analysis, Universidad Nacional de
Colombia, 2023

All the texture properties can be measured or analyzed by using analytical equipment (e.g.
universal testing machines, texture analyzers, rheometers, microscopy) or by sensory analysis.
In the case of a texture analyzer (Figure 7), this equipment uses a probe that moves upward or
downward to compress or stretch a sample. It has a travelling arm that is fitted with a load cell



that records the response force of the sample to the deformation that the arm initiated. The
unit records force, distance and time and they are presented on a graph that indicates the
texture of the sample (Stable Micro Systems, n.d.)

According to the probe/fixture that is imposed during the analysis, the texture analyzer can perform
compression, extension, extruding, bending, penetration, dragging, snapping, and shearing tests.
Therefore, the analyzer can quantify physical properties such as cohesiveness,gumminess, chewiness,
and resilience (Centre for Industrial Rheology, 2023). In the case of cereal bars, the analyzer can measure
crispness, fracturability, compressive strength, hardness, firmness, consistency, rupture force,
stickiness, adhesiveness, or elasticity (Stable MicroSystems, n.d.).

Figure 5 : Examples of texture analyses for different samples (Centre for Industrial Rheology,
2023)

2.2.4.4 Color

Despite it is considered as a sensory attribute, it is possible to quantitatively evaluate the color
of cereal bars by characterization in a colorimeter or a spectrophotometer. These instruments
used the same principle, the measurement of the absorbance of an incident light beam.
Actually, when an incident light beam of intensity lo passes through a colored sample (i.e. food
sample), it is either reflected, absorbed, or transmitted. Then, colorimeters and spectrometers
will measure the intensity Io = Ir + Ia + It, where Ir the intensity reflected, Ia the intensity
absorbed and It the intensity transmitted. Colorimeters and spectrometers are also based on
Beer- Lambert’s law which states that the absorbance of the solution is proportional to its
concentration:

A= ¢el.c (2)

Here, A is the absorbance, € is the coefficient of absorption, L is the distance traveled by the
light in the solution and c is the solution’s concentration (Karki, 2023). Colorimeters measure
the maximal absorbance of the solution that indicates the exact color of the solution due to
the palette of complementary colors (Figure 6).
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Figure 6 : the palette of complementary colors

Spectrophotometers can also be used since their measurements are more accurate, yet more
expensive. At the industrial practice it is more common the use of spectrometers (UPRtek,
2024). Instead of using the absorbance, some colorimeters are using the system CIELAB with
the combination of the parameters L*, a*and b*. This system is a representation model used
for colors more perceptually uniform thanother models (RGB for example) (Ledn et al., 2006).
The interpretation of these parameters isdescribed in Table 11.

Table 11 : Range and interpretation of the parameters L*, a* and b*

Range
Components | Lower value | Upper value Interpretation
(color) (color)
L* 0 (black) 100 (white) Indicates the brightness of the color
a* -120 (green) +120 (red) Indicates the color between green and red
b* -120 (blue) | +120 (yellow) | Indicates the color between blue and yellow

These parameters can be converted in the RGB scale by first converting them into XYZ and then
into linear RGB with a transformation matrix. A gamma correction is applied to the linear RGB
values. Finally, the RGB values are checked to know if they belong to the range [0;255]. In
Figure 7, the L* axis is shown vertically, while the a* and b* axes are horizontal. The green
values are located on the left side of the graphic, while the red values are on the right. The

bottom of the graphic displays the blue values, in contrast to the yellow values represented at
the top (HunterLab, n.d.).

Figure 7 : Representation of the parameters L*, a* and b* on a graphic




2.2.4.5 Moisture content

Gravimetric analysis is generally used to evaluate the moisture content of a product, and this
is done by weight difference of a sample before and after subjecting it to a high temperature
within a drying oven. A sample is dried in an oven at a given temperature for a certain amount
of time until constant weight. The moisture content corresponds to the weight loss after the
drying step with respect to the initial weight of the sample, but this assumes that the final
moisture content is negligible. Similarly, a moisture analyzer can also be used, and this
corresponds to a thermo-balance that continuously records the weight loss during drying. The
operating temperature and the drying time are defined by the analyzer but generally below
levels that could cause the degradation of samples. The moisture content is reported as weight
percentage on a wet or dry basis (Priifgerdte, 2024). On a wet basis, moisture content is
calculated with the following equation

Moisture content (%) = Xpoisture= 100 X W, — Wy (3)
Wy

Here, W, is weight of the sample before the drying step and W, the weight of the sample after
the drying step (Trautmann & Richard, n.d.).

2.2.4.6 Protein content

The protein content is typically measured by mean of the micro-Kjeldahl method. This method
can be applied for solid or liquid food products and their ingredients, either plant- or animal-
based. Proteins are indirectly detected from the nitrogen evolved during their digestion;
however, it might be affected by decomposition of nucleic acids that also contain amino acids.
Digestion is generally carried out in concentrated sulfuric acid using potassium sulfate (K2 SO4)
and CuS04 as catalysts. As a result, total organic nitrogen will be converted to ammonium
sulfate in a process called mineralization (AgroParisTech, n.d.). By ion exchange with a highly
concentrated alkali solution (NaOH), ammonia cations are formed and can be distilled off.
Subsequently, released ammonia is collected in a hydrochloric acid solution to form again
ammonium cations. The remaining quantity of hydrochloric acid is titrated by sodium
hydroxide in a step called dosing. The content of nitrogen is calculated and represents the
amount of crude protein in the sample. As most proteins usually contain 16% of nitrogen, a
conversion factor of 6.25 is used in the determination of protein content in the sample
(Altuntas & Hapoglu, 2019). The protein content is calculated according to the following
equation (AgroParisTech, n.d.):

Wp = 6.25 WnN
Wn = nn. My
Ny = Nyp4+ = Nyp3 = NHCL that reacted (4)
NycL that reacted — Mtotal HCl — MHCL in excess

wp protein content of the sample, g

Wy nitrogen content of the sample, g

ny number of moles of nitrogen, mol

M molecular weight of nitrogen (Mn = 14 g. mol™)
nyua+ number of moles of ammonium cations, mol
nnys humber of moles of ammonia, mol
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NHCL that reacted NUMber of moles of HCl that reacted during the distillation step, mol.

Ntotal HcLt NUMber of moles of the total HCl initially loaded, mol.
NHCLin excess NUMber of moles of HCl that did not react during the distillation step, mol.

2.2.4.7 Lipids/fat content

Different methods can be used to determine the fat content in a cereal bar and in their ingredients. The
most widely used is solvent extraction via Soxhlet. Generally, extraction of a dry solid is carriedout
with petroleum ether for up to 6h, and after collecting the extract, the solvent is removedin an
oven at 60°C until a constant weight. This method assumes that all solvent-free extract
corresponds to lipids and not to other non-polar components. To avoid materials losses during
experiments, gravimetric measurements are done with the containers used to collect the
extract and to evaporate the solvent. The percentage of crude fats is calculated with the
following equation (Posts, 2021):

% crude fat =X 7o, =100 X W,— W,

T (5)

Here, W is the weight of the flask with solvent-free extracted fats, W is the weight of the
empty flask and Ws is the initial weight of the sample.

Even though the Soxhlet method is very effective, it takes time. Depending on the availability,
other analytical techniques could be used, including supercritical fluid extraction, Near Infra-
Red, and low field nuclear magnetic resonance NMR. The last two provide a fast, direct, and
effective method to determine the fat content in food products (i.e cereal bars). In the case of
NMR, it enables a quantification of the fat content in a range from 0.5 to 100% wt.,
measurements last about 20 seconds and minimal preparation is required (AZoM, 2023).

2.2.4.8 Sugars content/carbohydrates content

Several methods can be used to determine the sugar content in a food product but, the
Benedict test is normally used. In fact, the Benedict method is a simple chemical test in order
to see the presence of reducing sugars including monosaccharides (glucose, fructose) and
disaccharides (maltose, lactose). Reducing sugars are carbohydrates containing an aldehyde or
ketone group in their structure. The aldehyde or ketone group present in simple carbohydrates
(glucose, fructose) can reduce some ions (like Cu?*) contained in the Benedict reagent, (i.e.
mixture sodium citrate, pentahydrate of copper (ll) sulfate and sodium carbonate). A colorful
red precipitate will be produced if the reaction occurs (Vedantu, n.d.). Actually, in an alkaline
medium (sodium carbonate), copper ions Cu?* will be reduced in copper ions Cu* and then will
precipitate into cuprous oxide Cu;O, a red colored precipitate (Herndndez-Ldpez et al., 2020).
Since it is insoluble in water, there will be two phases: the liquid phase and the solid phase
(precipitate). If the concentration of reducing sugars is nonexistent, the precipitate will not
appear, and the color will be blue (e.g. color of copper sulfate). Conversely, if the concentration
if high, the color of the solution will become more reddish (Vedantu, n.d.). This method is
mostly used to detect glucose in food samples (solid or liquid samples). If the product is solid,
it should be dissolved in an amount of distilled water. The concentrations of reducing sugars in
food sample depending on the color are explained in Table 12 (Vedantu, n.d.). The solution
containing reducing sugars, and the Benedict reagent can also be characterized by a
spectrophotometer in order to determine the concentration of reducing sugars (glucose,
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fructose, or maltose) in the food sample (Herndndez-Ldpez et al., 2020).
Table 12 : Concentrations of reducing sugars in the food sample according to the color of the
solution (Vedantu, n.d.)

Color Redu&n\izt;gars Interpretation
Blue 0 No reducing sugars in the sample
Green precipitate 0.5-1 Traces of reducing sugars in the sample
Yellow precipitate 1-1.5 Low reducing sugars content in the sample
Orange-red precipitate 1.5-2 Moderate reducing sugars content in the sample
Reddish precipitate >2 High reducing sugars content in the sample

2.2.4.9 Minerals content

Due to their composition, minerals content can be determined by chemical reactions. For
example, metal atoms (iron, copper, zinc, magnesium, calcium among others) can be oxidized
by known oxidants to produce colored compounds that can be indirectly quantified via
spectrophotometric analysis or titration methods. Nevertheless, industrially, minerals are
commonly identified and quantified by two other methods: atomic absorption and atomic
emission spectroscopy.

Figure 8 : Example of an atomic absorption spectroscopy machine.

Both spectroscopies are based on the study of the electromagnetic radiation of atoms. Atomic
absorption spectroscopy measures the light absorbed by atomic absorption. They determine
the chemical elements by gaseous atoms (Wikipedia contributors, 2024). Nevertheless, in
order to analyze a food sample by its atom components, it must be atomized. A few atomizers



are known but only two are commonly used: flame and electrothermal atomizers. Most of the
industries work with flame atomizers due to their low cost and simplicity. Flame atomizers are
flames that are energetic enough to volatilize and atomize the sample. The food sample is
dried, vaporized, atomized, and then ionized. The last step is essential to measure the mass of
minerals in the sample (Libretexts, 2022). After that, a light from a hollow cathode lamp is
emitted. When the light is passing through the sample, excited atoms absorb it and therefore,
the intensity of the light decreases. Like spectrometers or colorimeters, the intensity is
measured before and after the absorption. Since excited atoms have a unique absorption
specter, they can be easily identified. Measuring the absorbances of atoms implies the
determination of the atoms’ concentrations according to Beer-Lambert’s law. Atomic
spectroscopies can be used to quantify over 70 elements in a food sample, including
magnesium, calcium, phosphorus, iron, or potassium (Wikipedia contributors, 2024). Among
the different minerals of interest in a cereal bar, magnesium, calcium, potassium, or iron might
be measured.

2.2.4.10 Calories content

Calories define the amount of energy that food products provide to the human body. All
calories come from three macronutrients: carbohydrates, proteins, and fats. Nevertheless,
these nutrients do not provide the same amount of energy. In fact, while one gram of
carbohydrates and proteins contain 4 calories, fats provide 9 calories. In alcoholic beverages,
the calories that alcohol provides must be considered. The determination of total calories in a
food product is explained in the following formula:

Ncalories = 4. Wproteins +9. Wreats + 4. Wearbohydrates (6)
Here, Ncaloriesthe total calories in the sample, Wproteins is the weight of proteins (g), Wyass is the

weight of fats (g) and Wcarbonydrates is the weight of carbohydrates (g) in the sample. The
corresponding coefficients 4, 9 and 4 are expressed in kcal-g* (Fantozzi & Harvey, 2022).

2.2.4.11 Sensory properties

Sensory analysis by definition, the examination of properties (texture, flavor, taste, color,
appearance, smell among others) of foods or beverages using the human senses (sight, smell,
taste, touch, and hearing). This technique has been used by the food industry in order to
ensure the future product's overall acceptance by consumers. Sensorial analysis is based on
several sensory techniques including discriminatory or descriptive evaluations or hedonic
tests. Even though this methodology is effective for the acceptance or the rejection of the
product, different aspects can have an impact. For example, social aspects, the environments,
nutrients awareness, health or emotions may influence the decision (Ruiz-Capillas & Herrero,
2021). To produce a cereal bar, sensorial attributes such as texture, flavor, appearance, aroma,
color, sweetness, and overall acceptance are considered.



Table 13 : Descriptions of some sensorial attributes

Attribute Description Hedonic scale (1 to 9)
Texture Texture refers to how physical attributes in a food Viscosity
product are processed by the brain during mastication. Fluid (1) — Very viscous (9)
It does exist mechanical, surface, or geometrical Hardness
characteristics. Among texture attributes, viscosity, Soft, easy to break (1) — Hard tobreak (9)
hardness, chewiness, mouthfeelcan be mentioned. Chewiness
(“Texture in Food”, n.d.) Difficult to chew (1) — Easy tochew (9)
Flavor Flavor refers to the distinctive taste of a food product Taste
when it is experienced on the mouth. Very unpleasant (1) — Very
(“En Famille: Word of the Day,” 2024) pleasant (9)
Appearance |Appearance defines the way of a food product looksto Appearance
consumers. Among appearance attributes, color can be|Very unpleasant to see (1) — Verypleasant to
mentioned. (Appearance, 2024) see (9)
Aroma Aroma refers to a pleasant distinctive smell of the Aroma
product. Disgusting smell (1) — verypleasant smell (9)
Color Color can be referred to the appearance that a food Color
product has as a result of reflecting light. (Color, 2024) Not colorful (1) — Very colorful (9)
Sweetness | Sweetness refers to the quality of being sweet intaste. Sweetness
Not sweet (1) — too much sweet(9)
Overall Overall acceptance of a product defines the qualityof |Overall acceptance Not accepted (1) — highly
acceptance being accepted or acceptable by consumers. accepted (9)

(“Acceptance,” 2024)

Besides the analysis of sensory attributes mainly made by a panel of consumers, some other
attributes can be evaluated instrumentally. For instance, as previously mentioned, chewability
can be related to instrumental measurements of forces in a universal testing machine or in a
texturometer.

3. Computer-aided design of cereal bars

The proposed methodology for the design of cereal bars followed an integrated design
approach. In this case, mathematical models are built to predict the main key characteristic of
the product based upon the ingredients and also on the processed conditions. The last are
normally omitted because those are not easily tunable in an existing industrial facility, and the
specific product (i.e. cereal bars) generally requires the same type of steps and operating
conditions during its manufacture. In this regard, predictive models are proposed to estimate
the impact of the ingredients on the expected product characteristics and performance (i.e.
Quality properties). These include for instance the total content of certain components (e.g.
protein, fat, carbohydrates, sweeteners), some physicochemical characteristics (e.g. moisture,
pH, acidity, sweetness, etc.), the flow behavior (i.e. viscosity of the mixture related to
mouthfeel), mechanical characteristics (associated to chewability), and total costs. In some
cases, the models are available as simple mixing rules, but in some others, there is need to
build experimental models to correlate the specific properties with the content of the different
ingredients. Additionally, restrictions of different nature (e.g. legal, safety, natural-based) and
heuristics (e.g. recommended dosing, conflicting ingredients, recommended sweetening
mixtures, etc.) are included within the model to reduce the search space of potential solutions
and to align the products to multi-stakeholder needs. The integrated design method for the



design of cereal bars is detailed below under 5 stages.

3.1 Listofingredients

At the beginning of the formulated product optimization, some ingredients are chosen and
set into categories. The choice of ingredients is primordial for optimization because, due to
their composition and nutritional values, the ingredients will influence the response variables
such as sensorial properties (flavor, taste) but also the cost of the product to minimize. As
previously described, the consumption of cereal bars has been increasing over the years, and
one reason is the large variety of ingredients that are used in their manufacture and the
diversity in potential flavors (e.g. granola, fruity, chocolate, nutty, etc.). In order to do a
computer-aided design of cereal bars, there is need to reduce the search space and to limit
the number and type of ingredients. In this regard, the type of ingredients considered in the
formulation were: Cereals, Nuts, Dried fruits, Sweeteners/sugars, Oils/Fats and Others. The
complete list of ingredients in each category were presented in Table 2.

3.2 List of heuristics

In addition to processing conditions used in the manufacturing, the type of ingredients and
their composition will influence the physicochemical and sensory properties of the final
product. In a cereal bar, the content of proteins, fats, carbohydrates, sugars and moisture are
generally maintained in certain ranges to fulfil consumers and manufacturer needs. However,
as each selected Ingredient has specific properties (e.g. glycemic index, caloric content,
composition, and cost), these become specifications of the design problem that cannot be
changed. In contrast, during the formulation the presence or absence of a certain component
and its corresponding weight in the formulation can freely change. In this sense, the
combination of all ingredients must match the expected ranges of concentration of
macronutrients and other components. To determine such ranges, it was necessary to review
the technical literature and the formulation of commercial products, and to stablish the
corresponding formulation heuristics.

Different cereal bars brands from Colombia, USA, and Europe were studied: Tosh, Nature
Valley, Kirkland, Kellogg, LU, and Eat Naturally. The first one is a brand from a Colombian
company specialized in snacks (including cereal bars, cookies, ice creams) and vegetal drinks
(vegetal milks or herbal teas). The following three belong to large American companies
(General Mills, Costco and Kellogg, respectively) whose specialties are retail and cereal based
products. LU is an ancient French company bought by Mondelez International that is known
for the manufacture of biscuits (cookies). Finally, Eat Natural from the United Kingdom,
produces muesli and granola bars. As shown in Table 14, despite the brand, cereal bars have
similar nutritional values. These and other characteristics of these products were used to
define the corresponding ranges in the computer-aided formulations. As shown in Table 14,
despite the brand, cereal bars have similar nutritional values. Their nutritional values are
considered to define the range of them summarized in the following sections.



Table 14 : Assessed characteristics of commercial bars

Brand Proteins | Fats | Carbohydrates | Sugars |Minerals (calcium -zinc)| Calories | Sodium
(8) (8) (8) (8) (mg) (kcal) | (mg)
TOSH Chocolate 11.0 |18.0 62.0 14.0 81.0-0.73.0 409.0 88.0
TOSH Peanuts 11.0 |18.0 59.0 16.0 106.0-1.1 406.0 215.0
TOSH Nuts 11.0 |18.0 59.0 16.0 92.0-1.7 378.0 47.0
ITOSH ZeroOriginal 8.3 6.1 71.0 5.1 116.0-1.2 312.0 249.0
ITOSH Zero 8.3 5.1 71.0 9.7 125.0-1.1 306.0 226.0
Strawberry
NV Chewy & 8.6 13.0 71.0 20.0 50.0 -/ (286.0 424.0 200.0
Fruits potassium)
NV Peanuts 10.0 |24.0 58.0 21.0 23.0-/(1.2iron) 479.0 398.0
NV Protein 24.0 |29.0 38.0 17.0 78.0-0.52 481.0 400.0
NV Almonds 7.9 20.0 63.0 22.0 84.0-/(294.0 454.0 405.0
potassium)
Kirkland Granola 5.8 11.0 74.0 27.0 65.0-/(233.0 410.0 173.0
bar potassium)
Kellogg extra 13.0 |33.0 42.0 24.0 530.0 310.0
roasted almonds &
dark
chocolate
Kellogg Special K 7.0 9.6 62.0 25.0 360.0 600.0
Milk chocolate
LU Grany puffed 54 18.0 66.0 25.0 441.0 570
rice & milk
chocolate
Eat Natural 6.1 254 53.5 36.0 483.0 35
almonds,
cranberries and
coconut
3.2.1 Total Weight

The total weight of commercial products was revised and compiled in Table 15. From one
brand to another, the weight of a cereal bar may vary. Nevertheless, the cereal bar weight is
commonly in-between 20g and 40g. As a target product, it was fixed that the weight of the
desired cereal bar formulation was 25 g. It is important to consider that during the
manufacturing process there might be a weight loss, and this was not considered during the
initial formulation. Yet, this parameter will be assessed during experimental evaluation of the

optimized formulations.

Whyar = 25g

(7)




Table 15 : Weight of different commercial bars

Product Weight (g) Photograph
23.0
TOSH Chocolate
23.0
TOSH Peanuts
TOSH Nuts 23.0
TOSH Zero Original 23.0
TOSH Zero Strawberry 23.0
NV Chewy & Fruits 35.0 ,
uxr.VAu.tY
-\?" NAI TRAIL MIX
NV Peanuts 34.0
NV Protein 40.0
NV Almonds 34.0
Kirkland Granola bar 24.0 | . —
R e sorT
Kellogg extra roasted 32.0
almonds & dark chocolate
Kellogg Special K Milk 20.0
chocolate
LU Grany puffed rice & milk 20.8
chocolate
Eat Natural almonds, 40.0
cranberries and coconut
e




3.2.2 Moisture

Despite water could be added during formulation, cereal bars contain a certain amount of
moisture, mostly coming with the ingredients. According to the literature, cereal bars usually
contain between 5 and 12 % wt. of moisture, even though some have a moisture content

greater than 12 % (RAMAKRISHNA and al., 2007). This can be included in the model as a
restriction of the form:

5% < Xmoisture <12% (8)

Here, Xmoisture is the moisture content in the bar, calculated as

X Moisture — 100 W moisture (9)
w bar

3.2.3 Glycemicindex

The glycemic index is important to characterize a cereal bar. The glycemic index of an
ingredient is determined by its effect on blood sugar levels in humans, compared to a
reference ingredient. Cereal bars can be considered ashigh glycemic (GI>70), medium glycemic
(56<1G<69) and low glycemic (IG<55) bars. The aim of this study is to produce a low glycemic
cereal bar or at least a medium glycemic cereal bar.Depending on the type of bar, these
restrictions can be written as:

GI<55 Or 56<GI<69 (10)

3.2.4 Sweetnessindex

Cereal bars belong to the segment of sweet foods; therefore, the sweetness index becomes
an important parameter for their design. If the sweetness index is too high, current consumers
will be reluctant to buy them because of the increasing aware on the negative impacts of high
caloric diets. The sweetness index of an ingredient can be measured using a high-performance
liquid chromatography (HPLC). According to literature, a cereal bar contains around 30-50%
sugars and 25-45%glucose syrup (Ramakrishna and al., 2007). The sweetness index is defined
with respect to refined sugar (assumed equal to 100), and the corresponding index of glucose
syrup (that can be identified to corn syrup) is equal to 75 (glucose) (Redmer et al., n.d.). In
general, it has beenfound that the sweetness index should be lower than 75 to avoid excessive
caloric content but larger than 50 to provide the right sweetness and required agglomeration
capacity (based only on two main ingredients: sugars and glucose syrup) (Diabetes Canada,
n.d.). Then:

50<ID <75 (11)

3.2.5 Protein content

As mentioned above, there are different types of cereal bars in the market (e.g. granola bars,
energy bars for athletes), but in general they are considered not only as energy but also as
whole food snacks. As a consequence, the protein content is a paramount characteristic of
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commercial products, and it needs to be evaluated during formulation. According to the
literature (Aleksejeva and al., 2017) and some commercial cereal bars, protein content needs
tobe between 5and 15% wt.

5% < Xprotein < 15% (12)
Here, Xprotein is the mass percentage of protein in the bar, calculated as

XProtein =100 x W Protein (13)
w bar

3.2.6 Fatcontent

Fat content in cereal bars is important to facilitate agglomeration and to provide pleasant
texture and mouthfeel. Nonetheless, high fat content in food is not desirable nor welcomed
by consumers due to health issues. Usually, the fat content in a cereal bar range in the interval
of 0to 15% wt. (Ramakrishna and al., 2007). Nevertheless, according to some commercial bars
detailed in Table 14, the fat content could within the range of 5 to 30 % w.t. In this case,the
literature range was used.

0% < Xfar < 15% (14)
Here, Xrq: is the mass percentage of protein in the bar, calculated as

XFat= 100 X WFat (15)
Wbar

3.2.7 Carbohydrates / sugars content
Carbohydrates content is an important since it

comprises starch and sugars which provide

energy, sweetness and glycemic index. Therefore, a high carbohydrates content is not desirable
by consumers due to obesity and cardiovascular diseases. According to the literature, the
carbohydrates content in a cereal bar is in-between 53% and 75% (Aleksejeva et al., 2017)
which corresponds to the reported values for the revised commercial bars.

53% < Xcarbohydrates <75% (16)

X Carbohydrates — 100 x W Carbohydrate (17)

w bar

3.2.8 Energy content/calories

To complete the characteristics of a typical snack, consumers expect to get a certain content
of sugar and calories. This not only provides energy but also has a pleasant taste, mouthfeel,


Lussiaud, Garance
Flèche

Lussiaud, Garance
Flèche

Lussiaud, Garance
Flèche


and texture. According to the revision of commercial products, the most typical caloric content
of cereal bars is between 300 kcal and 500 kcal.

300 kcal < Ncalories < 500 kCCll (18)

3.2.9 Cereal bar cost

One of the most decisive parameters for industrial producers is the production costs. In
general, the retail price of a cereal bar in the local market ranges between $0.6 to S1 per bar.
Considering that average gross revenue of healthy food products could be around 35-40%
(Walls, 2023), the maximum ceiling cost of ingredients was expected to be less than $0.36-
$0.6 USD per bar. This average cost is calculated by adding prices of all ingredients.

Cbar < $036 - $06 (19)

3.2.10 Nuts content

Besides above-mentioned constraints, cereal bars must also meet specific regarding the
content of ingredients within the specific categories, namely nuts, cereals, and sweeteners.
Depending on the type of commercial cereal bars, the percentage of nuts may vary.
Considering the significant variation between reported cereal bars and according to the
revised commercial bars, the percentage of nuts in a bar was set between 7% and 20%.

7% < Xouts < 20% (20)

3.2.11Cereals content

The content of cereals in the bars, just like nuts, can vary significantly. Nevertheless, according
to revised commercial bars, the percentage of cereals in a cereal bar has been set in the range
of 10% -50%.

10% < Xcerears < 50% (21)

3.2.12 Sweeteners content

The sweetening agents are fundamental ingredients of cereal bars since they help to
agglomerate the other ingredients. However, according to the revised commercial bars, the
percentage of sweeteners (especially glucose syrup) is not usually mentioned. This is done for
marketing purposes as consumers would prefer products with low added sugars. Nevertheless,
according to literature reports, the percentage of sweeteners can vary from 10% to 30%.

10% < Xsweeteners < 30% (22)

3.3 Mathematical modeling

Each ingredient chosen for the cereal bar formulation is characterized by its physicochemical
properties and by its composition. In this regard, weight, moisture content, protein content,



fat content, ash content, fiber content, calories, carbohydrates content and glycemic index will
be included in the mathematical model used in the design or bars. Besides including certain
restrictions and formulation heuristics, the model also computes the total costs of the bar for
further minimization. Some of the above-mentioned characteristics can be computed by using
linear mixing rules based upon the weighed contribution of each ingredient in the final
mixture.

3.3.1 Weight

The weight of the bar is the sum of the weights of all employed ingredients. Nevertheless,
neither the weights nor the ingredients are unknown as they result from the design procedure.
Thus, all specific weights will be considered as variables and other characteristics will depend
on them. The corresponding total weight of the cereal bar is calculated as follows:

A

Here, Wharis the weight of the bar (in g) and wiis the weight of the ingredient i in the
mixture (g).

3.3.2 Moisture

In the literature, moisture contents of ingredients are expressed as a percentage. However, the
total moisture content in a cereal bar is normally expressed as weight. Then, it was calculated
with the following equation:

Wmoisture = Z Xmoisture,i * Wi (24)
i

Here, Winoisture is the total moisture content of the cereal bar (in g) and Xmoisture,i is the
moisture content of the ingredient i (in %).

3.3.3 Glycemicindex

As above, the total glycemic index of the cereal bar is dependent on glycemic indexes of all
ingredients chosen and their specific weights. This property is related to the content of
saccharides. The total glycemic index is calculated according to the following formula:

2

Here, G1 is the glycemic index of the cereal bar and Gliis the glycemic index of ingredient i

3.3.4 Protein content

Like moisture content, protein content of ingredients is generally expressed as a percentage.
Nevertheless, there is need to report the total weight of protein in the bars. The total protein
content is evaluated with the following equation:



Wprotein = Z xprotein,i * W,
i

(26)

Where Wprotein is the protein content of the cereal bar (in g) and Xproteini is the protein
content of the ingredient i (in mass fraction).

3.3.5 Fatcontent

Similar to other properties, the total fat content of the cereal bar is calculated with the
following formula:

Wfat = Z xfat,i * Wi (27)

i

Here, Wyq: is the total fat content (in g) and xya¢, is the mass fraction of fats in ingredient i
(in mass fraction).

3.3.6 Carbohydrates content

To provide energy, industrialized foods contain carbohydrates. To calculate their carbohydrates
content, the following formula is used:

Wcarbohydrates = Z xcarbohydrates,i * Wy (28)

Here, W carbohydrates is the total carbohydrates content (in g), Xcarbonydrates,i the mass
fraction of carbohydrates in the ingredient i and w; the weight of the ingredient i.

3.3.7 Sugars content

It does exist at least two types of carbohydrates : starch (of maize, wheat, potato) and sugars
(glucose, table sugar, fructose among others). The sugars content can be evaluated by :

Wsugars = Z xsugars,i * Wi (29)
Here, Wsugars is the total sugars content (in g), Xsugars,; the mass fraction of sugars in the
ingredient i and w; the weight of the ingredient i.

3.3.8 Energy content - calories

In the literature, energy content of food products (also related to sugars content) are generally
reported in calories per a hundred grams of product (kcal/100 g). Then, the total calories in a
cereal bar can be evaluated with the following formula:

Ncalories = Z ncalories,i * W (30)

i



Here, Ncalories is the total number of calories in the cereal bar (in kcal), and ncaiories,i is the
number of calories per gram of the ingredient i (in kcal/g)

3.3.9 Cereal bar cost

Since obtaining suitable formulations for cereal bars at minimum cost is the aim of this study,
it is important to gather the bulk prices of each ingredient. Those reported in dollars per ton
were used to account for the trading prices for industrial producers and to avoid using retail
ones or those for the final consumers. Nonetheless the prices of all ingredients were used in a
per gram basis taking into account the amount of mass used in the cereal bars (less than 100g
per bar). The total cost of the cereal bar is calculated by summing all the costs of all used
ingredients as presented in the following equation.

Char = D CiW;
bar Z L‘i/vl (31)
Here, Char the cost of the cereal bar (in $), and ¢; is the cost of the ingredient i per gram (in

$/g). The million factor accounts for the change of unit from ton to grams. The total cost will
be the objective function to minimize during computer-aided product design.

3.4 Computer design

A mixed-integer optimization problem is the optimization of a problem where two or more
variables are constrained to be integer values. These variables can be discreet or continuous.
In the case of a cereal bar optimization problem, the continuous variables might be the
amount of ingredients while the discrete variables can be the choice of the ingredients in each
category. For example, the choice of glucose syrup among sweeteners is a discrete variable.
With these different variables, the objective function is optimized (minimized or maximized).
Here, the objective function is the minimization of the total cost of a cereal bar. Some variables
such as the weight of each ingredient need to be constrained to be integers and positive. The
cereal bar formulation belongs to a mixed-integer optimization problem (Frontline Solvers,
2024).

3.4.1 Database of ingredients

In order to solve the set of equations for the formulation of a cereal bar, considering the
corresponding restrictions, there is need to define the main characteristics of the employed
ingredients. Therefore, gathered data from Table 2 to Table 8 were used as the corresponding
characteristics of all considered ingredients.

It is important to consider that some ingredients have substantial contributions to many
different nutrients categories thus becoming key ingredients in the formulation. For instance,
as observed above, nuts are usually dried products (maximum of 8% of moisture content), with
a moderate content of fiber (between 1% and 10% wt.) and a medium content of
carbohydrates (between 13% and 40% depending on the nuts). In the case of protein content,
it highly differs among the different nuts. For example, peanuts or almonds are considered as
protein nuts (around 20% of protein content) whereas pecans provide few amounts of such
macronutrient. Regarding fat content, it is usually high in nuts, especially in pecans that can
contain up to 70% wt. Comparatively, peanuts present not only a high content of fats but also



of minerals (mostly calcium, phosphorus, and iron) which differ from all other nuts that cannot
be considered as mineral nuts (less than 3 mg/100g of each mineral). Only almonds can also
be considered a mineral nut due to the high content of phosphorus. Despite nuts not being
considered as sweets since the total sugar content is less than 5% wt., they still have a high
caloric contribution of around 600 kcal/100g. In particular, almonds contain more than 700
kcal/100g, which makes them top caloric contributor among the different nuts. With respect
to the glycemic index of nuts, it is zero for most nuts except peanuts that have a glycemic index
of 15. Finally, peanuts are the cheapest nuts (with a cost of 2,128S per ton) whereas hazelnuts
are the most expensive (with a cost of 6,0385 per ton).

Among the different categories, sweeteners are the ones responsible for the glycemic index,
the moisture content and the carbohydrates content, with an average of 49.0, 20% w.t, 60%
w.t respectively. Besides nuts, fat is mostly provided with vegetable oils which have 100% fat
wt. Nuts have the highest protein content of all ingredients with an average percentage of
16.4% wt. Minerals are mostly contained in dried fruits with an average of 57 mg of calcium
and 760 mg of potassium. Besides sugar, cereals have the highest glycemic index with an
average of 67.3 that makes them high glycemic foods.

3.4.2 Solution of the optimization problem

Computer-aided optimization enables to calculate and define the formulation of the
promising products at minimum costs. Nevertheless, in order to validate computer aided
design, optimal formulations will be prototyped under reported processing conditions, and
some of their properties will be analyzed (including texture properties). In our cereal bar
optimization, the objective function can be stated as follows:

f=Ycxi (32

Here c; is the cost per unit weight of the ingredient i and x; is the weight of the ingredient in
the recipe.

Cost minimization was firstly done using the Solver tool in Excel, using the non-linear optimizer.
Even though this tool is effective in finding an optimal solution for simple problems, it is not
well fitted to solve more complex problems, mainly due to initialization issues. Furthermore,
the basic Excel solver is less precise due to the limited number of iterations that can be
conducted, which might lead to stability issues. Nonetheless, for the cereal design problem,
Solver converged to different solutions that might be local and not the global optimum. To
overcome this issue, the problem was also implemented in programing software (Python) that
enabled using more advanced optimization tools. in this case the GNU Linear Programming Kit
(GLPK). GLPK is an open-source package designed to solve large-scale linear programming(LP),
mixed integer programming (MIP) and other related problems (Free Software Foundation,Inc.
n.d.). For Mixed Integer problems (MIP), the GPLK solvers use a branch-and-cut method that
will divide the total problem into smaller problems. By comparing solutions among the
subproblems (subdomains), those where the solution is less fitted (i.e. more expensive in the
case of the cereal bar) are removed from the searching space. This enables to accelerate
convergence and to ensure a global optimum (Read the Docs, n.d.). . Finally, the GPLK solvers
will provide the optimal solution (e.g. the optimal cereal bar formulation) and the



corresponding value of the objective function. For the cereal bar optimization in Python an
Intel(R) Celeron(R) N4120 CPU 1.10GHz with 8 GB memory was used. Solution of the problem
lasted less than 0.01 seconds.

3.4.2.1 Solution in Excel

Initial solutions to the optimization problem were obtained using Excel. Three categories of
ingredients were selected: nuts, sugars (or sweeteners) and cereals. Among these three
categories, there are sixteen ingredients reported in Table 1, and the corresponding problem
formulation is summarized in Table 16. As observed, the presence or absence of one ingredient
was included as a binary variable (y), and it enabled to compute the number of ingredients in
each category to check for the corresponding constrains.

Table 16 : Summary of mathematical formulation of the cereal bar design in Excel

Ingredient  |Weight(g) Binary(0 or Weight [Protein(g)|Fat (g) Calories Moisture |Glycemic [Carbohydrates|Cost
1) (g) (kcal) (g) Index (g) (S/ingredient)
Hazelnuts wy |y, i=1for
Peanuts w» w; > 0.01
Pecan w3 v, i =0for . w; *' Wi *. Mcalories,i Xmoisture,i GIL * Wi xcarbohydrates, Ci* Wy
\Walnuts Wy w; < Ofor . Xproteinr | Xfae, L |x W; * W; i
1 <i<s v, i for for for
Almonds Ws <I< ; for for for for . * W, .
1<i<5 ! . . . 1<i<5 1<i<5
1<i<5|1<i<5| 1<i<5 |1<i<5 for
1<i<5
Sum nuts
Glucosesyru w,
yrap 6 y,1=1for
w; >0.01
Sugarcane wy , Wi * Wk
honey i =0for x . . Mcaitories,i PFmoisture,i Gl
w; <0 for Wi * proteins \Xfqt,l W W i * Wi Xcarbohydrates, Ci * Wi
Brownsugar Ws 6L<_/< 11 | ¥ i for | for 6<i< |for 6<i< ‘ for }or for | for
6<i<11 11 |11 . . 6<i<11*Wi 6<i<11
6<i<11 |6<i<11 for
Honey Wo h
Glycerin W1g 6<i<11
Fructose W11
Sum sugars
Oats W12 )
Rice flakes W13 y,i=1for Malories.i
3 . w; > 0.01 W; * 4 ’ xmoisture,i
\White rice W14 X w; * . xwy Xcarbohydrates,
flour Y, i =0for i for Xproteins ¥ Xfat, 1 ' * Wi Gl xwi | Ci ¥ W;
Brown rice w; <0 §}’2<i< 1 for 12<i <|for 12<i<1 for 12<i < for for | for
Wisl 124i<16 16 6 12<i< [12<i<16["Wi 12<i<16
flour 6 16 16 for
Wheat Wie 12<i< 16
flour
Sum cereals
Total sum Eq 23 Eq23 [Eq 10 Eq 11 Eq 14 Eq 8 Eq 9 Eq 12 Eq 15

The design variables are subjected to the following constrains that were included in Solver’s
template.



Table 17 : Constraints of the design variables

Category Lower bound Upper bound
Weight (g) 249 < Whar Whar < 25.1
Binary nuts 1<3 v S yi<2

1<i<5 1<i<5
Binary sugars 1< >y > y: <3
6<i<11 6<i<11
Binary cereals 1< > Syi<3
12<i<16 12<i<16
Protein content (g) Wbar * 5% < Wprotein Wprotein < 15% * Wbar
Fat content (g) Whar * 0% < Wia Wrar < Wpar ¥ 15%
Moisture content(g) Wpar * 5% < W oisture W moisture < Wpar * 12%
Carbohydrates content (g) Wyar * 53% < W carbohydrates < Whar * 75%
Wcarbohydrates
Glycemic index 56 < GI Gl <69
Cost ($/ingredient) Cost < $0.36 — $0.6

3.4.2.2 Solution in Python

To test for the existence of global optimal solutions, the mathematical model was also solved
and optimized in Python. This enabled to use a different optimization approach, and due to
the absence of templates, variables and constrains had to be defined and coded. In this case,
each component was defined with two variables: one continuous variable to model the
amount (weight) of the component in the recipe, and another Boolean to model the selection
or not of the component. These corresponded to:

x; € R+

yi € {0,1}

For a certain i, the variable x; is the positive weight of the ingredient and y; is the presence or
absence of the ingredient. The first variable will help to encode the restrictions related to
continuous variables such as protein, fat and moisture content. The second variable will help
to encode restrictions related to the discrete number of ingredients selected for each category.

Similar to the Excel template, restrictions were included in the code, and they are again
presented in Table 18.



Table 18 : Restrictions for the number of nuts, sugars and cereals in a cereal bar

Category Lower bound Upper bound
1=2y: DYVis?2
Nuts (N) iEN iEN
0.07m< Y xi >xi<02m
iEN iEN
1<>y; >Yyi<3
Sugars () i€s i€s
01m< > x >xi<03m
i€s i€s
1<>yi DYVi<3
Cereals (H) e e
0.1m< > x >xi<05m
i€EH i€EH

As observed, the weight of the ingredients of each category cannot exceed nor be less than a
certain proportion of the total weight of the cereal bar (m is the total mass of the bar).

Toensure thatan unselected component cannot have a mass inside the bar recipe, an additional
restriction must be enforced. This states that if an ingredient is selected, the max weight of the
ingredient is the total mass of the bar and if the ingredient is not selected, the max weight of
the ingredient is zero. The first statement is an overshoot of the component weight, and it is a
constraint that should never be reached because there are tighter constraints. The opposite
case ensures that if a component is not selected, its weight must be zero (because x € [0, o)
and less or equal to 0). This is the aspect we want to enforce.

XiSmy;

Finally, there are nutritional attributes where restrictions must be enforced. For each one a
“cost” vector is created. Then, a weighted sum of the nutritional attribute is done and
compared with the nutritional requirements of the bar. The last restriction is related to the
mass balance of the ingredients of the bar. The bar must be constituted by the ingredients
selected and the sum of all the weights must be the mass of the bar.

dYxi=m
i
Using these statements, the optimization problem can be represented as

min ) cix;

i



Table 19 : Complete set of restrictions in the design of a cereal bar as implemented in Python

RestrictionID RestrictionID

Expression Expression
300 —2yi=-—1 1500 vi<3
iEN i€s
400 —xyis—1 1600 >yi<3
i€s i€H
500 —2yi=-—1 1700 2xi<02m
i€H iEN
iEN i€s
700 —Z xXi < —0.1m 1900 Z xXi < 0.5m
ies i€H
800 —Yx < —01m 2000 Y. pixi <3.75m/25
i€H
900 2100 > gixi <3.75m/25
_Zpixi < - oe M
A
100 2200
000 — Y gxi <0 0 S wix; < 3m/25
i
110 2300
0 —Xwixi <0 0 Yex; < 125m/25
i
1200 2400
—Yexi<—m Y. caixi <18.75m/25
l l
1300 2500 .
—Ycaxi<—m 2 giixi <69x*xm
i
1400 2600

yi<2 xi=m

iEN i




4.

Results and discussion

4.1 Cereal bar design

Both optimization tools successfully acquired solutions that fulfilled the desired design
constraints in a cereal bar. Interestingly, both tools converged to multiple solutions of slightly
similar costs but with different formulations. The corresponding solutions from Excel are
summarized on Table 20, and fulfilment of constrains can be verified in Table 21.

Table 20 : Potential formulations of cereal bars obtained by optimization in Excel solver

e eaient Solution 1 Solution2  Solution3  Solution 4
Weight (g)
Hazelnuts 0 0 0 0
Peanuts 4.980 4.979 498 498
Pecan 0 0 0 0
Walnuts 0 0 0 0
Almonds 0 0 0 0
Glucose syrup 0 9.222 0 0
Sugarcane honey 0 0 2.369 7.265
Brown sugar 7.571 0 0 0
Honey 0 0 6.934 0
Glycerin 0 0 0 2.210
Fructose 0 0 0 0
Oats 0 12.450 12.450 12.450
Rice flakes 0 0 0 0
White rice flour 12.45 0 0 0
Brown rice flour 0 0 0 0
Wheat flour 0 0 0 0
Total weight (in g) 24.9 24.9 24.9 24.9
% nuts 20.0 20.0 20.0 20.0
% cereals 50.0 50.0 50.0 50.0
% sweeteners 29.99 30.0 29.99 29.99
Cost (S/bar) 0.047 0.01804 0.0266 0.0225

Table 21 : Final values of constrained variables obtained for each solution

Protein Fat Calories

Moisture Carbohydrates Glycemic

solution 1) (@) (keal)  (g) (e) index
1 1.9 2.2 102.6 1.8 18.6 1699.4
2 2.9 2.8 98.6 3.0 14.7 1301.0
3 2.8 2.8 98.1 3.0 14.8 1122.8
4 2.8 2.8 99.4 3.0 15.7 1030.1




Solutions mentioned in Table 20 were found by manually tuning the initialization of the
corresponding loading of ingredients. This was done because it was found that the solver in
Excel is highly dependent on the initialization provided by the user. As a consequence, Excel
solver converged to local solutions that were similar in terms of the content of proteins, fats,
calories, moisture or carbohydrates as well as the percentages of nuts, cereals and sweeteners.
In contrast, the glycemic index highly changed among the solutions encountered. The
difference between the first and the other solutions is explained by the high glycemic index of
white rice flour, representing about 50% of the cereal bar formulation. Also, as expected, the
larger the sugarcane honey content in the formulation, the lower the glycemic index. This is
important as the formulation was meant to include sugarcane honey as substitute of glucose
syrup. Nonetheless, the formulations containing sugarcane honey were more expensive due
to its higher cost. This indicates that a more robust optimization program will try to remove
this ingredient from the formulation considering that the objective function is only the total
cost.

With this in mind, some additional constraints were included during the optimization in Python
to analyze the influence of sugarcane honey on the targeted properties. In this case, six more
constraints were written in the program as detailed in the Table 22. As observed they were
meant to include sugarcane syrup in mixtures with all other sweeteners.

Table 22: Additional constraints written in Python programming to ensure sugarcane in thefinal
formulation

Solution 1 Solution2 Solution3 Solution4 Solution5 Solution 6 Solution 7

Ves =1 Ves =1 Ves =0 yes =0 Ves =0 Ves =0 yes =0
ysu =0 ysu =1 ysu =1 ysu =1 ysu =1 ysu =1 ysu =0
yes =0 yes =0 yps =1 yes = 0 yes =0 yes =0 yes =0
yu =0 yu =0 yu =0 yu=1 yu =0 yu =0 yu=1
v =0 Ye =0 e =0 ¢ =0 ye =1 v =0 e =0
yr=0 yr=0 yr=0 yr=0 yr=0 yr=1 yr=0

GS : glucose syrup ; SH : sugarcane honey ; BS : Brown sugar ; H : honey ; G: glycerin and F : fructose

As observed in Table 23, the solutions obtained are quite different according to the sweetener
present in the formulation. Among cereals, it is shown that oats, rice flakes and white rice flour
are the only used due to the high price of brown rice flour and the high glycemic index of
wheat flour. Furthermore, peanuts are the only employed nuts because they provide the
highest amount of proteins and moisture while being the lowest in fats, calories and costs.
While peanuts have the highest carbohydrates content among nuts, it is the lowest in calories
which implies that its carbohydrates are not added sugars. The introduction of glucose syrup
or brown sugar in the formulation implies the lowest prices. Nevertheless, the cereal bar
containing sugarcane honey had the lowest glycemic index proving the performance
properties of sugarcane honey. Finally, as observed in Table 24, the proportions of cereals, nuts
and sweeteners reach the upper bound imposed regardless of the global composition.



Table 23 : Potential formulations of cereal bars obtained by optimization with the GLPK
solvers (Python)

SOLUTIONS |
Ingredient 1 2 3 4 5 6 7
Weight (g)
Hazelnuts 0 0 0 0 0 0 0
Peanuts 5 5 5 5 5 5 5
Pecan 0 0 0 0 0 0 0
Walnuts 0 0 0 0 0 0 0
Almonds 0 0 0 0 0 0 0
Glucose syrup 7.500 7.122 0 0 0 0 0
Sugarcane honey 0 0.378 0.01 1.722 5.281 0.01 0
Brown sugar 0 0 7.49 0 0 0 0
Honey 0 0 0 5.778 0 0 7.5
Glycerin 0 0 0 0 2.219 0 0
Fructose 0 0 0 0 0 7.49 0
Oats 10.333 125 8.229 125 12.5 8.679 0.3333
Rice flakes 0 0 0 0 0 3.821 0
White rice flour 2.166 0 4.271 0 0 0 12.167
Brown rice flour 0 0 0 0 0 0 0
Wheat flour 0 0 0 0 0 0 0
Total weight (in g) 25.00 25 25 25 25 25 25
% nuts 20.0 20.0 20.0 20.0 20.0 20.0 20.0
% cereals 49.98 50.0 50.0 50.0 50.0 50.0 50.0
% sweeteners 30.0 30.0 30.0 30.0 30.0 30.0 30.0
Cost (S) 0.0210 0.0213 0.0179 0.0410 0.0272 0.0305 0,0455

Table 24 : Results of constrained variables obtained with the GPLK solvers in Python

Protein(in g) Fat (ing) Calories Moisture(in Carbohydrates(in Glycemic

Solution (kcal) g) g) index
1 2.719 2.6925 98.706 3.000 15.688 1388.58
2 2.870 2.792 98.901 2.999 15.345 1289.92
3 2.499 2.583 104.085 1.710 14.610 1363.25
4 2.831 2.777 98.537 2.999 14.05 999.363
5 2.805 2.780 99.791 3.000 14.814 1002.88
6 2.544 2.660 96.750 3.000 13.775 1240.39
7 1.961 2.228 97.368 2.999 15.598 1468.58

For now, the introduction of sugarcane honey seems to be effective and convenient for better
nutritional values of cereal bars than those offered in the food industry. Nevertheless, the
main objective is to quantify the influence (the effects) of sugarcane honey on performance
properties. Then, it would be necessary to evaluate the computer-aided formulations and to
perform additional characterization to the potential products.



4.2 Cereal bars characterization

As seen above, a cereal bar is characterized by its composition, its nutritional values but also
by its performance properties including viscosity, density, sensorial attributes or texture
properties. These properties affect the consumers’ perception and acceptance. Before
commercializing a food product, companies must evaluate the corresponding performance
properties of the products and compare them with benchmark products from the market. Due
to limited availability of equipment for characterization of cereal bars, in this work the analysis
was focused on characterizing some mechanical properties (e.g. compressive and flexion
forces), some sensory attributes (color) and a sensorial evaluation with potential consumers.

4.2.1 Commercial bars

Among commercial bars detailed in Table 14 and Table 15, the ones from the brands Tosh,
Nature Valley and Kirkland were selected for further characterization as benchmark products.
As the calculation of mechanical properties depends on sample geometry and morphology,
the dimensions of the commercial bars (length, width and thickness) were measured with the
help of a digital caliper. The corresponding results are summarized in Table 25.

Table 25 : Dimensions of samples selected
Number of the Length  Width Thickness

Commercial bar

sample selected (mm) (mm) (mm)
TOSH chocolate 6 80.00 26.50 16.46
TOSH Peanuts 6 90.00 25.16 16.33
TOSH Nuts 6 82.00 25.70 17.64
TOSH Zero Original 5 84.00 25.55 17.00
TOSH Zero Strawberry 6 85.00 26.21 14.31
Nature Valley Chewy Fruit & Nut 6 98.00 32.26 15.46
Nature Valley Protein 4 98.00 32.44 14.78
Nature Valley Peanuts 3 98.00 31.25 15.11
Nature Valley Almonds 1 93.00 30.99 14.45
Kirkland 6 84.00 28.04 14.60

4.2.1.1 Compressive forces: bearing capacity

All the samples were analyzed with a universal tests machine AUTOGRAPH AG-IS 250kN shown
in Figure 9 and 10. This machine is composed of a load cell (whose maximal capacity is 5kN),
an emergency stop switch, and a smart controller relied on the computer software
TRAPEZIUM. For the measurement of compressive forces, at least 6 samples from each type
of bar were characterized under ambient conditions (temperature, and humidity of the room),
and the reported results corresponded to the average values
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Figure 10 : Photograph of a cereal bar under a compressive load

In a compression test, the sample is placed between two plates, one is stationary and the other
can move towards the sample exerting a force that is recorded in the machine. The cereal bar
is set on its side as presented in Figure 10. The top plate moves at a regulated speed
(5mm/min) and this is stablished as a setting parameter in the software. Also, the test type
(e.g. compression ), mechanical parameters (e.g stroke, time and force), the dimensions of the
sample (see Table 25), and the axis are defined and set within the software of the machine.

On a typical plot resulting from experiments, the force applied by the load cell is represented
depending on the stroke (elongation). Stroke is defined by the distance that a moving part
travels in one direction. However, the corresponding compressive force is the stress depending



on the strain. Stress refers to the internal forces that are developing within a material while it
is subjected to compressive forces. As for strain, it represents the displacement between
particles in a material when it is submitted to compressive loads. Then, using the reported
force and stroke from experiments, and using the normal area of the sample, the
corresponding stress and strain are calculated. Therefore, stress is defined by the following
equation:

F(N) /o (Pa) =A (m?)  (33)

Here o is the stress, F the force applied and A the area submitted to the force. When the
material has elastic behavior, there is a linear relationship between strain and stroke
corresponding to:

Stroke (mm) / Strain (¢) = Lo (mm) (34)

Where Lo is the original length of the sample. Nevertheless, a cereal bar has elastic behavior
but will behave like plastic too. In Figure 11 it is described how a material might exhibit three
behaviors: the elastic behavior (1), the elastic-plastic behavior (2) and the plastic behavior (3).
Initially the bar will be able to restore its form when the force is removed. In the second the
material deforms and does not return to its initial form. In the third region, the stress is
gradually increased beyond the elastic limit and the material undergoes plastic deformation.
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1: elastic behavior 2: plateau (elastic and plastic) 3: plastic behavior
Figure 11 : Typical compression stress- strain curve (taken from Pérez-Tamarit et al., 2018)

The corresponding compression curves for commercial bars are presented in Figure 12, and
there it can be verified that they exhibit the typical behavior of a stress- strain curve. The elastic
phase varies according to the brands and composition of cereal bars. In fact, some commercial



bars behave more like an elastic solid (linear curve) while others exhibited the plateau
transition towards a plastic behavior. This elastic behavior is exactly what is intended to obtain
when using syrup as binder and agglomerating agent for the cereal bars. Nonetheless this
elasticity must be limited, otherwise the product won’t be bitable and chewable. Except for
the Nature Valley almonds bar, most bars reached their elastic limit of around 0.08 MPa. This
is probably due to their composition (almonds might be easier to smash than peanuts
contained in other bars).

0.40 ® TOSH Chocolate

0.35 ® TOSH Nuts
® TOSH Peanuts
0.30 NV Chewy Fruit & Nut

0.25 ® TOSH Zero Original

® TOSH Zero Strawberry
® NV Protein

0.15 ® NV Peanuts

e NV Almonds
0.10 /
0.05 / // =

0.00

0.20

Stress (MPa)

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018

Strain
Figure 12 : compression stress-strain curve for commercial bars

4.2.1.2 Tensile forces: maximal force

For the measurement of tension forces, for at least 6 samples from each type of bar, were
done under ambient conditions (temperature, and humidity of the room). A picture of a typical
tensile test of a bar is presented in Figure 13. The corresponding dimensions of samples for
each type of bar are reported in Table 26.

Figure 13 : Photograph a cereal bar set for the tension loads



Table 26 :Dimensions of samples selected

Type of bar Number of bars Length ofthe @ Width  Thickness
characterized machine(mm) (mm) (mm)
TOSH chocolate 7 55.00 25.74 15.58
TOSH Peanuts 3 55.00 25.79 16.41
TOSH Nuts 4 55.00 27.71 16.81
TOSH Zero Original 8 55.00 26.40 17.57
TOSH Zero Strawberry 1 55.00 25.55 14.37
Nature Valley Chewy Fruit & Nut 1 55.00 30.93 14.01
Nature Valley Protein 6 55.00 314 14.68
Nature Valley Peanuts 5 55.00 32.66 14.75
Nature Valley Almonds 6 55.00 31.75 14.68
Kirkland 3 55.00 28.58 14.81

The software TRAPEZIUM was also used to characterize tension forces. For this purpose, some
conditions need to be established including speed (5mm/min), the test type (e.g. 3 points),
the parameters (e.g. stroke, time and force), the dimensions of the sample (see Table 26).
Differently to compressive loads, the cell used for tension has a capacity of only 100N. Actually,
the tensive force applied on the cereal bar is low because the normal area to this force is very

small (a circle) which was not the case in the compression tests.

Just like in compression experiments, a force-stroke curve is obtained as the result of the test.
The force and the stroke were also converted into stress and stroke by using the corresponding
normal area. The conversion is calculated with Equations 33 and 34. As observed in Figure 14,

a typical stress-strain curve for tension experiments differs from those of compression.
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Figure 14 : Typical stress-strain curve for tension experiments (taken from Lim & Hoag, 2013)

During tension tests, a material behaves like an elastic solid for longer elongations in



comparison to compression test, until it reaches the yield strength. The yield strength is
defined by the maximum stress that a material can support without an irreversible
deformation. After this point, the material will deform like plastic. The ultimate strength is the
maximum stress that a material can endure before the necking (e.g. the reduction of the area
before the breaking). At the fracture point, the material is completely broken. In the case of
cereal bars, it will break into two pieces.
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TOSH Peanuts

® TOSH Zero Strawberry
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20
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Figure 15 : Tension stress-strain curve for commercial bars

As observed in Figure 15, except for the Nature Valley bars (Protein, Peanuts and Almonds),
the literature graphics and the graphics of commercial bars look alike. As expected, most
commercial bars mostly behave like elastic materials until they reach the yield strength. The
elastic phase differs from one bar to another, but it is probably due to their composition.
However, the yield strength is usually reached at the same time and at the same strain
(between 0.02 and 0.04). Some bars do not have a necking and just after reaching the yield
strength, they break into pieces. This is the case with the Kirkland bar. As for the Nature Valley
bars, their curves increase rapidly but after they do not have a yield strength or a necking
phase, they break violently after their ultimate strength. This is probably due to the layer of
fat (peanut butter, dark chocolate or almond better) contained in these bars. Actually, the layer
is more resistant to the applied force but eventually it breaks into pieces violently.

4.2.2 Evaluation of computer-designed bars

To assess the goodness of the computer-generated cereal bars, some of the optimal
formulations were prototyped at laboratory scale and further characterized. The
manufacturing process corresponded to that described in Figure 3, which is similar to the



conducted at industrial facilities. However, some differences have been highlighted in the
following sections.

As observed in Table 23, In the computer-based cereal bar formulations, peanuts were the
only nuts selected. Normally, the nuts are grinded at 20°C and ambient pressure, but here they
were directly mixed with the other ingredients. Each ingredient was placed in a Beaker and
weighed on a balance. One beaker was used for the syrups and other for dry nuts and cereals.
Since fructose was bought as crystals, a fructose syrup was initially prepared. The syrup was
prepared by dissolution of solids at the corresponding concentration of commercial products,
using dextrose, fructose and distilled water. To accelerate the process, dissolution was
conducted at 50°C. Finally, all the ingredients were mixed and homogenized with a spoon for
few minutes at ambient temperature. Even though there were sweeteners to agglomerate the
ingredients, it was not enough for them to stick them together. Therefore, the mixture was put
in @ mold (see Figure 16) whose dimensions corresponded to those of the compression
machine. The compression machine was a MEGA KSC-15A press (Figure 16) that applies a
maximum pressure of 10 bar. The machine was available in the laboratory of chemical
engineering in the National University of Colombia.

 »1  "HE
Figure 16 : a cereal bar formulation set in the specific molder to be compressed by the

compression machine

After the compression, the cereal bar formulation contained in the mold was heated in the
oven at 90°C for 2 hours in order to eliminate excess of moisture and to consolidate the
structure. Finally, the cereal bars were put in a fridge at 4°C overnight and then cut into bars
of ~25g. Only two types of bars were measured and analyzed, and they correspond to the one
with the lower costs containing glucose syrup as sweetener (GS) and another replacing part of
glucose syrup with sugarcane honey (GS+SH).



4.2.2.1 Compressive forces: bearing capacity

Like commercial bars, prepared bars were weighed on a balance and their dimensions were
measured with a digital caliper. The corresponding dimensions of the characterized bars are
summarized in the Table 28, and the obtained stress-strain curve is presented in Figure 17.

Table 27 : Dimensions of prototyped bars used in compression tests

Number of bars Length of the =~ Width Thickness Weight(g)

Type of bar characterized  machine (mm) (mm)  (mm)
With glucose syrup (GS) 9 98.85 39.59 9.66 23.2
With glucose syrup and 5 87.26 29.72 9.93 21.2

sugarcane honey (GS+SH)

Glucose syrup

2.5 Glucose syrup and sugarcanehoney
©
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Figure 17 : The compression stress-strain curve for homemade cereal bars (glucose syrup bar
= solutionl and glucose syrup and sugarcane honey bar = solution 2)

As observed, the two stress-strain curves are similar to those reported in the literature and to
the previously evaluated for commercial cereal bars, particularly in their elastic phases.
However, the ratio of stress to strain known as the Young’s modulus, is significantly higher for
the glucose syrup and sugarcane honey bar compared to the other. This indicates that the bar
with sugarcane honey is morerigid and resistant to elastic deformation, so it requires a higher
level of stress to produce evena small amount of deformation. In contrast, the glucose syrup
is more flexible and easier to deform elastically. This can be attributed to glucose syrup’s
higher viscosity and rheology behavior compared to sugarcane honey. This might indicate that
the cereal bar containing sugarcane honey is harder and less bitable and chewable.

4.2.2.2 Tensile forces : maximal force

The dimensions of the samples used during tensile experiments are summarized in Table 29,
and the corresponding tension stress-strain curves are presented in Figure 18.




Table 28 : Dimensions of prototyped bars used in tensile tests

Number of bars Length of the Width  Thickness Weight(g)

UERC L characterized machine (mm) (mm) (mm)
With glucose syrup (GS) 5 55.00 42.91 11.32 34.2
With glucose syrup and 1 55.00 33.35 12.95 29.9

sugarcane honey (GS + SH)

Glucose syrup
140 [
Glucose syrup and sugarcane honey
[ ]
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80
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Figure 18 : The tension stress-strain curve for homemade bars (glucose syrup bar = solutionl
and glucose syrup and sugarcane honey bar = solution 2)

Again, the stress-strain curves resemble those reported in the literature and those obtained
for commercial products. However, the glucose syrup and sugarcane honey bar present a higher
Young’s modulus than theone containing glucose syrup only. This indicates that, similar to
their behavior under compressive forces, the bar containing sugarcane honey is more rigid
and more resistant to elastic deformation. Despite these differences, both bars fractured at
the same strain level (approximately 0.03). This might indicate that both bars might require
similar forces for bitinga piece, but in the case of the product with glucose syrup only, the bar will
behave more plastic-like. In contrast, the bar containing sugarcane will be harder, behaving
more like a cookie, andprobably presenting difficulties of chewability. Nonetheless, there is
need of further sensory assessment to confirm these results.

4.2.3 Color

In order to evaluate the influence of sugarcane honey as ingredient performance properties,
texture and color were measured and analyzed. While the first two were assessed by mean of
a sensorial analysis, color was evaluated quantitatively using a colorimeter to obtain the
CIELAB parameters (L*, a* and b*). The color of eight cereal bars (one commercial bar and
seven bars resulting from the optimization) was evaluated by the colorimeter UltraScan VIS



Hunter Lab (see Figure 19). The bars were set in front of a light and the absorbance was
measured. The position of the bars was changed 4 times in order to completely evaluate their
color. The CIELAB parameters were evaluated 4 times for each bar and the average was
reported in Table 30.

UltraScan VIS

HunterLab
<! L]

Figure 19 : Colorimeter used for measures of color

Table 29 : Parameters L*, a* and b* for each bar

Bar L* a* b*
TOSH Peanuts 56.94 10.175 28.50
Glucose syrup 60.59 5.85 21.93
Glucose syrup and sugarcane honey 65.89 4.87 22.78
Honey 63.33 7.4875 27.91
Honey and sugarcane honey 61.52 8.716 30.46
Brown sugar and sugarcane honey 51.21 9.083 27.36
Glycerin and sugarcane honey 55.87 7.876 21.06

Fructose and sugarcane honey 61.88 5.675 26.40
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Figure 20 : Representation of the CIELAB Parameters for all measures of bars

According to Figure 20, all cereal bars appear light and yellowish, as indicated by the positive
b* and L* values. Although both brown sugar and sugarcane honey are dark substances, they
do not significantly affect the overall color of the cereal bars. However, the bar containing
sugarcane honey and brown sugar is noticeably darker than the others, as reflected by its lower
L* value. Additionally, glycerin and glucose syrup, which are colorless and transparent
substances, seem to influence the color of the bars, making them appear less yellowish
compared to the others.

4.2.4 Sensorial analysis

Finally, a commercial bar (TOSH peanuts) and four products from the lists of optimal
formulations were subjected to a sensorial analysis. This was conducted with a group of 28
people working at the National University of Colombia (laboratory technicians, students,
teachers, and guards). The group of people were aged from 18 to more than 50 years old. 60%
of them were men and the remaining were women. Half of them consumed cereal bars
sometimes, 30% did not consume them at all, and the remaining part consumed cereal bars
regularly. The conditions are summarized in the following table.

Table 30 : Information about the panel

Category or characteristic Percentage
Women 39.3
Men 60.7
Less than 18 y.0. 0.0
18-25y.o0. 39.3
26-50 yo 32.1
More than 50y.0. 28.6
Do not consume cereal bars 28.6
Consume cereal bars sometimes 50.0
Consume cereal bars frequently 214




The panel was asked to rank the attributes of the samples with a hedonic scale, from 1 to 9
points (1 the lowest, 9 the highest), considering different sensorial attributes: color,
appearance, flavor, chewiness, crunchiness, crumbling, and overall acceptability. The highest
point is the better the impression of the assessed product in the corresponding attribute. The
corresponding results of the sensorial evaluation of the panel are summarized in Table 32, and
graphically presented in Figure 21.

Table 31 : Points from 1 to 9 attributed for color, appearance flavor, chewiness, crumblingand
over acceptability

Sample Color Appearance Flavor Chewiness Crunchiness Crumbling Overall acceptability
7.857 7.714 6.500 7.429 4.893 5.679 7.536
TOSH peanuts (witness sample)  +0.293 +0.470 +0.563 +0.610 +0.464 +0.858 +0.466
6.929 6.893 7.143 6.821 4.500 5.571 7.071
Honey bar +0.624 +0.618 +0.503 +0.790 +0.854 +0.910 +0.577
7.107 6.929 7.357 6.929 5.321 5.679 7.679
Honey and sugarcane honeybar +0.653  +0.650 +0.644  £0.789 +0.890 +0.920 +0.448
6.929 6.571 6.571 6.857 5.143 4.893 6.857
Brown sugar and sugarcane +0.731 +0.654 +0.654 +0.816 +0.868 +1.030 +0.622
honey bar
6.643 6.750 6.750 7.143 3.964 4.643 6.250

Glycerin and sugarcane honey

b +0.710 +0.621 +0.621 +0.752 +0.867 +1.051 +0.689
ar

Overall

acceptabili
P ity Appearance

—Witness

~—— Honey

== Honey and sugarcane honey
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honey

== Glycerin and sugarcane honey

Crunchiness
Flavor

Chewiness Crumbling

Figure 21 : Representation of points given by the panel for sensorial attributes



As observed in Figure 21, the witness bar (e.g., TOSH bar) is the most favored in terms of color
and appearance with respect to the other samples. However, its flavor is less preferred,
primarily due to its combination of additives. The bar containing glycerin and sugarcane honey
is rated lower because, in the panel's opinion, glycerin is flavorless. The bar made with brown
sugar and sugarcane honey provokes mixed reactions, with some people loving it while others
disliking it. This divisiveness can be attributed to the specific flavor, aroma, and color
contributed by the proportion of brown sugar (panela). In contrast to the honey bar, sugarcane
honey appears to enhance all sensory attributes, particularly overall acceptability. In other
words, sugarcane honey seems to enhance the sensory qualities of the bar. Interestingly, the
chewability was similar among all samples and it was considered similar to the commercial
product. Then, there is need for additional instrumental characterization of the bars to try to
find a correlation between mechanical parameters and sensory perception.



5. Conclusions and recommendations

5.1 Conclusions

This work successfully developed a computer-aided design method for cereal bars using a
mixed integrated heuristics approach. A revision of literature enabled to determine main
ingredients of commercial cereal bars and their contribution in the characteristics and
physicochemical properties of the products. Among the ingredient of interest, this work was
focused on sweeteners, and the aim of the design was to develop formulations to replace
glucose syrup by sugar cane syrups. The mathematical models used in the design task were
construed based upon revision of typical quality factors and performance properties reported
in the literature. Additionally, by mean of a literature review and a revision of commercial
products, a series of heuristics were identified and used as restriction in the design of cereal
bars. Subsequently, the product design task was formulated as an optimization problem to
minimize ingredients’ costs, and solved as a mixed integer linear problem in Excel and in
Python. A family of products were obtained as potential solution of the optimization problem,
but in general sugarcane syrup was excluded as ingredient due to higher costs. Nonetheless,
different alternative formulations of similar low cost were prototyped and assessed against a
commercial product. The instrumental mechanical analysis of samples enabled to determine
that commercial samples and prototypes behave similarly. Nonetheless, cereal bars with
addition of sugarcane syrup tended to be harder and less plastic-like, likely impacting
palatability, chewiness, and texture. Finally, by mean of color and sensorial evaluation it was
verified that sugarcane honey had a positive effect in the key properties of a cereal bar. The
sensorial perception of consumers was improved by the addition of sugarcane honey in the
cereal bar formulation.

5.2 Recommendations

There is need to experimentally evaluate in a systematic way some key properties of the bars
including baking efficiency, rheology behavior, density, moisture content, and some textural
properties that were not analyzed. The aim of this word was to produce a cereal bar the
cheapest but it might be relevant to see the effects of the total cost on sensorial properties.
If possible, it would be of major importance to correlate the key performance properties of
the bars with the ingredients (for example, all cereal bars were manufactured using peanuts).
Furthermore, it would be required to perform a sensorial analysis with experts or with a larger
panel of non-experts using additional assessment methods. Considering the few ingredients
of the here developedcereal bar formulation, it might be intriguing to assess the impact of
including more ingredients (such as dried fruits, oils, and others). Finally, it would be valuable
to address theissue of the different physicochemical properties of glucose syrup and sugarcane
honeys. Theuse of rheology modifiers might help improving the agglomeration properties of
sugarcane syrups, and the plasticity of the bars.
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Appendix : Python programming

n_ingredients = 16

(n_ingredients)

ar(I, domain=NonNegativeReals)

model.y = Var(I, domain=Binary)




= Var(I, domain=NonNegativeReals)

model.y = Var(I, domain=Binary)

nuts = range(5)
sugars = range(5, 11)

cereals = range(11, 16)

np.array([
6.038E-03,
2.128E-03,
8.000E-03,
4.000E-03,
4.468E-03,
7.120E-04,
1.250E-03,
3.000E-04,
4.000E-03,

np.array([
6.038E-03,
2.128E-03,
8.000E-03,
4.000E-03,
4.468E-03,
7.120E-04,
1.250E-03,
3.000E-04,
4.000E-03,
2 _155E-037
6.415E-04,
4.113E-04,
3.000E-03,
3.900E-04,
6.700E-03,
4.559E-04

np.array(
0.1500,
0.2300,
0.0800,
0.1500,
0.2100,
0.0100,
0.0010,
0.0010,
0.0050,
0.0000,
0.0000,
0.1320,
0.0650,
0.0600,
0.0800,
0.0750




p-array([
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0300,
0400,
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1000,
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1250,
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p-array([

280,
755,
850
540
295

.e4s,
.800,
.800,
.ed0,
.990
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650,

N
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5
6
6
7
3
2
5
3
3
2
E
3
3.660,
3

2.81810,
3.79,
3.650,
3.660,
3.660,
3.460

ca = np.array(|[

0.170,
0.210,
0.210,
.14,

9228

0.825,
0.775,
0.639,
0.613,
0.697,




gi=np.array(

o i an T=

model.constraints.add(@ <= model.x|

3 T=
model.constraints.add(model.x[i] <= m * model.y[i])

pE N s
model . constraints.add(® <= model.x[i])

for i in I:

model . constraints.add(model.x[i] <= m * model.y[i])

.constraints.add(model.y[5]—0)
.constraints.add(model.
.constraints.add(model.
_constraints.add(model .
.constraints.add(model.
.constraints.add(model.

for i in I:
model.constraints.add(model.x[i] >= ©.01 * model.y[i])

model .constraints.add(1.25 / 25.0 * m <= sum(p[i] * model.x[i] for i in I))

model.constraints.add(sum(p[i] * model.x[i] for i in I) <= 3.75 / 25.0 * m)




for i in I:
model . constraints.add(model.x[i] >= ©0.01 * model.y[i])

.constraints.add(1.25 / 25.0 * m <= sum(p[i] * model.x[i] for i in I))

.constraints.add(sum(p[i fo Y <=3 750 82550 X w)

.constraints.add(@ <= sum(g[i] * model.x[i iin I))

.constraints.add(sum(g[i o ) <= 3.75 / 25.0 * m)

.constraints.add(@® <= sum(w[i] * model.x[i] for i in I))

.constraints.add(sum(w[i for i i ) <= 3.0 / 25.0 * m)

.constraints.add(75.0 / 25.0 * m <= sum(e[i] * model.x[i] for i in I))

.constraints.add(sum(e[i] * model.x[i] for i in I) <= 125.0 / 25.0 * m)

.constraints.add(12.5/25.0 * m <= sum(ca[i] * model.x[i] for i in I))

.constraints.add(sum(cal[i] * model.x[i] for i in I) <= 18.75 / 25.0 * m)

.constraints.add(sum(gi[i]*model.x[i] for i in I)<= 69 * m)

.constraints.add(0.867 * m <= sum(model.x[i] for i in nuts))

.constraints.add(sum(model.x[i] for i in nuts) <= 0.2 * m)

.constraints.add(©.1 * m <= sum(model.xli




model.constraints.add(@.1 * m <= .x[i] for i in sugars))

model.constraints.add(sum(model.x[i i in sugars) <= 0.3 * m)

model .constraints.add(©.1 * m <= sum(model.x[i] for i in cereals))

model . constraints.add(sum(model .x[ i i in cereals) <= 0.5 * m)

model .constraints.add(1 <= sum(model.y[i] for i in nuts))

model .constraints.add(sum(model.y[i] for i in nuts) <= 2)

model.constraints.add(1 <= sum(model.y[i i in sugars))

model . constraints.add(sum(model.y[i

model.constraints.add(1 <= sum(model.y[i] for i in cereals))

model . constraints.add(sum(model.y[i i in cereals) <= 3)

model . constraints.add(sum(model.x[i] for i in

ctive(expr = sum(c[i] * model.x[i

sense

minimize)




expr = sum(c[i] * model.x[i] f sense = minimize)

ingredient list = [

zelnut

* . format (" Ing




' .format("Ingr

\t{:d}'.format(ingredient list[i], model.x[i].value, int(model.y[i].value)))

model .constraints.display()




