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Abstract

Foam is a two-phase system in which continuous liquid and discontinuous gas phases
interact. Maintaining equilibrium between these phases can only be achieved by op-
timizing the properties of the foam. The aim of the current research is to optimize
process parameters (PPs) such as protein type, hydrocolloid concentration, hydrocol-
loid type, and mixing temperature in the preparation of model foam using the Taguchi
method (TM) and gray relational analysis (GRA) in conjunction with principal compo-
nent analysis (PCA). The experiments were performed using the Taguchi orthogonal
array (L16) and then the effects of PPs on the overrun (OR), bubble size (BS), and loss
tangent (LT) were investigated. The results showed that GRA-PCA performed better
than TM in optimizing the multiple responses. Consequently, the foam optimized for
OR, LT, and BS could be prepared by whipping a sugar-containing solution with sapo-
nin (0.096%), whey protein concentrate (0.5%) and pectin (0.05%) at 80°C.

Practical applications

There is a need for alternative foaming agents for foam production in the food indus-
try. For this purpose, optimization methods such as Taguchi method (TM) and gray
relational analysis (GRA)- principal component analysis (PCA) were used to determine
better foaming properties (higher foamability and more elasticity) of the test sample
with a combination of Gypsophila saponin, milk proteins, and hydrocolloids. As a re-
sult, it was found that GRA-PCA is a more effective optimization method than TM in

multi-response optimization of food foams.

1 | INTRODUCTION

Foam is a thermodynamically unstable colloidal system in which the
low-density gas phase is dispersed in the high-density liquid phase.
It is usually obtained by whipping or spraying the aqueous system
with surfactants (Campbell & Mougeot, 1999; Lazidis et al., 2014).
Aerated foods such as cakes, breads, ice creams, and some confec-
tionery products are obtained by the foaming process (Campbell
& Mougeot, 1999; Foegeding et al., 2006), which is directly asso-
ciated with rheological, sensory, and textural properties (Ptaszek

et al., 2015). These aerated foods are stabilized by proteins, which
are mostly used in foam systems to stabilize the air-liquid interface
(Campbell & Mougeot, 1999). When the proteins are denatured, the
hydrophobic and hydrophilic parts orient toward the air phase and
the liquid phase, respectively. Moreover, the hydrophilic parts of
the proteins cause a higher bulk viscosity. Therefore, the properties
of a foam system can be improved by maintaining the equilibrium
between the air and liquid phases as much as possible (Abascal &
Gracia-Fadrique, 2009). Egg white protein (EWP) is the most pre-
ferred protein in the production of food foam, and there is no other
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protein source that could satisfy the demand of foam manufactur-
ers. In recent years, alternative foaming agents have been demanded
by foam manufacturers to improve foam properties as some con-
sumers are allergic to egg white (Asghari et al., 2015).

Milk proteins, flexible sodium caseinate (Na-CAS), and globular
whey proteins have been used as alternative proteins (Marinova
et al., 2009). Although these proteins have excellent foam ability,
they have lower foam stability than EWP (Davis & Foegeding, 2007).
Therefore, these proteins alone are not suitable for use as foaming
agents. However, saponins, which are alternative foaming agents,
are also used in foam production (Bottcher et al., 2016; Béttcher &
Drusch, 2016; Wojciechowski et al., 2014). They have been reported
to be superior to many proteins in terms of interfacial rheological
properties (Goral & Wojciechowski, 2020). Compared to proteins,
they are stable under acidic conditions and at high temperatures
(Gonzalez & Soérensen, 2020). In addition, the synergistic associa-
tions between globular proteins and saponins have been found to
improve foam quality (Celik et al., 2007), by increasing the heat sta-
bility of the protein (Guclu-Ustundag & Mazza, 2007) or improving
the interfacial properties (Bottcher et al., 2016).

The saponin-containing extract obtained from Gypsophila root
by water extraction is traditionally used in confectionery to produce
stable foams. For example, the whitening effect of this extract has
been widely used in the manufacture of Tahini halva (Ozdikicierler
et al., 2019). Gypsophila extract contains ionic and non-ionic sapo-
nins consisting of hydrophilic sugar residues and hydrophobic agly-
cone moieties (Béttcher & Drusch, 2016). In an aqueous solution,
they can significantly increase foamability by rapidly reducing the
air/liquid interfacial tension (Canto et al., 2010).

Stability is critical in aerated foods to maintain the foam struc-
ture during further processing and storage (Foegeding et al., 2006;
Sadahira et al., 2016). A foam cannot maintain its stable form when
milk proteins are used alone in the formulation (Narchi et al., 2009).
A linear relationship between foam stability and continuous phase
viscosity has been observed for whey protein isolate foams (Lau &
Dickinson, 2005; Yang & Foegeding, 2011). Sugar is commonly used
in confectionery products to increase the consistency of the con-
tinuous phase (Campbell & Mougeot, 1999). Thus, the structure of
these products has been improved by the addition of sugar (Ptaszek
et al., 2015). However, sugar interacts with components such as
proteins and polysaccharides in aerated foods and affects the foam
structure (Neves et al., 2018). Moreover, hydrocolloids such as locust
bean gum (LBG), carrageenan (Carr), pectin (Pec), and xanthan gum
(E415) can be used to obtain a stable foam structure by reducing
the fluidity of the liquid phase and/or forming protein-hydrocolloid
complexes at the interface (Dachmann et al., 2018; Ibanoglu &
Ercelebi, 2007; Mohanan et al., 2020; Murray et al., 2006; Narchi
et al, 2009; Neves et al., 2018; O'Chiu & Vardhanabhuti, 2017;
Oduse et al., 2018; Ptaszek et al., 2014, 2015; Sadahira et al., 2014,
2016; Wang et al., 2015; Zmudzinski et al., 2014). Intermolecular in-
teractions (electrostatic, covalent, and hydrogen bonding) between
these biopolymers lead to improved functionality of the proteins
and have a great importance in deciding the process variables for
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foam production. Electrostatic polymer interactions mainly arise
from oppositely charged regions of the biomolecules and lead to
the formation of soluble and/or insoluble complexes (Mohanan
et al.,, 2020). On the other hand, heat-induced covalent interactions
also affect foam properties through the formation of complexes
between proteins and hydrocolloids of different sizes (Ibanoglu &
Ercelebi, 2007). However, foam properties are positively or nega-
tively affected by protein-saponin interactions. While an improve-
ment in foam quality was observed at low Quillaja bark saponin
(QBS)/p-Cas ratios (<1.5), an antagonistic effect was found at higher
ratios (Wojciechowski et al., 2014). Similar results were obtained
with the QBS/B-lactoglobulin system (Piotrowski et al., 2012).

The quality of a food foam is directly related to the effective-
ness of the stabilizer in the bulk and at the air/water interface
(Sadahira et al., 2018). Overrun (OR), also called foam capacity,
can be used as a reliable indicator for evaluating foam quality.
OR is related to the ability of stabilizers to reduce the interfacial
tension between two adjacent foam bubbles (Zhan et al., 2020)
and is also used to express the amount of air dispersed in the lig-
uid (Walstra, 2003). Foam rheology is another way to evaluate
the effect of stabilizing agents on foam properties (Foegeding
et al., 2006). It is used not only as a crucial factor in evaluating the
quality of food foams, but also in the design of engineering oper-
ations and the development of new products (Dogan et al., 2014).
In a foam system, the dispersed and dissolved proteins diffuse at
the air-liquid interface. However, denaturation and coagulation of
these substances can create a strong viscoelastic interface (K. Lau
& Dickinson, 2006). The storage modulus (G') and loss modulus
(G") show the elastic and viscous contribution of the applied shear
stress, the loss tangent (LT), while tan (5)) symbolizes the ratio of
G" to G' (Steffe, 1996). Foam is an unstable system; therefore, the
size of the bubbles changes over time depending on the efficiency
of the stabilizers. However, both physicochemical properties and
foam production methods can affect the average bubble size (BS),
which is highly correlated with foam formation and stabilization.
Therefore, the control of BS is of great importance in industrial ap-
plications (Nicorescu et al., 2010). It has been reported that BS can
be used as a quality indicator in complex foam systems made of po-
tato protein isolate/maltodextrin/pectin (Dachmann et al., 2018),
EWP/hydroxypropyl methylcellulose (Sadahira et al., 2018), EWP/
Pec (Ptaszek et al., 2015), Na-CAS/carboxymethyl cellulose (Zhu
et al., 2020), and whey protein concentrate (WPC)/Pec (Oduse
et al., 2018).

In traditional experimental design methods, the number of ex-
periments to be performed increases substantially with increasing
independent variables. The Taguchi method (TM) can be proposed
to solve this problem, as it provides a simple, efficient, and system-
atic strategy to optimize experimental designs in terms of quality,
manufacturing process, and design stage (Dimou et al., 2009). The
Taguchi technique has been used to optimize the rheological prop-
erties of ice cream (Aslan Turker & Dogan, 2021) and semi-liquid
syrup (Molina-Rubio et al., 2010). Gray relational analysis (GRA) is an
effective approach to determine the optimal process parametersin a
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multivariate problem. The goal of GRA is to identify a gray relational
grade (GRG) that can be used to optimize from a multi-objective
problem to a single-objective problem. GRG is used to estimate the
effects of parameters on overall performance (Sankar et al., 2015).
However, principal component analysis (PCA) is an analytical method
that can be used to optimize a system with numerous performance
characteristics. This analysis management significantly reduces the
complexity of the solution by reducing the interrelated variables to
independent PCs while preserving the primary data with linear com-
binations (Raju et al., 2017).

From the literature review, it is clear that many studies have al-
ready been conducted to optimize food process parameters using
TM. But only one parameter which is affected by process param-
eters can be optimized using the Taguchi technique (Arunachalam
et al.,, 2020). Therefore, alternative optimization methods such as
GRA, PCA, Response Surface Methodology (RSM), and GRA-PCA
can be used for multi-response optimization (Pandey & Yadav, 2020).
No studies were found on GRA-PCA optimization of food foam pro-
duction parameters. Therefore, the current study focused on the
application of the TM and GRA-PCA technique to optimize selected
parameters in foam production to obtain more elastic foams with

greater foamability and smaller foam bubbles.

2 | MATERIALS AND METHODS
2.1 | Materials

Commercial samples of WPC (WPC-80) and WPI (WPI-95) were
obtained from Lactalis (France). Both D-WP and Na-CAS were
supplied by Maybi (Istanbul, Turkey) and Alfasol (Istanbul, Turkey),
respectively. A commercial Gypsophila extract, locust bean gum,
k-carrageenan, high methoxyl pectin, xanthan gum, and citric acid
were obtained from Tito (Izmir, Turkey). The saponin content of the
Gypsophila extract was determined using the gravimetric method
described by Battal et al. (2003) and calculated with an average
value of 6.4%. All commercial samples were stored at laboratory
conditions (22 +2°C). Granulated sugar was purchased from a local

company (Kayseri, Turkey).

2.2 | Methods

2.21 | Preparation of protein and
hydrocolloid solutions

Whey protein and Na-CAS solutions (10%) were prepared with
deionized water and phosphate buffer (pH 7.4), respectively. They
were stirred for 2hours at room temperature (1500rpm). The solu-
tions were stored at 4°C and allowed to stand overnight for complete
hydration. All samples were equilibrated to ambient temperature be-
fore use (Shen et al., 2017).
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Gypsophila extract, protein, and hydrocolloid solution
(Stirred at 200 rpm for 15 min)
!

Sugar syrup addition
1
Mixing
(Stirred at 200 rpm for 15 min)
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(pH=4, Brix=70)

!

Pre-whipping
(15 min)
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I
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FIGURE 1 Production recipe of saponin-based foam model

LBG, Carr, Pec, and E415 solutions (1%) were mixed with the
powders, dispersed in distilled water, and shaken vigorously at
300rpm for 10 min. All hydrocolloid solutions were gently (200 rpm)

and continuously stirred overnight at room temperature.

2.2.2 | Preparation of prefoam solution

A halva recipe obtained from a local company (Camlica Halva,
Kutahya, Turkey) was used to prepare the saponin-based model
foam (Figure 1). The preliminary tests were used to determine the
Brix and pH values of the prefoam solution, the impeller type of the
mixer, the speed/time of mixing, the type/amount of saponin, milk
proteins, and hydrocolloids.

The quality parameters of the model foam and their corre-
sponding levels are shown in Table 1. In the preparation of the foam
model, the Gypsophila extract (3 ml), protein solution (10 ml), and
hydrocolloid solution were mixed in a beaker (250 ml) according to
the orthogonal design order in Table 2. The resulting mixture was
gently shaken with a magnetic stirrer (200rpm) for 15 min to allow
surfactant-hydrocolloid interactions. The final weight was fixed at
200g by adding sugar syrup (<60°C) and then continuously stirring
for 15 min. After adjusting the pH to 4 using a pH meter (Hanna HI
12211) by adding citric acid solution (10%), the total soluble solids
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TABLE 1 Process parameters and their
Factor Symbol Level 1 Level 2 Level 3 Level 4
levels for the foam model
PT A WPC WPI Na-CAS D-WP
HC (%) B 0.05 0.10 0.15 0.20
HT C LBG Carrageenan Pectin Xanthan
gum
MT (°C) D 40 60 80 100

Abbreviations: HC (%), hydrocolloid concentration; HT, hydrocolloid type; LBG, locust bean gum;

MT (°C), mixing temperature; PT, protein type.

TABLE 2 TaguchiL16 orthogonal array, average results, and S/N ratios for the foam model

Process parameters Average results

S/N ratios, dB

Overrun (OR)  Loss tangent
Order A? B> ¢ D! (%) (LT) (=)

1 1 1 1 1 454.5+1.68 1.234+0.00
2 1 2 2 2 441.6+1.54 2.091+0.00
3 1 3 3 3 500.0+3.67 1.337+0.01
4 1 4 4 4 263.0+0.42 1.187+0.01
5 2 1 2 3 500.6+1.17 2.014+0.01
6 2 2 1 4 412.4+0.56 2.144+0.00
7 2 3 4 1 363.5+0.76 0.917+0.00
8 2 4 3 2 423.9 +1.69 1.230+0.02
9 3 1 3 4 249.5 +£0.93 1.467+0.02
10 3 2 4 3 242.5+0.83 2.204+0.00
11 3 3 1 2 96.10+0.57 2.128+0.00
12 3 4 2 1 52.69+0.34 2.070+0.01
13 4 1 4 2 44.03+1.17 1.573+0.00
14 4 2 3 1 46.88+0.25 1.240+0.01
15 4 3 2 4 90.71+0.16 1.963+0.02
16 4 4 1 8 94.86+0.08 2.205+0.00

@A = protein type.

PB = hydrocolloid concentration.
°C = hydrocolloid type.

D= mixing temperature.

content in the prefoam samples was adjusted to 70 Brix using an

automatic refractometer (Reichert AR700).

2.2.3 | Model foam production

A laboratory-scale, high-shear planetary mixer (KM070, Kenwood,
UK) with induction heating was used to produce the foam models.
After the prefoam solution was transferred to a mixing bowl (6.7 L),
the mixing speed of the mixer was set to “min” and the solution was
then heated to the mixing temperature given in Table 2. After setting
the mixing speed to 158 rpm and selecting the mixer impeller as a K-
mixer, the prefoam solution was whipped for 15 min. The OR meas-
urements were taken immediately after the first whipping. Finally,
the foam was mixed to a specific density (0.5 g/cm3) after setting the
heating function of the mixer to “0.” Rheological analysis was carried

Bubble size (BS) Overrun Loss tangent Bubble size

(pm) (OR) (%) (LT) () (BS) (pm)
36+0.00 53.15 -1.83 -31.13
36+0.00 52.90 -6.41 -31.13
35+0.25 53.98 -2.52 -30.88
38+0.25 48.40 -1.49 -31.60
38+0.50 53.99 -6.08 -31.60
44+0.25 52.31 -6.62 -32.87
55+0.50 51.21 0.76 -34.81
48+0.50 52.54 -1.80 -33.62
40+0.25 47.94 -3.33 -32.04
45+0.50 47.70 -6.86 -33.06
49+0.25 39.65 -6.56 -33.80
44+0.00 34.43 -6.32 -32.87
40+0.25 32.87 -3.93 -32.04
39+0.50 33.42 -1.86 -31.82
43+0.25 39.15 -5.86 -32.67
42 +0.50 39.54 -6.87 -32.46

out to study the LT immediately after the resulting foams were filled
into polypropylene bowls (280 ml). Finally, microscopic observations
were also made to determine the size of the bubbles (BS) after 50 h
of preparation.

2.24 | Foam analysis

Overrun (%) measurement

The OR was measured on a gravimetric basis. After the prefoam so-
lution was stirred for 15 minutes, the mixing device (K-mixer) was
carefully removed from the sample. The foam was then carefully
poured into a weighing pan and leveled with a metal spatula before
recording the total weight, but this procedure was limited to 2 min-
utes. Thus, OR (%) was calculated according to Equation (1) (Wang
et al., 2015). Finally, the foam sample was poured into the mixing
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bowl and all foams were mixed until they reached a specific density
(0.5 g/ml).

((wt. x cm® prefoam solution) — (wt.x cm?® foam))
Overrun (%) = %100

wt. x cm3 foam

()]
Rheological analysis
Stress sweep and frequency sweep tests were conducted using a
probe with plate-plate geometry (upper plate diameter: 35mm,
space between lower and upper plates: 1 mm) with a shear-controlled
rheometer (Thermo HAAKE, Mars Ill, Karlsruhe, Germany) at 25°C.
Stress sweep tests were performed in the stress range of 0.1-10 Pa
and a constant frequency (0.1 Hz) to identify the linear viscoelas-
tic region (LVR). Using the data from the frequency sweep test per-
formed from 0.1 to 10 Hz at a constant stress of 0.2 Pa (within the
LVR), the average values for the storage modulus (G'), viscous modu-
lus (G"), and LT (tan 8) of the foams were automatically calculated
by RheoWin Data Manager (RheoWin Pro V 4.0, HAAKE, Karlsruhe,
Germany) using the following equations: (Ozgur et al., 2017).

G = 2% «coss 2)
€0
6" = 29 ssins 3)
€0
i
tans = % (4)

Microscopic measurement

A confocal laser scanning microscope (Zeiss LSM 510, Germany)
equipped with a 20X objective lens was used to image the foam sam-
ples. As a labeling dye, a solution of sodium fluorescein (0.01 mM) was
mixed with the prefoam solution before whipping. First, a foam sample
was placed on the slide to obtain images with the microscope. Then,
the sample was excited with an argon laser at 488nm and the rays
in the wavelength range from 458 to 633nm were collected. Images
recorded with microscope software with a resolution of 1024 x 1024
pixels were analyzed using Image J software (Sadahira et al., 2018). An
average of 500 to 1000 bubbles were detected in each foam sample,
which were utilized to calculate the BS. Bubbles with a circle value of
less than 0.5 were not considered. The average BS of the model foam
samples was estimated using the following equation:

(2 (F) e

2.2.5 | Analysis method

Taguchi method (TM)

To optimize the individual properties, the TM was initially performed.
In this respect, an orthogonal design L,, with four factors and four
levels was chosen (Table 2). The PT, HC, HT, and MT were chosen
as control parameters. Literature data and the results of preliminary
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experiments were used to determine the foam production parame-
ters and their corresponding levels (Table 1). The Taguchi orthogonal
array was used to determine the differences between the signal-to-
noise (S/N) ratio. The highest S/N ratio was considered to determine
the optimal levels for each production parameter. They were deter-
mined by converting the response variable to a constant value (deci-
bels, dB) using the criteria “smaller the better” or “larger the better.”
The S/N ratios for the LT and BS and OR responses were calculated
using the criteria “smaller the better” (Equation 6) and “larger the

better” (Equation 7), respectively.

S__ lzn 2
N= 10log [n Z Yi ] (6)
S 1w 1
2 - _ = z — 7
N 1O|0g [n = yi2:| ( )

where i is the experimental order, y; is the experimental result, and n

is the total number of trials.

Gray relational analysis (GRA)-principal component analysis (PCA)
GRA-PCA was used to optimize the optimal process parameter levels
corresponding to each response (OR, LT, and BS), considering their
importance (weighting) in foam production. In this study, GRA was
used to analyze complex relationships in a multi-response system,
while PCA was used to determine the corresponding weight value
reflecting the relative importance of each response in the GRA. In
this regard, the following stages of GRA were applied in combination
with PCA to optimize multiple responses:

1. Normalization of s/n results for each response: the process of
normalizing the s/n values obtained from the Taguchi analysis

was performed using Equation (8)

x; (k) — minx; (k)
maxx; (k) — minx; (k)

Ny, (k) = ®)

whereN, . (k) was the normalized value, x; (k) was the S/N ratio, and
minx; (k) and maxx; (k) were the minimum and maximum S/N ratio
values of the test results, respectively.

2. Determination of the gray relational coefficient (GRC) and gray
relational grade (GRG): to explain the relationship between the
ideal and the actual test results, the GRCs were calculated ac-
cording to Equation (9). In this equation, the value of coefficient
(¢) was assumed to be 0.5. In studies in literature, this coefficient
was found to not effectively change the gray relational ranking
(Ustiintag et al., 2020). Ao; was the difference between the refer-
ential (v, (k)) and comparison (y; (k)) values (Equation 10). However,
Anin (Equation 11) and A, (Equation 12) represent the lowest and
highest values of A, respectively (Canbolat et al., 2019)

Amin + (PAmax

GRC (X (k) %, (k)) = TTo—%
i max
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Ag; (k) = Xo (k) = X; (k) (10)
Apin = minyming | Xo (k) = X; (k) | (12)
Apax = max;max; [Xo (k) = X; (k) (12)

The GRG showed a correlation between the reference sequence
and the compared sequence. In this respect, higher GRG values
(closer to 1) were expected for the analyzed responses. The lower
GRG values indicated differences between the data sequences.
The weighted GRG was determined using the different weighted
factors in Equation (13):

GRG (XoX,) = % Y W (0 (13)
k=1

where n was the number of experiments and w, was the weighting
factor for the kth performance (Arce et al., 2015). In this study, the
w; value for each response was determined by principal component
analysis.

3. Principal component analysis (PCA): In GRA, the weighting
values for multiple responses were objectively determined
using PCA (Oliver Nesa Raj & Prabhu, 2017). The purpose of
this multivariate data analysis is to reduce the dimensionality
of the study as much as possible (Sehgal, 2018). PCA is an or-
thogonal transformation technique that converts the observa-
tions of likely correlated factors into the values of uncorrelated
factors (principal components [PCs]) (Vasudevan et al., 2018).
The following mathematical procedure was used to evaluate
the targeted PCs.

(i) The variance-covariance array X was formulated by the GRCs,

as shown in Equation (14):

XD .o Xgm
X=| P (14)
Xn () o Xy ()

where X was the GRC for each response, m was the number of
tests, and n was the number of responses.

(ii) The correlation coefficient array was estimated using
Equation (15):

r_ (v x0)x D)
1=\ e xey (D

),j: 1,2,3,..,n1=1,2,3,..,n (15)

where cov (xi i x; (l)) was the covariance of sequence x; (j) and
x; (I); o, and o, were the standard deviation of the sequence
x; (j) and x; (), respectively.
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(ili) The eigenvector and eigenvalues obtained using the correlation

coefficient array are shown in Equation (16):
(R=Aly) Vi =0 (16)

. T .
where 2, was Eigenvalues; Vy = [ 10,0y, were Eigenvectors
corresponding to Eigenvalues 4, and Z:zl M=nk=1,2,..,n

(iv) ThePCsofthe model responses were estimated by Equation (17):

Y = Zfﬂ Y, () x Vy 17)

where Y4, Yo -, Ymn Were called the first principal component,
second principal component, and so on (descending order of the
variance).

4. Analysis of variance: The effect ratio of the model factors on the
response variables was determined by ANOVA (analysis of vari-
ance). In terms of output results, differences in control param-
eters could be indicated by this statistical approach. The most
effective parameter for the characteristics of the process could
be identified so that the development of the process was made
possible by controlling this factor (Deepanraj et al., 2017).

5. Confirmatory experiments: The final phase of the optimization
process was to validate the results. Once the optimum process
parameters were determined, the predicted and experimental re-
sults of the optimal factor levels derived from GRA were used to
prove the accuracy of the optimization process. The results of the
experiment conducted under optimal conditions were used to de-
termine the improvement in the output variables. The predicted
S/N ratio was calculated by Equation (18) using the optimal levels
of the process parameters:

j
o =Mm+ Y (1 = 1) (18)
i=1

where 5, was the overall average of the S/N ratio, #; was the av-
erage of the S/N ratio corresponding to optimal levels, j was the

number of process factors (Celik et al., 2018).

3 | RESULTS AND DISCUSSION
3.1 | Taguchioptimization

In the first part of the study, Taguchi's optimization method was
used to determine the optimal process parameters for selected
responses. It was assumed that the interaction effect of produc-
tion variables was negligible. The average experimental results
and S/N ratio values are given in Table 2. The average S/N ratios
of each process parameter for the OR, LT, and BS responses are
displayed in Table 3. The S/N ratio of the OR response ranged
from 32.87dB to 53.99 dB (Table 2). Table 3 shows that the foam
capacity values of WPC-Pec (0.15%) and WPI-Carr (0.05) foams
were higher than those of D-WP/E415 and D-WP/Pec foams.
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TABLE 3 The S/N ratio table for OR, LT, and BS responses
Overrun (OR) Loss tangent (LT) Bubble size (BS)
Level PT HC HT MT PT HC HT MT PT HC HT MT
1 52.11 46.99 46.16 43.06 -3.07 -3.78 -5.46 -2.31 -31.18 -31.70 -32.357 -32.66
2 52.51 46.58 45.12 4449 -343 543 -616 -4.68 -33.22 -32.22 -32.07 -32.65
3 42.43 46.00 46.97 48.80 -5.76 -3.55 -2.38 -5.58 -32.94 -33.04 -32.09 -32.00
4 36.25 4373  45.04 46.95 -4.62 -4.11 -2.88 -433 -32.25 -32.64 -32.88 -32.29
Delta 16.27 3.26 1.93 5.75 2.69 1.88 3.78 3.27 2.04 1.34 0.81 0.65
Rank 1 8 4 2 8 4 1 2 1 2 3 4
Note: The bold values show the optimal values.
Abbreviations: HC, hydrocolloid concentration; HT, hydrocolloid type; MT, mixing temperature; PT, protein type.
TABLE 4 Gray relational analysis results for the model foam
Normalized data Deviation sequence GRCc!
Test No. OR LT BS OR LT BS OR LT BS GRG Rank
1 0.90 0.75 0.95 0.10 0.25 0.05 0.83 0.67 0.91 0.804 2
2 0.87 0.09 0.95 0.13 0.91 0.05 0.79 0.35 0.91 0.698 4
3 1.00 0.67 1.00 0.00 0.33 0.00 1.00 0.61 1.00 0.890 1
4 0.48 0.79 0.85 0.52 0.21 0.15 0.49 0.70 0.77 0.607 7
5 1.00 0.15 0.85 0.00 0.85 0.15 1.00 0.37 0.77 0.779 3
6 0.81 0.05 0.55 0.19 0.95 0.45 0.72 0.34 0.53 0.577 8
7 0.70 1.00 0.00 0.30 0.00 1.00 0.62 1.00 0.33 0.666 5
8 0.83 0.76 0.35 0.17 0.24 0.65 0.75 0.67 0.43 0.661 6
9 0.45 0.57 0.75 0.55 0.43 0.25 0.48 0.54 0.67 0.534 9
10 0.43 0.00 0.50 0.57 1.00 0.50 0.47 0.33 0.50 0.439 12
11 0.11 0.06 0.30 0.89 0.94 0.70 0.36 0.35 0.42 0.369 16
12 0.02 0.10 0.55 0.98 0.90 0.45 0.34 0.36 0.53 0.383 15
13 0.00 0.49 0.75 1.00 0.51 0.25 0.33 0.50 0.67 0.448 11
14 0.01 0.75 0.80 0.99 0.25 0.20 0.33 0.67 0.71 0.505 10
15 0.10 0.19 0.60 0.90 0.81 0.40 0.36 0.38 0.56 0.406 13
16 0.11 0.00 0.65 0.89 1.00 0.35 0.36 0.33 0.59 0.401 14

Note: Average gray relational grade = 0.573.

Abbreviations: BS, bubble size; GRC, gray relational coefficient; GRG, Gray relational grade; LT, loss tangent; OR, overrun.

However, WPC and WPI foams with better foaming properties
have higher OR values than those of Na-CAS and D-WP foams.
In particular, the lower OR values (less than 100) were obtained
when D-WP was used as milk protein. According to milk protein
powder manufacturers, D-WP (11%) had a comparatively lower
protein content than WPC, WPI, and Na-CAS (>80%, >94%,
and 86.5%, respectively). Therefore, the lower protein content
resulted in lower foamability. From Table 3, it can be seen that
the foam prepared by mixing a prefoam solution with saponin
(0.096%), WPI (0.5%), and Pec (0.05%) at 80°C was found to be
the optimum sample (A,B,C,D,). The value of S/N ratio, which
was determined according to the “larger-the-better” criteria re-
vealed that PT with the highest delta value (5 = 16.27) was the

most important parameter that affected the foamability of the
saponin-milk protein-hydrocolloid system (Table 3).

The viscoelastic properties used to identify the technological
properties of protein foams are closely associated with physicochem-
ical properties such as foam capacity and density (Ptaszek, 2013).
More comprehensive results could be obtained using tan (5) values
to estimate the rheological properties of food foams (Steffe, 1996).
The S/N ratios for the LT response varied from -6.87 to 0.76dB. It
was found that the foam with WPI and E415 (0.15%) had a more
elastic structure compared to the other samples (Table 2). Under op-
timal conditions, a more elastic (ideal) foam structure could be ob-
tained by whipping a prefoam solution with saponin (0.096%), WPC
(0.5%), and Pec (0.15%) at 40°C. According to the analysis of S/N
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ratio, it is clear that HT is the most important criterion (5§ = 3.78) for
LT (Table 3).

The differences in BS in protein foams provide information about
the stability of protein films in foam bubbles (Lau & Dickinson, 2005).
The literature emphasizes that foams with smaller bubbles have
more stable and elastic interfacial layers than those with larger bub-
bles (Marinova et al., 2009; Martinez-Padilla et al., 2015; Yang &
Foegeding, 2011). The S/N ratio of the BS results in the model foam
varies between -30.88 and -34.81dB. It can also be inferred from
Table 2 that the foam prepared with Gypsophila extract, WPC, and
Pec (0.15%) by whipping at 80°C had bubbles with a smaller size than
other samples. The optimum levels of BS are shown in Table 3. It can
be suggested that the foam with the smallest BS could be obtained
by mixing acidic sugar medium (pH4, 70 Brix) with saponin (0.096%),
WPC(0.5%), and Carr (0.05%) at 80°C (A,B,C,D,). Table 3 also shows
the average S/N ratio for the process parameters obtained according
to the criterion “smaller the better.” The results indicate that PT has
the most significant effect (5 = 2.04) on the BS of the model foam.
Finally, comparing the optimal factor levels of the responses, it can
be deduced that TM was not sufficient for the simultaneous optimi-

zation of OR, LT, and BS responses of the model foam.

3.2 | GRA-PCA optimization

In the second section of the study, GRA was used in conjuction
with PCA to optimize the combined effects on selected responses.
Table 4 displays the GRA-PCA data for the responses (OR, LT, and
BS). Briefly, the S/N ratio values were first converted into normal-
ized data. Then, the deviation sequence of the test samples was cal-
culated, and then the GRCs, which play an important role in GRA and
PCA, were estimated using PCA.

The GRGs were calculated using PCA. The correlation coeffi-
cient matrix, created using the variance-covariance matrix, was used
to determine the eigenvalues and associated eigenvectors for each
response of the model. In Figure 2, it can be seen that the variance
in the response data was better explained by the first principal com-

ponent (the contribution of variance>40%).

- N W A O
o o o o o

Explained variation (%)

o

First Second Third
Principal component

FIGURE 2 Contribution of principal components to eigenvalues
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The eigenvectors corresponding to the principal components
and the weight contribution of each process parameter, estimated
for the first principal component, are shown in Table 5. The weight
contribution of OR was found to be the highest for foam character-
istics (51.55%). The quality of milk protein foam has been reported
to be closely related to foamability (Oduse et al., 2018). The weight
contribution for LT and BS was 27.36% and 21.07%, respectively.
After PCA was completed, the GRCs for the responses were recal-
culated on the basis of weight factors. Finally, the OR, LT, and BS re-
sponses were converted into an individual response as a GRG value
(Table 4). The factor levels in the experiment with higher GRG values
were closely related to the optimal conditions for foam production in
the responses. In this study, the highest value for OR and the lowest
value for LT and BS were obtained in the third test of the orthogonal
design. This means that the test sample “3” with the highest GRG
value (0.890) has a maximum of OR and a minimum of LT and BS
among the 16 trials.

The average gray relational levels for the process parameters
are presented in Table 6 and Figure 3. The highest S/N ratio for the
level of each control factor was accepted as the optimal level for the
foam model. The bold values for each process factor symbolize the
optimal values for the production of model foam (Table 6). The most
efficient process parameters in the production of the model foam
were the PT, while the MT was the least dominant factor for the
foam properties. The order of the rate of influence of the parameters
was as follows: MT <HT <HC<PT. Similar findings also revealed by
ANOVA, that PT is the most important parameter with a contribu-
tion of 77.79%, followed by HC (8.52%) and HT (7.87%). The influ-
ence of MT (5.75%) on the optimum properties of the model foam is
very small compared to the other foaming factors (Table 7).

The most important main effect for each foaming param-
eter was also considered as the optimal production condition
(Figure 3). Foam with maximum OR and minimum LT and BS can
be produced by mixing the sugar solution with saponin (0.096%),
WPC (0.5%), and Pec (0.05%) at 80°C (A,B,C;D,). As can be seen
in Figure 3, the effect of WPC and WPI on foam properties was
greater than that of Na-CAS and D-WP. Marinova et al. (2009)
observed that the maximum foamability of the WPC and WPI
solutions was found at pH4, while the minimum OR value in the
Na-CAS solution was found at isoelectric pH (Ply,.cas =4.6).
Similar results were reported by Morr (1985) and Lee et al. (1992).
The foam properties improved with a decrease in the amount of
hydrocolloids added. The OR value of the milk protein foams was
increased by decreasing the amount of the polysaccharide. The
high viscosity of the prefoam solution resulted in a reduction of
the air phase in the foam system. Our findings are consistent with
those previously reported by Ibanoglu and Ercelebi (2007) and
Mohammadian and Alavi (2016). Pec appeared to be the best hy-
drocolloid to obtain the specific optimized value for the responses
of OR, LT, and BS. Milk proteins formed foams with higher OR
and lower LT and BS at lower hydrocolloid concentrations. The
OR value of the foam system has been reported to be strongly
influenced by the HT used in the formulation (Karasu et al., 2014).
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TABLE 5 Eigenvectors for PCs and the .
. Eigenvectors
contribution of each process parameters Plocess
parameters First PC Second PC Third PC Weight contribution®
Overrun 0.718 0.007 0.696 0.5155
Loss tangent 0.523 0.665 0.533 0.2736
Bubble size 0.459 0.746 0.481 0.2107
dCalculating for the first principal component (PC).
TABLE 6 Response table for weighted
GRG Level Level Level Level
Symbol Process parameters 1 2 3 4 Max-min Rank
PT Protein type 0.750 0.670 0.431 0.440 0.319 1
HC Hydrocolloid 0.642  0.555 0.583  0.513 0.128 2
concentration
HT Hydrocolloid type 0.538 0.566 0.648 0.540 0.110
MT Mixing temperature  0.589  0.544  0.627 0.531 0.096 4
Note: The bold values show the optimal process levels.
Protein type Hydrocolloid concentration (%) Hydrocolloid type Nixing temperature (°C)
0.754
0.704
0.854
§ 0.80
= o .\
0.55- o / \. \./ \
0.504
0.454
0.404
T T T T T T T T T T T 1§ T T T T
© N 2 Q o Q o N o & & o &) o o o
y < O Q &
& d
&

FIGURE 3 Main effects plot for weighted GRGs

In this study, Pec and E415-containing foams exhibited a firmer
structure than other samples. More elastic foams were obtained
because xanthan leads to higher viscosity than other hydrocolloids
at the same concentration, pectin forms a stronger gel in sugar and
acidic environments, and ionic interactions of these two hydro-
colloids with biomolecules lead to the formation of soluble/insol-
uble complexes (Guldane & Dogan, 2020). The other interactions
(electrostatic, hydrophobic, physical, etc.) also play a crucial role in
the formation of more elastic foams (Liszka-Skoczylas et al., 2014;

Zmudzinski et al., 2014). There was a competition between sa-
ponins and proteins for adsorption at the air/liquid interface.
Aggregation of surfactants in different regions of the foam film
resulted in larger bubbles, depending on local pressure differences
in the foam bubbles (Wojciechowski et al., 2014).

Sadabhira et al., 2016 reported that the Pec/EWP ratio had a sig-
nificant effect on foam properties. The EWP foams had lower OR
and higher BS at a ratio of 1:7. In contrast, at a ratio of 1:49, the
foams had a higher OR and a lower BS. In our study, the properties
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o TABLE 7 ANOVA results for weighted
Contribution

Process parameters  DF SS MS F-value p-value (%) GRG
Protein type 3 0.3151 0.1050 907.83 0.000 77.79
Hydrocolloid 3 0.0345 0.0115 99.45 0.002 8.52
concentration
Hydrocolloid type 3 0.0319 0.0106 91.81 0.002 7.87

0.07

Mixing temperature 3 0.0233 0.0078 67.00 0.003 5.75
Error 3 0.0003 0.0001
Total 15 0.4050

Note: $ = 0.0108, R? =99.91%, R%(adj) = 99.75, R¥(pred) = 97.56.

Optimal process parameters

100

TABLE 8 Results of confirmation
experiments

Initial process parameters
Factors levels A,B,C,D,
Overrun (%) 4545
Loss tangent (tan §) 1.234
Bubble size (um) 36.0
GRG 0.804 0.889
Improvement in GRG 0.097

Abbreviation: GRG, gray relational grade.

of the model foam were also strongly influenced by the protein-to-
hydrocolloid ratio. The formation of soluble complexes between
proteins and other components (proteins, hydrocolloids, saponins,
sugars, etc.) led to an increase in OR value and a decrease in BS value
under certain conditions. Dabestani and Yeganehzad (2019) reported
that the structural properties of globular proteins changed due to
heat treatment. In our study, it was found that the quality character-
istics of the model foam deteriorated when the MT increased from
80 to 100°C (Figure 3). Thus, excessive heating resulted in irrevers-
ible denaturation of proteins. The denaturation temperature of p-
Lactoglobulin and a-Lactalbumin at pH7 was reported to be 78°C
and 64°C, respectively (Lajnaf et al., 2018). Therefore, the foamabil-
ity of whey protein foams decreased when the heating temperature
exceeded the denaturation point (Nicorescu et al., 2010).

Due to differences in the temperature stability of milk proteins,
the OR value for whey proteins decreased when the temperature
exceeded 80°C, but the opposite trend was observed for heat-
stable Na-CAS. We concluded that the presence of cross-linking
agents such as proteins, saponins, hydrocolloids, etc., resulted in
improved heat stability. Similar findings were reported by Schmitt
et al. (1998). In addition, a more concentrated medium formed as a
result of anincrease in MT. Similarly, Clarkson et al. (2000) informed
that the denaturation rate of whey proteins decreased as the vis-
cosity of the solution increased. Moreover, Bals and Kulozik (2003)
found that the improvement in foam properties, especially BS, of
protein foams depended on an increase in the viscosity of the liquid
phase. However, in this study, no similar relationship was found be-
tween increased viscosity (an increase in added hydrocolloid) and
BS (Figure 3).

Prediction

A;B,C3Dg

Experiment
A,B,C,D,
574.5
1.280

32.5

0.901

The order of importance of the process parameters for the OR,
LT, and BS responses of the model foam is shown in Table 6. PT and
HC were found to be the most important parameters for foam qual-
ity. However, since the max-min difference (0.096) is less, MT was
found to be the least efficient control parameter. These findings
were further supported by the ANOVA presented in Table 7. The
effect of process parameters on model foam production was found
to be significant at a 95% confidence level. Table 7 shows that PT,
which had the highest F-ratio, was found to be the most import-
ant factor in the production of the model foam, since the contribu-
tion of PT to the foam quality parameters was 77.79%, followed by
HC, HT, and MT with a contribution of 8.52%, 7.87%, and 5.75%,

respectively.

3.3 | Confirmation experiments

Confirmatory tests were carried out to confirm the optimal foaming
parameters obtained from the optimization process and to verify the
improvement in foam quality properties. The results are presented
in Table 8. The experimental results of OR, LT, and BS responses
at optimum factor levels were used to estimate the actual GRG.
Furthermore, the predicted GRG was calculated using the maxi-
mum values of the S/N ratio of the foam parameters according to
Equation 18. As a result, the actual GRG value (0.901) was found to
be in agreement with the predicted GRG value (0.889). However,
compared to the original process parameters (A;B,C,D,), an im-
provement of about 12% in the GRG value was obtained. As shown
in Table 8, the OR value was also improved from 454.5% to 574.5%
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FIGURE 4 Microscopic images and average bubble sizes for foams produced with initial (left) and optimal (right) process parameters

and the BS value was reduced from 36um to 32.5um (Figure 4),
while the LT value was not improved.

4 | CONCLUSIONS

The article reports the optimization of parameters of saponin-based
food foam using the Taguchi method (TM) and gray relational analysis
(GRA)-principal component analysis (PCA). In this context, the effects
of the process parameters (protein type (PT), hydrocolloid concentra-
tion (HC), hydrocolloid type (HT), and mixing temperature (MT)) on the
response variables (overrun (OR), loss tangent (LT), and average bubble
size (BS)) were investigated. GRA-PCA was found to be more effec-
tive than TM in optimizing multiple responses. As a result of GRA-PCA
analysis, it was found that the most important parameter for foam
production is protein type. Experimental results have shown that the
properties of food foams such as OR and BS are improved by using
GRA-PCA. The optimal combination of foam parameters based on mul-
tiple response variables is A181C3D3’ thatis, WPC PT, 0.05% HC, pectin
HT, and 80°C MT.

ACKNOWLEDGMENTS

This research has been not supported by any organization.

CONFLICT OF INTEREST
The authors have declared no conflicts of interest for this article.

AUTHOR CONTRIBUTIONS
Mehmet Guldane: Conceptualization; data curation; investigation;

methodology; writing - original draft. Mahmut Dogan: Supervision.

DATA AVAILABILITY STATEMENT

No data are available.

ORCID
Mehmet Guldane "= https://orcid.org/0000-0001-7321-0496
Mahmut Dogan "= https://orcid.org/0000-0003-1639-4641

REFERENCES

Abascal, D. M., & Gracia-Fadrique, J. (2009). Surface tension and foam
stability of commercial calcium and sodium caseinates. Food
Hydrocolloids, 23(7), 1848-1852. https://doi.org/10.1016/j.foodh
yd.2009.02.012

Arce, M. E., Saavedra, A., Miguez, J. L., & Granada, E. (2015). The use
of grey-based methods in multi-criteria decision analysis for the
evaluation of sustainable energy systems: A review. Renewable and
Sustainable Energy Reviews, 47, 924-932. https://doi.org/10.1016/j.
rser.2015.03.010

Arunachalam, R., Piya, S., Krishnan, P. K., Muraliraja, R., Christy, J. V.,
Mourad, A. H. I, & Al-Maharbi, M. (2020). Optimization of stir-
squeeze casting parameters for production of metal matrix com-
posites using a hybrid analytical hierarchy process-Taguchi-Grey
approach. Engineering Optimization, 52(7), 1166-1183. https://doi.
org/10.1080/0305215X.2019.1639693

Asghari, A. K., Norton, 1., Mills, T., Sadd, P., & Spyropoulos, F. (2015).
Interfacial and foaming characterisation of mixed protein-starch
particle systems for food-foam applications. Food Hydrocolloids, 53,
311-319. https://doi.org/10.1016/j.foodhyd.2015.09.007

Aslan Turker, D., & Dogan, M. (2021). Effects of ultrasound homog-
enization on the structural and sensorial attributes of ice cream:
Optimization with Taguchi and data envelopment analysis. Journal
of Food Measurement and Characterization, 15(6), 4888-4898.
https://doi.org/10.1007/s11694-021-01044-z

Bals, A., & Kulozik, U. (2003). Effect of pre-heating on the foaming
properties of whey protein isolate using a membrane foaming ap-
paratus. International Dairy Journal, 13(11), 903-908. https://doi.
org/10.1016/50958-6946(03)00111-0

Battal, H., Sari, F. V., & Velioglu, V. (2003). A research on the produc-
tion of soapwort extract. Anadolu University Journal of Science and
Technology, 4(1), 75-84.

Bottcher, S., & Drusch, S. (2016). Interfacial properties of saponin ex-
tracts and their impact on foam characteristics. Food Biophysics,
11(1), 91-100. https://doi.org/10.1007/s11483-015-9420-5

Bottcher, S., Scampicchio, M., & Drusch, S. (2016). Mixtures of saponins
and beta-lactoglobulin differ from classical protein/surfactant-
systems at the air-water interface. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 506, 765-773. https://doi.
org/10.1016/j.colsurfa.2016.07.057

Campbell, G. M., & Mougeot, E. (1999). Creation and characterisation of
aerated food products. Trends in Food Science and Technology, 10(9),
283-296. https://doi.org/10.1016/50924-2244(00)00008-X

Canbolat, A. S., Bademlioglu, A. H., Arslanoglu, N., & Kaynakli, O. (2019).
Performance optimization of absorption refrigeration systems using

85U8017 SUOWILLIOD aA 1D 3|qeol dde au Aq peuseob ae Sapie YO ‘8sh JO 3| 10y Aeiq1]8UlIUO AB]IM UO (SUORIPUOD-PUR-SWB)L0O" AB[IM A eIq | BU1 [UO//SdNL) SUORIPUOD pue SWie | 8U 89S *[1202/c0/T] Uo ARiqiTauliuO AB1IM ' ALISHIAINN YA VHYS Aq £559T dd}[TTTT'0T/I0p/L00 A8 1M ARIqBUIIUO 1S} 1//:SANY WOJJ pepeolumoa G ‘2202 ‘6vSiS2T


https://orcid.org/0000-0001-7321-0496
https://orcid.org/0000-0001-7321-0496
https://orcid.org/0000-0003-1639-4641
https://orcid.org/0000-0003-1639-4641
https://doi.org/10.1016/j.foodhyd.2009.02.012
https://doi.org/10.1016/j.foodhyd.2009.02.012
https://doi.org/10.1016/j.rser.2015.03.010
https://doi.org/10.1016/j.rser.2015.03.010
https://doi.org/10.1080/0305215X.2019.1639693
https://doi.org/10.1080/0305215X.2019.1639693
https://doi.org/10.1016/j.foodhyd.2015.09.007
https://doi.org/10.1007/s11694-021-01044-z
https://doi.org/10.1016/S0958-6946(03)00111-0
https://doi.org/10.1016/S0958-6946(03)00111-0
https://doi.org/10.1007/s11483-015-9420-5
https://doi.org/10.1016/j.colsurfa.2016.07.057
https://doi.org/10.1016/j.colsurfa.2016.07.057
https://doi.org/10.1016/S0924-2244(00)00008-X

12 of 14
Of WI LEY_ Journal of

Taguchi, ANOVA and Grey relational analysis methods. Journal of
Cleaner Production, 229, 874-885. https://doi.org/10.1016/j.jclep
r0.2019.05.020

Canto, G.S.D., Treter, J., Yang, S., Borré, G. L., Peixoto, M. P. G., & Ortega,
G. G. (2010). Evaluation of foam properties of saponin from llex
paraguariensis A. St. Hil. (Aquifoliaceae) fruits. Brazilian Journal of
Pharmaceutical Sciences, 46(2), 237-243. https://doi.org/10.1590/
$1984-82502010000200010

Celik, 1., Yilmaz, Y., Isik, F., & Ustiin, O. (2007). Effect of soapwort extract
on physical and sensory properties of sponge cakes and rheological
properties of sponge cake batters. Food Chemistry, 101(3), 907-911.
https://doi.org/10.1016/j.foodchem.2006.02.063

Celik, N., Pusat, G., & Turgut, E. (2018). Application of Taguchi method
and grey relational analysis on a turbulated heat exchanger.
International Journal of Thermal Sciences, 124(March, 2017), 85-97.
https://doi.org/10.1016/j.ijthermalsci.2017.10.007

Clarkson, J. R., Cui, Z. F., & Darton, R. C. (2000). Effect of solution con-
ditions on protein damage in foam. Biochemical Engineering Journal,
4(2), 107-114. https://doi.org/10.1016/51369-703X(99)00038-8

Dabestani, M., & Yeganehzad, S. (2019). Effect of Persian gum and xan-
than gum on foaming properties and stability of pasteurized fresh
egg white foam. Food Hydrocolloids, 87, 550-560. https://doi.
org/10.1016/j.foodhyd.2018.08.030

Dachmann, E., Hengst, C., Ozcelik, M., Kulozik, U., & Dombrowski, J.
(2018). Impact of hydrocolloids and homogenization treatment on
the foaming properties of raspberry fruit puree. Food and Bioprocess
Technology, 11(12), 2253-2264. https://doi.org/10.1007/s1194
7-018-2179-1

Davis, J. P.,, & Foegeding, E. A. (2007). Comparisons of the foaming and
interfacial properties of whey protein isolate and egg white pro-
teins. Colloids and Surfaces B: Biointerfaces, 54(2), 200-210. https://
doi.org/10.1016/j.colsurfb.2006.10.017

Deepanraj, B., Sivasubramanian, V., & Jayaraj, S. (2017). Multi-response
optimization of process parameters in biogas production from food
waste using Taguchi - Grey relational analysis. Energy Conversion
and Management, 141, 429-438. https://doi.org/10.1016/j.encon
man.2016.12.013

Dimou, M., Marnasidis, S., Antoniadou, ., Pliatsika, M., & Besseris, G. J.
(2009). The application of Taguchi method to determine the opti-
mum blend of unifloral honeys to most closely match thyme honey
quality. International Journal of Food Science and Technology, 44(10),
1877-1886. https://doi.org/10.1111/j.1365-2621.2008.01899.x

Dogan, M., Ersoz, N. B., Toker, O. S., Kaya, Y., & Canityilmaz, E. (2014).
Optimization of gum combination for instant pudding based on
creep and recovery parameters by mixture design approach.
European Food Research and Technology, 238(1), 47-58. https://doi.
org/10.1007/s00217-013-2063-1

Foegeding, E. A., Luck, P. J., & Davis, J. P. (2006). Factors determining the
physical properties of protein foams. Food Hydrocolloids, 20, 284-
292. https://doi.org/10.1016/j.foodhyd.2005.03.014

Gonzalez, P.J.,&Sérensen, P. M. (2020). Characterization of saponin foam
from Saponaria officinalis for food applications. Food Hydrocolloids,
101, 105541. https://doi.org/10.1016/j.foodhyd.2019.105541

Goral, I., & Wojciechowski, K. (2020). Surface activity and foaming
properties of saponin-rich plants extracts. Advances in Colloid
and Interface Science, 279, 102145. https://doi.org/10.1016/j.
cis.2020.102145

Guclu-Ustundag, O., & Mazza, G. (2007). Saponins: Properties, applica-
tions and processing. Critical Reviews in Food Science and Nutrition,
47(3), 231-258. https://doi.org/10.1080/10408390600698197

Guldane, M., & Dogan, M. (2020). The effect of process parameters on
color and density properties of foam halva: Taguchi mathemet-
ical model optimization. GIDA, 45(6), 1248-1260. https://doi.
org/10.15237/gida.GD20089

zzzzlfst
Food Science
+Technology

GULDANE ano DOGAN

Ibanoglu, E., & Ergelebi, E. A. (2007). Thermal denaturation and func-
tional properties of egg proteins in the presence of hydrocolloid
gums. Food Chemistry, 101(2), 626-633. https://doi.org/10.1016/j.
foodchem.2006.01.056

Karasu, S., Dogan, M., Toker, O. S., & Caniyilmaz, E. (2014). Modeling of
rheological properties of mellorine mix including different oil and
gum types by combined design, ANN, and ANFIS models. Turkish
Journal of Agriculture and Forestry, 38(5), 745-757. https://doi.
org/10.3906/tar-1312-9

Lajnaf, R., Picart-Palmade, L., Cases, E., Attia, H., Marchesseau, S., &
Ayadi, M. A. (2018). The foaming properties of camel and bovine
whey: The impact of pH and heat treatment. Food Chemistry, 240,
295-303. https://doi.org/10.1016/j.foodchem.2017.07.064

Lau, C. K., & Dickinson, E. (2005). Instability and structural change in
an aerated system containing egg albumen and invert sugar. Food
Hydrocolloids, 19(1), 111-121. https://doi.org/10.1016/j.foodh
yd.2004.04.020

Lau, K., & Dickinson, E. (2006). Structural and rheological properties
of aerated high sugar systems containing egg albumen. Journal
of Food Science, 69(5), E232-E239. https://doi.org/10.1111/
j.1365-2621.2004.tb10714.x

Lazidis, A., Hancocks, R. D., Spyropoulos, F., Kreu3, M., Berrocal, R., &
Norton, I. T. (2014). Whey protein fluid gels for the stabilisation of
foams. Food Hydrocolloids, 53, 209-217. https://doi.org/10.1016/j.
foodhyd.2015.02.022

Lee, S. -Y., Morr, C. V., & Ha, E. Y. W. (1992). Structural and functional
properties of caseinate and whey protein isolate as affected by
temperature and pH. Journal of Food Science, 57(5), 1210-1229.
https://doi.org/10.1111/j.1365-2621.1992.tb11301.x

Liszka-Skoczylas, M., Ptaszek, A., & Zmudzinski, D. (2014). The effect
of hydrocolloids on producing stable foams based on the whey
protein concentrate (WPC). Journal of Food Engineering, 129, 1-11.
https://doi.org/10.1016/j.jfoodeng.2014.01.002

Marinova, K. G., Basheva, E. S., Nenova, B., Temelska, M., Mirarefi, A. Y.,
Campbell, B., & lvanov, I. B. (2009). Physico-chemical factors con-
trolling the foamability and foam stability of milk proteins: Sodium
caseinate and whey protein concentrates. Food Hydrocolloids, 23(7),
1864-1876. https://doi.org/10.1016/j.foodhyd.2009.03.003

Martinez-Padilla, L. P., Garcia-Rivera, J. L., Romero-Arreola, V., &
Casas-Alencaster, N. B. (2015). Effects of xanthan gum rheology
on the foaming properties of whey protein concentrate. Journal
of Food Engineering, 156, 22-30. https://doi.org/10.1016/j.jfood
eng.2015.01.018

Mohammadian, M., & Alavi, F. (2016). The effects of Iranian gum
Tragacanth on the foaming properties of egg white proteins in com-
parison with guar and xanthan gums. Journal of Food Biosciences and
Technology, 6(2), 59-68.

Mohanan, A., Nickerson, M. T., & Ghosh, S. (2020). Utilization of
pulse protein-xanthan gum complexes for foam stabilization:
The effect of protein concentrate and isolate at various pH.
Food Chemistry, 316, 126282. https://doi.org/10.1016/j.foodc
hem.2020.126282

Molina-Rubio, M. P., Casas-Alencaster, N. B., & Martinez-Padilla, L. P.
(2010). Effect of formulation and processing conditions on the rhe-
ological and textural properties of a semi-liquid syrup model. Food
Research International, 43(3), 678-682. https://doi.org/10.1016/j.
foodres.2009.10.023

Morr, C. V. (1985). Composition, physicochemical and functional properties
of reference whey protein concentrates. Journal of Food Science, 50(5),
1406-1411. https://doi.org/10.1111/j.1365-2621.1985.tb10488.x

Murray, B. S., Dickinson, E., Gransard, C., & Soderberg, I. (2006). Effect
of thickeners on the coalescence of protein-stabilized air bubbles
undergoing a pressure drop. Food Hydrocolloids, 20(1), 114-123.
https://doi.org/10.1016/j.foodhyd.2005.03.010

85U8017 SUOWILLIOD aA 1D 3|qeol dde au Aq peuseob ae Sapie YO ‘8sh JO 3| 10y Aeiq1]8UlIUO AB]IM UO (SUORIPUOD-PUR-SWB)L0O" AB[IM A eIq | BU1 [UO//SdNL) SUORIPUOD pue SWie | 8U 89S *[1202/c0/T] Uo ARiqiTauliuO AB1IM ' ALISHIAINN YA VHYS Aq £559T dd}[TTTT'0T/I0p/L00 A8 1M ARIqBUIIUO 1S} 1//:SANY WOJJ pepeolumoa G ‘2202 ‘6vSiS2T


https://doi.org/10.1016/j.jclepro.2019.05.020
https://doi.org/10.1016/j.jclepro.2019.05.020
https://doi.org/10.1590/S1984-82502010000200010
https://doi.org/10.1590/S1984-82502010000200010
https://doi.org/10.1016/j.foodchem.2006.02.063
https://doi.org/10.1016/j.ijthermalsci.2017.10.007
https://doi.org/10.1016/S1369-703X(99)00038-8
https://doi.org/10.1016/j.foodhyd.2018.08.030
https://doi.org/10.1016/j.foodhyd.2018.08.030
https://doi.org/10.1007/s11947-018-2179-1
https://doi.org/10.1007/s11947-018-2179-1
https://doi.org/10.1016/j.colsurfb.2006.10.017
https://doi.org/10.1016/j.colsurfb.2006.10.017
https://doi.org/10.1016/j.enconman.2016.12.013
https://doi.org/10.1016/j.enconman.2016.12.013
https://doi.org/10.1111/j.1365-2621.2008.01899.x
https://doi.org/10.1007/s00217-013-2063-1
https://doi.org/10.1007/s00217-013-2063-1
https://doi.org/10.1016/j.foodhyd.2005.03.014
https://doi.org/10.1016/j.foodhyd.2019.105541
https://doi.org/10.1016/j.cis.2020.102145
https://doi.org/10.1016/j.cis.2020.102145
https://doi.org/10.1080/10408390600698197
https://doi.org/10.15237/gida.GD20089
https://doi.org/10.15237/gida.GD20089
https://doi.org/10.1016/j.foodchem.2006.01.056
https://doi.org/10.1016/j.foodchem.2006.01.056
https://doi.org/10.3906/tar-1312-9
https://doi.org/10.3906/tar-1312-9
https://doi.org/10.1016/j.foodchem.2017.07.064
https://doi.org/10.1016/j.foodhyd.2004.04.020
https://doi.org/10.1016/j.foodhyd.2004.04.020
https://doi.org/10.1111/j.1365-2621.2004.tb10714.x
https://doi.org/10.1111/j.1365-2621.2004.tb10714.x
https://doi.org/10.1016/j.foodhyd.2015.02.022
https://doi.org/10.1016/j.foodhyd.2015.02.022
https://doi.org/10.1111/j.1365-2621.1992.tb11301.x
https://doi.org/10.1016/j.jfoodeng.2014.01.002
https://doi.org/10.1016/j.foodhyd.2009.03.003
https://doi.org/10.1016/j.jfoodeng.2015.01.018
https://doi.org/10.1016/j.jfoodeng.2015.01.018
https://doi.org/10.1016/j.foodchem.2020.126282
https://doi.org/10.1016/j.foodchem.2020.126282
https://doi.org/10.1016/j.foodres.2009.10.023
https://doi.org/10.1016/j.foodres.2009.10.023
https://doi.org/10.1111/j.1365-2621.1985.tb10488.x
https://doi.org/10.1016/j.foodhyd.2005.03.010

GULDANE ano DOGAN

Journal of

Narchi, I., Vial, C., & Djelveh, G. (2009). Effect of protein-polysaccharide
mixtures on the continuous manufacturing of foamed food prod-
ucts. Food Hydrocolloids, 23(1), 188-201. https://doi.org/10.1016/j.
foodhyd.2007.12.010

Neves, I. C. O., de Faria, J. T,, Vidigal, M. C. T. R, Fidelis, P. C., Minim,
V. P. R., & Minim, L. A. (2018). Foaming properties of suspensions
composed by p-lactoglobulin and polysaccharides, in the presence
of sucrose or polyols. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 550, 199-208. https://doi.org/10.1016/j.colsu
rfa.2018.04.039

Nicorescu, 1., Vial, C., Loisel, C., Riaublanc, A., Djelveh, G., Cuvelier,
G., & Legrand, J. (2010). Influence of protein heat treatment
on the continuous production of food foams. Food Research
International, 43(6), 1585-1593. https://doi.org/10.1016/j.foodr
es.2010.03.015

O'Chiu, E., & Vardhanabhuti, B. (2017). Utilizing whey protein isolate and
polysaccharide complexes to stabilize aerated dairy gels. Journal
of Dairy Science, 100(5), 3404-3412. https://doi.org/10.3168/
jds.2016-12053

Oduse, K., Campbell, L., Lonchamp, J., & Euston, S. R. (2018). Electrostatic
complexes of whey protein and pectin as foaming and emulsifying
agents. International Journal of Food Properties, 20(3), S$3027-S3041.
https://doi.org/10.1080/10942912.2017.1396478

Oliver Nesa Raj, S., & Prabhu, S. (2017). Modeling and analysis of titanium
alloy in wire-cut EDM using Grey relation coupled with principle
component analysis. Australian Journal of Mechanical Engineering,
15(3), 198-209. https://doi.org/10.1080/14484846.2016.1251077

Ozdikicierler, O., Dirim, N., & Pazir, F. (2019). Modeling and optimization
of the spray drying parameters for soapwort (gypsophila Sp.) ex-
tract. Food Science and Biotechnology, 28(5), 1409-1419. https://doi.
org/10.1007/s10068-019-00573-0

Ozgur, A., Dogan, M., & Karaman, S. (2017). Rheological interactions of
the xanthan gum and carboxymethyl cellulose as alternative to pec-
tin in organic acid-sucrose model system: Simplex lattice mixture
design approach. European Food Research and Technology, 243(6),
1041-1056. https://doi.org/10.1007/s00217-016-2809-7

Pandey, G. K., & Yaday, S. K. S. (2020). Multi-response optimization of
vibration assisted electrical discharge drilling process using PCA
based GRA approach. Materials Today: Proceedings, 22, 2906-2915.
https://doi.org/10.1016/j.matpr.2020.03.424

Piotrowski, M., Lewandowska, J., & Wojciechowski, K. (2012).
Biosurfactant-protein mixtures: Quillaja bark saponin at water/
air and water/oil interfaces in presence of p-lactoglobulin. The
Journal of Physical Chemistry B, 116(16), 4843-4850. https://doi.
org/10.1021/jp301174d

Ptaszek, P. (2013). The non-linear rheological properties of fresh wet
foams based on egg white proteins and selected hydrocolloids. Food
Research International, 54(1), 478-486. https://doi.org/10.1016/j.
foodres.2013.07.028

Ptaszek, P., Kabzinski, M., Kruk, J., Kaczmarczyk, K., Zmudzinski, D.,
Liszka-Skoczylas, M., Mickowska, B., tukasiewicz, M., & Banas, J.
(2015). The effect of pectins and xanthan gum on physicochemical
properties of egg white protein foams. Journal of Food Engineering,
144, 129-137. https://doi.org/10.1016/j.jfoodeng.2014.07.017

Ptaszek, P., Zmudzinski, D., Kruk, J., Kaczmarczyk, K., Roznowski, W., &
Berski, W. (2014). The physical and linear viscoelastic properties
of fresh wet foams based on egg white proteins and selected hy-
drocolloids. Food Biophysics, 9(1), 76-87. https://doi.org/10.1007/
s11483-013-9320-5

Raju, B. S., Chandra Sekhar, U., & Drakshayani, D. N. (2017). Grey rela-
tional analysis coupled with principal component analysis for opti-
mization of stereolithography process to enhance part quality. IOP
Conference Series: Materials Science and Engineering, 225(1),012228.
https://doi.org/10.1088/1757-899X/225/1/012228

azafst - wiLey- -2

Sadahira, M. S., Lopes, F. C. R., Rodrigues, M. I., & Netto, F. M. (2014).
Influence of protein-pectin electrostatic interaction on the foam
stability mechanism. Carbohydrate Polymers, 103(1), 55-61. https://
doi.org/10.1016/j.carbpol.2013.11.070

Sadahira, M. S., Rodrigues, M. ., Akhtar, M., Murray, B. S., & Netto, F. M.
(2016). Effect of egg white protein-pectin electrostatic interactions
in a high sugar content system on foaming and foam rheological
properties. Food Hydrocolloids, 58, 1-10. https://doi.org/10.1016/j.
foodhyd.2016.02.007

Sadahira, M. S., Rodrigues, M. |, Akhtar, M., Murray, B. S., & Netto, F.
M. (2018). Influence of pH on foaming and rheological properties
of aerated high sugar system with egg white protein and hydroxy-
propylmethylcellulose. LWT - Food Science and Technology, 89, 350-
357. https://doi.org/10.1016/j.lwt.2017.10.058

Sankar, B. R., Umamaheswarrao, P., Srinivasulu, V., & Chowdari, G. K.
(2015). Optimization of milling process on jute polyester composite
using Taguchi based grey relational analysis coupled with principle
component analysis. Materials Today: Proceedings, 2(4-5), 2522~
2531. https://doi.org/10.1016/j.matpr.2015.07.197

Schmitt, C., Sanchez, C., Desobry-Banon, S., & Hardy, J. (1998).
Critical reviews in food science and nutrition structure and
Technofunctional properties of protein-polysaccharide com-
plexes: A review. Critical Reviews in Food Science and Nutrition,
38(8), 689-753.

Sehgal, A. K. (2018). Grey relational analysis coupled with principal
component analysis to optimize the machining process of ductile
iron. Materials Today: Proceedings, 5(1), 1518-1529. https://doi.
org/10.1016/j.matpr.2017.11.241

Shen, X., Shao, S., & Guo, M. (2017). Ultrasound-induced changes in
physical and functional properties of whey proteins. International
Journal of Food Science and Technology, 52(2), 381-388. https://doi.
org/10.1111/ijfs.13292

Steffe, J. F. (1996). Rheological methods. In Polymer Fractionation (2nd
ed, pp. 317-339). Freeman Press. https://doi.org/10.1016/b978-1-
4832-3245-4.50016-9

Ustiintag, S., Senyigit, E., Mezarciéz, S., & Tirksoy, H. G. (2020).
Optimization of coating process conditions for denim fab-
rics by Taguchi method and Grey relational analysis. Journal of
Natural Fibers, 00(00), 1-15. https://doi.org/10.1080/15440
478.2020.1758866

Vasudevan, H., Rajguru, R., Tank, K., & Shetty, N. (2018). Optimization of
multi-performance characteristics in the turning of GFRP(E) com-
posites using principle component analysis combined with Grey
relational analysis. Materials Today: Proceedings, 5(2), 5955-5967.
https://doi.org/10.1016/j.matpr.2017.12.197

Walstra, P. (2003). Physical chemistry of foods (Vol. 85). Marcel Dekker.
https://doi.org/10.1016/s0308-8146(03)00246-2

Wang, Z., Zhang, S., & Vardhanabhuti, B. (2015). Foaming prop-
erties of whey protein isolate and A-carrageenan mixed sys-
tems. Journal of Food Science, 80(8), N1893-N1902. https://doi.
org/10.1111/1750-3841.12940

Wojciechowski, K., Kezwon, A., Lewandowska, J., & Marcinkowski, K.
(2014). Effect of p-casein on surface activity of Quillaja bark sa-
ponin at fluid/fluid interfaces. Food Hydrocolloids, 34, 208-216.
https://doi.org/10.1016/j.foodhyd.2012.09.010

Yang, X., & Foegeding, E. A. (2011). The stability and physical
properties of egg white and whey protein foams explained
based on microstructure and interfacial properties. Food
Hydrocolloids, 25(7), 1687-1701. https://doi.org/10.1016/j.
foodhyd.2011.03.008

Zhan, F., Hu, J., He, C., Sun, J., Li, J., & Li, B. (2020). Complexation be-
tween sodium caseinate and gallic acid: Effects on foam properties
and interfacial properties of foam. Food Hydrocolloids, 99, 105365.
https://doi.org/10.1016/j.foodhyd.2019.105365

85U8017 SUOWILLIOD aA 1D 3|qeol dde au Aq peuseob ae Sapie YO ‘8sh JO 3| 10y Aeiq1]8UlIUO AB]IM UO (SUORIPUOD-PUR-SWB)L0O" AB[IM A eIq | BU1 [UO//SdNL) SUORIPUOD pue SWie | 8U 89S *[1202/c0/T] Uo ARiqiTauliuO AB1IM ' ALISHIAINN YA VHYS Aq £559T dd}[TTTT'0T/I0p/L00 A8 1M ARIqBUIIUO 1S} 1//:SANY WOJJ pepeolumoa G ‘2202 ‘6vSiS2T


https://doi.org/10.1016/j.foodhyd.2007.12.010
https://doi.org/10.1016/j.foodhyd.2007.12.010
https://doi.org/10.1016/j.colsurfa.2018.04.039
https://doi.org/10.1016/j.colsurfa.2018.04.039
https://doi.org/10.1016/j.foodres.2010.03.015
https://doi.org/10.1016/j.foodres.2010.03.015
https://doi.org/10.3168/jds.2016-12053
https://doi.org/10.3168/jds.2016-12053
https://doi.org/10.1080/10942912.2017.1396478
https://doi.org/10.1080/14484846.2016.1251077
https://doi.org/10.1007/s10068-019-00573-0
https://doi.org/10.1007/s10068-019-00573-0
https://doi.org/10.1007/s00217-016-2809-7
https://doi.org/10.1016/j.matpr.2020.03.424
https://doi.org/10.1021/jp301174d
https://doi.org/10.1021/jp301174d
https://doi.org/10.1016/j.foodres.2013.07.028
https://doi.org/10.1016/j.foodres.2013.07.028
https://doi.org/10.1016/j.jfoodeng.2014.07.017
https://doi.org/10.1007/s11483-013-9320-5
https://doi.org/10.1007/s11483-013-9320-5
https://doi.org/10.1088/1757-899X/225/1/012228
https://doi.org/10.1016/j.carbpol.2013.11.070
https://doi.org/10.1016/j.carbpol.2013.11.070
https://doi.org/10.1016/j.foodhyd.2016.02.007
https://doi.org/10.1016/j.foodhyd.2016.02.007
https://doi.org/10.1016/j.lwt.2017.10.058
https://doi.org/10.1016/j.matpr.2015.07.197
https://doi.org/10.1016/j.matpr.2017.11.241
https://doi.org/10.1016/j.matpr.2017.11.241
https://doi.org/10.1111/ijfs.13292
https://doi.org/10.1111/ijfs.13292
https://doi.org/10.1016/b978-1-4832-3245-4.50016-9
https://doi.org/10.1016/b978-1-4832-3245-4.50016-9
https://doi.org/10.1080/15440478.2020.1758866
https://doi.org/10.1080/15440478.2020.1758866
https://doi.org/10.1016/j.matpr.2017.12.197
https://doi.org/10.1016/s0308-8146(03)00246-2
https://doi.org/10.1111/1750-3841.12940
https://doi.org/10.1111/1750-3841.12940
https://doi.org/10.1016/j.foodhyd.2012.09.010
https://doi.org/10.1016/j.foodhyd.2011.03.008
https://doi.org/10.1016/j.foodhyd.2011.03.008
https://doi.org/10.1016/j.foodhyd.2019.105365

140f 14 WILEY. ©mio m"‘”'lfst GULDANE anp DOGAN
= Food Science

+Technology

Zhu, X., Zhan, F.,, Zhao, Y., Han, Y., Chen, X., & Li, B. (2020). Improved
foaming properties and interfacial observation of sodium How to cite this article: Guldane, M. & Dogan, M. (2022).
caseinate-based complexes: Effect of carboxymethyl cellulose.

Food Hydrocolloids, 105, 105758. https://doi.org/10.1016/j.foodhyd. Multi-response optimization of process parameters of

2020.105758 saponin-based model foam using Taguchi method and gray
Zmudzinski, D., Ptaszek, P., Kruk, J., Kaczmarczyk, K., Roznowski, W., relational analysis coupled with principal component analysis.
Berski, W., Ptaszek, A., & Grzesik, M. (2014). The role of hydrocol- Journal of Food Processing and Preservation, 46, €16553. https://

loids in mechanical properties of fresh foams based on egg white
proteins. Journal of Food Engineering, 121(1), 128-134. https://doi.
org/10.1016/j.jfoodeng.2013.08.020

doi.org/10.1111/jfpp.16553

85U8017 SUOWILLIOD aA 1D 3|qeol dde au Aq peuseob ae Sapie YO ‘8sh JO 3| 10y Aeiq1]8UlIUO AB]IM UO (SUORIPUOD-PUR-SWB)L0O" AB[IM A eIq | BU1 [UO//SdNL) SUORIPUOD pue SWie | 8U 89S *[1202/c0/T] Uo ARiqiTauliuO AB1IM ' ALISHIAINN YA VHYS Aq £559T dd}[TTTT'0T/I0p/L00 A8 1M ARIqBUIIUO 1S} 1//:SANY WOJJ pepeolumoa G ‘2202 ‘6vSiS2T


https://doi.org/10.1016/j.foodhyd.2020.105758
https://doi.org/10.1016/j.foodhyd.2020.105758
https://doi.org/10.1016/j.jfoodeng.2013.08.020
https://doi.org/10.1016/j.jfoodeng.2013.08.020
https://doi.org/10.1111/jfpp.16553
https://doi.org/10.1111/jfpp.16553

	Multi-­response optimization of process parameters of saponin-­based model foam using Taguchi method and gray relational analysis coupled with principal component analysis
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Materials
	2.2|Methods
	2.2.1|Preparation of protein and hydrocolloid solutions
	2.2.2|Preparation of prefoam solution
	2.2.3|Model foam production
	2.2.4|Foam analysis
	Overrun (%) measurement
	Rheological analysis
	Microscopic measurement

	2.2.5|Analysis method
	Taguchi method (TM)
	Gray relational analysis (GRA)-­principal component analysis (PCA)



	3|RESULTS AND DISCUSSION
	3.1|Taguchi optimization
	3.2|GRA-­PCA optimization
	3.3|Confirmation experiments

	4|CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES


