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Abstract

Innovation processes have evolved significantly. Starting with traditional Product Development Process in the 1990s, novel development
approaches have been disseminated, especially approaches originating in the software and service sectors. However, understanding the
influence of recent approaches to developing complex hardware-based solutions is still a research issue. This study aims to identify emerging
approaches that have already demonstrated adequacy to support hardware design. Therefore, a systematic literature review has been conducted.
The research screened 292 papers and analyzed in detail 25 articles published between 2018 and 2022. Our findings indicate increased adoption

of creativity-oriented methods and extended prototyping in early phases.
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1. Introduction

The process of bringing innovation to the market has been
continuously evolving. The traditional Product Development
Process (PDP) fundamentals were established in the 1980s
and 1990s, based on stage-gate and simultaneous engineering
concepts [1-4], rooted mainly in mechanical engineering
knowledge and perspective [5].

Since the beginning of the 2000s, increasingly novel
development approaches have risen. Several of these novel
approaches, such as Agile, originated from the software and
service domains [6]. Development approaches that gained
relevance recently — e.g. user-centered Design — are
summarized in Table 1.

However, understanding the adequacy, relevance, and
impact of recent approaches’ in developing complex
hardware-based solutions still demands further investigation.
Hardware-based products may require development
approaches’ adaptations and reinterpretations due to the
physicality of the products [7]. One example is given by
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prototyping. During a product development project,
prototypes allow testing concepts to explore aspects like
design and quality, improving the chances of success [8].
Hardware development also needs tests in tangible ways,
bringing attention to physical prototypes, which enable
verifying the final product performance considering the real
environment and user variability [8]. Kratzer et al. indicate
that the design of products might often be impossible to assess
without seeing and feeling the actual hardware [9].

Understanding the PDP evolution trends for complex
hardware development requires identifying novel approaches
that have already been effectively applied to the physical
product’s domain. Considering all the aspects above, it is
important to understand how hardware development has been
conducted in the last years, which methods are the most used,
and what benefits they can bring.

This study aims to identify emerging approaches that have
already demonstrated sufficient adequacy to support complex
hardware design processes. Considering improvement aspects,
this study seeks to analyze if the selected approaches result in
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shorter lead time, cost reduction, or increased user
satisfaction. Therefore, a systematic literature review method
is applied, considering PRISMA’s method guidelines.

This study is part of a broader research effort aiming to
systematize current effective development practices for
hardware-based products. As hardware-based, we consider
physical products, which may entail embedded software and
compose Product-Service Systems (PSS), in which the
hardware plays a significant role in value delivery.

The remainder of the paper is structured as follows.
Section 2 presents the research methodology. Section 3
discusses the results, summarizing the methods and
approaches identified. It also discusses how the papers fit the
researched improvement aspects. Finally, section 4 discusses
the conclusions, limitations, and suggestions for further
research.

2. Methodology

A Systematic Literature Review (SLR) was conducted to
understand how hardware development projects have been
evolving. The literature review followed the guidelines
recommended by the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA). The
PRISMA method emerged as a response to improving the
quality of Systematic Literature Reviews, offering the reader
details about the conduction of the whole study and clarifying
possible research biases [10]. Thus, the research followed the
PRISMA standard checklist to ensure greater robustness in
conducting and presenting the literature review results.

Searches were conducted in the Institute of Scientific
Information (IST) Web of Science database. This database was
chosen because of its wide international academic recognition
and for presenting studies from different areas of knowledge.

The search string used was: ((hardware development) OR
(physical  product  development) OR  (mechatronic*
development)) AND (("lead time") OR (cost* reduct*) OR
("customer*® satisfaction”)). The string identifies studies on
hardware development focusing on process output indicators
— reduction of lead time, reduction of costs, or improvement
of user satisfaction.

Only peer-reviewed studies, such as articles and reviews,
were selected for the study. The publication date was
restricted to 2018 to 2022 to identify the hardware
development trends in recent years.

Applying the string resulted in 292 unique documents. An
initial selection process was conducted by analyzing the title,
abstract, and keywords to filter documents that were not in
line with the scope of the research.

In the first screening round, the articles that were discarded
did not explicitly mention, either in the title or in the abstract,
that a hardware-based solution was developed. In the
following screening steps, articles were discarded when they
did not explore the hardware aspects (13 studies), or present
sufficient information on hardware development (6 studies),
and when the study was not found for download or was only
available in a language other than English (8 studies). Finally,
after a full-text review, 25 references were selected for
analysis. Figure 1 summarizes the detailed procedure.
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Fig. 1. Study selection flowchart.

The complete analysis procedures and the documentation
following PRISMA s guidelines for this research are available
at the Mendeley Data repository [11].

3. Results and discussions

This section presents the approaches, methods, and tools
used for hardware development in the selected papers. This
study follows the definitions of “approach” and “method”
proposed by Andiappan and Wan [12], who investigated the
use of these terms in the process systems engineering field.
According to the authors, an approach is a way to determine
how a problem can be solved. The assumptions originate from
concepts, theories, and even working ideas, serving as a
practitioner’s outlook to addressing the problem [12]. A
method entails how an approach will be practically
implemented and encompasses details of how a problem can
be solved [12].

The definition of the key identified approaches, methods,
and tools is summarized in Table 1. A synthesis of the
identified approaches, methods, and tools from the researched
studies is presented in Table 2. In this table, studies were
classified considering the authors’ perceptions and the
definition from the literature presented in Table 1. For
example, studies that started with prototypes since the
beginning of the hardware development were classified as
Early Prototyping; studies that emphasized user needs or tests
with the final users were classified under the user-centered
design approach. One study explicitly characterized the
methodology or approach used as a user-centered design [13].
Two studies [14,15] explicitly mentioned what tool was used
to conduct the development project — in this case, the Field
Programmable Gate Array (FPGA).
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Table 1. Methods, approaches, and tools for product development projects.

Table 2. Identified approaches, methods, and tool.

887

Method /
Approach

Description

Agile “Agile is a project management method that brings
agility, adaptability, and speed to development

projects: It includes micro-planning tools” [16]

Agile process requires less planning. It structures the
tasks into small increments. It is meant mainly for
short-term projects. [17]

“Agile-Stage-Gate adds the most value when there is
high uncertainty and a great need for experimentation
and failing fast. It offers the additional benefits of
managing high uncertainty through incremental
product versions (protocepts), quick learning cycles,
and frequent customer involvement.” [16]

“Design thinking is generally defined as an analytic
and creative process that engages a person in
opportunities to experiment, create and prototype
models, gather feedback, and redesign.” [18]

Design
Thinking

User-centered
Design

User-centered design focuses on understanding a user's
demands, priorities, and experiences. It can lead to
increased product usefulness and usability as it delivers
satisfaction to the user. [19]

The artifact comprises an assembly of components that
can be physical and virtual. The systems engineering
role is to produce the design, which, when realized,
will result in an assembly of components that exhibits
satisfactory behavior. [20]

Systems
Engineering

Product
Lifecycle
Management

A general plan to manage a product and its lifecycle. It
combines processes, instructions, and guidelines and
their related applications in practice. Some examples
are: analysis results, manufacturing procedures,
engineering requirements, and product performance
information. [21]

“Rough models built quickly in order to communicate
an idea to other team members at a very early stage of
the design process.” [22]

Early
Prototyping

“Prototypes are most valuable to be used in early ideas
and idea development process. Therefore, it is
recommended that designers should use prototypes
extensively and as early as possible in order to plan
the design process more accurately in terms of focal
areas, expected user involvement and cost estimations
for the final design” [23]

A methodology created for associative in-memory
processors. The methodology aims to decrease energy
consumption and area requirement of the processor
architecture to perform a specific task. Its relevance is
the improvements aimed at both hardware and software
at the same time. [24]

Hardware /
Software Co-
Design Flow

“A systematic and scalable method for approximate
circuit design by employing data-driven feature
selection techniques rather than using statistical or
theoretical analysis, which is extremely suitable for
applications at a larger scale.” [25]

Compensation
Circuit Design
Flow

Focused on reduction in energy consumption and
hardware costs. [25]

Field
Programmable
Gate Array
(FPGA)

“A FPGA is a programmable logic device that
implements multi-level logic. FPGAs offer low risk,
low  incremental cost and fast prototyping
advantages.” [26]

“By radically reducing the development costs and the
turnaround time for implementing thousands of gates
of logic, FPGAs provide a new capability that affects
the semiconductor industry.” [26]

Approaches

Methods

IDesign Thinking
User-centered Design

Agile

Systems Engineering

IProduct Lifecycle Management

[Early Prorotyping

[Hardware/Software CoDesign Flow

ICompensation Circuit Design Flow

[Field Programmable Gate Array

Azocar et al, 2020 [27]

Barrén-Romero and Hernandez-
Zavala, 2020 [28]

Boye, 2020 [14]
Colturato and Chavier, 2019 [29]
Daniyan, 2020 [30]

Falabella, Wallin and Lund, 2018
[31]

Fodor, Silaghi and Veber, 2020
(32]

Heinrich et al., 2019 [33]
Kindt and Binder, 2022 [34]
Lanzotti et al, 2018 [8]
Lopez et al., 2020 [35]
Luetal., 2021 [36]

Ma et al., 2018 [37]

Mishra et al., 2021 [38]
Montero et al., 2020 [39]
Platt and Liu, 2018 [15]
Peiret et al., 2018 [40]

Qiu and Lao, 2018 [25]
Soltes et al., 2018 [13]

Sun et al., 2020 [41]
Vansteenwegen et al., 2019 [42]
Xia et al., 2021 [43]

Yantlr, Eltawil and Salama, 2022
(24]

Zaloga et al., 2020 [44]
Zhou et al., 2021 [45]

One of the prominent methods identified is Early
Prototyping. Planning and building a prototype since the
initial phases make it easier and faster to understand the idea’s

feasibility and how it can be

developed considering

alternatives and restrictions of the project [34-36,38,42].
Early Prototyping can be done using low-cost materials,

maintaining the relevance of the tests [32,37,45].

All the studies that applied Early Prototyping developed
physical artifacts, testing how the architecture works in each
environment. The combination of sensors, boards, and other
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equipment can be seen as a critical factor during a hardware
development project. In this context, the use of physical
components from the beginning can accelerate tests to clarify
how the proposed solution can solve the identified challenge.
The study’s main differences relate to the tests’ environment,
varying from laboratory experiments to real operations.

Systems Engineering was identified as a well-applied
approach for hardware development. Some studies aimed to
define the requirements and main functions, then started to
elaborate the design of these functions, and finally progressed
to systems verification and control. Building the hardware and
the software involved allows understanding how the physical
and virtual components will be integrated and solving
compatibility issues [25,30,31].

Some papers adopted a user-centered design approach
aiming to understand the user needs and how the final product
will solve them. The development of effective hardware needs
to consider who will use the proposed solution and if it fits the
required purposes [13,27,29]. In all of these studies, a
physical prototype was built and tested, reinforcing the
relevance of physical contents in hardware projects. One of
the studies conducted more than one prototype, starting with
critical functions analysis and then evolving robustness and
precision [13].

Only one selected study was classified under the Agile
approach [39]. The authors discussed the application of agile
hardware practices to improve the overall quality of the
product. The main aspect noticed about agile for hardware is
the influence of architectural decisions to design the physical
component. Furthermore, the costs to make changes in a
hardware project are higher than in software ones, limiting the
number of changing cycles. Despite having just one paper
focusing mainly on Agile, another study mentioned Agile and
its relevance in improving hardware projects [13].

The Field Programmable Gate Array tool was mentioned in
two studies [14,15]. FPGAs can be reprogrammed to desired
application or functionality requirements after manufacturing.
In these cases, design needs can be addressed more easily than
other semiconductor solutions on the market. It elucidates that
physical components have been developed considering the
possibility of modifications and adaptations to satisfy each
product's needs.

Two different studies proposed new methods to conduct
hardware development. Yantir et al. [24] presented the
Hardware/Software Co-design Flow, inspiring studies that
look for better integration between physical and digital
platforms. Qiu and Lao [25] developed a specific method for
approximate computing focused on circuits. These new
methods seem to be influenced by Agile principles, as they
perform reduced tasks and there is close user involvement.

All the papers analyzed in this study were classified under
three improvement focus: cost reduction, lead time reduction,
and user satisfaction improvement. Table 3 shows the studies
that perceived a reduction in costs.

Reduction of costs was the most frequent benefit identified
in the papers. Cost reduction can be achieved by using simpler
materials, conducting tests on a reduced scale, and developing
design aspects before prototyping. Cost reduction is aimed
when projects have low budgets or develop products with

expensive components, so tests with cheaper materials can
optimize the hardware development [32,34,37,45]. The use of
a structured methodology or approaches like Early
Prototyping and Systems Engineering brought advantages
during the execution of the projects, setting steps and goals
and defining the best way to conduct the activities [41].

All studies classified under Early Prototyping presented
cost reduction as the main benefit. This shows that
prototyping since the beginning of the project can reduce
overall expenses, using simpler materials and performing tests
on a reduced scale.

Table 3. Analyzed studies that presented cost reduction in their hardware
projects.

Method/ Perceived benefits

Approach/

Tool

Early When software and hardware are tightly coupled,

defining a method is important to enable flexible
solutions and achieve efficiency. [35]

prototyping

Early Prototyping allowed analysis of the best
combination of materials and its integration with
software. [32]

The Early Prototyping made possible the understanding
of available materials and how it influences the final
functions, optimizing costs. [45]

The proposed position detection and status monitoring
method brings high-precision detection of the joint
position at a low cost. [36]

The system is user-friendly and cost-effective as no
extra wiring is required, and the network environment is
independent. [37]

The developed architecture is highly effective in the
gate count and power dissipation reduction in a cost-
effective way. [38]

The system prototype meets the requirements for future
deployment in a network for hyperspectral validation of
water reflectance data with reduced cost. [42]

The hardware prototype allowed tests following quality
protocols and indicating potential for cost reduction.
[34]

The use of low-cost ceramic materials showed great
conditions for analyzing hotspots. [31]

Systems
Engineering
The method led to cost reduction in manufacturing by

automation of simple and recurring logistic steps. [33]

Results show that the model can be used to improve the
stability of non-iterative co-simulation schemes. [40]

The system can effectively promote reliability, and the
method can address cost reduction in the design stage.
[41]

Product The application of the tool reduced resource costs and
Lifecycle improved the quality of the implementation of
Management  processes. [44]

Hardware projects commonly face constricted time for
conclusion [14,39]. Regarding the lead time (Table 4), it is
relevant to consider the deadline to deliver the solution and
organize tests to guarantee the expected robustness and
quality [24,25]. With physical prototypes, tests may require a
longer timeframe. We detected that the use of specific
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methods and approaches like Systems Engineering and Agile
can accelerate activities execution.

Table 4. Analyzed studies that presented lead time reduction in their hardware
projects.

Method/ Perceived benefits

Approach/

Tool

Hardware/ The method decreases the active area requirement

Software Flow of the processor as well as improves the static
energy consumption considerably, which is proven
via circuit simulations of nine different

benchmarks. [24]

Systems
Engineering

The findings can assist manufacturers in their quest
for innovativeness in product development as well
as reduction in the manufacturing lead time. [30]

The advantage of the adopted architecture is to
process high-quality information in less time. [28]

Compensation The proposed methodology is suitable for large and
Circuit Design complex approximate circuit designs that are not
Flow feasible for manual analysis or simplifications. [25]

Agile The use of Agile to re-design spare parts of a
product pointed to a lead time reduction. [39]

Field Programable ~ The proposal significantly reduces design timelines
Gate Array while maximizing the flexibility to adapt to a wide
(FPGA) array of mission requirements. [14]

The amount of time required to deliver the test
solution can be reduced from multiple weeks to just
a few days. With the FPGA the test and use of the
hardware are accelerated. [15]

User satisfaction is the main focus of only four of the
selected studies (Table 5). Nevertheless, these studies bring
relevant insights. Design errors are quickly detected when the
customer needs are included in the hardware development
review loop, and technological issues can be rapidly corrected
[13,27]. Tests made in real environments with real customers
allow for identifying the user perception of the solution
[8,43].

Table 5. Analyzed studies that presented user satisfaction improvements in
their hardware projects.

Method/ Perceived benefits

Approach

User- The integration of the hardware with the other

centered components of the system in a method that seeks to

Design improve the patient's quality of life is promising. [27]
Based on an electric vehicle project, the authors
developed a framework for user-centered design. It
shows that it is possible to achieve higher quality
delivered and higher customer satisfaction. [13]

Design This interactive design approach lets the users (and
Thinking testers) express their opinion and collect insights that are
directed to improve the final solution. [8]

Systems The solution has educational purposes, so it considers the

Engineering  users during its development and improvements. [43]

4. Conclusions

This study aimed to understand which approaches are
being applied in hardware development projects and which
benefits are identified in the practical execution of these

projects. Therefore, a systematic literature review was
conducted focusing on studies that reported cost reduction,
lead time reduction, or user satisfaction improvements. Five
approaches, three methods, and one tool were identified.

Hardware development processes are evolving influenced
by new approaches, and there are several methods that can be
used to improve the creation and robustness of the projects.
Almost half of the articles analyzed used Early Prototyping or
Systems  Engineering. Some studies detailed user
involvement. In terms of impacts, most articles reported cost
reduction. The use of simpler materials and the conduction of
tests since the first phases of the project allow the final
product to be launched with greater robustness and satisfy the
identified needs.

It is possible to conclude that developing physical
prototypes since the beginning of the project contributes to the
quality of the solution. This elucidates the necessity of in-
person development activities. While working in remote
teams has several advantages, it is a limitation when different
components and equipment need to be physically assembled
in prototyping activities. After the Covid-19 pandemic and the
expansion of remote working, it is important to plan the
hardware development and tests considering in-person tasks.
Even when the hardware is attached to other software, it is
important to organize the hardware team to develop the
solution considering physical aspects since the first phases.

A combination of approaches or methods can bring an
innovative way to explore the user's insights and optimize the
project development. One study mentioned two different
approaches [13] — user-centered design and agile —, but
described the entire process under the user-centered design.
No paper showed a clear combination of approaches or
methods in this review, indicating an opportunity to be
explored further in future studies.

This study has some limitations. The selected timeframe
(2018 to 2022) could let some older important papers out of
the analysis. Also, the keywords selected for the string are
focused mainly on quality aspects, and some applications
outside of this scope were not identified. Only one database
(Web of Science) was used, and only papers in English were
considered for this study.

The findings indicate opportunities for future studies. The
scope of the research can be expanded, focusing on benefits in
general, without being restricted to the aspects considered in
this study. In addition, a bibliometric analysis can be
performed to identify the area's main trends, performing
searches in databases without adding a time filter. Case
studies can be conducted following hardware development
projects at universities or companies. Another opportunity is
to focus specifically on some approaches or methods, such as
Agile, Design Thinking or Early Prototyping, and detail their
application for the hardware design.
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