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ABSTRACT

The product design project is a complex problem because objectives and constraints must be
considered simultaneously, the sustainability context is highly relevant and specific, decision-making
involves not only customer needs but also of other stakeholders, especially the organization in which
the design project takes place. This work presents a systematic literature review of design
methodologies for chemical products to identify how that problem has been addressed and which
are the future challenges to be met. The review involved the analysis of 262 research papers and 336
patents, classified according to the chemical product type, the design phase studied, and whether
they consider association with a business context. The study highlights the need for holistic product
design methodologies applicable from the early design stages, covering the assessment of customer
needs and the requirements of other stakeholders, as well as the business context where the design

process is carried out.
Keywords

Chemical product design, formulated product, business, enterprise strategy, product design

methodology, company, consumer products, cosmetics, patents.

INTRODUCTION



The design of formulated consumer products is a major challenge in many industrial sectors from
both a technical and a business point of view 2. In that type of chemical products, properties are
conferred by a synergistic action of ingredients, composition, and production process. Thus, the
solution space contains multiple solutions >* considering the combinations of the three variables
mentioned previously. That large solution space should be reduced to satisfy not only the
expectations of consumers but also the requirements of other stakeholders, highlighting those of the
company where the product is designed °. In this sense, the product design process must be in line

with the business strategy and operations of the company where it is developed.

The design process of chemical products comprises (1) the study of consumer needs and their
translation into technical requirements, (2) the conceptualization of the product, the selection of raw
materials and suppliers, and (3) the establishment of environmental objectives, marketing
characteristics, sales, and distribution goals ®. It is a multi-objective and multi-stakeholder process,
which constitutes a major problem for enterprises because they must manage information and
knowledge related to the design variables throughout the whole product design and development

project ’.

Product design is an activity that normally occurs within a company, which can greatly limit or foster
the decisions made by the design team. Moreover, organizations or enterprises that incorporate
design as part of their activities have shown a positive effect on their business development and
evolution &, Despite the above, to the best of our knowledge the business context has not been fully
included in most of the chemical product design methodologies that have been proposed and
published. In general, most methodologies found in the literature have a weak connection to

consumer awareness and decisions in a business context °.

Some approaches have partially incorporated it. For example, Ng'° highlighted the relation between
business and chemical product design and proposed a framework for hierarchical decision-making
within a company. Nevertheless, that approach considered only large-sized enterprises, without the
analysis of user needs which is essential for consumer products, and the decision-making strategy

was based only on a financial return function. For their part, Fung et al. 1

proposed a product design
model comprising six sub-models: process, property, quality, cost, pricing, and economic model. They
pointed out the importance of some business elements, such as corporate strategy, marketing,
government policies, and regulations. However, these variables were not implemented in the case
study developed to illustrate the design process. Smith & Lerapepritou *? identified practical issues

that inhibit a connection between business decisions and chemical product design decisions. Among

these issues, they found a lack of (1) historical data for the interpretation of market needs and



preferences, (2) common variables and restrictions used to describe sustainability features, and (3)
restrictions imposed by new regulations. Finally, Heintz et al ! presented a methodology for product
design where the restrictions and rules posed by the strategic and tactical dimensions of the
company are brought together in the same common system language to set operational restrictions,
allowing the designer to introduce a common framework for sharing information across the

enterprise.

Given the above, this work presents a comprehensive bibliometric study of the existing chemical
product design methodologies, emphasizing the design phases defined, the product types addressed,
and the aspects related to the business context which is considered. The main objective is to identify
the aspects still not considered up to now and the research challenges of proposing a novel chemical
product design methodology within a company context. Some key aspects of this methodology can
also be incorporated in chemical engineers training, which may require developing new
competences, namely those related to customer needs comprehension, business and
interdisciplinary skills, to respond to the chemical product design problems. The review is structured
as follows: Section 2 presents the background explaining different product design methodologies and
the business context considered in this assessment. Section 3 explains in detail the methodology
applied to develop the bibliographic study. Section 4 presents the results of the analysis by classifying
the existing contributions into product type, design phase, and whether or not they present a
business approach. Finally, Section 5 identifies the main contributions and future challenges in the

research of chemical product design within companies.
BACKGROUND IN CHEMICAL PRODUCT DESIGN AND BUSINESS MODELS
Chemical product design

In the chemical industry, the design process is focused on obtaining either products, processes,
equipment, or production plants with specific characteristics. Chemical product design aims to define
a set of molecules, formulations, or devices to fulfill a set of requirements to satisfy customer needs
in a sustainable way considering external and internal restrictions 3. It also seeks to define how to
produce these products. Thus, in the current state of the art, chemical process design is a part of
chemical product design !#, the objective of which is to define a set of operations and process flow
diagrams allowing the engineer to design, construct, star-up, and operate a process plant where raw
materials are transformed into products that meet specifications in a sustainable way, considering
external and internal restrictions 3. During plant design, the design team produces a set of diagrams,

drawings, specifications, lists, and data sheets to perform the procurement, construction,



commissioning, and operation of a process plant in a sustainable way 3. The last two are well-known
design tasks that are highly studied by the academic community and applied daily by chemical
engineers. In contrast to them, chemical product design is a relatively new research field. Even

though there are several computer-aided methods and tools suitable for chemical-based product

15 16

design >, most of these have not yet been adapted to solve practical industrial problems
Moreover, given the wide diversity of products and their differences, one main theoretical question
of this study is to identify whether there is a generic chemical design methodology suitable for all
types of chemical products and, if this does not exist, then to determine the applicability and

limitations of the existing ones.

Cussler and Moggridge 7

established four types of chemical products: commodities, devices,
molecules, and micro-structures. Commodities (e.g. sulfuric acid, methanol, ethylene, etc.), are
generally described in terms of purity and market price; their design process seeks to improve
process conditions, the conversion and selectivity of chemical reactions, environmental factors, or

18, Devices (e.g. ozone generator, domestic water filter, mist humidifier,

energy integration
continuous positive airway pressure (CPAP) system, etc.) are miniaturized chemical processes
transferred to the end-user with operating and safety conditions defined by the application; their
design is based on the development of intellectual property and follows principles of chemical

processes and chemical reaction engineering °.

Molecules (e.g. ibuprofen, penicillin, tadalafil,
styrene) are pure chemical compounds usually associated with specific chemical or biological
functionalities. Their design process is related to the opportunity of their discovery; techniques such
as the group contribution (GC) and Quantity-Structure-Property-Relationship (QSPR) methods 202
are used to model and optimize them. Micro-structured chemicals (e.g., adhesives, coatings, films,
cosmetics, etc.) are characterized by their end-use properties, which must respond directly to the
consumer's needs. These properties are yielded by the synergy between their ingredients and the
manufacturing process, which together create a formulation with a microstructure and specific

characteristics and behavior.

Some other authors propose other classification systems, as shown in



Table 1, based on criteria such as product complexity, chemical nature, and application, among
others. All the classification systems presented are complementary, and other classifications are
possible. In this article, the classification system proposed by Cussler and Moggridge 7 is highlighted
because it connects the product with the key design stage(s) and the key design variable(s). In
addition, special attention is given to the micro-structured products because most end products
belong to this product type and their design involves the challenge of simultaneously considering
ingredients and the manufacturing process. For instance, in the work presented by Taifouris et al
this kind of product is addressed as part of the largest set of formulated products; elsewhere they are

listed in the classification of chemical specialties .



Table 1. Chemical product types in different classification systems

Classification criteria of chemical products

Chemical nature/micro-structure

Product
complexity

Application

e Coatings and sensors
e Process fluids
e Fertilizers and

;nl\;ki)lle;cnu;tses e Basic/functional | pesticides
. ... ) chemicals ¢ Food
Categories |® Commodities | e Devices .
of e o and e Devices e Structured e Healthcare
. . . e Molecules products e Skin protection
chemical e Devices functional . .
e Structures e Configured ¢ Dyes and pigments
products  |e Structures products consumer « Fragrances
e Formulate
d products products e Special separations
e Energy provider
e Reaction promotion
e Functional device
Reference %17 25 26 12 16

*Note: For the analysis of the publications, this classification of chemical products is applied.




Independently of the product classification system, clear and radical differences can be observed in
different chemical product categories, making difficult to propose a universal design methodology for
chemical products. Thus, different methodologies have been adapted to each specific product type,
selecting the most appropriate tools and solution strategies according to the design problem. This
review is focused on formulated chemical products, understanding that the design of formulated
products is highly dependent on the choice of ingredients and their manufacturing process.

Additionally, special attention is given to consumer products, as in the case of cosmetic ones.

17

Cussler and Moggridge */ proposed at least four phases for the design of formulated chemical

products:

e Identification of needs: understanding the needs of the client.
e Generation of ideas: generating product alternatives that satisfy those needs.
e |dea selection: selecting the most prominent alternative.

e Process design: carrying out its production.
The business model in methodologies for chemical product design

Recently, companies in the chemical sector have been moving from commodity to specialty
chemicals or even more differentiated products, such as consumer-driven products #’. This is the
result of new corporate strategies 7 that search for markets with high added value, responding to
new demands such as sustainable production and development of highly specialized products °. For
these products, design is based on decisions made by multidisciplinary teams, not always directly
related to the design activity 28, which interact within a corporate context. As part of the activities of
a company, product design projects are framed in the operation of business departments (such as
marketing, sales, research and development, production) or a team that makes up part of a larger
organization. Businesses are characterized by having operational (short-term) and tactical (medium-
term) objectives, which are aligned with the business strategy of the organization (long-terms goals
that mark the organization's expected future, connected in turn with the company mission, meaning

the company's raison d'étre, and vision, meaning the organization's future) %.

Decisions made within a design project, which is developed over a period of six months to two years,
are tactical and operational. They involve more than one business department, and they are made on
the one hand to satisfy the needs of customers and on the other hand to respond to other

stakeholders, involving the same company in which the project is carried out. Due to the above



factors, the product design process must be aligned with corporate strategies that transfer value and

differentiation to the products *°.

The decision-making during a design project, as well as the flow of information inside the company,
can be represented by a business model. Business models are useful for establishing or visualizing
how companies organize themselves to operate for value creation and delivery 3, an activity that is
strongly driven by innovation and design. Every company uses business models explicitly or implicitly,
and in them it is possible to evidence key design aspects such as customers' needs and clients'
financial potential, as well as the relationships with other stakeholders influencing the decision-
making process, among others 3*2, For instance, in the cosmetic sector some new trends, such as the
use of multifunctional products and the interest in organic products, demand an accelerated product
design, development, and launch 3. Assuming that a cosmetic company's tactical objective is to
respond to such trends with new products, the design process within that company must consider
the possibilities and constraints of developing new products (particularly in terms of time). In other
words, the company is the context where the design activity is developed, and the business model
represents the information and interrelations within the companies. In the particular case of
cosmetic products, companies face a highly competitive market environment that by the end of the
year 2018 reached approximately 200 billion, with a compound annual growth rate close to 5.5% and
a positive growth behavior over the last decade 3. Thus, the design processes applied by companies
must meet market demands in terms of trends, value promise, development time, and product costs

3 and offer new propositions at the same time.

One of the interests of this study is to identify the extent to which the chemical product design
methodologies have addressed the business context of an organization. Particular attention is given
to those methodologies in which information flows related to business strategies, such as the value

proposition, are evidenced.

LITERATURE REVIEW

A bibliometric analysis was carried out to identify the extent to which chemical product design has
been studied in a business context. The methodology used for developing the bibliometric analysis is
presented in Figure 1. It comprises three phases: research equation definition, first classification, and
deep analysis. The methodology was applied for two types of documents: scientific publications in

chemical product design and patents related to cosmetic products.
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Figure 1. Methodology for bibliometric analysis



For the analysis of scientific publications, in the phase of research equation definition, a scanning of
keywords was done using the Scopus search engine. The keywords and their combinations with more
results were used to compose the research question. The search was limited to journal articles,
conference papers, and reviews. The search period was restricted to the period from 1995 to August
2020. The search equation comprises the keywords “chemical products design” and “methodologies”
or similar in all search fields, as presented in Equation 1. The Boolean operator AND was used to
force the result to include all the equation parts, the operator OR was used to include at least one

option within the brackets, and wild cards like * to avoid issues with plurals or derived words.

Equation 1. Bibliometric search equation

method”*

"chemi® product™ develop™" OR
OR AND approach

"chemi” product* design" OR

decision making

For the second phase, the first classification, a screening was carried out. Those documents which
were repeated or inaccessible were eliminated from the list. Then, the abstracts were read and
sorted according to their relation to the topic studied. Three categories were established for this
classification: low, for those documents whose content is not of interest for this study; medium, for
papers that are related to product design in the chemical industry but not to design methodologies;
and high for papers that specifically deal with the development of chemical product design

methodologies.

For the phase of deep analysis, three sub-classifications were defined according to three criteria:
type of chemical product (commodities, molecules, devices, formulated), design phases considered in
the methodology (needs analysis, needs translation, alternatives proposition, selection, and process
design), and if there is a business approach (it was identified if elements of the business strategy or
activities conducted by a business context were considered within the proposed design

methodology).

In our final bibliometric phase, an analysis of patents related to the subject was carried out. In this
case the search was focused only on one application sector: cosmetic products, due to our interest in
methodologies developed for cosmetic products because they are an example of formulated
consumer products. Their design is a challenging research subject because it must be designed based
on customer needs, which are frequently subjective and difficult to translate. Additionally, in this

type of product the micro-structure partially defines product characteristics, and this requires a



simultaneous design of the product and the process. A more specific search equation was
implemented. Equation 2 shows the search terms applied to the cosmetic patents. For this search the

online tool PATENTSCOPE by WIPO (World Intellectual Property Organization) was used.
Equation 2 Patent search equation
(Cosmetic*AND design AND method™)

In this search, 336 patents were found to meet the criteria. Then, an analysis by title, abstract, and

proposal of the invention was performed.
RESULTS
SCIENTIFIC PUBLICATIONS

For the scientific publications (journal articles), 658 documents were selected after the redundant
and inaccessible documents were screened out. Subsequently, these documents were classified by
their relevance to this study, as high, medium, or low. A total of 257 documents were classified as

highly relevant, as shown in Figure 2.



Figure 2. Results of the first classification of documents in scientific journals according to relevance to

the subject



Only the high-relevance documents (257) were analyzed further.



Table 2 presents the results of this classification only for the publications related to the product type

Formulated Products (which comprises 126 publications).



Table 2. Publication summary regarding formulated chemical products.

Ref.

35
36
37
38
39
40
a
22
43
44
10
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
75
76
77
78

Product type
Com Mol Dev
X

X
X
X
X
X

For

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X

Nee
X

X X X X

X X X X

Design phase
Tra Alt Sel
X X X
X
X
X X
X X X
X X
X
X X
X
X
X X
X
X
X
X
X
X
X
X X
X
X X
X
X
X
X
X
X
X X
X
X
X
X
X X
X
X X
X X
X X
X
X
X
X
X
X

Pro

Business
approach
Stru Stra

Sector

Cos.
Pha.
Un.
Pha.
Un.
un.
Pol.
Cos.
Pol.
Cos.
Un.
Un.
Pha.
Cos.
Un.
Food.
Un.
Food.
Pha.
Food.
Pha.
Food.
Cos.
Cos.
Ink.
Cos.
Pha.
Hom.
Hom.
Ink.
Pha.
Food.
Cos.
Food.
uUn.
Cos.
Ink.
Cos.
Ink.
un.
Cos.
Ink.
Cos.
Ink.
Ink.
Ink.




Ref.

79
80

81

82
83
83
84
85
86
87
88
89
90
91
92
93
94
95
18
96
97
98
99
100
101
102
103
104
105
106
11
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122

Product type
Com Mol Dev
X
X

X
X X
X
X
X
X
X X
X
X X

For

x

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X

Nee
X

X X X X

Design phase
Tra Alt Sel
X X
X
X
X
X
X

X X
X X
X X
X X
X X
X X
X X
X
X X
X X
X X
X X
X X
X X
X X
X X
X X X
X X X
X
X X
X X
X X
X X
X X
X X
X X X
X X
X X X
X X
X X
X
X X
X X
X X
X X
X X
X
X
X
X X X
X X
X

Pro
X

Business
approach
Stru Stra

X
X X
X
X
X X
X

X

Sector

Hom.
un.
Hom.
Ink.
Ink.
Ink.
Ink.
Cos.
Ink.
Ink.
Cos.
Pha.
Ink.
Cos.
Ink.
Pol.
Cos.
Ink.
Ink.
Ink.
Ink.
Hom.
Pol.
Pol.
Food.
Ink.
Ink.
Ink.
Ink.
Ink.
Food.
Ink.
Ink.
un.
Ink.
Ink.
Ink.
Pol.
Ink.
Ink.
uUn.
Hom.
Pol.
Ink.
Hom.
Ink.
Cos.
Ink.
Food.




Ref. Product type Design phase Business Sector
approach
Com Mol Dev For Nee Tra Alt Sel Pro Stru  Stra

X Food.
Cos.
Ink.
Pol.
X Cos.
Cos.
Ink.
Cos.
X X X Ink.
Ink.

un.

Ink.

Ink.

X Hom.

Pol.

X Food.
Pol.

Ink.

X Cos.

Ink.

uUn.

X Ink.
X X Pha.

Ink.

X X X Ink.
Hom.

Cos.

Ink.

Ink.

Cos.

X Ink.

123

x

X

x

124
125
126
26

127

X X X X

128

X X X X X X X
x
x

129

x
x

130

X X X X X X X X

131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146

xX X X X
x
X X X X X X X X X X X X X X X X

147
148
149
150
151

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X

X X X X X X X X X X X X X X X X X X X X X X X

152 X

(Product types: Com. = commodities, Mol. = molecules, Dev. = devices, For. = formulated. Design
phase: Nee. = need analysis, Tra. = needs translation, Alt. = alternatives proposition, Sel. = selection,
Pro. = process design. Business approach: Stru. = business unit structure, Stra. = business strategy.
Application: Cos. = cosmetics, Pha. = pharmaceuticals, Pol. = polymers and materials, Food. = food

industry, Hom. = homecare, Ink. = solvents-fluids-paints-inks, Un. = unspecified)



Figure 3 shows over time the upward trend of the scientific journal publications in the category of
high relevance. Around 50% of the documents were produced in the last six years, which shows there
is recent and increasing interest in researching chemical product design methodologies, notably

those articles applicable to integrated and multiscale product design as presented in 137142143153,
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Figure 3. Evolution of publications in scientific journals concerning chemical product design methods

for highly relevant documents



Product types

Of the 257 publications in the high-relevance category, 206 can be analyzed under our analysis
methodology. The remaining 51 papers are reviews and state of the art related to the topic
documents, as well as articles from industrial and academic perspectives. Figure 4 shows the results
of the classification according to the chemical product type (commodities, molecules, devices,
formulated). It was found that 183 documents (89%) focus on a single product type, remarkably
formulated products, and molecules, with 104 and 61 documents, respectively. Twenty publications
(10%) correspond to two product types, and three to three product types (1%). In the case of
formulated products, many of the methodologies consider an interdisciplinary approach, where
aspects such as product properties, marketing, costs, management, and process design are combined
or at least mentioned when presenting a design methodology 137:142143153  Formulated products are
frequently found in the consumer market, thus the inclusion of multiple variables and the application

of interdisciplinary knowledge is necessary for their design 39122123,

Regarding the articles that only mention the product type Molecules, the extensive use of tools for
computer-aided molecular design (CAMD) is evident. These tools aim to define molecules or their

mixtures with a specific performance using properties prediction models **. CAMD tools are widely

155,156 157

used for the design of different applications, such as solvents and pharmaceuticals **’. In
relation to those documents considering two or more types of products, a general interest in
integrated methodologies is presented. An example of these is the grand model for chemical product
design 11, which develops a framework containing methods, tools, databases, and procedures for the

design of molecules, formulated products, devices, and functional products.
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Figure 4. Classification of the documents retrieved from the bibliographic analysis and classified as
highly relevant by type of chemical product mentioned in the methodology (Comm. = commodities,

Mol. = molecules, Dev. = devices, For. = formulated)



An upward trend in the research output related to chemical product design methodologies may be
highlighted in recent years. Figure 5 shows the cumulated mentions of each product type (including
mentions of those documents which refer to more than one type of product): formulated (126),
molecules (78), commodities (19), and devices (9). It is worth noting that in the evolution by product
type, there is a marked interest in formulated products for the perspectives of product design in

chemical engineering., as remarked by some authors 2°,
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Design phase

Figure 6 presents the publications classified by the design phases addressed in each document. The
most frequently studied are the combination of the alternatives proposition and alternatives
selection phases. For this group, there are 94 publications (44%). This shows that most product
design methodologies focus on design problem solving by proposing a series of possible alternatives
and subsequently assessing and ranking them according to their response to the design
requirements. For example, in the approach presented by Jonuzaj et al. 1%, a CAMD framework was
applied in parallel with an optimization strategy. The framework enabled the proposition and
selection of the best options according to target properties. The second most repeated combination
is the one that includes the phases of needs analysis, alternatives proposition, and alternatives
selection, with 24 publications (11%). These publications correspond to the methodologies
addressing both problem definition and problem solving, where the customer needs become an
important constraint for the design %2212, product design methodologies that include the process
design phase are not commonly found in the documents despite the importance of the topic,
especially for formulated products 3. In total (including mentions of those documents which refer to
more than one design phase) there are 34 mentions of the process design phase in relation to
chemical product design within the reviewed articles. This is a relatively low number compared to the
phases of alternatives proposition (178 mentions) and alternatives selection (179 mentions).
concerning the phases of needs analysis and needs translation, researches are beginning to study
them, with 58 mentions of the first and 20 of the second, but not sufficiently, overall considering that

most formulated products are consumer products.
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The integration of business approach in chemical product design

Figure 7 presents articles classified by product type and business approach. Articles containing a
business approach are those which mention variables related to the company, its structure and
functioning, e.g., articles that consider financial, marketing, production, and management aspects,
among others. Figure 7 also presents publications that in addition to the business approach also
consider the business strategy of the company where the methodology is applied, i.e.,the value
proposition is reflected in the design process, then the decision-making process is based on a
business strategy. As presented in Figure 7, the business approach is rarely applied in chemical
product design methodologies. Only 43 of the 257 publications reviewed (17%) take this aspect into
account. It is noteworthy that the design methodologies which are classified as having a business
approach currently integrate into their design process some variables related to the financial *° or
marketing aspects *’. As highlighted in Figure 7, the methodologies for formulated products pay
more attention to the business context in comparison to other product types. Companies' interest in
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formulated products is used as a way to get into higher value-added markets Design

methodologies that integrate business elements into their decision-making process seem to present

2 and government

holistic visions. They embrace additional dimensions such as supply chains
policies . In the publications where the design methodologies also integrate the business strategy
(12 articles), the notion of an internal organizational structure appears '1*, This notion is key to a

design process that distinguishes operational, tactical, and strategic decisions.
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Figure 7. Classification of scientific journal documents by enterprise approach according to product

type (Comm. = commodities, Mol. = molecules, Dev. = devices, For. = formulated)



Publications that mention formulated products were classified by industrial sector, as shown in
Figure 8. The majority of the products developed in the documents reviewed correspond to
applications of the type used in the business-to-business market, such as paints 3! or inks 1% (50
articles out of 126). Generally, for that kind of product, specifications are well defined in technical
terms, which is the reason why they may be preferred for validating design methodologies focused
on alternatives proposition and selection. Moreover, regulations are more precise in these domains.
Second-ranked products are cosmetics, with 25 publications out of 126. The methodologies
concerning this industry pose a major challenge because it needs to be taken into account that the

final properties of the products must respond to customer needs *°.



Documents
N w iy Ul (o)}
o o o o o

(=]

1 . . I
: H B
Pha. Hom. Un.

Cos. Ink. Food. Pol.

Figure 8. Formulated products classified by industrial application for the scientific journal documents
(Cos. = cosmetics, Pha. = pharmaceuticals, Pol. = polymers and materials, Food. = food industry, Hom.

= homecare, Ink. = solvents-fluids-paints-inks, Un. = unspecified)



PATENTS

Given the nature of the patents, the analysis procedure could not be carried out in the same way as
before. Figure 9 shows the four categories identified in the analysis of patents: new product; new

process; packaging or applicators; and product customization.

The patents show the recent developments in the industry, the interest in them, and the
opportunities for innovation. Most of the patents correspond to the design of new products (44%)
and processes (18%), which are the same aspects addressed in the design methodologies proposed
by the academy. Interestingly, there are several patents in the packaging (11%), which, although not
the majority, is significant. Packaging is an aspect that is completely disregarded in the
methodologies reviewed, but it seems to be important in industrial practices. A methodology
considering the simultaneous design of the product itself and its packaging may be an interesting
research study with a direct application in the industry context. Such a methodology should consider
how the company develops its design projects, how it is organized, and how information is shared
between design actors. Moreover, Figure 9 also shows the existence of patents for customization
(7%), a trend requiring high design capacity and innovation capability, specific forms of organization,
and flexible working methods within the companies. For example, some invention patents
correspond to a methodology for the product individualization of Shiseido '8, a large Japanese
cosmetics company where devices are proposed to evaluate sensory needs and algorithms are
implemented to recommend product alternatives according to the expectations and requirements of

the user.
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Figure 9. Percentage of documents in patent form by category



DISCUSSION AND PERSPECTIVES

Based on the previous bibliographic analysis, it is possible to identify the research directions explored
until now within the field of Chemical Product Design. Figure 5 shows an evolution of the subject,
where it is possible to evidence the increasing, and relatively recent interest in developing design
methodologies specially for molecules and formulated products. Most of the published
methodologies for both types of products apply a reverse design approach (to go from the properties
or product specifications to the product). In that approach, product alternatives are generated with
computer-aided methods based on thermodynamic modeling of properties, and best alternatives are
subsequently selected, with consideration for dissimilar constraints through Mixed-Integer Nonlinear
Programming algorithms®3%'>® | These methodologies have the same vision as those traditionally
developed for process design in chemical engineering, where thermodynamics and transport

phenomena have been the guiding thread.

Additionally, it has been widely accepted that chemical product design requires a multidisciplinary
and multiscale approach. Product functional properties are determined at the nano- and micro-scales
180 the production process is defined at the meso- and macro-scales ®%, and product interactions
with the users, the company, other stakeholders, and the environment occur at the mega-scale 2,
Thus, the design of products requires the inclusion of multiple aspects, such as thermodynamics,
marketing, customer needs, business organization, sustainability, territoriality, and the supply chain,

among others.

According to the bibliographic analysis, some proposals for product design methodologies are
beginning to move slowly beyond the physicochemical reality of the product toward a
multidisciplinary view of it, which includes the consideration of aspects such as customer needs and
the business context. Customer needs connect the product with the reality of its use; while the
business context refers to the interrelation of the product with the company and thus with the
background in which it is developed by a design team. Some recent methodologies include business,
marketing, and environmental issues. For example, there are design methodologies that include
financial and marketing models in global product design approaches such as those proposed by
and 1%, among others. Though some interest in this direction, the number of publications including
the business context within their design methodologies is still low (17%), which partly explains the
difficulty of adapting the proposed product design methodologies to solve practical industrial
problems . This is similar in the case of the inclusion of user needs in the published methodologies:

only 22% of them consider the phases of customer need analysis and 8% of them the phase of



customer needs translation. In these two stages the concept of the product is created and many

decisions affecting the result are made.

In conclusion, concerning the aspects of business approach and customer needs, it became evident
that there is currently no methodology that explores them in their full depth, at least in the case of
formulated products. While most of the chemical design methodologies consider all or part of the
design phases proposed by Cussler Y7, only a small portion of these methodologies consider that
corporate strategy influences the decision-making process. On the one hand, works that include
hierarchical methodologies for companies' decision-making regarding the design of formulated
chemical products were found 3%, On the other hand, multiple studies summarize their approaches
to company decision-making based on a product cost function %23, Thus, the need for a common
basis for chemical product design within a business context is visible. Such a basis would compile,
among other things, technical aspects of the product, its properties conferred by its formulation, the

needs of users and other stakeholders, and the development of business units. In addition, other
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aspects, such as the supply chain *2 and government polices %%, which are useful as facilitators
and/or constraints in the early stages of product design, should also be considered. In addition, the
training of future chemical product designers must also include the development of interdisciplinary
and business skills to allow them to be more context-aware, flexible and creative to meet today's

product design challenges.

Finally, it is worth to highlight that the context where the design process takes place should be
included in the new methodologies proposed for the design of formulated chemical products,
because companies that develop that task must manage a complex challenge. To success in that
challenge, the interdisciplinary team of the company involved in the design must work to solve
technological, financial, economic, environmental, and social issues through the development of
individual and collective tasks. In addition, each decision made by the interdisciplinary team, i. e. the
selection of ingredients of the products and the simultaneous definition of the production process
stages and operation conditions, the design of the container and the product visual identity, among
many other, will have direct impact in other activities developed by other different business units of
the company, impacting the value creation for the company and other stakeholders. Thus, the
product design process is beyond just technical and economic issues and must be in tight
concordance with the strategic goals of the company and its ecosystem (context, resources, etc), as
well as aligned with the needs of the customers and actors outside the company but involved with
the product being designed. For such reasons, each product design project must be adjusted to the

company where it is developed, considering its business model and resources.



CONCLUSION

In this paper, a systematic literature review of product design methodologies regarding business
considerations was performed through the analysis of 257 research documents. It includes a general
mapping of methodologies for chemical product design, with consideration given to the type of
chemical products addressed, the design phases developed, and how widely the existing
methodologies include business aspects. From these results, it became evident that there is
significant interest in the development of design methodologies that address the above-mentioned
category of formulated products. Regarding the product design phases that the analyzed
methodologies entail, there is significant demand for the development of design processes that
integrate needs analysis as a fundamental basis for design, as well as completely integrated
methodologies. In general, it is observed that in the methodologies analyzed, there is a lack of
approaches that include a business-based context in their design process. Finally, it is also highlighted
that interdisciplinary skills are required when executing a chemical product design project, which

should therefore be viewed as an issue of increasing importance in the training of professionals.
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