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udy of theoretical model-based
optimization and experimental design approaches
for functional beverage formulation
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and Nelly Ramı́rez-Corona *

The demand for functional beverages offering specific health benefits beyond hydration has grown, while

advancements in computer-aided food formulation introduce new approaches to reduce innovation costs

in the food industry. Two case studies, a juice mixture and a plant-based beverage, were optimized using

two approaches: one based on theoretical models (TMOs) and the other on experimental design (DoE).

In both approaches, the objective function focused on maximizing the target property; in the first case

study, it maximizes antioxidant content, whereas in the second case study, it maximizes protein content.

The optimal juice formula based on the TMO approximation consisted of 14% apple, 44% grape, and 42%

cranberry, whereas the DoE approach's formula comprised 28.5% apple, 32.2% grape, and 39.3%

cranberry. Validation showed that TMO had a lower error rate of 2.0% in phenolic content compared to

13.7% from DoE. For the plant-based beverage, TMO estimated 74% rice, 16% peas, and 10% almonds,

compared to DoE's 60%, 28%, and 12%, respectively. Total protein estimation errors were 14.5% for DoE

and 4.2% for TMO. Overall, water activity estimation was most accurate for both cases (0.6% and 0.1%,

respectively). Larger errors were observed in estimations of pH and acidity (20–24%) for the juices and in

viscosity (22%) for the milk analogue. Sensory tests found no significant difference (p > 0.05) in

consumer acceptance between the two approaches, with mean scores of 7.5 ± 1.2 (mix design) and 7.7

± 1.9 (theoretical) for juices. Similarly, for the milk analogue, the values were 6.2 ± 2.5 (mix design) and

6.3 ± 2.4 (theoretical). Thus, although theoretical estimation has limitations in accuracy, it can produce

acceptable, cost-effective formulations that consumers accept, saving time and resources.
Sustainability spotlight

Advances in computer-aided food formulation are introducing new methods to cut innovation costs in the food industry. As computer-aided food processing
improves, the food industry is getting closer to technologies that allow for optimizing formulations using theoretical methods, paired with experimental designs
that can greatly reduce innovation costs in the food industry. This proposed approach could enhance product formulation, enabling the optimization of
ingredient selection and processing conditions, minimizing waste and resource use, which translates into a more efficient, cost-effective, and sustainable food
design.
1. Introduction

The increase of the global population necessitates food design
centered on optimizing available resources, enhancing process
efficiency, reducing costs, and minimizing design times and
energy consumption, all while maintaining nutritional and
sensory quality. Nowadays, there are an innite number of
possible combinations between ingredients, concentrations,
and process unit operations, which suggests that developing
entos y Ambiental. Universidad de las

Puebla, 72810, Mexico. E-mail: nelly.

the Royal Society of Chemistry
quality-oriented food formulation is an opportunity area for
responding to the needs demanded by consumers.1,2

Moreover, consumers are becoming increasingly aware of
the signicant role that foods and beverages play in their diet in
terms of health, as they aid in preventing or slowing degener-
ative diseases caused by oxidative stress or protein deciency. A
functional beverage is a drink that provides a specic health
benet beyond hydration and contains relevant ingredients
(such as vitamins, minerals, probiotics or antioxidants)
designed to support or enhance a particular function related to
human wellness. Commercial functional beverages include
sports and energy drinks, vitamin-enhanced waters, functional
teas, juices, smoothies, and fortied drinks. These various types
of functional beverages can be categorized into seven major
Sustainable Food Technol., 2026, 4, 947–960 | 947
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groups: energy, performance enhancers, weight management,
beverages for digestive health, immunity, cardiovascular health,
and cognitive health.3–5 Among all functional beverages, many
consumers today prefer fruit juice blends and dairy-free alter-
natives due to their nutritional, sensory, and sustainability
benets, as well as dietary restrictions. Fruit juice blends are
naturally high in vitamins, minerals, ber, and bioactive
phytochemicals like polyphenols and avonoids, which are
linked to antioxidant, anti-inammatory, and metabolic health
benets.6–8 Likewise, dairy-free alternatives are increasingly
popular, not only for accommodating lactose intolerance, milk
protein allergies, or vegan diets, but also because they typically
have a smaller environmental footprint than traditional dairy.8

Driven by these factors, the global demand for dairy-free
options is increasing rapidly.

Nowadays, the functional beverage category stands out, with
a market value of $208.13 billion dollars according to 2024
market reports, highlighting a Compound Annual Growth Rate
(CAGR) of $7.5 million dollars growth for 2022–2027.9 Particu-
larly, in 2024, the global plant-based milk market was valued at
approximately USD 20.93 billion and is expected to reach USD
43.63 billion by 2034.10 Similarly, the broader market for dairy
alternative beverages, including almond, soy, oat, and other
non-dairy milks, was valued at around USD 26.06 billion in 2024
and is projected to expand to USD 69.59 billion by 2033.11

Given this growing trend regarding the formulation of
functional beverages, technological challenges are focused on
reducing required design, development, and production times,
focusing mainly on fortication with essential nutrients and
nutraceuticals without compromising sensory attributes.12,13

Food formulation has typically been evaluated by designing
mixtures, optimizing the characteristics of each ingredient, and
maximizing their values through statistical optimization.

Some examples of this approach can be found in Ogundele
et al.,14 who evaluated the effects of blends of pineapple, orange
juice, carrot, and Hibiscus sabdariffa extracts on the antioxidant
properties of juice formulations, using a response surface
methodology (DoE) to nd a combination with the best anti-
oxidant properties. Kim et al.15 optimized the mixing ratio of
broccoli, cabbage, and carrot powders to develop juice powders
with high phenolic content, strong antioxidants, and good
sensory qualities using a mixture design. The DoE mixture
design approach has also been applied to the formulation of
vegetable-based fermented products, evaluating their ferment-
ability and the resulting physicochemical parameters, texture,
microbiological quality, and viability of the lactic acid bacteria
during shelf life.16 Seifu et al.17 formulated amilk analogue from
peanuts, oats, and chickpeas for adults, middle-aged individ-
uals, and the elderly. The formulated vegetal beverage was
optimized using a mixture design in terms of its nutritional
value, considering protein and fat content, as well as its mineral
composition.

On the other hand, available computational tools have
enabled several authors to develop product design using theo-
retical equations as models for product formulation. Although
computer-aided design has been successfully implemented in
the petrochemical, personal care, pharmaceutical, and cosmetic
948 | Sustainable Food Technol., 2026, 4, 947–960
industries,1,18 this methodology has rarely been applied in the
food industry. In this regard, Erdogdu et al.19 discussed the
importance of virtualization in food processing, emphasizing
that food companies must remain competitive, cost-effective,
and capable of producing high-quality products while meeting
market demands. For new formulations, they also observed that
food materials are quite complex, and formulations face
constraints on functional, nutritional, and organoleptic prop-
erties. Musina et al.2 reviewed various computational tools for
food formulation and development, most of which are based on
experimental designs of mixtures. A key goal in food design is to
nd an optimal mix ratio within specied limits, where many
raw materials can serve as ingredients with oen variable
nutritional content, performance, and availability. For instance,
Yeboah et al.20 developed a theoretical approach for ice cream
formulations using jaggery as a sugar substitute. They con-
verted this problem into mathematical models for multivariable
and multi-objective optimization of food products. The
designed ice cream was experimentally tested for density,
overrun, viscosity, pH, texture, freezing point, and melting rate,
and evaluated through sensory assessment. Results indicate
that computer-designed ice creams are enjoyable, with jaggery
not affecting sensory perception.

Advances in computer-aided food processing bring us closer
to technologies that allow us to optimize formulations through
theoretical approaches, matching them with experimental
designs that signicantly reduce the costs of innovation asso-
ciated with the food industry (i.e., time, materials, and
personnel).2,21

As noted, theoretical food system models based on thermo-
physical property estimation are still in development due to the
complexity of food matrices. Therefore, the present study aims
to propose model formulation for food mixtures by estimating
physicochemical properties. Two beverage case studies are
presented, namely a fruit-juice mixture and a plant-based
beverage. The consumption of juice blends and plant-based
drinks is on the rise, and both beverage types can be charac-
terized by the physical and functional properties of their
components, including density, viscosity, soluble solids, pH,
antioxidants, and proteins. In this work, beverage formulation
was optimized using two approaches: one based on theoretical
models and the other based on experimental design.

2. Methodology
2.1 Denition of case studies

The proposed model was applied in two case studies. The rst
study utilized a blend of fruit juices (grape, apple, and cran-
berry) to maximize antioxidant content. The second study
focused on developing a drink formulation that maximizes
protein content, incorporating a blend of high-protein vegetable
sources.

For both case studies, the rst step is to dene the product in
terms of the target properties and desired outcome attributes.
Next, the product requirements were translated into physical
properties, specifying target values to establish a list of attri-
butes that align with the formulation of a beverage meeting
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Heuristics dashboard for case study formulations

Consumer assessments Constraints Measure unit

Juice formulation Juice blend xapple + xgrape + xcran = 1
Antioxidant activity Total phenolics > 500 mg GAE per mL

% scavenging > 70% % inhibition
Flavor prole 10 < solid content < 15 °Brix

Acidity <2%; 0.05 mg acid per mL —
2.5 < pH < 6 —

Consistency 0.980 < aw < 0.990 —
20 < viscosity < 26 Centipoise
1.00 < density < 1.04 g mL−1

Milk analog formulation Protein mass xrice + xpea + xalmond = 1 —
Flavor prole xAlbumin + xGlobulin + xGlutenin + xProlamin = 1 —

0.995 < aw < 0.998 —
100 < total protein < 200 mg mL−1

6 < pH < 7 —
65 < viscosity < 75 Centipoise
1.00 < density < 1.09 g mL−1
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a avor prole, an ingredient balance, texture, and the target
nutrient to be optimized. The rst case includes a fruit-based
beverage, which is described in terms of properties such as
balance of solids, titratable acidity, pH, density, and viscosity.
The second case describes the plant-based beverage as a milk
analog, highlighting the protein content and distribution as
a proportional ratio of albumin, globulin, glutenin, and
prolamin content. The beverage formulation was dened by
translating consumer preferences (avor, color, and appear-
ance) into physical properties (acid–sweetness balance,
viscosity, density, etc.) that can be estimated using empirical or
semi-empirical models, as in Calvo et al.22 The constraint
boards describe the physical properties, including viscosity,
density, solubility, and visual attributes such as color and
particle size. The physicochemical attributes are presented in
a constraint board format outlining the main restrictions in
Table 1.

Once the properties' dashboards have been dened, a set of
theoretical models is required to describe each attribute in
terms of physicochemical constraints. It is important to high-
light that the targeted properties were dened only if they can
be measured experimentally to validate the theoretical estima-
tion accuracy.
2.2 Product design optimization

2.2.1 Theoretical estimation of physicochemical properties
for product formulation. Theoretical modeling includes the
following equations:

First, the sum of each mass fraction must be equal to 1 to
comply with the mass balance constraint.

Xn

i¼1

xi ¼ 1 (1)

where xi is the mass fraction of each mixture component, and n
is the number of components.

Several colligative properties in food systems depend on the
activity coefficient of the mixture, typically expressed as water
activity (aw) for food matrices. Among the various food
© 2026 The Author(s). Published by the Royal Society of Chemistry
properties, aw is one of the most important parameters, directly
related to the amount of water available in the food material for
physical, chemical, and biochemical reactions. For ideal
aqueous solutions, aw is dened as the ratio of the partial
pressure of water present in the solution (pw) to the vapor
pressure of pure water (ps), and can be related to the molar
fraction of the solute in the solution.23 In aqueous sugar solu-
tions, water activity is affected by water–water, water–sugar, and
sugar–sugar interactions, which are concentration and
temperature-dependent. The Ross equation provides a straight-
forward method for estimating water activity (aw) in mixtures
containing multiple solutes, under the assumption of ideal
solution behavior. It has been proven effective for systems with
high aw values (up to 0.95). This work estimated aw using the
Norrish and Ross equations.24,25 The Norrish equation (eqn (2))
estimates the water activity for binary solutions that do not
involve non-electrolyte solutes. For the aqueous solution con-
taining a mixture of solutes, the Ross equation (eqn (3)) was
implemented; this equation assumes that the interaction
among solutes is negligible, and the law of the mixture can be
obtained by multiplying the water activity of binary systems.

aws ¼ pw

ps
¼ gwxw ¼ xwe

ð�kðxs2ÞÞ (2)

awmix ¼
Yn

s¼1

aws (3)

where gw is the water activity coefficient, �xw is the mole fraction
of water, and xs is the mole fraction of solutes in the binary
mixtures. The Norrish constants (k) for each solute are: 6.47 for
sucrose, 2.25 for fructose and glucose, 2.52 for b-alanine, and
2.59 for a-aminoacid-n-butyric acid.26

Texture is one of the primary sensory properties of food,
which is related to the size, shape, and structure of food
molecules. For liquid foods, this sensory response can be
related to rheological parameters. Viscosity is a measure of
internal uid friction, and for a mixture of liquids, the depen-
dence of viscosity on composition can be nearly linear for ideal
systems. The Grunberg and Nissan equation (eqn (4) and (5))
Sustainable Food Technol., 2026, 4, 947–960 | 949
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enables the theoretical calculation of viscosity in mixtures using
the group contribution method and a simple mixing rule for
systems at low temperatures, wherein the viscosity is expressed
in centipoises per mL.27,28

InðhÞmix ¼
Xn

i¼1

xiInðhiÞ þ
1

2

Xn

i¼1

xiGij (4)

Gij =
P

Di −
P

Dj + W; W = 0 (5)

where xi is themass fraction for each component in themixture,
hi is the viscosity contribution of each mixture component, and
Gij is the interaction parameter (Tables S1 and S2 in SI data).

The proper estimation of density is crucial for characterizing
food systems, as it is a key property required to determine other
variables, such as viscosity. The density of liquid foods, like
juices or plant-based beverages, depends on several factors,
including composition, soluble solid content, and processing
conditions like temperature and pressure.29 In general, it can be
accurately estimated using the well-known densities of the juice
constituents at a reference temperature. For the mixture design
considered here, the effects of temperature and pressure can be
neglected, and the mixture density (g mL−1) was estimated
using eqn (6), which considers the density contribution of each
component in the mixture.30

rmix ¼
1P
xi=ri

(6)

where xi is the mass fraction in the aqueous solution and ri is
the density contribution of each component in the mixture (g
mL−1, Table S3 in SI data).

Various models in the scientic literature have attempted to
explain food choice based on physical–chemical factors such as
nutrients, sweet–acid levels, pH, and antioxidant content.27 In
this regard, estimating these characteristics is less straightfor-
ward than the other properties described in previous sections.
To accurately determine how properties such as pH, total
phenol content, and protein content depend on composition,
calibration curves must be established to approximate values
within the formulation range. In the theoretical estimation of
acidity and the pHmix in the mixture, an equation similar to
Ross's is used to assume that the pHi of each component
contributes to the mixture based on its mass fraction (eqn (7)),
which is obtained by multiplying the pHi of the ternary mixture.
The pHi is estimated by the Henderson–Hasselbalch equation
(eqn (7)), where [A−] represents the concentration of undisso-
ciated acid. [HA+] represents the concentration of its conju-
gated base, in this case NaOH solution (0.1 N concentration was
used).

pHmix ¼
Xn

i¼1

fipHi; fi ¼
Ci

Pn

i:1

Ci

(7)

pHi ¼ pKa1 � log
½A��
½HAþ� (8)
950 | Sustainable Food Technol., 2026, 4, 947–960
pKa is the pHi at which equal quantities of undissociated
acid [A−] and conjugated base [HA+] are present.31 In case study
1, the pKa1 of malic acid in apple juice was 3.45; the pKa1,2 of
tartaric acid in grape juice was 0.35× pKa1: 3.03 and 0.65× pKa2

4.36; and the pKa1,2 of citric acid in cranberry juice was 3.08 and
4.75. In case 2, the rice, pea, and almond extract mixtures were
based on phytic acid with pKa1 of 5.40 and pKa2 equal to 4.21, as
reference data on lactic acid analogues (data for pH estimation
in Tables S4 and S5 in SI data).

The concentration of total polyphenols in each mixture fol-
lowed an additive rule of component fraction and binary
interaction (eqn (9)). The coefficients Ci and bi were obtained
from a multiple linear regression, based on the calibration
curves and the experimental values for different mixtures (R2 >
0.9).

TP contentðmixÞ ¼
X3

i:1

xiCi þ b1x1x2 þ b2x2x3 þ b3x3x1 (9)

where xi is the mass fraction of each sample at the dilution of
mixture formulation. The interaction coefficients b, in case 2
were: b1: 33.90, b2: 197.52, b3:−241.47. The coefficients for each
pure ingredient Ci were obtained from the calibration curve:
Capple: 224.62, Cgrape: 606.16, Ccranberry: 600.54 mg GAE per mL
juice.

For the protein content estimation, similarly to eqn (9) and
(10), an additive model equation (eqn (10)) with interaction
coefficients was considered, where coefficients Ci and bi were
also obtained from a multiple linear regression, from experi-
mental values for different mixtures and calibration curves (R2 >
0.9).

Protein conðmixÞ ¼
X3

i:1

xiCi þ b1x1x2 þ b2x2x3 þ b3x3x1 (10)

where xi is the mass fraction of each sample at the dilution of
mixture formulation. The interaction coefficients b in this case
were: b1: 13.2, b2: 30.15, b3: −79.4, the coefficients for each pure
ingredient Ci being Crice: 221.8, Cpea: 202.6, Calmond: 141.9.

2.2.2 Experimental mixture design. Various experimental
designs are available to optimize the development of food
products. Fractional factorial designs, particularly Taguchi
methods and simple lattice designs, have proven to be effective
design tools in various areas. Techniques such as response
surface methodology and mixture designs are effective in opti-
mizing formulations. This work used a simplex lattice mixture
design. In the case of formulations composed of several ingre-
dients that sum to a constant (such as systems considered here),
a simplex lattice design is particularly suitable because it
systematically explores all possible combinations of component
proportions within the mixture. For a 3-component system, this
design enables the estimation of linear and nonlinear blending
effects among ingredients, providing a comprehensive under-
standing of how different proportions inuence product char-
acteristics and allowing efficient optimization.32–34

Tables 2 and 3 show the mixture design for fruit juice blends
and the plant-based beverage, respectively. Each point of the
design was prepared in triplicate in the indicated proportions
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Experimental design for juice blend formulation using the
simplex lattice mixture design

Component 1 Component 2 Component 3

Apple (%) Grape (%) Cranberry (%)

20 20 60
20 60 20
25 25 50
25 50 25
50 25 25
60 20 20

Table 3 Experimental design for plant-based beverage formulation
using the simplex lattice

Component 1 Component 2 Component 3

Rice (%) Pea (%) Almond (%)

100 0 0
0 100 0
0 0 100
50 50 0
0 50 50
50 0 50
25 25 50
25 50 25
50 25 25
33 33 34
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and analyzed for the following parameters: total soluble solids
(Brix), water activity, pH, titratable acidity, antioxidants (total
phenolics), antioxidant capacity (DPPH), viscosity, and density.
The polynomial models describing all responses were devel-
oped, incorporating the linear effects of each component and
their interactions; simple lattice designs permit the comparison
of k2 varieties in blocks of size k. The response polynomial is
represented in eqn (11) where b0, b1.b7 are the regression
coefficients and u1, u2, u3 are the mass fractions of each
component in the mixture.

Response = b1u1 + b2u2 + b3u3 + b4u1u2 + b5u1u3 + b6u2u3 (11)

The obtained polynomial expressions allow the development
of a three-dimensional surface for each response (e.g., water
activity, solids, density, viscosity). Each term in the polynomial
model was statistically signicant (p < 0.05). The correlation
coefficients and the RMSE were determined for each response.

2.2.3 Formulation of the optimization problem. Opti-
mizing ingredient choice and product formulation is based on
two approaches: (i) theoretical equations and (ii) experimental
design using a simple lattice mixture design. For the theoretical
approximation, the equations described in Section 2.2.1 were
used, whereas for the experimental design approach,
© 2026 The Author(s). Published by the Royal Society of Chemistry
polynomial models derived from regression analysis were
implemented. The optimization problem was dened as
a nonlinear optimization problem for both approaches:

max Z = f(x)

where f(x) was dened as maximizing (a) antioxidant content for
case study 1 and (b) maximizing protein content for case study
2; s.t., h(x) = 0, mass balance equality constraints; g(x) # 0,
target inequality constraints dened in the property's dash-
boards; x ˛ X, composition variables.

All the estimated properties under the optimal conditions
were experimentally validated. The optimization problem for
the theoretical model was solved using the Generalized
Reduced Gradient (GRG) non-linear solver available in Micro-
so Excel tools. The surface response model was developed
using Minitab soware to optimize experimental design. The
optimal solutions obtained were experimentally validated using
the methods described in Section 2.5.

2.3 Sample preparation and experimental validation

2.3.1 Sample preparation. The juice samples (Vaccinium
macrocarpon and Malus domestica) were obtained from Ingre-
dion commercial brand (Guadalajara, Mexico). Grape juice
concentrate (Vitis vinifera, cv. Victoria) was obtained from Casa
Leal vineyard (Aguascalientes, Mexico). All juice concentrations
exceeded 69.1 ± 1.0 °Brix, then all samples were diluted to 10,
15, and 20 °Brix with distilled water.

The second case was based on powders of vegetable protein
concentrates from rice and peas (70% d.b. protein concentrate)
and almonds (30% d.b. protein concentrate) obtained in
a commercial store (Future Foods). The vegetable powders and
powder mixtures were rehydrated to 15% solids, suspended
with 1% xanthan gum, and homogenized until stable. Xanthan
gum was chosen for its high water-binding capacity and ability
to form stable, shear-thinning dispersions that prevent sedi-
mentation and phase separation in plant-based matrices.35 The
concentration of 1% was determined from preliminary tests
and supported by previous studies, which reported that z1.0–
2.0% xanthan gum provides optimal viscosity and sensory
balance in dairy-alternative beverages.36

2.3.2 Physical and chemical characterization for experi-
mental validation. Water activity (Aqua-Lab, Decagon Devices
Inc, Washington, USA) and viscosity (Brookeld viscometer,
DV3TRVTJ0, AMETEK Inc., Devon-Berwyn, PA, USA) were
determined for each mixture. A portable refractometer was used
to determine the total soluble solids of the juices; in °Brix; the
pH at 25 °C was measured with a HANNA Instruments poten-
tiometer (model HI5521, Providence, USA). A spectrophotom-
eter (Shimadzu UV-1900i) was used to carry out color and
turbidity measurements of all mixture samples, according to
Camelo-Méndez.37 The visible spectrum (380–770 nm) was
recorded at constant intervals (wavelength interval = 2 nm),
using 2 mm path-length glass cells and distilled water as
a reference. The CIELAB parameters (L*, a*, b*) were deter-
mined using the soware Croma Lab (Konica Minolta, Osaka,
Japan). The total acidity of the samples was measured by
Sustainable Food Technol., 2026, 4, 947–960 | 951
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titration, using 5mL of each sample and transferred to a 250mL
beaker, adding 50 mL of distilled water and mixing (with 0.1 N
sodium hydroxide standard, pH of 8.2). Eqn (12) was used to
determine the total acidity value.

Acidityw=wð%Þ ¼ v$0:1$0:64

S � 10
(12)

where v = NaOH volume used for each sample titration and S =

initial volume of the sample, 0.1 N indicates NaOH concentra-
tion, 0.64 is the acid constant (malic and tartaric acid reference)
and 10 the dilution order. The determination of total phenolic
content was carried out according to the Folin–Ciocalteu
method, where the calibration curve was prepared using gallic
acid (0–100 mg mL−1), and the absorbance was linearly corre-
lated (R2 = 0.98) with GAE over the studied range. One milliliter
of diluted samples (1/10) or gallic acid was mixed with 5 mL of
FCR (10%). Then 4 mL of saturated sodium carbonate was
added to the solution and kept for 30 min. The absorbance of
the samples was determined at 765 nm using an ultraviolet-
visible (UV-vis) spectrophotometer (UV-1900i, Shimadzu,
Japan), and the total phenolic compounds (TP) were estimated
as mg of gallic acid equivalent (GAE) per 100 mL of sample from
the standard curve.

The antioxidant activity (%) was evaluated by DPPH radical
scavenging assay, as in Sahraee et al.;38 0.1 mL of diluted
samples (1/10) was mixed with 3.9 mL of DPPH solution (100
M). Aer shaking the solution, it was kept in the dark at 25 °C
for 30 min. Ethanol (96%) was used instead of the sample in the
above procedure as blank. The antioxidant activity of the
samples was reported as the inhibition percentage of the DPPH
radical according to eqn (13)

Inhibition ð%Þ ¼ Ac � As

Ac

(13)

where Ac is the absorbance of the control (methanol and DPPH
solution) and As is the absorbance of the sample solution
(sample and DPPH solution), the sample's absorbance was
determined at 517 and 734 nm using an ultraviolet-visible (UV-
vis) spectrophotometer (UV-1900i, Shimadzu, Japan).

2.3.3 Protein characterization. The protein content of the
solutions was determined according to the Bradford method.39

The standard curve was generated with different concentrations
of bovine serum albumin (0–400 mg mL−1) that were linearly
correlated (R2 = 0.96) with the absorbance at 565 nm (UV-vis
spectrophotometer UV-1900i, Shimadzu, Japan). Samples were
dissolved/extracted by adding 25 mL of distilled water (adjusted
to the corresponding pH value) to 500 mg of each powder. All
extractions were conducted in triplicate. Aer stirring for 30 min
at room temperature, the suspensions were centrifuged at 3900×
g for 30 min at 5 °C. Aliquots of the supernatant were analyzed.40

The solubility prole of the proteins from the samples was
determined by varying the pH values (distilled water from 1 to 12).
2.4 Sensory evaluation for comparing the optimal
formulations

The sensory evaluation was conducted with 30 untrained
panelists (54% women and 46%men) aged 18–60 years (median
952 | Sustainable Food Technol., 2026, 4, 947–960
age: 25–27), recruited through an institutional email invitation.
Participants were regular consumers of fruit-based or milk-
alternative beverages and reported no allergies. All partici-
pants provided informed consent in accordance with the ethics
committee of the Doctoral Program in Food Science at Uni-
versidad de las Americas Puebla (UDLAP). Sensory evaluations
were carried out in individual booths under controlled white
lighting and ambient temperature (22 ± 2 °C) in the Sensory
Evaluation Laboratory of the Department of Chemical, Food
and Environmental Engineering at UDLAP, following ISO
8589:2023 guidelines.41 Each panelist received two 20 mL
samples per evaluation—one corresponding to the theoretically
optimal formulation and the other to the mixture design opti-
mization—served at room temperature in odor-free plastic cups
labeled with randomized three-digit codes to ensure blinding.
The order of presentation was balanced and randomized to
minimize order effects. A 9-point hedonic scale (1 = dislike very
much to 9 = like very much) was used to evaluate the selected
attributes (color, odor, avor, texture and appearance, general
acceptability). Also, panelists were asked to choose a word from
the suggested descriptors and give a score to identify a taste
prole. The sample size (n = 30) was consistent with previous
sensory studies on beverage formulations and considered
adequate to detect moderate differences in hedonic perception
among formulations. Mean scores were analyzed using one-way
ANOVA, followed by Tukey's post hoc test (p < 0.05) to determine
signicant differences among samples.
2.5 Statistical analysis

All physicochemical and instrumental measurements were
performed in triplicate for each mixture, and the results are
expressed as mean ± standard deviation. One-way analysis of
variance (ANOVA) followed by Tukey's test (p < 0.05) was used to
determine signicant differences among mixtures. The same
statistical approach was applied to the sensory evaluation data
to compare mean hedonic scores for texture and taste proles
among formulations. All data were processed using Minitab
v.20.3.2021 statistical soware (Minitab Inc., State College, PA,
USA). Additionally, a regression model based on the mixture
design was developed and analyzed using the same soware.
3. Results and discussion
3.1 Formulation optimization by the theoretical approach

Although the application of semi-empirical equations in
designing foods and beverages, such as juice blends and vege-
table blends, addresses limitations related to insufficient data,
during food formulation,42 these models may offer a rst
approximation and reduce experimental effort times. The
constraints set in the dashboard (Table 1) allow for delimiting
the optimization problem and nding the objective function.

The optimal solution for case study 1 indicates that the
mixture that maximizes antioxidant content should consist of
14% apple juice, 44% grape juice, and 42% cranberry juice. The
estimation of the optimal mixture was performed by means of
a mathematical solver, given the properties estimated by
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Optimal solution for juice mixture by the theoretical approach and experimental validation

Constraints Measurement unit Theorical approach Experimental validation Error (%)

xapple + xgrape + xcran = 1 — 14/44/42% —
Total phenolics > 500 mg GAE per mL 564.52 553 � 16.83 2.0
% scavenging > 85% % inhibition 89.71 77 � 5.4 14.2
10 < solid content < 15 °Brix 11 12 � 0.4 9.1
Acidity < 2%; 0.05 mg — 0.045 0.054 � 0.02 20.0
2.5 < pH < 6 — 4.65 5.8 � 0.2 24.7
0.980 < aw < 0.990 — 0.986 0.992 � 0.03 0.6
20 < h < 26 Centipoise 21.67 24 � 1.8 10.8
1.00 < r < 1.04 g mL−1 1.02 1.15 � 0.1 12.7

Table 5 Optimal solution for the milk analogue by the theoretical approach and experimental validation

Constraints Measurement unit Theorical approach Experimental validation Error (%)

Xrice + Xpea + Xalmond = 1 Mass percentage 74/16/10% —
XAlbumin + XGlobulin + XGlutenin + XProlamin = 100 Proportion 12/22/6/60 —
aw > 0.995 — 0.996 0.997 � 0.01 0.1
Total protein > 150 mg mL−1 200 171 � 11.4 14.5
6 < pH < 7.5 — 6.94 6.8 � 0.4 2.0
40< h < 80 Centipoise 70.5 55 � 15.78 22.0
r > 1.00 g mL−1 1.07 1.072 � 0.05 0.2
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equations in Section 2.2, subjected to the constraints in Table 1.
This combination yields a 564.53 mg of GAE per mL concen-
tration, corresponding to an 89.71% scavenging percentage. As
shown in Table 4, all the established formulation constraints
are satisfactorily met.

The estimated sugar content for this mixture is 11 °Bx, which
aligns with the standard sugar content for juices and nectars
under Mexican regulations.43 Regarding the properties associ-
ated with the avor prole, the mixture contained 0.045 mg of
malic/tartaric acid in 3 : 2 proportion, yielding a pH of 4.6. The
acidity of the juice can be considered from the range of reported
commercial juices with minimum % acidity values in terms of
malic/tartaric acid from 0.053 mg mL−1 to a maximum of
0.075 mg mL−1 in cranberry, apple, and cranberry blends.44

The model estimates a water activity of 0.986, a parameter
closely linked to the content and type of sugars, which can
impact properties such as freezing temperatures. Regarding
texture-related variables, the estimated viscosity and density
values for this optimal mixture were 21.67 cP and 1.02 g mL−1,
corresponding to a Newtonian behavior uid, being a low solids
juice, according to the quality standard of 20–30 cP as viscosity
measure.45,46

It is important to note that this formulation and its ther-
mophysical property values were theoretically estimated.
Therefore, subsequent experimental validation of this optimal
solution was conducted with all properties measured. The
experimental results showed an estimation error ranging from
0.6% to 24% to the theoretical estimations. Water activity
showed the most accurate theoretical estimation, with an error
margin of only 0.6%. Viscosity and density displayed higher
errors, with discrepancies of 10.8% and 12.7%, respectively,
© 2026 The Author(s). Published by the Royal Society of Chemistry
between theoretical estimations and experimental measure-
ments; although the percentage error appears large, it is
important to note that for the order of magnitude of these
properties, and considering the standard deviation from
experimental validation, the difference is less than one cps for
viscosity and less than 0.1 g L−1 for density. The largest esti-
mation errors were seen in pH and acidity, which ranged from
20% to 24.7%. The lack of accuracy in pH and acidity estima-
tions can arise from several sources that have not been
considered due to the simplied model and assumptions, such
as the ionic interactions or the fact that dissociation constants
are only valid under certain conditions. Additionally, in juices,
there is a mixture of acids that can compete for protons. From
a mathematical perspective, pH is a logarithmic function, so
small changes in acidity may result in large changes in pH. In
contrast, the total phenolic content exhibited a good estima-
tion, demonstrating only a 2% error between theoretical and
experimental values, while the percentage of inhibition of
DPPH showed a 14.2% error. The observed error may be
attributed to the variability of the data and the concentration
limits of each juice selected; although the samples were
measured under standardized conditions, the measurement of
phenolic compoundsmay differ as the gradients are in parts per
million, making this response variable very sensitive to changes
by reagents or oxidation for the optimal solution reached.

For study case 2, the optimization problem is described in
Table 5. The optimal theorical formula that satises the dened
restrictions and maximizes the vegetable protein content in the
drink (200.8 mg mL−1) should be formulated with 74% rice
extract, 16% pea extract, and 10% almond extract, corre-
sponding to a theoretical distribution of vegetable proteins as:
Sustainable Food Technol., 2026, 4, 947–960 | 953
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Table 6 Coefficients of the regression polynomial model for the studied juice mixture

Terms
Total soluble
solids (°Brix) aw

Acidity
(%)

Total phenol content
(mg GAE per mL)

Free radical scavenging
(DPPH %)

Viscosity
(cP)

Density
(g mL−1)

Apple, % 0.0882 0.01046 0.00049 18.0824 2.3654 0.1685 0.00938
Grape, % 0.1883 0.01078 −0.00020 37.9699 0.6657 0.0059 0.01040
Cranberry, % 0.1637 0.00888 0.00103 −19.1003 0.4351 0.2709 0.01060
Apple *grape (%) 0.0001 −0.00006 0.00003 −1.8713 −0.0531 0.0093 0.00003
Apple *cranberry (%) 0.0005 0.00003 −0.00003 0.9585 −0.0428 −0.0044 0.00002
Grape *cranberry (%) −0.0045 0.00001 0.00000 0.1497 0.0496 0.0026 −0.00003
R-sq (%) 71.06 79.52 70.11 89.31 79.2 99.91 34.05
RMSE 0.2639 0.0017 0.0013 44.5363 3.1073 0.0246 0.0049
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12% albumins, 60% glutenins, 22% globulins and 6% prola-
mins (Fig. S2 in the SI).

The contribution of the rice extract yields a higher propor-
tion of globulin proteins, as these proteins are abundant in
cereal. At the same time, the albumin and prolamin content is
mainly associated with the pea extract. Regarding the almond
extract, this component contributes less to the protein balance
but plays an important role in the fat prole.47,48

Regarding the properties related to the consistency of this
plant-based drink, the mixture has a viscosity of 70.5 cP,
a density of 1.07 g mL−1, and 0.996 water activity. This blend
formulation is considered a low solid content liquid (around
15%). Presumably, the milk analogs with high viscosities (2.2 to
48 mPa s−1) contain thickening agents to inhibit gravitational
separation, such as pea, which acts as a natural thickening
agent. They also provide a creamy mouthfeel because they do
not contain many oil bodies or fat droplets.12

For this case study, the property estimation shows a standard
error from 0.1% for water activity to 22% for viscosity when
compared to experimental determinations. The error in
viscosity estimation for the plant-based beverage can be
attributed to treating the components as a mixture of solutions,
when they are actually aqueous suspensions of oil bodies or oil-
Fig. 1 (a) Contour plot of antioxidant activity measured as total pheno
cranberry blends (purple zone indicates optimal response). (b) Surface p
same juice mixture.

954 | Sustainable Food Technol., 2026, 4, 947–960
in-water,49 so that the group contribution methods fail to esti-
mate that behavior accurately.

Water activity, pH, and density are the properties with high
estimation accuracy. Regarding the protein content estimation,
the error was around 14.5%. This could be due to the interac-
tion between the extracts and their rheological variability, and
the solids' contribution in the blend.50

In general, even for those properties with larger estimation
errors, a strong determination coefficient between theoretical
estimations and experimental data was observed (R2 > 0.9). For
illustrative purposes, Fig. S1 in the SI shows the correlations for
viscosity and aw.

As noted, although theoretical estimation has some draw-
backs related to estimation accuracy, this approach offers
feasible solutions that help reduce the number of potential data
and ingredients to be tested within a reasonable time frame.
This theoretical estimate is based on the chemical composition
of the main ingredients.51

3.2 Formulation optimization by the experimental mixture
design approach

In the experimental design, the initial case centered on a fruit
juice formula aimed at maximizing antioxidant capacity.
Table 6 presents the coefficients for the polynomial models (eqn
l content (TPC) in mg mL−1 of juice mixture from apple, grape, and
lot showing viscosity response as a function of blending ratio for the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Contour plot displaying the acidity (%) response for the juice mixture at various proportions of apple, grape, and cranberry. The region
with a strong red color indicates the highest value in mg citric/malic acid per mL of juice. (b) Contour plot illustrates the antioxidant response
(DPPH inhibition %) based on the blending ratio for the same juice mixture.

Table 7 Optimal juice mixture obtained by the mixture experimental design approach

Constraints Measurement unit Mixture design approach Experimental validation Error (%)

xapple + xgrape + xcran = 1 (−) 28.5/32.2/39.3% —
Total phenolics > 500 mg GAE per mL 532 605 � 32.1 13.7
% scavenging > 85% % inhibition 75 72 � 3.1 4.0
10 < solid content < 15 °Brix 10.4 11 � 0.4 5.8
Acid < 2%; 0.05 mg acid per mL mg acid per mL 0.041 0.058 � 0.01 41.5
2.5 < pH < 6.5 (−) 4.7 5.7 � 1.3 21.3
0.900 < aw < 0.990 (−) 0.982 0.981 � 0.03 0.1
h > 22 Centipoise 22.5 24.1 � 0.9 7.1
r > 1.00 g mL−1 1.02 1.10 � 0.2 7.8
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(11)), derived from data regression based on the experimental
design for all responses measured in Case Study 1.

The contour plot in Fig. 1a, obtained using a polynomial
regression model (Table 6), illustrates the blend optimization,
highlighting the area with the highest concentration of poly-
phenols, indicated in purple; the black dots denote the experi-
mental data points. The ndings suggest that the best
formulation should include 23% apple juice, 38% grape juice,
and 39% cranberry juice, yielding a polyphenol value of 532 mg
per mL of juice. It has been reported that apple, grape, and
cranberry are valuable sources of antioxidant components
Table 8 Coefficients of the regression polynomial model for the studie

Responses/terms aw

Protein content
(mg mL−1) pH

Rice (%) 0.99198 102.37 7.8005
Pea (%) 0.99498 96.71 7.0504
Almond (%) 0.99648 42.85 6.1654
Rice *pea (%) 0.0174 −51.9 −6.559
Rice *alm (%) 0.0194 −87.6 −2.779
pea *alm (%) −0.0094 59.7 6.799
R-sq (%) 95.45 99.52 99.96
RSME 0.002 15.361 0.525

© 2026 The Author(s). Published by the Royal Society of Chemistry
expressed as chlorogenic acid, caffeic acid, hydroxycinnamic
acids, and avanols (catechin and epicatechin), with levels
between 200 and 500 mg mL−1.52,53

Fig. 1b shows the surface plot of viscosity for the juice
mixtures. A maximum value in viscosity is observed as the
proportion of grape juice blend increases, suggesting complex
interactions between the juice components; according to
Wolfe,54 this behavior may be related to differences in sugar
content (fructose, glucose, and sucrose) between the fruit juices
and the formation of intermolecular interactions related to
sugar and acids in the beverage.
d plant-based beverage

Particle size
(mm)

Color
(delta hue)

Viscosity
(cP)

Density
(g mL−1)

41 9.336 31.23 1.0796
37.7 8.724 82.58 1.0783
25.6 8.864 40.88 1.0243
244 −0.9 −172.9 −0.704
−52 −0.02 367.2 0.422
223 1.14 −71.1 0.201
91.64 82.82 98.81 91.95
11.066 0.126 34.879 0.078

Sustainable Food Technol., 2026, 4, 947–960 | 955
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Fig. 3 (a) Contour plot showing the protein content across various almond, pea, and rice blend ratios for the beverage formulation. (b) Surface
plot depicting the pH response of the studied plant-based beverage at different ingredient proportions.

Fig. 4 (a) Contour plot of viscosity (cP) response of the blend of almond, pea, and rice contribution to beverage formulation, and (b) contour plot
of particle size (mm) for the studied plant-based beverage as a function of the formula composition.
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In Fig. 2a, the acidity of juice blends shows minimal varia-
tion due to juice proportions. This behavior could be related to
the nature of the organic acids and their concentration in the
fruit juices.44,55 Fig. 2b shows how the DPPH radical behaves in
the juice mixture (related to its role in oxidative inhibition). The
obtained contour indicates that the main sources of DPPH
radical are grape–cranberry blends.

Table 7 displays the optimum formula obtained by the
experimental design approach including the experimental
validation. The polynomial model approaches a phenolics
content of 532 mg mL−1 and an inhibition percentage of the
DPPH radical % of 75% for the optimum formula.

In this optimization using polynomial regression, the error
estimation for water activity, percentage inhibition, solid
content, viscosity, and density is below 8%. However, like the
theoretical estimates, pH and acidity show larger deviations,
with errors of 21.3% and 41.5%, respectively. In this case, the
estimation of total phenolic content has an error of 13.7%.

For case study 2, a vegetable drink resembling dairy was
formulated to showcase the protein contributions of almonds,
956 | Sustainable Food Technol., 2026, 4, 947–960
rice, and peas. Table 8 presents the signicant coefficients for
polynomial models for each measured response.

The obtained contour plot in Fig. 3a, shows the optimized
mixture of plant-based beverages, with the purple area indi-
cating the highest total protein area, corresponding to the
lowest almond contribution to the mixture. The black markers
indicate the experimentally tested mixtures.

One of the most important nutrients of interest in milk
substitutes is their dietary protein quality,32,56 dened in terms
of the protein's ability to be digested and absorbed by the body,
which depends on the essential amino acid composition. A
mixture of proteins from different plant sources maximizes the
quality of the protein in a dairy analog beverage compared to
single-source extracts, even from maximum legume-sources
such as soy milk. Fig. 3b shows that the pH of the vegetable
drink mixture uctuates within a narrow range, resulting in
minimal changes in pH levels. The pH is a crucial factor
affecting the texture and taste of the formulation, primarily
inuencing the stability and solubility of the beverage
dispersion.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Optimal plant-based beverage obtained by the mixture experimental design approach

Constraints Measurement unit Mixture design approach Experimental validation Error (%)

Xrice + Xpea + Xalmond = 1 60/28/12% —
XAlbumin + XGlobulin + XGlutenin + XProlamin = 100 0.15x + 0.28x + 0.05x + 0.50x —
aw > 0.995 0.996 0.997 � 0.01 0.1
Total protein > 150 mg mL−1 161.2 168 � 7.90 4.2
6 < pH < 7.5 6.32 6.73 � 0.17 6.5
40 < h < 80 Centipoise 41.77 64.92 � 19.23 55.4
1.00 < r > 1.1 g mL−1 1.00 1.07 � 0.02 7.0

Table 10 Sensory evaluation of the formulated beveragesa

Attributes

Juice blend formulation Plant-based beverage

TMO-approach DoE-approach TMO-approach DoE-approach

Color 8.3 � 0.8A 7.5 � 1.9A 4.1 � 1.3B 5.1 � 1.4B

Odor 6.4 � 1.5A 6.7 � 1.4A 5.5 � 1.2B 5.3 � 1.6B

Flavor 5.4 � 1.8A 5.2 � 1.1A 6.3 � 1.2B 5.2 � 1.6B

Texture and appearance 7.2 � 1.8A 6.6 � 1.6A 5.8 � 1.3B 4.1 � 1.3B

General acceptability 7.7 � 1.9A 7.5 � 1.2A 6.2 � 2.5B 6.3 � 2.4B

a Different capital letters for each attribute in each case (juice or plant-based beverage) indicate signicant differences (p < 0.05).
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The viscosity response shown in Fig. 4a indicates that the
pea and rice mixtures contribute differently compared to the
almond mixture. The dark blue zone represents the maximum
viscosity value inuenced by the contribution of the pea extract.
This behavior could be related to interactions between
components, such as the formation of intermolecular struc-
tures depending on amino acid composition and peptide bonds
in proteins from different plant sources (see Fig. S2 in SI data).
As estimated for the optimized formula (Table 9), the larger
presence of rice indicates that there would be a higher
percentage of glutenin.50 Regarding the particle size, Fig. 4b
shows a non-linear variation of this property as a function of the
components' proportion. A maximum particle size peak is
identied, which could be related to differences in the molec-
ular structure or molecular weight of the protein diversity. The
observed variability in the mixture could be related to the most
abundant protein types, glutenins, and albumins, contributed
by the rice–peas.50 Table 9 presents the beverage optimization
results obtained through the experimental design approach and
their experimental validation. The highest error in estimation
was observed in viscosity, with a deviation of 55.4%. In contrast,
water activity exhibited the most accurate estimation, with an
error of just 0.1%. Density and pH had estimation deviations of
7% and 6.5%, respectively. The error in estimating total protein
content was 4.2%.
3.3 Comparison among the optimal drink formulae
obtained by both implemented approaches

Finally, when comparing both the theoretical approach and the
experimental mixture design one can observe that, in the case of
juice formulation, the mixture design approach results in
© 2026 The Author(s). Published by the Royal Society of Chemistry
a more balanced formulation containing 28.5% of apple, 32.2%
of grape and 39.3% of cranberry juices, compared with theo-
retical approximation that yielded a mixture containing 14%,
44%, and 42%, respectively. It is important to notice that some
key parameters in the theoretical model were estimated by
considering only components such as water and different
sugars.

Although the proposed models allow the estimation of
formulations, they do not necessarily provide a practical solu-
tion. Therefore, both mixtures underwent a sensory evaluation.
Overall, panelists did not perceive a signicant difference (p >
0.05) between the two formulae (Table 10), with a mean value of
7.5 ± 1.2 for the mixture design approach and 7.7 ± 1.9 for the
theoretical estimation. Therefore, the difference between the
two formulations does not alter the perception of avor or its
intensity.

In general, avor attributes denote acid perception, grape
note presence, and cranberry notes. The panel preferred the
sample illustrated in the red line, indicating an affinity for the
theoretical approach with this mixture (14% apple, 44% grape,
42% cranberry), identifying avor descriptors such as grape,
bitter notes, and traces of wine avor (Fig. 5).

For case study 2 (plant-based beverage), the theoretical
approach optimizes the formulation to achieve a higher protein
content and a more balanced theorical protein distribution,
including 40% glutenins, 33% globulins, 29% prolamins, and
22% albumins.

According to the sensory evaluation (Table 10), panelists
indicated that they did not perceive a signicant difference (p >
0.05) between the two formulae, with an average value of 6.2 ±

2.5 for the mix design approach and 6.3± 2.4 for the theoretical
Sustainable Food Technol., 2026, 4, 947–960 | 957
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Fig. 5 Sensorial evaluation of optimal juice formulations (TMO and
DoE, final samples). The blue line represents the mix design approach
(DoE), while the red line indicates the theoretical approach (TMO).
Panelist descriptors are shown around the graph.

Fig. 6 Sensorial evaluation of optimal plant-based beverage formu-
lations (TMO and DoE, final samples). The blue line shows the DoE
approach, while the red solid line indicates TMO. Descriptors from
panelists are displayed around the graph.
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approach. They rated the plant-based beverage as less accept-
able, noting characteristics such as poor avor and bitter
aertaste. The mixture design formula demonstrates a balance
of notes, including cereal, intensity, and smoothie, with
a distinct rice note standing out (Fig. 6). Conversely, the theo-
retical formula features a simple, dairy-free beany note. Overall,
the panelists prefer themixture design approach (60% rice, 28%
pea, and 12% almond), highlighting the legume notes as
predominant.

As noted, the ndings indicate that consumers did not
notice a signicant difference between formulae based on
theoretical and experimental methods. This suggests that the
958 | Sustainable Food Technol., 2026, 4, 947–960
proposed approach could reduce the need for extensive exper-
imental testing. Theoretical modeling can signicantly reduce
experimental efforts, resulting in less raw material use, faster
formulation processes, lower energy consumption, and reduced
waste, making it a sustainable alternative for beverage
development.

4. Conclusions

Two case studies focused on mixture optimization were
compared, highlighting the use of theoretical and experimental
designs for beverage formulation development. Mixture design
facilitated the evaluation of physicochemical interactions at
varying proportions, allowing for the estimation of optimal
blends. The theoretical framework helped dene the constraint
space, reducing the search area for feasible formulations and
requiring minimal experimental trials. Additionally, sensory
evaluations provided qualitative insights into the similarities
and differences between formulae derived from both theoretical
and experimental approaches. The proposed theoretical
approach may enhance product formulation while promoting
agile, cost-effective, and sustainable food design. Future work
could involve enhancing the theoretical approach by improving
the property estimation, incorporating additional properties,
and utilizing larger databases. The methodology could also be
expanded and rened to handle more complex cases, such as
dispersion systems like emulsions, solid foams, and gels.
Furthermore, food formula development is an open eld for the
implementation of articial intelligence tools and big data
analytics, broadening the scope of computational-aided food
design.
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