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a  b  s  t  r  a  c  t

Engineering  design  (ED)  is  the  process  of solving  technical  problems  within  requirements  and  constraints
to  create  new  artifacts.  Data  science  (DS)  is the  inter-disciplinary  field  that  uses  computational  systems
to  extract  knowledge  from  structured  and unstructured  data.  The  synergies  between  these  two  fields
have  a  long  story  and  throughout  the past decades,  ED  has  increasingly  benefited  from  an  integration
with  DS.

We  present  a literature  review  at the  intersection  between  ED  and  DS,  identifying  the  tools,  algorithms
and  data  sources  that  show  the  most  potential  in  contributing  to ED,  and  identifying  a  set  of challenges
that  future  data  scientists  and  designers  should  tackle,  to maximize  the  potential  of DS  in  supporting  effec-
tive and  efficient  designs.  A rigorous  scoping  review  approach  has  been  supported  by  Natural  Language
Processing  techniques,  in order  to  offer a review  of research  across  two fuzzy-confining  disciplines.

The paper  identifies  challenges  related  to  the  two  fields  of  research  and  to their  interfaces.  The  main
gaps  in  the  literature  revolve  around  the adaptation  of computational  techniques  to be  applied  in the

peculiar  context  of design,  the identification  of  data  sources  to boost  design  research  and  a  proper  fea-
turization  of this  data. The  challenges  have  been  classified  considering  their  impacts  on ED phases  and
applicability  of  DS  methods,  giving  a  map  for future  research  across  the  fields.  The  scoping  review  shows
that  to fully  take  advantage  of  DS  tools  there  must  be  an  increase  in the  collaboration  between  design
practitioners  and researchers  in  order  to  open  new  data  driven  opportunities.

© 2021  The  Authors.  Published  by Elsevier  B.V. This  is an  open  access  article  under  the CC  BY-NC-ND
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1. Introduction

Engineering Design (ED) can be defined as the process of solving
technical problems within requirements and constraints to create
new products (Pahl et al., 2007). It is an activity that combines both
analytical and creative skills, which make it essentially a social
endeavor, where participants from different backgrounds must
exchange knowledge and information, negotiate, and reach viable
compromises (Carleton and Leifer, 2009; De Toni and Nassimbeni,
2001; Hill et al., 2001). Recently, ED has been increasingly inte-
grated with Data Science (DS) methodologies that are attempting to
solve some of the challenges faced by modern designers. This article
therefore analyses in depth the developments at the intersection
between these two literature domains.
The discipline of ED has undergone several changes in the past
decades, which have preceded or followed advances in manu-
facturing capabilities. In the 1960s, ED was mainly focused on
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ombining systems design, product design, mechanical analysis
nd mechanisms design, and design components, while traditional
anufacturing relied on manual machinery and the concept of spe-

ialization and mass production. In this period, important steps
ere taken by researchers in the fields of quality control and value

nalysis (Miles, 2015).
By the 1970s, new concepts such as learning-by-doing, proto-

yping, and testing rose to the fore. In the late 1970s two important
ournals related to both ED and Information and Communication
echnologies emerged, i.e. Design Studies and Computers in Industry.

The 1980s saw the rise of mechatronics, combining notions
f mechanical design with electrical engineering and computer
rogramming, setting the first premise for the combination of
esign and Big Data (Carleton and Leifer, 2009). According to De
auro et al. (2015: 103) “Big Data is the Information asset char-

cterized by such a High Volume, Velocity and Variety to require
pecific Technology and Analytical Methods for its transforma-

ion into Value” and the combination of engineering and computer
rogramming was a necessary step in developing the appropri-
te analytical methods for this revolution. Among these analytical
ethods, a prominent role was  carved out for Artificial Intelligence
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(AI), that “applies advanced analysis and logic-based techniques,
including machine learning, to interpret events, support and auto-
mate decisions, and take actions” (Gartner, 2018). Indeed, in the
same period, the journals Research in Engineering Design, Journal of
Engineering and Artificial Intelligence for Engineering Design, Analy-
sis and Manufacturing (AIEDAM) emerged. The latter is of particular
interest for the present review, since it publishes works about sig-
nificant AI theory and applications based on the most up-to-date
research in all branches and phases of engineering (Pahl et al.,
2007).

In the early 1990s, the instrumentation of the design process fol-
lowed, which enabled more efficient benchmarking and redesign,
coupled with the transition from traditional manufacturing to
agile manufacturing that benefits from product modularity and
the possibility to rapidly reconfigure production activities (Kusiak
and Huang, 1996; Carleton and Leifer, 2009). Following the first
steps in systematization taken in the 1980s, the 1990s started
with the emergence of two important frameworks for ED: Func-
tion, Behaviour, Structure (FBS) theory (Umeda et al., 1990) and
Axiomatic Design (Suh and Suh, 1990). In the second half of this
decade also another important theory that attempts to system-
atize the ED process emerged, i.e. the Concept Knowledge-Theory
(Hatchuel, 1996).

Through the beginning of this century, the inputs to the design
process were expanded, with a stronger focus on customer require-
ments and the development of techniques such as Design Thinking
(Goel and Shu, 2015). A stronger product and service personaliza-
tion was advocated, reaching out to lead users to gain valuable
inputs (Von Hippel, 1989), which led towards the trend of mass
customization (Jiao and Zhang, 2005) and a larger focus on the
management of complexity (Lindemann et al., 2008). In the same
period, an interesting stream of publications started to study the
use of external lexical sources (e.g. Wordnet, Wikipedia) in order
to improve creativity and avoid fixation in the context of ED (Linsey
et al., 2012).

Nowadays, design is recognized as a key element of the innova-
tion process at-large, with a strong integration also with the domain
of technology foresight (Anderson, 1997). Despite its long history,
only in recent years has data-driven design become more promi-
nent thanks to the recent developments in AI, focusing on the use
of data coming from different design-related sources in order to
make the design process more effective (Kusiak and Salustri, 2007).
Furthermore, the influences of new societal challenges must be
considered. As macro-trends such as climate change, population
aging and pandemic phenomena become more prominent, new
constraints are being placed upon design efforts such as sustain-
ability and overall value (Iandoli et al., 2007; Isaksson et al., 2015;
Umeda et al., 2012), positive social impact (Levine et al., 2016),
product design’s relationship to specific business models (Urbinati
et al., 2018) or new design challenges in the post COVID-19 era
(Fiorineschi et al., 2020).

With increased competition, and an increase in the digitaliza-
tion of manufacturing, coupled with new methodologies to collect
data on product characteristics, product performance and customer
requirements, ED is often accompanied by big data (Wang and
Alexander, 2015), the proper use of which can increase the effi-
ciency of design processes, for example by detecting design defects,
processing customer requirements, and increasing customer sat-
isfaction (Gorgoglione et al., 2018; Wu et al., 2015). Design data
is by nature multi-disciplinary, multi-dimensional and non-linear,
(Romanowski et al., 2006) and it would be limiting to only consider
its interaction with big data or machine learning. For this reason,

we consider the broader field of DS, also considering that we  are
seeing an increase in the application of DS methods to ED and an
increase in their sophistication.
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DS bridges computer science, statistics, and domain knowl-
dge to uncover the potential concealed in data. It is a growing
eld, and it is having an impact on several domains, including
D. In fact, DS is changing the way  organizations are designing
heir products and is re-shaping the approaches adopted to han-
le data during the ED process. While using data-driven scientific
ethods to test new products in medicine, engineering, defense,

nd other safety-critical systems is common practice, using these
ethods in the design of consumer products is a relatively recent

henomenon.
In contrast to a large practical adoption of DS tools in ED, there

s a lack of attention on the intersection between these two fields
n the academic literature. In particular, no scientific framework
xists to guide researchers interested in designing DS tools specif-
cally for the ED process according to its peculiarities. Therefore,
here is no theoretical foundation that allows for objective reason-
ng around the application of DS in the ED process. Furthermore,
oth DS and ED are complex fields by nature. They involve many
ub-fields: engineering, computer sciences, social sciences, statis-
ics, psychology and economics, to name a few. This makes it hard
o understand their evolution and their intersections over time.

This article aims to highlight these gaps by providing a compre-
ensive Scoping Review of the literature on DS applications in the
D domain using both qualitative and quantitative approaches. It
ocuses on:

 - the different ED phases and overarching processes that DS can
serve: the ED process can be broken down into a series of
phases that have different objectives. Indeed, it often starts with
the collection of requirements from customers, followed by a
period of creative thinking, and finally a further refinement and
selection of ideas, prototypes, and solutions;

 - the DS methodologies that have been applied in an ED setting:
each ED phase, because of its different objectives, methodolo-
gies, and settings, can benefit from different DS methodologies
that may  be, to a varying degree, appropriate to tackle the issues
or inefficiencies that ED professionals face in each phase.

The remainder of the paper is organized as follows. Section
 illustrates the research methodology adopted for our Scoping
eview. Section 3 presents our findings from the literature, rel-
tive to the main phases of ED and the main DS methodologies.
ection 4 synthesizes the main themes and challenges, present-
ng the research gaps that should be addressed in further studies.
inally, Section 5 concludes.

. Approach

In the context of multidisciplinary research, literature reviews
re of particular interest, given their aim to provide a clear pic-
ure of existing knowledge and to support the research path for
esearchers from different backgrounds. Considering the novelty
nd the evolving rate of ED and DS, we decided to use a scoping
eview (Munn et al., 2018). A scoping review follows a structured
pproach in order to determine the coverage of a body of a field
f study, indicating, among the other things, the volume of litera-
ure available in the field, its focus, how research is conducted, and
hich are the main gaps (Armstrong et al., 2011).

Following slightly modified version of a well-known framework
n the context of scoping reviews (Arksey and O’Malley, 2005) the

pproach we  used in order to map  literature in the intersection
etween ED and DS is the following:

Stage 1 - identifying the research question: defining which aspects
f the research question are particularly important.
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Stage 2 - searching and extracting relevant scientific papers:
retrieving primary studies suitable for answering the central
research question.

Stage 3 - study selection: analyzing the articles retrieved in stage
2 in order to eliminate studies that did not address our central
research question; we used our expertise in Natural Language Pro-
cessing in order to make this phase more efficient, effective and
reproducible.

Stage 4 - charting the data: synthesizing and interpreting the data
filtered in stage 3 according to key issues and themes.

Stage 5 - summarizing and reporting: presenting our findings
using both qualitative and quantitative evidence.

The five stages are described in further detail in the next sec-
tions.

2.1. Identifying the research question

The research question of the present review has been chosen to
guide the strategies to build the knowledge base to analyze. Our
research question is:

What does scientific literature tell us about the usage of Data Sci-
ence tools in the context of Engineering Design?

We  were aware that both ED and DS are ill-defined fields. We
thus had to determine what phases of ED and what methodologies
of DS were to be included in the review.

Different choices regarding the definition of the phases of ED
and methodologies of DS are important for a proper scoping study.
Vague definitions of ED and DS might make the review prone to
introducing out-of-scope papers or to a too narrow focus. Following
guidelines (Arksey & O’Malley, 2005), in stage 2 we  maintained a
wide approach in order to generate breadth of coverage. In stage
3, after having some sense of the volume and general scope of the
field, we took decisions about how to properly filter bibliographic
references. This has led to the identification of several meta-themes
on which we can break down the main research questions. The
meta themes are introduced in Subsection 2.3 and will be used to
structure the discussion in Section 4.

2.2. Searching and extracting relevant scientific papers

The goal of this stage was to identify and collect articles that
discuss Engineering Design. Two approaches were used, combining
a recall-oriented and a precision-oriented one.

First, we collected all the scientific papers (journal and confer-
ence papers), published between 2000 and 2020 and containing
the string “engineering design” in the title, abstract or keywords.
We decided to use the Scopus database. This approach, executed in
July 2020, led to the collection of 24,631 scientific papers. Consid-
ering the research question stated in Section 2.1, this set has a high
recall, since it contains all the papers in the context of ED that use
DS Tools, but also many papers in the same context that make no
use of any of these tools.

Next, we collected all the scientific papers in the Scopus
database, published between 2000 and 2020 and containing the
string “design” in the name of the source (the name of the journal
that published the study or the conference in which the study was
presented) and containing in the title, abstract or keywords one
of the following strings: “data science”, “data analysis“, “statistical
analysis” or “artificial intelligence”.

Finally, we  merged the results and after removing the dupli-
cated papers (scientific papers extracted with both approaches)
we had a set of 25,620 articles. From this set, we selected only

papers belonging to journals and conferences in the fields of Engi-
neering, Computer Science, Business, Management and Accounting,
Decision Sciences and Multidisciplinary (according to the ASJC clas-
sification), obtaining 20,766 documents.
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The search was constrained to the last 20 years since even if
S has sub-fields, such as AI, that have roots in the early 1960s

Minsky, 1961), the specific field has emerged only in the early
000s (Cleveland, 2001).

.3. Study selection

The strategy pursued in stage 2 intentionally picked up a large
umber of papers, many of which potentially irrelevant for the
coping study. Design is a generic term used also in other fields
ith respect to engineering design (e.g., computer science, phar-
aceutical design, drug design, lighting design). Even if some of

hese disciplines can bring interesting approaches to the discus-
ion, the aim of stage 3 is to define the terminology for a correct
cope, considering the research question stated in Section 2.1. In
ther terms, we needed an approach to eliminate studies that did
ot address our central research question.

The inclusion criteria used in our scoping study took into
ccount:

 the ED phases addressed in the paper
 the DS tools used in the paper

After creating two  lexicons of terms for the two criteria, the
exicons were used in order to filter the papers, i.e. only the papers
ontaining at least one term for each lexicon (in the title, abstract
r keywords) were considered.

Out of our original 20,766 references, 1024 were selected for
tage 4. Sections 2.3.1 and 2.3.2 illustrate in greater detail the
pproach we followed in order to define the lexicons. It is impor-
ant to stress here that the lexicons added a strong value to the
resent scoping review, since they have not only been used to filter
he papers but also helped to segmented them into sub-topics and
o guide the analysis that led to the results shown in Section 4.

.3.1. Engineering design lexicon
A lexicon is a repertoire of words belonging to a specific seman-

ic domain. It is an important linguistic resource needed for both
hallow and deep language processing (Tjoa and Berger, 1993).
learly defining a lexicon in the Engineering Design field is a known
roblem (Messac and Chen, 2000). Furthermore, for the present
tudy we need to connect each word of the lexicon to a specific ED
hase. In order to do so, we used a two-step (top-down, bottom-up)
pproach:

 Step 1: we revised the most important books in the field of ED,
identifying the main phases in the ED process.

 Step 2: for each phase, we manually collected a set of words and
multi-words, then used Natural Language Processing techniques
to expand the lexicon.

During step 1 the following ED books were taken in considera-
ion:

 Engineering design: a systematic approach (Pahl et al., 2007)
 Engineering design (Dieter and Schmidt, 2009)
 Product design and development (Ulrich, 2003)
 Engineering design process (Haik et al., 2018).

Since there is no common definition of the ED phases (Pahl et al.,
007), two authors independently identified 4 main ED phases,

ommon to all the authors above. Furthermore, together with these
ertical phases, we  also identified horizontal phases (i.e. groups of
ctivities that have a potential impact on every phase of the Engi-
eering Design process). The results are summarized in Table 1,
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Table  1
Number of papers in each ED phase that contains at least one entry in the DS Lexicon.

Design Phase Number of Papers % of Papers

1 - Problem Definition 157 15,33 %
2  - Conceptual Design 208 20,31 %
3  - Embodiment Design 382 37,30 %
4  - Detailed Design 125 12,21 %
Design Education 579 56,54 %
Design for X 24 2,34 %
Innovation & IP Management 325 31,74 %

Table 2
Number and Percentage of papers citing Data Science methods.

Methods N. of Papers % of Papers

evolutionary algorithm 331 58,2 %
artificial neural networks 127 22,3 %
regression analysis 106 18,6 %
optimization algorithms 52 9,1 %
linear classifier 42 7,4 %
ensemble learning 22 3,9 %
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Project Management 163 15,92 %
Prototyping 118 11,52 %
Sustainability 47 4,59 %

Appendix A. Each identified phase will be described in greater detail
in Section 4, considering each connected meta-theme.

During step 2, we revised the chapters of the selected books
related to each phase and collected a preliminary lexicon of
84 words. We  then used a word2vec approach based on Glove
(Pennington et al., 2014) to find similar words and n-grams (a
contiguous sequence of n words) contained in the articles under
analysis. For each entry of the lexicon, we extracted the top-30
similar words in terms of cosine similarity, and manually selected
the relevant ones. Thanks to this step we produced a lexicon of 334
words. For each word we kept the information regarding the relat-
edness to a given ED phase. The table that summarizes the selected
ED phases with some exemplary entries of the network is shown
in Table A1, Appendix A.

2.3.2. Data science lexicon
For this lexicon, our goal was to collect a list of DS techniques.

Since DS has many broad sub-fields (e.g. machine learning, statis-
tics, big data, data visualization) we used a similar approach to the
one described in Section 2.3.1, mixing a top-down and a bottom up
approach:

- Step 1: we collected a set of DS related lexicons available online,
- Step 2: we used Natural Language Processing techniques to

expand the lexicons.

For step 1, we collected the following publicly available lexicons:

- The Machine Learning vocabulary developed by Google1

- The Glossary of common Machine Learning, Statistics and Data
Science terms by Analytics Vidhya2

- Data Science Glossary by Kaggle3

- The Outline on Machine Learning by Wikipedia4

We  merged these sources, manually revised them and after
removing duplicates we  obtained a list of 223 entries. We  then
used a word2vec approach based on Glove (Pennington et al., 2014)
to find similar words and n-grams contained in the articles under
analysis. For each entry of the lexicon, we extracted the top-30 sim-
ilar words in terms of cosine similarity, and manually selected the
relevant ones. Thanks to this step we finally have a lexicon of 514
words.

These words were manually classified by the authors into 22

classes as shown in Table B1 (Appendix B). The classes have been
defined with the double aim of having a broad view of data science
methods and algorithms and to cover the 10 specific meta-themes

1 https://developers.google.com/machine-learning/glossary.
2 https://www.analyticsvidhya.com/glossary-of-common-statistics-and-

machine-learning-terms/.
3 https://www.kaggle.com/shivamb/data-science-glossary-on-kaggle.
4 https://en.wikipedia.org/wiki/Outline of machine learning.
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bayesian methods 15 2,6 %
decision tree algorithms 14 2,5 %

hat will be discussed in greater detail in Section 4. Table 2 Appendix
 shows, for each class, a sample of entries and the meta-theme to
hich the group of classes will answer.

.4. Charting the data

Following this, we  implemented a charting phase, where data
ere collected in a database using the statistical software RStudio

RStudio Team, 2020). The database is composed of 1024 scientific
apers and has the following structure:

Reference Number
Scopus ID
Authors
Year of Publication
Name of the Journal or of the Conference
Title
Paper type (Journal or conference paper)
Number of Citations
Lexicon Type
Entry
ED Lexicon Class
DS Lexicon Class

The database is shared in a spreadsheet in the data set associated
ith this paper (see section Dataset).

.5. Summarizing and reporting the results

In this final phase of the review, attention was given to the
eading of a sub-set of the papers and to a numerical analysis
f the extent, nature and distribution of the whole corpus. We
ocused both on single dimensions of the analysis (i.e. ED phases
nd DS methods) and on the intersections between the dimensions
n order to identify research themes and open challenges in the
ridge between ED and DS.

Concerning ED, we  described in greater detail the phases iden-
ified in Section 2.3.1 through an in-depth analysis of the works
elonging to each meta-theme connected to each of these phases.
or the DS tools, we listed 10 meta-themes, using the classification
eveloped in the DS lexicon (see Section 2.3.2). In order to do that,
or each phase of ED and for each class of DS methods the read-
ng list was  made of the top-5 articles in terms of citations and the

 most recent articles in terms of year of publication (around 200
apers identified). In addition, key papers that were not in the set
papers that are becoming central for a particular theme but not yet
n the top-5) have also been identified and added to the reading list.
he authors read the papers considering their expertise and back-
round. The papers cited in Section 3 were chosen from the reading
ist in order to better explain each theme. Again, for a full list of the

nalyzed documents the reader can refer to the database shared in
he dataset associated with this paper (see section Dataset).

To obtain a more quantitative view of the intersection between
he dimensions, we  used both lexicons to generate co-occurrence
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matrices. A co-occurrence matrix is used in Natural Language Pro-
cessing to synthetize the strength of relations between two sets
of words. The matrix has on the rows the first set of words (in
our case DS methods) and on the columns the second set of words
(ED phases). Intersections between the rows and columns contain
the number of times that elements belonging to the two classes
of words appear together in the same articles (abstract, title, key-
word). These matrices were then discussed by the authors, in order
to identify two  phenomena concerning the literature in the inter-
section between ED and DS:

1 - the most important research themes, shown where the matrices
had a high number of papers in the intersection between ED
phases and DS tools,

2 - gaps and blind spots, identifying the emptier zones of the matri-
ces. These zones have been explored, searching for evidence on
the application of DS methods to specific ED phases.

These results are the input for the definition of the main themes
and challenges, discussed in Section 4.

3. Key findings

The following subsections present key findings considering the
two dimensions of the present scoping review: ED phases and DS
methods. The specific meta-themes are listed in the same order as
in Tables A1 and B1, respectively in Appendices A and B. The tables
contain the meta themes with a sample of terms from the lexicon,
to give a glimpse of their contents.

3.1. The engineering design process

Table 1 shows the number and the percentage of papers under
analysis, containing at least one entry in the DS lexicon for each ED
phase. Since every paper is associated with one (or more) ED phases
and uses one (or more) DS methods, the table shows a distribution
of the actual usage of DS methods in the ED phases (both vertical
and horizontal).

3.1.1. Problem definition
The problem definition phase starts from customer needs and

aims to frame the design problems to guide the ED process. In
this phase, designers work closely with marketing specialists to
identify explicit and latent customer needs. Identifying customers
and eliciting needs is typically under the purview of the marketing
staff, however it has a primary importance for the design process.
One strategy is to identify lead users (Von Hippel, 1989) who  make
extensive and intensive use of the product and are therefore more
likely to inspire new product ideas. Pajo et al. (2015) propose the
FLUID methodology to automatically identify lead users through
data mining of their Twitter feeds and their examination with a
machine learning algorithm. Also, Chiarello et al. (2020) propose to
mine twitter to identify technical problems and the advantages of
new products.

The problem framing and scoping in the Problem Definition
phase creates a multi-dimensional “design space” that contains
possible designs that satisfy customer needs. Designers then need
to evaluate the different possibilities by investigating the design
space to come up with a series of concepts that can be further
explored. This stage of the process may  be characterized by a lack
of relevant knowledge and difficulties in establishing requirements

and design solutions (Quintana-Amate et al., 2015), which are exac-
erbated as the degree of innovation increases. Furthermore, it is
hard to define the design space and to measure the value of each
point of this area. After the design space has been defined, it can
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e searched and measured thanks to tools such as Quality Function
eployment, Axiomatic Design and Functional Analysis (Sridharan
nd Campbell, 2005).

.1.2. Conceptual design
Although the definition of the design space can ideally start

rom scratch, most firms consider (their) previous products as a
tarting point for new designs (Tseng and Jiao, 1997). Reliance on
ast knowledge is summarized in the Knowledge-Based Engineer-

ng (KBE) approach where experts and software interact to identify
he most suitable information for the ED process (Quintana-Amate
t al., 2015). KBE has been impacted by the development of AI
olutions, since AI tools can be applied to knowledge manage-
ent in general (Liebowitz, 2001). A comparison of different AI

ools to derive a model for manufacturing times based on pre-
ious designs in the aerospace sector shows that between linear
egression, REPtree (tree-based) and M5R  (rule-based) the latter
as  the most appropriate, providing a sound basis for expert learn-

ng and validation to further improve the model (Quintana-Amate
t al., 2015). Once relevant information is available, new product
esigns can be derived from similar products through the recogni-
ion and modification of patterns in functional requirements (i.e.
opology, classification, and templates). According to Tseng and
iao (1997), Machine Learning can be used both to derive func-
ional requirements from a pool of existing products, and to cluster
hese functional requirements to map  those that describe the same
unctions, thereby simplifying the design experts’ work in mapping
ustomer requirements with product functionalities and enabling

 more efficient discovery of design alternatives and their tradeoffs.
In this context, DS studies also focus on reducing the time and

ffort needed to explore a design space. Dasari et al. (2015) focus on
esponse Surface Modeling and evaluate the performance of Lin-
ar Regression, Support Vector Machines, M5P  and Random Forest
ethodologies, finding that the latter two, being tree-based mod-

ls, perform better also considering explainability.
Under the premise that quality designs come from experienced

esigners, Bryant et al. (2005) has implemented a system for auto-
atically extracting experience in the form of design knowledge

nd stored for re-use in a web-based repository. The paper pre-
ented an automated concept generation tool that utilizes the
epository of existing design knowledge to generate and evaluate
onceptual design variants.

Usually, the problem definition phase ends with the definition of
equirements (both functional and non-functional). Requirements
an also be defined as the language with which designers define
he problem.

Concerning functional requirements important work has been
one for automatically collecting and mapping functions using
ifferent kinds of sources, such as patents (Fantoni et al., 2013)
nd to provide engineering designers with easy access to rele-
ant functional knowledge (Wang et al., 2005a,b). New classes of
ser requirements, such as sustainability or total value, have also
merged in the past years as considerations that designers must
ontend with (Isaksson et al., 2015; Levine et al., 2016). Levine et al.
2016) propose a decision-support system including elements of
ustainable product development and value-driven design, incor-
orating data mining techniques to support the analysis of different
esign concepts against these criteria. Another important non-
unctional requirement is modularity (Danese and Filippini, 2010).
s the push towards modularity has grown over the years, DS
as supported several studies in the creation or improvement
f product families. These are groups of related products, based

n an overlapping product architecture or platform, that support
ass-customization through the addition of modules that provide

pecific functionalities. The first step in this process is the identifi-
ation of the most suitable functionality grouping for the product
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family platform by examining possible variants. Agard and Kusiak
(2004) base their approach on association rules between compo-
nents and functional requirements, and through a neural networks
approach, propose to identify candidate components, products, and
processes, for standardization. Kusiak and Huang (1996) propose
using a fuzzy neural network approach to evaluate the tradeoff
between cost and performance in different modular designs. Moon
et al. (2006) mine association rules and use fuzzy clustering to
define the optimal organization of components into modules. A
different approach addresses the level of generic bills of materi-
als (GBOMs), used to represent variants within a product family.
DS methodologies such as text mining, tree mining, tree union
and constrained XML  enable component family formation, simi-
larity quantification and establishing design constraints to more
effectively create product variants from a large collection of BOMs
(Romanowski and Nagi, 2004).

3.1.3. Embodiment design
In this phase, considerations around the final product architec-

ture are made. After the design has been defined and measured,
designers start to search for the optimal design. Concepts can be
thus embodied in products, following both functional and non-
functional specifications.

This optimization phase can be considered as a constrained
optimization problem. From our review it emerges that a body of
research focuses on the use of genetic algorithms for finding the
optimal solution (Mirjalili et al., 2017; Yu et al., 2007). Interest-
ing results have been achieved by redesigning genetic algorithms
for specific ED problems, in particular finding smarter ways for
constraint handling (Deb, 2000). It is thus evident that genetic algo-
rithms increase the performances in the context of ED when there
is a customization of the algorithm itself in order to solve specific
ED problems (Taboada et al., 2008). Among the other approaches
used for optimal solution retrieval, recently Chaos Game Optimisa-
tion (Talatahari and Azizi, 2020), self organising maps with fuzzy
clustering (Qiu et al., 2016) and the Monte Carlo method (Wang
et al., 2005a,b) have been used.

3.1.4. Detailed design
In the final steps of the design process, the designer must detail

the outputs, taking care to arrive at a precise final product specifi-
cation (Giachetti et al., 1997). Many tools exist to support this step,
mainly drawings, specifications, and models (i.e. prototypes, Gero,
1990) that can be physical or digital.

Concerning physical drawings and models, Computer-Aided
Design (CAD) is one of the most used tools. In CAD, software appli-
cations connected to hardware systems are used to define new
designs and to analyze and improve existing designs in a semi-
automatic fashion (Groover and Zimmers, 1983). These software
applications may  constitute an interesting data source for DS appli-
cations in ED, for example as a performance measurement tool (Gao
et al., 2008). However, to the author’s knowledge, although CAD fea-
ture extraction for data analysis on CAD systems has been amply
addressed, the problem that emerges from our review is defining
what feature is. Since CAD is a native digital tool, it is creating a large
amount of data and features both related to the designed product
and of the design process. Indeed, from our review a gap emerges in
the identification of latent features (e.g. temporal features, behav-
ioral features) hidden in CAD data or even how to capture the design
intent behind CAD applications (Rahman et al., 2019).

DS, with its inclination to support optimization, is highly rele-
vant when evaluating the performance of existing designs (Chiesa

et al., 2007). Based on their performance characteristics, new
designs’ performance can be predicted through data mining and
machine learning techniques (Bertoni et al., 2017). Another appli-
cation is the reduction of existing product complexity, that can be
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chieved using a greedy modularity algorithm (Kusiak and Smith,
007).

Alongside the technical performance, also cost models con-
ribute to design evaluation. These are constructed starting from
he estimation of manufacturing activity times given certain prod-
ct features or functions and multiplying them by the relevant
ost rates. DS techniques such as virtual manufacturing can be
sed in this context to generate simulated datasets that allow the
est fitting of cost models for selected designs (Stockton et al.,
013a). From these, Cost Estimation Relationships (cost drivers)
ere mapped using product features, process features and pro-

ess activity to estimate production costs of a design, comparing
ifferent DS models such as Stepwise Linear Regression, Symbolic
nowledge Acquisition Technology, and Artificial Neural Networks

Stockton et al., 2013b).

.1.5. Project management
Since ED is a multidisciplinary endeavor, language and commu-

ication issues arise when discussing design inputs and decisions,
hat can be studied and overcome through various DS method-
logies with the purpose of improving Project Management. In
articular Natural Language Processing has been hypothesized as
seful to act upon different aspects of the communication pro-
ess, such as written and spoken language used to describe design
rtefacts and decisions or used to exchange information between
esign team members; image analysis can be used for the analy-
is of graphical and pictorial representations of the design objects;
eep learning techniques, thanks to their ability to take as input

ow level features are interesting for the analysis of rules and rela-
ionships governing the combination of individual design elements
r functions, the relationships between features and functions, the
onnection between physical principles and product functionality,
nd all the relevant numerical data that can be derived from the
bove (Dym et al., 2005).

In addition to communication between designers, Project Man-
gement has also intensive phases of search for useful information
y designers as they navigate the ED process. This step has also been
ackled by DS. In this case, several studies have focused on the cre-
tion of taxonomies to support designers in the search, indexing
nd retrieval of relevant knowledge. While the taxonomies them-
elves rely heavily on domain knowledge, DS methodologies such
s Text Mining can support their final validation against a set of real
esign documents (Ahmed et al., 2007).

.1.6. Innovation and IP management
The discipline of ED can be in itself a vehicle of innovation, when

hanges in existing design provide new meanings for the final cus-
omer that change their relationship with the product (Verganti,
011). In addition, ED can support innovation efforts by accom-
anying technological breakthroughs. In recent decades, the pace
f product innovation and the centrality of Intellectual Property
IP) management have gained increasing importance and firms are
ncreasingly adopting automated data management processes to
eed their innovation pipeline (Corso et al., 2001). There are two

ain objectives that DS methodologies are geared towards in the
omain of knowledge management.

First, DS can be used to extract knowledge from written sources
uch as patents (Moehrle and Caferoglu, 2019), papers and require-
ent documents, which can be organized through DS, for example

reating ontologies that are representative of a field of interest
Štorga et al., 2010; Trappey et al., 2009). Second, DS may  sup-
ort knowledge expansion, supporting creativity during the design

rocess. In this vein, the literature stream on the Theory of Inven-
ive Problem-Solving (TRIZ) is concerned with defining and solving
roblems, by supporting creativity through a structured process
Mann, 2001; Cascini, 2012). This has been successfully applied
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across ED efforts, especially for product innovation, including the
identification of new product features and the evolution of prod-
uct architectures (for a review see: Cascini, 2012). In this context,
the examination of patents and textual data can support the evolu-
tion of product functions and the identification of contradictions in
product design (Cascini and Russo, 2007; Cascini et al., 2009, 2011).

Recent literature has also demonstrated that Natural Language
Processing techniques can be used to mine information from IP
related documents, especially from patents (Chiarello et al., 2017,
2018a; Chiarello et al., 2019) and technical specifications (Fantoni
et al., 2020). Recent Named Entity Recognition systems have been
applied to patent documents in order to extract design relevant
information (Lee and Hsiang, 2019; Chen et al., 2020; Kim and Yoon,
2021).

3.1.7. Design for X
Design for assembly and design for manufacturing led to impor-

tant advancements in simplification, costs, quality, and time to
market of products. During the early 2000’s, environmental aspects
have started to be considered in design, through efforts to reduce
products’ total life-cycle costs and environmental impact. There-
fore, researchers began to focus their attention on design for
environment, design for recyclability, design for life-cycle (DFLC),
etc. These studies are sometimes referred to as Design for X (DFX)
(Kuo et al., 2001).

From our scoping review, a lack of focus on the usage of DS
tools for design for X has emerged. Even if this gap can be due to
biases in our approach (as Design for X is not supported by a clear
lexicon), also following a manual review of the identified articles
we confirmed that many unexploited opportunities still exist in the
usage of data in order to improve the development of products with
the aim of maximizing non-functional requirements.

From the review, a specific focus on design for manufacturing
in a concurrent design setting sees the implementation of fuzzy
clustering to data, linking functions to design features and functions
to manufacturing steps. These clusters are then used to optimize
the production process for selected designs (Xue and Dong, 1997).
Similarly, part-family formation for group-technology applications
also benefited from fuzzy clustering to create part families that can
be grouped by the required machining tasks (Liao, 2001).

3.1.8. Design education
There is ample literature dedicated to design education, focusing

on methods and tools to be employed in design courses, as well as
student performance in design courses. The research focuses on
investigating effective ways to teach and assess the design process,
and on the review of curricular structures and pedagogies that are
commonly used in undergraduate engineering programs.

From the literature, a focus emerges on the use of data-driven
tools in order to assess the design education phase (Davis et al.,
2002). The tools show the possibility to efficiently measure student
learning of engineering practices and student performance in a way
that readily affords evaluation.

Concerning the most-used approaches for teaching design edu-
cation using data tools, project-based learning (Lantada et al., 2013)
and serious game (Wang et al., 2016) emerge. Both approaches
show the need for more practical approaches for teaching engi-
neering design in order to foster practice and not only theory. DS
can be an interesting field of application since its products do not
need physical environments for students to experiment different
designs.
It is evident from our analysis, that there is a growing use not
only of new methods for teaching but also of new hardware to
enable ED education. Recent literature is growing in the use of
robots and IoT solutions (De Luca et al., 2018). This is opening
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p many opportunities to measure teaching outcomes, since ED
eaching is becoming a natively digital process.

In the next year, we expect also a growing interest in clearly
dentify and mapping the skills that designers will need to collab-
rate with Artificial Intelligence systems (Fareri et al., 2020).

.1.9. Prototyping
Prototyping is of high importance in the ED space as it is the

ain tool through which designers interact and communicate with
he final customer. Prototypes can be both physical or digital and
epresent the key knowledge that links functions, structure and
ehavior of the product (Gero, 1990).

Additive manufacturing in general, is having a strong impact on
he way products are prototyped (Burckhard and Wampol, 2018).
his is increasing the quantity of data that is produced during the
rototyping phase, opening to new opportunities for prototyping
erformances assessment (Nguyen et al., 2020; Barclift et al., 2017).

nteresting developments are emerging also on the use of virtual
eality (Kuester et al., 2001; Gustavsen and Louka, 2012; Gulrez
nd Tognetti, 2014) and augmented reality (Liverani et al., 2004;
anuszka and Moczulski, 2011; Ren et al., 2017; Gattullo et al.,
019).

.1.10. Sustainability
The design of more sustainable products can be achieved by

olving conflicts that often exist between, environmental impact,
ost, and product performance. To support such a process, scholars
re starting to use data driven approaches (Eddy et al., 2014), even
f, among the design phases considered, sustainability seems to be
he one least impacted by data tools. However, a growing interest
n this context emerges from the literature review, especially on
he topics of Life Cycle Assessment (Ostad-Ahmad-Ghorabi et al.,
011; Balochian and Baloochian, 2019) and Recycling (Dering and
ucker, 2015; Cuprak et al., 2008).

.2. Data science tools

.2.1. Data science problems
When using DS tools in the context of ED, the most discussed

roblem is Big Data (e.g. Hassannezhad and Clarkson, 2017; Soni
nd Mathai, 2015; Yin et al., 2018). Big Data is a well-studied prob-
em in the context of DS and addresses the data systems that are
oo large or complex to be dealt with by traditional data-processing
pplication software. In the context of ED, the focus is stronger on
he second part of the problem of big data (complexity), since ED-
elated data contains a mix  of structured and unstructured data
oming from many different sources. The dimension of the data
an be a problem in the context of ED especially when the data is
oming from customers (Lin et al., 2017). In these cases, the com-
any may  need to deal with large amounts of data, not manageable
ith standard databases.

One interesting emerging problem in the context of ED, to which
S tools are proposing solutions, is Anomaly Detection (Tawhid and
avsani, 2018), the identification of rare items, events or obser-
ations which raise suspicions by differing significantly from the
ajority of the data. The tools for anomaly detection can be used in

he context of ED for both the identification of product anomalies
and thus failure identification) and for customer analysis, in order
o identify weak signals coming from the market.

.2.2. Data science applications
The most discussed application among the analyzed papers is
ata Mining (e.g. Miguel and Miguel, 2012; Regli et al., 2010; Xie
t al., 2018a,b). Data Mining is an application that is having an
mpact on all the phases of ED. It is in fact interesting for design-
rs to mine knowledge from historical data, both for creative and
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structured tasks (e.g. concept generation, conceptual design, design
space exploration) and for synthetic and structured tasks (e.g.
optimization design, failure identification and analysis, CAD). It is
interesting to notice that data mining is seeing a growing interest
also in the context of engineering education.

The second most popular application concerns Expert Systems
(e.g. Chakrabarti, 2001; Cheng et al., 2009; Rafiq et al., 2001; Tiwari
et al., 2009). These are used both for knowledge extraction and as
heuristic approaches to design optimization.

Another important application is represented by Time Series
Analysis (e.g. Kasdirin et al., 2015; Regli et al., 2010; Zhang and Du,
2014). With these tools, engineers are exploring the dynamic per-
spective of the design process. In particular, these tools are used to
assess performance over time both of ED teams and of the outputs
of the ED processes (i.e. products, systems).

Among the weak signals emerging from our analysis, an inter-
esting application is related to business analytics and intelligence
(Loginov, 2010; Sun and Xiong, 2014; Zhang et al., 2012a,b). Since
the ED process is a sociotechnical process, it is evident that typi-
cal business analytics approaches are emerging for the analysis of
complex dynamics and the resulting trends that occur when social
and technical systems intersect.

3.2.3. Data science methods
Among the 1161 papers analyzed, 569 (49,6 %) explicitly cite

a DS method in the title, abstract or keywords. Table 2 shows a
summary of the classes of methods and their distribution in the
context of ED.

Among the evolutionary algorithms, the most used in the con-
text of ED are genetic algorithms (Borgue et al., 2019; Brown, 2005;
Deb et al., 2000; Peysakhov and Regli, 2003; Whitfield et al., 2003).
Their main application is in the context of design optimization, but
also as support design space exploration.

The second class of methods is artificial neural networks. Inside
this class, a great importance is held by deep learning (Kale and
Kulkarni, 2018; Neeley et al., 2013; Quintana-Amate et al., 2015).

Concerning regression analysis, both linear regression (Chen
et al., 2006a; Matelli et al., 2009; Sadollah et al., 2015) and poly-
nomial regression (Chen et al., 2006b; Miller, 2004; Talbi, 2009)
are largely applied in the context of ED.

3.2.4. Data preprocessing approaches
Data preprocessing is one of the most important tasks in the DS

process. In the context of ED, it has a particular importance since
data is not usually designed for analytical purposes (e.g. CAD data,
unstructured customer surveys, videos). In this sense, it is impor-
tant to properly preprocess ED related data to avoid the well-known
g̈arbage in, garbage outëffect.

In our analysis, some articles explicitly focus on the structure
of the data or on transformations to be performed on the data
in order for it to be properly analyzed (e.g. Huang and Jin, 2010;
Liu et al., 2010; Ong and Keane, 2002). Given the growing interest
that has emerged in the last years around artificial intelligence and
machine learning tools, the risk in this contest is that scholars do
not properly focus on this important step of the analysis, assigning
a higher importance to the modelling part. This can be a problem
especially in the ED context, since it can lower the reproducibility
of the presented works.

3.2.5. Dimensionality reduction approaches
Dimensionality reduction methods are used to transform data

from a high-dimensional space into a lower dimensional one. The

lower dimensional space is designed in such a way that when data is
reprojected, it retaina some meaningful properties of the original
space. It is not uncommon in the context of ED to work in high-
dimensional spaces and it is usually undesirable for many reasons
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i.e. sparsity, computational cost). Our analysis shows that dimen-
ionality reduction in the context of ED is usually adopted to treat
ata with large numbers of variables. It is an evidence that the prob-

em of having a high number of observations is rarer in this context.
his is in line with the fact that data in the context of ED is usually
ore complex data than big-data.
The most used approach for dimensionality reduction is Princi-

al Component Analysis (PCA) (Huque and Jahingir, 2002; Zheng
t al., 2020) but also Latent Dirichlet Allocation (LDA) is used when
esearchers have to deal with textual data (Hamza et al., 2018;
’Halloran et al., 2018).

.2.6. Data visualization
Data visualization is the process of graphically representing

ata, largely used to exploit the great skills that humans have in syn-
hesizing large amounts of information when dealing with images.
he choice of proper visualization tools has an important impact
n the phases of data exploration and for synthesizing the output
f the analytical process.

Surprisingly, very few of the analyzed papers explicitly talk
bout data visualization tools and methods (e.g. Becattini et al.,
013; Chiu and Kremer, 2011; Zhang et al., 2012a,b), leading to
he conclusion that these tools are scarcely used in the context of
D. This evidence points to interesting future developments, con-
idering also that many tools already used in the ED context involve
he usage of images for handling complex data (e.g Computer Aided
esign). In addition, it is interesting to note how the most adopted

ools for visualizing (and exploring) data in this context are dash-
oards, indicating that data visualization for ED is nowadays more
sed in the phases of results synthesis with respect to the phases
f data exploration, where other kind of tools (e.g. plots, bar charts,
istograms) are used (e.g. Harwood and Revell, 2018; Li and Tate,
013; Wang et al., 2014).

.2.7. Machine learning hardware
Machine-Learning-specific hardware is a class of specialized

ardware designed to make the process of learning more efficient.
his class of hardware accelerates machine learning applications,
specially when the model is based on deep artificial neural
etworks. From our analysis, it emerges that mostly graphics pro-
essing units (GPUs) (e.g. Kumar et al., 2020; Xie et al., 2018a,b;

ang et al., 2016) are used for applications in the context of ED.

.2.8. Programming language
While there is a strong debate on which programming language

est suits DS problems (Grover and Kar, 2017), it is becoming clear
ver the years that every programming language has its advan-
ages and disadvantages. One of the most important advantages is
he size of the community of practitioners (including students and
cademia) that works on or teaches about a specific class of prob-
ems using that programming language. This in fact, also thanks
o open-source software, contributes to the creation and sharing
f ready-to-use software packages that speed up the process of
oftware development.

In ED, the most popular software is Matlab (e.g. Dudas et al.,
014; Hu et al., 2014; Zhou et al., 2017), followed by Python (e.g.
uzey et al., 2017; Kopena et al., 2005; Xie et al., 2014), while just

 few applications use R and RStudio (Chong et al., 2018; Hu et al.,
017).

.2.9. Unstructured data processing

Data is unstructured when it is not arranged with a pre-defined

odel or schematic. This kind of information is typically text-
nd image-heavy and is thus irregular and ambiguous. For this
eason, to understand its latent content, specific pre-processing
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approaches are necessary that can structure the data. Consider-
ing that unstructured data comprises the vast majority (about 80
%) of data found in organizations (Shilakes and Tylman, 1998),
it is clear how treating such data is important for the ED pro-
cess.

In our set of papers, many works use Natural Language Pro-
cessing (e.g. Field, 2007; Saha et al., 2011; Ye et al., 2009) and
Text Mining techniques (e.g. Kudo et al., 2011; Ji and AbouRizk,
2018; Ye et al., 2009). More specifically, techniques such as lan-
guage recognition (Zhou et al., 2015), machine translation (Zhang
and Du, 2014), semantic retrieval (Guo et al., 2013), semantic web
(Lin and Harding, 2007), question answering (Ferguson and Ohland,
2012; Savoie and Frey, 2012), speech recognition (Jiang et al., 2015),
speech synthesis (McGoldrick et al., 2016) and topic modelling (e.g.
Hamza et al., 2018; O’Halloran et al., 2018; Zhang and Althoefer,
2019) have already been used in different contexts of ED.

Concerning video, applications of computer vision (e.g. Costa
and Sobek, 2004; Kamboj et al., 2020; Miao et al., 2017), object
detection (e.g. Desrochers and Cherkaoui, 2002; Jiang et al., 2015;
Lortal et al., 2006) and video processing (Radj and Senthilvelan,
2006) have been detected in our paper set.

3.2.10. Supervised vs unsupervised learning
This last theme is linked with others already discussed (see

Section 3.2.3); here we want to understand if there are any dif-
ferences in terms of numbers of papers that use supervised or
unsupervised learning techniques in the context of ED. This dif-
ference is interesting since while supervised learning techniques
map  an input to an output based on example input-output pairs,
unsupervised learning looks for previously undetected patterns in
a dataset with no pre-existing labels. The main differences between
the two approaches are thus the cost of human supervision and the
need for labelled data.

We  report that 80 % of papers use supervised approaches and
20 % use unsupervised approaches. This is in line with evidence
that researchers tend to use DS tools when they have labelled data
available. In the context of ED, given the difficulties to obtain data
from companies, this can be a barrier to the adoption of DS tools,
also unsupervised ones. At the state of the art, the most commonly
adopted approaches for unsupervised learning are k-means clus-
tering (e.g. Bailey et al., 2006; Singh, 2016) and self-organizing
maps (Carraro et al., 2017).

4. Research themes and challenges

From the summary of our literature review presented in Sec-
tion 3 and considering some seminal works on this topic (e.g. Reich
et al., 1993), it is evident that DS and ED are already intertwined.
This is due to the fact that DS is not a new field of research (although
the concept has emerged in the last decade) but a convergence of
many other existing fields (i.e. artificial intelligence, machine learn-
ing, statistics) some of which already overlapped with ED research.
Despite this, DS is growing fast and ED researchers risk being left
behind; furthermore, specific foci are emerging that may  create a
fixation effect, leaving many potential applications of DS tools in
ED unexplored.

In this section we synthesize the results of Section 3 using graphs
and charts to list the major research challenges emerging from
our scoping review. We  suggest ways in which our results may
inform future research on the use of DS tools in the context of
ED. Similarly to the structure of Section 3, this section is divided

in ED and DS related challenges. Each challenge is connected to a
specific meta-theme that has guided our scoping review. To con-
clude this section, we also suggest a list of possible additional
challenges that did not emerge during our scoping review. Indeed,
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iterature has highlighted a gap between design research and indus-
rial practice (Chakrabarti and Lindemann, 2016). Considering the
ink between ED and DS only through the lens of research there-
ore introduces a bias that we have tried to mitigate in Section
.3, where we list some additional challenges on how data science
elps in dealing with iteration in ED practices across phases and
ectors.

.1. Engineering design challenges

To provide a synthetic view of the research themes, Fig. 1 shows
 graph of the entries of the ED and DS lexicons. The graph is com-
uted considering each entry as a node. An edge exists if the two
ntries appear together in at least 5 documents; the most these two
ntries will appear together, the closer they will be on the graph.
he dimension of the nodes is proportional to the degree of the
ode (i.e. the sum of the weight of the edges hitting the edge).
inally, the colors of the node depend on the class they belong
o.

We highlight ten main challenges from a DS  viewpoint:
Challenge 1. Develop data-driven tools for problem defini-

ion: data can help in the exploratory phase of design, helping to
nd the right questions to answer and the right problems to solve.
cholars can use novel artificial intelligence approaches (especially
LP tools) to explore and synthesize large amounts of unstructured
ata, in order to support the phase of problem definition.

Challenge 2. Integrating top-down and bottom-up
pproaches in AI systems: Conceptual design is a transitionary
hase. The customers’ needs have to be translated in requirements,
xploring the problem and the solution spaces. In this phase AI
an help, but the design knowledge has to be injected into the
ystem. This is why we need to develop explicit systems using
ormal declarative information models that follows an imperative
rocedure (top-down) in standard AI systems that do not need
xplicit data as input in their implementations.

Challenge 3. Move towards genetic algorithms for design
ptimization: as it emerges from Table 2, a strong focus is placed
y literature on the use of genetic algorithms for optimization in
esign. ED researchers limit their access to state-of-the-art opti-
ization systems (e.g. Neural-Networks-based solutions) coming

rom the DS field. This may  also create a fixation effect. Scholars
hould explore other solutions for optimal design to advance the
tate of the art in ED and to incorporate more effective solutions
oming from other fields of research.

Challenge 4. Design novel ways of using CAD as a data source:
AD is widely used by scholars and practitioners in ED,  and Feature
xtraction on CAD has been addressed for a long time. The prob-
em that emerges from our review is defining what a feature is.
ince it is a native digital tool, CAD is creating a large amount of
ata and features both related to the designed products and of the
esign process. Scholars should study how to use DS tools in order
o identify latent features (e.g. temporal features, behavioral fea-
ures) hidden in CAD data (Rahman et al., 2019) or even how to
apture the design intent behind them.

Challenge 5. Improve communication in design teams thanks
o NLP: recently the state of the art of NLP tools has been advanced
y contextual embedding systems. These systems are achieving
reat results in natural language understanding and generation
Brown et al., 2020). The vast amount of text generated for com-

unication purposes during the design process can be analyzed
y these systems to improve communication. The amount of dig-
tal data generated for communications is also being fostered by
he advent of COVID-19, and the necessity to work remotely. Fur-
hermore, generation systems could be used to automate many
ommunication tasks.
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ing sustainability in design but obtaining meaningful sustainability
measures that can drive the design process. In this context, Smart
Manufacturing (i.e., a form of production integrating manufac-

5 Pretotyping is a stage of design that should take place before building a proto-
Fig. 1. Graph of ED and DS Lexicons and

Challenge 6. Use of AI to assist the inventive process: The state
of the art on AI creativity is broad (Boden, 1998; Ritchie, 2007; Singh
and Gu, 2012; Georgiev and Georgiev, 2018). Even if we can con-
sider creativity as a new fronter in AI (Colton and Wiggins, 2012), it
is reasonable to assume that there will be an increase in the usage
of AI-aided systems for creativity support in ED. In particular, AI is
interesting for ED for exploring the potential of conceptual spaces
(Colton and Wiggins, 2012). We are aware that no breakthrough in
the usage of AI in ED will be reached without a theory of discov-
ery or invention. However, the usage of AI for exploring creativity
tasks can help in better framing a theory of discovery or invention.
ED Scholars may  study systems to help designers in the genera-
tion phase and study the social, legal and ethical issues linked to
this.

Challenge 7. Implement DS method in Design for X: from our
review it is clear that the design for X process is lacking in the appli-
cation of data science tools. Many opportunities exist for designers
to improve this process thanks to the use of data, further devel-
oping standard knowledge-based inference methods and Ẅhat-lf’
analyses (Abramovici et al., 2009).

Challenge 8. Move beyond student-generated data: the ana-
lyzed literature shows an intense use of student-generated data in

the context of ED studies related to education. This can create many
limitations in terms of the phenomena that can be studied and in
terms of reproducibility of the experiments. Scholars should strive
to identify other data sources to study the teaching and learning of
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 Relationships in the Reviewed Articles.

D principles and tools. We  acknowledge that this process requires
rust-building and a deep connection to industrial settings that are
raditionally hesitant to share design data.

Challenge 9. Speeding up the prototyping process: Data driven
echnologies are reshaping the way in which prototypes are devel-
ped, helping engineers in assessing the technical and financial
easibility of designs. The research on the bridge between ED and DS
an focus on taking fast and objective decisions using pretotypes5

Savoia, 2011) and also rethinking the prototyping process, thanks
o the opportunities offered by new technologies such as aug-

ented reality (Gattullo et al., 2017).
Challenge 10. Exploit Smart Manufacturing Data to Design

ustainable Products: The analyzed literature shows a gap in the
pplication of data driven tools for the assessment of the sus-
ainability of designs. Therefore, the problem to be solved in this
hallenge is not only to develop data driven tools for measur-
ype. Savoia (2011: 4) summarizes the key difference as: “most prototypes are built
o  answer questions such as, “Can we build it?” or “Will it work as expected?” instead of
ocusing on questions such as “Should we build it at all?” or “If we build it, will people
uy  it and use it?” Unless you can answer the latter questions positively, the former
uestions are of little importance”.
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practice: A specific stream of studies investigates the relation-
ship with and the impact of ED research on Industrial Practice
(Chakrabarti and Lindemann, 2016). DS tools have already been
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turing assets with sensors, computing platforms, simulation, data
modelling and predictive engineering) represent a huge opportu-
nity for ED (Kusiak, 2018). Researchers can study how to use data
coming from sensor-enabled processes in order to design more
sustainable products. In addition, obtaining further data from the
entire product lifecycle could also feed the design process with
relevant measures able to orient the design actions.

4.2. Data science challenges

To switch to the DS related challenges, Figs. 2 and 3 break down
respectively the DS methods (see Section 3.2.3) and the unstruc-
tured data processing techniques (see Section 3.2.9) used in each
ED phase.

Drawn from these figures, the main challenges regarding DS are
as follows.

Challenge 11. Mapping problems of ED in DS:  In this review
we highlighted some initial attempts. We expect additional works
that support problem-mapping, to use novel data sources such as
patents, papers and social media.

Challenge 12. Mixing Expert Systems and Machine Learn-
ing Approaches: from the review it emerges that DS tools used
in the context of ED are polarized towards the use of expert sys-
tems (i.e. rule-based systems) and machine learning. ED can take
great advantage of hybrid systems, exploiting both the knowledge
of experts and the information coming from data sources. This pro-
cess can be fostered by the new studies on the explainability of
black-boxes models (Guidotti et al., 2018).

Challenge 13. Redesign ad-hoc DS methods:  many DS sys-
tems have the limitation of being context-dependent. This is
especially true for systems dealing with unstructured data (i.e. nat-
ural language, images, videos) where data are structured ad hoc
before being analyzed. For this reason, many DS methods must be
redesigned to work effectively in the ED domain. Scholars in the
field of ED can join DS experts in order to redesign state of the art
data-driven systems in order to properly perform in the specific
context of ED and its subfields. Some examples are the fine tuning
of popular contextual word embeddings (Devlin et al., 2018) for
domain specific application (Beltagy et al., 2019; Lee and Hsiang,
2019).

Challenge 14. Structuring design related data: since the pre-
processing phase is one of the most time-consuming ones of the
analytical process, scholars may  study common data structure for
data related to ED. Future work may  focus on the development of
data structures and ontologies to define fuzzy concepts that are
crucial in ED phases such as users, design objectives, requirements
or product failures. This challenge is strongly linked to challenge 13
and must be faced by ED researchers working with Data Scientists.

Challenge 15. Search for meaningful feature representation:
feature engineering is an important step for data analysis. A mean-
ingful feature representation enables important steps forward for
the performance of machine learning systems. This process is
context dependent. Scholars can find meaningful feature repre-
sentations for different ED tasks, in order to foster the accuracy
of machine learning systems.

Challenge 16. Define more effective visualization tools for
ED: data visualization is used both for communicating within the
research team (i.e. data exploration) and for communicating the
results of the analytical process. Identifying which are the most
effective ways of synthesizing data in the context of ED can bring
important improvements in the field and enable a better commu-
nication of data-driven analysis.
Challenge 17. Scale experiments using advanced hardware:
ED related data is usually more complex (many features, unstruc-
tured input data) than big (number of observations), although
some applications need big data. In this context, the use of the
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ppropriate hardware can make it possible to scale up the experi-
ents. Research may  test and describe experimental set-up using

tate-of-the-art hardware systems (i.e. GPU, TPU) in order to make
t easier for other scholars to re-use these experimental set-
ps.

Challenge 18. Develop ad-hoc packages for ED:  packages are
he fundamental units of reproducible code and include functions,
ocumentation, and sample data. To foster the use of data in the
ontext of ED, scholars and practitioners may  develop packages
specially designed for the ED context, as well as examples and
atasets associated to particular methods. This may lead to the
evelopment of contextually indexed generic methods.

Challenge 19. Combine textual and visual data: scholars in
D are using text and images separately. ED processes produce
oth types of data and almost any ED documents contain drawings,
ictures, sketches, digital images, and text. This opens to the use
f Artificial Intelligence systems able to combine text and images
ince from a recent stream of research (Qiao et al., 2019) it is evi-
ent that there exists great value in using them together in Artificial

ntelligence systems. The combination can have an impact on two
D Related activities. The first one is image generation, that has
ecently reached remarkable results6 thanks to the implementa-
ion of the language systems GPT-3 (Brown et al., 2020). This task
an be of great interest for supporting the creative phases. The sec-
nd is increasing the accuracy of AI systems in ED, since using the
ext and images together can open to the uncover of unexplored
atent knowledge produced during the ED process (e.g. mixing CAD
mages and project reports over time).

Challenge 20. Automatic data labelling: one of the main prob-
ems to be solved in the context of DS is the need for machine
earning systems to work properly, in particular receiving as input
abelled data from which to learn. It is hard to find open labelled
ata in the context of ED and this is limiting the development
f machine learning systems. There are two  possible approaches
o address this issue. The first one is the development of curated
abelled data that may  be extracted from multiple sources. This is
n optimal solution but is expensive and labor intensive. Another
ossible solution is to test and describe approaches to automati-
ally label data, using small samples of already labelled databases
r using expert systems in order to accomplish this task. For both
hese solutions, a greater interaction between ED researchers and
ractitioners has to be reached.

.3. Interface challenges

There are aspects and challenges of ED that can be mitigated by
S that have been deliberately left out from our scoping review.
hese challenges are related to the fact that DS has blurry bound-
ries between its phases (see Section 3.1), with other disciplines
nd with other sectors, while the approach of ED researchers when
ealing with DS techniques, is a vertical one (Reich et al., 1993).
owever, during our research some of these challenges related to

he interfaces of ED have emerged; in this section we briefly clas-
ify and discuss these challenges with the goal of guiding future
esearch on the topic.

Blurry boundaries of DS create gaps that can be summarized as
interface challenges”, that can be classified as follows:

Challenge 21. Interfaces between ED research and industrial
sed in ED by many companies, but scant evidence exists of a suc-

6 https://openai.com/blog/dall-e/#fn1.

https://openai.com/blog/dall-e/#fn1
https://openai.com/blog/dall-e/#fn1
https://openai.com/blog/dall-e/#fn1
https://openai.com/blog/dall-e/#fn1
https://openai.com/blog/dall-e/#fn1
https://openai.com/blog/dall-e/#fn1
https://openai.com/blog/dall-e/#fn1
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Fig. 2. Number of papers in the dataset mentioning DS Methods per ED Phase.
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Fig. 3. Number of papers in the dataset men

cessful transfer of the outcomes of data-driven design research into
practice, as well as methods and guidelines for the successful trans-
fer of research into practice. The risk is that in the coming years,
the same problems highlighted in more general ED research will
be replicated considering the interaction between ED and DS. To
mitigate this risk, better communicating design research results,
using tools offered by DS such as interactive dashboards (Chang
et al., 2020), reproducible reports (Xie et al., 2020), open-source
repositories (e.g., Github) and the democratization of the usage
of these tools, can ensure that design researchers can widely dis-
seminate their results in a convincing and useable format (Hales,
2005). Also, rigorous approaches to carry out industrial case studies
can improve the knowledge of the phenomena we are study-
ing.

Challenge 22. Interfaces between ED research and other dis-
ciplines: ED embraces competences of several scientific sectors and
several disciplines of study. Solving design problems properly and
exploring the problem-solutions dynamical spaces, requires the
integration of skills from different domains. This integration is often
indispensable to face certain problems in a complete and effective

manner, especially concerning modern digitalized products (Kügler
et al., 2018), the industry 4.0 revolution (Chiarello et al., 2018b) and
the rise of Product Service Systems (Rapaccini et al., 2013). This
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g Data Processing Techniques per ED Phase.

reates a skill gap, to which many scholars have proposed edu-
ational solutions (Yan and Sawada, 2006; Telenko et al., 2016).
D practice still lacks approaches and guidelines for managing this
ultidisciplinary approach in a scientific way and to overcome the

ragmentation of knowledge.
In this context, DS may  present a bridge between ED and

ther sectors thanks to availability of new data, new methods and
ew skills to manage and exploit different knowledge sources.
ome examples are research on cognitive psychology (Howard
t al., 2008), marketing and operations management (Krishnan and
lrich, 2001), sociology and anthropology (Sonalkar et al., 2011). ED

cholars can work with data scientist on cross-domain datasets in
rder to find hard evidence that can guide design practice in the
ear future.

Challenge 23. Interfaces between non-contiguous ED phases:
S works within and across phases of ED (Hales, 1987) and

his aspect is usually not visible in the literature. The reason
hy most academic papers do not address this issue, is that

he localized application of DS methods is easily experimented
ith from research perspective. Linking to challenge 21, a bet-
er understanding of what happens in practice is needed in order
o understand the relationships between phases of ED. Since data
ows among different phases and processes, data can be the right
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media to study interfaces between non-contiguous DS phases. The
advantages of data driven horizontal and vertical integration are
already visible thanks to Industry 4.0 (Pérez-Lara et al., 2018). ED
researchers can study these practices in order to design better prod-
ucts.

5. Conclusions

DS and ED are two fields of study that are becoming increas-
ingly intertwined. On the one hand, firms require rapid innovation
in products that are becoming more complex, therefore pressuring
designers into streamlining the design process through the reuse
of past knowledge and through a more context-aware approach
that considers customer needs and product lifecycles. On the other
hand, design tools are producing increasing amounts of data that
can be exploited to support all the different phases of ED, includ-
ing its most creative aspects that are traditionally not supported
by classical optimization-based methodologies. This paper reviews
the intersection between the DS and ED literature streams, by
searching for papers whose terminology matches both ED and DS
lexicons. Our review has been heavily based on Natural Language

Processing systems and has identified a series of challenges, related
both to the integration of DS methodologies into the DS process,
to fully capitalize on their benefits, and to the advancement of DS
methodologies to better serve the ED process.

A

Table A1
ED Manuals and Characterisation of ED Phases with sample of entries of the lexicon.

Engineering Design Books’ Authors

Meta Theme (Pahl et al., 2007) (Dieter and

ED1 Problem Definition Clarify the task; Setting up
requirements list

Identify the
needs; Gath
information

ED2  Conceptual Design Abstracting to identify the
essential problems;
Establish function
structure; Developing
working structure;
Developing concepts

Conceptual
Concept sel
Refinement
design spec
Design revi

ED3  Embodiment Design Determining
requirements; Produce
scale drawings; Develop
and select preliminary
layouts and form; Evaluate
against technical and
economic criteria;
Optimise and complete
form design; Check for
errors and disturbing
factors; Prepare
preliminary list and
production documents

Determinin
architectur
design of pa
component
design of pa

ED4  Detailed Design Definitive Layout; Finalise
details; Complete detailed
drawings; Integrate into
overall layout drawings,
assembly drawings and
parts lists; Complete
production documents
with production, assembly,
transport and operating
instructions; Check all
documents for standards,
completeness and
correctness

Drawings; V
testing of p
Assembly d
assembly in
Detailed pr
specificatio
Buy; Detail
estimation;

ED5  Project Management x 

ED6  Innovation and IP
Management

ED7 Design for X x x 

ED8 Design Education 

ED9  Prototyping
ED10 Sustainability
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This paper therefore represents a call to ED and DS but also to
esearchers and practitioners to work towards new applications of
S with new data sources and to solve challenges in methodologies,

o support designers in better serving their customers in an efficient
nd sustainable manner.
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 Schmidt, 2009) (Ulrich, 2003). (Haik et al., 2018

 customer
ering

Opportunity identification;
Identifying customer needs

Identify customer
needs; Market
analysis; Defining goals

ization;
ection;

 of the product
ification;
ew

Product specification;
Concept generation;
Concept selection; Concept
testing

Establishing functions;
Task specification;
Conceptualization;
Evaluating alternatives

g product
e; Configuration
rts and

s; Parametric
rts

erification
rototypes;
rawings and
structions;

oduction
ns; Make or
ed cost

 Design review

Prototyping Analysis and
optimization;
Prototyping

x x
x

x
x
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Appendix B

Table B1
DS topics and sample of entries of the lexicon.

Meta Theme Class Sample of entries

DS1 data science problems big data; bias-variance dilemma; multi-class classification; underfitting; learning to rank
DS2  data science applications expert systems; hybrid recommender systems; predictive analytics; pattern recognition; shape mining

DS3

artificial neural networks Neural network Gaussian process; deep convolutional neural networks; neural-network; lstm; RNN
bayesian methods bayesian networks; k naive bayes; gaussian naive bayes; bayesian knowledge base; bayesian statistics
decision tree algorithms chaid; id3; id3 algorithm; tree based models; c5.0 algorithm
ensemble learning gradient boosting; blending; bootstrap aggregating; adaboost; ensemble learning
evolutionary algorithms genetic algorithms; evolutionary algorithm; Evolutionary programming; genetic programming; evolution algorithm
linear classifier logistic-regression; support vector machine; perceptron; fisher’s linear discriminant; logistic regression
optimisation algorithm optimisation algorithm; evolutionary multimodal optimization; optimizers; swarm algorithm; firefly algorithm
regression analysis regression spline; lasso regression; linear regression; multivariate regression; regression algorithms

DS4  data preprocessing data structure; nosql; data-augmentation; data transformation; dplyr
DS5 dimensionality reduction feature hashing; minimum redundancy feature selection; directional-derivatives; lda; pcr
DS6  data visualisation histogram; box plot; plotly; ggplot2; bar chart
DS7  machine learning hardware vpu; tensor processing unit; tpu; graphics processing unit; gpu
DS8  programming language scala; weka; python; stata; r studio

DS9
image processing image recognition; video processing; computer vision; image processing; optical character recognition
natural language processing speech recognition; autoencoder; automatic summarization; textblob; nltk

DS10
supervised learning instance-based learning; gmdh; group method of data handling; inductive logic programming; anova
unsupervised learning Action model learning; generative topographic map; k means clustering; structured knn; growing self-organizing map

MISC
machine learning algorithms expectation–maximization algorithm; rprop; forward–backward algorithm; stochastic gradient descent;

linde–buzo–gray algorithm
machine learning methods Adversarial machine learning; online machine learning; gradient-accumulation; occam learning; lvq
statistical methods frequentist statistics; skewness; categorical variable; standard deviation; maximum likelihood estimation
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