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Abstract: Manufacturing companies face severe challenges from rapid technological developments.
Industry 5.0 indicates the need for a sustainable, human-centered, and resilient industry. In striving
for transformation, innovation becomes critical. However, a careful allocation of resources implies
the evaluation of innovation projects. Moreover, diverse types of innovation and limited amounts of
information represent a significant challenge. Therefore, this contribution presents an approach for
holistically assessing innovation in manufacturing. First, a systematic literature review (SLR) was
conducted to frame the current research state and identify assessment criteria. Second, a multiple-
attribute decision-making method (MADM) was developed using the findings of the SLR and expert
interviews. Finally, the criteria and the assessment approach were verified and validated by expert
interviews, a workshop, and an industrial use case application. As the main findings, three criteria
groups were derived and detailed: potentials, efforts, and risks. These criteria groups were used in a
MADM approach incorporating Fuzzy set theory within a hybrid technique, combining the Analytical
Hierarchical Process with the Technique for Order Preference by Similarity to Ideal Solutions. In
conclusion, an enhancement of innovation assessment in manufacturing was achieved through the
integration of different criteria and the balance between complexity and industrial applicability.

Keywords: innovation; assessment; project evaluation; project management; manufacturing

1. Introduction and Motivation

Companies operating in the manufacturing industry nowadays face significant chal-
lenges due to globalization, rapidly changing markets [1-3], digitalization [4], new regula-
tions [5], and increased demand for product customization [6]. Industry 5.0 represents the
manufacturing industry’s most recent technological and social transformation. Starting
with the first industrial revolution in the second half of the 18th century, which led to a
transition from an agricultural to an industrial society, the second and third industrial
revolutions of automation and digitalization (Industry 4.0) followed. While Industry 4.0
represents a digital, data-driven, and interconnected industry, Industry 5.0 complements
and extends these features with a need for a sustainable, human-centered, and resilient
industry [7]. Innovation in manufacturing, particularly the adoption of new technologies
and processes [8-10], was identified as a crucial driver for the success of this transformation
processes, granting competitiveness [5].

Nevertheless, the innovation process requires significant resources [10], encounters
barriers to its effective completion [2], and involves changes that inherently present un-
certain outcomes. The potential economic utility [11] alone does not provide the basis for
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a thorough analysis of the different alternative projects to be assessed. For this reason, a
holistic perspective in innovation assessment is necessary [12,13].

Therefore, the scope of the research presented in this contribution is the solution to
a design problem. It is derived from the above-mentioned need for an approach for the
holistic assessment of innovation projects in manufacturing. A systematic and extensive lit-
erature review was conducted to identify existing approaches and the associated constraints.
A holistic set of evaluation criteria was derived and synthesized. Those preparatory works
allowed the structuring of a Multiple Attribute Decision-Making (MADM) problem to be
solved by combining the Analytical Hierarchical Process (AHP) in a Fuzzy variant and
the Technique for Order Preference by Similarity to Ideal Solutions (TOPSIS). First, the
proposed assessment methodology was verified by both academic experts in the fields
of innovation and manufacturing and industrial professionals. Then, the method was
implemented, leading to its initial validation in a use case based on data regarding three
innovation projects in an aerospace company.

2. Fundamentals of Innovation Assessment in Manufacturing

The concepts of innovation and invention were distinguished by Schumpeter [14]
as original combinations of new or existing knowledge, resources, equipment, and other
factors. Innovation is conducted commercially, while an invention can be generated without
a commercial scope. True innovation is not only an invention or an idea, but the definition
also implies the development of something successfully used in the manufacturing process.
Additionally, the innovation processes present an outstanding degree of uncertainty. Five
possible types of innovation in a manufacturing context are identified: product, process,
organization, manufacturing system, and management innovation [15].

The innovation process in manufacturing encompasses all the initiatives from ideation
and initiation to its implementation. To be more precise, five main phases can be distin-
guished in an innovation process [2]: the Impulse and the Idea Generation, corresponding
to problem-identification, research, and problem-solving activities; Idea Conceptualiza-
tion, focusing on the analysis, evaluation, and subsequent selection of a concept; the Idea
Realization (Change) phase, corresponding to the implementation of the selected idea;
and finally, the Serial Production phase, where the innovation is exploited and eventually
transferred to another context or sector. As a result, a cyclic framework was proposed in
the context of Manufacturing Innovation Management (MIM) [2] and was later expanded
in academia to bring the innovation process to a continuous improvement perspective [16].

Innovation management and its core processes aim to enable the proper addressing
of such complex changes in the manufacturing system. In particular, the present research
aims to contribute to innovation controlling, specifically within its “strategic innovation
planning” component, by expanding the existing approaches, referring to the evaluation of
innovation from the perspective of different criteria to solve decision-making problems [15].
The process of ranking and selecting alternatives within a finite set according to their
performances measured with multiple criteria falls under the definition of MADM [17].
Several methods have been developed over the years to structure and solve this type of
problem. The AHP [18], ELECTRE [19], PROMETHEE [20], and TOPSIS [21] represent the
most used approaches. Fuzzy set theory [22] was also exploited to express the imprecision
and uncertainty inherent to human judgments in mathematical terms.

In particular, the AHP, as presented by Saaty [18], aims to structure the decision-
making problem and solve it within a hierarchical approach driven by the uppermost goal.
In detail, pairwise comparisons of the attributes associated with the possible alternatives
are used to form reciprocal matrices, synthesizing the individual subjective judgments to
estimate the relative weight of each attribute. Then, the aggregation of the resulting weights
with the performance rating of each alternative according to each identified decision-
making criterion is conducted to determine the best alternative, and therefore the best
strategy [17].
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TOPSIS is based on the concept of compromise solutions, found by comparing al-
ternatives with ideal positive and negative solutions. An information table is deployed
by including the normalized performance scores of each alternative under the evaluation
criteria and the weights of the attributes. Two ideal solutions are identified, one with the
best scores for each criterion among the alternatives (positive solution) and one with the
worst (negative solution). The best compromise is represented by the alternative closest in
terms of Euclidean distance to the positive ideal solution [17,21].

In the literature, there are countless implementations of Fuzzy set theory in MADM.
Primarily, the linguistic Fuzzy approach is frequently applied to represent the uncertainty
associated with using qualitative linguistic evaluation scales in mathematical terms [23,24].
It has been proven that the implementation of triangular and trapezoidal Fuzzy member-
ship functions, with dedicated aggregation and de-fuzzification methods, is suitable for
addressing the problem of group decisions [25].

3. State of the Art

The present section systematically delimits the scope of this research by providing an
analysis of the state of the art. Therefore, drawing on the basic principles explained in the
previous section, the delimitation is made object-, subject-, and process-related. Firstly, the
considered objects of the developed approach are described. The main object-related cate-
gories are manufacturing and the innovation project. Therefore, only approaches aiming at
improvements within the functional area of manufacturing are to be considered. Second,
innovation projects can be differentiated regarding their content dimension. In manu-
facturing, innovations related to processes, organizations, manufacturing systems, and
management are relevant [12]. Consequently, Ulich [26] proposes the Human-Technology-
Organization Model (HTO), differentiating the content dimensions of innovation projects
in human, technological, or organizational innovation.

Regarding the process-related delimitation, the proposed model serves as a support
for the early phases of the innovation process, whereby the initial phases of Problem
Identification and Idea Generation are not considered. The approach aims to accompany
the phase of Idea Conceptualization, including evaluation and decision-making. The
subject-related delimitation describes the users of the approach. It is primarily directed to
industrial and scientific committees and general experts in innovation management.

The following section presents the state of research based on a comprehensive literature
analysis to identify the relevant criteria for holistic innovation assessment and existing
methodical approaches. Figure 1 provides an overview of the conducted Systematic
Literature Review according to Rowley and Keegan [27]. A specific method structured in
consequential steps was deployed to derive the most critical and relevant contributions. To
reduce the number of results, sources that lay outside the scope were excluded by analyzing
their titles, abstracts, and tables of contents. The remaining sources were listed and passed
on to the final full-text analysis. In addition, a Backward and Forward Snowballing search,
according to Webster and Watson [28], was applied to find further relevant contributions.

More than 1600 journal and conference papers, dissertations, and books were identified
using the databases OPAC, Scopus, Web of Science, Google Scholar, and SciVal. The search
terms (keywords) displayed in the following table (Table 1) and their German translations
were used, as numerous relevant authors in the research field have published their works
and doctoral theses in German. The keywords were linked with logical operators of Boolean
algebra for conjunction (and) and disjunction (or) to refine the results. To identify the most
recent publications but also to understand the evolution of models for assessing innovation
in manufacturing over time, publications from 1970-2022 were analyzed. Further, the
results were filtered using the criteria shown in Table 1.
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Figure 1. Overview of the systematic literature review analysis approach and the results.

Table 1. Inclusion criteria for the systematic literature review.

Inclusion Criteria  Description

Manufacturing, Production, Process, Technology, Innovation, Assessment,
Evaluation, Effort, Risk, Potential, Management

Decision-making, Risk-assessment, Technology assessment, Decision
support systems, Investments, Strategic planning, Performance assessment,
Economics, Industrial management, Innovation, Cost-benefit analysis,
Technological forecasting, Economic and social effects

Year 1970-2022

Language English, German

Search terms

Subject area

As a result, 121 relevant contributions, including 27 methodical innovation assessment
approaches, were identified and analyzed systematically. The review results are presented
in Table 2. Within the analysis, various criteria were used to classify the approaches. First,
it was examined whether the approach was focused on the manufacturing area. Second,
the approaches were temporally assigned to the innovation process to examine their
applicability within the early phase of the process. Third, the approach was focused on the
innovation objects considered. Here, a differentiation following the HTO-Model proposed
by Ulich [26] was applied to identify if the approach focused on human, technological,
or organizational innovation. Further, the criteria used to assess the innovation projects
were analyzed. There, potentials, efforts, and risks were differentiated according to the
identified approaches. Fifth, the MADM assessment methods used by the state-of-the-art
contributions were examined. Finally, the industrial applicability was evaluated based on
the implementation effort and the practical relevance of the results.
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Table 2. Result analysis for the investigated methodical approaches.
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=
0 1) 8]
] >
£ s 5 - sz -
£ £ g < g 5 E ~ & g S e = £ 5
— N b
Title Citation & = E g 2 5 £ 2 = < § T & g8
= = o] <= =} b 23] ~ = > = < @] o =
g g ) 3 S z 2 = e
- £ & i S =%
p= a =
Production Processes Modeling for Identifying 3]
Technology Substitution Opportunities :
Technology Assessment for Modular Product [6]
Platforms with Fuzzy Numbers
Planning processes for advanced manufacturing 8]
technology by large American manufacturers
A reference framework for the holistic evaluation
of Industry 4.0 solutions for small- And [13] . . . . . . O . . .
medium-sized enterprises
Identification and systematization of strategic
. . [16]
technology demands in manufacturing
Determining the strategic potential of
, . ‘ [29]
technologies for manufacturing companies
Risk and potential evaluation of technologies in 130]
the early stages of the innovation process i
Potential-based Evaluation of Innovative [31]
Technologies in Production ’
An Assessment Model for Production Innovation [32] . . . . . . . @




Appl. Sci. 2023, 13,3221 6 of 24

Table 2. Cont.

Characteristics
Process Innovation Criteria Method Application

7 >
o g —_ 2. n = =1
=} S - s z B
& q = = 4 e g & 7 £
Title Citation g E g = & < N as A g8
o] & s = &~ 2 = < o 5=
2 ~ = = = a

) =
3 <

Risk calculations in the manufacturing technology 133]

selection process

Fuzzy logic and evaluation of advanced technologies [34]

Potential-based assessment of

new technologies [ger.] (3]

Holistic technology assessment. A model for the
evaluation of different production [36]
technologies [ger.]

s 00
o0

A filter system for technology evaluation

Assessing the Impact of Changes and their

Knock-on Effects in Manufacturing Systems (41

900 ©
¢ 006606

r
00000
»
C0c066000 -
000000000 -
0000000

and selection (371
Holistic and Evolutionary Technology [38]
Assessment [ger.] -
Cost Structure for Change Impact Evaluation in [39]
Manufacturing Systems ’
Approach for model-based change impact [40]
analysis in factory systems




Appl. Sci. 2023, 13,3221 7 of 24

Table 2. Cont.

Characteristics
Focus Process Innovation Criteria Method Application
=
0 ) 2
£ g 2, g &
2 < < S < et ] x a e & 5 E S
Title Citation & : § g E g £ 2 = < E T B R
= _— o = = s 23] ~ = > = < @] o —=
£ 5 ) 3 S E S = e
2 £ 8 - i
= o =
Planning and Controlling of Multiple, Parallel [42]
Engineering Changes in Manufacturing Systems
Software Tool for Planning and Analyzing [43]
Engineering Changes in Manufacturing Systems
Decision-Support for Production Strategies for [44]
Developing Economies
Evaluation of interconnected production sites [45]
taking into account multidimensional uncertainties i
Risk analysis for innovative activities in production [46]
systems using product opportunity gap concept
Management of production innovations with [47]
TREX [ger.]
Enterprise information system project selection 48]
with regard to BOCR
Innovation assessment: Potential forecasting and [49]
control through yield and risk simulation [ger.]
A decision support system for selection and 50]
justification of advanced manufacturing technologies g
o 9 D ®

: fully fulfilled : well fulfilled : partly fulfilled : hardly fulfilled




Appl. Sci. 2023, 13,3221

8 of 24

As displayed in Table 2, it was found that there is already a comprehensive state of the
art on methods of technological assessment [3,6,10,13,29-38] and change management in
manufacturing [39-43]. One- or multi-sided evaluation perspectives are adopted, focusing
exclusively on the potentials, risks, or efforts, or pairs of these aspects. Further, some more
holistic evaluation approaches have already been used to select production strategies [44,45]
or assess innovation [46—49].

Based on the analysis, different needs for further research were derived. More than
one third (37%) of the identified models were not fully focused on the early phase of the
innovation process. However, to identify inadequate or promising projects, it is necessary to
evaluate them at an early stage of the innovation process. Further, a method for innovation
assessment must be specifically adapted to manufacturing to enable a target-oriented
evaluation incorporating imprecision.

Additionally, Table 2 shows that only three approaches considered all relevant types
of innovation in manufacturing [13,41,46], while the majority (66%) of approaches were
solely focused on technological innovation. In the context of Industry 5.0, as presented by
the European Union [7], it is essential also to consider innovation increasing prosperity
for humans and organizations within the assessment. Consequently, a broader catalog of
criteria for evaluating manufacturing innovation is necessary to enable a holistic evaluation.
However, almost all (85%) of the approaches only considered two or fewer of the relevant
criteria groups (potential, effort, risk) within their assessment.

Looking at the decision-making methods applied, the majority (81%) of the analyzed
approaches deliver a structured decision-making approach. Utility analysis and AHP form
the most common methods to structure decision-making problems, followed by TOPSIS.
The analysis also shows that the Fuzzy set theory is widely used to address uncertainty
and guarantee a translation from linguistic variables to numerical values. However, the
implementation of a structured and proven MADM method, enabling a practical innovation
assessment tool, is less common than expected.

Despite the identified research gaps, the analyzed literature provides an excellent
scientific basis for developing an approach for the holistic assessment of the early phases
of the innovation process in manufacturing. In particular, the approaches of Farooq and
O’Brien [33], Effer et al. [47], and Liang and Li [48] already consider a wide range of
potential-, effort-, and risk-related criteria. Further, human-, technology-, and organization-
focused innovation in manufacturing is already included in the approaches presented by
Essakly et al. [13], Plehn et al. [41], and Arabshahi and Fazlollahtabar [46]. Additionally, a
structured and practical applicable MADM method enabling a transparent decision-making
process within the early phases of the innovation process was proposed by Ordoobadi [34],
Schuh et al. [51], and Hofer et al. [31]. The existing approaches can be combined and
extended using scientific methods to derive a holistic approach for innovation assessment
in manufacturing, with reference to process innovation.

4. Methodical Approach

The following section presents the systematic, application-oriented procedure that was
used to elaborate the proposed approach for assessing innovation projects in manufacturing.
Thereby, the identified starting points for further research from the previous section were
addressed. The procedure can be divided into three major phases as displayed in Figure 2.

In the first phase, the relevant criteria for the holistic assessment of innovation projects
in manufacturing need to be derived. Therefore, the results of the structured literature
review presented in Section 3 were used as a basis for the criteria definition. Following, the
selected criteria were structured using propositions identified from the scientific literature.
In addition, the derived criteria were challenged and complemented methodically conduct-
ing eight semi-structured interviews with experts from the manufacturing industry. Lastly,
the selected criteria were verified through an expert workshop with eight participants
with a scientific background. On this basis, a criteria catalog for the holistic assessment of
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innovation projects in manufacturing was derived. This catalog provides the basis for the
second phase.

)| Phase @ Steps o Results
1 Criteria derivation for . . Criteria catalog for
innovation project @ LD [SUE innovation project
assessment in assessment in
manufacturing & Expert interviews manufacturing
i
) Expert workshop
2 Approach = . . Approach for
development for @ Literature review innovation project
innovation project assessment in
assessment in 421 Expert interviews and requirement definition manufacturing
manufacturing o
) Prototype implementation Eael
3 [Initial approach Evaluation
application Industrial use case application

x>

Figure 2. Methodical procedure to derive a holistic assessment approach.

As a starting point for the second step, existing assessment methods were identified
based on the structured literature analysis presented in Section 3. Next, the requirements
for an innovation assessment method were derived from the state of the art and expert
interviews. On this basis, an approach for innovation assessment in manufacturing was
developed to fulfill the defined requirements and to include the identified evaluation criteria
from the first phase. Subsequently, the elaborated approach was verified by conducting
two semi-structured expert interviews with participants from academia. In conclusion, a
prototype of the approach was implemented using a MATLAB script to enable a practical
industrial application and to provide the basis for the third phase.

In the third phase, an initial evaluation of the developed assessment approach was
conducted within an industrial use case application. Thereby, three production innovation
projects were compared regarding potential, effort, and risk they imply. Subsequently, a
management overview and a recommended action were derived. Finally, the approach’s
results, efforts, and practical benefits were critically reviewed by the authors and two
industrial experts that were involved in the application. These results state the last step of
the approach, building the basis for the discussion and the perspective.

5. Developing the Approach for the Assessment of Innovation Projects in Manufacturing
5.1. Phase I: Criteria Derivation for Innovation Project Assessment in Manufacturing

As a first step, the results of the systematic literature analysis presented in Section 3
were used as a scientific basis for deriving the relevant criteria for innovation assessment in
manufacturing. According to the guidelines for a literature review [27], research categories
and keywords were derived from various scientific contributions (see Table 1 Section 3).
A detailed explanation of the systematic literature analysis approach, the used keywords,
and the applied limitations can be obtained from Section 3. After performing the two-step
analysis presented in Section 3, the remaining 121 pertinent publications were used to
identify relevant innovation assessment criteria. Table 3 shows an excerpt of the identified
121 publications and the included evaluation criteria. The reader should note that the list
of criteria presented in this table is the first one that was released while developing the
holistic innovation assessment approach, before the expert review.

With the help of the identified sources, relevant descriptive criteria were derived,
collected, and combined into groups. Based on the investigated scientific literature, three
main criteria groups for innovation assessment were derived: potentials, efforts, and risks.
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Table 3. Excerpt of the used sources for the derivation of assessment criteria.

Potential Effort Risk
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Cost Structure for Change Impact Evaluation in Manufacturing Systems [39] X X X X X
Quality management [ger.] [52] X X
Research on the Investment Decision-Making on the Application of
Advanced Manufacturing Technologies in Enterprises [531 X X X X X X
Production Management. An introduction [ger.] [54] X
Value stream design. The way to lean production [ger.] [55] X X X X
Creating Value with Science and Technology [56] X
Packaging machines and packaging lines [ger.] [57] X
Methodology for increasing the adaptability of production systems [ger.] [58] X
Flexibility in manufacturing: A survey [59] X
Identification of workplace-related turnover predictors in production [60] X
Ergonomic principles regarding mental workload-General aspects and [61] X
concepts and terms [ger.]
Sustainability Assessment of Manufacturing Systems—A [62] X
Review-Based Systematisation
Managing technology development projects [63] X
Value Stream Mapping: a study about the problems and challenges found [64] X
in the literature from the past 15 years about application of Lean tools
Enabling value stream mapping for internal logistics using [65] X
multidimensional process mining
Evaluation of value streams [ger.] [66] X X X X X
Risk management of innovation in production [ger.] [67] X X X

Legend: X: adressed [ger.]: german title translated
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Potentials determine the prospective evaluation of the change impacts caused by the
innovation project [31]. The second criteria group describes efforts related to an innovation
project, as innovation projects are associated with a significant expenditure of resources
and time [68]. Due to uncertainties within the innovation process, risk states, the third
criteria group, are necessary for a holistic assessment of manufacturing [69]. The three
main criteria groups were further specified using relevant scientific contributions. In this
way, further groups and sub-groups of criteria could be identified, containing detailed
assessment criteria. In Figure 3, a schematic structure of the catalog after the expert review
is displayed. The criteria catalog was not detailed further to provide a catalog which,
on the one hand, enables a company- and use-case-specific application and, on the other
hand, provides a sufficient level of detail to cover all relevant criteria for project assessment
in manufacturing.

»

Initalization:

— 4 databases ‘/Q \ 20searchterms /¢ 2 methods (systematic literature review ‘/\77‘ ) Inclusion of sources from Relevant sources and @
roview N 12 subject areas and backward and forward search) 1970 — 2022 initial criteria catalog
Descriptive 8 semi-structured L ) 2 medium sized 1 managing director 1 manager global innovation | on average Detailed criteria foa|
el expert — companies 1 manager global strategy 1 innovation portfolio > 6 years catalog
expert interviews 1 large " specialist professional
interviews. 1 manager operations P experience Detailing of:
company excellence 1 innovation process = potential (. g. strategy)
1 manager global engineer = effort (e. g. infrastructure)
technology 1 senior inhouse consultant = risk (e. g. resources)
Verification: A ) o
expert 1 expert 1 research ® ) 2 experts: change 4 experts: digital on average Final criteria catalog for
workshop workshop institute for management manufacturing 3 years innovation project
production 2 experts: human research assesfsr;en.( in
technology factors experience manufacturing
@
A 4
Main Criteria Potential Effort Risk
o 1 4 > ) >
Sub-Criteria H l_L Technical development l—[ Innovation project
Detailed Criteria — Production planning — —

R&D Cost

Figure 3. Overview of the methodological derivation of the criteria and schematic structure of the
criteria catalog for innovation project assessment.

In addition, eight expert interviews were conducted with representatives from the manu-
facturing industry. The industrial experts were involved in the production management of an
internationally active construction materials and tools manufacturer and two SMEs manufac-
turing machines, to include both small and large companies in the panel. Figure 3 provides
a more detailed insight into the profiles of the interviewed experts. The interviews were
conducted using a guideline to carry out semi-structured systematizing expert interviews [70].
By applying this systematic and theory-based procedure, the model was supplemented with
exclusively available knowledge and validated already in the first stage.

For the data collection within every single semi-structured systematizing expert inter-
view, a three-step procedure was chosen. First, the research methods and the evaluation
criteria already identified were presented to the expert. Secondly, the already identified
criteria were discussed individually with the expert and, if necessary, supplemented or
questioned until a new criteria basis was created that additionally represented the expert’s
views. In the last step, the results were processed and made available to the expert. These
results then constituted the input for the next expert interview. As an outcome, it could be
determined that the detailing of the detailed criteria mentioned above could be improved
compared to the initial results of the literature analysis. Lastly, the final verification of
the criteria catalog was carried out in a workshop with eight researchers from a German
research institute for production technology. During the half-day workshop, a three-step
approach was conducted. First, the criteria catalog was presented and discussed within
the group regarding completeness. Second, the group was challenged to use the catalog to
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describe their recent research projects to test the practical applicability of the catalog. Third,
the workshop results were summarized by creating the final criteria catalog and made
available to the participants. After completing this structured approach, 11 criteria groups
emerged, containing 34 sub-criteria groups with 123 detailed criteria. The final catalog is
detailed in the following figures (Figures 4-6).
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Figure 4. Relevant criteria to assess the potential of an innovation project in manufacturing.
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Figure 5. Relevant criteria to assess the efforts of innovation projects in manufacturing.

The first main criteria group (Potential) describes what relevant changes can be ex-
pected after the implementation of an innovation project. The relevant outcomes are
derived from the generic target dimensions of manufacturing described by Hofer et al. [31]
and include costs, quality, time, changeability, social, ecological, and strategic factors.

Cost represents the first main criterion within the potentials, as cost reduction is the
main contribution of manufacturing to secure a company’s profitability. The cost-specific
evaluation of an innovation project focuses exclusively on the long-term effects on the cost
structure of the company since one-off costs are considered in the effort evaluation. The
further structuring of costs is based on the process-related cost analysis in manufacturing
according to Pfeffer and Gottmann [71]. With reference to the scope, organization, produc-
tion, logistics, and quality (customers), processes are further detailed in the sub-criteria. In
addition, the perspective on manufacturing factors according to Kern [72] was used in the
catalog. Following this, all costs of manufacturing factors, such as personnel or material,
can be attributed to the respective activities within the detailed criteria. Subsequently, the
cost-relevant criteria were detailed as displayed in Figure 4 with the help of the relevant
preliminary work [52,71-75].
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Figure 6. Relevant criteria to assess the risks of innovation projects in manufacturing.

Quality is the second main criterion of the potential assessment. Generally, quality
in manufacturing is divided into an internal and an external perspective. Internally, pro-
cess quality is defined by error-free and efficient processes. From an external customer
perspective, product quality is the decisive factor. Therefore, it is necessary to identify
characteristics for both perspectives to assess the project-related effects. To describe process
quality in manufacturing, four general sub-objectives and characteristics were identified
based on the scientific literature [53-56]. Effects on product quality are indirect, e.g., a better
surface quality due to a new manufacturing process. As products are diverse, a generic
definition of quality characteristics is not possible. Consequently, the quality characteristics
are to be detailed by the user. The complete detailing of the criterion can be found in
Figure 4.

The third main criterion is time. There is a common understanding in the literature
that a short lead time is one of the main objectives in manufacturing. It describes how long
a product needs to pass through the entire manufacturing process. Accordingly, the effects
of project-related changes on the lead time are to be evaluated. Therefore, the internal
manufacturing lead time was broken down into waiting, transport, and processing, as well
as planned and unplanned downtime [57,76]. Further detail is displayed in Figure 4 above.

Changeability forms the fourth main criteria dimension for innovation projects in man-
ufacturing. According to Zih et al. [58], changeability consists of flexibility and adaptability,
where flexibility is defined as the ability to meet necessary functional, dimensional, and
structural requirements at different manufacturing system levels within a specific range.
Additionally, adaptability is a potential going beyond this range to adjust the manufac-
turing system to changing conditions. The classification of Sethi and Sethi [59] is used to
systematize changeability. Here, the individual types of manufacturing changeability are
differentiated regarding processes, routing, product-mix, volume, and expansion. Figure 4
gives a detailed overview of the identified changeability assessment criteria.

Social impacts form the fifth relevant main criteria dimension within innovation
project assessment. From a manufacturing point of view, social influences are decisive
since people form an essential production factor. Further, a correlation between perfor-
mance and employee satisfaction can be observed [60,77]. Manufacturing innovation can
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influence employee needs regarding a safe and healthy workplace. The workplace and its
human-related activities can be further subdivided into environmental and activity-related
stress [61]. Further, activity-related stress can be expressed as physical or psychological
stress. A detailing of the relevant social assessment criteria is displayed in Figure 4.

Since a purely economic evaluation of strategic decisions is no longer appropriate,
ecological factors form the sixth main criteria dimension. Consequently, the goals of a
manufacturing unit regarding the corporate ecological environment are to be considered
using input—output relationships, which are already well described in the literature [62].
As displayed (Figure 4), operating materials and energy can be used as input factors, while
emissions and waste are to be considered on the output side.

Strategic factors form the final main criteria of Potential. In the context of the inno-
vation project evaluation, strategic target values were considered that lie in functional
strategies [1]. To fulfill this strategy, it is necessary to consider conformity and strategic im-
pact [63]. For further strategic improvement, strategic knowledge must be generated, and
non-value-adding activities must be identified, based on the Lean philosophy. Following,
competency and transparency along the value stream is decisive [64]. The further detailing
of these strategic criteria according to Hofer et al. [31], Cooper [63], and Knoll et al. [65] is
displayed in Figure 4.

In addition to the evaluation of potentials, a differentiated consideration of nec-
essary efforts is required to decide between alternative innovation projects. However,
so-called “sunk costs” [78] are no longer relevant to the decision as they have already
occurred. Consequently, only future efforts were considered. Within manufacturing in-
novation projects, efforts can arise in many ways. Nevertheless, the project management
theory considers two effort-critical resources: money and time [68]. The temporal assess-
ment considers the required execution time, while the monetary view focusses on the
expected expenses.

Within the economic and temporal criteria, five dimensions were identified in the
literature: development, organization, structures, qualification and consulting, and oppor-
tunity [39,66]. Technology-specific efforts in innovation initiatives are summarized through
research and development activities, designing, prototyping, testing, and activities of the
specific implementation. Organizational efforts can be summarized by necessary resources
for project planning and control. Structural efforts subsume all expenditures that arise from
physical changes to the existing production system and its production factors. Qualification
and consulting summarize all efforts that occur, either through one-off personnel expenses
such as training or through expenses for external consulting services. Finally, opportunity
efforts describe all anticipated costs arising from unused opportunities, such as downtimes
or scrapped materials. A further detailing of the defined effort criteria can be found in
Figure 5.

The evaluation of innovation projects in their early phase is characterized by a high
degree of uncertainty, leading to the fact that the risk dimension cannot be neglected [69].
Risk criteria to be considered in the assessment should be systematized into the different
risks relevant to manufacturing. Risk factors of the innovation initiatives are classified
as internal or external to manufacturing according to whether they can be controlled by
the company managing the production process or not [79]. The internal risks are further
divided into risks affecting the innovation project and the manufacturing system. Within
the project-specific risks, a distinction can be made between cost, time, and organization-
and resource-related risks. Manufacturing-specific risks are subdivided into technological,
social, and organizational exploitation risks following the HTO approach [26]. Risks
external to the company represent the company’s environment (political, market-dependent,
environmental (ecological), social, and legal factors) that has a direct influence on the
innovation project. Since this environment is subject to constant change, further detail is
neither desirable nor meaningful. A detailing of the relevant internal risk criteria, derived
from Schuh et al. [11], Li [53], and Spur et al. [67], is displayed in Figure 6.
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5.2. Phase 11: Approach Development for Holistic Innovation Assessment in Manufacturing

A three-step approach was chosen to develop an appropriate MADM method address-
ing the gaps in the state of the art. Figure 7 provides an overview of the derivation of the
assessment method. In the first step, a structured literature review (see Section 3) was used
to identify the most relevant methodological approaches and the used assessment methods.
The table shown in Section 3 (Table 2) gives an overview of the identified approaches.
Subsequently, the requirements were derived based on the research gap and an evaluation
method was developed by combining the identified methods in a meaningful way based
on their advantages and disadvantages. In the second step, the approach was presented to
two academic experts from the innovation and manufacturing fields, using semi-structured
expert interviews to discuss the overall concept and the criteria selected for the assessment.
Lastly, a prototype of the approach was implemented using a MATLAB script to initialize
the initial validation of the approach.
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Figure 7. Overview of the methodological derivation of the approach for the holistic assessment of

innovation in manufacturing.

Among the plethora of MADM approaches presented in the literature, AHP and TOP-
SIS stand out as the most suitable methods because of their comprehensible, methodical,
and individually adaptable procedure. Moreover, Liu et al. [25] proposed a methodol-
ogy for implementing Fuzzy sets in MADM methods according to the characteristics
of the data to be parsed by the model and included the possibility of managing group
decision scenarios by discussing several aggregation methods for judgments. Figure 8 pro-
vides a schematic overview of the elaborated approach for holistic innovation assessment
in manufacturing.

Within an industrial scenario, a finite set of alternatives will be compared by decision
makers aiming to select the best initiative to undertake according to the attributes and
criteria identified in Section 5.1. This kind of problem is well represented by the definition
of a MADM method. Based on the state of the art, the approach requires applicability
to human-, technological-, and organizational innovation, and demands a holistic assess-
ment, taking potentials, efforts, and risks into account. Further, the approach needs to be
industrial-applicable within the early phases of the innovation process.

The development of a decision support system of this kind involves the implementa-
tion of the criteria identified in Section 5.1 with evaluation scales and a suitable mathemati-
cal method allowing to synthesize the assessment activities’ resulting in a ranking of the
alternatives [50].
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Figure 8. Overview of the approach for the holistic assessment of innovation in manufacturing.

The model presented exploits the strengths of AHP to transform the decision-making
problem into a hierarchic structure of criteria to be selected among the attributes discussed
in Section 5.1. The relative weights of the attributes were obtained using pairwise com-
parisons performed with linguistic judgments translated in Fuzzy triangular numbers
utilizing a variation of the fundamental scale proposed by Saaty [18], defined according
to the principles discussed by Liu et al. [25]. The comparisons were performed at each
level of the hierarchical structure, as proposed by Saaty and Shang [80]. Afterwards, the
weights of the attributes were extracted by each pairwise comparison matrix through the
eigenvalue method, linking the eigenvector associated with the maximum eigenvalue of
each pairwise comparison matrix to an expression of the relative dominance of the criteria.
The weights of the lowest-level attributes of the structure were multiplied by the relative
weights of their parent clusters. Aggregation of the matrices corresponding to different
decision-makers was achieved through the geometric mean. The de-fuzzification of the
matrices using the centroid method, consistent with Yager [81], is the preliminary step for
the consistency check and the extraction of the weights [82]. The judgments relative to the
performance assessment of the alternatives were assigned by the user(s) of the proposed
approach according to a qualitative evaluation scale, including a modified version of the
risk matrix proposed by Goddard [83]. The Fuzzy results were eventually aggregated
with a simple average [25]. The weights set resulting from the Fuzzy application of the
AHP and the performance ratings constitute the information table representing the starting
point for applying TOPSIS for the final ranking and selecting the best alternative [84].
The application of TOPSIS, as mentioned in Section 2, allows us to rank the alternatives
according to an index, comparing them to two ideal solutions. These solutions include
the best and worst individual performance ratings for each criterion in terms of Euclidean
distance. Again, as described in Section 2, the ratings were normalized and multiplied by
the weights obtained through the AHP.

The output of the model is a set of three separate rankings of the alternatives according
to the global dimensions of potential, effort, and risk. The final decision is left to the
user and the decision-maker, as the interdependence between potentials, efforts, and risks
cannot be neglected. To address this, the approach offers a synthesis of the assessment
results that can be represented in a portfolio overview.
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Second, semi-structured expert interviews were conducted. Within the semi-structured
expert interviews, a two-step approach was chosen. Firstly, the method was presented
to the experts, explaining why specific MADM methods were combined. The experts’
feedback regarding the logic and applicability was collected in the second step within a
discussion. The verification obtained the expert’s appraisal regarding the approach because
it combines the potential from a hierarchical representation of the decision-making problem
(AHP) with a more refined ranking process (TOPSIS) and includes uncertainty factors
(Fuzzy) present in human thinking and linguistic variables.

Thirdly and finally, a prototype of the final approach was implemented using a
MATLAB script to facilitate the necessary mathematical operations.

5.3. Phase III: Initial Application

The prototypical script built the starting point for the following validation. Thereby,
the approach was applied to a use case, aiming to evaluate different approaches to improve
internal logistics for an aerospace company. The application was carried out in collaboration
with two experts from the respective company. The criteria selection, weighting, and
the qualitative performance assessment of the three alternatives was performed by the
experts and is presented in Table 4 together with the local and absolute weights. The
alternative projects were assessed and weighted according to the selected criteria. Eighteen
detail criteria were used to assess potentials and efforts, while the exploitation risk was
summarized in a single overall rating. The application of the method resulted in the final
closest-to-ideal values, summarized in Figure 9. Based on the obtained values a portfolio
was created, displaying efforts on the abscissa, potentials on the ordinate, and risks in
terms of the bubble size. The portfolio can help decision makers to clearly identify the best
alternative innovation project in the top right corner of the portfolio. Within the present
use case, the second alternative results as the best-in-class, as it has the most potential and
the lowest costs compared to the other two alternatives. It is also not affected by any risks,
as displayed in Table 4. The advantages of the second alternative are also shown in the
portfolio illustration in Figure 9. The second alternative is closest to the ideal for potentials
and efforts and has a small bubble size, indicating a low risk.
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Figure 9. Results of the use case application of the approach in the form of closest-to-ideal values
and a portfolio analysis.
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Table 4. Use case application: criteria and weights.

Main Criteria Weight Sub- Weight Detail Weight Weight Alternative  Alternative  Alternative
Criteria (Local) Criteria (Local) Criteria (Local) (Global) 1 2 3
Organizational costs 0.193 Warehouse planning and controlling 1.000 0.105 0.000 0.000 —0.500
Production costs 0.193 Supply 1.000 0.105 0.000 0.000 2.000
N Transport 0.500 0.053 —3.000 —1.500 —3.000
Cost 0545 Logistic costs 0.193 Warehousing 0.500 0053  —0.500 0.000 ~0.500
Quality costs 0.422 Inte?nal defe:cts . 0.457 0.105 0.000 0.000 0.000
’ Testing and inspection 0.543 0.125 1.500 1.500 1.500
Potential Time 0.125 Waiting and layover 1.000 Waiting and layover 1.000 0.125 —0.750 1.500 —1.500
Process 0.333 0.042 —0.750 0.000 —1.500
Changeability 0.125 Flexibility 1.000 Product mix 0.333 0.042 —1.500 0.000 —1.500
Expansion 0.333 0.042 0.000 0.000 0.000
. Physical stress 0.500 Harmful effects (long-term potential) 1.000 0.063 0.000 0.000 —3.000
Social 0.125 Psychological stress 0.500 Harmful effects (long-term potential) 1.000 0.063 —0.750 0.000 —3.000
Ecology 0.080 Input 1.000 Operating supplies 1.000 0.080 —0.500 0.000 —0.500
Buildings and spaces 0.250 0.188 0.000 0.000 0.000
. . Utilities and tools 0.250 0.188 1.000 1.000 2.000
Effort Financial 1.000 Structures 0.750 IT systems (software, hardware) 0.250 0188  3.000 0.000 5.000
effort Conversion and installation 0.250 0188 1.000 1.000 2.000
Qualification and consulting 0.250 Supplier qualification 1.000 0.250 3.000 0.000 3.000
Risk Internal risks 1.000 Production (utilization) 1.000 Exploitation 1.000 1.000 2.000 0.000 0.000
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In conclusion, the fulfillment of the requirements identified for the developed innova-
tion project assessment approach was discussed with the industrial experts. The derived
portfolio helped the industrial decision-makers to identify the most valuable project within
the three alternatives based on a structured approach at an early stage. On this basis,
the requirement of industrial applicability in the early phase of the innovation process
can be considered fulfilled. Further, the industrial users confirmed that the inclusion of
all three assessment dimensions enabled a holistic assessment. Lastly, coherently with
the idea of Industry 5.0, the selected criteria enable an inclusion of human, technological,
and organizational points of view within the assessment approach, even if the projects
considered were of a mainly technical and organizational background. Finally, the use case
application helped to identify various starting points for the future development of the
method, building the basis for the following discussion and perspective.

6. Implications of Findings

The approach was verified within the respective phases of the research methodology.
The identified assessment criteria were verified within a workshop including scientific
experts. The resulting assessment approach was verified based on two expert interviews
with members of the academic community and initially validated through one industrial
use case. On this basis, a discussion of the results can be carried out, and perspectives for
further research can be derived.

Based on the expert interviews and the initial use case application, it can be concluded
that the identified gaps in the state of research were sufficiently addressed. In contrast
to existing MADM methods (e.g., [8,39]), the method developed enables an evaluation of
innovation projects within manufacturing in the early phases of the innovation process. The
structuring of existing assessment criteria into potentials, efforts, and risks, as well as the
inclusion of non-monetary criteria such as ecological or social impacts, state the first main
contribution to the state of research within the innovation project assessment. In contrast
to existing evaluation methods, which are mainly focused on technology assessments
(e.g., [29,31]), a consideration of the various relevant types of innovation in manufacturing
is ensured by a comprehensive catalog of criteria, oriented towards the HTO concept
according to Ulich [26]. Furthermore, a holistic evaluation is provided by considering
potentials, efforts, and risks within the assessment criteria. Finally, the combination of
AHP, TOPSIS, and Fuzzy approaches states the second contribution to the state of research,
enabling an evaluation that operates in a structured manner, takes different dimensions
and input variables into account, but is still practically applicable. The developed MADM
method combines the strengths of the different approaches, transforming the problem into
a hierarchic criteria structure and ranking the alternatives according to ideal solutions.
This enables the user to evaluate different innovation projects through the company-
specific selection and structuring of evaluation criteria. On the other hand, comparing
the evaluation results with the ideal solution enables meaningful comparison of different
projects within a company.

Nevertheless, based on the application and the discussions with a plethora of different
experts, three possible starting points for the further development and continuation of
research activities could be identified:

e Point 1—Extension and further specification of the assessment criteria: With the
constant change and enhancement of target dimensions within manufacturing as
well as the release of innovative and complex technologies the assessment criteria
selection must be continuously adapted. Further, to enable the ongoing development
of the Industry 5.0 concept, emerging potentials, efforts, and risks may need to be
integrated into the assessment approach to enable an evaluation that not primarily
aims at increasing cost-efficiency but also includes workers, consumers, society, and
the environment. Additionally, Key Performance Indicators (KPI) could specify the
assessment criteria. By setting up a KPI model for each criterion, the changes within
the respective dimension could be indicated more precisely.
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e  Point 2—Further inclusion of cause-effect relationships: Cause-effect relationships be-
tween the potential or effort targets and the company’s strategic goals could be integrated
to elaborate the model perspective towards a broader, stakeholder-focused analysis.

e  Point 3—Further industrial validation: The approach should be validated with the help
of other use cases from different industries and the representation of group decision
scenarios. On this basis, the theoretical strengths of the approach could be validated
and potential starting points for further development work could be identified.

7. Conclusions

A holistic innovation assessment approach has the potential to enable manufacturing
companies to deal with fundamental and complex challenges, such as globalization or
Industry 5.0, in a systematic and structured manner. This allows managers to select
innovation projects in a structured way and to deploy resources in a targeted manner.
However, the holistic assessment of innovation projects in manufacturing is complex due
to a lack of approaches that provide a structured, but still easily applicable MADM method,
enabling a transparent and logical decision-making process considering all relevant criteria
in the early phase.

This contribution presents a holistic criteria catalog for innovation project assessment
in manufacturing and an approach for practically applicable decision-making, including
Fuzzy set theory based on a literature review and expert interviews. First, the catalog pro-
poses the relevant assessment criteria in detail and structures them into groups according
to three dimensions; namely, potentials, efforts, and risks. To this end, a comprehensive
literature review and expert interviews have identified relevant assessment criteria. The
findings of the interviews and the previous scientific publications were analyzed, and
relevant criteria were selected and structured. In conclusion, an expert workshop was held
to verify the elaborated structure and the detailed criteria catalog. Second, an approach
for holistic manufacturing innovation assessment was elaborated. Therefore, the state of
research was analyzed, and suitable methods were combined to derive an approach to
incorporate the benefits of the various methodologies already existing in the literature. It
was found that a combination of AHP, TOPSIS, and Fuzzy set theory is suitable to fill the
identified needs regarding the structure and industrial applicability of the developed as-
sessment approach. Third, the elaborated approach underwent an initial validation within
an industrial use case application and the fulfillment of the identified requirement was
challenged with the help of two industrial experts. In addition, starting points for further
research and adaption of the approach were identified. To summarize, an enhancement
of innovation project evaluation in manufacturing was achieved through the integration
of different criteria and the balance between methodological complexity and industrial
applicability of the presented assessment approach. The approach constitutes a relevant
support for manufacturing companies in the transformation process towards digitaliza-
tion and Industry 5.0, enabling a holistic assessment including social, technological, and
ecological potentials, risks, and efforts.
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