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Abstract

This paper reports a systematic literature review with the aim of determining the role of stim-
uli and other factors, such as timing, the designers’ background, expertise, and experience, in
the idea generation phase of conceptual design related to engineering and industrial design
and architecture. “Stimulus” is a general expression for a source of information characterized
by several features, including the source (internal or external), analogical distance (near or
far), and form (textual, visual, or other). Several recent studies have been conducted on this
topic involving neurophysiological measurements with significant results. This comprehensive
review will help to determine if the neurophysiological results are consistent with those from
protocol studies. This allows for determining how the features of stimuli affect – among the
related factors – designers’ performance in idea generation. The literature search was carried
out using the Snowball and PRISMA methods. A total of 72 contributions were selected from
studies adopting protocol analysis or neurophysiological measurements. This study presents a
framework to support the selection of stimuli most likely to maximize performance, based on
the designer’s background and expertise in the different idea generation metrics. The main
findings of the framework suggest that visual stimuli enhance the creative performance of
designers, regardless of their background, while textual stimuli foster the variety and quality
of ideas, but only in engineering and industrial designers. Comparing the findings, the result-
ing framework reveals aspects of stimuli that require further investigation. These can be con-
sidered valuable insights for new directions for design research.

Introduction

The term “stimuli” in design research refers to sources of information that support designers
in generating ideas during design processes by providing possible sources of inspiration
(Gonçalves et al., 2014). The combination of multiple pieces of information improves the
development of innovative solutions and creative concepts as solutions to design problems
(Borgianni et al., 2020; Kirjavainen and Hölttä-Otto, 2020). This topic has been continuously
studied from the design literature and recent contributions are leading to evidence about dif-
ferent and under-investigated features of stimuli that – along with other external factors –
affect idea generation. More often, these studies refer to idea generation in constrained design
problems (i.e. problem-solving problems where the solution space is defined) rather than in
unstructured design explorations.

There, the sources of inspiration are investigated through two alternative approaches, protocol
analysis and neurophysiological measurements, which focus on the cognitive aspects of the design
process. These methods are applied both in the case of engineering design and industrial design.

Protocol analysis1 is the traditional methodology adopted in the design literature to inves-
tigate cognitive activity related to design processes; it bases its results and observations on the
interpretation of verbal reports, sketches, and gestures of designers during experimental activ-
ities (Hay et al., 2017).

Design researchers have recently adopted cognitive neuroscience and physiology
approaches, including the investigation of designers’ biometric signals to investigate neuro-
physiological processes, especially in conceptual design (Gero and Milovanovic, 2020).

Although these two methods pursue the same research objectives, they generally focus on
different traits of the cognitive processes in design. Unfortunately, the experimental protocols
adopted in the literature lack homogeneity. The design tasks used are varied and often differ in
the structure of the problems and difficulty levels. Thus, the conclusions reached by experi-
mental studies are often difficult to compare and sometimes conflict with each other.

1Protocol analysis is a method that has been applied for the last 25 years in Engineering and Industrial Design (Vieira et al.,
2019) to investigate the cognitive phenomena of designers during the design process, such as processes related to memory,
semantic, visual and associative processes, etc. (Hay et al., 2017).
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Consequently, a systematic review is appropriate to overcome
these issues, comparing results obtained from the contributions
that adopt protocol analysis and neurophysiological measurements
(subsequently simply named “protocol studies” and “neurophysio-
logical studies”). It allows us to investigate the role of stimuli as
sources of inspiration for design problem-solving, when designers
explore possible alternatives and propose design solutions that sat-
isfy the problem constraints (Kryssanov et al., 1999). One previous
review paper collected inspiration sources’ findings in the design
process (Vasconcelos and Crilly, 2016); still, no papers or reviews
have compared the evidence obtained by the different investigation
methods. Similarly, no paper has yet provided a framework to clar-
ify how to select the correct type of stimuli, given factors such as
the designer’s characteristics and the desired performance.

Therefore, the present paper aims to summarize and structure
the evidence obtained from protocol and neurophysiological stud-
ies about the effect of different types of stimuli on idea generation
in structured design problems and their outcomes. In fact, on the
one hand, investigating how stimuli are involved in solution gen-
eration is fundamental to comprehending ideas and justifying
designers’ performance. On the other hand, the analysis of the
outcomes of ideation indicates which are the most appropriate
features of stimuli. It also suggests how to properly provide stimuli
during the design process, so that designers’ performance will be
directly enhanced. Therefore, comparing results from different
sources of inspiration is related to factors that depend on the
designer and the design task. Finally, this paper aims to present
a structured agenda for future research and to improve designers’
and design managers’ idea generation.

Two research questions have driven the literature analysis in
this contribution by investigating if:

• the results from neurophysiological studies are consistent with
protocol studies about the role of stimuli during the idea gen-
eration phase of the design process;

• external factors, and specifically individual characteristics of
designers, suggest the selection of specific types of stimuli, in
order to achieve better performance in idea generation.

The methodology adopted consisted of a systematic literature
review conducted through Snowballing, combined with
PRISMA. The former was based on an initial set of papers
searched for relevant contributions by looking at reference lists
and citing papers (as in Wohlin, 2014); the latter focused on
the selection of relevant contributions through a checklist and a
flowchart (as suggested by Moher et al., 2009). Subsequently,
the resulting contributions were fully reviewed and classified
based on the stimuli’s features and the other factors, distinguish-
ing the protocol and the neurophysiological studies.

The paper is divided into four sections. The first section
describes all stages of the method adopted for the literature
search. The second section illustrates the comparison of the
results that emerged from the analysis of the papers on the role
of stimuli in idea generation for bounded design problems. The
third section focuses on the other factors impacting idea genera-
tion. Finally, the last section includes the resulting framework and
suggests new directions for future work.

Methodology for the review

The Snowballing methodology (Wohlin, 2014) adopted for ini-
tially selecting contributions highlighted the rapid diffusion that

occurred since 2016 of the use of methods from neurophysiology
in the engineering and industrial design literature. During this
first phase of the review, 8 out of 42 of the selected contributions
focus on studying conceptual design through the use of biomedi-
cal devices. However, only two of these eight contributions of
design neurocognition show useful elements in understanding
the role of stimuli.

Consequently, the work was structured to search the contribu-
tions related to idea generation during conceptual design for (1)
the role of stimuli in conceptual design and (2) if this role was
consistent in the neurophysiological studies. For these two
strands, two different queries were run. The literature review fol-
lowed the PRISMA methodology (Moher et al., 2009;
Torres-Carrion et al., 2018) and was structured in three phases:
Identification, screening, and inclusion. The whole selection pro-
cess is summarized in Figure 1.

During the identification step, two queries were applied to the
Scopus database; they focused on the whole document and had a
common structure for “Aim” AND “Domain” AND “Design
Phase”. The first focused on “Stimuli” AND “Stimuli Features”,
while the second focused on “Biometric Measures”, including
techniques for recording neurophysiological activities, through
the use of noninvasive biomedical devices to collect relevant
data for the cognition of engineering and industrial design pro-
cesses. In this review, the neurophysiological measurements
already adopted in the design literature were included in the
research query, as shown in strand 2, Figure 2. Each query was
run iteratively: at each launch, the resulting main keywords
were gradually included, improving the precision of the outcomes.
In the end, the results were consistent with other reviews (e.g. the
list of included biometrics in the reviews of Borgianni and
MacCioni (2020) and Gero and Milovanovic (2020). This process
is summarized in Figure 2, and the selection criteria are listed
according to the application order in Table 1. The identification
phase criteria were applied automatically through the Scopus
engine. The authors manually checked the papers’ availability
and citation indicator, in the screening phase. They removed
duplicates to select the relevant contributions to answer the initial
research questions for both the strands identified. Given their
objective and relevance, papers were checked based on the exper-
imental activities and topics covered. At this phase, only experi-
mental papers involving individual design tasks were selected.
This is due to the fact that the dynamics of team design activities
have been widely investigated through protocol analysis, but no
research contribution on team experimental tasks has currently
adopted Neurophysiological measurements, making a comparison
of findings not possible.

Successively, a full-text screening assessed the consistency of
selected papers with the analysis of different sources of inspiration
for designers during the idea generation activity, distinguishing pro-
tocol analysis from neurophysiological measurements approaches.

Finally, in the inclusion, the authors selected the crucial con-
tributions identified for the two strands, reaching a total of 64
contributions, considered relevant for this research because of
their influence in the literature.

Results from the review

Features of stimuli

In the literature, stimuli are defined as possible sources of inspira-
tion for designers during the idea-generation process (Borgianni
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et al., 2020). They are described in different ways, with terms that
are not always consistent. In the present work, we adopted the
most used terms, also included in the most relevant contributions
(Goldschmidt and Smolkov, 2006; Gonçalves et al., 2011;
Goucher-Lambert et al., 2018).

From the final set of papers, 47 out of the 72 contributions dis-
cuss the role of stimuli and their features, as in Table 2.

The first feature (“source”, in the first column) refers to
the source of the stimuli, which can be internal or external.
Internal stimuli are those obtained from memory retrieval of
past experiences, personal memories, and knowledge (Gonçalves
et al., 2014). These, called self-generated ideas, can be externalized
by designers through different modalities of representation
as sketches, prototypes, 3D models, and textual descriptions.

Figure 1. Selection process.

Figure 2. Query definition process and final queries.
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Such stimuli have the potential to inspire designers to generate
other new solutions to design problems when no external
stimulus is intentionally provided (Suwa and Tversky, 1997).
External stimuli, on the other hand, refer to the external sources
of inspiration that can be found through a passive process, in
which information comes randomly to the designer, or through
an active process, in which information is searched voluntarily
by the designer through different sources, such as the internet
and books (Gonçalves et al., 2011). External stimuli can also be
distinguished by analogical distance and the form/modality of
representation.

When designers consider a stimulus as a good source of
inspiration for generating new ideas, they build a series of connec-
tions between the stimulus and the problem according to “analog-
ical reasoning” (Goucher-Lambert et al., 2018). The analogical
distance is investigated in 20 of the 47 contributions. This analog-
ical distance is also called “proximity to the problem”
(Vasconcelos and Crilly, 2016) and it has been defined as “a mea-
sure of the degree of structural (relational or functional) similarity
and surface (attributional) similarity to the problem” (Jia et al.,
2020). Moreover, some authors have distinguished “near” analogy

Table 1. Selection criteria and threshold

Phase Criteria Threshold or value

Identification Publication year <2022

Subject area Engineering OR
Cognitive
Neuroscience

Document type Article, conference
paper, review

Publication stage Final

Language English

Screening Availability Yes

Citation indicator [# of citations/
(2022 – Publication year)]

>1

Duplicate articles Removed

Individual Yes

Neurophysiology, stimuli Yes

Full-text consistency Accepted

Table 2. Stimuli features

Stimuli features References

Source Internal Modality of representation of
self-generated ideas

Visual (Sketch, Prototype, 3D Model) • Bilda et al. (2006)
• Sun et al. (2013)
• Suwa and Tversky (1997)
• Viswanathan and Linsey (2013)

Textual (Description) • Sun et al. (2013)

External Analogical distance Near • Bi et al. (2015)
• Cardoso et al. (2009)
• Cardoso and Badke-Schaub (2011)
• Casakin (2010)
• Chan et al. (2011)
• Chan et al. (2015)
• Cheong and Shu (2013)
• Goldschmidt and Sever (2011)
• Gonçalves et al. (2011)
• Gonçalves et al. (2016)
• Goucher-Lambert et al. (2018)
• Goucher-Lambert et al. (2019)
• Keshwani and Chakrabarti (2017)
• Malaga (2000)
• Ozkan and Dogan (2013)
• Srinivasan et al. (2018)
• Tseng et al. (2008)

Far

Medium • Chai et al. (2015)
• Fu et al. (2013)
• Gonçalves et al. (2014)

Form/Modality of representation Visual (Line-Drawing, Picture, Photograph,
Prototype, 3D Model, Real Object)

• Bilda and Gero (2007)
• Cardoso et al. (2009)
• Cardoso and Badke-Schaub (2011)
• Casakin (2010)
• Chai et al. (2015)
• Goldschmidt and Smolkov (2006)
• Liang et al. (2017)
• Perttula and Liikkanen (2006)
• Yao et al. (2017)

Textual (Keyword, Description, Question) • Doboli et al. (2014)
• Fink et al. (2010)
• Goldschmidt and Sever (2011)

(Continued )
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from “far” analogy, suggesting the analysis of analogies at inter-
mediate distances (Fu et al., 2013; Gonçalves et al., 2014).

The form, sometimes labeled “modality of representation”
(Vasconcelos and Crilly, 2016), looks at the modality with
which a stimulus is represented, and it is investigated in 47 of
the included contributions. This variable distinguishes between
visual and textual stimuli, as in Table 2, and it can be analyzed
conjunctly or independently to the analogical distance. The visual
stimuli class includes sketches, photographs, prototypes, 3D mod-
els, and real objects; textual stimuli include keywords, texts, or
questions. The literature has also investigated the effects of visual
and textual stimuli alone and the effects of combining stimuli of
different forms (Borgianni et al., 2020; Malaga, 2000).

Furthermore, we distinguish papers according to the method-
ology adopted, between protocol analysis (41 out of 47) and neu-
rophysiological studies (6 out of 47), as depicted in Figure 3.

Metrics for performance evaluation and the problem of
fixation

The investigation of the role of stimuli in idea generation, as a
process and its outcomes, requires the introduction of metrics
for evaluating the participants’ performance. Currently, the litera-
ture has shown no official standards in the number and type of
metrics adopted.

This review refers to metrics such as novelty, variety, quality,
and quantity, proposed by Shah et al. (2003) for assessing ideation
effectiveness, since they are the most commonly used in the litera-
ture. In addition, some of the papers included in the review also
evaluate the ideas’ originality level (Dean et al., 2006; Vasconcelos
and Crilly, 2016). The mentioned metrics are listed and defined in
Table 3.

Fixation has been investigated in 10 contributions, this review
included. It represents a subconscious phenomenon that occurs
especially when the designer has sufficient time to resolve a design
problem with a very low degree of uncertainty (Mohan et al., 2011).
This process narrows the solution space explored by the designer,
who remains “fixed” to the initial ideas (Nelius et al., 2020).
Although the fixation is a phenomenon related to the idea genera-
tion process, it is often evaluated in combination with other perfor-
mance metrics since it has a negative impact on the quality and
originality of ideas (Cardoso et al., 2009), and on the number,
the variety, and the novelty of ideas (Mohan et al., 2011).

In some cases, fixation is due to the stimuli themselves (Hay
et al., 2020) or to the repeated use of only a small portion of
the external stimuli available (Hwang et al., 2021). For example,

Table 2. (Continued.)

Stimuli features References

• Gonçalves et al. (2014)
• Goucher-Lambert et al. (2018)
• Goucher-Lambert et al. (2019)
• Hernandez et al. (2010)
• Liikkanen and Perttula (2010)
• Linsey et al. (2007)
• Moreno et al. (2014)
• Royo et al. (2021)
• Tseng et al. (2008)
• Viswanathan and Linsey (2013)

Other (Combination of stimuli, Technical
representation, Example of solution, Metaphor,
Biology analogy, Patent)

• Bi et al. (2015)
• Borgianni et al. (2020)
• Cascini et al. (2020)
• Chan et al. (2011)
• Chan et al. (2015)
• Cheong and Shu (2013)
• Dogan et al. (2019)
• Fiorineschi et al. (2020)
• Fu et al. (2015)
• Gonçalves et al. (2016)
• Hadian (2015)
• Hay et al. (2019)
• Helms et al. (2009)
• Leahy et al. (2020)
• Malaga (2000)
• McKoy et al. (2001)
• Ozkan and Dogan (2013)
• Sarkar and Chakrabarti (2008)
• Srinivasan et al. (2018)

Figure 3. Methods of investigation.
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visual stimuli, such as images of everyday life scenes or line draw-
ings and photographs, can both guide the designer to inappropri-
ately repeat some features of the stimuli in their final ideas
(respectively, Purcell and Gero, 1992; Hernandez et al., 2010).

Comparing internal and external stimuli, Leahy et al. (2020)
found that participants were more fixated on their initial ideas
when stimulated by an external example of a solution provided
during the experiment.

Moreover, designers’ expertise can affect the performance with
fixation. Viswanathan and Linsey (2013) showed that both expert
and novice designers exhibited a state of design fixation due to a
solution example; previous experience and knowledge support
experts in generating more ideas, but these elements can cause
design fixation.

New methods have been developed in the literature to help
novice designers recognize and avoid the fixation phenomenon.
Hwang et al. (2021) developed a support system that keeps
track of designers’ use of the available external stimuli and guides
individuals in redistributing their attention to unused stimuli.
Design by analogy can help reduce design fixation by supporting
designers in constructing distant analogies from the design prob-
lem domain while still relying on prior knowledge, experience, or
external stimuli (Moreno et al., 2016). Finally, alternative repre-
sentations of the design task, such as a brief functional description
of the problem, have great benefits for expert engineers in reduc-
ing fixation. In contrast, they have a negligible effect on novices
(Viswanathan and Linsey, 2011).

The study of stimuli by protocol studies

Protocol analysis involves conducting a qualitative interpretation
of participants’ gestures, sketches, videos, and audio recordings
to investigate cognitive aspects related to the idea generation
activity. Most of the contributions included in this review study
the role of stimuli and their features in design by applying this
method, as in Table 4.

Internal stimuli
The design literature focuses on investigating external sources of
inspiration, as in Figure 4a, since only 7 of 47 contributions
deal with the role of internal stimuli.

• Visual. Suwa and Tversky (1997) found that designers’ inspec-
tion of self-generated sketches suggests new ways to improve
their initial ideas. In addition, Goldschmidt and Smolkov
(2006) observed that the sketches, as internal stimuli, are funda-
mental to generate creative solutions. Bilda et al. (2006) com-
pared the idea generation process in a “blindfolded” and a
“sketching” condition for experienced architects. They observed
that the inability to sketch did not affect the quality of the
information in the generated ideas. On the contrary, the overall
performance, in making connections between different ideas,
was lower in the blindfolded mode. Moreover, physical and
3D samples and mental images can aid designers in refining
their initial ideas (Gonçalves et al., 2014, 2016). Viswanathan
and Linsey (2012, 2013) noted that building physical models
helps designers to generate more functional solutions with a
higher level of quality than the condition in which they produce
only sketches, but it can cause a degree of fixation directly pro-
portional to the amount of time taken to build the 3D model.

• Textual. Among self-generated stimuli, one can also consider
the description of own ideas. Doboli et al. (2014) found that
summarizing own ideas through keywords or titles improves
the level of innovation of generated solutions.

External stimuli
The analogical distance. Concerning analogical distance, 19
papers out of 47 investigate the role of near and far analogies,
and only 3 contributions have focused on intermediate analogies,
as in Figure 4b.

• Methods for analogical distance evaluation. For the selection of
textual stimuli with different levels of distance, Goucher-Lambert

Table 3. Idea generation outcomes metrics and phenomenon bias

Phase
Metric/
phenomenon Definition

Idea generation
outcomes

Novelty It evaluates how much an idea is unexpected compared to all others. This metric may be measured by comparing
generated ideas with the ones already known in state of art, those a priori defined as not novel, expected, or usual.
Alternatively, it can be evaluated by defining general key attributes and evaluating how each is satisfied by each
idea. The higher the number of ideas that satisfy the attribute in the same way, the lower the level of novelty is
(Shah et al., 2003).

Variety It measures how different each other are the ideas generated. The higher the level of variety, the higher the
probability of finding the best solutions in different areas of the explored solution space. Variety assessment
focuses on the different principles that can be adopted to satisfy the same design problem. The adoption of
different principles makes the ideas different from each other (Shah et al., 2003).

Quality It refers to idea feasibility and how much every idea is able to address design requirements and specifications.
QFD, as the reference tool for defining requirements, can also be used to evaluate their fulfillment (Shah et al.,
2003). Authors also refer to it as “usefulness” or “functionality” (Vasconcelos and Crilly, 2016).

Quantity It is also defined as the “number of solutions” and measures the total number of ideas generated (Shah et al.,
2003).

Originality It measures how rare and surprising the idea is (Dean et al., 2006). Vasconcelos and Crilly (2016) reported that
originality, or “rarity”, metrics evaluate the uniqueness of the ideas and that this has sometimes been confused or
substituted with the novelty metric.

Idea generation
process

Fixation This phenomenon belongs to the broader family of cognitive biases that lead to a personal interpretation of
information and produce a distorted image of reality. The main consequence of fixation on designers’ performance
is the inappropriate repetition of elements and features of the stimuli provided in the final ideas generated
(Cardoso and Badke-Schaub, 2011).
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Table 4. Stimuli features investigated in protocol studies

Reference Method

Stimuli features

Source Analogical distance Form

Bilda et al. (2006) Experiment Internal Sketches

Bilda and Gero (2007) Experiment Internal Sketches

Borgianni et al. (2020) Experiment External Keywords, pictures representing the meaning of
textual stimuli, combination of words and pictures

Cardoso et al. (2009) Experiment External Near and far Line-drawings or pictures

Cardoso and Badke-Schaub (2011) Experiment External Near and far Line-drawing or picture of a possible solution

Casakin (2010) Experiment External Near and far Images

Cascini et al. (2020) Experiment External Problem-solution network (PSN) and functional
decomposition and morphology (FDM), and textual
description

Chai et al. (2015) Experiment External Near, far, medium Pictures of sources of example

Chan et al. (2011) Experiment External Near and far Picture and textual descriptions of examples from
the U.S. Patents database

Chan et al. (2015) Experiment External Near and far Textual description

Cheong and Shu (2013) Experiment External Near and far Textual descriptions of biological phenomena

Doboli et al. (2014) Experiment External List of devices

Dogan et al. (2019) Experiment External Metaphors

Fiorineschi et al. (2020) Methodological paper External Problem-solution network of available solutions and
chart of structural solutions

Fu et al. (2015) Experiment External Near, far, medium Patent descriptions of products

Goldschmidt and Smolkov (2006) Experiment External Pictures and line-drawings

Goldschmidt and Sever (2011) Experiment External Near and far Textual descriptions of ideas

Gonçalves et al. (2014) Experiment External Near, far, medium Textual descriptions

Gonçalves et al. (2016) Interview External Near and far Visual, textual and other

Hadian (2015) Interview External Metaphors

Helms et al. (2009) Biologically inspired
design study

External Textual and visual biological solutions

Hernandez et al. (2010) Experiment External Sketch of solution examples

Leahy et al. (2020) Experiment Internal External Example concept sketch and description

Liikkanen and Perttula (2010) Experiment External Keyword

Linsey et al. (2007) Experiment External Near and Far Description

Malaga (2000) Experiment External Near and Far Pictures, words, and combination of picture and
words

McKoy et al. (2001) Experiment External Textual and visual

Moreno et al. (2014) Experiment External Key problem descriptors

Ozkan and Dogan (2013) Experiment External Near and Far Textual and visual

Perttula and Liikkanen (2006) Experiment External Sketch of examples

Purcell and Gero (1992) Experiment External Near and Far Pictures and descriptions

Royo et al. (2021) Experiment External Questions

Sarkar and Chakrabarti (2008) Experiment External Visual, textual and other

Srinivasan et al. (2018) Experiment External Near and Far Patents

Suwa and Tversky (1997) Experiment Internal Sketches

Tseng et al. (2008) Experiment External Near and Far List of words

Viswanathan and Linsey (2011) Experiment External Sketch of example solution

Viswanathan and Linsey (2013) Experiment Internal 3D and sketches
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and Cagan (2017) adopted the crowdsourcing method, asking
online workers to summarize in six keywords their solutions
to proposed problems. Next, the most frequent keywords were
considered near stimuli, and words used only once were called
far stimuli. On the other hand, given a list of words extrapolated
from the initial solutions to the design problems, Malaga (2000)
let two experts individually evaluate the distance of each word
from the problem. Regarding the distance of visual stimuli,
Chai et al. (2015) evaluated the analogical distance of images
related to an outdoor furniture design problem. The authors
evaluated pictures depicting outdoor furniture as close stimuli,
images of mostly abstract furniture as medium-distance stimuli,
and images with elements of nature as distant stimuli.

• Near versus far stimuli. Gonçalves et al. (2014) classified stimuli
into “close”, “distant”, and “too distant”, and noted that the lat-
ter resulted in difficult to interpret and exploit for generating
new ideas. Conversely, close stimuli limited the exploration of
the solution space, leading to frequent repetition of the same
ideas. Finally, the authors observed a midpoint of distance,
defined “distant” stimuli, at which participants demonstrated
“peak inspiration”. However, most of the papers suggest that
near stimuli provide better support. Srinivasan et al. (2018)
demonstrated that near stimuli support the generation of
more solutions at a higher level of quality than far stimuli; Jia
et al. (2020) found that near stimuli result in higher quality,
novelty, and variety of ideas generated. Finally, Chan et al.
(2011, 2015) showed that near stimuli aided participants in gen-
erating the most creative ideas.

The form/modality of representation. Among the modalities of
representation, the “other form”, including the combination of
visual and textual stimuli, examples of a solution, biology analo-
gies, and technical representations, is the most investigated form
of stimuli in the Design literature, as in Figure 4c.

• Visual. Goldschmidt and Smolkov (2006) stated that visual
stimuli support the generation of creative solutions, and even
random features of the external environment sometimes inspire
participants. The richness of details of visual stimuli, defined by
Vasconcelos and Crilly (2016) as “Fidelity of the representa-
tion”, can influence the creative performance of designers.
Borgianni et al. (2020) pointed out that low-fidelity stimuli,
such as abstract drawings and pictures, result in non-obvious
analogies in idea generation, though with no improvement in
quality, originality, and quantity metrics. On the other hand,
Cardoso et al. (2009) found that high-fidelity visual stimuli,
concrete sketches, and pictures cause the repetition of some fea-
tures of stimuli in the final solutions. However, “raw” drawings

and line-drawing illustrations led to the generation of more
novel ideas, while photographs resulted in less original ideas.
In addition, Chan et al. (2015) observed a higher level of novelty
with abstract stimuli, but participants rated concrete stimuli as
more useful. The effect of pictures on ideas also depends on the
designer’s familiarity with the portrayed image (Purcell and
Gero, 1992).

• Textual. Moreno et al. (2014) observed that keywords, key-
problem descriptors, have a negative effect on the number of
ideas, probably because of a high cognitive effort for their com-
prehension and interpretation. Chan et al. (2011) observed that
textual stimuli decreased the number of ideas generated both
when supplied alone and in addition to visual stimuli. Finally,
Royo et al. (2021) observed that questions, as textual stimuli,
resulted in the generation of fewer ideas, with higher levels of
quality and lower levels of novelty and variety.

• Combination of stimuli. Gonçalves et al. (2016) investigated
designers’ preferences in the use of different types of stimuli.
All the designers preferred visual stimuli because accessing
and storing this type of information requires less effort than
the textual one, which also calls for concepts that are more
abstract and, therefore, more complex to interpret. Mckoy
et al. (2001) pointed out that visual/graphical sources of inspira-
tion are more effective than textual ones since the design is an
image-oriented process and visual senses are more involved
than the others (Mougenot et al., 2008). On the combination
of different forms, Malaga (2000) found that visual combined
with textual stimuli resulted in ideas with a higher level of crea-
tivity than textual stimuli alone. Moreover, Borgianni et al.
(2020) noted that this combination leads to a higher number
of ideas generated. Conversely, switching from a textual stimu-
lus to a visual one does not increase the number, quality, and
originality of ideas. Finally, Sarkar and Chakrabarti (2008) sug-
gested providing respectively videos, pictures, and textual stim-
uli to generate higher-quality ideas.

• Technical representation. Technical reports, charts, maps, and
methods for representing solutions, can aid designers in defin-
ing initial ideas and using these as stimuli for improvements, or
generate new ones. Fiorineschi et al. (2020) noted that the
problem-solution network (PSN) and the chart of structural
solution Alternatives could be adopted as frameworks both
for generating and sharing ideas to inspire other designers.
Finally, Cascini et al. (2020) found that stimuli coming from
a functional structure, a tree graph (with hierarchical alternation
of problems and their solutions), or a morphological map
(functions vs. solutions), inspire ideas with greater variety.

• Example of solution. Hernandez et al. (2010) observed that the
visual examples of solutions improve the variety and the novelty

Figure 4. Stimuli features investigated in protocol studies: (a) source of stimuli, (b) analogical distance, (c) form.
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of the ideas, but this effect is not homogeneous on the whole
sample of participants. Differently, Koronis et al. (2018) found
that visual examples of solutions in the presentation of the design
problem might reduce the novelty of ideas while representing
generic requirements might be more effective. Providing textual
solutions, Chan et al. (2011) observed that examples may cause
the fixation phenomenon. It is due to the designers’ tendency
to be more adept at reusing parts of the provided solutions to
develop new ideas, regardless of the analogical distance. In archi-
tectural design, stimuli composed by the explanation of previous
design problems and their context through textual descriptions,
pictures, and diagrams are defined as “cases” and are the most
used stimuli for solving design problems (Akin, 2002; Eilouti,
2009). Finally, Stacey and Sketch (1997) observed that previous
designs work as useful stimuli for new ideas and as references
during communication among designers.

• Metaphor. Metaphors are usually words or phrases through
which an implicit relationship of similarity between two objects
is generated; they are considered apart from analogies because
the latter presents a relation of similarity explicit and evident
(Dogan et al., 2019). In Architecture, they have wide applica-
tions as a potential source of inspiration. Hadian (2015) inter-
viewed professional architects and found that metaphors are the
most effective form of stimuli for generating creative solutions
to design problems; while analogies are equally effective, but
used more for idea generation. Specifically, Al-Assadi (2022)
states that, among the metaphors, bio-metaphors are a simula-
tion of nature that also allows architects to be inspired by stim-
uli of the domain of biology for the generation of innovative
solutions.

• Biology analogy. Cheong and Shu (2013) highlighted the diffi-
culty in developing analogies from these kinds of stimuli, so
participants often ignore them. Furthermore, Helms et al.
(2009) showed that biology analogies could influence the entire
design process, sometimes preventing designers from ade-
quately exploring the solution space, thus causing an improper
analogical transfer. Keshwani and Chakrabarti (2017) suggested
that providing biology analogies with explanations and textual
descriptions of the natural phenomenon increases the “level of
comprehensiveness in explanation of an analogy”. Therefore,
biology stimuli are a more understandable and effective source
of inspiration even for designers without a biology background.

• Patent. Fu et al. (2015) observed that the patent descriptions of
products as stimuli have no impact on the number of ideas gen-
erated and that they generally do not cause the negative phe-
nomenon of fixation. Srinivasan et al. (2018), using patents of
many technological classes as stimuli, noted that patents from
the same technology class as the design problem lead to higher
quality and lower novelty solutions. Conversely, stimuli from
different domains support the generation of ideas with a higher
level of novelty and a lower level of quality.

Table 5 highlights the main findings from the protocol analysis
approach.

The study of stimuli with neurophysiological
measurements

The study of biometric measurements during design activities has
been developing since 2005. The currently most implemented

Table 5. Main findings on the role of stimuli from protocol studies

Protocol Analyses

Stimuli
Features

Source Internal • Self-generated sketches suggest new ways to correct initial ideas (Suwa and Tversky, 1997) and to
generate creative solutions (Goldschmidt and Smolkov, 2006).
They do not affect the quality of experienced architects’ ideas (Bilda et al., 2006).

• Summarizing ideas through keywords improves the generated solutions (Doboli et al., 2014);
• Physical models help designers generate ideas with a higher level of quality (Viswanathan and
Linsey, 2012).

External Information comes randomly to the designer or through an active process where information is
searched voluntarily by the designer through different sources (Gonçalves et al., 2011)
Their effect depends on their features.

Analogical distance Near • Near stimuli support the generation of more solutions at a higher level of quality than far stimuli
(Srinivasan et al., 2018);

• Near stimuli support the generation of the most creative ideas (Chan et al., 2015).

Medium At the midpoint distance, participants demonstrated “peak inspiration” (Gonçalves et al., 2014)

Far • More distant stimuli are difficult to interpret (Gonçalves et al., 2014);
• They support generating ideas with greater novelty (Chan et al., 2011).

Form/modality of
representation

Visual • Visual stimuli are positively correlated with the creative solutions generated by participants
(Goldschmidt and Smolkov, 2006);

• Visual stimuli can have different levels of the richness of details (Vasconcelos and Crilly, 2016).

Textual • Textual stimuli require more effort than visual during for their interpretation (Gonçalves et al.,
2016);

• Textual stimuli have a negative effect on the number of ideas (Chan et al., 2011).

Other • The combination of stimuli enhances the creative potential of designers (Malaga, 2000; Borgianni
et al., 2020);

• Technical representations enhance the variety of ideas (Cascini et al., 2020);
• Biology analogies can influence the design process, sometimes preventing designers from
adequately exploring the solution space (Helms et al., 2009).
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devices are electroencephalography (EEG) and functional mag-
netic resonance imaging (fMRI), while eye-tracking is in the min-
ority, as depicted in Figure 5. Furthermore, no contribution has
adopted functional near-infrared spectroscopy (fNIRS) or electro-
myography (EMG) techniques. Gero and Milovanovic (2020) pre-
sent a deeper understanding of these tools and their adoption in
design research.

There is limited research on neurophysiological aspects of idea
generation investigating the role of stimuli. Although the study of
these processes at the neurocognitive level is fundamental for dee-
pening the understanding of design cognition, only a small min-
ority of contributions (6 out of 47) included in this review have
investigated the role of stimuli by analyzing neurophysiological
signals, as depicted in Table 6. Consequently, only certain features
of inspirational stimuli have been investigated adopting the

neurophysiological approach and the comparison with the proto-
col studies results is not always possible.

The limited number of articles may be due to neurophysiolog-
ical measurements’ constraints on the definition of protocols and
experimental setups. For example, fMRI techniques require the
subject to be still and supine for the recording, which particularly
limits the movements and gestures of the participants during the
experimental activities. In EEG recording, even minor movements,
such as breathing or eye-moving, can impair the quality of the
recorded signal. Despite their limitations, biometric techniques
offer great advantages as their precision and sensitivity allow the
collection of objective and realistic data for design cognition.

Internal stimuli

Most of the neurophysiological contributions included in this
review (four out of six) have investigated only the role of external
sources of inspiration; one paper has focused on internal sources,
and the last contribution has compared internal and external
stimuli, as in Figure 6a.

Fink et al. (2010), by investigating fundamental cognitive pro-
cesses in the early stages of design from the neuropsychological
perspective, observed that the unfolding of creative processes at
the cognitive level involves the deactivation of parieto-temporal
regions, which is crucial during the activity of retrieval from
memory of internal stimuli occurring in the initial stages of
design. The same authors, investigating idea generation tasks,
noted that in the experimental condition without stimuli, such
activation is greater than in the conditions in which participants
exploit their initial ideas (internal stimuli), or ideas generated by
other people (external stimuli). The deactivation of parieto-
temporal regions and activity in the alpha band results in the

Figure 5. Biometric measures.

Table 6. Stimuli features investigated in neurophysiological studies

Reference Method Biometric measures

Stimuli features

Source Analogical distance Form

Bi et al. (2015) Experiment Eye tracking External List and graph area

Fink et al. (2010) Experiment fMRI External and Internal Words

Goucher-Lambert et al. (2018) Experiment fMRI External Near and Far Keywords

Liang et al. (2017) Experiment EEG External Pictures

Sun et al. (2013) Experiment EEG Internal Sketches and Descriptions

Yao et al. (2017) Experiment EEG External Pictures

Figure 6. Stimuli features investigated in neurophysiological studies: (a) source of stimuli, (b) analogical distance, (c) form.
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inhibition of potential external stimuli. Sun et al. (2013) proved
that describing ideas helps designers identify possible gaps in
their solutions.

External stimuli

Regarding the active research for external stimuli as sources of
inspiration, Hay et al. (2020) observed that understanding and
interpreting stimuli or ignoring them involves the performance
of numerous cognitive processes that interact with each other,
including perception, which consists of the processing of sensory
information, semantic processing, and attention.

The analogical distance
Although analogical distance largely influences the idea genera-
tion process, only one of the neurophysiological studies focused
on it, as in Figure 6b.

• The analogical reasoning. Through fMRI, Goucher-Lambert
et al. (2018) observed that the cognitive mechanisms related
to the valuable exploitation of stimuli differ based on analogical
distance. The authors pointed out that the pre-frontal cortex is
the area most involved during the analogical reasoning pro-
cesses in the early stages of the design, since it is responsible
for retrieving from memory information regarding the analo-
gies and assessing the analogical distance. In addition, the
authors noted that, in general, stimuli are helpful when they
guide internal attention to memory, as shown by near stimuli.

• Near versus far stimuli. Goucher-Lambert et al. (2018), through
fMRI, observed that the cognitive processes carried out by
designers when they are provided with a near stimulus recog-
nized as useful, differ from the case when the designer individu-
ally seeks new sources of inspiration as a reaction to stimuli
considered to be too distant to be a good source of inspiration.
Experimental results have shown that near stimuli in textual
form involve a process defined as “inspired internal search”,
activating the left hemisphere’s bilateral temporal and parietal
areas, enhancing abstract thinking, and ensuring greater pro-
ductiveness in design problem-solving. On the other hand,
the condition with a far stimulus activated both the process of
inspired internal search and unsuccessful external search since
a far stimulus is not always considered a good source of inspira-
tion by the designer. The designer, therefore, activates an
inspired internal search process if the far stimulus is perceived
to be useful. Otherwise, the stimulus is ignored, according to the
process of unsuccessful external search. Consequently, a new
phase of primary visual elaboration is activated, resulting in
an active search for stimuli in the external environment.
Finally, the results of this experimental study highlighted that
nearer stimuli improved the usefulness and feasibility of new
solutions, thus being the type of stimuli with the greatest impact
in assisting designers during the generation of new ideas.

The form/modality of representation
The form/modality of representation is investigated in five out of
six neurophysiological contributions, as in Figure 6c.

• Visual. Through eye-tracking, Bi et al. (2015) demonstrated that
visual stimuli make the human brain more able to identify data
relationships and patterns. Liang et al. (2017) investigated the
phenomena of visual attention and visual association in the
case of expert participants, because these two phenomena

influence designers’ creativity. Visual attention is the process
carried out by the frontoparietal region of the cerebral cortex,
through which the selection of received information and
input and its reprocessing based on the designer’s goals takes
place, neglecting all other received information. Visual associa-
tion is the phenomenon through which a connection is built
between the source and target of the analogy; it is related to
alpha band activation in the central region of the cortex and
gamma band activation in different areas of the brain. Yao
et al. (2017) found that this process is strongly related to frontal
and pre-frontal brain activity, focusing on visual association
through EEG signals.

• Textual. Employing fMRI, Goucher-Lambert et al. (2019) found
that temporal brain regions are particularly important for the
interpretation of this form of stimuli. These regions are involved
in the semantic processing activity of texts and the recognition
of textual concepts. In the same way, Fink et al. (2010) noted
temporoparietal activation in the right hemisphere in experi-
mental conditions involving textual stimuli, while Sun et al.
(2013) observed centrotemporal activity in their experimental
contribution.

Summarizing again, Table 7 highlights the main findings from
neurophysiological measurements.

Stimuli features comparison between the two approaches

Table 8 presents the main findings from the studies that have
adopted protocol analyses and neurophysiological measurements.
This table shows the comparison of results for each feature of
stimuli. Contributions from the two approaches have often
investigated the role of stimuli and cognitive processes using dif-
ferent experimental protocols and identifying nonstandard or dif-
ferently defined variables.

In view of that, we now attempt to assess the consistency of the
results of the protocol and neurophysiological studies, based on
the features of the stimuli investigated.

Other factors influencing idea generation

Some other factors were identified during the literature analysis as
factors influencing participants’ performance in experimental
studies. External factors in this review include the concept of
background, expertise, and personal experience of participants, as
well as the time, as in Table 9.

Other factors from protocol studies

Knowledge background and expertise, as shown in Figure 7, are
the mainly investigated factors concerning participants, because
they can influence designers’ approach to generating more origi-
nal ideas (Cardoso and Badke-Schaub, 2011).

• Background. The majority of experiments conducted in the
engineering and industrial design domain involve especially
architects and engineers as participants, as in Figure 8. A
small proportion of the selected experimental studies also
involved participants from other backgrounds, such as Civil
Engineering, Mechanical Engineering, Computer Science,
Social Science, and Fine Arts disciplines. These disciplines
have been included under a single category called “Other” in
Figure 8. Investigating the background influence on the design
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process, Todoroff et al. (2021) pointed out some differences
between engineers and architects. The former intend to achieve
a predetermined goal by optimizing activities, while the latter
adopt an approach based more on intuition. Goldschmidt and
Smolkov (2006) stated that visual information is used more
than textual, which is fairly independent of the background.
However, experiments that involved participants from the engi-
neering or industrial design domain tended to explore the role
of stimuli with different and mixed features (Goucher-Lambert
et al., 2019; Royo et al., 2021), but these studies seldom control
for the background factor. Conversely, experiments involving
participants from architecture focused mainly on visual stimuli
and on the practice of sketching self-generated ideas (Purcell
and Gero, 1992; Suwa and Tversky, 1997; Goldschmidt and
Smolkov, 2006; Ozkan and Dogan, 2013), probably because
sketching is the way architects are trained to improve their
ideas during their studies (Bilda et al., 2006). Focusing on exter-
nal stimuli, Akin (2002) observed that architects exploit design
“cases”more for comparing and evaluating their own ideas than
as a source of inspiration. In fact, information and data from
design “cases” and examples are often unstructured and impli-
cit, and their use as potential sources of inspiration requires a
lot of effort. In this regard, Eilouti (2009) proposed precedent
based-design models that recycle the intrinsic knowledge in
the previous solution examples representing the information
and data in more explicit forms, such as prototypes, to make
stimuli more accessible to designers.

• Expertise is the external factor most investigated by the contri-
butions with the protocol analysis approach cited in this review.
Casakin (2010) observed that experts use visual stimuli better
than novices, thus obtaining better solutions. In experimental
conditions with no explicit instructions to use stimuli, expert
architects were more able to spontaneously search for visual
sources of inspiration and concrete objects as stimuli in the
external environment. Gonçalves et al. (2011) highlighted
some differences between expert and novice designers searching
for and managing external stimuli during the initial phase of the
design process. Professionals claim to select closely related

sources, while novices prefer more distant sources to improve
their creative ideas. In the end, Chai et al. (2015) noted that
experts and senior students prioritize the completeness of
their solutions, while junior students focus on functionality.

• Experience. The influence of experience is investigated in only
one study with Protocol Analysis. Sun et al. (2014) investigated
the effect of this factor on the creative performance of engineers
in solving a design task consisting of a textual delivery and a
picture. Experienced participants obtained better solutions
than the inexperienced, thanks to their knowledge and strategies
to improve new concepts, but invested more mental effort in
understanding the requirements of the design problems.
Consequently, more work experience and prior knowledge
about the task domain and design process imply a better use
of design strategy.

• Time. In this review, only three papers based on protocol anal-
ysis studied the idea generation process focusing on the time
factor; other contributions mention the time factor but do not
use it as a control variable.

Vasconcelos and Crilly (2016) defined the instant when
stimuli are provided to the participant as the “timing of
stimulation”. Perttula and Liikkanen (2006) showed that the
exposition of participants to examples of existing solutions,
before the process of idea generation, caused the exploration
of fewer new possible solutions categories than those explored
providing the stimulus during the process. Tseng et al. (2008)
observed that providing stimuli after designers have started
working on the problem is more effective, but the effect of
the timing of stimulation also depends on the analogical dis-
tance. Stimuli that are more distant from the task domain
have a greater impact on generated ideas if provided after the
participant has received the problem. Conversely, stimuli related
to the task domain seem to affect the generation of new ideas
even if provided before the problem.

In the end, Malaga (2000) observed that the number of par-
ticipants’ ideas depends not only on the form of the stimulus or
the distance of the analogy but also on the amount of time
available to generate new solutions. Liikkanen and Perttula

Table 7. Main findings on the role of stimuli from neurophysiological studies

Neurophysiological measurements

Stimuli
features

Source Internal • When external sources of inspiration are not provided, the designers retrieve internal stimuli from
memory, activating the parieto-temporal cortex brain area (Fink et al., 2010)

• A textual description of self-generated ideas helps designers identify possible gaps in their solutions
(Sun et al., 2013).

External Understanding or ignoring external stimuli involves the performance of numerous cognitive processes,
such as perception and attention (Hay et al., 2020)

Analogical distance Near Near stimuli activate the “inspired internal search” resulting in the improvement of designer
productivity with a higher number of ideas generated and a higher level of innovation
(Goucher-Lambert et al., 2019)

Medium X Not investigated

Far Far stimuli are ignored if they are too difficult to interpret; otherwise, they follow the same process
activated by near stimuli (Goucher-Lambert et al., 2019)

Form/modality of
representation

Visual Visual attention paid to the visual stimuli positively correlated with performance: the identification of
relationships and patterns of data in visual form is easier for the human brain than in textual form
(Liang et al., 2017)

Textual The correct interpretation of textual stimuli involves a process of activation of the temporal areas of
the cerebral cortex (Goucher-Lambert et al., 2019)

Other X Not investigated
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(2010), focusing on the time factor, demonstrated that a short
amount of time available could lead designers to generate
more ideas with less creativity.

Other factors from neurophysiological studies

Among the other factors in neurophysiological studies, the exper-
tise is the most investigated, followed by background and experi-
ence, as in Figure 9.

• Background. The experimental results of neurophysiological
contributions show that educational background impacts design
activities; in most experimental studies, participants have an
engineering background, followed by industrial design and

architecture, as in Figure 10. Vieira et al. (2019), comparing
EEG signals from experts in mechanical engineering and archi-
tecture during the resolution of a textual task combined with
visual stimuli, demonstrated that the formers activate regions
(left pre-frontal cortex) involved in the structured, rule-based
design, and in planning aimed at well-defined goals. In contrast,
the latter show different activations (temporal and occipital right
cortex) related to the elaboration process of information and
creative insights while generating new ideas. Investigating the dif-
ferences between engineering and industrial design students,
Colombo et al. (2020) found that in the latter, the process of inhi-
bition of external stimuli is more pronounced than in engineers.

From the analysis of selected contributions for this review,
there is no evidence of the difference in neurophysiological

Table 8. Comparison of protocol and neurophysiological studies on the role of stimuli

Protocol analyses Neurophysiological measurements

Stimuli
Features

Source Internal • Self-generated sketches suggest new ways to
correct initial ideas (Suwa and Tversky, 1997) and
to generate creative solutions (Goldschmidt and
Smolkov, 2006).
They do not affect the quality of experienced
architects’ ideas (Bilda et al., 2006).

• Summarizing ideas through keywords improves the
generated ideas (Doboli et al., 2014);

• Physical models help designers generate ideas with a
higher level of quality (Viswanathan and Linsey, 2012).

• When external sources of inspiration are not
provided, the designers retrieve internal stimuli from
memory, activating the parieto-temporal cortex brain
area (Fink et al., 2010)

• A textual description of self-generated ideas helps
designers identify possible gaps in their solutions
(Sun et al., 2013).

External Information comes randomly to the designer or
through an active process where information is
searched voluntarily by the designer through
different sources (Gonçalves et al., 2011)
Their effect depends on their features.

Understanding or ignoring external stimuli involves the
performance of numerous cognitive processes, such as
perception and attention (Hay et al., 2020).

Analogical
distance

Near • Near stimuli support the generation of more
solutions at a higher level of quality than far stimuli
(Srinivasan et al., 2018);

• Near stimuli support the generation of the most
creative ideas (Chan et al., 2015).

Near stimuli activate the “inspired internal search”,
improving designer productivity in terms of a higher
number of ideas generated and a higher level of
innovation (Goucher-Lambert et al., 2019).

Medium At the midpoint distance, participants demonstrated
“peak inspiration” (Gonçalves et al., 2014)

X Not investigated

Far • More distant stimuli are difficult to interpret
(Gonçalves et al., 2014);
They support the generation of ideas with a greater
level of novelty (Chan et al., 2011).

Far stimuli are ignored if they are too difficult to
interpret; otherwise, they follow the same process
activated by near stimuli (Goucher-Lambert et al.,
2019).

Form/Modality of
representation

Visual • Visual stimuli are positively correlated with the
creative solutions generated by participants
(Goldschmidt and Smolkov, 2006);

• Visual stimuli can have different levels of the
richness of details (Vasconcelos and Crilly, 2016).

Visual attention paid to visual stimuli positively
correlated with performance: the identification of
relationships and patterns of data in visual form is
easier for the human brain than in textual form (Liang
et al., 2017).

Textual • Textual stimuli require more effort than visual
during for their interpretation
(Gonçalves et al., 2016);

• Textual stimuli have a negative effect on the
number of ideas (Chan et al., 2011).

The correct interpretation of textual stimuli activates
the temporal areas of the cerebral cortex
(Goucher-Lambert et al., 2019).

Other • The combination of stimuli enhances the creative
potential of designers (Malaga, 2000; Borgianni
et al., 2020);

• Technical representations enhance the variety of
ideas (Cascini et al., 2020);

• Biology analogies can influence the entire design
process, sometimes preventing designers from
adequately exploring the solution space (Helms
et al., 2009).

X Not investigated
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signals due to different features of stimuli and different partici-
pants’ backgrounds.

• Expertise. As with Protocol Analyses, expertise is the most
investigated external factor among neurophysiological studies.
Vieira et al. (2020) found that novice designers generating
new ideas for a textual problem with visual stimuli, showed
more brain activity than the experts and, as a consequence, dif-
ferent levels of cognitive effort. In other experimental condi-
tions with visual stimuli, Yao et al. (2017) observed
differences in EEG signals between expert and novice partici-
pants. Both hemispheres’ activation resulted in experts, while
novices showed only the activation of the right hemisphere.
Moreover, experts appear to be more rational than novices in
resolving conflicts between contrasting concepts and focused
on the goal of the visual association task. Analyzing the effect

of textual stimuli, Sun et al. (2013) pointed out that novices
require more cognitive resources than experts, probably because
of their unfamiliarity with the design process. In addition,
recorded signals from novice designers’ posterior and occipital
brain regions indicate a low level of creativity among these
participants.

• Experience. The definition of expertise has rarely been distin-
guished from the contextual experience in the Design literature,

Table 9. Other factors in the design literature

Other Factors References

Participant’s
characteristics

Background • Goldschmidt and Smolkov (2006)
• Goucher-Lambert et al. (2019)
• Royo et al. (2021)
• Todoroff et al. (2021)
• Vieira et al. (2019)
• Vieira et al. (2020)

Expertise • Casakin (2010)
• Chai et al. (2015)
• Cross (2004)
• Gonçalves et al. (2011)
• Goucher-Lambert et al. (2019)
• Kavakli and Gero (2001)
• Hu et al. (2021)
• Majdic et al. (2017)
• Nelius et al. (2020)
• Ozkan and Dogan (2013)
• Sun et al. (2013)
• Suwa and Tversky (1997)
• Viswanathan and Linsey (2013)
• Yao et al. (2017)

Experience • Hu and Reid (2018)
• Sun et al. (2014)

Time Timing of
Stimulation

• Perttula and Liikkanen (2006)
• Tseng et al. (2008)

Time available • Liikkanen and Perttula (2010)

Figure 7. Other factors investigations in protocol studies.

Figure 8. Background in protocol studies.

Figure 9. Other factors investigations in neurophysiological studies.

Figure 10. Background in neurophysiological studies.
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with only one contribution from the Neurophysiological
approach. Hu and Reid (2018) defined contextual experience
as the tacit knowledge accumulated in real and concrete per-
sonal experience in using a particular product or solving a sit-
uation in a given context. This particular distinction is due to
the different points of view adopted by Cognitive
Neuroscience in Design research. Contextual experience influ-
ences the cognitive processes during design, since it can cause
changes in the level of distraction and in the use of the working
memory that is usually related to creative performances leading
to novel ideas. As a consequence, the authors noted that partic-
ipants with contextual experience with the proposed design
tasks are more focused on solving the problem and aware of
their own experiences. Conversely, those without past experi-
ences recorded a greater level of distraction. Usually, they try
to recover from memories of past experiences and remote
ideas that could be adopted for solving the design task.

The effect of other factors, such as the timing of stimulation
and the time available, have not yet been studied, and this gap
in the Design literature might suggest future studies.

A comparison between the two approaches on the other
factors

In the end, Table 10 compares the results between studies that
adopted protocol analysis and neurophysiological measurements
to investigate each factor.

The analysis of the literature has shown that the gender of par-
ticipants is a factor scantly explored in experimental studies about
stimuli. In the literature, Vieira et al. (2021) investigated the fre-
quency bands and brain areas of activation of males and females
during idea generation for problem-solving tasks. The analysis

revealed males involve cognitive functions of visual–spatial mem-
ory coordination, planning, inductive reasoning, and search for
originality. Females activate visuospatial information, visual men-
tal imagery, and reasoning cognitive functions. However, this
study, although investigating open versus constrained design
tasks, did not consider the role of stimuli. About the effect of gen-
der in stimuli exploration, only two contributions are present in
the literature and they are with protocol analysis. Through a sur-
vey, Todoroff et al. (2021) observed that women outperform men
in design thinking ability, but the effects of gender are negligible if
compared with the background factor. In addition, Goldschmidt
and Sever (2011) found no significant difference between male
and female participants in using textual stimuli to solve a design
problem.

The limited investigation in the literature of the gender vari-
able, specifically in gender effect on the use of inspirational stim-
uli, has led to not including it as a criterion of comparison in this
review. If this gap represents a limitation for such a review, on the
other side, it offers insights for future analyses and contributions
to the literature.

The resulting framework

The literature analysis on the role of stimuli has revealed the lack
of shared evidence from experimental studies or conflicting
results; in some cases, this is due to the diversity in the method-
ological approaches adopted.

Studies from neurophysiology are still in their infancy and not
all the studies exhibit the same depth of investigation. In other
cases, the experimental variables from protocol and neurophysio-
logical studies have the same object of design research but are
investigated differently; consequently, comparing the evidence
gained from these two approaches is often not possible.

Table 10. Comparison of protocol and neurophysiological studies on the other factors

Protocol analyses Neurophysiological measurements

Other
Factors

Background • Engineers intend to achieve a predetermined goal by
optimizing activities, while architects adopt an approach
based more on intuition (Todoroff et al., 2021)

• Independently of background, visual sources of inspiration are
more used than others (Goldschmidt and Smolkov, 2006)

• During the idea generation phase, engineers activate brain
regions involved in the structured and rule-based design, and
planning, aiming at well-defined goals. Architects show
activations related to the elaboration process of information
and creative insights (Vieira et al., 2019)

• Industrial designers have a more pronounced process of
inhibition of external stimuli than Engineering designers
(Colombo et al., 2020)

Expertise • Experts prioritise the completeness of their solutions, while
novices focus on the functionality (Chai et al., 2015)

• Experts make better use of visual stimuli than novice ones,
thus obtaining better solutions (Casakin, 2010)

• Professionals claimed to select more often closely related
sources, while novices prefer more distant sources to improve
their creative ideas (Gonçalves et al., 2011)

• Experts are more rational than novices in resolving conflicts
between contrasting concepts and focused on the goal of the
visual association task (Yao et al., 2017)

• Novices require more cognitive resources than experts in
analysing textual stimuli (Sun et al., 2013)

Experience Experienced participants generate better solutions than
inexperienced, thanks to their knowledge.
The formers invest more mental effort in understanding the
requirements of the design problems (Sun et al., 2014)

Participants who have contextual experience with the proposed
design tasks are more focused on solving the problem and aware
of their own experiences, while participants without past
experiences record a greater level of distraction (Hu and Reid,
2018)

Time • Stimulating designers and providing a stimulus after one has
started working on the problem is more effective in inspiring a
solution (Tseng et al., 2008)

• A short amount of time available leads designers to generate
more ideas with a lower level of creativity (Liikkanen and
Perttula, 2010)

X Not investigated
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Table 11. The framework of stimuli selection

Metrics

Other factors Novelty Originality Variety Quality Quantity Fixation

Architecture Novice ↑aNear analogies
(Ozkan and Dogan,
2013)

↑Pictures (Purcell and
Gero, 1992)

↑Pictures
(Casakin, 2010)

↑Source examples (Ozkan
and Dogan, 2013)
↑Pictures
(Purcell and Gero, 1992)

Expert ↑Pictures
(Casakin, 2010)

↓bFar analogies
(Ozkan and Dogan, 2013)

Industrial
Design

Novice ↑Pictures & far
Analogies
(Yao et al., 2017)

↑List of questions
(Royo et al., 2021)
↑Sketches of internal ideas
(Sun et al., 2013)

↑Keywords & near stimuli
(Goucher-Lambert et al., 2019)
↑Questions (Royo et al., 2021)
↑Descriptions of internal ideas
(Sun et al., 2013)

↑Initial internal ideas
(Leahy et al., 2020)
↓Pictures & Far analogies
(Yao et al., 2017)

Expert ↑Pictures & far
analogies (Yao et al.,
2017)

↑Sketches of internal ideas
(Sun et al., 2013)

↓Pictures & far analogies
(Yao et al., 2017)

Engineering
Design

Novice ↑Pictorial line-drawing of existing
design solutions & far analogies
(Cardoso and Badke-Schaub,
2011)
↓Sketch of solution
example
(Hernandez et al., 2010)
↓Sketch of examples & before
problem-solving
(Perttula and Liikkanen, 2006)
↑List of words & far stimuli & After
problem-solving
(Tseng et al., 2008)
↑List of words & near stimuli &
Before problem-solving (Tseng
et al., 2008)

↓Pictorial line-drawing
or photograph of
existing design
solutions
(Cardoso et al., 2009)

↑Sketch of solution example
(Hernandez et al., 2010)
↑List of words & far stimuli
& After problem-solving
(Tseng et al., 2008)
↑List of words & Near
stimuli & before
problem-solving
(Tseng et al., 2008)

↓Pictorial line-drawing or
photograph of existing
design solutions
(Cardoso et al., 2009)
↓Sketch of solution example
(Hernandez et al., 2010)
↑Textual keywords & near
stimuli
(Goucher-Lambert et al.,
2019)

↑Pictorial line-drawing or
photograph of existing design
solutions
(Cardoso et al., 2009)
↑Sketch of solution example
(Hernandez et al., 2010)
↑Sketch of examples & after
problem-solving (Perttula and
Liikkanen, 2006)
↑List of words & far stimuli &
after problem-solving (Tseng
et al., 2008)
↑List of words & near stimuli &
before problem-solving (Tseng
et al., 2008)

↑Pictorial line-drawing or
photograph of existing
design solutions
(Cardoso et al., 2009)
↑Sketch of examples
(Perttula and Liikkanen,
2006)

Expert ↑Sketches of internal ideas
(Viswanathan and Linsey, 2013)

↑Sketches of internal ideas
(Viswanathan and Linsey,
2013)

↑Sketch of example solution
(Viswanathan and Linsey,
2011)

↑3D and physical models
of internal ideas
(Viswanathan and Linsey,
2013)
↓List of words &
description of the task
(Viswanathan and Linsey,
2011)
↑Example solutions
(Viswanathan and Linsey,
2011)

a↑Stimuli associated with this symbol have a positive effect on the performance metric.
b↓Stimuli associated with this symbol have a negative effect on the performance metric.
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Moreover, experimental results are difficult to generalize due
to the lack of homogeneity of experimental protocols. Design
tasks are countless due to the pervasive nature of Design (Gero,
2011) and different authors rarely reuse the same design problems
(Patel et al., 2019). Moreover, researchers have not yet defined a
standard structure for design problems nor a standard indicator
for their difficulty nor a standard evaluation approach (Kumar
and Mocko, 2016; Sosa, 2019). Also, the research methodology,
protocol analysis or neurophysiological measurement influences
the design of the experiment and the experimental setup.
Therefore, it is not unsurprising to see some contradictions
emerge from the different experiments.

Finally, the literature analysis highlights the use of different
metrics to evaluate idea generation performance. Some contribu-
tions evaluate only some performance metrics or metrics specific
to the protocol employed, regardless of the level of detail of the
solutions provided and the available time for idea generation.
Hence, the comparison of the results becomes complicated.

Nevertheless, the comparison of the protocol and the neuro-
physiological studies has evidenced a fundamental difference.
According to the neurophysiological measurements approach,
only stimuli that activate the “inspired internal search” process
are useful to the designer and these are the only ones that support
the designer in improving creative performance. On the other
hand, the protocol studies affirm that the designers’ performance
is better than when no stimulus is provided, regardless of the form
and timing presentation of the stimulus.

Moreover, both strands of research have shown the effect of
stimuli in design also depends on other factors, such as subjects’
background, expertise, and experience. These findings, combined
with the idea generation evaluation metrics, can therefore be
incorporated into an original framework for selecting the most
appropriate stimuli. The framework shows how metrics such as
novelty, originality, variety, quality, and quantity of ideas gener-
ated by designers can be improved by specific types of stimuli,
according to their backgrounds, such as Architecture, Industrial
Design, or Engineering, and according to their level of expertise,
novice or expert.

Therefore, the paper attempts to propose a framework that
aims to deepen the literature by tidying up and clarifying the
research results on the role of stimuli in design. The framework,
as in Table 11, combines evidence from the contributions with
protocol analyses and neurophysiological measurements that ana-
lyze the features of the stimuli, together with at least one of the
other factors.

Hence, the background factor on the table’s rows distinguishes
between Architecture, Industrial Design, and Engineering Design.
Two levels of expertise are determined for each background:
novice and expert. Due to the low number of contributions
focused on the role of experience in design with stimuli, the factor
“experience” is not included here.

The columns contain the most relevant and common perfor-
mance metrics highlighted in the literature. In the cells, the results
from the literature regarding the most appropriate types of stimuli
concerning the background and expertise in the row are entered,
considering the effect of these sources of inspiration on the metrics
reported in the column. Each result in the cell, with the respective
reference, is preceded by an arrow, upwards or downwards,
depending on whether the stimulus cited has, on the performance
metric considered, a positive or negative effect, respectively.

Consequently, the framework provides aid in two different
ways. On the one hand, it shows what kind of stimuli can enhance

each metric if the background and the level of expertise are
defined a priori. For example, selecting “Industrial Design” as
the background and “novice” as the level of expertise, the descrip-
tion of initial ideas results in increasing the quantity metric and
raising the fixation level. On the other hand, knowing the metric
of interest, it is possible to find out the stimuli features that can
impact it based on background and expertise. For a practical
example, the “fixation” column shows that distant analogies are
the best solution to prevent this phenomenon in experts from
architecture and industrial design.

This framework shows how this structured review is not only a
useful classification of the literature, summarizing the most signif-
icant and recent results but also a guide for professionals who
need sources of inspiration in their design activity. Design man-
agers may also use this guide not only to define optimal working
conditions for designers, by selecting the most appropriate stim-
ulus and the best combination of possible sources of inspiration
but also to achieve better results in terms of performance metrics.

Finally, the framework can be used as a guide by researchers in
the design literature as it represents a seminal literature frame-
work to place new findings and newly acquired evidence.
Therefore, it can be enriched and updated and represent an evol-
ving guide for those involved in this field of research. The frame-
work also highlights those aspects of the literature that still need
to be investigated, thus providing researchers with pointers to new
research opportunities.

Conclusion

This review aims to explore the role of stimuli and other factors
during the idea generation phase in design problem-solving, com-
paring two main streams of the design literature, the ones that
adopt protocol analysis and those supported by neuropsycholog-
ical measurement.

From the perspective of protocol studies, stimuli always
improve the performance of designers. On the other hand, from
the perspective of neurophysiological studies, only stimuli that
activate the “inspired internal search” cognitive process are useful
for generating new ideas.

In order to answer the research question about the consistency
of findings on stimuli features from the protocol and neurophys-
iological studies, complementary results have been found.

Both protocol and neurophysiological approaches agree that
the textual representation of self-generated ideas can concretely
act as sources of inspiration.

Regarding the external stimuli, protocol studies conclude that
distant stimuli are often ignored since they require much effort for
interpretation. Neurophysiological studies point out that design
cognitive processes change according to analogical distance; dis-
tant stimuli involve the same cognitive process of near stimuli if
recognized as a potential source of inspiration; otherwise, they
are ignored and new sources of inspiration are sought in the exter-
nal environment.

Regarding the form, visual stimuli are preferred to textual ones
since, from neurophysiological studies, they improve the
designer’s ability to recognize data connections. Conversely, text-
ual stimuli require much effort, probably because they need spe-
cific cognitive processes for comprehension.

For a comprehensive analysis of the role of stimuli and to
answer the research question about the external factors that influ-
ence the idea generation process and outcomes, it has been found
that the background of designers affects the individual approach
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to design activities; as consequences, engineers and architects acti-
vate different cognitive processes while generating ideas. Both
protocol and neurophysiological studies agree that engineering
designers follow well-structured processes to achieve predeter-
mined design goals. In contrast, others adopt approaches based
on processing information through intuition and creativity. No
detailed results about industrial designers are available from pro-
tocol and neurophysiological studies for a consistent comparison.

Regarding expertise, both protocol and neurophysiological
results agree on the higher ability of experts to be inspired by
stimuli with less effort than novices. No specific conclusions are
drawn from protocol and neurophysiological studies about how
novices and experts handle different types of stimuli.

Finally, experienced designers may perform better due to their
prior knowledge; the neurophysiological studies add that they are
more focused on the design problem without distractions, in line
with protocol studies results pointing out that experienced
designers invest more mental effort than inexperienced designers.

For some stimuli’ features, such as the other forms of internal
and external stimuli, and other factors, such as time and gender,
the comparison has not been possible, due to the absence of find-
ings in the literature.

The final framework summarizes the literature results based on
individual characteristics of the designers, such as background
and expertise with performance metrics, also referring to the phe-
nomenon of fixation. It finds application as a guideline for
designer managers to select stimuli with ad hoc features, improv-
ing design performance and concretely supporting designers with
a specific background and expertise. As a research tool, the frame-
work consists of empty cells to be filled. It highlights the gaps in
the literature and suggests new aspects yet to be investigated. In
the future, the framework provides a base to be enriched with
new evidence. It can also be used to collect new results from
the literature.
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