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Abstract
Current design theories andmodels predominantly focus on evaluating innovation through
design solutions, using measures of novelty and usefulness as indicators of creativity. In
contrast, the assessment of creative potential of design problems has attracted far less
attention. To systematically explore the creative potential of design problems, a compre-
hensive literature review is conducted, revealing significant gaps where existing methods
have yet to be applied. To address these gaps, first, an extensive database of design problems
has been constructed using data collected from design patents, surveys, and questionnaires.
Three distinct quantitative methods have been developed: the first for assessing novelty
using SAPPhIRE model of causality, the second for assessing usefulness using usefulness
indicators, and the third for assessing creative potential. The novelty method quantifies the
minimum distance between a current problem and the old problems in the database, using
textual similarity at different levels of SAPPhIRE abstraction. Expert evaluation of the
novelty method indicates substantial agreement with experts’ intuitive notion, in addition
to higher effectiveness compared to existing methods. The first twomethods have then been
integrated into the third method for assessing the overall creative potential of a design
problem. Statistical analyses confirmed the correlation of both novelty and usefulness with
creative potential, supporting findings in the literature. To demonstrate the methods,
detailed case studies have been presented, illustrating the application of the methods. This
systematic approach provides a robust framework for objective assessment of creativity in
design problems, facilitating better prioritization and decision-making in engineering
design contexts.

Keywords: problem SAPPhIRE, creative potential, problem novelty, usefulness, multi-
instance SAPPhIRE

1. Introduction
Engineering design is broadly divided into four stages: task clarification, concep-
tual design, embodiment design and detailed design (Pahl & Beitz 1996). In today’s
world, engineering designers encounter a wide range of design problems during the
task clarification phase, subsequently generatingmultiple solutions throughout the
rest of the three stages (Roozenburg & Eekels 1995). These may involve creating
entirely new products or modifying existing ones (Siddharth & Sarkar 2018). In
both scenarios, various solution alternatives are produced, assessed, refined and
ultimately chosen (Srinivasan & Chakrabarti 2010a). Only those products that
demonstrate creativity are likely to remain competitive in the marketplace (Hart &
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Christensen 2002). Therefore, evaluating “creativity” is crucial when selecting
solutions, as it helps identify those aspects of a product that lack creativity. Both
engineering design and creative process are planned and occur together in practice
(Basadur et al. 2000). Engineering design is a complex process of both problem
finding and problem-solving. Various design studies have shown that participants
invest little time in problem finding or understanding, which is the very first step of
the design process, compared to that in problem-solving (Nidamarthi, Chakrabarti
& Bligh 1997). Also, during the selection of design problems, the participants lean
toward the selection of “problems that they believed in intuitively or found obvious,
rather than those having creative potential.”

The fundamental assumption in our approach is the following: “Identifi-
cation of problems with greater creative potential as well as developing more
creative solutions for them should lead to more creative solutions than when
developing creative solutions for problems identified without attention to their
creative potential.” To justify this, we argue that typically, when people focus
on problem-solving, they tend to take the problem for granted. One looks at
the solution variants to see how those problems are solved. One does not ask
the question, “Is this the most creative problem to solve?” So, potentially one
layer of opportunity to be creative is lost, where one could ask that there be a
number of possible variants of a design problem, of which some are more
creative than others, and therefore, to maximize creativity, one should identify
and focus on the one that is potentially the most creative. The focus then is on
finding the different possible solutions to the problem and selecting the one
that offers the most creative solution to the problem with the most creative
potential (Runco & Chand 1994). This compounds creativity, as opposed to
when identifying the problems without paying attention to their creative
potential (Basadur et al. 2000).

An exploration of the creativity literature suggested the need for empirical
studies on existing creativity assessment methods for the proposal of new or
modified creativity assessment method for design problems. So, this manuscript
proposes a method for assessing the creative potential of design problems, via
assessment of their novelty and usefulness, during the task clarification stage in
the engineering design process. It intends to help designers prioritize and focus
on selecting problems with high novelty and (potential) usefulness, thereby
enhancing their creative efforts beforehand and saving time and effort during
the design process. Case studies are used to illustrate the applicability, which
is then backed up by statistical analysis after comparison with existing
methods and, finally, by experts’ intuitive understanding of a sample of design
problems.

Assessment of the novelty of design problems was previously attempted in our
earlier work (Singh & Chakrabarti 2025) titled “Supporting Assessment of Novelty
of Design Problems Using Concept of Problem SAPPhIRE,”where a methodology
for the assessment of the novelty of design problems was proposed and demon-
strated with some examples, even though it was limited to fewer (only two sets) and
simpler (with single-instance problem SAPPhIREs (State Changes, Actions, Parts,
Phenomena, Inputs, Organs, Effects)) problems. No validation of the proposed
novelty assessment method was carried out. It also lacked a method for assessment
of (potential) usefulness of (solving a) design problem, as well as assessment of the
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overall creative potential of a problem. The novelty of the current contribution in
comparison with the earlier work is as follows:

(1) The novelty assessment method from previous work has been expanded to
addressmore complex problems (represented usingmulti-instance SAPPhIRE
models), along with more problem cases (additional single-instance cases and
a larger database of design problems).

(2) A methodology for assessing the usefulness of solving design problems is
introduced.

(3) A method for assessing the overall creative potential of design problems is
proposed.

(4) Expert validation is added to ascertain the correctness and effectiveness of the
proposed methods, thereby making themmore robust and scalable. Wherever
necessary, we have included and appropriately cited some of our earlier work
to improve the completeness and clarity of this paper.

This paper starts with a literature review on design creativity and creativity
assessment methods in Sections 2.1 and 2.2, respectively. As this research primarily
focuses on the SAPPhIRE model of causality, Section 2.3 explains the SAPPhIRE
model, and some observations from the literature are presented in Section 2.4. The
research aim and question are explained in Section 3. Research methodology for
assessment of creative potential via novelty and usefulness, their results and valid-
ation have been explained in Section 4. Section 5 presents the summary, conclusions
and future scope, followed by the acknowledgements, references and appendix.

2. Literature review

2.1 Design creativity and problems

Creativity is the production of novel and useful ideas in any domain, and innov-
ation is the successful implementation of creative ideas within an organization
(Amabile 1996). Kao (1996) defines creativity as the process through which ideas
are generated, developed and transformed into value. Creativity in engineering
design occurs through a process by which a person uses their ability to generate
ideas, solutions or products that are novel and useful (appropriate, social value)
(Sarkar & Chakrabarti 2007). The definitions provided by Stein (1953), Amabile
(1996) and Sarkar & Chakrabarti (2007), (2015), after their thorough analysis,
highlight novelty and usefulness as the two prime indicators of creativity.

Creativity plays a crucial role in design problem formulation and solving, which
is characterized by ill-structured and non-routine problems (Casakin & Kreitler
2005). The ability to restructure problems and develop new problem descriptions is
essential for creative design solutions in both architecture and engineering (Akin
2008). Some problems, when properly structured, allowmore space for exploration
and thus foster creativity, whereas the narrower problems offer limited scope for
substantial improvement (Goel &Pirolli 1992). An attempt has beenmade in Singh
& Chakrabarti (2024) to assess the structure of the design problem with the
intention that it may lead to an understanding of the creativity of design problems.

While creativity in design encompasses both problem-exploring and problem-
solving aspects, traditional focus has largely been on problem-solving, with very
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limited attention given to problem-exploring (Nidamarthi et al. 1997; Obieke,
Milisavljevic-Syed & Han 2020).

To address this imbalance, emergent technologies such as data mining, natural
language processing and machine learning can support human efforts in identi-
fying creative design problems, potentially leading to breakthroughs in global
problem exploration and inspiring more innovative solutions (Obieke et al.
2020, 2023). In architectural design studios, key factors influencing creativity
include pedagogy, cognitive approach, interaction, information representation
and creativity measurement (Casakin & Wodehouse 2021). Computational tools
can enhance creativity in design, particularly for form finding, complexity opti-
mization and ideation variety (Hanna 2018). In urban design, generative methods
utilizing artificial intelligence (AI) have emerged to efficiently explore complex
solution spaces and generate design options that satisfy conflicting objectives
(Jiang et al. 2023). Although these approaches overcome the limitations of trad-
itional manual design processes, in engineering, AI is not capable of combining
elements to create something novel, which is the space the human still necessarily
needs to fill (Lockhart 2025). Human creativity involves unique neurobiological
machinery and experiential components that AI cannot replicate (Aru 2025).
Hendler (2006) argues that AI excels at well-defined problems but struggles to
combine known elements in novel ways, emphasizing the need to explore human
cognitive capabilities that remain beyond AI’s reach. These studies collectively
highlight the importance of creativity in various design disciplines and the poten-
tial for computational tools, alongwith human efforts, to enhance creative problem
formulation and solving.

2.2 Creativity assessment methods

Past research has focused on developing systematic approaches to assess creativity
in product design, addressing both the design process and outcomes. Feldhusen &
Goh (1995) assessed creativity comprehensively, considering multiple measures of
cognitive processes, motivations and environmental factors. Moss (1966) defined
creativity as a combination of usefulness and unusualness. Unusualness is rated on
a 0–3 scale based on how different a solution is from existing ones. Usefulness is
also scored 0–3 by comparing it with a benchmark solution that meets all
requirements. Shah, Smith & Vargas-Hernandez (2003) developed metrics to
evaluate the effectiveness of idea generation methods based on the quantity,
quality, novelty and variety of ideas generated, proposing two experimental
approaches to evaluate the effectiveness of idea generation methods: a direct
method that examines the idea as a whole and an indirect method that decomposes
the idea into its components and studies their individual and interactive effects.
Ranjan, Siddharth & Chakrabarti (2018) proposed a method using novelty and
requirement satisfaction as key indicators of creativity throughout the design
process. Yuan & Lee (2013, 2014) developed a computational approach that
quantifies the design process and correlates it with creativity ratings, establishing
a formula for creativity assessment. Their method identified six critical factors in
the design process that strongly correlate with creative outcomes. Yin et al. (2021)
compared four creativity assessment methods, finding that the Consensual Assess-
ment Technique (CAT) and Creative Product Semantic Scale (CPSS) produced
consistent rankings between experts and non-experts. These studies aim to
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improve the validity and reliability of creativity assessment in product design,
offering potential applications in both academic and industrial settings. Chakra-
barti & Khadilkar (2003) measured product novelty by comparing it with a
reference product. They used vertical criteria (like need and technology) and
horizontal criteria (main and supplementary functions) with differences weighted
and summed to calculate novelty.

Lozano (2009) described creativity as innovation degree (novelty) and require-
ment accomplishment (usefulness). Novelty is rated as non-innovative, moderate
or radical, and usefulness uses weights based on requirement types. These weights
are often unknown during design, and usefulness scores may lack detail on which
requirements are met. Sarkar & Chakrabarti (2007), (2011) combined assessment
scores of novelty and usefulness to compute scores for creativity. Novelty assess-
ment is carried out using SAPPhIRE models to compare products at different
abstraction levels, as shown in Figure 1. Usefulness is assessed as a product of the
following factors: (L) level of importance (LoI), (R) rate of the popularity of use,
(F) frequency of usage and (D) duration of use or duration of benefit per usage. The
LoI is assigned on a scale of 1–5 according to the purpose of the product being
designed. The other factors, R, F and D, apply only to those products that are
already out in the market. Sternberg & Lubart (1999) define “usefulness” in terms
of “appropriateness.” Similarly, Mumford & Gardner (1994) define “utility” in
terms of “usefulness, appropriateness and social value.” From these definitions, we
understand that “useful” things are those that carry “social value.” Sarkar &
Chakrabarti (2011) further argued that the usefulness of a product is indicated
by its use (i.e., a product is not useful if it is not used) and proposed the above four
parameters for the assessment of usefulness of a product.

Srinivasan & Chakrabarti (2010b) used a similar novelty assessment, compar-
ing new ideas to those in the existing idea space. The distinction is that the
SAPPhIRE model’s various abstraction levels assign scores of na = 7, ns = 6, ni = 5,
nph = 4, ne = 3, nr = 2 and np = 1; if there is no difference at any of those abstraction
levels, n = 0.

2.3 SAPPhIRE model of causality

The SAPPhIRE model of causality was developed by Chakrabarti et al. (2005), as
shown in Figure 2, to explain the causality of natural and engineered systems and is
often cited for novelty assessment. The model gets its name from the highlighted
letters of its constructs: Action, State change, Physical Phenomena, Physical Effect,
Input, oRgan and Parts. They together cover the system’s physical components,
interfaces, interactions, structural context and scientific laws governing them and
provide a rich, comprehensive description of the functioning of biological and
technical systems. To improve the comprehension of the constructs and, conse-
quently, the application of the model, Srinivasan & Chakrabarti (2009) improved
the clarity of the definitions of these constructs. Later, using appropriate rules and
reasoning, Bhattacharya et al. (2024) improved the process for automated extrac-
tion of SAPPhIRE abstraction levels from a natural language document. Singh &
Chakrabarti (2025) interpreted the three types of SAPPhIREs – normal state,
failure state and recovered state proposed by Siddharth, Chakrabarti & Ranganath
(2020) as solution, problem and intended solution SAPPhIREs, respectively, and
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used problem SAPPhIREs in their preliminary framework for assessment of
problem novelty.

The comparison between abstraction levels for reference and current products
in terms of their novelty was illustrated by Srinivasan & Chakrabarti (2010b) and
Ranjan et al. (2018). As a method for usefulness, Ranjan et al. (2018) evaluated the
degree of requirement satisfaction (DRS) against solutions using the weighted
objective tree method. Maher & Fisher (2012) assessed novelty, value and surprise

Figure 1. Proposed novelty assessment method by Sarkar & Chakrabarti (2007).
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by comparing products in the same domain, where products are represented as
attribute vectors and novelty is represented as the Euclidean distance between
them. Grace et al. (2015) identified novelty and value as key features of creative
design, wherein novelty is measured by the distance from a design to others using
clustering and normalization; and value is estimated by the device’s utility or
popularity, such as web search results. The distance between word vectors as a
method for comparing SAPPhIREs for idea novelty was proposed by Siddharth,
Madhusudanan & Chakrabarti (2019).

2.4 Observations from the literature

Design problem identification and formulation have a strong influence on the
creativity of solutions it produces; even a slight change in formulation can lead to
very different design directions for the solution. By examining how the problem is
stated, we can anticipate whether it is likely to spark novel and useful ideas (Wang
et al. 2015). The novelty of design problems is defined as the extent to which they
are new and original, serving as a direct translation of the definition originally
applied to design solutions. For instance, the creation of Airbnb, which is unques-
tionably novel, was a novel solution to the novel problem of affordable and
distinctive lodging options, particularly for tourists looking for experiences outside
of traditional hotels (Guttentag 2013). In contrast to novelty, the definition of
usefulness cannot be directly translated when applied to design problems, as
opposed to design solutions. The usefulness of solving a design problem indicates
only the potential usefulness to society if the design problem is solved well. In
contrast, the usefulness of the solution represents the realized usefulness when the
problem is worth solving and is solved well. We argue that if the problem is not
solved well, the solution will not be a useful one. However, if the problem lacks
potential usefulness, no matter how well it is solved, the solution will not be useful.
If we choose a problem arbitrarily, potential usefulness is left to the mercy of
chance, regardless of how well all its alternative solutions solve it. Hence, the

Figure 2. SAPPhIRE model of causality (Chakrabarti et al. 2005).
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importance of usefulness of a design problem is the potential usefulness (scope of
usefulness) created by the problem. Choosing an arbitrary solution at the end of the
problem-solving process does not necessarily ensure that a problem’s potential is
realized.

Creativity of design solutions is defined as the product of novelty and usefulness
(Sarkar & Chakrabarti 2011), and this formulation may also be extended to define
the creative potential of design problems. The difference between problem creativity
and solution creativity is that in problem creativity, among possible, alternative
problems that are explored, some provide greater creative potential: are more novel
than others (i.e., more different than the problems that have existed up until now)
and are potentially more useful to solve than others. For any of the above problem
alternatives, each with a different creative potential, there can be multiple possible
solutions, some of which would be better at achieving the creative potential offered
by the problem than others. Problem creativity is about creating the potential for
being creative, while solution creativity is about realizing the potential. If the
potential to start with does not exist or is limited during problem identification, it
limits the scope of what can be realized during problem-solving. Assessing the
creative potential of design problems adds an additional layer to compound creativ-
ity, as the current focus remains limited to the creativity of design solutions alone.

The methods and metrics have been proposed for the design outcomes, such as
products or solutions, but not for the creativity of design problems, which is a
bigger research gap, as found out. There are very few qualitative approaches in the
literature that have examined this topic. A simple method for accomplishing this
has been proposed by Roser & Dartnall (2007). It incorporates the use of simple
assessment indicators, rating the level of problem novelty and complexity. Since
these qualitative measurements can only provide subjective judgments based upon
problem understanding, a quantifiable metric is required to overcome this bias.
Singh & Chakrabarti (2025) made one of the initial attempts to quantitatively
assess the novelty of design problems with a limited and simpler problem set and
analysis. Current literature also lacks in the assessment of the (potential) usefulness
and creative potential of design problems. The study proposed by Sarkar &
Chakrabarti (2011) incorporates the quantitative assessment of the usefulness
and creativity of design solutions. However, the parameters proposed in this study
could also be used as indicators for whether a design problem, if solved, is likely to
be useful or not.

3. Research aim and questions
Based on the observations drawn from the literature review, we have determined
the following as the aim and objectives for this research:

• It is necessary to assess the creative potential of design problems to identify those
problems that are bothmore novel andmore valuable (and hencemore creative).

• To do this, a generic method for identifying, analyzing and evaluating design
problems for their creative potential is needed, which could be used for various
stakeholders in a variety of systems and contexts.

• Singh & Chakrabarti (2025) proposed a preliminary methodology for the assess-
ment of the novelty of design problems; however, more analysis and validation
against expert judgment are required to better support their evaluation.
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To address this aim, the following research question has been framed, with
three sub-questions:

1. How to assess the creative potential of a design problem?
1.1 How to assess the novelty of design problems?
1.2 How to assess the usefulness of solving design problems?
1.3 How to assess the creativity of design problems?

4. Research methodology

4.1 Adaptation of the method for assessment of novelty of a
design problem

Anevaluationof the existingmethods for assessing novelty (Srinivasan&Chakrabarti
2010b; Ranjan et al. 2018) reveals the following: For comparing solutions, these
methods use a scoring system that gives higher values to ideas or solutions that differ
at higher abstraction levels than those at lower abstraction levels in the SAPPhIRE
model of causality. However, various aspects of a problemmay exist at different levels
of abstraction. Therefore, a problem cannot necessarily be assessed at a single level of
abstraction; each aspect of the problemmayhave to be addressed at its relevant level of
abstraction. Assessment for design problems with a single cause (represented using
single-instance SAPPhIREs) is demonstrated in our previous study (Singh & Chak-
rabarti 2025). For complex problems with multiple root causes, the problems need to
be represented using a multi-instance problem SAPPhIRE model and subsequently
assessed. Based on this understanding, the previously developed method by Singh &
Chakrabarti (2025) is adapted for a broader set of problems and for a detailed
evaluation of novelty of design problems. Method steps are explained below.

To address the first research sub-question (how to assess the novelty of a design
problem), data on similar design problems are collected from primary stake-
holders, i.e., designers (of 2–3 years’ experience in the product design domain)
and customers (using such products for 3 years ormore), for their design solutions.
The research methodology (Figure 3) involves the following steps:

1. Existing design problems in the same context from patents or online searches
are collected, and their classification as “past problems” is carried out.

2. Current (i.e., new) design problems are collected using a questionnaire and
survey, as faced by stakeholders (designers and customers) in that context, and
classified as “current problems.”

3. Each of the past and current problems so collected is described using the
SAPPhIRE model of causality, henceforth called problem SAPPhIRE
(Siddharth et al. 2020). The completeness of SAPPhIRE models is taken care
of using themethod given by Bhattacharya et al. (2024). Design problems with a
single root cause are represented using single-instance problem SAPPhIREs,
while those with multiple root causes are represented using multi-instance
problem SAPPhIREs. A multi-instance problem SAPPhIRE is constructed by
linking multiple single instances, where the input of each next instance is
derived from the action level of the previous instance.

4. The natural language description of each past and current problem SAPPhIRE
in these two distinct databases is compared with one another for similarity at the
action level of SAPPhIRE (the comparison is facilitated using Bidirectional
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Encoder Representations fromTransformers (BERT) semantic similarity with a
pre-trained dataset). For multi-instance SAPPhIREs, comparison is carried out
after concatenating the sentences at each abstraction level of SAPPhIRE.

5. For those problem SAPPhIREs for which the action level of SAPPhIRE matches,
sentence similarity and word-to-word similarity are calculated between each pair
of problem SAPPhIREs by converting their words into word vectors and meas-
uring the cosine distance between them at each remaining level of SAPPhIRE
abstraction (Siddharth et al. 2019). Semantic similarity is first assessed between
the word vectors and then extended to the sentences. The pre-training of data is
performed using the model “sentence-transformers/all-MiniLM-L6-v2.”

6. Similarity score for each level of SAPPhIRE abstraction is then calculated, where
dissimilarity (novelty) scores for each pairwise comparison are determined
using the following equation: novelty = (1 – similarity) (Siddharth et al. 2019).

7. Overall novelty score of the given, current problem is now calculated, in
comparison with the previous problems under consideration, by averaging
these pairwise novelty scores.

8. The novelty score is interpreted qualitatively using the following ranges: 0 to 0.3
as low novelty; 0.3 to 0.7 as medium novelty; and 0.7 to 1 as high novelty.

Using the pre-trained dataset and a web-based tool for sentence comparison,
some of the above processes (Steps 4 and 5) are automated. To further visualize the
better applicability, a case study on one system is explained below.

4.1.1 Case study (electric kettle) demonstrating the application of the method
An electric kettle is used as the system for problem analysis in our preliminary case
study (Singh & Chakrabarti 2025). Different parts of the electric kettle with their

Figure 3. Proposed methodology for the assessment of the novelty of design problems (adapted from Singh &
Chakrabarti 2025).
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functions are shown in Figure 4. Utilizing online patent libraries and patent
searches, a comprehensive examination of patents pertaining to electric kettles
from the last 100 years is carried out. Beyond the initial data collection, additional
design problems are collected, encompassing both single-cause and multi-cause
cases. After that, useful data in the form of past design problems are extracted, and
using these, a database of past problems for this system is developed. In Table 1, a
few of the problems collected are listed. We assume that the problems gathered
from patents are “old” and problems gathered currently through a questionnaire
are “new.”

Figure 4. Electric kettle (Miller 2019).

Table 1. Some of the design problems collected from patents and web sources

S. no. Past design problems

1. Avoiding overheating of the liquid present in the kettle

2. Providing safety to the users from the hot steam coming out

3. Reducing heat transfer out of the kettle

4. Spilling of the liquid decreases the efficiency of the kettle

5. Temperature and boiling control to minimize inefficient heating

6. Tough to clean
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Moving forward, we collected a set of current design problems, asmentioned by
the stakeholders (i.e., designers and customers), using a survey questionnaire (see
Appendix, Figure A1). These problems are stored in a database of current prob-
lems. Some of these problems are enlisted in Table 2.

The problems written in Tables 1 and 2 are ill-structured problems which,
during the application of methodology, are converted into the unified category of
“problems to be solved in the design process,” but somehow, they are the problems
that exist at the beginning of a design process. The past problems are analyzed and
transformed into their problem SAPPhIREs using the problem SAPPhIRE model,
as shown in Figure 5 (Siddharth et al. 2020) and rules given by Bhattacharya et al.
(2024). The current problems (at the time of analysis) are also analyzed and
transformed into their problem SAPPhIREs. Both are stored in the problem
SAPPhIRE database (see Appendix, Table A1).

The problems of “spilling of liquid,” “non-optimal heating,” and “scalding of
human hand” are selected as the example problems for novelty assessment, as they
belong to different categories, i.e., efficiency and safety, and also based on their high
frequency of occurrences as reference past problems for this case (seeAppendix, Table
A1). Similarly, new problem SAPPhIREs are chosen as current problems from the
database. The design problem is the opposite of the action achieved by the solution
(Siddharth et al. 2020). So, the action level, which is the highest level of abstraction, is
used as a design problem in this case (Figure 5). There may be instances where the
problem exists at different levels of abstraction that authors have not yet encountered.
So, for comparison, their action-level description includes “spilling of liquid.” The
database (see Appendix, TableA1) ismanaged using aMicrosoft Excel tool created by
the researcher to save time while creating problem SAPPhIREs.

A search for common, action-level SAPPhIREs is needed, since only similar
problems can be compared for novelty assessment. While selecting SAPPhIREs for
problems, there may be situations where a single instance is present, while others
have multiple instances. A single instance indicates that the structure includes one
set of SAPPhIRE elements, while a multi-instance structure contains multiple,
connected sets of SAPPhIRE elements, typically due to the presence of several root
causes. Direct comparison is used for single instances (Figure 6). The abstraction

Table 2. Some of the design problems collected from the survey questionnaire

S. no. Current design problems

1. Water is not getting heated

2. Scalding of the human hand due to hot steam

3. Overheating takes place since there is no temperature monitoring available

4. Spilling of liquid due to liquid expansion

5. Cleaning is tough inside the intricate areas of the kettle base

6. Underheating of the coil element due to a corroded coil

7. Localized roughness in the kettle base due to longer scrubbing results in local heating/boiling

8. The conical shape makes it difficult to wash

9. Non-optimal heating due to a faulty thermostat
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levels are first concatenated in the case of multiple instances, and then, the same
comparison approach is used, as illustrated in Figure 7. Following a comparison of
sentence semantics at the action level, the semantic similarity of sentences is
compared at further abstraction levels, which include state change and phenomena.
Some of the formulated and assessed design problems, drawn from the broader set of
assessed problems (see Appendix A1, Table A2), are presented below:

1 Spilling of liquid due to liquid expansion
2 Spilling of liquid due to seal and gasket rupture
3 Non-optimal heating due to a faulty switch and damaged wire
4 Non-optimal heating due to a faulty thermostat
5 Non-optimal heating due to reduced contact area
6 Scalding of the human hand due to hot steam

4.1.2 Results
The comparison is carried out among each set of problems, using their current and
past problem SAPPhIREs. Comparison scores corresponding to each abstraction
levels are computed and integrated into an overall score for the entire problem.
These are tabulated for some of the problems in Column 3 of Table 3. Based on the
proposed range of quantitative values for qualitative interpretation (see Sec-
tion 4.1), inferences are made about the degree of novelty for each problem (see
Column 4 of Table 3). The level of novelty (high, medium and low) of the design

Figure 5. Problem SAPPhIRE model (Siddharth et al. 2020).

13/37

https://doi.org/10.1017/dsj.2025.10043 Published online by Cambridge University Press

https://doi.org/10.1017/dsj.2025.10043


Figure 6. Comparison between two single-instance problem SAPPhIREs.

Figure 7. Comparison between two multi-instance problem SAPPhIREs after concatenation of sentences.
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problems related to an electric kettle, according to their scores, is shown in Table 3
(5 having the highest novelty and 3 having the lowest):

4.1.3 Expert validation for correctness and effectiveness of the proposed
method
In design literature, several researchers have emphasized expert judgment as one of
the most reliable approaches for evaluating the creativity of design solutions
(Amabile 1996; Sarkar & Chakrabarti 2011). Accordingly, for the correctness of
the proposed method, the inferences that are made for the degree of novelty of
assessed design problems need to be compared with the intuitive notion of experts.

Three experts are chosen, and they are asked to assess the novelty of a
representative set of design problems, selected to capture a wide variety while
minimizing the resource-intensive (time and effort-intensive) nature of evaluation.
Each expert had at least three years of experience in new product development and
is aware of the SAPPhIRE model of causality. To ensure a diverse perspective, the
experts are from different regions of the world, accounting for diversity in product
understanding and usage.

As illustrated in Figure 8, the experts evaluated six design problems ((1) spilling
of liquid due to liquid expansion; (2) non-optimal heating due to a faulty thermo-
stat; (3) scalding of the human hand due to hot steam; (4) spilling of liquid due to
seal and gasket rupture; (5) non-optimal heating due to reduced contact area; and
(6) non-optimal heating due to a faulty switch and damaged wire) from a similar
context by rating their novelty at five abstraction levels (which are expressed in
more general terms to make it suitable for the experts), consolidated from the
original seven for greater clarity (Siddharth et al. 2019).

The general terms (seeAppendix, TableA2 for definitions) are purpose (Action),
output (State Change), process (Physical Phenomena and Effect), input and com-
ponents (Parts and oRgan). Novelty scores ranged from low (0.3) tomedium (0.6) to
high (0.9). Novelty scores given by all three experts, abstraction-level-wise, are

Table 3. Novelty scores as computed from the proposed method for different design problems

S. no. Problem’s description
Novelty scores (least) from

proposed assessment
Cumulative decision

on novelty

1. Spilling of liquid due to liquid expansion 0.55 Medium novel

2. Non-optimal heating due to a faulty
thermostat

0.74 High novel

3. Scalding of the human hand due to hot
steam

0.27 Low novel

4. Spilling of liquid due to seal and gasket
rupture

0.65 Medium novel

5. Non-optimal heating due to reduced
contact area

0.8 High novel

6. Non-optimal heating due to a faulty
switch and damaged wire

0.67 Medium novel
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shown in Figure 9, with the values distinguished by variation in color. Dark green
shows highly novel, light green followed by yellow for medium novelty, and red
shows low novelty. Judgment is based upon the experience and intuition of experts;
they were not asked to follow any method.

Considering the degree of novelty of the whole problem (low – L, medium –M
and high –H; explained in Section 4.1), in four out of the six cases, all three experts
agree with the researcher’s scores and inferences as obtained from the proposed
assessment of design problems (see Table 4). In five of the six cases, at least one
expert out of the three agrees with the researcher’s scores and inferences. Another
way is to count all the matches (Cohen 1960) and divide them by the total number
of pairs compared (see Table 4). Out of 18 pairs compared, the number of matches

Figure 9. Novelty scores by three experts for all five abstraction levels across six different design problems.

Figure 8. Template for expert scoring based on their intuition.
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is (3 + 0 + 1 + 3 + 2 + 3 = 12); so %match is 12/18 = 0.67. This indicates that there is
over 67% agreement with the scores of all the experts and over 83% agreement with
the scores of at least one expert. Abstraction-level-wise agreements are shown in
Figures 10–12.

Problem 5 has received high novelty rankings, and problems 1, 4 and 6 have
received medium novelty rankings from all three experts, with which the researcher
also agrees. Figure 11 compares the novelty scores given by researchers and experts
for the state change level. It is noted that the state change level, due to its higher level
of abstraction, provides a higher novelty score. A similar trend exists at the phe-
nomenon and effect levels. This is because more problems are typically found at the
part or organ level, and so the similarity, where the experts have given a lower novelty

Table 4. Comparison of the researcher’s novelty scores with those of experts for various design
problems

Scorer/
problems

P1
Spilling of
liquid due
to liquid
expansion

P2
Non-
optimal

heating due
to a faulty
thermostat

P3
Scalding of
the human
hand due to
hot steam

P4
Spilling of

liquid due to
seal and
gasket
rupture

P5
Non-optimal
heating due
to reduced
contact area

P6
Non-optimal

heating due to a
faulty switch and
damaged wire

Researcher 0.55 (M) 0.74 (H) 0.27 (L) 0.65 (M) 0.8 (H) 0.68 (M)

Expert 1 0.42 (M) 0.6 (M) 0.42 (M) 0.48 (M) 0.72 (H) 0.42 (M)

Expert 2 0.54 (M) 0.54 (M) 0.3 (L) 0.42 (M) 0.48 (M) 0.36 (M)

Expert 3 0.6 (M) 0.66 (M) 0.36 (M) 0.66 (M) 0.84 (H) 0.6 (M)

Figure 10. Comparison between the researcher’s and experts’ scores for the state change level.

17/37

https://doi.org/10.1017/dsj.2025.10043 Published online by Cambridge University Press

https://doi.org/10.1017/dsj.2025.10043


score except for the case where a completely different part is invented. Problems at
the phenomenon level are uncommon, like state change. According to Srinivasan &
Chakrabarti (2010b), there is a strong correlation between novelty scores and levels
of abstraction, which is partially supported by our research.

Figure 12. Comparison between the researcher’s and experts’ scores for the part and organ level.

Figure 11. Comparison between the researcher’s and experts’ scores for phenomena and effect level.
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Furthermore, a comparison of the proposed method with one of the methods
available in the literature (Srinivasan &Chakrabarti 2009) is carried out to evaluate
the effectiveness of the proposed method. The method proposed by Srinivasan &
Chakrabarti (2009) is a manual assessment method used for assessing the novelty
of an idea. Novelty of an idea is calculated by looking at the highest level of
abstraction of dissimilarity in the SAPPhIRE model of causality and assigning the
scores based on the following ranges:

“If action level is dissimilar, assign a score of 7; if state change level is dissimilar,
assign a score of 6; if input level is dissimilar, assign a score of 5; if phenomena level
is dissimilar, assign a score of 4; if effect level is dissimilar, assign a score of 3; if
organ level is dissimilar, assign a score of 2; if part level is dissimilar, assign a score
of 1 and if nothing is dissimilar, assign a score of 0.” After the score is assigned, it
will be averaged considering seven no. of elements, and a final averaged score is
used for qualitative inferencing of the degree of novelty.

We have applied this procedure for manual assessment on the corresponding
sets of problem SAPPhIREs, which we have used in our proposed method, and
calculated the novelty scores, respectively (as shown in Column 3 of Table 5).

The novelty scores from the proposed method (method 1; see Column 2 in
Table 5) and the manual method (method 2; see Column 3 in Table 5) are
compared to the average novelty scores of all three experts. The root-mean-
square (RMS) formula is used to calculate the deviation between method 1 and
method 2 scores and the expert scores. The RMS deviation between method
1 scores and experts’ average scores is 0.13, while the RMS deviation between
method 2 scores and experts’ average scores is 0.30. The lower the RMS, the better

Table 5. Comparison of effectiveness of the proposed and the manual method using experts’ average
scores

Problem’s description

Novelty
scores

from the
proposed
method –

method 1

Novelty
scores

from the
manual
method –
method 2

Experts’
average
novelty
scores

Difference
between
method 1
scores and
expert
average
scores

Difference
between
method 2
scores and
expert
average
scores

P1 – Spilling of liquid due to liquid
expansion

0.55 0.85 0.52 0.03 0.33

P2 – Non-optimal heating due to a faulty
thermostat

0.74 1 0.6 0.14 0.4

P3 – Scalding of the human hand due to
hot steam

0.27 0.42 0.36 �0.09 0.06

P4 – Spilling of liquid due to seal and
gasket rupture

0.65 0.57 0.52 0.13 0.05

P5 – Non-optimal heating due to reduced
contact area

0.8 1 0.68 0.12 0.32

P6 – Non-optimal heating due to a faulty
switch and damaged wire

0.68 0.85 0.46 0.22 0.39
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the method is. This demonstrates that the proposed method is the least deviant
from the experts’ intuitive notion and therefore more effective than the existing
method in capturing the intuitive notion of the experts. We argue that subjective
models are developed primarily due to the limited availability of experts; however,
when validating such models, expert judgment carries greater weight than the
models themselves (Sarkar & Chakrabarti 2011).

4.2 Methodology for assessment of usefulness (of solving a
design problem)

The weighted objectives method, which was adapted by Ranjan et al. (2018) for
assessing “degree of requirement satisfaction (DRS)” as a proxy for assessing
usefulness, and the parameter-based usefulness assessment method by Sarkar &
Chakrabarti (2011) are two major, existing methods for assessing the usefulness of
design solutions. We have employed the weighted objectives method adapted by
Ranjan et al. (2018) as part of our earlier descriptive study (Blessing, Chakrabarti &
Wallace 1995). In this method, low-level requirements are initially assigned
weightages based on prior knowledge of users and requirement-satisfaction scores.
Then, the weightages and requirement-satisfaction scores are calculated using the
formula provided in Figure 13 for the next high-level requirements and so
on. Following the same approach, we have determined the usefulness scores of
design problems utilizing a problem-requirement tree as illustrated in Figure 13.

However, themethod proposed by Ranjan et al. (2018) involves a higher degree
of subjectivity, which limits its applicability. This subjectivity arises primarily from
the distribution of weightages based on the prior knowledge of users, as well as the
dependency of high-level problems on low-level problems for the calculation of
requirement-satisfaction scores.

Figure 13. Weighted objectives method (Ranjan et al., 2018) illustrating the calculation of DRS.
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To address the second research sub-question, that is, how to assess the usefulness
of solving design problems, the method proposed by Sarkar & Chakrabarti (2011) is
adapted instead because it is more comprehensive and objective, making it more
suitable for assessing the (potential) usefulness of design problems, using the
following three parameters:

1. Prevalence among users – If a larger number of people face a problem, it is
more useful to solve it as it benefits a greater number of users.

2. Importance to society – There is greater usefulness accrued from solving those
problems that more significantly impact the users’ lives than those that do not.

3. Frequency of occurrence – If a problem arises more repeatedly or across more
instances (than another), solving it is more useful (than solving the other).

We have performed a similar type of data collection as in our novelty assessment.
The following are the steps in the methodology proposed (see Figure 14):

1. Design problems within the same context are collected through case studies,
system analysis and stakeholder interviews/questionnaires (see Appendix,
Figure A1).

2. Problems and requirements are organized into a hierarchical tree structure
using the data collected to understand the importance of a problem (Ranjan
et al., 2018).

3. Usefulness indicator analysis is conducted using three literature-derived and
modified variables:

• Prevalence (representing the rate of popularity of the problem)
• LoI (representing how important a problem is for stakeholders)
• Frequency of the problem (how frequently a problem occurs for stakeholders)

4. Prevalence is calculated using the formula “n/N,” where n = number of individ-
uals experiencing the problem and N = total number of participants in the study.

5. The LoI and frequency of the problem through binary scoring (low: 0 and high:
1) is assessed by taking qualitative data frommultiple people, quantifying it and
then averaging the maximum binary scoring for a single inference, e.g., if the
maximum values correspond to the category “high,” they are assigned a value of
1, and the average of these values is then computed.

6. The weighted average usefulness score (Eqn. 1) is calculated by assigning
weights to each variable through the analytic hierarchy process (AHP), using

Figure 14. Proposed methodology for the assessment of usefulness of (solving) design problems.
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an online tool to derive the weights (Figure 15), i.e., 0.27 for prevalence, 0.61 for
LoI and 0.12 for frequency of a design problem.

U Usefulness scoreð Þ= 0:27P+ 0:61L+ 0:12F (1)

where P is prevalence, L is LoI and F is frequency of a design problem.

7. Results based on the scores are interpreted: Higher values indicate more useful
problems to address, while lower values suggest lower usefulness.

8. Usefulness of various design problems is assessed both within their original
context and across different contexts, as shown in Table 6.

Figure 15.Weight distribution of the three variables for usefulness score using the analytic hierarchy process
tool (https://www.spicelogic.com/Products/ahp-software-30).

Table 6. Calculation of the usefulness score using values of all variables for different problems

Problems/ usefulness
indicators

P = prevalence
(n/N)

(range 0–1)
weight = 0.27

L = level of
importance
(low: 0
high: 1)

weight = 0.61

F = Frequency of the
problem (low: 0

high: 1)
weight = 0.12

Weighted average
score

(U = usefulness
score)

U = 0.27P + 0.61 L
+ 0.12F

Problem 1

Problem 2

Problem 3

Problem 4

Problem 5

Problem 6

22/37

https://doi.org/10.1017/dsj.2025.10043 Published online by Cambridge University Press

https://www.spicelogic.com/Products/ahp-software-30
https://doi.org/10.1017/dsj.2025.10043


4.2.1 Case study (electric kettle) demonstrating the application of the method
A similar product to the one used in the novelty study is chosen for the demon-
stration of this method. Problems collected from the various sources are mapped
into a tree as follows:

A high-level problem of “scalding of the human hand,” and “spilling of liquid,”
followed by non-optimal heating, and subsequent low-level problems of “less electric
current to switch,” “reduced contact area of heating,” “faulty thermostat,” and so on,
is shown in the problem tree in Figure 16.

The problems that are considered for assessment are as follows:
Problem 1: spilling of liquid due to liquid expansion; Problem 2: non-optimal

heating due to a faulty thermostat; Problem 3: scalding of the human hand due to
hot steam; Problem 4: non-optimal heating; Problem 5: non-optimal heating due to
reduced contact area; and Problem 6: non-optimal heating due to a faulty switch
and damaged wire.

4.2.2 Results
Twenty participants (customers and designers), who are the main stakeholders,
have been given a questionnaire-based form (see Appendix, Table A3) with the
following questions:

• Are you aware of this system and its problems?
• Are you encountering this problem?
• Do you feel it is important to solve this problem?
• How frequently do you encounter this problem?

To calculate the weighted average usefulness score, qualitative data pertaining
to the necessary variables is recorded and transformed into ameasurable metric, as
shown in Table 7.

From the scores obtained, it is found that Problem 3 (scalding of the human
hand due to hot steam) is the most useful to solve, while Problem 4 (spilling of

Figure 16. Problem tree for an electric kettle.
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liquid due to seal and gasket rupture) is the least useful. After application of the
metric in every related system, this interpretation will be later generalized.

4.3 Assessment of the creative potential of design problems

In this section, we discuss the third research sub-question: How to assess the
creativity (creative potential) of a design problem? Following themethod proposed
by Sarkar & Chakrabarti (2011), we propose that the assessment of the creative
potential of design problems should be computed as a product of the novelty and
usefulness scores of the design problems (Eqn. 2):

Creative Potential Creativity
� �

=Novelty × Usefulness (2)

A low score indicates low creative potential, and a high score indicates
high creative potential. The ranges proposed are [0, 0.33] – low creative potential,
(0.33, 0.67) – medium creative potential and [0.67, 1] – high creative potential.

The steps proposed for assessing the creative potential of design problems are as
follows:

1. Identify and collect the design problems associated with the system investigated
2. Convert each into a problem SAPPhIRE as described in Section 4.1
3. Compare the old and new problem SAPPhIRE sets with each other for their

novelty scores
4. Create a problem tree map to identify the sets of problems for usefulness

assessment

Table 7. Usefulness score with values of all the variables for different problems

S. no. Problems/ usefulness indicators

P = prevalence
(n/N)

(range 0–1)
weight = 0.27

L = level of
importance

(low: 0 high: 1)
weight = 0.61

F = frequency
of the

problem
(low: 0 high: 1)
weight = 0.12

Weighted average
score

(U = usefulness
score)

U = 0.27P + 0.61 L
+ 0.12F

P1 Spilling of liquid due to liquid
expansion

0.7 0 1 0.31

P2 Non-optimal heating due to a
faulty thermostat

1 1 1 1

P3 Scalding of the human hand
due to hot steam

0.8 1 0 0.83

P4 Spilling of liquid due to seal
and gasket rupture

0.5 0 1 0.26

P5 Non-optimal heating due to
reduced contact area

0.6 1 0 0.77

P6 Non-optimal heating due to a
faulty switch and damaged
wire

0.9 0 1 0.36
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5. Assess them for their usefulness scores using the proposed method as described
in Section 4.2

6. Compute the creative potential using the creative potential formula provided in
Eqn. (2) (Figure 17)

4.3.1 Results
Computation based on the existing case study is given in Table 8. Novelty and
usefulness scores are taken from Sections 4.1.1 and 4.2.1, respectively.

According to this calculation, Problem 2 has the highest creative potential
(having both high novelty and high usefulness), followed by Problem 5 (although a
novel problem, it is less useful to solve). The problem with the least creative
potential is Problem 1 and 4, which have a medium novelty but a very low
usefulness score.

Correlation between novelty and creative potential is found to be 0.6, between
usefulness and creative potential is found to be 0.64 and between novelty and
usefulness is found to be 0.02, which is well justified in the literature. This gives
further credence to the correctness of the proposed method.

4.3.2 Impact evaluation of the proposed method
To evaluate the proposed method, we plan to design an experiment in which
designers will be presentedwith two sets of design problemswithin a single context.

Figure 17. Variation of creativity with novelty and usefulness.
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The first set will comprise problems obtained directly from stakeholders without
prior assessment, whereas the second set will consist of problems selected after
evaluating their creative potential. Designers will be asked to solve these problems
using the brainstorming method, with both the time required to solve each
problem (including the time taken for understanding a problem) and the creativity
level of the generated ideas at the end of each session being measured. A com-
parative analysis of the two datasets will then be conducted to examine which set
yields greater impact, thereby assessing the overall influence of the proposed
method on the design process.

4.4 Discussion

The methods for the assessment of novelty, usefulness and creative potential of
design problems are illustrated using a case study of an electric kettle. During the
collection of design problems, categories such as safety, reliability and efficiency
are considered within the context of the kettle, and these categories are common
when identifying design problems across a wide range of engineering and
product design domains. The method for evaluating novelty employs the SAP-
PhIRE model of causality, which is recognized for its general applicability in
engineering design, while the variables used to evaluate usefulness have been
widely used in the literature across diverse products. By following the proposed
steps: collection of design problems, analysis using problem SAPPhIREs
(provided the SAPPhIRE representation is feasible) and comparison using
semantic similarity for the assessment of novelty, together with the use of three
variables in the assessment of usefulness, and consequently the creative potential
of design problems, the proposed methods can be useful to a broad range of
engineering and product design contexts and are not limited to any specific
product type.

5. Summary, conclusions and future work
The overall aim of this research is to develop a method for assessing the creative
potential of design problems that can be applied at the early stages of task

Table 8. Calculation of creative potential scores

Problem no. Problem description
Novelty
score

Usefulness
score

Creative
potential
score

P1 Spilling of liquid due to liquid expansion 0.55 0.31 0.17

P2 Non-optimal heating due to a faulty thermostat 0.74 1 0.74

P3 Scalding of the human hand due to hot steam 0.27 0.83 0.22

P4 Spilling of liquid due to seal and gasket rupture 0.65 0.26 0.17

P5 Non-optimal heating due to reduced contact area 0.8 0.77 0.62

P6 Non-optimal heating due to a faulty switch and
damaged wire

0.68 0.36 0.25
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clarification. This has been carried out in two steps: (1) understand the current
state of the art in creativity assessment methods and (2) develop a method for
assessing the creative potential of design problems based on novelty and usefulness.
In the first step, we reviewed a comprehensive body of literature on creativity and
creativity assessment methods, identifying the resources required for method
development. In the second step, we worked on three research sub-questions:
(1) How to assess the novelty of design problems? (2) How to assess the usefulness
of solving design problems? and (3) How to assess the creative potential of design
problems?

During the review of literature, we discovered how to identify and analyze
design problems by forming the problem SAPPhIRE. The novelty assessment
methods proposed by Srinivasan & Chakrabarti (2010b) and Siddharth et al.
(2019) are the most suitable for the design problems. The adapted research
methodology (Singh & Chakrabarti 2025) involved searching for problems in
patents, web searches, surveys and questionnaires, converting them to problem
SAPPhIREs and comparing them to the existing problem SAPPhIREs for sentence
similarity at different abstraction levels. The problem tree was used for the
usefulness indicators analysis. Effectiveness evaluation of the proposed novelty
assessment revealed that it is more suitable compared to the existing method
(Srinivasan & Chakrabarti 2010b). Correctness evaluation revealed relatively high
levels of agreement between research findings and experts’ intuitive notions.

The proposed method assisted in searching for problems on existing search
platforms using keywords derived from SAPPhIRE abstraction levels. The con-
version of natural-level descriptions to SAPPhIRE is already a well-established
research topic (Bhattacharya et al. 2024). The novelty of an idea is determined by
the abstraction level at which it exists (Srinivasan & Chakrabarti 2010b); our
method required assessing (the various aspects of) a problem for the degree of
novelty associated with (each aspect at) each abstraction level. Our method
demonstrates that it can be applied to both single- and multi-instance SAPPhIREs
(with more than one root cause). The manual process of storing problem descrip-
tions was tedious, so we created a Microsoft Excel tool for efficient storage of
problem SAPPhIREs after converting them from natural language descriptions.
The time consumption in comparing SAPPhIREs was also high, with each abstrac-
tion level of the current problem being compared to all existing problems of the
same type. Automating it with a pre-trained database helped reduce the time
consumption partially. Expert validation of the proposed novelty assessment
method indicated that the proposedmethod significantly aligns with their intuitive
judgment.

The usefulness assessment method is an adaptation of the work of Sarkar &
Chakrabarti (2011). AHP is also performed to obtain different weights according to
stakeholders’ perspectives for the better evaluation of the usefulness of design
problems. We calculated usefulness scores for different problems in a variety of
contexts by using three of the four parameters they proposed and further quan-
tifying the inputs provided by all stakeholders (designers, customers, etc.). Assess-
ment of usefulness of solving a design problem would help to prioritize those
problems that have higher societal value, affect more users and occur more
frequently.

Finally, creative potential (Sarkar & Chakrabarti 2011) is assessed. Although
the methods are illustrated using a single case study for consistency, the same steps
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can be applied across a broad range of engineering and product design contexts.
This work is intended to help first identify those design problems that are
potentially more novel and useful (i.e., more creative) and hence offer greater
latitude, subsequently, during problem-solving, in creative exploration of design
solutions. Secondly, we argue that the chosen creative design problems among a set
of larger problem sets tend to save time and effort by focusing on a problem with
the greatest creative potential. We have also proposed a plan for the impact
evaluation of the method. Though we plan to conduct it in the future, the
correctness evaluation seems to provide some support to the efficacy of the
proposed method.

As previously discussed, the proposed method needs to be validated for its
impact using the evaluation method and is a part of future work. Our proposed
method is currently partially automated; achieving full automation would reduce
time consumption and necessitate the development of a web-based tool capable
of accepting natural language descriptions of design problems as input and
generating complete problem SAPPhIREs for direct comparison with other sets,
something the current method does not yet provide and is also a part of our
future work.
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Table A1. Problem SAPPhIRE database

PS. S. no. Part Organ Input Physical effect Physical phenomena State change Action

1 Water container Thermal
conductivity of
water, specific
heat

Less heated element Convection
law

No/less temperature rise of
water

Water is not getting
heated

2 Human hand Skin thermal
heating/nonlinear
heating

Uncontrolled
convection law

Hot steam will
start
burning
human
hand

Unburnt to burnt Burning of hand

3 Container, switch Area of top of
container

Uncontrolled
current

Ampere’s law Uncontrolled current converts
into high heat energy

Water-to-steam
conversion

Uncontrolled
heating/
nonlinear
heating

4 Small-sized
container

Volume of container High current Ampere’s law High current converts into high
heat energy leading to quick
boiling

Unboiled to boiled
liquid

Spilling of liquid

5 Narrow opening
area of base of
container/
conical shape

Volume of container Soap/detergent Principle of
surface
tension

Soap particles cannot reach the
dirt inside the container area

Uncleaned surface
remains
uncleaned

Less cleaning in
base corner

6 Base with
nonfilled
corners

Area of base Soap/detergent Principle of
surface
tension

Soap particles cannot attack the
dirt in the corner area

Uncleaned surface
remains
uncleaned

Less cleaning in
the base corner

7 Corroded heating
coil

Element resistance No/less electric
current

Ampere’s law Electrical energy into heat is
less

No/less temperature
rise of element

Element is not
getting heated

8 Corroded steam
pipe, faulty
bimetallic
thermostat

Coefficient of
thermal
expansion

Less heat from
boiling water

Expansion law Heat energy to expansion is
inappropriate leading to less
torque to switch

No tripping of
switch

Heating will not
stop

9 Faulty switch Switch resistance No/less electric
current

Ampere’s law Electrical energy to heat is less No/less temperature
rise of element

Element is not
getting heated

Continued
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Table A1. Continued

PS. S. no. Part Organ Input Physical effect Physical phenomena State change Action

10 Damaged wire Wire resistance No/less electric
current

Ampere’s law Electrical energy into heat is
less

No/less temperature
rise of element

Element is not
getting heated

11 Kettle base Base area, base
material

Excessive scrubbing Principle of
abrasion of
material

Excessive scrubbing leads to
abrasion of material

Smooth to rough
surface

Localized heating
on smooth area

12 Kettle Coil resistance,
volume of kettle

Uncontrolled
current

Ampere’s law Uncontrolled current leads to
high heat energy generated

Normal to
overheated kettle

High energy
consumption

13 Narrow opening
of container

Area of base, volume
of container

Bigger size food
items

NA Bigger size of food items cannot
get inserted inside the
container

Uncooked remains
uncooked

Non-cooking of
some food items

14 Bi-metallic
thermostat

Coefficient of
expansion

Temperature change Expansion law Change in temperature
increases the strain on
thermostats, which changes
their dimension

Undeformed to
deformed length

Overheating

15 Extension rods Length, area Force Newton’s law
of motion

Push force from the thermostat
will provide longitudinal
motion to the extension rod
and later to switch

Tripping of switch Overheating
avoidance

16 Kettle body,
switch

Thermal
conductivity of
insulation
material

Insulation material Conduction
law

Insulation material over kettle
body and switch saves them
from melting

Melting avoidance

17 Thermally
sensitive
materials

Permeability Principle of
thermally
sensitive
members
actuated

Thermal sensitivity actuated
due to controlled change in
magnetic permeability

Overheating

18 Spout flap, self-
closing flaps

Flap insulation User hand Ohm’s law Flaps provide insulation to user
hands

User safety

19 Cold water
chamber

Thermal
conductivity

High heat Conduction
law

Heat is getting transferred from
the hot chamber to the cold
chamber

Cold to hot water Heating of water

20 Shape memory
alloy
thermostat

Phase
transformation

Temperature change Law of
expansion

Induction of a new phase
transformation from
martensite to austenite

Hard to soft and
ductile

Overheating33/37
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Figure A1. Survey questionnaire (for current design problems).

34/37

https://doi.org/10.1017/dsj.2025.10043 Published online by Cambridge University Press

https://doi.org/10.1017/dsj.2025.10043


35/37

https://doi.org/10.1017/dsj.2025.10043 Published online by Cambridge University Press

https://doi.org/10.1017/dsj.2025.10043


A1. Assessed design problems

1 Spilling of liquid due to liquid expansion
2 Spilling of liquid due to faulty seals and gaskets
3 Spilling of liquid due to the damaged casing of kettle
4 Non-optimal heating due to damaged wire
5 Non-optimal heating due to a faulty switch
6 Non-optimal heating due to reduced contact area
7 Scalding of the hand due to hot steam
8 Non-optimal heating due to non-closure of the switch caused by less force from
a faulty bimetallic thermostat

9 Non-optimal heating due to the uneven, rough surface of the kettle base caused
by excessive rubbing

10 Scalding of the human hand due to hot steam caused by uncontrolled heating

A2. Definitions

1. Purpose (Action)
The intended goal or function that the system wants to achieve is defined as
purpose (in the case of design problems, “is not achieving”).

2. Output (State Change)
The change of state of a system when it operates is defined as the output of the
process (in the case of design problems, “faulty output”).

Table A2. Novelty scores as computed from the proposed method for different design problems

S. no. Problem’s description

Novelty scores
(least) from
proposed
assessment

Cumulative
decision on
novelty

1 Spilling of liquid due to liquid expansion 0.55 Medium novel

2 Spilling of liquid due to faulty seals and gaskets 0.65 Medium novel

3 Spilling of liquid due to the damaged casing of kettle 0.67 Medium novel

4 Non-optimal heating due to damaged wire 0.67 Medium novel

5 Non-optimal heating due to a faulty switch 0.68 Medium novel

6 Non-optimal heating due to reduced contact area 0.8 High novel

7 Scalding of the hand due to hot steam 0.27 Low novel

8 Non-optimal heating due to non-closure of the switch caused by
less force from a faulty bimetallic thermostat

0.74 High novel

9 Non-optimal heating due to the uneven, rough surface of the kettle
base caused by excessive rubbing

0.63 Medium novel

10 Scalding of the human hand due to hot steam caused by
uncontrolled heating

0.6 Medium novel
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3. Process (Physical Phenomena and Effect)
The underlying natural principles, mechanisms or interactions that enable the
system to interact with surroundings are defined as process (in the case of design
problems, “problem in phenomena /process”).

4. Input
The energy, material or information supplied to the system that activates the
process is defined as input (in the case of design problems, “undesirable input”).

5. Components (Parts and oRgan)
The physical elements and their structural arrangements that form the system are
defined as components (in the case of design problems, “faulty parts/components”).

Table A3. Qualitative questionnaire for usefulness score calculation

S. no. Problem description/variables

Are you
encountering
this problem?

Do you feel it is
important to
solve this
problem?

How
frequently do
you encounter
this problem?

P1 Spilling of liquid due to liquid expansion Yes No Yes

P2 Non-optimal heating due to a faulty thermostat Yes Yes No

P3 Scalding of the human hand due to hot steam No No Yes

P4 Spilling of liquid due to seal and gasket rupture Yes Yes No

P5 Non-optimal heating due to reduced contact area No Yes Yes

P6 Non-optimal heating due to a faulty switch and
damaged wire

No Yes No
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