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2Université de Lorraine Equipe de Recherche des Processus Innovatifs, ERPI-ENSGSI
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Abstract

This work proposes a systematic approach for the design of formulated products incorporating consumer assessment and heuristic

knowledge. The methodology is divided into two main phases: Consumer assessment and product realization. In the first part,

product attributes valued by consumers and their interactions are identified through usability tests performed on a reference

product, and fuzzy integral analysis. In the second phase, alternative product formulations are generated using a mixed-integer

optimization approach, which incorporates heuristic rules regarding the choice of ingredients and their amounts. The results

from the consumer assessment phase are transformed into additional heuristics and incorporated into the design. Using two

commercial skin moisturizers as references, different alternative formulations are generated at a lab scale. Those formulations

that included additional heuristics are shown to be more similar to the references. As a result, the incorporation of consumer

preferences significantly reduced the time and resources spent on the design process.

Introduction

The design of optimal mixtures is considered an important challenge in many industries, especially for
the manufacturing of formulated consumer products. Due to the infinite number of possible combinations
of ingredients and their corresponding concentrations, a critical issue is how to define a reduced search
space during early stages to accelerate the design process, using the available knowledge. Besides the key
physicochemical properties of the final product, it is of paramount importance to account for the product
performance as perceived by the final consumer. The fulfillment of this goal requires greater involvement of
consumer needs into the product design inputs.

Typically, the design process of formulated consumer products corresponds to an iterative succession of 4
steps, as shown in Figure 1.1,2 Within this process, the marketing team is normally responsible for the first
two steps (1 and 2) concerning the consumer assessment phase, where the information on the user needs is
translated into basic functional specifications of the product.1,3
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Figure 1: Formulated consumer product design cycle. Adapted from the original pictures1,2

Then, in the product realization phase, technical teams are in charge of the next steps (steps 3 and 4 in
Figure 1): product formulation, prototyping, manufacturing, and validation of required specifications. At
the end of this cycle, if the prototype meets the given specifications, the product is ready to be launched
into the market; otherwise, the process should restart. Very often, modifications are made in terms of the
composition, along with the product realization phase. Their consequences in product performance may be
multiple and hard to predict. Product reformulations may significantly affect product properties, including
changes in product microstructure and thus in the perception of the product by the consumer.4

An important feature of formulated consumer products is that users generally do not assess their value based
on technical specifications, but rather according to functionality and performance attributes, which are often
referred to as the quality factors.5 Because quality factors are sometimes qualitative and/or subjective,
performance metrics need to be established. To improve the traditional trial-and-error procedure during
this phase, many authors have developed a knowledge basis for the collection of the consumer needs, their
translation into necessary categories of ingredients, and the desired end-use properties, particularly in the
case of cosmetics and personal care products.6–13 In the context of emulsions, Mattei13 proposed such a
knowledge basis, including consumer needs, categories of ingredients, and end-use properties with target
values and boundaries of acceptance. However, one of the main challenges still to be solved is related to
the formalization of the consumer needs and their translation into physicochemical properties, namely for
product attributes of which assessment is inherently subjective, such as those related to human senses.14This
aspect is particularly relevant for cosmetics, as there is an important influence of the sensory interaction on
the users’ perception and assessment of the product.15 To measure this, normally, an objective evaluation
(i.e. sensorial profiling) is made by a panel of experts under defined conditions,16 which makes it a very
resource-intensive procedure. For this reason, researchers have investigated the characterization of sensory
product attributes, mainly translating them to textural and rheological properties.17–19 Nevertheless, these
tests are performed by evaluating a single dimension, whereas cosmetic performance evaluation is the result
of a combination of sensory, emotional and rational responses during the experience of using the product.20

Since cosmetics or food products are conceptually designed to match consumer expectations, it is important to
access the implicit emotions people have when interacting with the products and translate them into product
specifications.21,22 ”Affective Engineering” or ”Kansei Engineering” approaches can be used to study how
pleasure and efficiency are linked together during the experience of using a product.23,24 In such approaches,
semantic attributes (SA) have been used to describe the affective responses of consumers to products.25
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Traditional techniques, such as PCA (Principal Components Analysis) or multi-factorial analysis, are useful
to reduce the semantic space and to quantify the relative importance of each SA or the correlation among
them. However, these tools are not suitable to quantify the interactions (i.e. the synergistic or antagonist
effects) among groups of SA. For this task, multicriteria techniques, such as the Multiple-Utility Attribute
Theory (MAUT) or Analytic Hierarchy Process (AHP) could be used.26Nevertheless, dealing simultaneously
with the set of multidimensional semantic attributes and their interaction is not a trivial task.

Fuzzy measures have been applied to the subjective evaluation of different attributes, such as color or
texture.27,28Recently, a methodology to integrate the user’s perception and identify the importance and
interaction of consumer attributes, based on fuzzy measures, was proposed by Camargo et al in the context
of massing soles.29 On the other hand, we had already proposed a systematic method to generate and select
alternative formulations, taking into account both available quantitative property models as well as heuristic
formulation rules, with these last one being translated into algebraic restrictions, thus providing a reduced set
of alternatives to be prototyped.30,31 In this paper, we combine these two complementary approaches, using
the methodology of consumer assessment to understand the importance level of each quality factor along
with their synergies or antagonisms,29and then integrate this knowledge into the product realization phase,
based on our method of computer-aided generation of alternative plausible formulations.31 This methodology
was partially presented in a short paper,32 being now fully discussed and illustrated, including two examples
of skin moisturizers design.

An integrated methodology for formulated products design

As schematically presented in Figure 2, the proposed integrated methodology consists of two main phases:
consumer assessment and product realization. In the first one, consumer preferences are assessed, and the
outputs converted into a set of heuristics. These are then integrated into the second phase of product
realization, where product modeling is carried out based on available quantitative property models and
heuristic rules converted into algebraic restrictions.

Figure 2: An integrated methodological approach for the design of formulated products

Phase I: Consumer assessment

In this phase, the methodology proposed by Camargo et al.,29 was adapted to identify and qualify, in terms
of importance and interaction among them, the set of semantic attributes that best describes the feelings
of a group of users and then to calculate the fuzzy measures. This method employs the backpropagation
algorithm with constraints proposed by Grabisch33,34to approximate the fuzzy measure accurately, using the
Choquet integral.35 This algorithm is efficient when training data are limited, has a low computing time, and
a low memory cost.28 As the input range is not strictly defined in this study, learning is combined here with
a linear output based on linear error regression to ensure an accurate decision and a better convergence.36
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The details of the definitions and computations of Choquet integral and fuzzy measures are presented in the
Section A of the Supplementary material.

List of attributes : As for most formulated consumer products, the definition of product attributes for
cosmetics constitutes the main input required and is usually obtained from multiple sources, such as market
and customer surveys, patent, literature, among others.37 Once the set of words defining product attributes
is established (i.e. SA), the next step is a reduction in the number of words by excluding irrelevant or
repeated words. We used experts opinions to this purpose, but several other techniques, such as affinity
diagrams, factor analysis or Principal Component Analysis (PCA), may also be applied.15,29

Usability tests : A questionnaire is prepared to evaluate the entire set of identified SA. Participants in the test
should be regular users of the target product, as they can perceive differences even if they have no common
references of the attributes’ scales.38 The participants of the test are asked to rate a selected prototype on
a five-level ordinal scale, using a semantic differential method.39 A typical prototype could be the most sold
product for the chosen category or any other product established as a reference. It is important to underline
that a learning output, represented for example by global acceptability or a purchase intention, should be
included in the evaluation so the fuzzy measures can be calculated.29

Fuzzy integral analysis : The main equations to calculate the fuzzy measures (μ ) are shown in the section
A of the Supplementary Material. Once the fuzzy measures for each SA (i in a set of n ) are calculated,
the importance and interaction indices could be estimated using the Shapley and the Murofushi and Soneda
indices, respectively. The importance index (σ ) is based on the definition proposed by Shapley in the game
theory:40

σ (µ, i) = 1
n

∑n=1
t=0

1

(n−1
t )| T |=i

∑
T⊆Xi [µ (T ∪ i)− µ (T )](1)

Once normalized, the Shapley index can be interpreted as a weighted average value of the marginal contri-
bution of each criterion in all combinations, so the sum of the index of all SA is equal to 1.45

On the other hand, the Murofushi and Soneda indices (I ) represent the degree of interaction between two
SA (i,j. . . n ):41

I (µ, ij) =
∑

T⊆Xij
(n−t−2)!t!

n−1 [µ (T ∪ ij) + µ (T )− µ (T ∪ i)− µ (T ∪ j)](2)

These indices and their interactions (positive or negative) could be used to validate the relevance of the
selected SA. A positive interaction index for two SA means that the importance of one SA is reinforced by
the second. A negative interaction index indicates that the SAs are antagonists, and their combined use
impairs the final decision. From these two indices, a third one called composite index can be calculated as a
normalized product of them, and it serves to guide the selection of the alternative formulations in the next
phase.

Phase II: Product realization

This part of the methodology starts by identifying a list of available ingredients. For instance, cosmetic
product designers are constrained to use approved ingredients, or they are limited to choose among available
ingredients in the company’s inventory. Here, a binary variable is associated with each potential ingredient,
indicating whether it is selected or not as part of the formulation. Then, available heuristics regarding the
choice of ingredients and their amounts are listed and modeled as algebraic restrictions. Some heuristics are
first stated as logical conditions and then translated into algebraic constraints involving binary variables.
These heuristic-related restrictions, together with other known limits (technical and/or legal), help to reduce
the design space. The search in this reduced space is then guided by available property models relating
product composition to key physicochemical properties or even to sensorial attributes.

Let y be the vector of binary variables associated with the choice of ingredients and x the vector of cor-
responding their concentration in the final product (i.e. mass fractions). Let pbe the vector of product
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performance metrics, including well-defined physicochemical properties and metrics related to more subjec-
tive sensorial attributes. Product quality is often evaluated in terms of the deviation of p from target values
p*(product performance specifications). Then, property models, also known as the property function, are any
relationship between metrics pand product composition, here represented by the set of equationsh(x,y,p)=0
.42 The heuristic rules are incorporated in the problem formulation as the set of constraints g(x,y,p) [?] 0 .
Finally, let f be a global objective function to be minimized, in this case accounting for both product quality
deviation and costs. The problem of optimal product formulation may then be stated as follows:

f (x, y, p, p∗) [product performance] f (x, y, p, p∗) [product performance]
s.t. h1 (x, y, p) = 0 [property function] (3)

g1 (x, y, p) ≤ 0 [heuristic-related restrictions]
g2 (x, y, p) ≤ 0 [other restrictions]

As sketched in Phase II of Figure 2 above, computer-generated alternatives and their realization should
evolve in successive cycles where results from experimental tests are fed back to problem formulation (3), in
the form of updated models and heuristics. When several alternative formulations are required, a rank of
feasible solutions with increasing values of the objective f may be generated through integer cuts.30 In any
case, successive cycles should desirably result in an optimal alternative, which meets all product specifications
and integrate the consumer assessment. Most heuristic rules have a linear formulation, however, property
and process functions are likely to be non-linear, so problems in the form of (3) will be MINLP problems,
as it is illustrated in the case study.

In summary, a general methodological approach is presented here for the design of formulated products,
in which a fuzzy measure analysis for the consumer assessment, along with heuristics and property models
incorporation for the product realization phase, are used to guide the selection of formulations that solve
the original design problem, using the reformulations of cosmetic emulsions as case studies.

Cosmetic emulsions case study

The proposed methodology was tested in the design of cosmetic products, specifically skin moisturizers.
These products are used to keep in good condition the skin by maintaining its balance of oil and water.43

Skin moisturizers are generally oil in water (O/W) emulsions, and commercially they are usually divided
into two main types: creams and lotions. Lotions are low-viscosity emulsions, while creams are much higher
viscosity materials, generally presented as semi-solid emulsions.44 The O/W emulsions are characterized by
a low internal phase ratio, typically containing 10 to 35% dispersed phase.45 For this reason, the addition of
a suitable emulsifier agent along with the application of mechanical agitation is necessary to create a stable
emulsion.46In this work, apart from some mandatory ingredients like water or humectants (i.e. Glycerol)
that are kept constant, three main types of ingredients are considered for the modeling of O/W emulsions:
Emollients in the dispersed phase, thickeners in the continuous phase, and emulsifiers in the interface. The
selection of these groups of ingredients is based on several studies that evaluated their impact on the sensorial,
rheological and textural properties of cosmetic emulsions.19,46–50

When formulating cosmetic emulsions, the dispersed phase should be first selected,3 and emollients constitute
the main component of this phase, particularly in O/W emulsions. Emollients are required in the dispersed
phase because they help to prevent soaping, they improve spreadability, and they are responsible for the
consumer-perceived benefits after evaporation of volatile materials.46,48 Performance of emollients is generally
related to greasiness, and the emulsifying properties are dependent on other physical properties such as
density, viscosity, melting point, and the required HLB (RHLB).51,52

Emulsifiers are essential ingredients to stabilize the emulsions.45 The type of surfactant and its physicochem-
ical properties will influence the droplet size and stability of the emulsion.52 HLB is a used here to predict
the emulsifying properties of surfactants,37 and to correlate with some sensorial properties of the emulsions,
such as color, odor, and consistency.46,53
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Thickeners are used to increase the viscosity of the continuous phase and to mitigate the phase separation.46,51

It has also been shown that thickeners could have a relevant impact on skin feeling, namely when removing
cream from the container, and when spreading the product.54

Phase I: Consumer assessment

List of attributes : In the first step of the consumer assessment phase, eight attributes reported in the liter-
ature were chosen to be evaluated during the usability tests.8,55 Each set of words describing the attributes
was selected after asking four experts to brainstorm keywords that could be used to describe skin moistur-
izers, and then to classify them in each category. The two most repeated terms were selected to represent
each attribute, as shown in Table 1.

Table 1. List of main attributes for cosmetic emulsions

Attribute Word 1 Word 2
Thickness Thick Thin*
Spreadability Easy to spread Glides easily
Stickiness Sticky Light*
Ease of absorption Easily absorbed Penetrates quickly
Freshness Fresh sensation Cold sensation
Residues Whitening on rub-out Leaves residues
Greasiness/oiliness Greasy Oily sensation
Moisturization More hydrated skin Softer skin

*Pair of words are at opposite extremes of the attribute scale

Usability tests and fuzzy integral analysis : To define consumer needs regarding the use of a cosmetic
moisturizer, usability tests were conducted during two main popular events in the city of Nancy (France).
Two groups, consisting of thirty-two female (average age 31 years old), tested one of the two selected reference
products: a cream - Sample 1 (Atoderm® Ultra-nourishing Cream, Bioderma), and a lotion - Sample 2
(NIVEA® Body Sun protection FPS 15, Beiersdorf). and answered the set of questions corresponding to
each word in Table 1, using a 5-level ordinal scale (i.e. from not at all to very much). The complete survey
form – in French (original) and English – and the results are presented in the Section B of the Supplementary
material.

Phase II: Product realization

Given a defined list of ingredients, the formulation of the cosmetic emulsions should be conducted according
to the procedure described in Figure 2.

List of ingredients, heuristics, and property models:

Emollients: A proper combination of three or more emollients of a high, medium, and low spreading types
provides the complete profile for a well-performing product.56 The residual film of the emollient helps to
lubricate and reduce the friction exerted on the skin surface.57 The greasiness value (γ) of a mixture of
emollients was estimated here as a weighted average from individual values.58 Typical greasiness values for
skin moisturizers are in the range from 2.0 and 2.4 on a five-point scale.8 The RHLB value of the emollients
was obtained directly from the ingredient provider or other sources.1 The list of the emollients, grouped by
its spreading properties, is available in Table C1 of the Supplementary Material.

Emulsifiers: Generally, a suitable combination of at least two nonionic surfactants should be used at a
minimum level of 2% and up to 5% in a skin moisturizer.6,59 The final HLB value of the combination should
be between 8 and 15 to assure a stable O/W emulsion. This is generally achieved by combining one part of
a medium HLB (9-15) emulsifier, three to six parts of a high HLB emulsifier (>16), and two to six parts
of a low HLB emulsifier (<8). Also, a total surfactant/oil ratio of 1:4 to 1:6 should be used to stabilize the
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resulting emulsion.60 The classical empirical HLB model is here adopted, namely, the HLB of the surfactant
mixture should approximately match the HLB required by the oil mixture: HLB = RHLB. The list of the
emulsifiers used in this study is available in Table C-2 in the Supplementary Material.

Thickeners: Thickeners commonly used in skin moisturizers are water-dispersible polymers
and fatty alcohols. Normally, they are used simultaneously in skincare emulsions, as these
formulations are more prone to destabilization.60 The list of the thickeners used in this study
is on Table C-3 in the Supplementary Material.

Thickeners influence the product’s perception, particularly what is called the primary and secondary skin
feelings.54,61The primary feeling is correlated to the viscosity perceived at the onset of the flow of the product
(η1, viscosity at low shear stresses), while the secondary feeling corresponds to a much lower final viscosity,
perceived during the product’s application (η2, viscosity at high shear stresses). Under such circumstances,
the ideal value of η1 is between 1350 and 3500 Pa·s for creams and between 120 and 500 Pa·s for lotions. In
contrast, η2 should be between 0.023 and 0.500 Pa·s for both types of product. This last viscosity interval
corresponds to a shear rate of around 500 s-1 if the application is over small areas (e.g. face), or 5000 s-1 if
the application is over large areas of the body.54

Composition-viscosity data for polymer thickened aqueous solutions,62 together with reliable theoretical
models to predict the effect of the dispersed phase,63 were used to construct equations of the typelog(η) =
a+ bxn + cφ (average relative error of 22%), for each polymer, and for both η1 and η2 (φ is the mass fraction
of oil phase). Since only one polymer is used, mixing rules are not needed. Fatty alcohols were used at a
2-4% concentration. As indicated above, all the formulations also included a fixed amount of mandatory
ingredients, namely water, humectant (3% Glycerol) and preservative (0.7% Cosgard®).

Optimization problem : Product design variables and short formulation of the optimization problem for both
case studies - in the form of (3) - are shown in Table 2.

Table 2. Product design variables and initial problem formulation

Binary variables y (choice of ingredients) and continuous variables x (wt %) Problem formulation

high spreading emollient: yi, xi medium spreading emollient: yj , xj low spreading emollient: yk, xk thickening polymer: yn, xn fatty alcohol: ym, xm nonionic surfactant: yr, xr Find vectors y and x that minimize cost, subject to: Heuristics of typical amounts and combinations of ingredients 2.0 ≤ γ ≤ 2.4 yn, xn such that η1 and η2 are within specifications HLB = RHLB

Emollients, nonionic surfactants, and thickeners (polymers or fatty alcohols) are selected from an initial
list with a total of 36 ingredients, as presented in Tables C-1 to 3 in Supplementary Material. Additional
restrictions were added to this problem formulation when integrating the consumer assessment in each case.
Other heuristics are transformed into variables and correlated in equations employing propositional logic,
as described in a previous contribution from the authors.30 Vectors of decision variables – binary (y) and
continuous (x) - both have a dimension of 36. The chosen objective function was defined as the total cost of
the formulation (USD/kg), only considering the unit cost of each ingredient and excluding fixed ingredients.
Manufacture costs were not considered.

The restrictions involving RHLB and HLB are the only source of non-linearity.

RHLB =
∑

xi•RHLBi+
∑

xj•RHLBj+
∑

xk•RHLBk∑
yi•xi+

∑
yj•xj+

∑
yk•xk

; HLB =
∑

xr•HLBr∑
yr•xr

(4)

(
∑
xi • RHLBi +

∑
xj • RHLBj +

∑
xk • RHLBk) • (

∑
yr • xr) − (

∑
yi • xi +

∑
yj • xj +

∑
yk • xk) •

(
∑
xr •HLBr) = 0 (5)

The resulting MINLP problem can be solved in less than one second using the GAMS platform and the
global solver BARON. The optimal solution is selected in each case to be compared with the commercial
sample.

Experimental tests and emulsions characterization : The complete list of chemicals used in the prototyping

7



P
os

te
d

on
A

u
th

or
ea

6
M

ay
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

87
91

55
.5

48
17

44
9

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

of the alternative emulsions is presented in the Table C-4 of the Supplementary Material. They were used
as obtained without further treatment.

Rheology and textural analysis: The rheological analysis was performed on a rotational viscometer ARES
(TA Instruments, New Castle, USA). The flow behavior was studied by continuous shear investigations,
which were performed to evaluate the shear response (Pa·s) as a function of shear rate (s-1) (from 0.01 to
around 500 s-1) with a logarithmically increasing scale (5 points), using parallel plates (25 mm). All samples
were tested one week after preparation to assure that the emulsions were stable. The gap between the disc
and the plate (0.5 mm) was carefully filled with a sample of the product, and any left material was removed
using a metal spatula. All measurements were conducted at 20 +- 0.1degC and at least in duplicate.

The textural properties of the skin moisturizer samples were measured using a Texture Analyzer TA.XT
Plus (Stable Micro Systems Ltd., Godalming, U.K.). The unit had a load cell of 30 kg, with an A/BE
back extrusion rig, which included a locating base plate, sample containers (50mm internal diameter), and
compression discs (35mm diameter). After penetrating the sample (25 mm deep) at a rate of 2.0 mm/s,
the probe returned to the initial position. Following this procedure, the firmness, consistency (related to
hardness), cohesiveness, and index of viscosity (related to adhesiveness) of the samples were measured in
duplicate and average values were calculated for all parameters (all expressed as positive values). All the
measurements were taken at room temperature of 20 +- 0.2degC.

Microscopy: Emulsions were observed using a portable microscope Dino-Lite(r) Edge AM7515MT8A (Taipei,
Taiwan), with a magnification of 900x, and images were captured with the in-built camera 5Mpixels
(2592x1944). For this, a small amount of sample was mounted on a glass slide along with a drop of dis-
tilled water under a coverslip. All samples were examined two months after preparation to assure long term
stability.

Evaluation of white residues after product application on skin:An adaptation to the descriptive skin-feel
analysis method described by ASTM E1490-0364 was implemented here to establish a qualitative comparison
of the white residues left by two products during rub-out. In this case, 0.1 g of each product was spread on
the mid-section of the forearm, using the index finger for one product and the middle finger for the other
product, both from the opposite hand. The white residues of both samples were compared after 15 circular
rubs at a rate of two strokes per second.

Integration: Heuristics update and validation

This phase was carried out to do the screening of the prototype products, and to iterate within the design
process to enhance product performance, as part of the cyclic part in Figure 2. This is done by integrating
consumer assessment in the product realization phase. Depending on the experimental tests, the ranking of
attributes, and their interactions, a series of heuristics could be transformed into additional restrictions in
the algorithm, as shown in Table 3.

Table 3. Heuristics to guide the selection of alternatives based on selected attributes.

Attribute Actions to increase Actions to reduce
Thickness Adjust viscosity target value in

the algorithm Increase fatty
alcohol content 60

Adjust viscosity target value in
the algorithm Replace part of
surfactants to those having lauryl
or oleyl alkyl group Add
branched-chain higher alcohol (i.e.
Octyldodecanol)60

White residues after rub-out Add up to 2% low HLB emulsifier
and allow HLB<RHLB Add
silicones to the formulation 65

Greasiness /oiliness Adjust greasiness target value in
the algorithm

Adjust greasiness target value in
the algorithm

8



P
os

te
d

on
A

u
th

or
ea

6
M

ay
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

87
91

55
.5

48
17

44
9

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

These actions are taken to increase or reduce the value of a specific attribute, depending on the case. For
instance, the presence of white residues after rubbing is mainly related to the generation of microfoam
(emulsifiers “catching” air), so the use of silicones could also reduce this problem. Another possible solution
is to add up to a 2% low HLB emulsifier and allow the HLB to be lower than the RHLB. This will not only
remove the microfoam but also increase the viscosity of the formulation. In this case, (5) will change to:

0.5 ≤ (
∑
yi • xi +

∑
yj • xj +

∑
yk • xk)•(

∑
xr •HLBr)−(

∑
xi • RHLBi +

∑
xj • RHLBj +

∑
xk • RHLBk)•

(
∑
yr • xr) ≤ 1 (6)

This example emphasizes the importance of heuristics updating, and the set of equations required for prop-
erties prediction in the new design iteration.

Results and discussion

Phase I: Consumer assessment

Table 4 contains the resulting values of each assessed attribute during the consumers’ evaluation. The
participants were asked to rate the different attributes on a 5-level ordinal scale and then the values were
normalized (0 to 1 scale).

Table 4 : Mean and variance of the scores for the attributes with corresponding Shapley indices.

Attribute Symbol Sample 1 - Cream Sample 1 - Cream Sample 1 - Cream Sample 2 – Lotion Sample 2 – Lotion Sample 2 – Lotion
Mean Variance Shapley index Mean Variance Shapley index

Thickness a,b V 0.46 0.059 1.05 0.26 0.046 1.36
Spreadability a,b S 0.75 0.028 0.35 0.84 0.032 0.34
Stickiness a,b P 0.45 0.036 1.19 0.72 0.051 0.85
Ease of absorption a,b A 0.35 0.055 1.57 0.61 0.105 0.94
Freshness a,b F 0.31 0.040 1.65 0.45 0.052 1.26
Residues b R 0.30 0.043 1.22 0.24 0.032 1.74
Greasiness/oiliness a,b G 0.74 0.040 0.38 0.46 0.067 0.82
Moisturization a,b H 0.61 0.039 0.59 0.73 0.042 0.68
Overall performance a,b C 0.43 0.074 0.57 0.086

a Different mean, t-test (p<0.05);b Same variance, F-test (p>0.05)

Collected data were verified to evaluate its consistency, and a correlation with the normal distribution above
0.92 was obtained for all attributes, as presented in Section D of the Supplementary material. According to
results, the mean score for each attribute was different between the two samples, except for the “residues”
score. Here it is important to mention that both samples had low values in the “residues” attribute score,
which means that the emulsions left almost no residue or whitening after spreading and rubbing.

The corresponding Shapley indices (1) for each attribute computed from the fuzzy integral analysis are also
presented in Table 4. The three higher values for each sample are marked in bold characters. From these
results, it is possible to see that “freshness” is the most important attribute for Sample 1 (1.65), followed
by “ease of absorption” (1.57) and “residues” (1.22). The first two attributes were poorly graded in the
test (0.31 and 0.35 in Table 4, respectively), which suggests that the heavy emollience of the product could
influence the overall score. Indeed, Sample 1 contains mineral oil, an occlusive ingredient that hinders water
evaporation from the skin, which is usually related to a low freshness sensation.55 In the case of Sample 2,
“residues” has the highest index (i.e. 1.74) followed by “thickness” (i.e. 1.36) and “freshness” (i.e. 1.26).
Among these attributes, “thickness” is also the lowest rated (0.26 in Table 4), which could indicate that
Sample 2 is perceived as not being thick enough, thus affecting the overall performance score of the product.
Similar results have been reported by other authors when the product has a low viscosity.66
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Murofushi and Soneda or interaction indices (2) are listed in Table 5. The three highest-values for each
pair of attributes and the total interactions alike are marked in bold characters. It can be observed that the
attribute “residues” is consistently interacting with other attributes and appears amongst the highest ranked
attributes for total interactions in both cases (4.00 for Sample 1 and 4.02 for Sample 2). This attribute has
also the highest values of mutual interactions, namely with “ease of absorption” (1.46) and “freshness” (1.15)
in the case of sample 1, and with “thickness” (0.69), “stickiness” (0.97) and “moisturization” (-0.85) in the
case of sample 2. The positive or negative sign means that the effect is synergistic or antagonist, viscosity.66

Table 5. Murofushi and Soneda indices. Symbols according to Table 4

V S P A F R G H Total
inter-
ac-
tions

Sample
1 -
Cream

V - 0.31 -0.30 0.10 0.13 0.51 0.10 0.15 1.60

S - 0.31 0.28 0.11 0.21 -0.14 -0.10 1.48
P - 0.41 -0.29 0.63 0.01 0.21 2.18
A - 1.15 1.46 0.81 -0.22 4.44
F - 0.98 0.06 0.85 3.57
R - 0.11 0.08 4.00
G - 0.03 1.27
H - 1.64

Sample
2 -
Lotion

V - 0.39 0.00 -0.05 0.29 0.69 0.29 0.40 2.10

S - 0.04 0.05 0.20 0.37 0.02 -0.06 1.13
P - -0.11 0.14 0.97 -0.58 0.55 2.39
A - -0.15 0.52 0.47 0.27 1.62
F - 0.47 0.67 0.39 2.30
R - -0.16 -0.85 4.02
G - 0.30 2.49
H - 2.82

Normalized composite indices were calculated as a product of previous normalized indices, as it is shown in
Table 6. Here, “ease of absorption” (0.29) and “residues” (0.34) are the most important attributes under this
metric, in the case of Sample 1 and Sample 2, respectively. “Residues” and “freshness” have consistently one
of the highest composites indices (0.20 and 0.25, for sample 1 and 0.34 and 0.14 for sample 2, respectively).
In the next section, it is shown how these indices can be used to guide the selection of alternatives, based
on the specific profile of each sample product.

Table 6. Normalized values of Shapley (relative weights), Murofushi, and Soneda (interactions) and com-
posite indices. Symbols according to Table 4.

V S P A F R G H

Sample 1 Cream Normalized relative weights 0.13 0.04 0.15 0.20 0.21 0.15 0.05 0.07
Normalized interactions 0.08 0.07 0.11 0.22 0.18 0.20 0.06 0.08
Composite index 0.07 0.02 0.11 0.29 0.25 0.20 0.02 0.04

Sample 2 Lotion Normalized relative weights 0.17 0.04 0.11 0.12 0.16 0.22 0.10 0.09
Normalized interactions 0.11 0.06 0.13 0.09 0.12 0.21 0.13 0.15

10
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V S P A F R G H

Composite index 0.14 0.02 0.10 0.07 0.14 0.34 0.10 0.09

Phase II: Product realization and heuristics update

Starting from a generic basic skin moisturizing cream, identified as K0-N1, which solves the problem specified
in Table 2 at a minimum cost, specific changes were made to comply with different attributes for the two
evaluated references (Samples 1 and 2). For this, additional heuristics from Table 3 were included in the
algorithm as restrictions that allowed searching for feasible alternatives, which increased or reduced the level
of the aimed attribute. The resulting formulations are presented in Table E-1 of the Supplementary material.

From the results obtained in the consumer assessment phase for Sample 1, ease of absorption, freshness, and
residues were the most important attributes by the composite index. Due to the high interaction between
these attributes (see Table 5), and the fact that the base formulation left more white residues than the
Sample 1 (Figure 3), the first change made to the algorithm was to implement one of the actions to reduce
the white residues by adding up to 2% low HLB emulsifier (see Table 3). A series of experiments were
performed to understand how each change affected the emulsion properties, especially the white residues
after product application on skin and the product viscosity. Each one of these alternatives was generated
using the optimization problem specified in Table 2. The name of the formulations was given according to the
following parameters: The first letter indicates if the product is a cream (K) or a lotion (L), while the number
corresponds either to the base case (0) or to the samples 1 or 2. The following parts also contain letters and
numbers. The letter corresponds to the aimed attribute(s) - R for “Residues”, G for “Greasiness/oiliness”,
V for “Thickness” and N if no attribute is aimed. The numbers correspond to a counter of the alternatives
at this stage.

• Formulation K1-R1 is essentially K0-N1 + 1% Glyceryl Stearate (replaces water). This could be
considered a classical corrective action and is only chosen here to compare with a more systematic
approach to solve the problem.

• Formulation K1-R2 includes 1% Glyceryl Stearate but compensates with the addition of other emol-
lients to keep the minimal surfactant/oil ratio (1:4). The restriction HLB=RLHB is imposed as before
in (5).

• Formulation K1-R3 includes 1% of a low HLB surfactant with the restriction in (6).
• Formulation K1-G1 is made ignoring the importance of indices attributes of the previous section and

only taking into account the high value given to the greasiness. This could be considered as an approach
to generate a less greasy alternative formulation, based on the consumer assessment, but disregarding
the importance and interactions of the attributes. To have a less greasy alternative, the maximal value
of γ was allowed to be 2.2 instead of 2.4, and K0-N1 left considerably more residues than Sample 2, as
can be observed in Figure 3.

For the case of Sample 2, the starting point was set to be Formulation K1-R3, as in this case residues are
the most important attribute too (0.34 in the composite index; see Table 6), and from the previous example,
it was known that K0-N1 left considerably more residues than Sample 2, as it can be observed in Figure
3. The next action targeted the thickness, as there was no reliable action to correct and easily evaluate the
change of the freshness attribute. Two different actions were taken, to observe the results of each action.

• Formulation K2-R3-V1, which comes from the choice of the surfactants, preferring those having oleyl
(Polysorbate 80) instead of stearyl groups (Polysorbate 60), as mentioned in Table 3.

• Formulation L2-R3-V1, which considers the same changes and the viscosity parameters of lotions too.

Alternative emulsions characterization

White residues: A visual comparison of the white residues left after application on the skin of the different
formulations and the commercial samples are presented in Figure 3.
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As shown here, the white residues of K0-N1 are much higher than that of Sample 1, while for the formulation
K1-R1 is very similar to the residues of sample 1, proving that the heuristic about adding a small amount of
a low HLB surfactant would reduce the micro-foam generation. This was also the case for sample K1-R3 but
not for K1-R2, which did not allow HLB < RHLB. Although K1-G1 was conceived to reduce the greasiness of
the base formulation (K0-N1), it also performed better in the white residues. The use of different quantities
of emollients also has an impact on the residues left by the product, as it has been said before.

Figure 3: White residues of alternative emulsions compared to Samples 1 (left) and 2 (right)

In the case of Sample 2, the formulation L2-R3-V1, which had into account the residues and the two actions
regarding the viscosity of the lotion (restrained values for final viscosity and emulsifiers with oleyl groups),
had the best results when compared to the similar alternative K2-R3-V1, which only considered the change
of the emulsifiers.

Microscopy: Representative optical microphotographs of Sample 1 and 2 and the prototyped emulsions are
presented in Figure 4. It was observed that the base case (K0-N1) had a very different microstructure
when compared to Sample 1, with droplet sizes around 5 μm. It should be noted that the most similar
microstructure to sample 1 is the one of formulation K1-R3. In the case of sample 2, the base case (K1-R3)
had a very different microstructure when compared to Sample 2, but the formulation L2-R3-V1 is much
more similar.
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Figure 4: Microphotographs (900X) of the alternative emulsions and the samples 1 and 2

Rheology and textural analysis: The rheological profile of the alternative emulsions is presented in Figure 5.
All alternatives have a similar behavior compared to Sample 1. In the case of Sample 2, both formulations
L2-R3-V1 and K2-R3-V1 have closer values than K1-R3. Using the power fitting in the experimental data
(also shown in Figure 5), it is possible to see that the final viscosities η2 , calculated for 5000 s-1, lays
between 0.023 and 0.5 Pa·s, for all alternative emulsions. Regarding η1 , only for Formulation L2-R3-V1 and
Sample 2 is possible to observe a plateau and see that this value lays between the ideal limits for lotions
(120 and 500 Pa·s), which confirms the suitability of the model to predict emulsion viscosity.
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Figure 5: Rheological profile of the alternative emulsions and samples 1 (top) and 2 (bottom)

The parameters obtained from the textural analysis in all prepared sample emulsions are presented in Table
9. The alternative that comes closer to the textural parameters of Sample 1 is K1-R3. For Sample 2,
both formulations (L2-R3-V1 and K2-R3-V1) have similar values when compared to Sample 2. Although
no sensorial tests were performed on these formulations, it has been reported that the textural parameters
here evaluated do correlate well with the sensorial attributes of the final product. In particular, firmness is
related to the tackiness as perceived by the user, and consistency, cohesiveness, and index of viscosity all
directly correlate with slipperiness.48

Table 9. Textural parameters of the alternative emulsions compared to Samples 1 and 2.

K0-N1 K1-R1 K1-R2 K1-R3 K1-G1 Sample 1
Consistency (g.s) 3979.7 6711.4 5078.6 2131.4 6228.0 2372.7
Viscosity Index (g.s) 445.4 694.1 536.7 246.5 623.6 281.2
Firmness (g) 154.6 285.7 199.2 81.3 244.3 90.5
Cohesiveness(g) 199.1 403.0 245.2 105.8 289.0 123.5

K1-R3 L2-R3-V1 K2-R3-V1 Sample 2
Consistency (g.s) 2131.4 1929.3 2020.6 1355.8
Viscosity Index (g.s) 246.5 204.7 227.9 135.1
Firmness (g) 81.3 73.3 78.7 52.9
Cohesiveness(g) 105.8 89.6 98.6 55.1
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Conclusions

In a highly competitive market, end-user involvement has become an important factor in the product design
process, as the sensory interactions heavily affect their perception and the assessment of the product. We
have proposed an optimization-based methodology for the design of formulated products, which incorporates
the assessment of consumer preferences along with available property models and heuristic rules to generate
alternative formulations. The methodology was illustrated with two skin moisturizer products and using a
commercial product as a reference for each case. A series of alternative solutions with minimum ingredient
costs were generated and then manufactured and evaluated. The alternatives generated taking into account
the full set of information, including the heuristics update from the consumer assessment data, were shown
to be more similar to the reference products. The comparison was made through optical microscopy obser-
vations, evaluation of rheological and textural properties, and the measurement of the white residues left
during rub-out.

As this methodology involves the participation of untrained consumers, it is possible to reduce the time and
resources spent in cosmetic emulsions design compared with sensorial panels, as there is no panel training
involved. The methodology permits us to interpret the answer to the products according to how they
are perceived and calculate the importance and the interaction of the evaluated attributes, which makes
it valuable to the formulator. This suggests that this is a useful methodology not only to formalize the
information about consumers’ perception of cosmetic products but also to guide the generation of alternatives
for other formulated products.
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