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Abstract

Testing is often narrowly viewed in the context of verification and validation in product
design and development. However, testing also plays a critical role in product design,
especially in the early stages, for exploration, experimentation and evaluation. While agile
and set-based design emphasise iterative testing, these approaches do not fully address
testing purposes across stages or consider diverse stakeholder needs. Empirical studies
examining the multifaceted roles of testing throughout the design process are scarce in the
academic literature. This paper fills this gap by presenting two detailed case studies on
engine design and space propulsion systems, covering both incremental and radical product
development in large-scale manufacturing settings. The findings show how testing purposes
evolve with design progress and increasing specificity. Drawing on insights from the case
studies and a review of the existing literature, the paper develops a systematic categorisation
of the purposes of testing across design and development stages. This provides a foundation
for a shared understanding among diverse stakeholders to support the effective use of testing
in practice and offers consistent terminology to connect the academic literature on testing.
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Introduction

Testing is often viewed as an activity carried out in the later stages of product design
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evaluation when developing new technology products or exploring new markets,
where understanding of the products and their behaviour is limited (Thomke,
2008). However, testing consumes significant time and resources, accounting for
approximately 30-50% of product development costs in the automotive industry
(Tahera et al. 2019), with unplanned late-stage testing consuming up to 75% of the
budget in aerospace (Sudol & Mavris 2018). Virtual testing through computer-
aided engineering (CAE), such as Computational Fluid Dynamics (CFD) and
Finite Element Analysis (FEA), has become more prevalent to reduce the costs
of physical prototyping and tests. However, virtual testing models rely on calibra-
tion and validation using physical test data, and this paradoxically might increase
the demand for physical testing for additional purposes, such as model validation
(Eckert & Isaksson 2026). As a result, managing testing activities throughout the
product design and development, both virtual and physical, has become increas-
ingly complex in engineering practice (Tahera et al. 2023).

Another key challenge in industry is that tests are often designed to meet the
specific needs of a particular team (Zammit et al. 2018). Similar observations were
made in the diesel engine case study (Tahera 2014). For example, design teams
conducted early component tests by modifying existing engines to explore emis-
sion performance. A different team carried out testing to evaluate reliability and
durability at later stages. However, the later team was not closely involved in the
early testing, and the design teams were typically informed only of failures, rather
than broader insights into product behaviour. Learning from these tests often
remains siloed within those teams, and the opportunity to learn systemically from
each other’s tests is missed, posing a critical managerial challenge. Empirical
research to address these challenges and frameworks that support a more inte-
grated and systematic understanding of testing across product design and devel-
opment remain limited in the academic literature.

This paper addresses these challenges by examining two industrial case studies
and proposing a categorisation framework that describes the purposes of testing in
product design and development. The proposed framework maps testing across
the design and development stages, clarifying its purposes and highlighting how
tests can serve multiple stakeholders. This framework aims to bridge gaps in
understanding among different stakeholders to support shared learning among
practitioners. It also provides a clearer view of testing for the design research
community.

2. Motivation

Industry practitioners understand that testing is challenging, and numerous testing
activities occur, each serving specific purposes that meet the needs of a team.
However, when it comes to project cost savings, there is a constant battle between
teams over whether a test is needed. Due to a lack of shared understanding, a test
that is highly valuable to one team may not be seen as valuable by another team.
Teams may be unaware of a test and unable to gain value from other teams’ tests.

The lack of shared terminology reinforces these issues. For instance, verifica-
tion (the process of evaluating a design against engineering requirements) and
validation (the process of assessing a product against stated or implicit customer
requirements) are often used interchangeably, leading to confusion among teams
regarding the expectations for these activities (Tahera et al. 2023). As a result, when
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the role and purpose of testing are unclear among different stakeholders, the need
for a test might be misunderstood, test data could be underutilised or the test could
remain narrowly focused on meeting the team’s needs. Valuable knowledge
generated through testing can remain siloed and fail to inform subsequent design
phases, leading to the repetition of avoidable mistakes and costly iterations.

To address this challenge, this research aims to “clarify the purposes of testing
in design and development to bridge gaps of understanding among diverse
stakeholders.”

The rest of the paper is organised as follows: Section 3 reviews the relevant
literature on the role of testing, how testing is discussed in design and development
processes (DDP) and the involvement of different stakeholders. Section 4 describes
the research methodology, followed by insights from case studies in Section 5.
Section 6 proposes the categorisation framework. The discussion and conclusion
are in Section 7.

3. Background and related literature in testing

Over the past few decades, the discussion on testing during product design and
development has been dominated by the reduction of physical testing in favour of
virtual testing, utilising advanced CAE, simulation and digital twins (Tao et al.
2018; Mauery et al. 2021; Popov et al. 2021; Bi et al. 2024). However, physical
testing has gained renewed attention in some industries for purposes beyond V&V,
especially for complex and innovative products. For example within the space
industry, where there is an ongoing debate about the merits of incorporating early
rapid prototyping and extensive physical testing of multiple conceptual solutions
early in the design process (Ohrwall Rénnback & Isaksson 2018), with a focus to
identify design flaws early, gather new data for analysis and enhance subsequent
prototypes, thus minimising uncertainty, and accelerating development time
(Pefia Haufler et al. 2021; Shafqat et al. 2022). A similar trend has been observed
in the automotive industry, with a strategy of “shift left” (see Figure 1), where V&V
aspects are considered early in product design and development through virtual
engineering (Bachorek & Jung 2023). Testing approaches are increasingly empha-
sising early prototype testing for learning and knowledge generation, balanced with
qualification testing such as certification carried out throughout the development
stages. Manufacturers are also involving customers or end users early and fre-
quently, at every stage, to embed prototype demonstrations and tests for both
technical assessments and validation (Tahera et al. 2019; Cooper 2024). This
approach enables the rapid implementation of critical feedback loops and iterative
design elements in agile development, particularly in high-uncertainty projects.
Testing is becoming increasingly challenging for complex products incorpor-
ating new technologies (Ferguson et al. 2022; Tahera et al. 2023). This complexity
determines the testing approaches to demonstrate that products can meet the
intended objectives (Valerdi & Sullivan 2023). Testing of incremental products
with minor improvements or simple adjustments to the existing design can follow
the procedures of the previous product generation, with additional testing required
for any design changes. However, the design and development of complex innova-
tive products need careful consideration of testing. For example, suppose a car
manufacturer updates an existing model by redesigning the body for improved
aerodynamics. Testing will primarily focus on functionality and may include
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Figure 1. Simplified V model adopted from Bachorek & Jung (2023), redrawn to present the concept of “Shift-
left,” where V&V and testing are considered through virtual engineering early in product design and
development.

qualification testing to demonstrate compliance with relevant standards and
regulations. However, a radically new car design, for example, with a lightweight
carbon-fibre chassis integrated with floor-mounted electric batteries, introduces
known and unknown uncertainties. Engineers must conduct additional experi-
mental testing and low-fidelity prototype tests to build a sufficient understanding
of the new design. For example, to learn how a new design behaves and performs
when prior knowledge is limited and there is little similarity to existing designs.
Testing during the early design phases may be conducted to identify feasible
combinations of design parameters and to address any associated risks promptly,
and can serve V&V purposes at later stages. This could include analysing battery—
chassis interactions through thermal-stress analysis and testing, performing new
structural integrity assessments for crash safety and evaluating how composite
materials degrade under real-world vibrations and impacts. Product design with
new technologies like this introduces far more physical testing, not just for
functional performance, mechanical durability and reliability to verify the design
and validate the product, but also early tests for design exploration, experimenta-
tion and uncertainty reduction (Thomke, 2008). These increase the overall devel-
opment costs within the industry. Learning-focused experimental testing that
incurs upfront costs but delivers value is often under-recognised (Arntzen et al.
2019) or challenged by different stakeholders (Canny et al. 2019), creating tension
in testing practices and investment choices during product design and develop-
ment.

The next sections examine the literature on the roles and purposes of testing,
how testing is perceived in the models of product design and development and the
involvement of different teams and stakeholders in testing.
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3.1. The “roles” of testing

Testing is defined as “an activity in which a system or component is executed under
specified conditions, the results are observed or recorded, and an evaluation is
made of some aspect of the system or component” (IEEE 1990). According to this
definition, tests are primarily conducted to evaluate and confirm that a design
performs as intended and meets the specified technical and customer requirements
before release (Engel 2010; Shabi et al., 2017).

Testing has many other purposes identified in the literature (see Table 1). For
example, Broyan et al. (2021) state that the main purpose of testing is to reduce
uncertainties to acceptable levels by the end of the design process (Broyan et al.
2021). Testing can address two broad categories of uncertainty: “epistemic” and
“aleatory” (Halfpenny et al. 2024). Epistemic uncertainty arises from a “lack of
knowledge” or “lack of definition” (Mcmanus & Hastings 2006), which can be
particularly relevant to new technology and innovative product development. In
contrast, aleatory uncertainty, also known as objective or stochastic uncertainty,
relates to inherent variations within a physical system or environment, such as
dimensional variations in machined components (Wynn, Grebici & Clarkson
2011). For example, testing has been reported to be vital for evaluating design
uncertainties of additive-manufactured components for space use (Dordlofva &
Torlind 2020; Borgue, Panarotto & Isaksson 2022). New product design and
development projects can face additional uncertainties related to estimation,
project lifecycle stages and stakeholder involvement (Atkinson, Crawford & Ward
2006). Learning from testing can also mitigate these uncertainties and improve
project outcomes (Thombke, 2008).

Testing plays an essential role in learning through early design experimentation
and innovation (Thomke 2003). Erat & Kavadias (2008) describe experimentation
as a four-step cycle: design, build, run and analyse, emphasising “run” and
“analyse” as distinct steps. Testing occurs during the run phase, and learning
happens during the analysis phase (Erat & Kavadias 2008). Similarly, Loch et al.
(2001) highlight that iterative design-test cycles, in which learning from previous
tests informs subsequent iterations, are crucial to a project. Software and service
development in particular have a culture of repeated experimental user testing to
generate insights or to understand the relationship between specific actions that
deliver monetisable value to businesses (Lindgren & Miinch 2016).

Other key roles of testing identified in product design are to generate infor-
mation and obtain precise data on a proposed design’s properties, by revealing
information such as material properties and dimensions (Song & Montoya-Weiss
1998; Camburn et al. 2017), identify discrepancies between expected and actual
performance (Chen, Cheung & Yiu 2020), detect failure or degradation modes
under intended conditions and reveal both direct and indirect system behaviours
(Ktena, 2011).

Sim & Duffy (2003) describe testing as a process to assess feasibility and
eliminate infeasible options, thereby narrowing the design space (Sim & Dufty
2003). Testing also facilitates the gradual refinement of the design (Camburn et al.
2017). Otto & Wood (2000) also suggest that testing aids in design feature
optimisation and can uncover critical design issues (Otto & Wood 2000). Similarly,
Luna et al. (2013) emphasise the importance of testing in evaluating uncertain
scenarios in complex system-of-systems environments.
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Table 1. Different purposes of testing identified in the literature with selected references

Purpose of testing

Selected publications (e.g.)

Testing for learning

Testing for experimentation

Testing for generating information, revealing
information, refinement, uncertainty
reduction

Testing for simulation model building,
simulation result validation
Testing for design evaluation

Testing for demonstration

Testing for verification and validation

(Erat & Kavadias 2008; Moogk 2012; Tahera et al.
2019)

(Song & Montoya-Weiss 1998; Thomke 2001, 2003,
2008; Erat & Kavadias 2008; Moogk 2012; Luna et al.
2013; Lindgren & Miinch 2016; Camburn et al. 2017;
Pena Haufler et al. 2021)

(Song & Montoya-Weiss 1998; Thomke 2001);
(Thomke & Bell 2001; Camburn et al. 2017)

(Sargent 1991; Sargent 2013; Tahera, Earl & Eckert
2017)

(Sim & Dufty 2003; Luna et al. 2013; Peiia Haufler et al.
2021)

(Yadav, Singh & Goel 2006; Shabi et al., 2017; Tahera
et al. 2019)

(Hoppe, Engel & Shachar 2007; Engel 2010; Shabi

et al., 2017; Shankar, Summers & Phelan 2017;
Tahera et al. 2019)

Testing for assurance, qualification, (Bieda 1998; Tahera 2014)

certification

Prior research indicates that testing plays many roles in product design, but
these roles are often mentioned only briefly as passing concepts, without detailed
context. This makes it hard to connect the roles of testing and the purpose within
the overall design process, especially regarding when testing occurs and who the
stakeholders are.

3.2. Testing in design and development process (DDP) models

A DDP model offers a structured view of activities, information flows, decision
points and iterations throughout the DDP (Wynn & Clarkson 2018). Testing is
placed towards the end of the development process in these widely known DDP
models. For instance, the sequential stage-gate model (Cooper 1990) and Systems
Engineering V-model (Figure 1) (Forsberg & Mooz 1994) position testing as a
post-design phase, primarily for V&V purposes (Buede & Miller 2024). (Note:
figures presenting these models have been avoided in this paper due to limited
space, but can be found in Tahera et al. (2019)).

Design approaches, such as Hybrid and Agile (Cooper & Sommer 2016) and
the set-based design approach (Kennedy 2008), iterative design and test cycles and
frequent testing throughout the process are recognised as crucial elements. For
example, the Hybrid and Agile approaches suggest that early testing helps explore
the design space and make informed decisions. Testing throughout helps reduce
uncertainties and avoid costly rework that can arise from discovering flaws late in
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the process (Cooper & Sommer 2016). Similarly, the set-based design approach
advocates conducting testing as early as possible in the design process, known as
test-then-design (Kennedy 2008), to uncover trade-offs and limitations in tech-
nology before finalising design decisions. A fundamental principle of this approach
is that a product or product parameter is tested not only for compliance with
requirements but also to identify the available design margins (Del Rosario,
Fenrich & Iaccarino 2019). Set-based design approaches advocate the use of testing
to acquire knowledge not only for the specific design concept (for instance) but also
for the broader design space. The ultimate objective of set-based design is to inform
designers of the feasible solution space by finding (through testing) its limits.

3.3. Testing from a stakeholders’ involvement view

Effective cross-functional teamwork in testing greatly benefits product design and
development, leading to improved project outcomes across the industry (Cooper
2024). However, coordinating testing activities among multiple internal and
external stakeholders can be challenging, particularly for large-scale, multifaceted
projects (Kulkarni, Salado & Wernz 2022). The purpose of testing can vary
depending on the stakeholders’ perspectives and expectations involved in product
development. For instance, internal stakeholders such as the design team may see
testing as a way to assess the feasibility of proposed design concepts (Menold,
Simpson & Jablokow 2016). A CAE engineer typically sees physical testing as a
means to learn whether their CAE models accurately predict real physical behav-
iour under specific conditions (model validation) or to assess the accuracy of the
predictive models used (Moon et al. 2020). Test engineers, responsible for design-
ing tests and defining the assessment criteria, aim to verify whether a product or its
components meet specified requirements (Cornford 2001). Technicians mainly
focus on whether tests indicate “pass” or “fail.”

External stakeholders have specific expectations for testing, as certification
agencies and regulatory bodies establish protocols to guarantee correct procedures,
product validation, quality assurance and certification. Government and regula-
tory bodies also monitor testing outcomes (Ciuffo et al. 2015). Many companies
also involve suppliers in the testing process or engage beta-testing customers who
evaluate the products under real-world conditions (Kirsild, Hellstrom & Wikstrom
2007; Tahera 2022).

3.4. Gap in the literature

Surprisingly little empirical research examines testing in detail within product
design and development despite the recognised importance of testing in industry.
This view still supports Engel’s (2010) observation that studies on testing in
product design remain limited. Also aligns with Lévardy et al’s (2004) finding
that testing continues to receive significantly less attention than design and analysis
tasks.

Although many roles and purposes of testing have been mentioned in the
literature (see Table 1), most have not been contextualised within DPP models.
Most studies focus on individual tests or specific purposes without relating them to
other tests conducted for different objectives. This is also reflected in industry
practices (discussed later in this article), where stakeholders often have varying
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expectations and interpretations of testing activities and rarely coordinate with
different teams.

Valerdi & Sullivan (2023) provide a valuable overview of the different types of
testing undertaken during product development. Our case studies suggest testing
in practice is often complex and does not exhibit a one-to-one relationship between
test types and testing purposes. A single type of test may fulfil multiple purposes,
while a specific purpose may require multiple types of tests throughout the product
development process. For example, design verification may be addressed through
several tests conducted at different stages of product development.

Systemic learning happens when knowledge from past tests is captured, shared
and applied across project stages or even across projects (Verganti 1997) and is
essential for deeper organisational learning (Thomke & Bell 2001; Erat & Kavadias
2008). Such learning is particularly critical in managing uncertainty during early
development stages, refining testing strategies and fostering more adaptive
approaches to design and innovation projects (Verganti 1997; Peila Haufler
et al. 2021). The full value of testing can be underutilised without a clear and
shared understanding among stakeholders. The literature review identifies a clear
lack of a structured framework that helps understand testing activities and their
purposes, and that clearly links to the design process.

4. Research methodology

Asshown in Figure 2, the paper combines sources and authors’ experiences. A 2023
workshop identified the need for systematic categorisation, leading to a literature
review on testing purposes. Two case studies were revisited: one on diesel engine
testing (Tahera 2014) and another on satellite propulsion system design
(unpublished work). Figure 2 shows the overall steps followed in this research,
although there were some iterations during the steps.

4.1. The workshop

The need for a categorisation framework was emphasised by an industry workshop
held in 2022 (Tahera et al. 2023). The workshop titled “Physical testing in the era of
digitalisation” aimed to gather a shared understanding from industrial experts and
academics regarding challenges in testing. The purpose of this workshop was to
gather insights into the significance of physical and virtual testing in product
development and to identify factors influencing testing decisions during new
product design. The online workshop was attended by 18 participants, including
six from UK sectors such as automotive, aerospace, household appliances, oil and
gas and software (with 5-30 years of experience), and 12 academics from the UK,
USA and Europe. These industry professionals held roles, including product
design, CAE analysis, modelling, simulation, verification, validation and testing.
The workshop began with three structured breakout groups, a mix of industrial
and academic participants, each facilitated by an academic, discussing “When does
testing happen in new product development?” and “What are the current
challenges?.” All participants engaged in an open discussion in the second session
addressing the question, “What are the challenges in the digitalisation of the testing
process?”. The workshop was recorded, transcribed in Microsoft Teams and
analysed using open coding (Miles 1994). The data were then clustered into themes
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6 Final categorisation
framework

Figure 2. Research process demonstrating how expert input, literature review and
case re-analysis contributed to the development and refinement of the final categor-
isation framework.

and subthemes and independently coded by three researchers to avoid bias. The
results were refined collaboratively into agreed themes. More about themes can be
found in Tahera et al. (2023).

4.2. The literature review method

This literature review employed a semi-structured process (Torraco 2005).
Initially, a collection of publications was assembled, including influential papers
identified from the reference list of Tahera et al. (2019). Selected papers were
critically reviewed, and additional sources were obtained through citation analysis
of these papers and a snowballing approach. The collection was also shaped by the
authors’ 15 years of research in testing within engineering design and related fields.

Targeted searches were subsequently conducted in the databases of Web of
Science, Scopus, IEEE Xplore, ScienceDirect and SpringerLink, focusing on the
term “testing” and including the terms “new product design and development,”
“product innovation,” “design processes,” “engineering design” and “engineering
management.” We also searched in Google Scholar using specific terms such as
“test,” “experiment,” “verification,” “validation,” together with “role of testing,”
“purposes of testing” and “objectives of testing” to find articles that discussed
specific purposes of testing. Many articles focused on test procedures and tech-
niques, which were excluded from this study. Thirty-five articles were analysed.
These key sources are shown in Table 1. Additional searches were conducted to
identify examples of the subcategories of the proposed framework.

» «
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4.3. Case study method

This paper draws on two empirical case studies: (1) the design of space electric
propulsion (EP) systems and (2) the design of diesel engines in a large manufac-
turing company.

The Satellite EP systems design case is based on an unpublished prior study
focused on highly innovative products developed by a French manufacturer
specialising in Hall Effect Thrusters (HETs). This case study was conducted by
the second and fourth authors in 2021 and 2023 as part of a European research
project on the design of Low-Energy EP systems. The interviews and data collec-
tion for this study focused on testing processes for three product types across three
different Technology Readiness Levels (TRLs). The findings from this case study
have not been published previously.

This study was conducted through interviews and workshops with eight
industry participants. Approximately 80 current testing activities were identified
and mapped using a Business Process Modelling Notation (BPMN) model in
accordance with European Cooperation for Space Standardisation procedures.
The second phase refined the BPMN model to address new business conditions,
such as increased production demands from satellite mega-constellations, and
proposed a “to-be” testing process. Finally, an academic expert on air-breathing EP
was interviewed to explore whether new testing strategies might be required for
radically different technologies, such as air-breathing propulsion, for new missions
like low Earth orbit operations.

The representation of the “as-is” and “to-be” process models for three types of
EP systems enabled discussions with company experts about the purpose and
rationale behind the desired modifications to the current testing process. The
priorities assigned to different types of tests were determined based on the time and
cost data for 80 testing activities, as well as expert judgments during interviews.
Data is presented in a qualitative form to protect sensitive company information.

The Diesel engine design case was revisited to investigate the various purposes of
testing and the involvement of different stakeholders in an incrementally developed
product. The case study was carried out from 2011 to 2014 during a PhD study
(Tahera 2014). A total of 18 transcripts of semi-structured interviews and docu-
ments (diagrams, graphic representations, PowerPoint slides, procedures) col-
lected during the original study were reanalysed. These interviews, lasting
between 40 and 180 minutes, were conducted with eight engineers, which included
senior business managers, product engineers, CAE engineers and V&V managers.
The detailed methodology of the case study can be found in Tahera et al. (2019).

The original study focused on the testing process and its close link to design,
identifying roles of testing (learning, demonstration, verification, validation and
certification), but did not provide an exhaustive list. The focus of this study was on
identifying the purposes of testing, specifically how different interviewees framed
these purposes and linked them across various stages of product development, as
well as the involvement of different stakeholders and teams in these stages.

First, the transcripts were systematically searched to identify all references to
testing. Each reference was analysed based on (a) the stated role of testing (e.g.,
learning, validation, failure mode detection, demonstration), (b) the underlying
purpose attributed to it (e.g., technological uncertainty reduction, regulatory
compliance, customer validation), (c) the stakeholders involved (design engineer,
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verification engineer, business manager, regulatory bodies, customer etc.) and
(d) the stage of product development related to.

To ensure that the findings reflected current industrial practice, two additional
interviews were conducted with a Business Transformation Manager in 2021 to
discuss the implications of technological advancements and to identify any
changes in their structured product development process. The discussion revealed
that, despite advances in virtual testing and digital technologies, the structural
testing process and procedures have largely remained unchanged within this
company for the past 30 years. A similar observation within the automotive sector
was reported by Yassine & Souweid (2021).

4.4. The framework development method

The list of purposes identified in the literature was first analysed. These purposes
were often presented in a fragmented manner, with different terms used to describe
similar yet distinct concepts. For instance, purposes such as “generating
information” and “revealing information,” as well as “refinement” and “uncer-
tainty reduction,” appeared together as similar concepts.

The case studies revealed four overall purposes of testing in the design process.
Then we categorised these based on the problem and the solution space (Dorst
2011, 2019). The definitions of each category were derived from the literature
(when available), and examples from case studies were used to explain the
purposes. When a clear definition was not found in the literature, one was derived
from the case studies and the combined understanding gained from the analysis of
the literature. Some categories, such as exploration, exploitation and experimen-
tation, were identified only in the literature, as these terms were used interchange-
ably in case studies.

The development process was iterative; as new terms emerged in the literature
search, we examined their ontological differences and integrated them into the
developing framework. Subcategories were therefore progressively developed
through repeated cycles of analysis and refinement. This process continued until
a comprehensive list of categories and subcategories was identified that could
capture and represent the purposes of testing in the design process. The framework
was also evaluated against the generic design process that could encompass both
the problem and solution domains of design (Dorst 2019).

5. Insights from the case studies

This section presents insights from two empirical case studies. The satellite EP
design case reports the challenges in aligning multistakeholder perspectives in
complex projects, and the engine design case shows the complexity of testing in the
design process, its purposes and stakeholders’ involvement.

5.1. Testing in Satellite Electric Propulsion (EP) design

This study examines the testing requirements and planning processes for three EP
products in the space sector. Medium-Power HETs are designed for both orbit-
raising and station-keeping missions. Low-power HET's are being developed for EP
systems to meet the demands of the small satellite market. An air-breathing electric
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thruster represents the most recent technology under development for this pur-
pose.

5.1.1. Medium-power EP

Medium-power EP systems are the most mature and high-investment systems,
with production targets ranging from tens to hundreds of units per year. The
primary objective is to meet the stringent qualification requirements specific to
these systems. For decades, government programmes have been the primary
customers for medium-power EP systems, driving manufacturers to prioritise
performance and reliability. This emphasis has resulted in rigorous verification,
qualification and acceptance testing to ensure the systems meet specifications
under intended environments with the required safety margins.

These thrusters are typically qualified for lifespan by testing a single thruster for
the required duration, plus a safety margin. However, the qualification testing of
this technology is still challenging, as a single thruster life test does not ensure
statistically meaningful reliability. Two strategies are commonly employed:

1. Extended Lifetime Testing: Extending the test duration by 30%—50% to account
for variations between units or inherent variability in wear-out processes.

2. Failure Mode Testing: Additional testing to address critical failure modes, often
conducted at the component level using accelerated life testing techniques.

Despite advancements in the virtual simulation of EP, the complexity of the physics
involved, such as plasma physics, makes it impossible to replace or reduce physical
tests with digital simulations (Taccogna & Garrigues 2019). Additionally, no
specific guidelines or standards for thruster life qualification for EP systems have
been developed. Instead, these standards are often extrapolated from those used in
chemical propulsion, as mission requirements can often be adapted.

5.1.2. Low-power EP

The rise of entrepreneurial actors has introduced new business scenarios in the
space industry, such as mega-constellations for global internet coverage. These
scenarios involve a dramatic increase in production rates, about 10-100 times
higher than traditional satellite applications (e.g., telecommunication, science).
Consequently, manufacturers face ambitious cost and lead time reduction targets.
As this industry experiences a tenfold increase in production volume, conducting
quality assurance tests for each thruster (as performed today) will be practically
impossible (e.g., Brophy & Polk 2018).

Low-power EP systems often base their operational conditions and require-
ments on those of medium-power EP systems, as they share similar architecture
and working principles. Consequently, there is a greater emphasis on qualification
and acceptance testing, with less focus on demonstration testing. However, teams
developing low-power EP systems (TRL 5-6, with target production volumes of
hundreds of units per year) have a different view and want to focus on developing
test strategies that minimise uncertainties regarding performance consistency
across manufactured units.

Given time and schedule constraints, it is impractical to test every system
individually (as is often done for medium-power EPs). Therefore, new testing
approaches are required, emphasising batch testing and ensuring repeatability
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through statistical analysis. While this approach is common in other industries,
such as automotive, it represents a significant shift for the risk-averse space sector.
A potential solution that was discussed was developing a statistical reliability model
for thrusters based on tests conducted on multiple simulation models, currently
one to six models (M1-M6). Quality assurance testing could then rely on statistical
sampling rather than testing every unit.

A systems engineer highlighted the importance of seamless data flow between
design-phase testing (uncertainty reduction) and quality assurance testing
(compliance). However, these processes are currently decoupled due to differing
stakeholder testing priorities. A new qualification approach would integrate early-
phase test data with statistical models, increasing confidence in the design lifespan.
However, applying this approach to the studied company would require increasing
the number of engineering models to many (from M1-M6 to M1-MX), which
contradicts objectives pursued by other departments. As one R&D manager noted,
overcoming internal resistance to this testing mindset requires effort, but it is
essential to align testing with evolving industry needs.

5.1.3. Air-breathing EP

Air-breathing EP systems are a radically new technology which operates on
fundamentally new physical principles and targets innovative missions (e.g., orbits
~200 km above Earth). For teams working on air-breathing propulsion systems,
the primary challenge is determining whether the technology is viable. If the
technology fails, there will be no need to qualify or optimise it. The second
challenge lies in understanding mission requirements, as these differ significantly
from those of medium-power and low-power EP systems. This technology still
requires extensive multiyear testing to establish feasibility and define requirements
(Andreussi, Ferrato & Giannetti 2022). Researchers often demand increased
investment in demonstration programmes to support novel mission scenarios.

5.1.4. Emphasis on testing on different product types
Insights from this case study provided a preliminary understanding of the different
purposes of testing assigned to three product types within an EP manufacturing
organisation. Based on expert discussions, the visual representation of the relative
importance assigned to different testing types is drawn in Figure 3 to provide a
visual summary of testing priorities rather than a precise quantitative comparison.

Two key factors found to drive the purposes of testing and priority in the EP
business are: (1) the TRL and (2) the targeted size of production units. Medium-
power HETs, as a more established technology, place a greater emphasis on
product validation and compliance with government regulations. Low-power
HETSs, which are at a moderately advanced TRL but are produced in larger
quantities, require extensive testing to address technological uncertainties and
evaluate their suitability across various systems and environments. Whereas air-
breathing thrusters, characterised by a low TRL, are primarily undergoing testing
for proof-of-concept and concept demonstrations in laboratory and controlled
environments.

Interviewees highlighted that the increased production demands for mega-
constellations would require innovative testing strategies. Accelerated lifecycle
testing of a single thruster may be sufficient when production volume is in the
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Figure 3. Distribution of testing effort across three EP types, highlighting distinct testing priorities for air-
breathing, low-power and medium-power EP technologies at different TRL levels.

tens to hundreds, but it is not adequate to ensure quality for thousands of
manufactured items. Strategic investments in testing, like early-stage failure mode
testing, engineering modelling and probabilistic techniques, can minimise the need
for extensive lifecycle physical testing. It is crucial to prioritise investment in
laboratory testing (and even real-world demonstrations) to showcase the capabil-
ities of the Air-Breathing EP and attract the investment needed to further develop
these low TRL systems. However, the challenge in the sector is motivating gov-
ernments and management to invest strategically in development.

5.2. Testing in the engine design and development process

The company’s new product development programme includes New Technology
Introduction (NTI) and New Product Introduction (NPI) (outlined in Figure 4).
Testing in N'TI primarily focuses on understanding and evaluating the fundamen-
tal principles of emerging technologies. Only technologies that have been validated
through rigorous laboratory testing in research and development (R&D) are
considered. Technologies ideally reaching TRL 4 are considered in NPI. Forma-
lised testing procedures and planning start in the NPI phase. It is important to
highlight that the interviews primarily focused on NPI. However, interviewees
mentioned the significance of experimental lab-based testing in several discussions
and pointed out gaps in how these test results were not utilised during the NPI
phase.

As the diesel engine is a mature product, design changes occur incrementally
within the company. Engineers described their products as being incrementally
improved, noting that the “functional capability” of the diesel engine does not
change dramatically. Instead, regular small updates to the technology enhance
performance or reduce the cost of ownership. When discussing the nature of
testing for different types of product innovation, they stated:

Incremental design changes can be managed with standard testing or validated
simulations, whereas step changes (radical product innovation) may require a new
test plan.
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Figure 4. Focus of testing in each stage within the stage-gate process model used in the diesel engine company
(adopted from Tahera et al. 2019).

For example, if the company is designing a cylinder block that is a scaled
version of a previous product, the critically stressed areas would already be known,
so it is possible to accurately assess risk through simulation, whereas a new cylinder
block design would require physical testing for understanding stress behaviour and
conditions.

Within an NPI programme, product objectives are reviewed against a Current
Product Issues (CPI) database. The CPI database provides information about
failure modes and effects observed in current products, which require special
attention in the next product generation. This process is undertaken by key team
members, including technical specialists, component owners, design owners and
V&V managers.

5.2.1. lterative design and testing in the stage-gate process

The company follows a formal NPI stage-gate process, mandated by the parent
company to guide the development and testing of new engine designs. A detailed
explanation of these stages is reported in Tahera et al. (2019). Figure 4 presents five
key stages, from concept evaluation to production release, with defined objectives
and decision points at each stage. The NPI process provides context for under-
standing how testing requirements evolve and testing focus throughout product
development. Specifically, it illustrates how the purpose of testing shifts from early-
stage technology viability assessment and concept demonstration to design veri-
fication, validation, qualification and production readiness in the later stages. Each
stage described below shows how testing activities are prioritised according to
design maturity and the development risks being addressed.

Stage 1 (Requirement analysis and planning): In-house technology or
component-level testing or at the facilities of component suppliers to address
any specific concerns. Primarily, the focus of testing is to explore the technology
capabilities and potential adoption for new engine design and validate new
technologies and components. There is also a particular focus on gathering data
for building simulation models and CAE analysis.

From Stage 2 to Stage 4, testing goes on two levels: (1) engine-level testing
involves evaluating standalone engines on test beds, and (2) machine-level testing

15/41

Downloaded from https://www.cambridge.org/core. IP address: 155.4.128.246, on 01 Oct 2026 at 09:11:24, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/dsj.2026.10075


https://www.cambridge.org/core/terms
https://doi.org/10.1017/dsj.2026.10075
https://www.cambridge.org/core

Design Science

involves mounting engines in customer machines or vehicles to assess performance
under anticipated use conditions. Performance and Emission tests are conducted
first, followed by mechanical durability and reliability assessments (Tahera
et al 2019).

Stage 2 (Concept development and demonstration): demonstrates the viability
and performance of new technologies integrated into new engine designs. Alter-
native designs are evaluated using various versions of a MULE engine, which is
built by incorporating new technologies with existing components.

Stage 3 (System-level design and verification): Design verification testing hap-
pens in this stage to optimise performance and validate the hardware under
optimised conditions. Prototype engines are assembled with a combination of
production-intended and prototype parts that undergo both engine- and machine-
level testing.

Stage 4 (Detailed Design and Validation): The effects of production and
hardware variations on performance are evaluated, including comprehensive
testing for reliability and durability, which will be conducted at this stage. The
essential tests for compliance are typically planned to be concluded during product
validation phases.

Stage 5 (Production release): continuation of mandatory tests (if necessary) and
any remaining validation aspects.

5.2.2. Mapping testing purposes and stakeholders

Internal stakeholders frequently mentioned during the interviews include product
development engineers (often called component owners or product owners within
the company), design engineers, the CAE team, V&V managers, the business
manager and testing teams. External stakeholders comprise suppliers, customers
and regulatory and governmental bodies. First, it was pinpointed when various
stakeholders, whether official or unofficial, engage at each stage, and the reasons for
their involvement were clarified. Then, stakeholder engagement throughout the
NPI process was mapped. The main purposes of testing broadly were to reduce
technical and design uncertainty, demonstrate concepts/systems and perform
V&V. Figure 5, which is built on Figure 4, shows how “testing purposes,” “internal
stakeholders” and “external stakeholders” are mapped with NPI stages in this
engine company.

The main purpose of testing in Stage 1 and Stage 2 is “defining design
requirements” and the viability of “concept demonstration”. The Product devel-
opment team, Design team and CAE team are primarily involved in testing to
explore alternative technologies and establish the design requirements for the
engine. These teams closely engage in iterative processes to identify design issues,
mitigate design and technological uncertainties, refine design requirements and
concurrently develop and validate CAE models using measurement data from
physical tests. The Ve~V team only oversees the testing activities and gets informed
of the outcome as necessary. In Stages 2—4, the primary purpose of testing is to
demonstrate the engine’s performance, verify the design and validate the product to
meet the requirements of both internal and external stakeholders. The Ve*V team
and Testing team play a central role in this stage, focusing on identifying actual
failure modes through tests and overseeing the planning, execution and analysis of
tests. The leader of the V&V team is responsible for coordinating testing activities
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Figure 5. Mapping of testing purposes and stakeholder involvement across five stages of engine development,
highlighting the increasing complexity and multistakeholder involvement in testing activities throughout the
process.

with the Testing team and other teams in alignment with the requirements and
overseeing the verification plan through tools like the design verification plan and
report. The Product development team, Design team and CAE team engage actively
in interpreting test results and addressing any design issues uncovered during
testing.

External stakeholders, such as suppliers and customers, get closely involved
from Stage 2 through Stage 5. MULE and production-intended engines are tested
within customer machines for demonstration, verification and validation purposes.
This process facilitates early feedback and overall assessment of the engine’s
performance. Suppliers conduct the component and sub-system validation tests
according to the specifications provided by this manufacturer. Regulatory bodies
and guidelines are consulted throughout the process, overseeing and guiding the
qualification and compliance process. This ensures that all qualification require-
ments are met at each stage, and the product complies with relevant standards and
regulations for its intended applications and market use. They may become closely
involved in certification tests or be informed of the outcome.

The current process highlighted the challenges of disconnect and silos between
teams, as discussed in this case study. For example, many early tests, especially
during R&D and Stage 1, are team-driven and focus on addressing specific issues
related to technology readiness or design, often operating within teams and
disconnected from later stages of V&V. For instance, it was noted that the V&V
manager had minimal involvement or visibility in earlier in-house experimental
testing and component-level testing carried out with suppliers, restricting their
ability to incorporate these insights into the final verification plan. However, they
emphasised that early engagement of the validation team with experimental testing
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activities could greatly enhance the overall V&V programme. The V&V teams
could gain valuable insights by incorporating additional requirements for tests that
identify real failure modes or by focusing on specific aspects or results that are
crucial in later stages, such as gathering useful measurement data and validating
simulation models for subsequent stages. Similarly, tests may be performed,
particularly at Stages 4 and 5, in the event of test failure or to address manufac-
turability issues. These lead to tests happening outside the planned V&V activities
without full awareness or involvement of the CAE and design teams.

To summarise, observations from the diesel engine case study highlight the
inherent complexity of the current testing process, driven by the multifaceted roles
of testing activities. For instances,

1. A test can serve multiple purposes: A single testing activity can fulfil multiple
purposes for different stakeholders simultaneously. For example, a prototype
test may serve to “verify” a design concept for the design engineers while also
“demonstrating” the concept to customers. Therefore, it is crucial to identify the
purposes of multiple stakeholders that can be aggregated into a single test.

2. Multiple tests serve the same purpose: Multiple tests are conducted concurrently
or at various stages to fulfil a purpose. For instance, verification of a product
design may require several testing activities. FEA analysis can sufficiently verify a
design parameter for CAE and design engineers, but the V&V manager would
also need to perform physical tests to verify the failure mode. Often, the V&V
team will have to follow the company’s standard test plan even though realising a
failure mode is overly assessed by multiple teams and at different stages.

3. A test serves different purposes across stages: A test may have varying purposes
depending on the stage of product development. For instance, a gross thermal
test of a MULE engine might be used for customer demonstration during the
concept phase, while the same test on a new engine would serve design
verification and product validation purposes in later stages. However, such a
test may not meet certification requirements if conducted at an earlier stage.

5.3. Key findings from both case studies

Both case studies show that in practice, testing can have many purposes. For
innovative technologies like air-breathing EP, which is at early TRL stages, the
purpose of testing was primarily design exploration, experimentation, uncertainty
reduction and model validation. However, testing mainly focused on compliance
activities such as qualification, verification and validation for more mature prod-
ucts manufactured in large quantities, such as the engine and medium-power
EP. This suggests that the emphasis on testing during development can vary not
only with the product’s maturity level but also with production scale (as indicated
in the space propulsion case study).

Testing activities across different stakeholders are fragmented and not fully
coordinated in both case studies, and often one stakeholder’s testing needs are not
fully understood by other stakeholders in large-scale projects (particularly evident
in the space case). As a result, there is a misalignment between stakeholders’
priorities on testing (as per the space propulsion case study), and opportunities
for systemic learning and value-added insights from testing for multiple stake-
holders are often lost. The case study indicated that, while tests are typically
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designed for a specific purpose at a given stage of the DDP, planned aggregated
tests can evaluate multiple failure modes in a single test, benefiting other stake-
holders. Therefore, it is suggested that coordination among stakeholders can
maximise the value of testing. These observations highlight the need for creating
a structured framework that systematically maps tests to their purposes, stake-
holders and stages. This approach would improve coordination and better align
costly testing efforts across the product development process. At present, however,
no such framework has been found in practice in either case that systematically
supports this coordination or, at the very least, makes all the purposes of testing
visible among different stakeholders (also absent in the current literature).

6. Categorisation framework of purposes of testing

This section discusses the proposed categorisation framework for testing in design,
drawing insights from both the case study analysis and the literature review. The
first category addresses the discovery, definition and framing of the problem space
of design. The remaining three categories are aligned with the solution space,
focusing on the development and delivery of the solution or product. Figure 6
illustrates the categories and sub-categories.

(1) Testing for defining design requirements — for defining and framing the
problem space,

(2) Testing for uncertainty reduction — related to the set of potential solutions
within the solution space, and for the purpose of evaluation and refinement,

(3) Testing for demonstration — to choose the best solution from a set of alternative
solutions, and

(4) Testing for compliance — for the final V&V of the production-intended design
and tests for regulations.

The following sections discuss each category in detail, concluding with a brief
definition, the primary purposes of the tests and potential benefits. (A summarised
table of all categories isin Appendix A1. To note, categories are named according to
the specific purposes of tests; for instance, a test conducted for the purpose of
experimentation is termed an “experimentation test.”

6.1. Testing for defining design requirements

Testing activities in this category have the purpose of acquiring information related
to the design or problem space. In the early stages of product design and devel-
opment, design problems and requirements are often ill-defined, leading to
epistemic uncertainty arising from inadequate knowledge or insufficient defin-
ition. Significant challenges frequently stem from the “newness” inherent in
innovative designs, which may involve internal factors such as technological
advancements or the adoption of new technologies in products, as well as external
factors like evolving customer demands and regulatory requirements, as suggested
by the case studies. Literature also suggests that testing plays a pivotal role in
defining design specifications that align with both customer and technical require-
ments (Zwolinski & Gaur 2003; Cooper 2024).

19/41

Downloaded from https://www.cambridge.org/core. IP address: 155.4.128.246, on 01 Oct 2026 at 09:11:24, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/dsj.2026.10075


https://www.cambridge.org/core/terms
https://doi.org/10.1017/dsj.2026.10075
https://www.cambridge.org/core

Design Science

Purpose of Testir

g

1. Defining design
requirements

1. 1 Exploration

1. 2 Exploitation

1. 3 Experimentation

1.4 Simulation model

2.

Uncertainty reduction

2.1 Revealing information

2.2 Removing uncertainty
in information

2.3 Design evaluation

3. Demonstration

3.1 Proof of concept

3.2 Simulation result
validation

3.3 Design selection

3.4 System demonstration

4. Compliance

— 4.1. Design Verification
4.2 Product validation
4.3 Qualification

4.4 Certification

2.4 Design refinement

building
—— 4.5 Quality assurance
Figure 6. Top categories and corresponding subcategories of different purposes of testing that may happen in
product design and development.

6.1.1. Exploration
Exploration testing is primarily conducted to acquire new knowledge, typically
addressing the foundational question: “If I do this, what will happen?” This type of
testing aims to uncover information about the design space, including its boundaries,
parameters and the complex interactions between these parameters. According to
(Steinle 1997), exploration could be a specific type of experimentation “— an experi-
mentation which is not, as in the ‘standard view, driven by specific theories. It is
typically practised in periods in which no theory or — even more fundamentally — no
conceptual framework is readily available. I call it exploratory experimentation”
(Steinle 1997). Unlike theory-driven experimentation (discussed later), exploratory
testing can reveal critical design characteristics, such as in the context of design changes
(Zwolinski & Gaur 2003). For instance, exploration testing might be used to determine
the aerodynamic properties of a vehicle undergoing structural modification.
Exploration testing in the engine case study often involved computational analyses,
such as FEA), integrated with low-fidelity prototype testing and measurement data to
gain insights into design performance, rather than assessing reliability or durability.
Such exploratory tests are essential, as they frequently uncover unexpected phenom-
ena, which can significantly impact the design process and highlight areas that require
further investigation. Thus, exploration testing not only provides a deeper under-
standing of the design space but also challenges design assumptions. Table 2

Table 2. T Testing for Exploration: Definition, Purpose, and Benefits

Definition Test to pursue and acquire new knowledge in periods when no
theory or, even more fundamentally, no conceptual framework
is readily available

Purpose Acquire new knowledge; reveal new characteristics and
phenomena

Potential Identification of design boundaries and areas of best

benefit performance; Generation of new questions, hypotheses and

problems
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summarises the definition, purposes, and potential benefits of conducting testing for
exploration.

6.1.2. Exploitation

Exploitation testing is primarily focused on identifying “good enough” configur-
ations within the existing design space, often aimed at optimising current designs
rather than exploring new concepts. According to Balachandran et al. (2016), these
tests strive to achieve a “better” configuration by maximising the utilisation of
specific design parameters, thereby enhancing performance or efficiency within
known boundaries.

Exploitation testing is valuable in identifying the potential for incremental
improvements within the constraints of existing knowledge, technologies and
products, offering more certain and immediate benefits compared to exploratory
approaches. For industries, exploitation tests can be used to uncover opportunities
for structural weight reduction, for instance, by leveraging the existing margins
within the structures of a previous design. This process often involves accurate and
reliable simulations coupled with prototype testing to confirm the feasibility of
these improvements (Degenhardt et al. 2006).

Exploration and exploitation learning processes are often depicted as paradox-
ical due to their divergent objectives and the fundamentally different mindsets and
routines they entail (March 1991). Exploration involves searching for novel design
space regions characterised by high uncertainty in parameter values, while exploit-
ation focuses on optimising existing configurations to identify the best values
within the defined search space (Balachandran et al. 2016). Exploration is a
learning process that prioritises search, experimentation, playfulness and discov-
ery, fostering innovation and the uncovering of new possibilities, whereas exploit-
ation centres on refining existing ideas, executing them efficiently and maintaining
consistency (March 1991; Nemanich, Keller & Vera 2007). Table 3 summarises the
definition, purposes, and potential benefits of conducting testing for exploitation.

6.1.3. Experimentation

Experimental testing, which is generally guided by theoretical frameworks, sys-
tematically assesses whether a concept or experimental prototype meets predefined
expectations. Typically, this form of testing is conducted during the R&D stage,
within laboratory settings and controlled environments, employing a hypothesis-
driven approach.

Table 3. Testing for Exploitation: Definition, Purpose, and Benefits

Definition Test to identify additional or improved solutions within a known
problem space
Purpose Obtain better design configuration; maximise utilisation of
parameters
Potential Identifying design performance, narrowing down the design
benefit space and identifying optimal or suitable solutions potential

for optimisation
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Experimentation is a widely recognised method in both science and engineer-
ing for testing theories and establishing scientific knowledge. Hall (2011) distin-
guishes between experimentation in scientific contexts and in design. In scientific
experimentation, validity is achieved through peer scrutiny and reproducibility,
adhering to a convergent process. Conversely, experimentation in design is char-
acterised by both divergent and convergent phases, typically involving iterative
cycles. Experimental design in this context ensures that a trajectory is established
along which verification metrics can be defined (Hall 2011).

Erat & Kavadias (2008) argue that the experimentation process encompasses
both exploratory and exploitation learning aspects when a series of tests are
integrated. During the exploration phase, the emphasis is on acquiring knowledge
about the design space, while the subsequent exploitation phase focuses on
identifying optimal configurations within that space. This approach aligns with
the exploration and exploitation discussion outlined previously. Initially, the focus
is on generating knowledge about feasible design alternatives, and later it shifts to
refining knowledge about specific candidate solutions. Experimentation is often
associated with start-ups. The results of experiments can either confirm the validity
of an original concept, allowing continued development in the same direction, or
indicate the need for a strategic redesign. However, even for a very mature product
like a diesel engine, the company’s R&D department carries out experiments, for
example, when looking for new materials that can achieve higher combustion
temperatures. Table 4 Summarises the definition, purposes, and potential benefits
of conducting testing for Experimentation purposes.

6.1.4. Simulation model building
The purpose of these testing activities is to gather empirical data from physical tests
to develop computational simulation models. To construct sophisticated models
using techniques such as FEA and CFD for virtual testing, a thorough understanding
of the system, along with empirical data from physical experiments, is essential.
Testing serves as the primary method for verifying numerical algorithms and
ensuring the accuracy of these computational models (Oberkampf & Trucano 2008).
Both case studies indicate that discrepancies between virtual and physical testing
measurements can arise from several factors: (a) inaccuracies in the virtual model’s
construction, (b) incorrect theoretical assumptions and (c) insufficient calibration or
validation of the model using empirical data. Consequently, experimental or physical
test data are deemed the most reliable for model development and validation.
Incorporating historical test data can help the model-building process both for
building the models and for validating these (Sargent 2013). Table 5 summarises

Table 4. Testing for Experimentation: Definition, Purpose, and Benefits

Definition Test to establish the true value of a hypothesis

Purpose Systematically evaluate concepts and prototypes; find optimal
designs
Potential Comparison of performance; understanding of targeted or
benefit potential designs; design strategies
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Table 5. Testing for Simulation model building: Definition, Purpose, and

Benefits

Definition Test to build and calibrate a computational model

Purpose Collect experimental test data to build simulation models

Potential Information of the behaviour of products and components;
benefit measured values of model parameters

the definition, purposes, and potential benefits of conducting testing for Simulation
model building.

6.2. Testing for uncertainty reduction

Most product development processes, where significant cost commitments are
made, commence after the R&D phase is completed, once the company has
reasonable confidence in the feasibility of developing a successful product. During
this phase, development teams focus on designing the product or service, which
involves addressing and resolving numerous uncertainties. The various types of
testing conducted during this stage are specifically aimed at reducing these
uncertainties.

6.2.1. Revealing information

The purpose of these tests is to reveal information about a proposed design and
support the development of a concrete product specification. These tests may
assess an object’s properties (e.g., materials or dimensions), identify discrepancies
between expected and measured design parameters (Chen et al., 2020), detect
known failure or degradation modes or reveal both direct system behaviours and
indirect knock-on effects (Ktena 2011). For example, while a diesel engine designer
may anticipate improved energy consumption following a design change, testing is
needed to quantify the actual gains. Prototype tests can measure key performance
characteristics, such as fuel flow, airflow and blow-by, to better understand their
interaction within a new engine design. These tests ultimately generate concrete
values for specific parameters. Table 6 summarises the definition, purposes, and
potential benefits of conducting testing for revealing information.

Table 6. Testing for Revealing information: Definition, Purpose, and Benefits

Definition Test to ascertain specific properties of an object/value of a
parameter
Purpose Reveal errors and mismatches; detect failure or degradation
modes; reveal design behaviour
Potential Measured values of parameters, understanding of the nature of
benefit failure and its consequences
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Table 7. Testing for Removing Uncertainty in information: Definition, Purpose,
and Benefits

Definition Test to remove or reduce a specifically identified uncertainty
Purpose Recognise information adequacy; improve model definition;
improve estimates
Potential Knowledge about the variations in product specification,
benefit performance and properties (e.g. materials, dimensions) and

models’ data accuracy

6.2.2. Removing uncertainty in information

The purpose of these tests is to assess the adequacy of information by addressing
epistemic uncertainty. Sources of uncertainty include incomplete or inconsistent
information, poor-quality measurements (Mcmanus & Hastings 2006), ambigu-
ities in information description or modelling, omitted details, unclear model scope
(Wynn et al., 2011) and the use of approximate or predicted data. These tests
improve estimates and verify the precision of model data by reducing uncertainty.
Table 7 summarises the definition, purposes, and potential benefits of conducting
testing for removing uncertainty in information.

6.2.3. Design evaluation

Testing for design evaluation assesses how well a design meets its intended
specifications at a particular stage of the design process. Sim & Duffy (2003)
describe design evaluation testing as a process that analyses the feasibility of
potential design solutions and reduces the design solution space by eliminating
infeasible options. It measures the quality of design solutions against predefined
criteria and evaluates prototype performance for specific design configurations.
For example, an engine’s structural integrity and component functionality may be
assessed to determine whether actual power absorption matches expected per-
formance. In complex systems, these tests can also assess performance under
unknown or uncertain operational scenarios within system-of-systems environ-
ments (Luna et al. 2013). Table 8 summarises the definition, purposes, and
potential benefits of conducting testing for design evaluation.

6.2.4. Design refinement
The purpose of testing for design refinement is to evaluate “the progress of design
performance towards the desired solution and to optimise design features”

Table 8. Testing for Design evaluation: Definition, Purpose, and Benefits

Definition Test to assess design solution(s) against given sets of criteria
Purpose Measure the quality of proposed design solutions
Potential Quality of design solutions, comparison and rationale of design
benefit change
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(Derrick & Boiten 1999). Camburn et al. (2017) describe this testing as instru-
mental in refining models and simulation results and adjusting specifications to
meet the product’s specific use conditions. These tests support the improvement of
design performance by guiding design modifications. Design refinement can be
achieved through individual or multiple testing efforts (Otto & Wood 2000). For
instance, in diesel engine design, tests conducted throughout product development
can track improvements in specific parameters, such as successive evaluations to
determine whether NOx exhaust emissions have been reduced. Table 9 sum-
marises the definition, purposes, and potential benefits of conducting testing for
design refinement.

6.3. Testing for demonstration

The purpose of testing for demonstration is to show that a design or set of design
solutions works and fulfils its intended design objectives. These tests provide
evidence that a proposed solution can meet its intended use and satisfy stakeholder
requirements. As stakeholders may hold different views regarding a technology, its
maturity and the extent of its demonstration, concept and system demonstration
testing play an important role in supporting the selection of a design among
alternative solutions. Following selection, further testing may be required to
demonstrate performance and reliability at specific stages of the product develop-
ment process.

6.3.1. Testing for proof-of-concept

The purpose of testing for proof of concept is to establish the feasibility of a novel
concept and assess its potential for further development. These tests provide
evidence that the concept is practical and capable of progressing to subsequent
stages of design. Proof-of-concept testing is typically conducted using a low-fidelity
prototype to evaluate the viability of the proposed idea. For example, a small-scale
demonstration system may be tested under different conditions to validate feasi-
bility before progressing to more complex system designs. Table 10 summarises the
definition, purposes, and potential benefits of conducting testing for proof-of-
concept.

6.3.2. Simulation result validation
The purpose of testing for simulation result validation is to assess the accuracy of
model predictions by validating simulation results. This purpose differs from

Table 9. Testing for Design refinement: Definition, Purpose, and Benefits

Definition Test to investigate the progress of design performance towards
the desired solution
Purpose Assess progress of design towards the desired solution; optimise
design features
Potential Understanding of refined models, specifications and designs;
benefit modified design space; trajectory of design change
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Table 10. Testing for proof-of-concept: Definition, Purpose, and Benefits

Definition Test of an instance of a product concept for a specific purpose
Purpose Prove feasibility of a new concept; establish viability for
development and production
Potential Operating conditions and lab settings for assessment;
benefit performance for a chosen concept, market acceptance,

functional requirements fulfilment potential

model building, discussed in Section 6.1.4. Sargent (2013) and Moon et al. (2020)
describe these tests as a means of validating models by comparing model input—
output relationships with those of the real system. These tests establish confidence
in simulation results and verify the extent to which model predictions represent
real-world behaviour. Physical test results provide a reliable source of data for
model validation (Mauery et al. 2021). Table 11 summarises the definition,
purposes, and potential benefits of conducting testing for simulation result valid-
ation.

6.3.3. Design selection

The purpose of testing for design selection is to identify the most suitable design
solution from a set of available alternatives. These tests support decision-making
by evaluating the performance of competing options. Multiple prototyping and
testing activities are often required before committing to a solution (Toche, Pellerin
& Fortin 2020). As observed in the engine case study, this approach enables
learning from alternative concepts and supports the selection of the most viable
option. For example, the impact of material choices on performance can be tested
to inform material selection for a specific application. Table 12 summarises the
definition, purposes, and potential benefits of conducting testing for design
selection.

6.3.4. System demonstration

The purpose of system demonstration testing is to show that a chosen concept or
technology can operate successfully under specified operating conditions or envir-
onments. These tests provide evidence that the technology can achieve the required
performance metrics and support stakeholder confidence in its feasibility. They are

Table 11. Testing for Simulation result validation: Definition, Purpose, and

Benefits
Definition Test to generate data to compare the results of a numerical
simulation
Purpose Assess the accuracy of model prediction; validate simulation
results
Potential Knowledge and understanding of assumptions enabling further
benefit model improvement
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Table 12. Testing for Design selection: Definition, Purpose, and Benefits

Definition Test to establish which of a given set of design alternatives
performs best against a set of criteria
Purpose Choose a feasible design from alternatives
Potential Knowledge and information of performance of alternatives;
benefit criteria used in selection knowledge of object and design
selected

particularly valuable when organisations have limited knowledge of a new tech-
nology that offers potential advantages over established alternatives. The engine
case study highlights that system and concept demonstration tests focus on proving
that the technology can deliver the required level of performance. Other demon-
stration testing, such as reliability demonstration testing, supports the achievement
of acceptable system reliability, the estimation of lifecycle costs and the planning of
operations and maintenance strategies Yadav et al, 2006. These tests can also
identify design weaknesses and inform system improvements (Johanning et al.
2018). Table 13 summarises the definition, purposes, and potential benefits of
conducting testing for system demonstration.

6.4. Testing for compliance

The purposes of compliance testing are to support verification, validation, quality
assurance and certification by confirming that the product meets technical speci-
fications, fulfils customer requirements and complies with certification standards.
As the design progresses through manufacturing and towards service introduction,
these tests provide evidence of its readiness for deployment and market introduc-
tion.

6.4.1. Design verification

The purpose of verification testing is to confirm that a design’s actual performance
aligns with its expected behaviour and that design outputs meet specified require-
ments. Verification testing is a critical component of systems verification (Hoppe
et al., 2007; Engel 2010; Shabi et al., 2017). Engel (2010) describes testing as a
method for verifying specifications and requirements through established test

Table 13. Testing for System Demonstration: Definition, Purpose, and Benefits

Definition Test to demonstrate the performance characteristics
(functionality, reliability and/or reliability) of a system
Purpose Demonstrate that the chosen concept/technology will deliver
required performance
Potential Understanding of the extent to which technology delivers
benefit required performance reliably
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Table 14. Testing for Design Verification: Definition, Purpose, and Benefits

Definition Test if specified requirements have been fulfilled

Purpose Verify actual behaviour against expected design requirements

Potential Assessment of quality of performance; design produced
benefit according to specifications; knowledge of deviations from

requirements and their rationale

procedures conducted under specified environmental conditions, with compliance
confirmed through analysis of the resulting test data. These tests provide evidence
that a product has been constructed in accordance with its design specifications
and requirements. Wheatcraft (2012) further argues that verification through
testing provides the highest level of confidence that a system meets its require-
ments. Table 14 summarises the definition, purposes, and potential benefits of
conducting testing for design verification.

6.4.2. Product validation

The purpose of validation testing is to demonstrate that a product meets the
specified application and intended-use requirements of the customer (Hoppe
et al., 2007; Engel 2010; Shabi et al., 2017). These tests provide evidence that the
product performs as expected within its intended operational context before
entering production. Validation testing also supports the assessment of product
performance under real or representative operating conditions. In addition, these
tests help address stochastic uncertainties arising from inherent variations in
physical systems or environments, such as dimensional deviations in machined
components. Table 15 summarises the definition, purposes, and potential benefits
of conducting testing for product validation.

6.4.3. Qualification

The purpose of qualification testing is to assess that the design complies with
established standards and is suitable for its intended application. They also confirm
adherence to standardised evaluation procedures prior to full-scale production.
For example, lubricant qualification testing uses standardised engine dynamom-
eter tests to evaluate crankcase lubricant performance and verify compliance with

Table 15. Testing for Product Validation: Definition, Purpose, and Benefits

Definition Test to find out if a product can fulfil the requirements for the
specified application or intended use
Purpose Check that the product fulfils customer requirements, operating
conditions and specifications
Potential Knowledge of compliance with customer and stakeholder
benefit specifications; knowledge that appropriate design processes

have been followed
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Table 16. Testing for Qualification: Definition, Purpose, and Benefits

Definition Test to demonstrate that qualification standards are met

Purpose To qualify an advanced prototype for functionality and safety

Potential Understanding of compliance of design/technology/product/
benefit process with standards

specifications established by organisations such as the American Petroleum Insti-
tute. Testing procedures must also comply with American Society for Testing and
Materials guidelines in this case to ensure accuracy and reliability. Table 16
summarises the definition, purposes, and potential benefits of conducting testing
for qualification.

6.4.4. Certification

The purpose of certification testing is to assess whether a final product complies
with regulatory requirements for specific use conditions. These tests provide
evidence that the product meets the criteria necessary for accreditation and market
deployment. Certification testing also confirms that products have been developed
and validated in accordance with prescribed regulations. Certification tests follow
legislatively established test cycles that specify the characteristics of the measure-
ment system, including the required configuration, devices and procedures for
accurate assessment (Arregle et al. 2006). For example, to demonstrate in-use
compliance, a manufacturer may be required to show that an engine meets
specified particulate emission limits throughout its operational life. Similarly,
heavy-duty diesel engines intended for use in the United States must undergo
certification testing to confirm compliance with Environmental Protection Agency
exhaust emission standards. Table 17 summarises the definition, purposes, and
potential benefits of conducting testing for certification.

6.4.5. Quality assurance

The purpose of quality assurance testing is to establish that a product in production
meets quality standards under specific conditions at various phases of the devel-
opment cycle. This process is integral to the product DDP. Assurance testing helps
identify and address emerging issues by assessing risks through both simulation

Table 17. Testing for Certification: Definition, Purpose, and Benefits

Definition Test to investigate that certification criteria are met within a
predefined parameter range
Purpose Demonstrate that the final product complies with regulations for
its use conditions
Potential Knowledge of product compliance and regulatory acceptance
benefit
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Table 18. Testing for Quality assurance: Definition, Purpose, and Benefits

Definition Test to assure that a set of given quality criteria are met
Purpose Ensuring product quality; reducing risks of failure in design and
production
Potential Understanding of product performance and process alignment
benefit with quality standards and regulations

and testing, thereby aiming to minimise the potential for failure in both design and
production (Bieda 1998). For instance, samples of diesel engines are subjected to
dynamometer testing as part of a quality audit process to evaluate the consistency
and reliability of the production process. Table 18 summarises the definition,
purposes, and potential benefits of conducting testing for quality assurance.

6.5. Summary

The purpose of testing changes depends on the specificity required and the stage of
the design process. Figure 7 illustrates how the purposes of testing evolve in relation
to two key elements: progress and specificity in design. The x-axis represents the
progression of the design process over time, and the y-axis indicates increasing
specificity in design, ranging from general problem exploration to a final product
instance. However, depending on the product type, whether incremental or radical,
testing for the same purposes can occur at different stages due to the varying levels

Specificity
- 1. Defining design 2. Uncertainty reduction 3. Demonstration 4. Compliance
requirements
:’rolduct 4.5 Quality assurance
nstance
Solution 2.4 Design refinement 4.4 Certification
space
D(;SIgn 2.3 Design evaluation 3.4 System demonstration 4.3 Qualification
solutions
o o 4. idati
2.2 Removing uncertainty 3.3 Design selection eeetictivalidation
in information 4.1. Design Verification
Virtual » .
modelling| 1.4 Simulation model 3.2 Simulation result
g building validation
1. 3 Experimentation R .
Problem _ ol NS 3.1 Proof of concept
i 1. 2 Exploitation information P
1. 1 Exploration
>

design and development progress

Figure 7. Illustration of the various testing purposes in product design and development, showing increased
specificity from the bottom-left to the top-right as the design progresses.
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of specificity required for the test subject, be this a design concept or a principal
solution. For instance, “proof of concept” testing of novel technologies may be
conducted during the R&D phase in a lab setting to establish the feasibility of the
concept, but subsequent proof-of-concept tests may also be required during the
system development stages in a more mature prototype level to integrate and
validate the technology within the broader product context. In Figure 7, the arrow
pointing from the bottom left to the top right emphasises the increasing specificity
and evolving testing purposes in design and development.

The purpose of testing would evolve as the design process shifts between
exploring, framing and defining the problem space, transitioning to the virtual
modelling space and then developing alternative design solutions, ultimately
leading to more solution-based product instances, with a constant shift between
problem and solution spaces as the design evolves.

7. Discussion and conclusion

This research aimed to “clarify the purposes of testing in design and development
to bridge gaps of understanding among diverse stakeholders.” To address this, first
present insights from two empirical case studies and literature reviews to better
understand the evolving nature of testing in product design and development,
taking into account the different stakeholders involved (in Section 5). Second, a
proposed categorisation framework for systematically recognising the different
purposes of testing that can happen in the DDP (in Section 6). Although earlier
design literature has explored testing for experimentation (Thomke 2003), learning
(Erat & Kavadias 2008) and V&V (Shabi et al., 2017), these discussions often do not
clearly connect to the wider context of the design process. This framework fills that
gap by offering consistent terminology that links and integrates various strands of
academic literature on testing.

Industry focus remains heavily on compliance and validation tests. Although
there is an increasing emphasis on integrating virtual testing (e.g., simulation
models) and early, low-fidelity prototype testing, the focus remains on reducing
the cost of validation and conformance testing (as observed in both case studies).
However, it is increasingly realised that strategically designed early-stage tests
linked with later test design can substantially accelerate product development
(Pefia Héufler et al. 2021), particularly those aimed at identifying new failure
modes. Learning from early experimental testing activities can decrease the overall
effort required for acceptance and qualification tests before commercial deploy-
ment. The findings suggest engineers recognise that a test can fulfil multiple
purposes for different stakeholders; therefore, organising testing activities around
core purposes, understanding what is learnt, what can be learned from tests and
identifying the stakeholders who can benefit from this knowledge provides sys-
temic learning (Verganti 1997) and can maximise the value of testing in product
design. Although managers and engineers understand the needs, convincing
regulators and government stakeholders to invest in early testing and adapt to
the evolving testing requirements of advanced technologies, such as those in the
space sector, remains a major challenge.

This research aimed to clarify the purposes of testing in product design and
development, rather than exhaustively categorising test types or analysing test out-
comes. While testing is used to evaluate product characteristics (e.g., durability,
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usability, reliability, safety), the focus here was on why testing occurs at each stage of
the design process. As mentioned earlier, a particular test, depending on the context,
can serve different purposes such as detecting design flaws early, verifying functional
performance or fulfilling regulatory requirements. The value of focusing exclusively on
purposes lies in uncovering the underlying intentions of different stakeholders that
influence testing decisions. Clarifying purposes with a categorisation framework helps
identify gaps in situations where testing is conducted as a legacy process or overly
focuses on technical risk mitigation and compliance, and where critical purposes, such
as learning, experimentation or long-term usability, may be overlooked. Examining the
purposes of testing through this framework will provide systemic insights into how
testing activities are carried out in PDD, supporting systemic decision-making.

While not every stakeholder or team needs to understand every aspect of
testing, a shared framework helps ensure testing is integrated, purposeful and
cumulative rather than siloed and fragmented. Our proposed categorisation frame-
work is intended for those responsible for managing, coordinating and integrating
testing activities throughout the product design and development, including senior
business managers, product engineers, CAE engineers and V&V managers. It also
benefits individual teams by making their testing activities more visible to other
stakeholders and aligning these with the overall project testing plan.

We acknowledge some limitations in our study. One challenge was conducting
a structured search on the topic, as the term “test” is used in many different
contexts, such as hypothesis testing and statistical tests, which led to irrelevant
articles. We manually sorted and excluded papers, which may have led to the
exclusion of key papers. While we conducted a thorough literature review and
consulted with experts, because of the evolving nature of testing activities, the
categorisation of testing purposes presented in this paper may not be complete.
New categories or purposes may emerge in future research. Additionally, our case
studies primarily focus on test-intensive industries, such as automotive and space,
which may not be fully representative of other sectors, such as household appli-
ances, oil and gas or nuclear power, where iterative prototyping and testing may
not be as necessary or feasible. Stakeholder involvement in testing also may vary
across industries, depending on product size, type and complexity. Future research
could explore these variations and assess the effectiveness of different test strat-
egies, including the balance between virtual and physical testing. Further research
is also needed to explore the management of multistakeholder involvement in
testing to optimise learning outcomes. Key questions for future inquiry include:
Who is responsible for recognising and managing multistakeholder contributions
to testing? How should testing information be planned, retrieved and transferred to
meet various stakeholders’ needs? What are the cost, time and complexity impli-
cations of managing these multistakeholder needs in testing? Addressing these
questions will be essential for advancing our understanding of how to maximise the
value of testing in the development of radical new products and for innovation.

To conclude, this research demonstrates that testing is no longer merely a
compliance-driven or cost-management activity but a critical activity that runs
alongside product design to support learning, experimentation and evaluation,
enabling informed decision-making. Looking forward, as industries transition
towards a circular economy model, the importance of testing would be amplified,
highlighting its essential role across all stages of the product lifecycle, including
development, production, reuse, repurposing and remanufacturing. This
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transition necessitates a coherent, shared understanding of testing among supply
chain stakeholders to ensure effective management and strategic deployment.
Without a clear understanding of the value of testing, there is a risk that testing
activities may be perceived merely as a cost factor rather than as a critical enabler of
systemic learning and value-adding activity. This misconception could lead to a
reduction in testing efforts across the supply chain. We aim that our research
findings, along with the proposed categorisation framework, help identify the
purposes of testing and contribute to an improved understanding of this area.
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