
Vol.:(0123456789)1 3

Research in Engineering Design (2021) 32:377–409 
https://doi.org/10.1007/s00163-021-00365-w

ORIGINAL PAPER

266 Fuzzy front‑end studies: current state and future directions 
for new product development

Dongmyung Park1  · Ji Han2 · Peter R. N. Childs1

Received: 13 June 2020 / Revised: 29 March 2021 / Accepted: 3 April 2021 / Published online: 19 April 2021 
© The Author(s) 2021

Abstract
266 fuzzy front-end (FFE) studies in the new product development (NPD) sector were examined. The studies were selected 
using a bibliometrics method, and chronologically and statistically examined with ten criteria divided into two dimensions. 
The first dimension is associated with overall attributes of the FFE, consisting of six criteria: the study taxonomy, model 
type, NPD speed, NPD attributes, model characteristic, and model structure. The second dimension is relevant to the FFE 
performance structure related to process parameters, comprised of four criteria: the FFE task, activity, performance method, 
and toolkit. In terms of those two dimensions, the paper looks at previous FFE studies to gain an understanding of features 
of each FFE study along with related knowledge and theories, as well as identification of evolution trends of FFE studies. 
Based on the identification, an FFE model development strategy for each criterion is formulated, and this paper proposes 
possible options for executing those strategies which exert influence on the form of the cluster network. The intention is 
for the database to be utilised as an overview of all existing FFE studies and allow specific FFE studies to be selected to 
examine FFE approaches.This paper provides FFE model development guidance on how to deal with the overall attributes 
and outcomes of the FFE which affect the entirety of the innovation process, and how to manage the performance structure 
related to process parameters.
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1  Research background and motivation

Researchers have dedicated substantial attention to develop-
ing a number of product innovation processes also known 
as New Product Development (NPD) processes and product 
design processes1 ( Wynn and Clarkson 2018), with more 
than 600 processes reported (Simms 2012; Reim et al. 2015). 
The innovation process particularly has challenges to both 
develop and manage continuously (Wynn and Clarkson 
2018). The need to improve the product innovation process 

has been recognised as a critical issue in both academic and 
industrial research circles (Cross 1993; Salerno et al. 2015; 
Tzortzopoulo et al. 2006), and studies on the product inno-
vation process are becoming increasingly specific (Gurtner 
and Reinhardt 2016).

The fuzzy front end (FFE) is an initial component of the 
product innovation process (Achiche et al. 2013; Carbone 
and Tippett 2014; Stevens and Burley 2003) and is acknowl-
edged as the most important part (Eling et al. 2014; Evan-
schitzky et al. 2012). There are two main factors for this: (1) 
more than 60% of NPD-related parameters are set up in this 
initial design phase (Chang et al. 2007; Talke et al. 2006; 
Williams et al. 2007), and thus, a significant proportion of 
an NPD project’s time and cost are committed (Achiche 
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et al. 2013; Bacciotti et al. 2016; Koen et al. 2002; Reid 
and Brentani 2004; Verworn et al., 2008); (2) the overall 
attributes and outcomes of the FFE affect the entirety of the 
product innovation process (Achiche et al. 2013; Bacciotti 
et al. 2016; Kim and Wilemon 2002a; Thanasopon et al. 
2016). Nonetheless, this initial design phase is viewed as a 
vulnerability in the whole course of the product innovation 
process due to the high probability of encountering difficul-
ties in dealing with those two factors (Brun and Saetre 2008; 
Frishammar et al. 2011). The difficulties are triggered by 
uncertainty and ambiguity inherent in the FFE (Brun and 
Saetre 2008; Frishammar et al. 2011).

Hence, efforts to understand the FFE in-depth have been 
made (Kock et al. 2015; Markham, 2013; Yoon and Jetter 
2015). With an attention devoted to the different FFE topics, 
there has been an increase in the volume of studies develop-
ing many processes, models, or frameworks. Studies con-
ducted by Costa and Toledo (2016) and Takey and Carvalho 
(2016) reviewed many studies which have made a contribu-
tion on the FFE sector. Ottum and Moore (1997) proposed 
a framework to examine the relationship between market-
led information processing and new product financial suc-
cess. Khurana and Rosenthal (1998) offered a holistic FFE 
framework which reflects links between business strategy 
and NPD; between individual NPD projects and an overall 
development portfolio; between core teams and executive 
committees. Langerak et al. (2004) devised a conceptual 
model to specify the relationship between market orienta-
tion, NPD performance, and organisational performance that 
is mediated by FFE activities. Chen and Gao (2005) devel-
oped a conceptual model in the complex product system 
context, in which FFE fuzziness, activities, and organisa-
tional elements are extrinsic variables, FFE performance is 
the mediating variable, and NPD performance is an intrinsic 
variable. Zhang and Doll (2011) developed a relationship 
framework, as a casual model, in which fuzziness in the 
front-end part and foundation elements are external vari-
ables, team vision is the mediate variable, and NPD perfor-
mance is an internal variable. Verworn and Herstatt (1999) 
and Verworn et al. (2008) suggested a conceptual framework 
to examine the relationship between three-dimensional FFE 
factors which indicates reduction of market and technical 
uncertainty, intensity of planning, and NPD performance. 
Yu et al. (2006) concentrated on the effect of ideation on 
NPD performance during the FFE. Brun and Saetre (2008) 
and Brun et al. (2009) studied the classification of ambigu-
ity in NPD and reduction of ambiguity in NPD projects. 
Achiche et al. (2013), Ester and Daniel (2007), Kim and 
Wilemon (2010), and Koen et al. (2002) proposed methods 
to execute the FFE.

However, few models shed light on (1) which overall 
attributes are appropriate for this early design phase and 
(2) how the FFE truly deals with the performance structure 

relevant to processing parameters: this is related to the two 
main rationales which make the FFE the weakest as well as 
the crucial component of the product innovation process. 
Therefore, the development of FFE models which deal with 
those two factors are needed.

This study aims to propose strategies for new FFE model 
development considering those two factors which make the 
FFE crucial but vulnerable; (1) overall attributes of the FFE: 
the study taxonomy, model type, NPD speed, NPD attrib-
utes, model characteristic, and model structure and (2) the 
FFE performance structure related to processing parameters: 
the FFE task, activity, performance method, and toolkit. The 
strategies were inferred through an examination of a diverse 
range of FFE studies in NPD domains. A total of 266 FFE 
studies were gathered using a “Bibliometrics” method, and 
these studies were chronologically and statistically examined 
using appraisal criteria. The examination supported gain-
ing an understanding of the features of each FFE study and 
relevant knowledge and theories, as well as historical trends 
of FFE study evolution and their proportions. The intention 
of this paper is for inferring new FFE model development 
directions. Also, the subsequent product of this paper can be 
utilised as a database that allows specific FFE studies to be 
selected and which enables an overview of the existing FFE 
studies: indeed, contrary to the existence of many studies on 
the wider product innovation processes, there are few studies 
intensively focusing on investigating the FFE component.

The remainder of this paper consists, first of a research 
methodology framed in terms of establishing new FFE 
model development strategies. Section 3 addresses knowl-
edge, theories, and historical trends of FFE model devel-
opment and their proportions for each criterion. Section 4 
discusses new strategies for FFE model development. The 
final section concludes this study with a summary of the 
paper and envisages the expected contributions.

2  Research design and methods

2.1  Research framework

An overall research framework has been adopted from the 
approach devised by van Aken (2005) to build the holistic 
structure of this study. According to van Aken’s study, the 
development of the innovation process in NPD domains 
means coming up with an “Optimum Solution”, the best 
development and management platform for artefacts, fitting 
the “Best Requirements” inferred from “Various Ranges of 
Solution Concepts” which are themselves derived from “Past 
to State-of-the-Art” processes.

Based on this approach, as shown in Fig. 1, 266 FFE 
studies were selected from both the academic and indus-
trial bodies of literature, arranged in chronological order to 
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grasp “Past to State-of-the-Art” FFE studies. The 266 stud-
ies were analysed using particular criteria concerning (1) 
overall attributes of the FFE and (2) the FFE performance 
structure relevant to processing parameters. The analysis 
is to figure out features of each FFE study and associated 
knowledge and theories, and historical trends of FFE model 
development and their proportions, as “Various Ranges of 
Solution Concepts”. Based on the results, strategies for a 
new FFE model development were clarified by narrowing 
the “Various Ranges of Solution Concepts” down to “Best 
Requirements”, and finally the “Optimum Solution”.

2.2  Data collection method

2.2.1  Taxonomy of the subjects of the FFE studies

A total of ten criteria were derived, based on the suggestion 
by Mendes and Oliveira (2015) and Oliveira and Rozenfeld 
(2010). Their studies which classified FFE studies into four 
groups have a proven track record of classification system 
in FFE studies.

1. Independent FFE model: FFE studies providing models 
developed for the front-end part only were covered in 

this classification. Partial FFE models devised solely for 
one or two front-end tasks, e.g., an opportunity identifi-
cation, ideation, and conceptual design.

2. Dependent FFE model: FFE studies offering models 
which are part of wider parts covering the product inno-
vation process in general were also incorporated into this 
examination. General innovation processes by targeting 
the first section were included, since most innovation 
processes have the FFE component at the head of the 
process.

3. Study on the FFE issue: FFE studies which do not pro-
vide any model types but are related to FFE issues, e.g., 
its attributes, roles, and functions.

4. Study related to the FFE issue: studies which do not 
directly target the FFE but are indirectly related to the 
FFE issues and whose knowledge and theories may be 
relevant in the new FFE model development were also 
included, e.g., information processing, knowledge accu-
mulation, decision-making processing, and trend fore-
casting.

Fig. 1  Overall research framework
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2.2.2  Process by which to gather FFE studies

Studies which conducted surveys concerning different stud-
ies were referenced to support design a protocol to collect 
studies used in this study. The study conducted by Mendes 
and Oliveira (2015) is a seminal work in this field, which 
carried out a systematic literature review, a method which 
has been highlighted in the social science and engineering 
design domains in recent years (Cook et al. 1997; Reim 
et al. 2015). “Bibliometrics” (De Bellis 2009; Okubo 1997; 
Ramos‐Rodríguez and Ruíz‐Navarro 2004) focusing on the 
most cited papers, papers affecting the most cited papers, 
the most cited authors, and the most highly mentioned key-
words,2 which carries out statistical and quantitative inter-
pretations of data, was utilised in this study. Also, another 
remarkable note was whether those studies were published 
by top influential academic journal organisations (Baum-
gartner and Pieters 2003; Biemans et al. 2007; Durisin et al. 
2010). The ‘Web of Science’ database used for this investi-
gation (Carvalho et al. 2013; Mendes and Oliveira 2015). In 
this way, the data, FFE studies conducted from early 1900s 
to late 2020s, were gathered.

Figure 2 depicts the overall taxonomy and collection pro-
cess. By classification and systematic selection of usable 
studies, this study endeavoured not only to maximise scien-
tific rigour, validity, and reliability but also to minimise bias 
in the gathering and screening of FFE studies. The infer-
ences drawn from this eight-step process can be classified 
into two sections, connoting different development direc-
tions of a new FFE model.

The first section includes the most cited studies found in 
Steps 1 and 3, and the most prominent studies as determined 
by a majority of experts, identified in Step 5. The analysis 
of those models can provide basic insights into the develop-
ment of a new FFE model.

The second section covers the remaining studies attained 
during Steps 2, 4, 6, and 7. Most of the studies were gathered 
from additional articles referenced in the original studies 
investigated in Steps 1, 3, and 5. Even though these remain-
ing studies are weaker in their representativeness, each study 
has its own characteristics in terms of attributes, structure, 
and operations. These steps help to prevent underestimation 
of parts which are easy to miss, which can affect a more 

elaborate model development. As a result, knowledge and 
theories gained from those steps may have great value in 
analyses looking at deep-rooted development. It can also 
be useful in the design of an entirely new model, contrary 
to concentrating on the most representative studies which 
leads to a clustering of outcomes with the majority of studies 
looking at the similar data.

When selecting FFE studies, the guiding principle con-
centrated on the latest version of a study that has continu-
ously evolved over many years. For instance, the FFE study 
developed by Verworn and Herstatt (2003) and Verworn 
(2009) was examined, focusing on the version from 2009. 
However, when the initial version of a study has a broader 
representation, the investigation instead looked at the earli-
est version. For example, in the case of the study by Cooper 
and Cooper et al. from 1988 to 2018, the analysis depended 
upon the 1988 version as the cornerstone of the whole range 
of studies.

To screen out less relevant studies, a filtering progress 
was adopted from the study by Mendes and Oliveira (2015). 
The process adopted began in the early phases, as soon as 
the first ten papers were validated. It involved five schol-
ars comparing their decisions on the publications. Intense 
discussions were held over five meetings to arrive at a con-
sensus on the judgement. After an agreement was reached, 
seven papers out of those initial ten were adopted, and the 
remaining three dropped. This method was utilised to screen 
subsequent tranches of potential studies until additional 259 
papers were finally included, resulting in the 266 studies 
which this study ultimately uses. When studies had very lit-
tle to do with the FFE or when they focused on very diverse 
areas despite having FFE as one of their main keywords 
(focus missing), e.g., FFE studies handles the latter part of 
the NPD process more than its initial part, or when studies 
only tangentially relevant to the domains of this examina-
tion (out of scope), e.g., the aim of the FFE studies is sup-
porting the development of pharmaceuticals or microchips, 
these studies were excluded. Also, duplicated studies were 
excluded at every step.

2.3  Data analysis method

2.3.1  Establishment of appraisal criteria

As shown in the Imperial College London (ICL) Research 
Data Repository (URL: http:// doi. org/ 10. 14469/ hpc/ 
7725), a total of ten criteria were derived, divided into 
two dimensions. The former dimension is associated with 
overall attributes of FFE, consisting of six criteria (Cri-
teria 1–6): the study taxonomy, model type, NPD speed, 
NPD attributes, model characteristic, and model struc-
ture. The latter dimension is relevant to the FFE perfor-
mance structure which relates to processing parameters, 

2 The keywords used were defined with the following two dimen-
sions. The former includes fuzzy front end, new product develop-
ment, and product innovation, from the comprehensive aspect. From 
the specific aspect, the latter covers corresponding words to ten cri-
teria established in this study, e.g., FFE model, design process, as 
well as FFE issues, e.g., FFE uncertainty and ambiguity, FFE infor-
mation processing, and FFE knowledge accumulation. Each keyword 
was used as the search string manifoldly when inputted in the search 
engine.

http://doi.org/10.14469/hpc/7725
http://doi.org/10.14469/hpc/7725
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comprised of four criteria (Criteria 7–10): the FFE task, 
activity, performance method, and toolkit. Criteria asso-
ciated with the overall attributes of the FFE, frequently 
defined in recent conferences, such as the International 
Design Conference 2018, the International Conference on 
Engineering Design (ICED) 2019, and CIRP Design 2020 
were set up. For appraisal criteria 7–10, units of the FFE 
performance structure, the basic constituents making up 

the structure of the model, were defined by studies (Birk-
hofer et al. 2002; Herstatt and Verworn 2001; McCarthy 
et al. 2006; van Aken 2005). To create the most optimal 
demands for developing a new FFE model in which the 
broadest and deepest range of development requirements 
are reflected (Williams et al. 2007), those criteria estab-
lished were concrete in greater detail.

Fig. 2  Overall model selection protocol
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2.3.2  Analysis method of the FFE studies

The analysis method was referenced from other studies 
including Mendes and Oliveira (2015) which used a peer-
review system and historical trend analysis along with a 
statistical approach.

1. Peer-review system: A peer-review system was 
employed to reinforce the internal validity of the analy-
sis. A group of five NPD experts who had postgraduate 
qualifications and worked for more than 7 years in either 
a specific functional domain or a multitude of functional 
domains were selected. They conducted examinations 
on a preliminary selection of ten studies drawn evenly 
from the four different categories of the FFE study 
taxonomy, using the ten criteria. This included a com-
parison between the studies to identify corresponding 
items and assist the experts in unanimously agreeing 
on the validity of the analysis, an agreement that was 
only reached when an 80% match rate was attained. As 
presented in Table 1, through a statistical interpretation 
of the ‘inter-rater agreement’, kappa values were greater 
than 0.8, meaning that each participant’s level of agree-
ment regarding the analyses was strong. Therefore, it 
was concluded that the remaining 256 studies could 
be analysed with the previously used method that was 
found to have high reliability.:After examining the 256 
FFE studies, a batch of another ten papers were ran-
domly chosen, and the five NPD experts confirmed the 
examination conducted on those ten papers, to review 
the internal validity of the analysis once again.

2. Historical trend analysis and statistical approach: The 
next analysis method was a two-pronged trend analysis: 
(1) a historical trend of particular characteristics and (2) 
their proportions (De Bellis 2009; Okubo 1997; Mendes 
and Oliveira 2015). Conway and Steward (2009) and 
Tidd et al. (2005) substantiated the merit of looking at 
the historical tendencies in the way innovation processes 

have evolved. Pahl et al. (2007) also listed various inno-
vation processes, overviewing each in their study. In 
those two analyses, a statistical software package, SPSS 
Version 25.0, was used.:Studies on FFE issues and stud-
ies related to the FFE issue were also faithfully arranged 
alongside the FFE models, in chronological order. Since 
these FFE studies greatly affected the development of 
those FFE models, it was judged that including those 
studies in both charts would be of help in describing the 
FFE model development trends.

3  Findings: FFE study features 
and development trends

The ICL Research Data Repository (URL: http:// doi. org/ 10. 
14469/ hpc/ 7725) shows a complete table analysed using the 
ten appraisal criteria and presents a list of 266 FFE studies. 
In the case of Figs. 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 
16, 17, the data in the ICL Repository have been converted 
into scatter plot graphs depicting historical development 
trends and tables (Tables 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 
14, 15, 16) depicting their proportions, respectively.

3.1  Appraisal standard dimension #1: overall 
attributes of the FFE

3.1.1  Criterion #1: study taxonomy

There were relatively fewer independent FFE models focus-
ing on FFE studies intensively, which comprised 27.4% 
of the data, than dependent FFE models extracted from 
wider product innovation processes, accounting for 52.3% 
( Table 2). It was in the 1990s, when the initial term for the 
early design stage, the FFE, emerged in a study by Reinert-
sen and Smith (1991), that FFE models and related stud-
ies began in earnest ( Fig. 3). Some of the representative 
models for intensive FFE study include M074 (Khurana and 
Rosenthal 1997), M095 (Koen et al. 2001) and M124 (Kim 
and Wilemon 2002a, b).

With the increasing importance of the FFE, studies look-
ing at only one or two FFE tasks (though in great detail) 
were conducted, e.g., (1) opportunity discovery: M054 
(Rochford, 1991), M123 (Rice et al. 2001); (2) ideation: 
M106 (Goldenberg et al. 1999), M153 (Li et al. 2006), 
M156 (Griffith and Grover 2006), M224 (Soukhoroukova 
et al. 2012), M229 (Reil et al. 2013), M239 (Gurtner et al. 
2016); (3) product definition: M075 (Bacon et al. 1994), 
M104 (Bhattacharya et al. 1998), M175 (Agouridas et al. 
2008) M221 (Jacoby 2012); and (4) conceptual design and 

Table 1  Inter-rater agreement between the analyses of the author and 
the participants

Kappa values and strength of agreements: 0.00–0.20: poor, 0.21–
0.40: fair, 0.41–0.60: moderate, 0.61–0.80: good, 0.81–1.00: very 
good

Subject No. of valid 
cases

Inter-rater agree-
ment (Kappa 
values)

Author to participant 1 4 0.914
Author to participant 2 4 1.000
Author to participant 3 4 0.915
Author to participant 4 4 0.748
Author to participant 5 4 0.831

http://doi.org/10.14469/hpc/7725
http://doi.org/10.14469/hpc/7725
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prototyping: M117 (AI Hakim et al. 2000), M119 (Genc 
et al. 2000), M164 (Seidel 2007), M186 (Zhang et al. 2009).

In addition, many studies were conducted to deal with 
issues generated in the FFE phase, e.g.: (1) fuzziness man-
agement: M126 (Zhang and Doll 2001), M134 (Kim and 
Wilemon 2002b, 2010), M168 (Chang et al., 2007); (2) deci-
sion-making: M71 (Shinno et al. 1994), M150 (Ziv Av and 
Reich 2005), M211 (Montagna 2011); (3) forecasting: M108 
(Lynn et al. 1999), M161 (Lawrence et al. 2006), M162 
(Meade and Islam 2006); (4) problem-solving: Shpakovsky 
(2006) examines diverse types of models and methods for 
solving problems; (5) knowledge creation and accumulation: 
Akbar et al. (2013) include a review of the literature regard-
ing various types of knowledge generation and transmission 
models and methods.

Separately, NPD models whose initial stages can be 
regarded as the FFE have been developed and updated con-
tinually since the 1960s.

3.1.2  Criterion #2: model type

The technology-push and market-pull type models, and 
their integrating or interactive variants, were found to be 
dominant, accounting for 44.4% of all models, compared 
to network-type models which accounted for only 20.7% 

( Table 3). Data-driven FFE models, which do not solely 
cover one or two FFE tasks but instead the entire range 
of the FFE, had not been devised yet (such models are far 
more recent): if the parameters are just produced but not 
processed in the structure of the model, the model can be 
regarded merely as a performative-type model.

As shown in Fig. 4, until the mid-1980s, most of the 
models of the technology-push type focused on develop-
ing elaborate machinery whose focus was on increasing 
the precision of technical processes and the quality of 
products, as well as reducing errors and risks (Bruce and 
Bessant 2002; Press and Cooper 2017). Towards the late 
1980s, many experts recognised that engineering-centric 
models took too long and thus unable to keep up with the 
pace of the market (Cooper 1990, 2008; Griffin 1997). 
This led to a redesign of models to improve the hit rate 
of released product and reduce the development cycle 
time and the invested resources by applying marketing 
and management principles and methodologies (Cooper 
1990, 2008; Griffin 1997). Namely, the model was rebuilt 
to include aspects from a marketing-pull type model, laid 
atop technology-push type models. Until the early 2000s, 
these integrating or interactive type models were continu-
ously iterated to reinforce their merits and remove any 
limitations.

Fig. 3  Historical trend for criterion 1: model taxonomy
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From the mid-2000s, following a trend of “Open Inno-
vation”, network-type models began to be devised which 
stressed communication between internal and external 
resources. An integration of two or three types of models 
to handle FFE issues was, notably revealed, such as: (1) 
integration of product and technology research with project 
portfolio management in M135 (Lawson and Finkelstein 
2002); (2) integration of the business evaluation process 
and the technology cycle plan process in M165 (Backman 
et al. 2007); (3) integration of technology road-mapping 
and portfolio management in M199 (Oliveira and Rozenfeld 
2010); (4) the integration of ideation process and project 
portfolio management in M223 (Heising 2012); (5) interac-
tion between design and technology research in M232 (Goto 
et al. 2014).

With the emergence of “Industry 4.0” where conception, 
embodiment, and application of NPD are operated by data-
driven systems, data-driven model types are in high demand. 
Model types that have evolved from network-based models 

are required not only for optimum collection and analysis of 
NPD-related information but also the efficient conversion of 
that information into usable knowledge format which can be 
applied to NPD projects in the future.

3.1.3  Criterion #3: NPD speed

There were comparatively few studies on agile development, 
which comprised only 9.0% of the total ( Table 4). The con-
cept of agile NPD was produced in the early 2000s, and 
its reflection in models has actively continued to this day 
 ( Fig. 5). In most these models, tasks and activities are over-
lapped or carried out in parallel to realise rapid development. 
The main purpose of this main mechanism is to reduce the 
wait time for other tasks and activities to be completed. The 
representative model for this approach is shown in studies 
by Cooper (2014) and Cooper and Sommer (2018) in whose 
models the structure has evolved from the initial model, 

Fig. 4  Historical trend for criterion 2: model type
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M036 (Cooper 1983), addressing the fast-repetition cycle 
in the pursuit of agility.

However, before the concept of agile NPD was produced, 
there were models which had pursued rapid development 
with iterative and overlapped NPD cycle, e.g., M055 (Clark 
and Fujimoto 1991), M074 (Reinertsen 1994), and M102 
(Thomke et al. 1998). Besides, the concurrent engineering 
mode and another similar agile NPD method were revealed 
in M034 (Andreasen and Hein 1987), M073 (O’Connor 
1995), and M087 (Prasad 1996, 2000; Prasad et al. 1998).

3.1.4  Criterion #4: NPD attribute

There are a comparatively large number of models for solely 
incremental NPDs, and also many models inclined more 
towards incremental rather than radical development even 
if not solely incremental in nature. The proportion of models 
for radical NPDs was comparatively low at a total rate of just 
4.9% ( Table 5).

As shown in Fig. 6, around the mid-1980s where the 
“New-to-the-Company” (NTC) type, as well as the “Addi-
tions-to-the-Existing-Product-Line” (AEL) type (Carbone 
and Tippett 2014), was required in markets, radical NPD 

appeared to gain traction in the research community. A gen-
eration of new technologies and the inflow of user needs to 
new markets provoked both the academy and industry into 
researching radical NPDs, e.g., M114 (Sheremata 2000), 
M123 (Rice et al. 2001), M164 (Seidel 2007), and M233 and 
M234 (Verganti 2008; 2011). Studies targeting both types, 
including M130 (Nobelius and Trygg 2002) and M178 (Ver-
worn et al. 2008), have been produced since the early 2000s.

3.1.5  Criterion #5: model characteristic

For models whose form is robustly fixed, “Explicitness” pre-
dominates in the analysis with a rate of 50.4% ( Table 6). 
Most of the models in this type belong to the linear phase-
based model type, which have been dominant in industry 
(Castilho et al. 2015; Kurkkio 2011) as well as being the 
subject of study in academia (Cooper and Edgett 2008; 
Simms 2012). The most recent models for this phased-
type were M141 (Fairlie-Clarke and Muller 2003), M159 
(Osteras et al. 2006), M205 (Luchs and Swan 2011), and 
M036 (Cooper 2018).

To solve problems associated with the linear type, 
e.g., lack of suitability for performing radical NPDs and 

Fig. 5  Historical trend for criterion 3: NPD speed



386 Research in Engineering Design (2021) 32:377–409

1 3

generating creative outcomes, a more flexible model struc-
ture, a nonlinear type; “Responsiveness”, e.g., a recursive, 
chaotic, spiral, and complex adaptive system framework type 
(Buijs 2003; Sperry and Jetter 2009), started to be developed 
(McCarthy et al. 2006; Simms 2012) from around the late 
1990s (Fig. 7). Examples of this type, whose structure pur-
sues the nonlinear type, can be found in, for example, M137 
(Hüsig and Kohn 2003), M144 (Phaal et al. 2004), and M194 
(Cascini et al. 2009).

Since the mid-2000s, structures of models have evolved 
to combine and intertwine the various types previously 
mentioned, while the simple, pure, linear phase-structured 
type of process has been abandoned (Dershin 2010; Tidd 
et al. 2005). The optimal form of this model is viewed 
to be a balance between “Explicitness” for more rational 
reasoning and to generate scientific outcomes under sta-
ble control and “Responsiveness” to allow unconstrained 
processes to generate creative results under flexible man-
agement. The first type is a circular, funnel, or spiral 

sub-structure (termed a “Recursive” structure) rooted in 
the main phased frame, e.g., M173 (Michael 2008), M174 
(El-Sayed 2008), M175 (Agouridas et al. 2008), and M177 
(Barczak et al. 2009). Conversely, there is the type which 
forms a sequential sub-structure based on the recursive 
frame, e.g., M143 (Trott 2008), M185 (Kutvonen and 
Torkkeli 2009), and M197 (Slack 2010). The last type is 
not the integration of the linear and nonlinear structures 
but a modular, phased structure in which the form can 
change flexibly. Representative cases were found in M130 
(Nobelius and Trygg 2002), M165 (Backman et al. 2007), 
and M241 (Salerno 2015) in which modes of the model 
can be transformed depending upon the type of project. 
Based on these models which embody various types in 
the pursuit of both “Explicitness” and “Responsiveness”, 
basic principles on how to balance the two-mode direc-
tions can be accomplished along with related knowledge 
and theories.

Fig. 6  Historical trend for criterion 4: NPD attribute
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3.1.6  Criterion #6: model structure

Almost all of the models were of the procedure type mod-
els. Compared against the number of performative-type 
models, the ratio was 10:1 ( Table 7). The procedure type 
concentrates on the structural anatomy of the model and its 
components, considering ‘what’ tasks and activities should 
be carried out. On the other hand, the performative type, 
also known as the toolkit type, focuses on functional com-
positions and the operating mechanism in accordance with 
certain formalities, considering ‘how’ tasks and activities 
can be done. As shown in Fig. 8, so far, for the perfor-
mance type models studied, none cover the entire range of 
the FFE phase. The current performative models, account-
ing for 5.3% ( Table 7), focused on one or two FFE tasks 
only. M059 (Cavallucci 2001) and M106 (Goldenberg 
et al. 1999) are example models for the idea generation 
task. Performative models for the product specifications 
(and conceptual design) task include M073 (O’Connor 

1995), M127 (McKay et al. 2001), and M150 (Ziv Av and 
Reich 2005). For product function and system structure 
in the product architecture aspect, M046 (Ito et al. 1989) 
and M071 (Shinno et al. 1994) are representative cases.

Also, a model which effectively balances the performa-
tive and procedural styles has yet to be identified. A mixed 
type which comes close, wherein the performative aspects 
are actualised based on a procedural style (or vice versa) 
accounts for only 5.3% (1.9%) of the models examined. 
M033, conducted by Hubka and Eder (1987, 1996), is the 
most typical case for this mixed type. This model has a 
phased structure with each phase consisting of an input 
and output system which serves as a toolkit platform called 
a “Technical System” (TS). In the case of models M087 
(Prasad 1996) and M088 (Prasad, 2000), the version devel-
oped in 1996, M087, is much more related to the toolkit 
type, while its successor, M088, evolved from the 1996 
version and has a procedural structure based on the per-
formative style.

Fig. 7  Historical trend for criterion 5: model characteristic
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3.2  Appraisal standard dimension #2: FFE 
performance structure

3.2.1  Criterion #7: FFE task

Hüsig and Kohn (2003) and Carbone and Tippett (2014) 
contend that definitions and descriptions of FFE tasks vary 
from expert to expert. Moreover, the border between FFE 
tasks is becoming progressively obscure with more tasks 
now being associated with each other (Alam 2006a, b; Yoon 
and Jetter 2015). Therefore, it is difficult to explicitly define 
what FFE tasks should be inclusive or exclusive when devel-
oping a new FFE model. However, FFE tasks can be divided 
into several categories based on their similar roles and func-
tions, and it should be noted that there are a number of vari-
ant terms for these tasks. In the study by Dewulf (2013), 
many different terms for tasks defined by various scholars 
have been categorised into a smaller number of groups on 
the basis of the roles and functions; similar tasks are grouped 
together.

Except for models which cater particularly and exclu-
sively to one or two FFE tasks, most of the models inves-
tigated here were identical in that they catered to the same 
number and type of task. A total of 28 different terms 
were initially enumerated from the 266 FFE studies. These 
gathered tasks were sorted again into six groups. These six 
taxonomic groups are also observed in many studies in the 
literature, such as Khurana and Rosenthal (1998), Koen 
et al. (2002), Kim and Wilemon (2002a, b), Nobelius and 
Trygg (2002), and Thomke and Fujimoto (2000).

Figures 9, 10 and Tables 8, 9 indicate that opportu-
nity identification (Task 1) and idea generation (Task 2) 
are core tasks, with around 66% of all models stressing 
on these two tasks. Many authors, including De Brentani 
and Reid (2012), Gurtner and Reinhardt (2016), and Wor-
mald (2011), argue that FFE models should be built based 
on those two tasks as the vital components of the FFE, 
since most NPD-related information which can be directly 
applied to the actual NPD phase later is produced here.

Fig. 8  Historical trend for criterion 6: model structure
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Fig. 9  Historical trend for criterion 7: Task 1—opportunity identification

Fig. 10  Historical trend for criterion 7: Task 2—idea generation
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Fig. 11  Historical trend for criterion 7: Task 3—mission statement

Fig. 12  Historical trend for criterion 7: Task 4—requirements list
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Fig. 13  Historical trend for criterion 7: Task 5—conceptual design

Fig. 14  Historical trend for criterion 7: Task 6—prototyping
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Fig. 15  Historical trend for criterion 8: FFE activity

Fig. 16  Historical trend for criterion 9: FFE performance method
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The importance of the mission statement (Task 3) and 
requirements list (Task 4) has also been emphasised at the 
initial design stage for a very long period ( Figs. 11, 12, 
and Tables 10, 11), since the main purpose of the FFE is 
to define a design brief and product specifications, such 
that they become the input parameters for the beginning 
of the actual NPD (Carbone and Tippett 2004; Jacoby and 
Scheelen 2012; Williams et al. 2007).

The most controversial issue among the six FFE tasks is 
whether the conceptual design and prototyping tasks should 
be included. In the case of the conceptual design task, in the 
1970s, it med to be included in the embodiment design or 

Fig. 17  Historical trend for criterion 10: FFE toolkit

Table 2  Frequency analysis for criterion 1: model taxonomy

Valid Frequency Percent Valid (%) Cumulative (%)

1.1 73 27.4 27.4 27.4
1.2 139 52.3 52.3 79.7
1.3 7 2.6 2.6 82.3
1.4 47 17.7 17.7 100.0
Total 266 100.0 100.0

Table 3  Frequency analysis for criterion 2: model type

Valid Frequency Percent Valid (%) Cumulative (%)

2.1 49 18.4 18.4 18.4
2.2 7 2.6 2.6 21.1
2.3 10 3.8 3.8 24.8
2.4 52 19.5 19.5 44.4
2.5 55 20.7 20.7 65.0
2.6 0 0 0 65.0
2.7 76 28.6 28.6 93.6
2.8 17 6.4 6.4 100.0
Total 266 100.0 100.0
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detail-design stage. As shown in Fig. 13 and Table 12, the 
conceptual design task (Task 5) in the 1970s was included 
in the embodiment design phase. However, since the 1980s, 
the conceptual design and embodiment design tasks have 

Table 4  Frequency analysis for criterion 3: NPD speed

Valid Frequency Percent Valid (%) Cumulative (%)

3.1 24 9.0 9.0 9.0
3.2 35 13.2 13.2 22.2
3.3 190 71.4 71.4 93.6
3.4 17 6.4 6.4 100.0
Total 266 100.0 100.0

Table 5  Frequency analysis for criterion 4: NPD attribute

Valid Frequency Percent Valid (%) Cumulative (%)

4.1 13 4.9 4.9 4.9
4.2 30 11.3 11.3 16.2
4.3 9 3.4 3.4 19.5
4.4 17 6.4 6.4 25.9
4.5 56 21.1 21.1 47.0
4.6 124 46.6 46.6 93.6
4.7 17 6.4 6.4 100.0
Total 266 100.0 100.0

Table 6  Frequency analysis for criterion 5: model characteristic

Valid Frequency Percent Valid (%) Cumulative (%)

5.1 134 50.4 50.4 50.4
5.2 14 5.3 5.3 55.6
5.3 51 19.2 19.2 74.8
5.4 11 4.1 4.1 78.9
5.5 0 0 0 0
5.6 39 14.7 14.7 93.6
5.7 17 6.4 6.4 100.0
Total 266 100.0 100.0

Table 7  Frequency analysis for criterion 6: model structure

Valid Frequency Percent Valid (%) Cumulative (%)

6.1 175 65.8 65.8 65.8
6.2 14 5.3 5.3 71.1
6.3 14 5.3 5.3 76.3
6.4 5 1.9 1.9 78.2
6.5 0 0 0 78.2
6.6 41 15.4 15.4 93.6
6.7 17 6.4 6.4 100.0
Total 266 100.0 100.0

Table 8  Frequency analysis for criterion 7: Task 1—opportunity 
identification

Valid Frequency Percent Valid (%) Cumulative (%)

7.1 172 65.7 65.7 64.7
7.2 94 35.3 35.3 100.0
Total 266 100.0 100.0

Table 9  Frequency analysis for criterion 7: Task 2—idea generation

Valid Frequency Percent Valid (%) Cumulative (%)

7.1 179 67.3 67.3 67.3
7.2 87 32.7 32.7 100.0
Total 266 100.0 100.0

Table 10  Frequency analysis for criterion 7: Task 3—mission state-
ment

Valid Frequency Percent Valid (%) Cumulative (%)

7.1 116 43.6 43.6 43.6
7.2 150 56.4 56.4 100.0
Total 266 100.0 100.0

Table 11  Frequency analysis for criterion 7: Task 4—requirements 
list

Valid Frequency Percent Valid (%) Cumulative (%)

7.1 132 49.6 49.6 49.6
7.2 134 50.4 50.4 100.0
Total 266 100.0 100.0

Table 12  Frequency analysis for criterion 7: Task 5—conceptual 
design

Valid Frequency Percent Valid (%) Cumulative (%)

7.1 172 64.7 64.7 64.7
7.2 94 35.3 35.3 100.0
Total 266 100.0 100.0

Table 13  Frequency analysis for criterion 7: Task 6—prototyping

Valid Frequency Percent Valid (%) Cumulative (%)

1 70 26.3 26.3 26.3
2 196 73.7 73.7 100.0
Total 266 100.0 100.0
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been more clearly separated, with an increase in the signifi-
cance of the conceptual design task (Backman et al. 2007). 
Conceptual design is crucial in reducing iterative work (such 

as tinkering with design specifications) in the actual NPD 
phase (Hüsig and Kohn 2003; Zhang et al. 2009). In the 
case of the manufacturing prototypes, since the 1990s, with 
the trend of “Manufacturable Design” (Verganti 2011), also 
called “Design for Manufacturability” (Barczak et al. 2009), 
most of the FFE models come with a prototyping task (Task 
6) in addition to the conceptual design task. From that point 
on ( Fig. 14, Table 13), many studies dealing solely with 
conceptual design and prototyping have also been produced, 
e.g., M109 (Ozer 1999), M121 (Dahan and Mendelson 
2001), and M213 (Kim and Kim 2011). At the time of writ-
ing, the prototyping task and the conceptual design task have 
become essential parts of the FFE. Christiansen and Gaspa-
rin (2017) and Ester and Daniel (2007) have insisted that the 
prototyping task should be incorporated into the FFE stage, 
since modifications to designs can arise from prototype test-
ing. “Google Design Sprint” and “IBM Design Thinking” 
are models which also stress on the roles and functions of 
those two tasks. However, it can be noted that prototyping 
is relevant to many activities across design and limiting it to 
one stage is not necessarily appropriate.

Along with those trends, whether the conceptual design 
and prototyping tasks were included in the FFE or the 
embodiment- or detail-design stage seems to have also 
depended on organisations’ inherent NPD execution styles, 
application capability and maturity, scale of funding, etc. 
Indeed, this issue still remains controversial. However, as 
stated in research by Bacciotti et al. (2016), Borgianni et al. 
(2018), Ester and Daniel (2007), and Roach (2020), and as 
shown in Fig. 13, the trend is clear; these tasks are being 
incorporated into the FFE.

3.2.2  Criterion #8: FFE activity

As shown in Fig. 15 and Table 14, models which list more 
than two FFE activities for each task account for 39.1% of 
all models examined in this study. Models which address one 
or two activities per task account for 26.7%. The majority of 
these models are of the prescriptive type, whereas specific 
FFE activities are not defined explicitly in the descriptive 
type due to its intrinsic nature.

3.2.3  Criterion #9: FFE performance method

The outcomes here are similar to, and can be examined in the 
same context as, the outcomes of the previous criterion. As 
shown in Fig. 16, Table 15, the more theoretical and concep-
tual models account for 47.7% of the models; they contain a 
lower level of detail when describing performance methods 
of FFE activities. On the other hand, more pragmatic and 
prescriptive models particularly tended to illustrate perfor-
mance methods and techniques step by step.

Table 14  Frequency analysis for criterion 8: FFE activity

Valid Frequency Percent Valid (%) Cumulative (%)

8.1 104 39.1 39.1 39.1
8.2 71 26.7 26.7 65.8
8.3 91 34.3 34.3 100.0
Total 266 100.0 100.0

Table 15  Frequency analysis for criterion 9: FFE performance 
method

Valid Frequency Percent Valid (%) Cumulative (%)

9.1 54 20.3 20.3 20.3
9.2 85 32.0 32.0 52.3
9.3 127 47.7 47.7 100.0
Total 266 100.0 100.0

Table 16  Frequency analysis for criterion 10: FFE toolkit

Valid Frequency Percent Valid (%) Cumulative (%)

1 0 0 0 0
2 12 4.5 4.5 4.5
3 2 0.8 0.8 5.3
4 5 1.9 1.9 7.1
5 6 2.3 2.3 9.4
6 2 0.8 0.8 10.2
7 2 0.8 0.8 10.9
8 7 2.6 2.6 13.4
9 16 6.0 6.0 19.4
10 1 0.4 0.4 19.9
11 13 4.9 4.9 24.8
12 4 1.5 1.5 26.3
11 2 0.8 0.8 27.1
14 1 0.4 0.4 27.4
15 2 0.8 0.8 28.2
16 2 0.8 0.8 28.9
17 1 0.4 0.4 29.3
18 3 1.1 1.1 30.5
19 2 0.8 0.8 31.2
20 1 0.4 0.4 31.6
21 48 18.0 18.0 49.6
22 1 0.4 0.4 50.0
23 5 1.9 1.9 51.9
24 7 2.6 2.6 54.4
25 121 45.5 45.5 100.0
Total 266 100.0 100.0
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3.2.4  Criterion #10: FFE toolkit

Many toolkit types in which NPD-related input and output 
parameters are evident, including a chart, matrix, flowchart, 
break-down structure, root–cause analysis type, or their 
combined version with particular functional and morpho-
logical characteristics, have been developed so far, for wider 
and general NPD. Also, there have been studies devoted to 
toolkits for the FFE stage, e.g., Achiche et al. (2013) and 
Ester and Daniel (2007). However, most FFE studies on 
toolkits were not dealing with new toolkit developments 
targeting the initial design stage, considering performance 
structure and its operating mechanisms of toolkits. Those 
studies tended to just figure out what performance methods 
and associated toolkits were reasonable for each FFE task 
and how frequently these toolkits are typically provided to 
each FFE task.

In this paper, the type, performance structure, and operat-
ing mechanism of the toolkits provided in the current 266 
FFE studies were explored. In the case of FFE components 
that extended into the actual NPD process, the analysis was 
limited to the toolkits used within the FFE phase. The first 
and third sub-criteria, ‘Concreteness’ and ‘Contextuality’, 
are associated with ‘Contextual Performance’, while the 
second and fourth sub-criteria, ‘Functionality’ and ‘Coop-
erability’, relate to ‘Concurrent Collaboration’. Here, con-
textual performance which can generally be activated in a 
single functional domain is defined as a performance struc-
ture where output parameters from previous toolkits flow 
into subsequent toolkits as input parameters. Hence, each 
parameter from other parameters in the contextual perfor-
mance relationship of a single functional domain can be 
inferred. Second, concurrent collaboration which can com-
monly be fostered in multidimensional domains is defined 
as performance structure where each of the toolkits involved 
in cross-functional work are structurally and functionally 
connected with each other. This leads to enabling inferring 
each parameter from other parameters in the concurrent col-
laboration relationship across multiple functional domains.

As shown in Fig.  17, Table  16, where the develop-
ment trend and the portion of characteristics of toolkit sets 
(decided by the four sub-criteria) are depicted, a total of 24 
distinct patterns were observed.

As noted in the study of these 24 patterns ( Table 16), 
none were identified to contain toolkit sets which could 
entirely fulfil with all four sub-criteria. For those that aimed 
at one or two FFE tasks and covered a single functional 
domain, the toolkit set has strength in terms of contextual 
performance, although limitations could be identified in the 
domain of concurrent collaboration. Indeed, these limita-
tions can also be found in toolkit sets that aim at all elements 
of the front-end from the viewpoint of a single functional 
domain. On the other hand, toolkit sets that encompass the 

entire range of FFE tasks from the perspective of multiple 
functional domains typically lack an interrelationship with 
each other in regard to contextual performance and concur-
rent collaboration. The reason is that the toolkit sets heavily 
reference representative toolkits which have already been 
provided from various prior studies with little consideration 
of their linkage. Limitations and challenges in both contex-
tual performance and concurrent collaboration will increase 
relying upon the increasing number of FFE tasks and func-
tional domains that these toolkit sets aim to cover.

In terms of toolkit development trend ( Fig. 17), model 
structures with self-developed toolkits received a great deal 
of attention in the 1960s and 1970s. It would appear that the 
development of these toolkits commenced in earnest along-
side the development of prescriptive FFE models. From 
then until the late 1990s, attention on studies about model 
structures, operation methods, and the correlation between 
relevant issues were much more stressed, producing both 
the descriptive and prescriptive model types. Those stud-
ies had also tendency to recommend referencing toolkits 
previously developed; there were very few cases of models 
devising their own toolkits. With the cross-functional work 
trend on the rise, there was a tendency to propose many 
toolkit sets developed in multiple functional fields for use 
in new models. From the early 2000s, when the potential to 
represent particular differences in structures and operating 
systems of models was initiating to decline, efforts to deter-
mine how to perform tasks and activities more efficiently 
med to resume. A movement towards offering more specific 
toolkits reached a peak in the late 2000s. Around this time, 
many studies on concrete toolkits and their guidelines were 
carried out, which resulted in various educational materials 
for a massive set of toolkits, e.g., Human-Centred Design 
Toolkit (IDEO, 2003, 2009), Universal Design Toolkit 1 
and 2 (Lidwell et al. 2010; Hanington and Martin 2012), 
101 Design Toolkit (Kumar 2012), Cambridge’s Inclusive 
Design Toolkit (Clarkson et al. 2007, 2013), and TU Delft’s 
Design Guide (van Boeijen et al. 2014).

3.3  A summary of FFE study analysis

The outcomes of the analysis of the 266 FFE studies using 
ten criteria have been conducted. Many cues for the estab-
lishment of strategies for the development of a new FFE 
model have been identified. However, there are some few 
aspects that should not be neglected when looking at those 
analysis along with cues.

In the analysis tables and figures, the fact that a high 
percentage of studies handle a particular aspect does 
not indicate that studies on that aspect are no longer 
demanded. On the other hand, it cannot be asserted that 
studies carried out on a certain aspect should be intensified 
in the future just, since the proportion of studies dedicated 
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to that aspect is low. To establish a strategy for develop-
ing a new FFE model, development trends thus far, the 
necessities of the modern age, and forecasting of the future 
circumstances could be considered. For example, though 
the agile development model development has been com-
paratively fervent over the past twenty years with a steep 
growth trend, which does not imply that its significance is 
now beginning to taper off. It stands to reason that studies 
on the development of models to accelerate the NPD cycle 
will be still demanded, to develop different structures and 
more innovative operating mechanisms in agile systems.

Next, not all of the studies fall neatly into the time peri-
ods in the trend graph. The interpretation must be that 
the chart depicts a comprehensive trend, not trapping into 
scrutinising each model and the time division in detail. 
However, the overall analysis of FFE studies as a func-
tion of time allows not only boosting the understanding of 
comprehensive trends but offering a blueprint for a new 
FEE model development.

Finally, it does not represent that there is nothing to be 
attained from models and their relevant studies, even if some 
aspects are not functionally or structurally well established 
in those models. Even in this case, useful resources for a new 
model development can be obtained.

4  Discussion: a new FFE model development 
strategies (drivers)

This section addresses the establishment of new FFE model 
development strategies based on the key analysis by each 
evaluation criterion. A summary of evidential cues for the 
development strategies can be found in Table 17.

4.1  Strategy dimension #1: overall attributes 
of the FFE

4.1.1  Strategy #1: a demand of intensive FFE model 
development

In many cases, numerous research centres and corporations 
continue to be under the misapprehension that the back-end 
component of product innovation process, including the 
embodiment design, detailed design, and design optimisa-
tion phases, have the greatest impact on final NPD outputs 
(Kurkkio 2011; Williams et al. 2007; Yoon et al. 2015). This 
has given rise to developing and improving back-end models 
rather than the front-end models. Even though there has been 
much progress in studies on the FFE in the meantime, it 
seems to be necessary to devise and advance the FFE com-
ponent intensively in more specific and a diverse range of 
aspects including the perspectives of criteria established in 
this study.

4.1.2  Strategy #2: a data‑driven type with an information 
processing and knowledge accumulation

With the demands of modern business, e.g., ‘Innovation 
4.0′and pressures for remote operation, FFE models have 
been forced towards the data-driven type. The data-driven 
type concentrates not on representing a structure in which 
NPD-related parameters merely produced in the model 
itself, which can be regarded as the performative structure, 
but on indicating a structure wherein those parameters are 
processed in the model itself. Therefore, the embodiment 
of the data-driven type is not just associated with the per-
formative structure (Strategy #5), but is closely related to 
that of the performative structure consisting of a series of 

Table 17  Evidential cues for FFE model development strategies

Appraisal 
criterion

Analysed evidential cues (Based on the analysis in Sect. 3, ‘Findings: FFE study features and development trends’)

1 Few models only for the FFE have been developed
2 No data-driven models covering the entire range of the FFE have been developed although the trend of data-driven performance 

becomes increasing
3 Few models for agile development have been developed although the trend of agile performance is recently accelerated
4 Few models for both incremental and radical NPD have been developed
5 Few models whose characteristic is balanced between “Explicitness” and “Responsiveness” have been developed
6 Few models with structure harmonised between the procedure and performative types (particularly, a procedural structure with 

performative-type sub-structures) have been developed
7 There are the following six tasks in the FFE: (1) Opportunity Identification, (2) Idea Generation, (3) Mission Statement, (4) 

Requirements List, (5) Conceptual Design, and (6) Prototyping
8 Few models providing essential FFE activities which involves diverse functional domains have been developed
9 Few models offering each performance method of diverse activities have been developed
10 None of the toolkits provided by FFE models have been developed in consideration of both contextual performance and concurrent 

collaboration
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toolkits interlocking each other for contextual performance 
and concurrent collaboration (Strategy #10).

1. Information processing
  The data-driven type of FFE model demands a plat-

form which operates on the basis of “Information Pro-
cessing” (Carbone and Tippett 2014; Poskela and Mar-
tinsuo 2009). Information processing (O’Connor and 
Rice 2001; Dröge et al. 2008; Leenders et al. 2003) does 
not simply mean the collection of information but also a 
systematic and structured process for producing action-
able findings based on both “Factual” and “Value” prin-
ciples (Reid and De Brentani 2004; Koen et al. 2002). 
The core point is this structured system, to convert “Fac-
tual” data into usable “Value” which can be applied to 
the NPD (Reid and De Brentani 2004). Collection has 
a tendency to be informal, and so, a formalised system 
of collection is vital (Dewulf 2013; Jacoby 2012). Mere 
collection and analysis are less longer sufficient; a sys-
tematic process for transforming data into actionable 
information is required.

  Information processing has two aspects: (1) “Speed 
of Information Flow” (Kim and Wilemon 2002a, b) 
and (2) “Quality of Information Flow” (Millson et al. 
1992). In the case of speed of information processing, 
which is of help to affecting first-mover merits and sup-
porting a business achieve an edge over the competi-
tion (Kerin et al. 1992; Langerak and Hultink 2005), 
there are “Three Moderators” (Boulding and Christen 
2003). These moderators are rapid customer response, 
rapid market positioning, and rapid intellectual protec-
tions. Concerning the quality of information processing, 
which is beneficial for more superior NPDs realised by 
generating more accurate information and by reducing 
uncertainty and ambiguity, there are two models. Las-
well’s (1948) model, a typical information processing 
system, has a phased structure comprised of “Informa-
tion Source”, “Encoding”, “Transmission Channel”, 
“Receiver”, “Decoding”, “Noise”, and “Feedback”. Rog-
ers’ model (2010) complemented Laswell’s by adopting 
diffusion theory to improve Laswell’s three components: 
“Receiver”, “Decoding”, and “Noise”. A control system 
for both “Receiver Variables” and “Social System Varia-
bles” was incorporated into the process from “Receiver” 
via “Decoding” to “Noise”.

2. Knowledge accumulation
  Implementing a system of information processing, 

even if in pursuit of ‘speed’ and ‘quality’, is less suf-
ficient to make a model a data-oriented model. There 
is a demand for an equal focus on converting the pro-
cessed information into usable knowledge assets. This is 
sometimes known as the transition from “Perception” to 
“Cognition” (De Brentani and Reid 2012; Roos 1996). 

“Perception” means to recognise, gather, and analyse 
certain patterns in a given set of information, while 
“Cognition” means the ability to reconstruct that infor-
mation and transform it into applicable formats for the 
organisation and its tasks. The data gained from “Cog-
nition” are viewed as a knowledge asset, evolved from 
information processing by “Perception”.

  There are numerous studies on knowledge accumula-
tion. Akbar and Tzokas (2013) and Du Chatenier et al. 
(2009) reviewed diverse knowledge accumulation theo-
ries. According to their studies, knowledge accumula-
tion is a loop process which enables processed data to be 
utilised sustainably (Armbrecht et al. 2001; Talke et al. 
2006). The loop system operates as a cycle: (1) track 
past information, (2) discover current information, (3) 
envisage future-oriented information through a combina-
tion and transformation of past and current information, 
(4) conduct a feasibility study of new information, (5) 
build up knowledge, and 6) go back to step one (Good-
man and Lawless 1994; Usher 2013). Through iteration 
of the cycle, the system of accumulating knowledge is 
learned, with know-how and expertise on relevant sec-
tors acquired by each NPD project (Armbrecht et al. 
2001; Kim and Wilemon 2002a, b; Talke et al. 2006).

3. The integration of information processing and knowl-
edge accumulation

  By putting the information processing and knowledge 
accumulation systems together, an ideal data-led type 
of the model, serving as a knowledge-based platform, 
can be embodied. It plays a role in managing relevant 
gathered information through reinforced information 
processing capabilities for depth and breadth, after 
which the accumulated knowledge can be disseminated 
to proper projects in the future. In particular, for the 
initial design phase, a model devised specifically for 
processing qualitative rather than quantitative data is 
highly demanded, as much of what is acquired during 
the front end is non-countable (Dewulf 2013; Lukas and 
Menon 2004; Wowak et al. 2016). Since the FFE phase 
involves a considerable degree of uncertainty and ambi-
guity (Brun and Saetre 2009; Kurkkio 2011) and thus 
highly possible to obtain subjective and approximate 
information (Kim and Wilemon 2002a, b), it is likely 
that there is much information that cannot be quantified.

  In summary, the data-driven FFE model can be 
embodied by strengthening the information processing 
and knowledge accumulation capacity of a model which 
concentrates more on qualitative information.
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4.1.3  Strategy #3: agile development by increasing 
the quality of information flow

To realise a new, agile type of FFE model, a new method 
needs to be created, instead of most of the previous models’ 
method which has achieved agility by conducting a rapid 
iteration system or by enabling parallel, overlapping imple-
mentations. This system wherein constant loop-backs and 
their iterations tend to be regarded as inherent to the front-
end (Koen et al. 2002; Sperry and Jetter 2009) is related 
to increasing the speed of information flow referred in the 
section above. However, there can be side-effects to reducing 
the NPD cycle time (either by king agile iteration and over-
lapping or otherwise shortening the time it takes). According 
to many studies, including those by Achiche et al. (2013), 
Carbone and Tippett (2014), and Love and Edwards (2013), 
whenever “Redo” and “Redirect” tasks or activities occur 
in the NPD cycle, the overall project time and cost com-
mitments increase exponentially. Also, they argue that it 
is foolish to concentrate overly on shortening NPD time to 
launch products faster without properly conducting research 
and analysis from the perspective of the range, details, and 
amount of NPD-related data. Developing products based on 
poor quality product data incurs more risks than an extended 
NPD period in the FFE (Backman et al. 2007).

Therefore, it is crucial to consider how the agile NPD can 
be affected by the quality of information flow point of view 
(Strategy #2). Namely, what if the actual number of itera-
tions can be conspicuously decreased by way of reinforced 
capabilities in the quality of information flow? What if the 
efficiency of acquiring relevant data by screening irrelevant 
data can increase through setting up a high-performance 
database for information processing and knowledge accu-
mulation? Rapid iterations might less longer become as 
necessary if fewer iterations are ultimately required. Such 
an approach can support to bring about agility. Besides, this 
approach is expected to interact internally to reduce ambi-
guity, considered to be one of the most critical issues in 
the initial design phase (Frishammar et al. 2011; Yoon and 
Jetter 2015) as it is significantly influenced by the quality 
of information.

Consequently, a new FFE model enabling agility can be 
realised by enhancing the quality of information flow as one 
of the alternatives to the previous approach.

4.1.4  Strategy #4: incremental and radical NPDs 
through contextualisation or conceptualisation

Many experts on FFE, including Reinertsen (1994) and 
Smith and Reinertsen (1991), argue that a one-size-fits-all 
type is less longer feasible in many NPD conditions such 
as those with varied types of product lines (which are more 
relevant to incremental NPD), or those with newly added 

product families (which are much more related to radical 
NPD).

A suitable model for both NPD attributes can be struc-
tured by formulating a distinction between early or late 
activities in the initial design phase (Backman et al. 2007). 
This type of discrimination in the FFE is called “Contextu-
alisation” and “Conceptualisation”. “Contextualisation” is 
where the NPD-related data collection and analysis, which 
mainly occurs in the early parts of the FFE, are undertaken 
differently owing to contextual differences between incre-
mental and radical NPD conditions. These contextual dif-
ferences come from the intrinsic nature of the two NPD 
directions: incremental NPD has a tendency to rely more 
on finding out the problems in the previous products and 
thus develop additions-to-the-existing-product-line products 
by further utilising internal resources. Instead, radical NPD 
tends to be more inclined towards discovering new trends 
and thus develop new-to-the-company products through 
communication with external resources. The difference 
between these two tendencies are most apparent during the 
research and analysis portions of the initial design stage. On 
the other hand, structuring the variation in the late phase is 
referred to as “Conceptualisation”. It aims to differentiate 
conceptual designs which are generally inserted into the ini-
tial actual NPD phase, divided into two groups, respectively, 
depending upon whether the NPD direction is more inclined 
to incremental or radical.

Valuable cues from the approach above can be obtained; 
different deployment of FFE activities and routes of infor-
mation flow (in either the front or back part of the FFE) can 
result in different model structures. One possible method 
to actualise this cue can be a modularity approach. The 
approach enables at least two channels for incremental and 
radical NPD to be established in the new Model: M130 
(Nobelius and Trygg 2002) and M165 (Backman et al. 2007) 
can be referenced here. Even though these two models have 
multiple routes in their structures which differ depending on 
the type of project being conducted (e.g., a business evalua-
tion-driven or advanced engineering-driven), the approach 
to building diverse routes through modularisation can be 
applied to a new FFE model which incorporates the two 
NPD attributes.

In conclusion, an FFE model for dealing with both 
incremental and radical NPDs can be obtained by different 
arrangements of FFE activities in the front or back part of 
the FFE.

4.1.5  Strategy #5: explicitness and responsiveness 
by planned flexibility

Many authors, including Andriopoulos and Lewis (2009), 
Backman et al. (2007), and Gurtner et al. (2016), recom-
mend developing an appropriate model which balances 
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“Explicitness” (which typically presents in sequential for-
malised structures) and “Responsiveness” (which normally 
shows in non-sequential flexible structures, e.g., a recur-
sive, chaotic, spiral, and modular type). This is known as 
the “Twofold” or “Ambidexterity” type (Andriopoulos and 
Lewis 2009; Backman et al. 2007).

Neither characteristics can be overlooked, since both 
types each have their own advantages. The benefits of one 
structural type are the weaknesses of the other. An explicit 
structure is of help to stable executions, as it decreases 
fuzziness and reinforcing the systematic approach (Kim 
and Wilemon 2002a, b; Koen et al. 2001). This structure 
has benefits in that it is keenly aware of more explicit direc-
tions for only individual execution but for coordinate synthe-
sis in given executions (Bonner et al. 2002; Tatikonda and 
Rosenthal 2000). On the other hand, a responsive structure 
which takes a critical stance on formal process control has 
merit for generating more creative results by allowing for 
discretion on specific performance methods and approaches 
of performers (Bonner et al. 2002; Tatikonda and Rosenthal 
2000). A structure which can be flexibly changed is of help 
to exploring alternative opportunities, ideas, and concepts 
(Donaldson 2001; Stringer 2000).

These two approaches should thus be harmonised in the 
FFE based on the merits for a given objective. In harmonis-
ing the two characteristics, Khurana and Rosenthal (1998), 
Lynn and Akgun (1998), and Rice et al. (2001) argue that 
“Explicitness” is better for the overall structure rather than 
for sub-structures in the sense that flexible performance can 
be controlled through a formalised system by taking the ben-
efits of both sides; referred to as “Planned Flexibility”. They 
further argue that in the opposite, “Explicitness” in the sub-
structures, there can occur many situations where the very 
advantages of “Explicitness” diminishes, even along with 
the merits of “Responsiveness”.

4.1.6  Strategy #6: procedural structure with performative 
sub‑structures

Concerning the “Planned Flexibility” characteristic (Strat-
egy #5) suggested in the previous section, the procedural 
form, which tends to pursue to “Explicitness”, can become 
the overall structure whose sub-structures can be of the per-
formative form, which leaves room for flexibility; “Respon-
siveness”. More in detail, ‘Task’ units can be arranged and 
constructed in a procedural manner to pursue “Explicitness”, 
while ‘Activity’ units (which fall under ‘Tasks’ units) and 
‘Performance Method’ and ‘Toolkit’ units (which are sup-
port systems to accomplish the aim and purposes of those 
‘Activity’ units) can be structured in a performative manner 
to pursue “Responsiveness” (Strategies #7–10). The model 
to reference here can be M033 (Hubka and Eder 1987, 1996), 
wherein each stage (‘Task’ units) of the model-oriented 

sequential structure serves as the ‘Toolkit’ unit itself, termed 
the “Technical System” (TS): outputs produced from activi-
ties of the previous task enter into activities of the next task 
as inputs, through the TS platform.

Consequently, one possible method to establish a balance 
between the procedural and performative structures consid-
ering the merits of “Planned Flexibility” is developing an 
FFE model using a procedural structure with performative-
type sub-structures.

4.2  Strategy dimension #2: FFE performance 
structure

4.2.1  Strategy #7: six main FFE tasks

The FFE component can typically be made up of six essen-
tial tasks. These following six tasks are commonly referred 
to in most of the FFE models.

First, including of the opportunity identification (Task 
1) and idea generation (Task 2) tasks in the FFE phase is 
inevitable to build a new FFE model. These two tasks can 
serve as vital parts wherein the system of the information 
processing and know accumulation can indeed be operated 
to equip the data-driven type (Strategy #1). Many experts, 
including Alam (2003) and De Brentani and Reid (2012), 
have highlighted that information and knowledge processed 
in those two parts can serve as most crucial inputs to the 
actual NPD phase throughout the FFE. A database consist-
ing of these pieces of information and knowledge can be 
built with outcomes obtained from those two parts affecting 
the progress and outcomes of actual NPD. The operation 
of those parts can indeed affect agile NPDs, enhancing the 
quality of information flow (Strategy #2) in the data-driven 
system.

Next, the mission statement (Task 3) and requirements list 
(Task 4) tasks, as design briefs, are also crucial in building 
a new FFE model, The usable NPD-related data including 
actionable ideas or solutions, as knowledge assets, which 
have been filtered from the practicability point of view, pro-
duced in the data-driven system operated in the two previous 
tasks can be listed and arranged in these two tasks (Carbone 
and Tippett 2004; Jacoby and Scheelen 2012; Williams et al. 
2007). As a result, those two tasks can be regarded as a sort 
of a project protocol, acting as an aggregate of an overall 
course map for actual NPD implementation phase (Cooper 
1988; Jacoby and Scheelen 2012).

Finally, the conceptual design (Task 5) and prototyp-
ing (Task 6) tasks have been acknowledged as important 
since around the early 2000s with the “Manufacture-able 
Design” and “Design for Manufacturability” trend becom-
ing popular (Barczak et al. 2009; Eveleens 2010; Verganti 
2011). The conceptual design task aims to not only build a 
function and system structure but visualise the appearance 
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of a target product, reflecting knowledge assets listed up 
in the requirement lists tasks across all corners of the tar-
get product (Cooper 1998; Khurana and Rosenthal 1998). 
In the case of the prototyping task, its primary purpose is 
to test and verify whether prototypes manufactured from 
those conceptual designs can be physically, functionally, and 
technically operated (Bacon et al. 1994; Clark and Fujimoto 
1991). The more complex the products, the more prototyp-
ing and experiments are needed (Bacon et al. 1994; Clark 
and Fujimoto 1991). The experiment of prototypes in the 
initial design stage is becoming more essential, so that can 
be of help to obtaining rapid customer feedback which can 
be applied to fast improvements of the conceptual designs 
(Veryzer 2005; Zhang et al. 2001).

4.2.2  Strategy #8: activity

It seems to be better for all core FFE activities required in 
the FFE to be structured in the model, from the viewpoints 
of deepening and extending the range of operating informa-
tion flow in the data-driven system (Strategy #1). Also, it 
seems to be better for the FFE activities to involve multi-
ple functional domains to support concurrent collaboration 
(Strategy #10). As a result, this can give a rise to reduction 
in uncertainty incurred by an insufficient quantity of NPD-
related data and in ambiguity triggered by an incorrect inter-
pretation of those data.

4.2.3  Strategy #9 and #10: performance method 
and toolkit for contextual performance 
and concurrent collaboration

1. Toolkit
  Toolkits need to be specific enough to enable per-

formers to conduct the given task and activity with the 
minimum possible difficulty in terms of performance 
directions and methods (Sandmeier et al. 2004), within 
a reasonable range where performers can flexibly utilise 
their particular performance behaviours and approaches 
(Cooper 1988; van Aken 2005). It is difficult for all per-
sonnel participating in an NPD project to have a high 
degree of expertise either in a particular functional 
domain or multitude functional domains (Dane and Pratt 
2007; Eling et al. 2014). According to Archer (1969), 
Cross (1993), and van Aken (2005), detailed toolkits 
which indicate detailed performance directions and 
mechanisms can relieve deviation in individual exper-
tise and capabilities triggered by their different educa-
tion background and levels of experience. It also helps 
if toolkits can prevent performers from carrying out 
particular work in incorrect ways.

  Although many specific toolkits for FFE performance 
have been developed so far, however, only a few tool-

kits have been developed with contextual performance 
and concurrent collaboration in mind. This means that 
the purpose, roles, and parameters of each toolkit (used 
in not only a single functional domain but also across 
multiple functional domains) cannot be inferred from 
parameters obtained from other toolkits. It is quite pos-
sible that results obtained from each toolkit have a ten-
dency to be separate and exist independently, without 
an interrelationship between the results produced from 
other related toolkits. This gives rise to incomplete 
parameters caused by obtaining an insufficient quantity 
of parameters from missing the performance of essential 
toolkits, as well as an incorrect analysis of parameters 
from interpreting parameters fragmentarily. This results 
in increasing iterative modification work and associated 
time and cost commitments. In this regard, development 
of toolkit sets which can compensate for the defects 
above is required, with the following five strategies.

  First, toolkits can be developed for contextual per-
formance (which is generally activated in a single 
functional domain). Bacon et al. (1994), Khurana and 
Rosenthal (1997), and Simms (2012) have also empha-
sised this kind of development direction to some degree 
in their studies. Toolkits can be systematically inter-
linked with each other, with consideration of the pur-
pose and roles of each toolkit and their relationships. 
To clarify, outputs obtained from the previous toolkits 
can flow into the inputs of the subsequent toolkit, i.e., 
where data come from and where those data goes, in a 
contextual relationship of a single functional domain.

  Second, toolkits devised from the contextual perfor-
mance aspect can be realised for concurrent collabo-
ration (which is typically fostered in multi-functional 
domains). The toolkits can be functionally and struc-
turally embodied for simultaneous collaboration. One 
possible approach is that the structure for concurrent 
collaborative toolkit sets can be constructed by detect-
ing the points of contact between each toolkit and con-
necting them. These points of contact can be observed 
by figuring out which toolkits have the similar purpose 
and roles and what the similar characteristics of inputs 
and outputs produced in each toolkit are. Simultaneous 
collaborative toolkit sets can make up for deficiencies 
in organisations which have difficulties with ‘T-type’, 
‘TT-type’, and ‘TTT-type’ ‘Multi Knowledgeable’ per-
formers skilled in multiple NPD domains (Eling et al. 
2014; Griffin et al. 2009; Part et al. 2009).

  Third, toolkits structured from the two aspects above 
can be considered to process qualitative data rather than 
quantitative data. FFE data tend to be qualitative data 
rather than quantifiable due to the intrinsic nature of the 
FFE which have uncertainty and ambiguity to a signifi-
cant degree (Jetter 2003). Hence, Achiche et al. (2013) 
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and Lin and Chen (2004) contend that typical toolkits, 
which primarily use the conventional quantitative tech-
niques and mathematical and economic approaches, can 
have a high possibility to reveal limitations in their abil-
ity to manage data produced from the FFE phase. In this 
regard, the consideration of which format is more appro-
priate for dealing with values which are less relevant to 
numerical but more related to textual and narrative in 
nature is needed in physicalising the form of the toolkits.

  Fourth, when structuring toolkit sets using the three 
aspects above, it is important to address the pursuit of 
both “Explicitness” and Responsiveness” character-
istics (Strategy #5). According to Cooper (1983) and 
van Aken (2005), toolkit sets should not provide too 
many rules and regulations which can hinder creative 
performance behaviours of performers, although it is 
indisputable that those should be detailed enough to 
serve as useful instructive action guides for perform-
ers. Toolkits can explicitly give directions to deal with 
NPD-related parameters, and it is better to leave room 
for selecting optional methods or techniques when using 
the given toolkits. To realise this suggestion, one pos-
sible approach, a mixed method of “Rational Analysis 
Approach” and “Use of Intuition” which were studied 
by Eling et al. (2014), can be utilised. The development 
of toolkit sets can consider both: 1) how to enable per-
formers to conduct their FFE performance in more sci-
entific and rational ways under stable control (using the 
“Rational Analysis Approach”), and 2) how to increase 
their creative performance behaviour under further flex-
ible control (using the “Use of Intuition’). The former 
can be made possible by not only devising toolkit sets 
for contextual performance and concurrent collabora-
tion but functional and structural constructing of those 
toolkit sets into an overall architecture of the model, to 
provide explicit directions to handle parameters. The lat-
ter can be feasible by leaving room for selecting optional 
methods or techniques when using each given toolkit. 
For instance, a particular toolkit is robustly structured 
with a systematic process for the product usage process 
study activity in the opportunity identification task. In 
this, detailed skills involved in that activity, such as 
video-recording for the order of users’ action, cultural 
probing, and ethnography, can be left to the discretion 
of the performers concerned.

  Fifth, how to construct those toolkit sets devised from 
the aspects above into the model structure needs to be 
determined. This relates to developing a model for the 
procedural form with performative-type sub-structures 
(Strategy #6). One of the possible solutions is that sub-
structures can consist of those toolkit sets whose type 
can accelerate performance, while the overall structure 
(the fundamental architecture of the whole model) can 

have a phased form. This means that toolkit sets are not 
merely provided with the model, but are incorporated 
into the model itself, as integral components. Even if 
toolkit sets are appropriately built for the contextual per-
formance and concurrent collaboration, if they are not 
well harmonised with the given model, those sets will 
be still lacking from the performance structure and its 
operating mechanism standpoint.

2. Performance method
  In the case of providing performance methods, a 

manual, step-by-step instruction guide on how the 
toolkit is to be used can be resources. This does not 
seems to essentially require specific instructions and 
detailed methods to be integrated into the model, since 
it is expected that the format and structure of toolkits 
devised from the above four aspects can serve as intui-
tive guidance.

4.3  A summary of strategies for a new FFE model 
development

Table 18 shows a summary of new FFE model develop-
ment strategies built according to each criterion based on 
the analysis.

It is noteworthy that such strategies do not exist inde-
pendently, but instead have a strong possibility to influence 
each other. This is beneficial for applying many variables 
and various constrains to a new FFE model development 
in a less complicated way. Namely, as shown in Fig. 18, the 
strategies exert influence on the form of the cluster network; 
chain-reaction effect.

First, the development of the data-driven FFE model 
(Strategy #2) can be related to a deployment of toolkits 
which considers contextual performance and concurrent 
collaboration (Strategy #10) in the performative structure 
(Strategy #6). The arrangement wherein input and output 
parameters are linked to each other for contextual perfor-
mance and concurrent collaboration can align with the oper-
ation mechanism of the data-driven model in which data 
are encoded and decoded in the information processing sys-
tem. The parameters processed can also be in line with the 
information processing system of the data-driven model that 
pursues the transition of “Factual” data into usable “Value” 
as knowledge assets.

Next, the data-driven model in which the information pro-
cessing system is equipped to increase the quality of infor-
mation flow (Strategy #2) can help realise agile NPD (Strat-
egy #3). Increased efficiencies in the quality of information 
flow can contribute to reducing iterative works themselves 
which are typically regarded as inherent to the FFE stage, 
which can lead to another approach to materialise agility.

The construction of hierarchical FFE units consisting 
of ‘Task’, ‘Activity’, ‘Performance Method’, and ‘Toolkit’ 
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(Strategies #7–10) can have a strong interrelationship 
with model characteristics regarding “Explicitness” and 
“Responsiveness” characteristics (Strategy #5). The struc-
ture of those units can affect the model structure divided 
into procedural and performative types (Strategy #6). 
Concerning “Planned Flexibility” (Strategy #5), ‘Task’ 
units can be structured in a procedural manner to pursue 
“Explicitness”, while ‘Activity’ units (which are subor-
dinated to ‘Tasks’ units) and ‘Performance Method’ and 
‘Toolkit’ units (which are support systems to conduct those 
activities) can be structured in a performative manner to 
pursue “Responsiveness”. The ‘Toolkit’ units arranged 
for contextual performance can provide a procedure for 
performing each toolkit, so that it can also contribute to 
building the procedural structure. Furthermore, the entire 
frame of each toolkit can be formalised to provide explicit 

performance directions and operating mechanisms from 
the viewpoints of “Explicitness” characteristic. “Respon-
siveness” can be embodied by offering discretion to select 
optional methods and techniques when using each toolkit.

Finally, the model type that targets both incremental 
and radical NPDs (Strategy #4) affects the placements of 
activities in the front or back part of the FFE phase (Strat-
egy #8), building two different channels for those two dif-
ferent NPD attributes.

The possibility of a correlation between different model 
development strategies has been defined. Those correla-
tions were not directly revealed in the analysis of the pre-
vious 266 FFE studies as factual correlations, but newly 
intended correlations established for one of the possible 
applications to a new FFE model development.

Table 18  Strategies for new FFE model development

Dimension # Criterion Strategy

The first 
dimension:overall 
attribute

1 Study
Taxonomy

Diverse studies intensively concentrating on the FFE are required

2 Model
Type

A data-driven type can be created by augmenting “Information Processing” and “Knowledge Accu-
mulation”, from the viewpoint of transiting “Factual” to “Value” data

3 NPD
Speed

Agile development can be realised by focusing on the “Quality of Information Processing” capabili-
ties, to reduce iterative works themselves

4 NPD
Attribute

A model that aims at balancing both incremental and radical NPDs can be developed through different 
deployments of FFE activities in the front sections and back sections of the FFE, using the “Contex-
tualisation” and “Conceptualisation” theories

5 Model
Characteristics

An overall characteristic can be designed based on “Explicitness” in the pursuit of stable operations, 
e.g., phased and formalised process, while “Responsiveness” can support sub-structures in the pur-
suit of creative behaviour, e.g., a modular or spiral process, using “Planned Creativity”

By leaving room for performers to select optional performance methods and techniques (to foster 
creative behaviour) in each formalised performance structure (to control performance directions), 
“Explicitness” and “Responsiveness” characteristics can be balanced

6 Model
Structure

A model can be built with a procedural structure with performative-type sub-structures

The second dimen-
sion: perfor-
mance structure

7 FFE
Task

The six main FFE tasks are: the opportunity identification, idea generation, requirements list, mission 
statement, conceptual design, and prototyping tasks

8 FFE
Activity

Each FFE task needs essential FFE activities which involves diverse functional domains

9 FFE
Performance
Method

Performance methods can serve as underlying resources for the functional and structural embodiment 
of toolkits

10 FFE
Toolkit

Toolkits need to be specific enough to enable performers to conduct the given task and activity with 
the minimum possible difficulty in terms of performance directions and methods, within a rea-
sonable range where performers can flexibly utilise their particular performance behaviours and 
approaches, using both “Rational Analysis Approach” and “Use of Intuition Approach”

Toolkits can be developed with consideration of contextual performance and concurrent collaboration
Toolkits are appropriate for dealing with qualitative data processing
Toolkits can leave room for performers to choose optional performance methods and techniques (to 

foster creative behaviour; “Responsiveness”) in each formalised toolkit structure (to control perfor-
mance directions; “Explicitness”)

Toolkits using the above three considerations can be well incorporated into the model structure



404 Research in Engineering Design (2021) 32:377–409

1 3

5  Conclusion: a summary and its 
contributions

This study has examined 266 existing studies on the FFE. 
These were chosen via an eight-phase study selection pro-
cess using a “Bibliometrics” method and analysed statisti-
cally and chronologically with ten criteria categorised into 
two main dimensions, an overall FFE attributes and FFE 
performance structure. Per each criterion, FFE study evolu-
tion trends and features and helpful knowledge and theo-
ries of each FFE study have been identified. For each of 
the criteria, an FFE model development strategy has been 

formulated with proposed executing option using chain-
reaction effect. The details of the expected contributions of 
this paper, along with the ICL data repository document, are 
outlined as follows:

• It is the first study to examine over 200 (266) FFE stud-
ies, with ten specific criteria, whereas the previous stud-
ies investigated less than 20 FFE studies. Furthermore, 
while there are many studies examining the whole range 
of product innovation processes, there are few studies 
intensively investigating the FFE component.

• To contribute to an overview of previous FFE studies.

Fig. 18  Correlation of new FFE model development strategies
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• To comprehend FFE study trend changes regarding 
evolve or fade. Particularly, trend changes for each 
appraisal criterion can be grasped by tracking values 
which change along each vertical axis.

• To understand the features of each FFE study and asso-
ciated knowledge and theories. Particularly, features of 
each FFE study can be explored by tracking values shown 
in each horizontal axis.

• To support a comparative analysis between each FFE 
study in term of the development trends, features, knowl-
edge, and theories involved.

• To select each FFE study which need to be examined in 
different future research. The database in the ICL reposi-
tory could be expanded and strengthened by adding the 
results of future studies on the FFE.

• To support the creation of application strategies of a new 
FFE model development.

• To understand theories associated with the application of 
the FFE model development strategies, e.g., the informa-
tion processing theory (the speed and quality of informa-
tion processing) and the knowledge accumulation theory.

• To guide the processing of two crucial factors; 1) the 
overall attributes and outcomes of the FFE affect the 
entirety of the innovation process and 2) the performance 
structure related to processing parameters.

To conclude, this paper and the data in the ICL reposi-
tory, as a useful database on FFE studies, can be of help to 
coming up with new FFE model development strategies by 
understanding the features of existing FFE studies as well 
as, in general, to gain relevant knowledge and theories and 
to understand trend evolutions in FFE studies.

6  Limitations and future research direction

First, not all product innovation process can be gathered and 
analysed in this study: more than 600 product innovation 
processes had been reported by the early 2010s. Even though 
around 260 FFE studies were gathered in this study using 
a systematic literature review method, a few studies having 
significant contributions on FFE sectors might have been 
omitted. In future research, the FFE studies’ database will 
be reinforced continuously.

Second, significant specific criteria for analysing the 
FFE studies were set up systematically. Those criteria were 
derived and divided into two dimensions which make the 
FFE weakest as well as crucial. The former dimension is 
related to overall attributes of FFE, while the latter is asso-
ciated with the FFE performance structures which relate to 
processing parameters. The six criteria comprised of the 
former dimension were frequently defined in recent confer-
ences. For criteria 7–10, the basic constituents making up 

the FFE performance structure were defined. However, dif-
ferent criteria can be set up in future research to strengthen 
the database.

Third, a rigour and robust process was used to gather 
FFE studies (a total of eight steps). The number of studies 
collected at each of eight steps could be specified in future 
studies to increase the validity of the data collection method.
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