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Abstract: In recent years, there has been an increase in the adoption of quality tools by companies.
As such, there has been a commitment to innovation by the organizations to obtain competitive
advantages by the development of new products and technologies focused on the creation of
economic value but also on delivering sustainability. This study aims to develop an application model
of the inventive resolution theory in conjunction with the Eco-Compass ecological innovation tool,
in order to allow solutions to be obtained systematically, and to present a performance increase of
certain environmental parameters, promoting thus sustainable innovation. The case study research
methodology is used to frame the research. The company under study is Nokia enterprise, located in
Portugal, which offers a set of services related to telecommunications infrastructures. The unit of
analysis is the department of transformation and continuous improvement, and the study illustrated
the application of combined use of theory of inventive problem solving (TRIZ) and Eco-compass to
develop innovative solutions systematically. The results show that it is possible to achieve innovation
according to a certain level of established sustainable environmental parameters, while at the same
time solving the identified inventive problem.

Keywords: TRIZ methodology; Eco-Compass; environmental impact assessment tool; eco-design;
eco-innovation

1. Introduction

Currently, enterprises can use a diverse set of tools and methodologies to improve the performance
of applied knowledge in organizations. Due to their ever-increasing adoption, the differentiating factor
has become not only increased competitiveness through efficiency gains in their internal processes,
but also the creation of new products that competition cannot offer [1].

The development of new technologies has thus taken an extremely important role in today’s
economic growth, but unfortunately, it has also assumed the same role in the unfolding of the current
environmental crisis. When innovation is generated, economic aspects usually become more relevant
in its design, and its environmental impact is neglected [2,3]. This mindset has recently changed,
and companies and organizations are also increasingly adopting non-economic performance measures
for their activities, such as using eco-design in order to achieve a positive environmental impact or
sustainable performance of their products [4,5]. This is because a relationship has been detected
between customer loyalty and a sustainability effort on the part of companies due to an increased
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public perception of the impact of human beings on the environment, and the need to reduce or reverse
it in order to minimize potential future environmental changes that could affect their lives [6].

In order to meet this growing need, new methodologies and tools have begun to be developed
in the academic and business world with a focus on product design, taking into account their
environmental impact [7]. Currently, many eco-design methods of new products are being combined
with eco-innovation, and the reason is that it is in the design stage that lies the key factor of the
product’s environmental impact during its life cycle [8]. In this context, philosophies such as the theory
of inventive problem solving (TRIZ) have gained relevance by allowing their users to access methods
that enable them to solve difficult technical problems, and in need of consistent and structured creative
solutions [9]. These characteristics disassociate the process of innovation or problem solving from the
idea that they only occur in moments of inspiration, allowing for dynamic management and active
planning [10]. Multinational companies such as Samsung, Ford, and Siemens have already shown
positive results in the application of TRIZ, as well as small and medium-sized enterprises (SME) in
Europe and the United States, demonstrating that there are advantages resulting from its use [11].
Employing TRIZ tools in eco-innovation design tasks have been proposed during the last 2 decades
and has been widely employed in the primary stages of eco-design. New ways were identified in
which TRIZ methodologies and tools could be utilized in eco-innovation [12].

However, there are limitations to the tools employed by TRIZ, and this topic is the subject of
extensive academic and research work in finding combinations with other methodologies in order
to bridge these limits [13]. This paper proposes to direct the application of this theory in order to
generate solutions that meet certain pre-established values of sustainability parameters by combining
their use with the Eco-Compass tool. The Eco-Compass tool [14] was developed with the purpose of
evaluating the sustainability performance of products/services, being characterized as being intuitive
to use, making it very relevant in the field of ecological innovation due to its popularity. This was
created in order to summarize parameters associated with the sustainability theme of the product or
service under analysis, in a simple model, so that it can make a comparative analysis of it with a base
scenario. In this way, it is possible to make an assessment of the evolution of their design during their
various stages of conception, in ecological terms, that is, eco-design [15]. This tool was selected due to
its compatibility with the matrix of contradictions belonging to TRIZ, allowing to explore their joint
application and the bridge that is created in order to overcome the limits that each of these tools present.

Several studies have addressed and linked TRIZ with sustainability in a wide range of areas and
applications, from eco-innovation to social sustainability and ergonomics. In [16], the authors propose,
in order to achieve more environmentally friendly and sustainable buildings, different possibilities
to model green roofs related problems with distinct TRIZ tools. Eco-design has also been a topic of
interest in which TRIZ tools are used to ensure that sustainable results are embed into everyday design
practice [17], and these tools are used to assess if the value of existing solutions can be improved
according to sustainability requirements. Additionally, regarding Eco-design, a TRIZ-based eco-design
matrix was propped in [18]. In another study and also regarding design, a tool that faces the absence
of a common vision regarding sustainability during the first phases of design based on key items of
TRIZ is proposed [19]. Quality function deployment (QFD) combined with TRIZ was used in several
studies in order to achieve a sustainable design [20–23], while other authors call it environmentally
conscious quality function deployment (ECQFD) [24]. A study proposes a sustainability planning
platform through a balanced scorecard comprising of QFD, TRZ and abridged life cycle assessment
(ALCA) [25].

Eco-innovation can also be fostered by TRIZ. The evaluation and application of the TRIZ
methodology are proposed in [26] with the purpose of increasing eco-innovation in small and
medium-sized enterprises (SMEs), and the authors concluded that by using TRIZ it is possible to
achieve efficient and rapid processes, products, and sustainable services. In [27], a resource-constrained
innovation method is proposed in order to produce ideas for new product development based on TRIZ.
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Fomenting early eco-innovation design for products that integrate case-based reasoning and TRIZ
method was addressed in [28].

TRIZ has also been used in conjunction with life-cycle assessment (LCA), and in a study the
authors used a graphical ontology in order to guide the designer in mapping the product life cycle [29].
While in another study [30] these authors aim to integrate TRIZ derived eco-guidelines with LCA in
order to obtain a sustainable design and process. In [31,32] the authors propose a reasoning model
in order to achieve innovative ideas straightforwardly for designing eco products with simple LCA
methods. This finding suggested that using TRIZ could be more helpful for mature products.

The link between TRIZ and social sustainability has also been a focus of study, and, for instance,
TRIZ and the paradigms of social sustainability in product development are addressed in [33].
On that trend, the authors in [34] propose a conceptual integrative model of Kansei Engineering,
Kano and TRIZ in order to foster sustainability in services in which healthcare is used as an
example. Another study has considered these models and SERVQUAL by addressing ergonomics
sustainability [35].

As can be seen, TRIZ is applied for a wide range of areas related to sustainability. All of these
studies address TRIZ and its relation to sustainability. Even though many studies address the use
of TRIZ in eco-innovation in many forms, no model of TRIZ with Eco-Compass has been proposed
in the literature. Therefore, in order to bridge this gap, the objective of this study is to develop an
application model of the inventive resolution theory in conjunction with the Eco-Compass ecological
innovation tool, especially the compatibility between the Eco-Compass tools and contradiction matrix,
in order to allow solutions to be obtained systematically, and to present a performance increase of
certain environmental parameters, promoting thus sustainable innovation. A case study at Nokia
enterprise is addressed in order to illustrate its functionality. The compatibility between the TRIZ
and the Eco-Compass is studied, and a relationship between them is proposed by adapting the
environmental goals to the engineering parameters. In a case study research setting, one application of
the model is exposed and further analyzed, in order to validate the proposed model in a business and
service context.

2. State-of-the-Art

TRIZ is known as the theory of inventive problem solving and was developed by Genrich S. Altshuller,
and his colleagues became known in 1956 [36]. He realized that inventions, innovations and problem
solutions could be systematized [37]. The basis for this realization was the evaluation of a total of
200,000 evaluated patents. In doing so, Altschuller realized that the inventions and innovations are
subject to certain principles and patterns, which in turn means that they can be repeated and used
for future problem solving [38]. Altshuller was able to reduce the engineering parameters present in
contradictions to a 39-entry list. These were also set for both moving and static objects. Moving objects
are objects that can easily change their spatial position, influenced by external or internal forces.
Static objects do not change their spatial position. The 39-entry list of engineering parameters can be
accessed in a published study [39]. In order to solve the contradictions made by the 39 engineering
parameters, which are approximately 1250 contradictions, the 40 inventive principles are proposed,
which are inventive solutions that are capable of solving contradictions [40]. Figure 1 illustrates the
39 engineering parameters and Figure 2 shows the 40 inventive principles.
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After extensive analysis of this set of patents, Altshuller and his colleagues realized that only a
small portion of these actually represented innovation by creating a conceptually new product from
scratch. Moreover, they have found that most of the cases studied simply applied improvements
to existing systems using solutions previously applied to other products or areas [41]. TRIZ was
developed to provide the tools and methods necessary for the innovation process, allowing the
user to obtain innovative solutions through their use [42]. Therefore, TRIZ aims to structure and
introduce a methodology to the creative process of problem-solving in order to generate innovation,
being especially indicated to be applied in engineering problems [43].

The analysis of the evolution pattern of innovation highlighted two very important aspects
for TRIZ, which are the evolution of product/service design, and the existence of generic principles
for innovation generation. Currently, TRIZ can be used to solve issues exposed in the form of
characteristics or unwanted performance measures, for instance, consuming a high level of energy [44],
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in order to exploit an existing system and detect and improve the performance of any detected problem,
predict evolutionary system trends, identify future system iterations, anticipate potential future failures,
act before they occur or build new systems from scratch [28].

TRIZ’s general solution model introduces a methodology that allows the user to abstract a specific
problem, work on it in its generic format, and apply the generic solution obtained in the context under
analysis. The steps of the methodology initially consist of a system analysis and problem identification,
translating them into an abstract problem format, using the various tools available in order to obtain
a generic solution and then contextualizing the results in order to arrive at a specific solution of the
problem [45]. This methodology allows the identification and reuse of known and registered concepts
and solutions exposed to a high level of abstraction, accelerating the process of solving the inventive
problem by reducing the effort required [46].

TRIZ can be considered as a set of tools, methods and/or philosophies, depending on the level to
which it is observed or applied. TRIZ’s philosophy is based on five key concepts, ideality, resources,
functionality, contradictions, and space/time [47]. TRIZ has several tools that have been incorporated
into it over time, through studies conducted by practitioners and/or in the academic field. However,
the criteria for choosing the ones to use depend on each expert’s personal preference and experience.
To aid the experts [48] proposed a set of TRIZ tools to use due to their performance and popularity.

2.1. Contradictions Matrix

This tool is one of the most popular within the body of TRIZ. Technical contradictions can be
resolved using the 40 principles of the invention; these can be verified in a published study [39] and
observed in Figure 2. This is the main tool of the TRIZ body, and their use is relatively intuitive
and effective, having been obtained through extensive patent analysis initiated by Altshuller while
observing the methods used to solve various genres of contradiction. These methods have been
recorded, cataloged and generalized so that they can be interpreted according to the context presented,
regardless of the field of science they are in [49].

In order to resolve a contradiction, it is first necessary to identify the problem in order to define
the conflicting engineering parameters [50]. The matrix of contradictions can then be consulted by
selecting the parameter to be improved from the horizontal lines and then looking for the intersection of
that line with the respective column of the other identified parameter of the contradiction. Within each
matrix cell, there are numbers that act as references to the principles to be used in case of a given
contradiction [51].

2.2. Nine Windows Creativity Technique

This technique consists of constructing a table with nine entries, separating in three categories:
supersystem, system and subsystem in the separating three time periods—the past, present and future.
Next, the cells have to be filled with descriptions corresponding to the present for the three system
categories in order to contextualize the addressed problem under external and internal environments.
After this step, the rest of the existing cells in the table need to be identified and filled in, allowing an
analysis of its historical path, and any desired future progression [52].

Through the use of this exercise allows its users to identify and map the historical context of the
problem, its needs, cause–effect relationships and resources needed both in time and for the system.
Nine windows creativity technique also takes advantage of the opportunity to analyze the temporal
evolution of the system’s surroundings, and at the same time, compel a working group to define and
reconcile any future perspectives for the system [52].

2.3. Resources Checklist

The use of resources, in the context of TRIZ, refers to their actual use within and on the periphery
of the system. This information gathering work, in order to identify potential available resources,
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allows a better understanding of the system itself, while at the same time detecting possibilities for
improvement [53].

2.4. Ideality

A system increases in ideality the more beneficial functions or fewer harmful functions it has, the
lower associated costs involved, and a lower manufacturing complexity required [54]. In the course of
TRIZ problem solving, the concept of the optimal solution is defined as a goal to be achieved.

By defining what the ideal final result (IFR) of the problem is, the subject is forced to think about
what goals must be achieved and what are the desired requirements in the obtained solution. Having a
more specific orientation towards solving the problem can avoid any unnecessary efforts due to a
misconception of the problem in question [53].

This concept is especially useful in situations where stakeholders are also involved in the
problem-solving process by allowing them to make their own personal contributions in the process of
defining the ideal system, clarifying their needs or wants, and giving them an opportunity. The group
to define a consensus that pleases all parties [55]. IFR, by definition, should include all the benefits
the customer wants, not produce waste or adverse effects and be able to be produced at zero cost [55].
This means that IFR is considered an ideal solution in a perfect world.

2.5. Eco-Compass

Together with the utilized TRIZ tools, and in order to provide support to the working methodology
applied throughout the work in order to obtain results taking into account the environmental impacts
of the product/service, the Eco-compass tool was selected due to its eligibility and compatibility with
the TRIZ body of knowledge [3].

There are plenty of tools that have been developed to provide methodological foundations
in product and/or service design, such as the Life-cycle Design Strategy Wheel and Eco-Compass.
These tools provide efficient assessment methods, using key environmental indicators, to compare a
new product against a baseline scenario [14].

However, Eco-Compass presents itself as one of the most popular tools in the area of green
innovation due to its level of usability, i.e., ease of use, which in the fast and competitive business
context is an extremely important factor for adoption of these by business/corporate managers [56].

Eco-compass is a tool for evaluating eco-efficiency and for improving eco-innovation and was
developed by Dow Europe. It has this name due to its distinguished design, which is in shape with
six axes on a radar chart, where each represents an environmentally relevant variable: mass intensity,
potential risk to human and environmental health, energy intensity, waste reuse, resource conservation
and service/function longevity [57]. Using this tool is to set a base scenario by scoring each of the fields
with a value of 2, and then evaluate the new scenario(s), giving each parameter a certain score for the
set scenario [14].

2.6. Triz + Eco-Compass

In order to define a connection between the Eco-Compass tool and the TRIZ body, a link between
it and the contradiction matrix tool was explored by David Harrison [15], and it was revealed
that each of the goals examined: mass intensity, potential risk to human health and environment,
energy intensity, waste reuse, resource conservation and service/product longevity may be associated
with certain engineering parameters defined by Altshuller. The proposed associations, adapted from
a study [15], identified which of the 39 TRIZ parameters has a correlation with the Eco-compass
variables. Table 1 shows this correspondence. However, some relationships were not fully identified,
and these were revised for the scope of this work. Thus, new associations highlighting the synergies
and similarities between the TRIZ engineering parameters and Eco-Compass variables are proposed as
shown in Table 1.
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Table 1. The 39 TRIZ engineering parameters and Eco-Compass variables.

Eco-Compass Variable Association with 39 Engineering
Parameters Proposed by [15]

Association with 39 Engineering
Parameters Proposed in the Study

Mass intensity

1. Weight of moving object 1. Weight of moving object
2. Weight of non-moving object 2. Weight of non-moving object

23. Weight of substance 23. Weight of substance
26. Amount of Substance 26. Amount of Substance

39. Productivity 39. Productivity

Potential risk to human
health and environment

31. Harmful side effects
22. Loss of energy

23. Loss of substance
31. Harmful side effects

Energy intensity

19. Energy spent by a moving object 19. Energy spent by a moving object
20. Energy spent by a stationary object 20. Energy spent by a stationary object

22. Loss of energy 22. Loss of energy
39. Productivity 39. Productivity

Waste Reuse 31. Harmful side effects 31. Harmful side effects

Resource Conservation 31. Harmful side effects
22. Loss of energy

23. Loss of substance
31. Harmful side effects

Service/Product Longevity

15. Duration of action of moving object 15. Duration of action of moving object
16. Duration of action of stationary object 16. Duration of action of stationary object

27. Reliability 27. Reliability
34. Repairability 34. Repairability
35. Adaptability 35. Adaptability
39. Productivity 39. Productivity

As can be seen from Table 1, in the joint application of these two tools, the Eco-Compass headers
that represent the greatest difficulty in associating with TRIZ’s 39 engineering parameters are the
“potential risk to human and environmental health”, “waste reuse” and “resource conservation”,
which initially were related to a single engineering parameter “harmful side effects” [15].

The review of potential new associations, developed for the purpose of the studies carried out,
proposes to introduce the link between “potential risk to human and environmental health” and
“energy loss”, “mass loss” and “harmful side effects”, assuming that waste of energy and/or mass
may be related to inefficient systems, leading to a greater amount of energy or matter emitted without
necessarily contributing to the desired effect, which may be harmful to the environment or human
being, this risk translated by the parameter “harmful side effects”.

It is also suggested to associate “resource conservation” with “energy loss”, “mass loss” and
“harmful side effects” as the phenomenon of waste reduction is usually associated with an efficiency
gain, which in turn can imply a reduction of resources used. In this sense, and associated with the
“harmful side effects” parameter, there is a need to reduce the use of resources that may generate the
side effect.

3. TRIZ and Eco-Compass Model Proposal

This section presents the proposed model to integrate TRIZ and Eco-Compass with the objective
of achieving innovation in view of its environmental impact. Taking into consideration the synergies
and similarities between the Eco-Compass tools and contradiction matrix, the logic presented takes
the form of the generic TRIZ use algorithm format, integrating the ecological tool as a quality control
mechanism at the end of the solution generation process. In this way, it is possible to achieve innovation
according to a certain level of established environmental parameters, while at the same time solving
the inventive problem identified by maintaining the system functions. The flowchart of Figure 3
demonstrates the proposed model, and a brief explanation of each step will be performed.



Appl. Sci. 2020, 10, 3535 8 of 23

Appl. Sci. 2020, 10, x 8 of 24 

3. TRIZ and Eco-Compass Model Proposal 

This section presents the proposed model to integrate TRIZ and Eco-Compass with the objective 
of achieving innovation in view of its environmental impact. Taking into consideration the synergies 
and similarities between the Eco-Compass tools and contradiction matrix, the logic presented takes 
the form of the generic TRIZ use algorithm format, integrating the ecological tool as a quality control 
mechanism at the end of the solution generation process. In this way, it is possible to achieve 
innovation according to a certain level of established environmental parameters, while at the same 
time solving the inventive problem identified by maintaining the system functions. The flowchart of 
Figure 3 demonstrates the proposed model, and a brief explanation of each step will be performed. 

 

Figure 3. The proposed model for the combined application of TRIZ and Eco-compass. 

3.1. System Analysis and Problem Identification 

In the course of system operation, various problems may occur, and some may be resolved 
spontaneously; others require/suggest innovative solutions. A problem survey is required at this 
stage, and dialogues with users who regularly interact with the system are recommended for a better 

Figure 3. The proposed model for the combined application of TRIZ and Eco-compass.

3.1. System Analysis and Problem Identification

In the course of system operation, various problems may occur, and some may be resolved
spontaneously; others require/suggest innovative solutions. A problem survey is required at this
stage, and dialogues with users who regularly interact with the system are recommended for a better
understanding of the situation and the use of substance-field analysis to detect problematic elements
or interactions. At this stage, it is recommended to apply the substance-field analysis tool and the
ideality matrix.

The advantage of using substance-field analysis is the very methodology associated with its use,
which is the analysis of the elements existing in the system and their interactions, in order to detect any
harmful or incomplete interactions.

In the case of the ideality matrix, the work of defining parameters to improve in the system,
and consequent identification of contradictions, allows the user to identify any obstacles to a certain
desired evolution to the system.
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If no problem is detected, it should be assumed that this is due to some omission from the analysis
carried out, bearing in mind that it is extremely unlikely that there is no aspect or situation that could
be changed or improved.

3.2. Problem Formulation

After identifying the problem, following one of the TRIZ guides, it is important to formulate
it correctly. If the problem is poorly defined, then the solutions generated to solve it will not be
appropriate to observe the desired evolution of the system. In order to proceed correctly in this step,
it is necessary to aggregate the results obtained from the previous steps, and to understand what the
problem-solving approach will be, which will have a direct impact on the use of the tools employed in
the future steps, and as such, on the results obtained.

3.3. Generation of Solutions

Depending on the identified problem, physical or technical contradiction, TRIZ suggests the
application of certain specific tools in order to obtain abstract solutions to be contextualized in the
situation to be approached.

It is important to note that the user may not be limited to the proposed tools but is free to use tools
with which he has more experience of use. This is due to the fact that it is recognized that in inventive
problem-solving processes, there is a direct correlation between user experiences with given tools and
the production of effective results through them. However, it is recommended to use Altshuller’s 40
inventive principles in order to gain access to the database resulting from studies by TRIZ practitioners,
allowing a pertinent focus on the available solution space, streamlining the problem-solving process.

It is also advisable to use the Nine windows creativity technique, making it possible to take
advantage of the contextual analysis of the system, supersystem and subsystems in historical terms,
and the definition of a concept of ideality for the system. It also helps setting a goal to be achieved
through problem-solving and to structure requirements needed for eventual solutions. It is also
suggested to use the substance-field analysis at this stage, in order to diagnose any undesirable or
insufficient effects on the obtained solution, which can be complemented by applying the seven
general solutions. Thus, it is possible to correct these interactions in advance before implementing
them. If, from this step, any workable solution is obtained in the situation under consideration,
then the assessment proceeds. Otherwise, a reformulation of the problem is necessary, allowing a new
perspective on the situation.

3.4. Evaluation of the Solution Obtained with Eco-Compass

In this step, the obtained solution is evaluated in terms of environmental parameters by comparing
the obtained solution with the base scenario. Depending on the available information, this assessment
can be made either qualitatively or quantitatively.

Recognition of the desired sustainability profile is required for the solution obtained, and this
definition can be made in conjunction with the Stakeholders, or it can be framed with the environmental
objectives stated by the responsible organization.

The result obtained can take several formats in terms of the profile presented. In situations where
the profile obtained is within the established criteria, a reconfirmation of these is recommended to
define whether the approved solution is to be considered or not. If it meets the requirements stipulated
by the company/stakeholders, the final solution is approved. However, if this condition is not met,
the engineering parameters associated with the failed environmental headers are identified, and a new
application of TRIZ tools is required, and the subject will now be the proposed solution.

3.5. Reformulation or Creation of a New Solution

A new problem is then identified, derived from the evaluation obtained by applying the
Eco-Compass tool. The engineering parameters obtained from the association with its headers
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are already identified, and it remains to be identified in which system or which components to act.
For this purpose, the application of substance-field analysis is recommended.

After its identification, a reiteration of the solution generation phase is carried out, and its focus is
already established through the substance-field model, starting with the construction of the ideality
matrix, using certain engineering parameters already established and identified from the evaluation
performed with the Eco-compass tool.

If no solution is obtained, it is necessary to re-examine the initially identified problem. However,
if any solution is successfully obtained, a new evaluation using the environmental parameters is
performed, keeping the initially contemplated scenario as a basis for comparison.

After the implementation of the obtained solution, it is recommended a new application of the
Eco-compass tool in an operational context to evaluate it and to determine if there is any variability of
results in terms of environmental parameters, as initially expected. This is recommended due to the
fact that sometimes when deploying certain systems, it is necessary to make adjustments to unforeseen
situations, and this may affect the expected performance of the solution.

4. Research Methodology

A case study research methodology will be used to validate the proposed model for the combined
application of TRIZ and Eco-compass and to illustrate his way of application. This research methodology
is adequate when the boundaries of a phenomenon are not only still unclear, but there is also no control
over behavioral events [58]. This is the case of the subject under study: using the TRIZ tools and
Eco-Compass analysis as a means to promote innovation. Moreover, a case study method enables to
develop a better insight into a complex and relatively unexplored phenomenon [59]. In particular,
in the area of applied industrial technologies this research methodology as proven to be a valid way to
study a vast range of topics such as assembly line design [60], product innovation [61], product service
design [62] and business process analysis [63].

Case studies can be exploratory, descriptive or explanatory; they can be single or multiple case
studies [59]. In this research, a single exploratory case study research design was selected. Since this
research design focus just on a single case, a deeper study could be done, giving enough insights and
better prospects to identify relevant issues [59,64]. However, a single case study research design has
limitations related to the generalization of conclusions derived from the utilization of one case and
the risk misjudging the representativeness of a single event, and of overstressing readily available
data [64].

In this research, the case study was developed in the Nokia Company. The company is present
on all continents and practically in every country in the world. With around 2000 employees in
Portugal (Lisbon and Aveiro), Nokia is the market leader in equipment, solutions and services
for mobile broadband networks. This company is focused on research and development so it
can deliver the industry’s an end-to-end portfolio of network equipment, software, services
and licensing. The company’s product portfolio consists of a set of services to be applied to
telecommunications infrastructures.

The unit of analysis was the department of transformation and continuous improvement.
During the course of the case study period, the company was in the process of restructuring, requiring
an effort to gather information and map processes, but at the same time providing opportunities for
transformation. Having made a survey of undesirable effects in the system, and determined in which
elements it is intended to act, it is then necessary to make the formal formulation of the issue to be
addressed. By crossing these two factors, the following statement guides the case study research:
“What methodology to use for testing new work configurations, or tools, without disrupting the normal
operations of project teams”.

Two main research phases were planned to accomplish the case study objectives: phase 1—case
study description, problem formulation, and generation of the solution and phase 2—evaluate the
validity of the combined TRIZ and Eco-Compass analysis to achieve innovation. To assure the case
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study quality, validity and reliability of the following set of actions were made: a case study database
was created, which included all the primary and secondary data from the case study; a report with
the main findings was validated by company’s informants; triangulation of information gathered in
different sources and with different informants; other sources of evidence such as internal documents
and company web sites were used to corroborate findings and increase the case study reliability and
validity. For reasons of confidentiality, all customer names and classified information will be omitted.
Table 2 contains a summary of the data collection process.

Table 2. Data collection summary.

Technique Data Nature Source Objectives

Primary data

Interviews

Description of the current
practices and main

difficulties faced by the
transformation team

Existing tools and
methodologies used by the

transformation team

5 Engineers from the
transformation team

Describe the current
situation and identifying

the main problems

Barriers and resistance
factors to the

implementation of
transformation projects

Mapping process

4 Engineers working on a
particular project and Project
Managers belonging to the

telecommunications
infrastructures services

department

Describe the current
situation and identifying

the main problems
Nine Windows matrix

Survey

Project Managers belonging
to the telecommunications

infrastructures services
department

25 questionnaires were
answered by project

managers

Workshops

Problems description
Top management

requirements
Requirements for

development of the new
solution

Process operation for
existing mapping tools

2 members of the
transformation team, the

Head of Department, and 4
Project Managers belonging
to the telecommunications

infrastructures services
department

Ideal solution definition
Desired requirements for

the solution
Ideality matrix

Contradictions matrix
Scenarios comparison
using Eco-Compass

Questionnaires

Data related to the proof of
concept of the solution

Validation of the proposed
solution

3 Engineers working on
quality control department

New scenario validation
Scenarios comparison
using Eco-Compass

Secondarydata
Internal documentation such as: Data about company organization and portfolio of services

Historical data related to the implementation of transformation initiatives
Internal documents related to the existing tools for process mapping

5. Case Study Analysis

5.1. Problem Description

The first phase case study was planned to describe the current situation (named by the base
scenario). The base scenario under study is related to the procedure that the company uses to collect
data and map processes that can be improved and how the case is presented to the top management
for approval. It was necessary to identify the life cycle associated with the base scenario, and since it is
not a product but a service, it is understood that a sequence of steps should exist until its resolution.

The base scenario, as observed in Figure 4, presents two moments after the implementation of the
usability case, in which it may be necessary to redefine the proposed changes and restart the workflow.
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5.2. Ideal Solution Definition

To define the concept of the ideal solution of the problem, the TRIZ nine windows creativity
technique was applied. Firstly, it was necessary to fill in the system-related window at present,
with information on the source of the problem. Subsequently, the supersystem and subsystem were
identified within the same timeline, and this process allowed the understanding of the context of the
present situation of the system and its surroundings.

After this step, the other cells of the matrix were filled in other timelines, allowing us to understand
the progression of the system to the present and what is the preferential trend for its future evolution.
In Table 3 the results of the performed exercise can be seen.

However, it is possible to understand that the resistance of management layers to proposed
process changes has been increasing over time. This is probably due to the increased competitiveness
of the telecommunications market, and the need to maintain customer satisfaction and delays in
operations can have major consequences for the company.
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Table 3. The results of the application of the Nine windows creativity technique.

Past Present Future

Supersystem
Dynamic portfolio, implying

a lot of changes in their
services over time.

Portfolio restructuring
process, leading to the

re-design of services and
their constituent processes.

Dynamic portfolio, in order to
respond to an increasingly

competitive market, implying the
alteration of its services.

System

Some resistance from the
management layer in
adopting new tools or

working methods to services
already in operation.

Too much resistance from
the management layer to
adopt new tools or work

methods in services already
in operation.

Little resistance at the
management layer to adopt new

tools or working methods in
services already in operation, as
long as they are well-argued and

improve their efficiency.

Subsystem

The need to disrupt the
operation of work teams in

order to test work
methodologies or new tools.

The need to disrupt the
operation of work teams in

order to test work
methodologies or new tools.

No need to interrupt the work
teams to test new work tools

or methods.

It was also identified that to sustain the portfolio dynamism policy and reduce the resistance of
the management layers to newly proposed methods, better integration of the improvement processes
is necessary. The ideal solution can then be defined as the absence of the need to interrupt the teams’
work operation to test the various configurations of services or tools, allowing a greater degree of
freedom to perform performance improvement measures. In order to define, then, what are the desired
characteristics for the solution to the exposed problem, requirements were defined on what it must
fulfill, taking into account the analysis done so far.

It is desired that the method used to create the argument for the adoption of new usability measures
or cases be easy to use, allowing its various users to be able to take advantage of the tool without
the need for an extended training period. The presented results should be reliable, giving validity
to the obtained results, and granting a greater argumentative capacity of the usability cases made.
The method should be carried without interrupting the activity of the teams in operation, avoiding
a decrease in their performance, and simultaneously reducing the reticence of the management to
make new usability cases. This method requires a low level of maintenance, thus reducing the direct
costs associated with maintaining the tool in question and encouraging its implementation and use.
Additionally, it should be versatile, so that various possible hypotheses can be tested for improvement
measures, and assign higher adaptability of the tool so that, in case a usability case planning has been
done poorly, or a misstep is detected in the middle of the tool, it is possible to react and respond quickly
to it, not wasting the investment made on resources and time.

After identifying the desired requirements for the solution to be obtained, we proceeded to
interpret them in the format of the 39 engineering parameters, defined by Altshuller, in order to better
fit the TRIZ methodology. The results obtained from this exercise were as follows:

• Usability—Convenience of use (increase):

It is considered important that a user of the new method be able to use it easily in order to increase
the usefulness of the tool for it. As such, the association of usability with the convenience of use is
considered appropriate, and an increase of this parameter is desired.

• Validity of results obtained—Reliability (increase):

Since the objective of this process is to present arguments for the adoption of a new methodology
or tool, it is necessary that they present validity in their results, that is, translate the real system as
much as possible, being consistent with it. The validity of the results obtained is then associated with
the reliability parameter, preferring an increase in its performance.
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• Allocated Time of a Running Team—Harmful Side Effects (Reduction):

It is considered a risk, from a management perspective, that elements of a given project are
allocated to a function of which the outputs are uncertain, so this time is referred to as a detrimental
side effect. A reduction of this parameter is desired.

• Required tool maintenance level—Automation level (increase):

The level of automation in the context under consideration refers specifically to the need for a
human actor to use or keep the tool up to date. It is desired that it is necessary to allocate the minimum
human resources for this purpose, allowing their use in operational tasks that generate value for the
company. As such, it is desired that this parameter be increased.

• Ability to test different configurations—Adaptability (increase):

Adaptability refers to the ability of the solution to be applied in different contexts. It was then
considered to associate this parameter with the testability requirement of different configurations.
The more versatile the tool, the better its ability to fit the needs of the business. It is then defined that
an increase in this parameter is beneficial to the organization.

Having the engineering parameters defined, it is then possible to apply them in the construction
of the system ideality matrix (Table 4), to detect the type of interactions that occur between them.
An interaction can be classified as positive (+), negative (−) or non-existent, and these are identified from
the question of “if one parameter improves, what happens to the other?” for each possible combination.

Table 4. Ideality matrix for the case study.

33. Convenience
of Use (Increase)

27. Reliability
(Increase)

31. Harmful
Side Effects
(Reduction)

38. Automation
Level (Increase)

35.
Adaptability

(Increase)

33. Convenience of use
(increase) +

27. Reliability (increase) − + −

31. Harmful Side Effects
(reduction) − −

38. Automation level
(increase) + +

35. Adaptability (increase) − −

After identifying negative interactions, it is then possible to approach them through the matrix of
contradictions, in order to formulate a solution that does not contain these negative interactions:

• Reliability—Harmful Side Effects:

To increase the reliability of the method employed, it is necessary to better control the usability
case variables and/or more repetitions of the method in order to give consistency and statistical validity
to the data extracted from them. This implies a longer duration of interruption of the operating teams.

• Reliability—Adaptability:

As mentioned above, in order to increase the reliability of the employed method, greater control
of the usability case variables and/or more repetitions of the method is necessary to give consistency
and statistical validity to the data extracted from them. However, this rigor in the usability case
implementation method reduces the probability of changes to the tested proposal, without reducing
the reliability of the results.
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• Harmful Side Effects—Adaptability:

In order to infer useful data from the implementation of the usability case in question, if detected
the need to change any of the test parameters, it will be necessary to perform more instances of these.
However, this implies that more staff time will be allocated for this purpose.

It can be seen in Table 5, adapted from the contradiction matrix for the context of the problem to
be analyzed, the invention principles identified as capable of eliminating the identified contradictions.
The invention principles were proposed by Altshuller and can be observed in Figure 2.

Table 5. Contradictions matrix for this case study.

33. Convenience
of Use (Increase)

27. Reliability
(Increase)

31. Harmful
Side Effects
(Reduction)

38. Automation
Level (Increase)

35.
Adaptability

(Increase)

33. Convenience of use
(increase) 1, 34, 12, 3

27. Reliability (increase) 35, 2, 40, 26 11, 13, 27 13, 35, 8, 24

31. Harmful Side Effects
(reduction) 2, 24, 39, 40

38. Automation level
(increase) 1, 12, 34, 3 11, 27, 32

35. Adaptability (increase) 35, 13, 8, 24

Note: the correspondence between the numbers in cells and the inventive principles can be found in Figure 2.

For the contradiction identified between the parameters “Reliability” and “Harmful Side Effects”,
it is suggested to use the extraction principle (principle 2, as seen in Figure 2) by separating or isolating
a part or property of an element.

The principle of copying was also identified and can be implemented by using a simple and
inexpensive object instead of an expensive and fragile one, replacing it with a visual copy and/or if it is
already used, adopt infrared or ultraviolet properties.

The application of composite materials rather than uniform is recommended, and finally, it is
suggested to use the principle of transformation of the physical or chemical state, which can be achieved
by changing the physical state of the object, its concentration or consistency, degree of flexibility
and/or temperature.

In the case of “Reliability” and “Adaptability”, four principles are suggested, these being the
counterweight, which can be realized by combining two elements, or one of these with the environment,
to compensate for its weight. Inversion, by reversing the action initially used to solve a given problem,
for example, whether it was necessary to heat the system, cool instead, change the dynamism of certain
elements between static or mobile or reverse the system completely, colloquially referred to as “turning
the object inside out”. Mediation, by using intermediate processes to link subsystems or permit their
temporary merging. Finally, the transformation of the object’s physical state by changing its physical
properties, concentrations or consistencies, degrees of flexibility or temperature.

As for the contradiction between the “Harmful Side Effects” and “Adaptability” parameters,
no inventive principle is associated with its resolution through Altshuller’s matrix of contradictions.

In order to facilitate the consultation process for the elaboration of a specific solution, the identified
principles were compiled into a table arrangement, Table 6, as well as their possible applications and
how often they were referred to for the various contradictions.

As can be seen, the combination of the principles of “transformation of the physical or chemical
state”, “extraction” and “copy” lead to a possible solution that uses simulation models and the
combination of “transformation of the physical or chemical state” and “Inversion,” suggests exploring
extending tool access beyond just process engineers.
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Table 6. Frequency of identified inventive principles.

Inventive Principle Possible Applications Frequency

Physical or chemical state
transformation

Use virtual prototypes, use mathematical simulation models,
and/or excite potential product customers by allowing them to

make changes to it.
2

Extraction Outsourcing and/or separating the problem from people. 1

Counterbalance Raise Stakeholders for a project and/or present management
solutions prior to application. 1

Inversion Allow the system to be used by operational teams rather than
just process engineers. 1

Mediation Hire consultants and/or external quality audits. 1

Copy Use fast and disposable prototypes, apply process models, use
a virtual database instead of paper and/or use simulations. 1

Composite materials
Use hybrid human resources between staff and trainees and/or

use various media to provide training to users (video,
writing, audio, etc.)

1

The “copy” principle also alludes to the need to think about managing the database responsible for
feeding data to a possible simulation model. Applying again the substance-field models, the possible
solution configuration is then structured, also allowing one to identify if there is a need to introduce or
change any of its elements.

The existing elements in the system remain as the agents that propose the improvement measures,
the tasks, or operational processes, having replaced the methodology to be applied by the new
solution obtained.

The concluding solution, in order to respond to the identified problem, was using the simulation
tools to design new improvement scenarios, giving it simulation capabilities and integrating the process
mapping work with the model building work for the simulation. As well as being a solution that
uses existing resources in the system, it has also made it possible to build an argument to increase the
willingness of project managers to gather information about services so that they can benefit from the
planning functions of alternative methods and tools, and at the same time justify a greater allocation of
dedicated servers to the tool, improving its performance and user experience.

5.3. The Combined TRIZ and Eco-Compass Analysis

The sustainability assessment of the combined solution was then carried out using the Eco-Compass
tool. As there is no data available to make a quantitative assessment, a qualitative assessment was
used in order to be able to apply the tool.

The new scenario introduces significant changes by replacing the “usability case implementation”
and “result compilation” steps with “designed scenario simulation” (as illustrated in Figure 5).
This replacement occurs due to the functionality of the simulation software, which allows automatic
compilation of the results obtained, requiring only its analysis. The reason that this step is defined in
the plural is because it is possible to simulate more than one scenario simultaneously, without the use of
relevant additional resources. As a result, the “process change definition” and “usability case planning”
steps will also have different dynamics, as there is the ability to analyze more than one transformation
proposal at no extra cost. Similarly, if there is a need to restart the flow due to detected problems or
not approving the results obtained after its analysis, a smaller amount of resources will have been
invested in the construction of usability cases. For this reason, the resistance of the management layers
to approve the initiative will diminish.
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Having the data related to both scenarios outlined, it is then possible to compare each of the
Eco-Compass indices between the two scenarios under analysis. The scale of Eco-Compass represents
six dimensions and is evaluated on a 0–5 scale. According to the literature, the reference point is always
2 in each dimension [14,65]. The parameters of the base scenario are set to 2 on a scale of 1–5, and the
criteria of the proposed new scenario are determined relative to the base scenario.

Due to the lack of data available to perform quantitative calculations, a qualitative approach
was used.

• Mass Intensity:

The difference between the base scenario and the proposed scenario is the introduction of a
method of simulation of usability cases, as an alternative to their execution. One of the advantages of
using simulation methods over their implementation is that it allows the analysis of various simulation
scenarios without actually using their constituent resources.

The scale from 1 to 5, being relative, is usually calculated by the percentage reduction of mass or
resource consumption between the two scenarios. As in the new situation, the consumption relative to
masses or resources is practically zero; a score of 5 was assumed for this parameter.
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• Potential risk to human health and environment:

Following the same logic, for the parameter “Potential risk to human health and environment”,
it is understood that by avoiding the need to implement test scenarios to analyze their effects, it is
possible to predict and plan control measures in advanced system reactions to new tools or methods.
Correct modeling of the system in the simulation software allows analysis of its operation under
extreme conditions of use and detection of breakage points, allowing the early creation of preventive
measures for the real consequences that may result.

The risk to human and environmental health was, therefore, assumed to be drastically reduced,
but the quality of system modeling was crucial to avoid future impacts. For this reason, the score
assigned in this field was set to 4.

• Energy intensity:

It is considered that the energy intensity parameter was also reduced by avoiding the
implementation process of usability cases, and due to its nature of telecommunications/infrastructures
may or may not involve significant energy costs. Another advantage of using simulation is that it is
possible, through the processing of several scenarios in parallel, to find the combination of parameters
that presents the best energy performance of system components. The score given for this parameter
is 5.

• Waste Reuse:

A correctly built simulation model only records waste levels without actually producing them,
as opposed to the scenario where the usability case is actually implemented. That is, in the new scenario,
waste only exists in digits in software, not constituting real waste. Allowing you to detect when and
where they occur before implementing a solution gives you the opportunity to build processes that use
the same waste and increase your level of reuse.

It is important to note that a user, modeling a system and testing changes to it, will seek to increase
resource efficiency by conserving resources or creating reuse processes, however, their success will
depend on their proficiency in detecting them.

Similarly, a model built for the analysis of a particular proposal may be reused to perform a
different study, but within the same service scope. For this reason, a score of 4 was assigned in this field.

• Resource Conservation:

In terms of resource conservation, given one of the characteristics of simulation is to allow the
analysis of a given usability case without the need for implementation, so naturally, it will not be
necessary to allocate them for this purpose. Another feature is that it also allows an adaptation of
the process in question to better accommodate the proposed methodology or tool, increasing the
efficiency of the resources used, and increasing the performance of this factor. In this field, a score of 5
was assigned.

• Product/Service Longevity and Functions:

The models used have to represent the reality of the system to be analyzed, as such, they require
constant updating in order to keep current.

However, this information is not intended for a single application for a given service change
proposal, but rather to have a database containing existing models, coordinated with the process
mapping prepared by the transformation team, so when necessary they might be used. The base scenario
is to implement a certain usability case and use its results in order to support the argument elaborated
in favor of a service alteration. Once the arguments have been put forward, if the management layers
approve, this change can be maintained or changed to integrate more efficiently with other system
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processes. However, if the proposal is rejected, the change made to the case of usability is discarded.
Using a comparative assessment, the value of 4 is assumed for this parameter.

After the Eco-compass parameters have been evaluated for the proposed scenario, they are
inserted in the Eco-compass model, verifying if it meets the sustainability criteria defined as “the
improvement of at least two parameters without making the others worse”. The results show that this
enterprise meets the sustainability criteria, as can be observed in Figure 6, which shows the results of
the evaluation performed under the specific format of the Eco-compass tool.
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The final solution, having been approved according to the established criteria, was then proposed
to the management layers of the development department, and a usability case was built, based on
one of the subprocesses of one of the services available in the portfolio, to demonstrate, in a practical
context, the usefulness of the tool.

5.4. Results Discussion and Limitations

One of the strongest aspects of the TRIZ methodology is the concept of ideality added to the
Nine windows creativity technique in time. Its use allows an understanding of the system under
consideration, its surroundings, the context, and, at the same time, introduces the exercise of designing
an ideal scenario for all members of the work team, forcing them to converge their wishes to the future
evolution of the system. Due to this, a greater commitment on the part of the collective is reached,
facilitating their involvement in later phases of work.

The matrix of contradictions, considered as one of the main elements for the purposes of the
proposed methodology, presented some challenges for the team in its application due to the contexts
under analysis. Thus, it was necessary to adapt the engineering parameters and inventive principles
identified to the context of services, and sometimes this same work presented difficulties, recognizing
that experience is a factor that allows improving the performance of this activity.

Since the base scenario was to implement a certain usability case and use its results, a problem
surged due to the fact that it is necessary to collect data on the configurations of the processes under
analysis, times, costs and other relevant variables. The process of collecting data at the level of
processes, or more popularly referred to as data mining due to its volume, is a new complex problem
that several companies dedicate a lot of effort to develop and implement. As such, this activity requires
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a responsible team for its planning, elaboration and execution. This team has the responsibility to
identify each of the processes within the scope of the work and to plan its approach and develop
software capable of recording the necessary information such as times, associated costs and other
relevant variables for the elaboration of simulation models.

The concluding solution, in order to respond to the identified problem, was to adapt an existing
tool, assigning its simulation capabilities and integrating the process mapping work with the model
construction work for the simulation. In addition to being a solution that uses resources already
existing in the system, it also made it possible to build an argument to increase the degree of project
managers adhesion to the collection of information about services, in order to benefit from the planning
functions of alternative methods and tools and at the same time justify a greater allocation of servers
dedicated to the tool, improving its performance and user experience.

Finally, the sustainability assessment was carried out using the Eco-Compass tool. As there is no
data available to make a quantitative assessment, a qualitative assessment was used in order to be able
to apply the tool. After the Eco-compass parameters have been evaluated for the proposed scenario,
they were inserted in the Eco-compass model, and it was observed that it meets the sustainability
criteria. Thus, through these results, it was possible to attain innovation according to a level of
established sustainable environmental parameters, meanwhile solving the inventive problem identified
by maintaining the system functions. The final solution was then proposed to the top management.

6. Conclusions

The application of TRIZ in distinct sustainability fields of research has been increasingly addressed
in the research community, and several studies have addressed and linked in a wide range of areas
and applications, from eco-innovation and eco-design to social sustainability and ergonomics.

The purpose of this study was to develop an application model of the inventive resolution theory
in conjunction with the Eco-Compass ecological innovation tool, in order to allow solutions to be
obtained systematically, and to present a performance increase of certain environmental parameters,
promoting thus sustainable innovation. This study addressed a combined use of TRIZ and Eco-compass,
especially the compatibility between the Eco-Compass tools and the contradiction matrix. Two new
associations were proposed by the authors between Eco-Compass tools and the contradiction matrix.
The purpose was to evaluate and validate a process that is part of the department of transformation
and continuous improvement of a telecommunications enterprise offering a set of services to be
applied to telecommunications infrastructures. Therefore, the validation of the model was made
through the accomplishment of a case study at Nokia enterprise in organizational contexts and different
technological sectors. A problem surged since it was necessary to collect data on the configurations of
the processes under analysis, costs, times and other relevant variables, and it was not made properly
until then. In order to respond to the identified problem, the solution was to adapt an existing
tool, assigning its simulation capabilities and integrating the process mapping work with the model
construction work for the simulation. The Eco-compass results showed that this enterprise met the
sustainability criteria. Thus, through these results, it was possible to achieve innovation according to a
certain level of established sustainable environmental parameters, while at the same time solving the
inventive problem identified by maintaining the system functions. This solution of this model was
proposed to the management of the development department and was approved, and a usability case
was built.

Based on the conclusions inferred from this study, and in order to ensure continuity, it is
recommended for future studies to perform further case studies. More case studies need to be made,
bearing in mind the need for reinforcement from organizations in insisting on more demanding
sustainability criteria for the obtained solutions, in order to study the impact of engineering parameters
derived from the application of Eco-Compass. As such, it is suggested to focus future work on
companies or organizations that present profiles with a higher focus on sustainability.



Appl. Sci. 2020, 10, 3535 21 of 23

Author Contributions: Formal analysis, H.C. and H.H.; Supervision, H.N.; Writing—original draft, R.B.;
Writing—review & editing, R.G. All authors have read and agreed to the published version of the manuscript.

Funding: The authors acknowledge Fundação para a Ciência e a Tecnologia (FCT-MCTES) for its financial support
via the project UIDB/00667/2020 (UNIDEMI).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Liu, H.-T.; Cheng, H.-S. An improved grey quality function deployment approach using the grey TRIZ
technique. Comput. Ind. Eng. 2016, 92, 57–71. [CrossRef]

2. Buhl, A.; Schmidt-Keilich, M.; Muster, V.; Blazejewski, S.; Schrader, U.; Harrach, C.; Schäfer, M.; Süßbauer, E.
Design thinking for sustainability: Why and how design thinking can foster sustainability-oriented innovation
development. J. Clean. Prod. 2019, 231, 1248–1257. [CrossRef]

3. Chen, J.L.; Chen, W.-C. TRIZ Based Eco-Innovation in Design for Active Disassembly. In Advances in Life
Cycle Engineering for Sustainable Manufacturing Businesses; Takata, S., Umeda, Y., Eds.; Springer: London, UK,
2007; pp. 83–87.

4. Shahbazi, S.; Jönbrink, A.K. Design Guidelines to Develop Circular Products: Action Research on Nordic
Industry. Sustainability 2020, 12, 3679. [CrossRef]

5. Kot, S. Sustainable Supply Chain Management in Small and Medium Enterprises. Sustainability 2018, 10, 1143.
[CrossRef]

6. González-Rodríguez, M.R.; Díaz-Fernández, M.C.; Biagio, S. The perception of socially and environmentally
responsible practices based on values and cultural environment from a customer perspective. J. Clean. Prod.
2019, 216, 88–98. [CrossRef]

7. He, B.; Xiao, J.; Deng, Z. Product design evaluation for product environmental footprint. J. Clean. Prod. 2018,
172, 3066–3080. [CrossRef]

8. Hazarika, N.; Zhang, X. Evolving theories of eco-innovation: A systematic review. Sustain. Prod. Consum.
2019, 19, 64–78. [CrossRef]

9. Zhang, X.; Li, J.; Hu, Z.; Qi, W.; Zhang, L.; Hu, Y.; Su, H.; Ferrigno, G.; Momi, E.D. Novel Design and Lateral
Stability Tracking Control of a Four-Wheeled Rollator. Appl. Sci. 2019, 9, 2327. [CrossRef]

10. Zhang, X.; Li, J.; Fan, K.; Chen, Z.; Hu, Z.; Yu, Y. Neural Approximation Enhanced Predictive Tracking
Control of a Novel Designed Four-Wheeled Rollator. Appl. Sci. 2020, 10, 125. [CrossRef]

11. Azlan, A.D.; Ariz, B.; Yusof, K.M. Perceptions on TRIZ by Current TRIZ Experts in the Industry: A review in
Malaysia. In Proceedings of the 2014 International Conference on Teaching and Learning in Computing and
Engineering, Kuching, Malaysia, 11–13 April 2014; pp. 325–331.

12. He, F.; Miao, X.; Wong, C.W.Y.; Lee, S. Contemporary corporate eco-innovation research: A systematic review.
J. Clean. Prod. 2018, 174, 502–526. [CrossRef]

13. Vidal, R.; Salmeron, J.L.; Mena, A.; Chulvi, V. Fuzzy Cognitive Map-based selection of TRIZ (Theory of
Inventive Problem Solving) trends for eco-innovation of ceramic industry products. J. Clean. Prod. 2015,
107, 202–214. [CrossRef]

14. Fussler, C.; James, P. Driving Eco-Innovation: A Breakthrough Discipline For Innovation and Sustainability; Pitman
Pub: London, UK, 1996; ISBN 978-0-273-62207-9.

15. Jones, E.; Harrison, D. Investigating the use of TRIZ in Eco-innovation. Triz J. 2000. Available online:
https://triz-journal.com/investigating-use-triz-eco-innovation/ (accessed on 14 April 2020).

16. Mansoor, M.; Mariun, N.; AbdulWahab, N.I. Innovating problem solving for sustainable green roofs: Potential
usage of TRIZ – Theory of inventive problem solving. Ecol. Eng. 2017, 99, 209–221. [CrossRef]

17. Russo, D.; Regazzoni, D.; Montecchi, T. Eco-design with TRIZ laws of evolution. Procedia Eng. 2011,
9, 311–322. [CrossRef]

18. Russo, D.; Rizzi, C.; Montelisciani, G. Inventive guidelines for a TRIZ-based eco-design matrix. J. Clean. Prod.
2014, 76, 95–105. [CrossRef]

19. D’Anna, W.; Cascini, G. Supporting sustainable innovation through TRIZ system thinking. Procedia Eng.
2011, 9, 145–156. [CrossRef]

20. Frizziero, L.; Francia, D.; Donnici, G.; Liverani, A.; Caligiana, G. Sustainable design of open molds with QFD
and TRIZ combination. J. Ind. Prod. Eng. 2018, 35, 21–31. [CrossRef]

http://dx.doi.org/10.1016/j.cie.2015.11.003
http://dx.doi.org/10.1016/j.jclepro.2019.05.259
http://dx.doi.org/10.3390/su12093679
http://dx.doi.org/10.3390/su10041143
http://dx.doi.org/10.1016/j.jclepro.2019.01.189
http://dx.doi.org/10.1016/j.jclepro.2017.11.104
http://dx.doi.org/10.1016/j.spc.2019.03.002
http://dx.doi.org/10.3390/app9112327
http://dx.doi.org/10.3390/app10010125
http://dx.doi.org/10.1016/j.jclepro.2017.10.314
http://dx.doi.org/10.1016/j.jclepro.2015.04.131
https://triz-journal.com/investigating-use-triz-eco-innovation/
http://dx.doi.org/10.1016/j.ecoleng.2016.11.036
http://dx.doi.org/10.1016/j.proeng.2011.03.121
http://dx.doi.org/10.1016/j.jclepro.2014.04.057
http://dx.doi.org/10.1016/j.proeng.2011.03.108
http://dx.doi.org/10.1080/21681015.2017.1385543


Appl. Sci. 2020, 10, 3535 22 of 23

21. Caligiana, G.; Liverani, A.; Francia, D.; Frizziero, L.; Donnici, G. Integrating QFD and TRIZ for innovative
design. J. Adv. Mech. Des. Syst. Manuf. 2017, 11, JAMDSM0015. [CrossRef]

22. Francia, D.; Caligiana, G.; Liverani, A.; Frizziero, L.; Donnici, G. PrinterCAD: a QFD and TRIZ integrated
design solution for large size open moulding manufacturing. Int. J. Interact. Des. Manuf. IJIDeM 2018,
12, 81–94. [CrossRef]

23. Caligiana, G.; Liverani, A.; Francia, D.; Frizziero, L.; Donnici, G. QFD and TRIZ to Sustain the Design of
Direct Open Moulds. In Sustainable Design and Manufacturing 2017; Campana, G., Howlett, R.J., Setchi, R.,
Cimatti, B., Eds.; Springer International Publishing: Cham, Germany, 2017; pp. 898–908.

24. Vinodh, S.; Kamala, V.; Jayakrishna, K. Integration of ECQFD, TRIZ, and AHP for innovative and sustainable
product development. Appl. Math. Model. 2014, 38, 2758–2770. [CrossRef]

25. Tamayao, M.-A.M. Enhanced Balanced Scorecard: A Proposed Sustainability Planning Platform.
In Proceedings of the World Congress on Engineering and Computer Science 2009 Vol II WCECS 2009,
San Francisco, CA, USA, 20–22 October 2009.

26. Feniser, C.; Burz, G.; Mocan, M.; Ivascu, L.; Gherhes, V.; Otel, C.C. The Evaluation and Application of the
TRIZ Method for Increasing Eco-Innovative Levels in SMEs. Sustainability 2017, 9, 1125. [CrossRef]

27. Liu, Z.; Feng, J.; Wang, J. Resource-Constrained Innovation Method for Sustainability: Application of
Morphological Analysis and TRIZ Inventive Principles. Sustainability 2020, 12, 917. [CrossRef]

28. Yang, C.J.; Chen, J.L. Accelerating preliminary eco-innovation design for products that integrates case-based
reasoning and TRIZ method. J. Clean. Prod. 2011, 19, 998–1006. [CrossRef]

29. Russo, D.; Serafini, M.; Rizzi, C. TRIZ based computer aided LCA for Ecodesign. Comput. Aided Des. Appl.
2016, 13, 816–826. [CrossRef]

30. Russo, D.; Birolini, V.; Bersano, G.; Schöfer, M. Integration of TRIZ Derived Eco-Guidelines and Life Cycle
Assessment for Sustainable Design and Process; CN: Montreal, QC, Canada, 2011. Available online: https:
//aisberg.unibg.it/handle/10446/25985#.XsSunsB5vIU (accessed on 14 April 2020).

31. Yang, C.J.; Chen, J.L. Reasoning New Eco-Products by Integrating TRIZ with CBR and Simple LCA Methods.
In Glocalized Solutions for Sustainability in Manufacturing; Hesselbach, J., Herrmann, C., Eds.; Springer:
Berlin/Heidelberg, Germany, 2011; pp. 107–112.

32. Yang, C.J.; Chen, J.L. Forecasting the design of eco-products by integrating TRIZ evolution patterns with
CBR and Simple LCA methods. Expert Syst. Appl. 2012, 39, 2884–2892. [CrossRef]

33. Hede, S.; Ferreira, P.V.; Lopes, M.N.; Rocha, L.A. TRIZ and the Paradigms of Social Sustainability in Product
Development Endeavors. Procedia Eng. 2015, 131, 522–538. [CrossRef]

34. Hartono, M.; Setijadi, S.; Norwandi, L. A conceptual integrative model of Kansei Engineering, Kano and
TRIZ towards sustainability in services. J. Adv. Res. Dyn. Control Syst. 2019, 11, 385–390.

35. Hartono, M.; Wahyudi, R.D.; Susilo, A. The applied model of kansei engineering, servqual, kano, and
triz considering ergo-sustainability: A case study on international airport services. In International Journal
of Technology—Special Issue on SEANES 2016; Faculty of Engineering, University of Indonesia: Bandung,
Indonesia, 2016.

36. Li, Z.; Atherton, M.; Harrison, D. Identifying patent conflicts: TRIZ-Led Patent Mapping. World Pat. Inf.
2014, 39, 11–23. [CrossRef]

37. Altshuller, G. The Innovation Algorithm:TRIZ, Systematic Innovation and Technical Creativity, 1st ed.; Technical
Innovation Ctr: Worcester, UK, 1999; ISBN 978-0-9640740-4-0.

38. Lim, C.; Yun, D.; Park, I.; Yoon, B. A systematic approach for new technology development by using a
biomimicry-based TRIZ contradiction matrix. Creat. Innov. Manag. 2018, 27, 414–430. [CrossRef]

39. Navas, H.V.G. TRIZ: Design Problem Solving with Systematic Innovation. Adv. Ind. Des. Eng. 2013.
[CrossRef]

40. Petrovic, M.; Miljkovic, Z.; Babic, B.R. Integration of Process Planning, Scheduling and Mobile Robot
Navigation Based on Triz and Multi-Agent Methodology. FME Trans. 2013, 41, 20–129.
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