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Delivering an idea and converting it into a design concept are critical steps in 

engineering design. In general, the departure point of these efforts is the existing version 

of a product or technology, an analog, or a competitor’s solution. In professional 

practice, prior art design is represented by a 3D CAD model. Following the ideas of the 

design team, the model is modified, and new versions of the design are discussed, tested 

and selected for further detailed development. The process of ideation is basically non-

systematic and time-consuming, the results are unexpected, but their value is very high: 

an excellent conceptual idea can make the whole design functionally successful and 

dramatically reduce the cost of the product and its manufacturing. This dissertation 

presents an approach to automate the stage of ideation and concept development. The 

input for this method is a 3D CAD model of an existing design, and the outputs are new 

design ideas that can also be presented as CAD models. 

The Theory of Inventive Problem Solving (further TRIZ) provides most of the 

theoretical background for the new method. TRIZ tools are combined with a basic CAD 

modeling framework that is then further adapted and developed. A multi-criteria 

decision making (MCDM) procedure is added to assist quantitative selection over the 

set of generated design concepts. More specifically, the method uses a CAD model or 

sketch of the prior art design to develop its function model, then generates some new 

function models for a simplified design and, finally, assists in the quantitative 

evaluation of new designs to select the most appropriate one. Thus, the novelty of the 

presented work is in the integration and development of TRIZ, CAD and MCDM tools. 

A new method for automated CAD model complexity reduction is also proposed. 

The research results enable further development of a new type of CAD software and 

merge professional, rigorous geometry-based design methodology and creative design 

tools. Once this new CAD software becomes commercially available, its systematic 

ideation methods will assist even those industrial design engineers who do not have 

much knowledge of them. Until that time, however, more work is required in 

programming and adapting the new tool to electronics, construction, aero/fluid 

dynamics and other domains.  

Keywords: TRIZ, CAD, function analysis, conceptual design, system complexity 

reduction 
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1 Introduction 

1.1 Research review 

According to Ullman (Ullman, 2010), 75% of a product’s cost is defined at the 

conceptual stage, but if a change to the original product is made later at the 

manufacturing stage, the cost grows exponentially. This emphasizes the importance of 

the early stages in a product’s lifecycle. Hence, implementing systematic methods at 

these stages is very useful for the design development and can minimize losses in the 

production process. 

Furthemore, CAD software supports these early stages very well, although at the 

construction stage the support is rather general. CAD software, such as SolidWorks, 

Inventor, Kompas, SolidEdge, etc., is special engineering software used for sketching in 

2D and presenting in 3D. Thus, CAD software and systematic development methods 

work together to achieve new design patterns, improve the development process and 

collaborate effectively with design process stakeholders (Bilda and Gero, 2005). Since 

the author is experienced in SolidWorks, it was chosen for the research in this 

dissertation. 

There have been several attempts to improve the development process by employing 

systematic design tools as, for example, Axiomatic Design (Suh, 1990), USIT 

(Sickafus, 1997), TRIZ (Altshuller, 1984), etc. In this work, TRIZ methodology is used 

for the development since its formal approach and inventive tools are easy to use and 

understand. In addition, this methodology is widely used both in science and industry 

(Luo, Shao and Chen, 2012; Di Gironimo et al., 2013; Chechurin, 2016).  

TRIZ, in Russian “Theoria Resheniya Izobretatelskikh Zadach,” i.e., “the Theory of 

Inventive Problem Solving,” is an inventive method proposed by the Soviet 

inventor  Genrikh Altshuller in 1956 (Altshuller and Shapiro, 1956). According to his 

report, Altshuller studied about 40,000 patents and developed formal processes for 

generating new ideas and technical evolution trends.  

Yet product information is very uncertain at the conceptual design stage, which means 

that a developer must choose some concept to satisfy the product requirement using 

uncertain information. The price of a good idea, however, may be very high and, so, 

choosing the most suitable design early on becomes critical. Some multi-criteria 

decision-making approaches, such as AHP (Saaty, 1980), the Comparison (Pugh) matrix 

(Pugh, 1991), and QFD (Yoji, 1994), exist to aid the developer during concept design. 

In the study presented in this dissertation, AHP and the Comparison (Pugh) matrix, the 

two most popular methods in Finland (Salonen and Perttula, 2005), are used. 

This dissertation presents a formal development method for the conceptual design stage. 

This approach consists of a tool whereby TRIZ, CAD, and design assessment 

collaborate to produce new designs.  
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1.2 Research objectives and questions 

This chapter briefly describes the research process and its milestones, as well as the 

central research questions and hypotheses. The research questions defined the main 

ideas in this dissertation and the research roadmap. The hypotheses are technical ideas 

with practical implications that the method addresses. The hypotheses and evolution of 

the method are presented in chapter 1.3.  

The primary objective of the research was to better understand the systematic approach 

at the conceptual design stage. This process comprises the basis for the dissertation. To 

accomplish the objective, literature about the design process was reviewed. The 

following questions were devised to guide the research: 

Research question 1: What structured approaches are used for generating ideas? What 

approaches improve these ideas?  

A clear understanding of how ideas are generated and concepts improved was needed to 

start the development process. Existing modeling methods were studied and reviewed in 

order to identify the most productive way to proceed with a development. 

Research question 2: What are the methods for assessing ideas/concepts; that is, for 

evaluating and selecting the best and most promising for further development? How are 

the assessments carried out? 

A poorly chosen concept can lead to financial losses. Therefore, it is crucial to minimize 

risk by employing a concept assessment method. To answer these questions, methods of 

design assessment were reviewed. 

Research question 3: How can the development tools identified in the research 

collaborate with CAD software? Have similar studies been carried out? The primary 

aim of this question was to identify ways to use CAD software at the conceptual design 

stage.  

Another objective was to propose a mechanism that would, by using an assessment 

method, transform a sketch, idea, or CAD model into a new original concept.  This part 

of the development is based on a literature review, sets of ideas and surveys. The ideas 

proposed in the development process were verified using actual industrial case studies. 

In addition, the new design development process uses tools familiar to the developer, 

which significantly simplifies the product development process. To reach the objective, 

three additional research questions were proposed: 

Research question 4: How to transform existing sketches/ideas/CAD models into a 

TRIZ function model for further modification? 

This part of the work is concerned with technical issues; in particular, the problems of 

importing CAD model information using special software and how to present the 

collected information. 
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Research question 5: How to modify information from sketches or CAD models to 

receive new design possibilities? 

The answer to this question lies in model improvement. Sets of ideas and actual 

industrial case studies were used to study the main improvement to a unique model.  

Research question 6: How to evaluate the results obtained using the presented method?  

This question concerns multi-criteria decision making methods and combining them 

with model improvement and other ideas proposed above. The most often used methods 

were chosen and added to the suggested method. This question is devoted to the 

technical implementation of the methods chosen in research question 2.  

The above research questions are addressed subsequently in the text of this dissertation 

and reviewed again in Results, chapter 5. 

1.3 Hypotheses and evolution of the method 

The method presented in this dissertation is based on previous developments concerning 

the implementation of TRIZ in CAD software (Bakker, Chechurin and Wits, 2011; 

Chechurin et al., 2011; Wits, Bakker and Chechurin, 2012) and on TRIZ trimming 

(Ikovenko, Litvin and Lyubomirskiy, 2005; Li et al., 2015). The method was evaluated 

by using and validating a set of hypotheses. Its evolution and the hypotheses are 

presented in Table 1. These hypotheses pose a technical question and were validated in 

the industrial case study, where 18 special assembling tools were created using the 

method in this dissertation. The process of validation was the following: hypothesis, a 

test of this hypothesis during the process of engineering development, and evaluation of 

the development method. These industrial tools are not presented in this manuscript 

because they refer to trade secrets. 

Table 1 - Evolution of the method and hypotheses 

Hypothesis Article Evolution of the method 

An element with many links is 

difficult to trim. 

Article I A formal method for ranking 

functions and trimming in 

static systems is proposed. An element that is closer to 

the target is not the most 

important function model 

element. 

Function ranking is different 

for static and dynamic 

systems.  

Article III A formal method for ranking 

functions and trimming in 

static and dynamic systems is 

proposed. 

The process of creating a 

function model is similar to 

the process of creating mesh in 

finite-element evaluation. 

Article II A formal method for creating 

a function model by using the 

system’s geometric features is 

proposed. 
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The result of the conceptual 

design stage can be rated using 

formal methods.  

Article V and VI Collaboration between 

function analysis and peer-

assessment is added. 

System complexity was 

reduced using the trimming 

tool for a set of functions. 

Article IV The function interaction 

matrix is added. 
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2 State of the art 

This chapter briefly reviews the main topics in this dissertation. They are CAD in 

conceptual design, systematic invention methods, function analysis, trimming, CAD-

TRIZ collaboration, and design assessment. 

At the conceptual design stage, special CAD software may be used (Bilda and Gero, 

2005); however, it does not support the early product design stages as well as the later 

ones  (Hasby and Roller, 2016). Often, only the basic structure of mechanical products 

is known at the conceptual design stage (Hasby and Roller, 2016). Thus, in the design 

phases, CAD support is based on skeletal models, primitive geometries or previous 

designs (Fuge et al., 2012; Noon et al., 2012), which are used to correlate a concept 

with construction constraints. There are several approaches to customizing CAD 

software, i.e., developing or modifying the software or application, at the conceptual 

design stage. This software makes it possible to improve the design by modifying it. 

This technique is used in space development (Kucherov et al., 2014), construction 

(Renev, Chechurin and Perlova, 2017), etc. Also, CAD developers propose model 

optimization based on biomimetics (Generative Design Software. Autodesk Within, 

2017).  

At present, conceptual design in popular CAD systems is represented as a tool to 

present the results of idea generation (CATIA 3D Master Conceptual Design, 2018; 

Autodesk. Introduction to Concept Modeling., 2018) and to sort out a set of similar 

designs (SolidWorks Conceptual Design, 2018). Thus, the improvement process is only 

quantitative and permits just small changes in the concept; for example, a change in the 

shape of a car body. This approach does not permit changing the structure of the design. 

2.1 Systematic invention methods 

Trial-and-error has been the most popular problem solving method since ancient times. 

It is an iterative method based on developers’ experience and trials, which are used in a 

new development. For creativity intensification, the following methods are often 

implemented: brainstorming (Osborn, 1953), morphological box (Zwicky and Wilson, 

1967) and others. While these approaches may indeed contribute to decreasing 

development time, they do not suggest a systematic approach. In contrast to such brute 

force methods, systematic approaches attempt to identify a solution the first time 

around. There are a vast number of systematic tools to choose from, including 

Axiomatic Design (Suh, 1990), USIT (Sickafus, 1997), and TRIZ (Altshuller and 

Shapiro, 1956). In this work, TRIZ methodology is applied because it is easy to 

understand and to apply its formalized inventive tools. Moreover, this methodology is 

widely used both in science and industry (Luo, Shao and Chen, 2012; Di Gironimo et 

al., 2013; Chechurin, 2016).  
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2.2 Function analysis 

A function analysis systematizes initial system information (sketches, CAD model, 

specification, etc.) and converts it to a function model. This approach replaces the 

physical hierarchic presentation of the system (assembly-subassembly-part) with a 

function presentation (function carrier-function-object), so that new, possibly more 

successful, design models can be generated. 

There are several methods for presenting system functions, some of which are: 

Functional Flow Block Diagram (FFBD) (Akiyama, 1991), Functional Analysis System 

Technique (FAST) (Bytheway, 2007), and Integrated Computer Aided Manufacturing 

Definition for Function Modeling (IDEF0) (System engineering fundamentals, 2001). 

All of these methods use the function approach for system modeling. For example, 

FFBD is a function-oriented approach based on the sequential relationship of all system 

functions. The FFBD develops a system from top to bottom, providing a hierarchal view 

of the functions across a series of levels. Each one aims to identify a single task at a 

higher level using functional decomposition. The FAST diagram differs from FFBD in 

that it focuses on a product’s functions rather than its specific design. FAST depicts the 

system as a tree structure, where each function is presented in a verb + noun format. 

IDEF0 includes a definition of a graphical modeling language and a description of a 

methodology for system modeling. In the system presentation, each part, activity or 

manufacturing process is presented as a box with a verb-based label inside. Each box 

has input, output, control and mechanisms, which are presented as arrows around the 

box. This method focuses on the processes in the system and does not take into account 

physical hierarchy or parts interaction in the system. In contrast to FFBD, FAST and 

IDEF0, TRIZ function modeling (Gerasimov et al., 1991) takes into account the 

physical interaction between the system elements, These interactions, or functions, can 

be either useful or harmful. Useful functions are then further divided into three 

performance levels: normal, insufficient or excessive. This method uses a static 

approach to function analysis. That is, the number of elements and functions, as well as 

the relationships between them are time-independent and do not change in time.   

Yet, many TRIZ practitioners point out the need to identify the problems at each system 

level more clearly, and to solve them separately. Such a goal was achieved by 

integrating well-known models and instruments for the system description and function 

representation. O. Feygenson and N. Feygenson have proposed the Advanced Function 

Approach in Modern TRIZ (Feygenson and Feygenson, 2016), where they added some 

steps, such as: “indicate the place the function is performed” and “indicate the time the 

function is performed.” This approach is also used by the same researchers (Litvin, 

Feygenson and Feygenson, 2011) concerning application history and the evolution of 

Function Analysis. Their research indicates that the next logical step for enhancing the 

Function Approach is to introduce two parameters: "time of performing a function" and 

"place of performing a function." This method combines previous works in the domain 

and proposes a consideration of the physical relationships and time-dependence within a 

system model. 
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The method presented in this dissertation employs TRIZ Advanced function analysis, 

referred to as one of the most popular TRIZ tools (Ilevbare, Probert and Phaal, 2013; 

Spreafico and Russo, 2016), which takes into account the relationship between elements 

and the degree of these relationships. 

2.3 Trimming 

Trimming is a formal tool used to improve a system by reducing its complexity (Gadd, 

2011). There are different trimming approaches, including step-by-step trimming using 

three rules (Ikovenko, Litvin, and Lyubomirskiy, 2005), trimming with six rules (Sheu 

and Hou, 2013) and a system model improvement based on analyzing element 

importance (Li et al., 2015). 

These trimming methods, all of which use formal rules for improving the system step-

by-step (Ikovenko, Litvin, and Lyubomirskiy, 2005; Sheu and Hou, 2013; Li et al., 

2015), fall into two types: the first (Ikovenko, Litvin, and Lyubomirskiy, 2005; Sheu 

and Hou, 2013), which is used for design improvement and development, considers 

functions independently and ranks them by importance. The second type focuses on 

element importance (Li et al., 2015), rather than function importance, and is used for 

patent-around design. In this method, a special index is used – a ranking factor. This 

index defines the importance of the element and highlights the element to trim. In 

contrast to the first type of trimming, Li's method does not consider function rank. 

The ideas described in this literature review have been combined and developed for the 

approach presented in this dissertation. The primary results of the study are described 

below.   

2.4 CAD and systematic approach collaboration 

Some attempts have been made to combine systematic approaches  with CAD systems 

as, for example, TRIZ and CAD in the garment industry (Li, Wang and Lu, 2010), 

TRIZ, CAD, and customer needs (Sharif Ullah et al., 2016), and TRIZ and SolidWorks 

(Bakker, Chechurin and Wits, 2011; Chechurin et al., 2011).  

There are different methods for design improvement and development, such as 

topological improvement (e.g., Autodesk Within generative design software 

(Generative Design Software. Autodesk Within, 2017)), and Computer-Aided Invention 

(CAI; e.g., GoldFire (Goldfire: Advanced Research, Problem Solving & Analytics, 

2018)), in which the TRIZ approach may also be used. These two methods differ from 

each other: the topological method, used in additive technologies, proposes topological 

optimization without generating a new design, while CAI generates a new design but 

does not transform it into a CAD model. That is, the CAI software uses the function 

approach, but does not collaborate with engineering software. This technique is used in 

the patent-around design.  
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On the other hand, there is collaboration between CAD and Function-Behaviour-State 

modeling (Gero, 1990). This approach is called system architecting CAD (Komoto and 

Tomiyama, 2012) and is used in mechatronics. This one uses a V-model (Muller, 2011) 

for development and has three main parts: decomposition, implementation/integration, 

and verification/validation. 

2.5 Design assessment 

Design evaluation is a crucial task in conceptual design since the concept chosen at this 

stage influences the entire further product life-cycle (Ullman, 2010). Identifying the 

right concept, however, can be quite difficult, if not impossible. On the one hand, the 

information regarding concepts is often incomplete, uncertain, and evolving. On the 

other hand, key decision criteria are often interdependent, which hinders unbiased 

decision-making. In addition, concepts can have concrete information, e.g. mass, cost, 

complexity, etc. 

Various methods are used for design assessment as, for example, the Analytical 

Hierarchic Process (AHP; (Saaty, 1980), Quality Function Deployment (QFD; (Yoji, 

1994), Comparison (Pugh) matrix (Pugh, 1991), and fuzzy methods (Okudan and 

Tauhid, 2008). These methods are very different from each other, but have the same 

purpose – to assess the design criteria set. AHP decomposes a complex problem to sub-

problems, each of which is analyzed independently. In this analysis, sub-problem 

criteria are scored and weighted, that is, ranked in terms of importance. The weights and 

scores are then calculated to obtain the model’s final rank. A Comparison (Pugh) matrix 

compares the criteria, usually five or more, of each concept with those of a chosen 

concept (datum). The criteria of the concepts are evaluated against the datum as more 

(better) than, equal to, or less (worse) than in the datum. Next, the advantages and 

disadvantages are calculated. Additionally, each criterion can be weighted.  In contrast 

to these methods, QFD is used to translate customer needs into engineering 

requirements, but can also be used in concept selection in conjunction with, for 

example, a Pugh matrix. In this case, “House of Quality,” a basic design tool of QFD, is 

used. This tool measures the importance of customers’ desires and creates a link 

between desire and relevant engineering characteristics. This process uses system 

hierarchy, which can be applied to subsystems and components of the system. Also, 

QFD makes it possible to define the relationships between design criteria. These 

relationships can be positive or negative. The fuzzy methods allow a range of values for 

the design assessment. Moreover, they can be presented as triplet values (Kaufmann and 

Gupta, 1985) and ranking can be calculated using Fuzzy Heavy Weighted Averaging 

(Collan and Luukka, 2016). The method in this dissertation weights criteria, considers 

system hierarchy, and is similar to AHP. This approach is very useful when values are 

uncertain. 

In this dissertation, the Comparison (Pugh) Matrix and AHP (Salonen and Perttula, 

2005), both well-known in Finland, are used. These methods are semi-automated. For 

the assessment, two sets of criteria are used: those defined by the user and those defined 

by the 3D CAD model. The first set includes complexity, ergonomics, etc. The second 
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set consists of a mass, production cost, number of elements, etc. All of these criteria 

have certain values and fuzzy criteria are not used. 

 The 3D CAD model defined criteria are translated by using special software, i.e., 

SolidWorks API (API Support, 2017).  
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3 Validation method 

For this dissertation, a special survey was conducted in order to validate the results. Ten 

engineers at two companies, Termotronic and Institute Telecomunikatsii, in Saint-

Petersburg, Russia, were surveyed. These engineers used the method presented in this 

dissertation in actual industrial cases in mechanical engineering. The method was semi-

automatic, which means that function modeling, ranking, and trimming were completed 

without special software, but for the decomposition, unique software was used. As the 

source, a SolidWorks CAD model was used.  

The survey asked the following five questions: 

- Question 1: Do you generate new design ideas using the presented method? 

- Question 2: Is this method easy to use and understand? 

- Question 3: Rate the difficulty of using the suggested approach for your design. 

- Question 4: Rate the difficulty of creating a function model.  

- Question 5: Rate the difficulty of interpreting results. 

In addition, each inteviewee wrote short comments. Each question was rated on a 5-

point scale, where 1 is absolutely no/very difficult and 5 is absolutely yes/very easy. For 

example, if an engineer found the method very straightforward, the answer to question 2 

was “5,” and if he/she thought the method was very complicated, the answer was “1.” 

The survey results are presented in Table 2. The comments are not presented in this 

chapter and were used only to help define the features or disadvantages of the method 

more concretely. The result is calculated as the arithmetic mean of all scores. 

Table 2 - Survey results 

 Question 1 Question 2 Question 3 Question 4 Question 5 

Engineer 1 4 2 2 3 5 

Engineer 2 5 1 1 4 4 

Engineer 3 4 1 2 3 4 

Engineer 4 5 3 3 5 5 

Engineer 5 5 2 2 3 3 

Engineer 6 4 2 3 3 5 

Engineer 7 5 1 2 4 4 

Engineer 8 5 1 2 4 4 

Engineer 9 4 3 2 3 4 

Engineer 10 3 1 1 2 3 

Result 4.4 1.7 2 3.4 4.1 

Brief comments and a discussion of this survey are presented in chapter 6. 
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4  Method description 

The method presented in this dissertation comprises an algorithm for product 

development at the conceptual design stage. The suggested approach consists of four 

procedures: 3D modeling, function analysis, trimming, and design assessment. The 

method diagram is presented in Figure 1.  

 

Figure 1 - Method diagram 

The development starts with a sketch of a new design. The developer then creates a 3D 

model using special CAD software (e.g., SolidWorks, Kompas, Inventor, Catia) and 

follows with a function analysis, thereby transforming the 3D CAD model into a 

function model of the system. At this point, the user can choose the complexity of the 

function model. In other words, the developer chooses a decomposition level, which can 

be different for different parts of the system. For example, a developer can combine a 

few parts or subassemblies in the assembly. If the functional representation is very 

complicated, the function model may be changed. Further, the system model is 

simplified, i.e., system complexity is reduced, by removing a few system parts. This 

step is called trimming. Implementing the result, however, is very difficult because the 

developer needs to transform the improved function model into a new CAD model 

manually. Indeed, design constraints sometimes do not permit this transformation.  In 

such cases, the developer needs to change the function model. Once the trimming step is 

completed, the improved function model is evaluated using the multi-criteria decision-

making tools. 

It is essential to use the special, formal rules and definitions in the presented method. In 

TRIZ function modeling, the functions are presented in the following manner: the tool 

(the function carrier), the function, and the object. The function must represent a real 

action from tool to object. For example, “a helmet deflects a bullet” is a legitimate 

function, while “a helmet protects a head” is not. On the other hand, the function cannot 

be declarative, e.g., “a pill improves health.” 
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To define the importance of a function in a system, a formal index called function rank 

is used wherein the importance of a function is determined by its role in the main 

function. A rank is an integer number inversely proportional to the function’s 

importance. For instance, a function with rank three is more important than a function 

with rank five. 

The ranking factor is a formal index that defines the function’s rank. It is a rational 

number and may be positive or negative. It is also inversely proportional to the 

function’s importance. Thus, the smallest ranking factor value defines the most 

necessary function. 

The object of the main function is called a Target, which is an element that defines the 

purpose of the system in the initial function model. 

4.1 3D modeling 

This section describes a formal step where a paper sketch or idea is transformed into a 

3D CAD model. In this dissertation a top-down approach for SolidWorks is used 

(SolidWorks - Design Methods (Bottom-up and Top-down Design), 2013). Here the 

main parts, without detailing, are presented in an assembly in order to create the overall 

system structure. The Software can be used with a special application programming 

interface (API) that automates the model information transfer. This information is used 

as the input to the function analysis step.  

The SolidWorks software used for 3D modeling in this dissertation was chosen for its 

friendly interface. Also, information about the API usage was easily available on the 

internet. A 3D CAD model of an assembling holder is presented in Figure 2. This model 

is illustrative, but was inspired by actual industrial case studies. The example below is 

used in the method description. 

 

Figure 2 - Assembling holder model 
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4.2 Function analysis 

Function analysis is a formal method in modern TRIZ. It defines the main parts of the 

system, their interactions, type, and degree of each interaction. This approach consists 

of three sub-steps: component analysis, interaction analysis, and function modeling.  

The component analysis concerns the decomposition of the system model to its main 

parts, e.g., for large assemblies. This step may be done using the CAD model analysis 

(Efimov-Soini and Chechurin, 2017). This analysis is done by using the SolidWorks 

API and specialized software. The interaction between elements is defined at the 

interaction analysis step. At this step, the 3D CAD model converts to the unique 

software names of the elements, system hierarchy, and mates. The software creates an 

interaction table by analyzing the mates and 3D CAD model structure. In the final step, 

a function diagram (function model) is created, and the rank (importance) of the 

functions in the system is defined. Special software created in C# Visual Studio 2017 

using the SolidWorks API tool completes the conversion. 

4.2.1 Component analysis 

This step decomposes the system into its elements and highlights the target. The 

component analysis process is shown in Figure 3 

 

Figure 3 - Component analysis process 

First, a CAD model or product sketch is used to decompose the system model to its 

main elements. This is done manually or semi-automatically using design hierarchy. A 

complex system is usually decomposed into large assemblies, e.g., the body, electrical 

system, engine, etc., of a car, and a simple system into its parts. Then, specialized 

software is used to collect the information from the CAD model. This approach makes it 

possible to automate the decomposition process.  

Second, the list of elements is supplemented with new elements: elements of the super 

system or other elements. These may be elements from the environment, e.g., gravity or 

electromagnetic field. On the other hand, a user may add some elements that interact 

with the system, e.g., a road is not included in the car model but can be used in the 
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function analysis. These elements are not included in the initial CAD model or the 

sketch. 

An industrial case study illustrates the approach suggested in this dissertation. The 

assembling tool model, presented in Figure 4, consists of the product and an individual 

holder to hold it in assembling position. This holder is attached to a support with two 

nuts and two bolts. The support is also used to hold this system on the table. 

 

Figure 4 - Components of the model 

 

Next, the developer chooses the target. This element defines the main function of the 

system, and is chosen by defining the operation time and operation zone. This means 

the target is usually an element which performs the main function in the system. For 

example, in the system “electric drill drills wall,” the bore is the target. In the system 

presented here, the target is the product. 

Finally, in the last decomposition procedure, assemblies are decomposed into smaller 

parts: subassemblies, parts, edges, etc. The primary goal of this step is to create a 

detailed system decomposition model in the area close to the target. The final list of 

elements is not always suitable for future development, in which case the user must 

improve the initial CAD model or sketch, and repeat the component analysis process. If 

the system is simple, no further decomposition is needed. 
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4.2.2 Interaction analysis 

At this step, relationships between the elements in the system model are defined using 

the interaction matrix (Ikovenko, Litvin, and Lyubomirskiy, 2005).  

A special interaction matrix is used for the interaction analysis. In this matrix, the 

interaction between elements in the system model is denoted by a plus sign (+), and lack 

of interaction with a minus sign (-). The interaction matrix for the assembling tool is 

presented in Table 3.  

This procedure may be done manually or semi-automatically. In the case study, special 

software uses the SolidWorks “Mates” tool to analyze the CAD model. The 

SolidWorks, geometric mate “coincidence” is equal to the function “hold” in many 

ways. Some elements must be added to the matrix manually as, for example, the 

element “table” in the system. This element is not included in the 3D CAD model, but 

the table may be used in the proposed method. 

Table 3 – The interaction matrix. 

 Support Bolt1 Nut1 Bolt2 Nut2 Holder Product Table 

Support  + - + - + - + 

Bolt1 -  + - - + - - 

Nut1 - +  - - + - - 

Bolt2 - - -  + + - - 

Nut2 - - - +  + - - 

Holder + - + - +  + - 

Product - - - - - +  - 

Table + - - - - - -  

4.2.3 Function modeling 

The interactions between elements are defined as functions at the function modeling 

step. The function rank of each one is defined by its importance. The following 

definitions are used in this dissertation: 

 The rank defines the function importance. The rank is evaluated by 

integers from 0 to ∞, where the function with the highest rank has the 

value 0. Hence, the higher the number, the lower the rank. 

 The more useful (or more used) the functions or elements are, the higher 

their rank; useless (or unused) functions or elements have a lower rank. 

 The main function has an initial rank 0. 

 The rank is defined by the ranking factor. The lower the ranking factor, 

the higher the rank. 

 For functions with the same ranking factor, the distance between the 

element associated with the function and the target is additionally taken 

into account. These ranking factors are marked with letters A, B, C, etc., 
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where letter A indicates a function with the smallest distance to the 

target. Therefore, the rank for the function with the letter A is higher than 

for the function with the letter B. 

In this method, function ranking is based on function importance and the number of 

interactions among function elements. The primary definitions of the presented 

approach are the following: 

 The closer the function is to the main function, the higher is its rank. 

This step is similar to the GEN3 ranking method. 

 The element with the highest number of connections is the most 

important for the system. All functions associated with this element have 

a high rank. 

 Duplicated functions have a lower rank. For example, if two bolts are 

holding one stator end plate, the function "hold" for each bolt has a lower 

rank. 

 The farther away an element is from the key element geometrically, the 

lower its rank. 

There are six sub-steps in the interaction analysis: defining interaction as a function, 

initial ranking, initial creation of the function model, selecting the model, final ranking, 

and analysis of function interactions. 

During sub-step one, “defining interaction as a function,” each interaction is, obviously, 

defined as a function. If the interaction between elements is not available, the function is 

not defined. Functions in the system model are presented in Table 4. 

Table 4 - Functions in the system model 

Element 1 Function Element 2  

Support Holds Holder  

Support Holds Bolt1  
Support Holds Bolt2  
Table Holds Support  

Bolt1 Holds Nut1  

Bolt1 Holds Holder  

Nut1 Holds Holder  

Bolt2 Holds Nut2  

Bolt2 Holds Holder  

Nut2 Holds Holder  

Holder Holds Product Main function 

The main function and the target are also defined in this step. In the case study, the main 

function is “holder holds product,” and the target is “product.” 
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Next, at sub-step two, the initial function rank is defined. Each function rank 

(importance) is defined on the interval [0…+∞), with 0 being the initial function rank of 

the main function and the highest number for the least important element in the system. 

In other words, initially, the main function is the most important function in the system. 

In the suggested system, the initial ranking is presented in Table 5.  

 

Table 5 - Initial ranking 

Element 1 Function Element 2 Rank 

Support Holds Holder 1 

Support Holds Bolt1 3 
Support Holds Bolt2 3 
Table Holds Support 2 

Bolt1 Holds Nut1 2 

Nut1 Holds Holder 1 

Bolt2 Holds Nut2 2 

Nut2 Holds Holder 1 

Holder Holds Product 0 

At sub-step 3, a function model is created using the results of the initial ranking. In fact, 

it is possible to create a function model, sub-step 4, simultaneously with the initial 

ranking. In the function diagram, the elements are marked as rectangles. The target is 

placed on the right side, which is recommended. Elements that are impossible to modify 

or are not included in the model, but create an action (e.g., gravitation), are denoted with 

a hexagon. The suggested function model is shown in Figure 5. 

 

Figure 5 - Initial function model 
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In the suggested method, two model types are presented: static and dynamic. In the 

static model, the function rank (importance), the interaction number in the system, and 

the element number in the system are permanent. On the other hand, one or all 

parameters change in the dynamic model. The dynamic model is presented as a set of 

system snapshots. Each snapshot is a static state of the system. Thus, the function rank, 

numbers of interaction, and the number of the element are permanent in each state. For 

each static state, the time (duration) of each snapshot is defined using the following 

formula: 

𝑡𝑛𝑖 =
𝑡𝑖

𝑡𝑤
 (1) 

Where tni is the normalized time of the state i, ti – the time of the state (in minutes, 

seconds, years, etc.), and tw is the total observation time (in minutes, seconds, years etc). 

At sub-step 5, the presented approach is used to calculate the final function rank, which 

uses a unique formal index (the ranking factor). This is inversely proportional to the 

function importance. Thus, a ranking factor with a smaller value defines an essential 

function. The final ranking factor is defined by using normalized time: 

𝐹𝐹𝑅 = ∑𝐹𝑅𝑖 × 𝑡𝑛𝑖 (2) 

Where FFR is the final ranking factor, FRi is the ranking factor in the state i, and tni is 

the normalized time of the state i for the static system tni=1. 

The dynamic and static approach may be used for the assembling holder system. For the 

dynamic approach, two states are considered: the product is on the assembling tool 

(tn1=0.9) and the waiting mode when the product is left on the table (tn2=0.1). The 

values tn1, tn2 are defined randomly, but these values were inspired by actual industrial 

case studies – in real production, waiting time is less than working time, and in the ideal 

production case tn2 → 0. 

A unique index, called the ranking factor, is added to define the function rank at the 

final ranking sub-step. The following formula is used to calculate this: 

𝐹𝑅𝑖 = 𝑅 − 𝑁𝑙 +𝑁𝑑 (3) 

Where FRi is the ranking factor in this state, R is the initial rank, Nl is the number of 

function carrier links, and Nd is the number of duplicated functions. The final ranking is 

presented in Table 6. 

Table 6 - Final ranking 

Element1 Function Element2 R Nl Nd FR Final rank 

Support Holds Holder 1 3 0 -2 1 

Support Holds Bolt1 3 3 1 1 3A 

Support Holds Bolt2 3 3 1 1 3A 

Table Holds Support 2 1 0 1 3C 

Bolt1 Holds Nut1 2 1 1 2 4 

Nut1 Holds Holder 1 1 1 1 3B 

Bolt2 Holds Nut2 2 1 1 2 4 
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Nut2 Holds Holder 1 1 1 1 3B 

Holder Holds Product 0 1 1 0 2 

 

Additional sub-indexes, such as 3A, 3B, and 3C, are used in the case study. The letters 

are used to distinguish functions with the same ranking factor. Thus, a function with 

sub-index A is geometrically closer than the function with sub-indexes B and C. 

Therefore, the element “support” is closer to the element “product” than are the 

elements “nut1” and “nut2.” 

The situation is different in the dynamic approach. There are two system states, such as 

the product in the assembling tool (tn1=0.9) and the waiting mode when the product is 

not installed in the assembling tool (tn2=0.1). The first function model state is equal to 

the model in the static approach. The function model (tn2) in the waiting mode is 

presented in Figure 6. 

 

Figure 6 – The function model for the state tn2. 

In the presented state, the function "holder holds product" is not available because these 

elements do not interact here. The ranking table for this state is presented in Table 7. 

Table 7 - Ranking in dynamic approach 

Element1 Function Element2 R1 R2 Nl1 Nl2 Nd FR1 FR2 Final 

rank 

Support Holds Holder 1 1 3 3 0 -2 -2 1 

Support Holds Bolt1 3 1 3 3 1 1 -1 3A 

Support Holds Bolt2 3 1 3 3 1 1 -1 3A 

Table Holds Support 2 0 1 1 0 1 -1 3B 

Bolt1 Holds Nut1 2 2 1 1 1 2 2 5A 

Nut1 Holds Holder 1 3 1 1 1 1 3 4 
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Bolt2 Holds Nut2 2 2 1 1 1 2 2 5A 

Nut2 Holds Holder 1 3 0 1 1 1 3 4 

Holder Holds Product 0 NA 1 1 0 -1 0 2 

At sub-step 6, sets of functions are defined after the ranking. This approach makes it 

possible to improve the trimming process and obtain new design patterns. At this sub-

step, functions are divided into three types: independent (-), dependent (+), and equal 

(=). Independent functions do not interact, e.g., in a fan system installed in the wall, the 

functions “wall holds fan” and “fan moves air” are independent. In the dependent type, 

functions create a result “together,” e.g., “bolt holds nut” and “nut holds plate” are 

dependent functions. The same functions create a similar result in a system, e.g., the 

functions “welding holds plate” and “bolt holds plate” are often equal. In the case study, 

the independent functions were trimmed separately, and dependent and similar 

functions are in sets. 

The function interaction matrix for the assembling tool model is shown in Table 8. 

Table 8 – The function interaction matrix 
 Support 

holds 

holder 

Support 

holds 

bolt1 

Support 

holds 

bolt2 

Table 

holds 

support 

Bolt1 

holds 

nut1 

Nut1 

holds 

holder 

Bolt2 

holds 

nut2 

Nut2 

holds 

holder 

Holder 

holds 

product 

Support 

holds 

holder 

 +  + - - + - + - 

Support 

holds 

bolt1 

+  = - - - - - - 

Support 

holds 

bolt2 

+ =  - - - - - - 

Table 

holds 

support 

- - -  - - - - - 

Bolt1 

holds nut1 
- - - -  + = - - 

Nut1 

holds 

holder 

+ - - - +  - = + 

Bolt2 

holds nut2 
- - - - = -  - - 

Nut2 

holds 

holder 

+ - - - - = -  + 

Holder 

holds 

product 

- - - - - + - +  

 

There are two function sets: the dependent set “table holds product,” and the set of equal 

functions “bolt1 and nut1 hold support” and “bolt2 and nut2 hold support.” 
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4.3 Trimming 

Trimming is a formal method for improving a design by reducing system complexity. 

The method here is based on a previous development (Ikovenko, Litvin and 

Lyubomirskiy, 2005; Li et al., 2015). At this step, a distinction is made between 

independent, dependent and similar functions. Three formal rules are used for the 

independent functions. The same rules are used for dependent and similar functions, but 

the trimming for these functions are completed in a set. That is, the dependent and 

similar function sets are trimmed as one function.  

The three formal rules follow. A function may be trimmed if: 

A) An object of the Function does not exist. 

B) An object of the Function performs the function itself. 

C) Another Engineering System Component performs the useful function of the 

Function Carrier. 

The trimming procedure starts with a function with a lower rank. If the function sets are 

defined in the system model, then the trimming process starts with the last one. Three 

formal rules are used to trim sets in the trimming process. This is a radical method, but a 

new qualitative design may be created. 

In the assembling tool, the trimming process has the following steps: 

 Functions “bolt1 holds nut1,” “nut1 holds holder,” and “support holds bolt1” 

(sets“bolt1 and nut1 hold support” and “bolt2 and nut2 hold support”) may be 

trimmed if the function is transferred. The function “hold” is transferred to 

bolt2, nut2, and holder in a soft reduction, or to the holder in a radical trimming 

approach. The result of this approach is presented in Figure 7 

 The set “table holds product” may be trimmed radically by using rule A. In the 

case study, the product is holding itself on the table using a special pad in the 

product. The trimming result is presented in Figure 8. This one is similar to the 

TRIZ tool called “Ideal final result.” In this approach, the tool is not available, 

but the function is performed. 
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Figure 7 - Improved design 

 

 

Figure 8 – Improved product model. 

4.4 Design assessment 

The research method presented in this dissertation is divided into two main parts: 

development and assessment. For assessment, multi-criteria decision-making methods 

(MCDM) are used. This section is devoted to the two most popular verification methods 



4.4 Design assessment 35 

in Finland, Pugh’s matrix and AHP. Three designs are compared: the initial design 

(Figure 2), the improved design (Figure 7), and the improved product (Figure 8). 

The function model and CAD model are integrated for use in the design assessment. 

This integrated model serves as the source in the design assessment tool. This means 

that the user can add information from the function model, CAD model or manually. 

The information may be either uncertain (e.g., beauty, usability) or specific (complexity, 

mass, manufacturing cost). The specific parameters are transferred using special 

software with API (API Support, 2017) and C# language (Hejlsberg, 2011). This 

interface is integrated into the SolidWorks software. 

In the case study, both manual and automatic techniques were used. Uncertain criteria 

(usability, maintainability, ergonomics, etc.) were added manually – the user manually 

added parameter arguments – and the specific information (mass, complexity, 

manufacturing cost, etc.) was transferred automatically using special SolidWorks tools 

(measuring, costing, etc.). The complexity parameter was solved by using the Pugh 

Complexity Factor (Pugh, 1996) and the design function model. 

The design assessment for the matrix is presented in Table 9. In a Pugh table, the 

improved design and improved product are compared to the initial design, whose 

parameter values are noted as “datum,” using five parameters: weight, cost, complexity, 

ergonomics, and maintainability. The software compares the parameter values for the 

initial design and selected design(s) in this process. A plus sign (+) implies a value 

better than for the initial design, a minus sign (-) shows that the value is worse, and the 

equal sign (=) means the parameter values are equal.  

Table 9 - Pugh assessment table 

Criteria Initial design Improved design Improved product 

Weight D = + 

Cost A - + 

Complexity T + + 

Ergonomics U + + 

Maintainability M + + 

+  3 5 

-  1 0 

=  1 0 

Rank 3 2 1 

 

The other assessment method, AHP, is shown in Table 10. In this approach, each 

parameter is presented using values 1-9. The weight and cost values here are from the 

CAD, complexity is from the function model and, finally, ergonomics and 

maintainability are peer-assessment values, chosen from the expert and user surveys. 
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Table 10 - AHP assessment table 

Criteria Initial design Improved design Improved product 

Weight 2 1 9 

Cost 2 1 9 

Complexity 1 3 9 

Ergonomics 1 3 9 

Maintainability 1 5 9 

Sum 1.4 2.6 9 

Rank 3 2 1 

Using two different assessments makes it possible to choose the best concept. In the 

case study, the improved product (Figure 8) is the most acceptable concept. 

4.5 Method description summary 

The suggested approach comprises CAD sketch development, function analysis, system 

complexity reduction and final design assessment. In this approach, from a simple 

sketch or CAD model a developer can obtain new original concepts or radically change 

the product design. 

The method is based on scientifically proven instruments (system analysis, 

mathematics, logic) as well as on design instruments (CAD, TRIZ, MCDM) that have 

been given wide application and approval in engineering practice. The validity of the 

method is also proven by some practical trial applications, presented in the dissertation 

as case studies. Finally, a survey conducted among professional engineering designers 

confirmed the efficiency of the approach.  
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5 Results 

In this dissertation, a method for developing conceptual designs is proposed that uses a 

preliminary CAD model as the source and returns a new or improved CAD model for 

detailed design as output. Most of the process is automatic or semi-automatic. The 

suggested approach uses SolidWorks API to transfer system hierarchy and interactions 

between elements to the function model; an algorithm based on TRIZ function ranking 

to define function importance; the TRIZ trimming tool to improve the design by 

reducing system complexity; and MCDM methods (Pugh matrix and AHP) to assess the 

design. Turning the final function model into a CAD model for detailed design is 

carried out manually. 

The suggested method makes it possible to obtain a new original design using an initial 

CAD model. The user can choose the “degree” of model improvement. That is, the 

developer can choose between limited system optimization and radical system reduction 

for a new design. 

In this research, two different designs were developed using the initial CAD model. The 

first model is a complexity design reduction without an invention paradigm change. 

This is similar to the results of Design for the Manufacturing and the Assembly 

(Boothroyd, Dewhurst and Knight, 2002). The second model is a radical change of the 

model and design idea. This is similar to the results of a TRIZ tool called Ideal Final 

Result (Altshuller, 1984). 

The research objectives have been fully achieved and a formal method for engineers and 

developers has been presented. All research questions have been solved. The evolution 

of the work and solutions to the questions are presented in articles I-VI and section 1.3 

of the dissertation. 

Also, this research answers all of the questions raised in section 1.2. The answers are in 

the text of the manuscript and summarized in Table 11, below. 

Table 11 - Brief answers to the research questions 

Research question Brief answer 

What structured approaches are used for 

generating ideas? What approaches 

improve these ideas? 

A good approach is TRIZ. There are 

some works in the domain concerning 

collaboration between TRIZ and 

conceptual design; it is easy to use and 

understand. 

What are the methods for assessing 

ideas/concepts? 

Best idea: use MCDM methods such 

as Pugh matrix and AHP because they 

are most popular in Finland. 

How can the development tools identified 

in the research collaborate with CAD 

The best way was inspired by the set 

of works of Bakker, Wits, and 
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software? Have similar studies been 

carried out? 

Chechurin. 

How to transform existing 

sketches/ideas/CAD models into a TRIZ 

function model for further modification? 

By customizing an existing method – 

Function Analysis. The initial method 

does not take into account the 

relationships between system 

elements. 

How to modify information from sketches 

or CAD models to receive new design 

possibilities? 

By customizing an existing method – 

Trimming. The initial method does not 

take into account the evolution of the 

system. 

How to evaluate the results obtained using 

the presented method? 

Best idea – use MCDM methods such 

as AHP and Pugh matrix. Results were 

confirmed in an industrial case study. 

 

The presented method was verified during the creation/improvement of 18 industrial 

tools developed at two companies, Termotronic and Institut Telecomunicatsiy, in Saint-

Petersburg, Russia. It was used at the conceptual design stages in 13 cases, and to 

improve the existing design in eight cases, with the method being used for both 

purposes in three cases.  
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6 Research limitation and discussion 

This chapter discusses the research limitations and briefly describes how they might be 

resolved. There are two fundamental limitations affecting this research. The first regards 

the area of application and the second concerns the CAD software used to create the 

initial model. 

The area of application was limited to mechanical engineering because the tool 

presented in this dissertation is aimed at developments in mechanical engineering and 

because the author is a mechanical engineer. Therefore, the method was tested only with 

mechanical engineers and developers. In addition, all of these specialists have basic 

knowledge of TRIZ. This was important since the presented system requires a good 

understanding of product structure and the relationships between product parts in 

industrial developments and, thus, is not very friendly to a novice. To better understand 

the disadvantages of the method, experienced engineers were chosen. 

The research was also limited by the fact that only SolidWorks software was used in the 

research, while other CAD software products were not studied. SolidWorks was chosen 

because the author has extensive experience using it. The main problem in this research 

was how to translate the CAD model into a TRIZ function model. To do this, the 

SolidWorks “Mates” tool was used, but in the other software, since the interaction tools 

and types of interaction are not similar to SolidWorks, additional development would 

have been necessary. Using SolidWorks, therefore, meant that the main problem was 

how to translate this interaction to a function model using API and not in understanding 

how to interact assemblies, subassemblies, and parts in the CAD model. In the 

Autodesk Inventor API (Inventor 2018 Help: Getting Started with Inventor’s API, 

2018), for example, the types of objects, features, and relationships between objects are 

not similar to those of SolidWorks API. 

To resolve these problems, additional research and funds are needed. First, the current 

tool can be challenging for inexperienced CAD and TRIZ users. Moreover, the 

presented method should be expanded to other technical areas, which requires adding 

another experienced specialist. It should be noted that a similar study has been done in 

the construction area (Renev, Chechurin and Perlova, 2017). Also, to develop the tool 

for use with other CAD software, other specialists in this area are needed since the API 

information structures vary greatly with different CAD software products. 

The results of a unique survey taken to verify the algorithm presented in this 

dissertation are presented in Table 2. In this survey, ten engineers from two companies 

(Termotronic and Institut Telekomunicatsiy) improved their existing systems using the 

suggested method. They worked in a semiautomatic manner, without any unique tools 

for trimming systems or ranking functions, to better understand the weakness of the 

approach. All of the specialists noted the new design patterns they obtained using this 

method. Eight of ten engineers noted that the calculation in complex assemblies was 

very difficult and seven of ten noted the ambiguity of the functional definition. 
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Finally, a vital disadvantage of the present method is the absence of an automated link 

between the final function model and the final CAD model. A user must create the final 

CAD model manually, which means that the method cannot be used by unskilled TRIZ 

and CAD users. 
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7 Conclusion 

The method presented in this dissertation makes it possible to improve a system model 

using the system function presentation. This takes into account the evolution of the 

situation (and therefore its function model) and shows how the approach yields 

trimming ideas that are different from what can be derived from the standard static 

function ranking procedure. With this method a developer can obtain a new original 

design or radically change the existing design. Also, introducing the time domain is 

believed to make the function analysis more accurate and realistic. This last is expressed 

as a formula and requires some calculations, but makes it possible to create 

improvements in a systematic manner. Thus, improving the method and introducing it 

into the most popular CAD software can change the process of development, which is 

similar to integrating finite-elements methods in CAD software. This means the 

developer will design concepts, taking into account the function presentation of the 

system to create the most acceptable design, in CAD software – without other tools and 

special knowledge. In addition, engineers will choose between concepts in common 

frameworks. Further integration with PDM/PLM systems can radically improve the 

development process in research and development activities.  

The method can be applied in both industry and science. Using this method, engineers 

created 18 special assembling tools. Examples of using this method in industrial 

applications are presented in articles I-IV. In addition, some examples of applications 

were studied at LUT Summer school 2017 and 2018 in the Basic TRIZ course. 
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Abstract 

At present function analysis is often used for system analysis and concept design development. Function analysis is based on modelling technique 
and rules of model modification, the most known of which is trimming. Trimming operator suggests system simplifications after each element of 
it is given a rank. . Thus, the core of the trimming is the evaluation criterion. 
The article compares two known ranking methods (Gen3 method and method of Miao Li) and suggests a new method of ranking of elements in 
the function model.  Exemplary mechanical system design analysis shows how different ranking approaches influence the trimming procedure.  
The method can be used for CAD/CAM software at the stage of conceptual design for automatic and semi-automatic system simplification. 
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Peer-review under responsibility of scientific committee of Triz Future Conference. 

 Keywords: TRIZ, function  model, ranking, function analisys,  

1. Introduction 

Methods for systematic conceptual design have always been
in the focus of research especially since the whole design 
became software-frameworked. Obviously, systematic 
approach means certain formalism of analysis based on 
modelling and model transformation formalism. One of the 
most reasonable modelling techniques (neither based on 
powerful but complicated mathematical nor simple but 
unformal natural language models) is known to be function 
modelling [1]. In fact, the usage of function models enables 
“top-down” and “bottom-top” design style. On the other side, 
there are CAD system development trends to use TRIZ 
elements in them, or there are works with the 3D solid body 
models using TRIZ [2]. 

Currently there has been some progress in the area 
automated design tools development. The focus is algorithms 
and tool for systematic design ideas generation, 
troubleshooting, design transformation and simplification etc. 

For example, GoldFire™ software by Invention Machine 
presents tool to patent design around from [3]. The product 
supports functional modeling performed by user or even 
partially automated manner from the text of the patent or 

another technical document, then the user performs ranking and 
the software suggests the elements for trimming. We should 
notice that big data or more precisely literature based discovery 
studies attack similar but slightly more general problem. They 
focus on extraction the concept (e.g. contents, ontology, 
hierarchy, interactions, subject-object action triples, cause-
effect relationships, function model) from the textual data. 

Another idea to automate the function model design was to 
use CAD environment, which is standard interface for system 
data processing in engineering world. The study [2, 4, 5, 6] 
presents an approach and working prototype of software that 
automates the function model extraction from 3D SolidWorks 
CAD assembly, and assist further function ranking and 
trimming.  

It is quite possible that the progress in the field will deliver 
algorithms that are able to design function model (knowledge) 
of an engineering system from patents, pictures, texts etc. 
(information). Similar revolution was brought by powerful 
computers in 90s, when the design of certain types of 
mathematical models became almost automated due to 
blending of finite-element approach with graphical system 
description.  

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Scientifi c committee of Triz Future Conference



23 Nikolai K. Efi mov-Soini and Leonid S. Chechurin  /  Procedia CIRP   39  ( 2016 )  22 – 26 

The goal of the function modelling is to analyze the product 
we are going to improve. At present, there are great number of 
methods for assessing the function model such as the solving 
complexity factor [7], the value engineering [8] etc. All these 
methods share a common trait to focus on the product model 
with selected elements only.  

There are three steps to design the functional model of a 
system [9]: the component analysis, the interaction analysis, 
the function analysis. Having designed the function model we 
can systematically derive models for simplified design by 
trimming. 

Let us consider the function ranking and the trimming in 
detail. 3 (“A, B, C”) or 6 (“A, X, B, C, D, E”) rules are often 
used for the trimming [10]. It should be noted that these usage 
is directly related to the rank of the functions. The element with 
the lowest rank is the first candidate for trimming. The 
application of the formalized approach simplifies “manual” 
trimming procedure applications and may serve as the basis for 
design automation. 

2. Description of methods 

2.1. Definitions 

We are going to use the following definitions throughout the 
paper. 
 The rank is defined by the ranking factor. The more 

ranking factor has the higher the rank. 
 The more useful (or more used) functions (elements) 

obtain the higher rank, the useless (or unused) functions 
(elements) obtain the lower rank. 

 The rank is evaluated by integers from 1 to , where the 
function with the highest rank obtains the value 1. So, the 
higher number has the lower rank. 

2.2.  Classical method of ranking 

This method is widely used for systematic inventing [11, 12, 
13]. 

The higher rank belongs to the functions that are closer to 
the key function in this method. So, we choose the furthest from 
the target functions as the candidates for trimming. For 
example, tooth brash bristles are of the highest rank, but the 
rubber cover on the handle is the lowest rank. Thus, the method 
may lead to the situation when the highest rank belong to an 
element that is geometrically close the target but does not 
perform any special function. For example, a sheet of paper 
laying on the chair would have the highest rank while adding 
nothing to main function of the system “to hold”.  

2.3. Linear convolution (Method of Miao Li). 

To evaluate the Function level points (ranking factor) of 
each component in this method Miao Li [14] introduces the 
function level score. For example: Useful function (5 point), 
Harmful function (−5 point), insufficient function (3 point), 
Excessive function (−3 point). Besides, the importance factor 
of each function level can be assigned based on expert’s 
opinion and practical situation. 

If one component performs 3 useful functions, 1 harmful 
function and 2 insufficient functions to other components, and 
the importance factor of each function level are all equal to 1. 
Therefore, the component function level points is 16 points (3 
 5  1 − 1 5  1 + 2  3  1). Let us assume the total cost of 

the system is equal to 100, the cost ratio of this component is 
10%. So the component relative cost gets 10. At last, by 
evaluating each component functionality points (function 
performance level points over relative cost), the total function 
rank of the engineering system components can be obtained. 
The higher score indicates that the component has more 
functionality. The lower score means that the component has 
not so much functionality, which gives a higher priority for 
Trimming. 

Interestingly, the author prefers using rules A, B, C for the 
trimming instead of this method [14].  

2.4. New method 

The above methods have a significant drawback – they are 
not able to highlight useful elements. Thus we suggest the 
following approach for ranking. 
 The closer function is to the target function, the higher is 

its rank (as the classical method of ranking – 2.2). 
 The more connections, associating the element with the 

function, the higher rank each function has. 
 Duplicate functions obtain the lower rank (for example, 2 

nails are holding one board, the function "hold" of each 
nail has the lower rank). 

 The farther element is from the key element 
(geometrically) the lower rate it has. 

3. Case study 

As an example, let us consider the concept, designed to 
verify the modes of polishing in the TERMOTRONIC firm (St. 
Petersburg, Russia) [15]. The aim of the development was to 
check what regimes were the best for polishing of the 
flowmeter “Piterflow RS” electrodes. This device was not used 
for industrial electrode polishing, but only to verify the modes 
of polishing such as the speed handle, the composition of 
abrasives, the processing time, etc. 

3.1. Device description  

This design of this device was inspired by contact lens 
polishing system [16, 17].  

The device comprises two main systems – a rotation system, 
and a swing system. We have treated only the swing system by 
the trimming. The rotation system consists of a spindle (for a 
hold electrode) and an electric motor rotating a spindle.  

The swing system design is presented in the figure 1. The 
main swing system function is to move the mount that sets in 
motion the pillow with abrasive, polishing the head of the 
electrode. 
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3.2. Creation of the function model and the function ranking 

The function model is shown in the figure 2. Ranking results 
for three different methods are presented in the tables 1-3.  

 

 

Table 1. Classical method of ranking 

Rank Element 1 function Element2 

1 radial bearing distance mount 

 shaft hold mount 

2 clutch hold  shaft 

clutch move shaft 

bearing1 hold shaft 

bearing2 hold shaft 

shaft hold radial bearing 

clip hold radial bearing 

clip move radial bearing 

3 support1 hold bearing1 

support2 hold bearing2 

actuator hold clutch 

actuator move clutch 

shaft hold clip 

shaft move clip 

4 support2 hold plate 2-3 

spacer(x3) hold actuator 

control system switch actuator 

5 support3 hold plate 2-3 

support3 hold spacer(x3) 

plate 1-2 hold control system 

6 support1 hold plate 1-2 

support2 hold plate 1-2 

 

Table 2. Linear convolution 

Rank Element Ranking factor 

1 radial bearing 15 

2 
clip 10 

support3 10 

3 

shaft 5 

support1 5 

support2 5 

plate 1-2 5 

control system 5 

4 

clutch 0 

bearing1 0 

bearing2 0 

plate 2-3 0 

spacer(x3) 0 

actuator 0 

  

Figure 1 - Polishing device 

Figure 2 – Function model 
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Table 3. Author’s method 

Rank Element 1 function Element2 Ranking 
factor 

1 shaft hold mount -3 

2 shaft hold radial bearing -2 

3 radial bearing distance mount -1A 

4 
shaft hold clip -1B 

shaft move clip -1B 

5 support2 hold bearing2 0A 

6 clutch move shaft 0B 

7 
actuator hold clutch 0C 

actuator move clutch 0С 

8 clip hold radial bearing 2A 

9 support1 hold bearing1 2B 

10 clutch hold  shaft 3A 

11 support2 hold plate 2-3 3B 

12 control system switch actuator 3C 

13 spacer(x3) hold actuator 3D 

14 
bearing1 hold shaft 4A 

bearing2 hold shaft 4A 

15 plate 1-2 hold control system 4B 

16 support2 hold plate 1-2 5A 

15 support3 hold spacer(x3) 5B 

16 support3 hold plate 2-3 5C 

17 support1 hold plate 1-2 7 

 
For this method we use the principles descripted in 2.4. For 

example, the function “clutch hold shaft” needs 2 steps to the 
target function (the initial rank equal 2) ,this one is duplicated 
from the functions “bearing1 hold shaft” and “bearing2 hold 
shaft” (2+3), and, as well, the element obtains 2 links (2+3-
2=3). Also the equal factors obtain 4 other functions, but the 
function “clutch hold shaft” is geometrically closer to the 
mount (because the elements clutch and the shaft is closer to 
the mount) than 3 function and is farther than function 
“support2 hold bearing2”, so this function gets a high rank (B). 

3.3. Ranking results 

In fact the classical method of ranking gives the higher rank 
to the functions that are the nearest to the target element. For 
the system we analyze it means the radial bearing (table 1) 
which is intermediary only. There are the most useless element 
in the device, in opposite the author’s method “highlights” the 
most used component. he most useless elements (support1, 
support2, support3) are defined identically in both methods at 
the same time.  The “useful” element in the linear convolution 
method (table 2) is same as in the classical method - radial 
bearing one, but the “useless” element is different. It means that 
the method is not suitable for the ranking in concepts, but in 
theory this method “highlights” the most “useless” (but maybe 
not unused) component, what is very important for the patent 
design around (tables 1-3). 

4. Conclusions 

The paper discusses design complexity reduction algorithms 
based on function modelling technique. Difference in tow 
known element ranking methods are highlighted and a new 
approach is suggested. More precisely, 
 The classical method of ranking is simple for awareness 

and understanding, it does not require the specification of 
carrying out any further calculations, and can be used as a 
method of rapid assessment, but for the evaluation in the 
automatic mode, requires the supplementation. 

 The linear convolution method highlights the most unused 
or useless item, which is theoretically the easiest to be 
removed, which is convenient to the patent design around. 

  The new method as an "upgrade" to the Classical method 
of ranking, to adapt it to the conduction of the automated 
trimming. 

5. Further development 

The further development goes in 2 areas: development (and 
check) the formal mechanism for the trimming after choosing 
the concept (in the new development) and the development 
mechanism for automatic and semi-automatic trimming. 
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Abstract— This paper is devoted to the electrical machine design development by using the
TRIZ-based tool. The implemented approach is based on the TRIZ tool called the function
analysis. This tool is used as a formal method for the electrical machine improvement and
design development. It takes into account the system structure and relations between the system
elements. The presented method is applied for a case study and illustrates the transition from
conventional machines to high-speed electrical ones.

1. INTRODUCTION

The conceptual design stage is one of the most important stages in the product life-cycle According
to Ullman about 70% of a product cost is the conceptual design stage result [1]. It is very important
to use this stage to select the best concept. For this purpose inventive design methods are very
effective. There are different inventive methods, for example, TRIZ [2], Axiomatic Design [3]
and USIT [4] to name a few.

TRIZ (Russian acronym “Teoriya Reshenia Izobretatelskih Zadach” — the Theory of the Inven-
tive Problem Solving) is a powerful tool for the design development and improvement. TRIZ was
developed in 1950th by the Soviet inventor Genrih Altshuller [2]. Different TRIZ tools are used in
industry and science [5–8].

One of the TRIZ tools is the function analysis [9]. It is used for the design development and
improvement for the static and dynamic systems [10]. In this paper the function analysis method
is used for the rotating electrical machine development.

In this paper the usage of the inventive TRIZ tool allows obtaining a new concept pattern for the
electrical machine development. The function approach is possible to use for the design, because
information on the conceptual design stage is uncertain and each design iteration is very expensive.
The implementation of the TRIZ tool allows obtaining the result in the cost-effective way The
presented method consists of the four main steps: the component analysis, the interaction analysis,
the function modeling and the trimming. During the first step the system is decomposed to the
elements. On the second step relations between the elements are defined. On the third one each
relation is defined as a function and the each function importance is defined as well. Finally, the
trimming of the elements is performed to improve the system.

There are several types of the function modeling methods [11]. The Functional Flow Block
Diagram (FFBD), used in the system engineering [12], is some of them. This is a function-oriented
approach based on the sequential relationship of all functions in the system. FFBD is developed
from the top to the bottom and it proposes the hierarchal view of the functions across the series
of levels Aim of each one is to identify a single task on a higher level by means of the functional
decomposition Compared with FFBD, the Functional Analysis System Technique (FAST) diagram
focuses on functions of the product rather than its specific design In this method the system is
presented in a tree structure where each function is presented in a verb + noun format.

In contrast to FFBD and FAST, TRIZ function modeling takes into account the physical inter-
action between the system elements and type of this interaction. For example is it useful, harmful,
insufficient or excessive. In this approach the system is presented by using the component and
function views together. Therefore, it is possible to create a new design pattern and make a new
design based on the initial design.

The growing number of applications where electrical machines are used is leading to the situation,
when rotating electrical machines are one of the major electricity consumers. The high system
efficiency of these applications is necessary to reduce global greenhouse gas emissions. Therefore,
it is very important to apply the best suitable electrical machine type for every application [13].
In this paper the function analysis method demonstrates how the transition from the conventional
electrical machine to the high-speed electrical machine can optimize the system design.

This paper is structured as follows: Section 2 introduces the state of the art, Section 3 de-
scribes the design method, in Section 4 the case study is presented and Section 5 is devoted to the
conclusions.
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2. THE STATE OF THE ART

2.1. TRIZ in Industry and Science

TRIZ is a set of powerful tools used in different areas of industry and science. The most frequently
used approaches are forty inventive principles, Ideal Final Result (IFR) and function analysis [14].
These methods are used in various science and industry fields. Forty inventive principles and Ideal
Final result are good inventive tools to create a new design or improve it, but these methods are
very uncertain and creative. In contrast function analysis is very formal method based on the
exact steps. This method is used for the design development, the system improvement and the
patent-around design.

2.2. The TRIZ Function Analysis

The function analysis in its TRIZ-related form appeared already in 1991 and was originally targeted
at the engineering system analysis [15]. There are different approaches in the TRIZ function
analysis. The literature review has shown that presented TRIZ-based tools have some disadvantages.
For example, Li’s method doesn’t take into account the system dynamization [16]. The GEN3
method’s key disadvantage is a high importance of the elements that do not have an important
function, but are close to the key function element or elements — “mediators” [9]. The method,
presented in this paper, takes into account links between the system elements, their importance
and the system dynamization.

2.3. Electrical Machines

Rotating electrical machines produce above 90% and consume more than 40% of the worldwide
electrical energy [17]. The global CO2 emission reduction is only possible if this huge amount of
energy will be produced and consumed efficiently. Therefore, it is important to design, produce and
install highly efficient electrical machines. Political decisions support the adaptation of the highly
efficient machines by issuing the new regulations. For example, 21st Conference of the Parties to
the United Nations Framework Convention on Climate Change (COP21) has accepted an extension
to the Kyoto protocol in December 2015. This agreement will allow keeping global warming below
1.5–2◦C.

The recent trends in the electrical machine design, which allows achieving high system efficiency
include novel machine topologies, new materials and efficient manufacturing [18]. An appropriate
selection of a suitable machine topology for the exact application can significantly increase the
total system efficiency and reduce the greenhouse gas emissions. The function analysis provides an
opportunity to select a suitable machine topology on the very early design stage and to reduce the
initial design time.

3. THE METHOD DESCRIPTION

The presented method consists of four main steps: the component analysis, the interaction analysis,
the function modeling and the trimming. This method is based on the GEN3 function analysis and
trimming [9], however few new ideas are proposed.

3.1. The Component Analysis

This step consists of the system decomposition into the elements The following algorithm is pro-
posed for the decomposition:

a) The system is decomposed to the main elements, usually to a big assembly. For example, a
car consists of a body, an electric system, an engine etc..

b) The system target element is selected.
c) Decomposed elements are divided into the smaller components. The assembly is divided into

the subassembly; the subassembly is divided into parts etc. The main goal of this step is to
create a detailed system decomposition model in the area close to the target element.

d) Finally the interaction analysis, the function modeling and the trimming are held according
to the algorithm presented in Subections 3.2–3.4. If the result is not satisfactory, then the
system is additionally decomposed (step c).

The presented method is based on the algorithm for meshing in the finite element analysis [19].
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3.2. The Interaction Analysis
On this step an interaction between the elements is defined. For illustration a simple system, which
consists of the frame, the stator core and the windings is illustrated. The frame interacts with
stator core and doesn’t interact with the windings; on the other hand windings interact with the
core and don’t do it with the frame.
3.3. The Function Modeling
In this step, a type of the interaction between the elements is defined as a function. The function
rank of each one is defined in accordance with its importance The following definitions are used
throughout the paper:

- The rank is defined by the ranking factor. The lower ranking factor, the higher the rank.
- The more useful (or more used) functions or elements obtain the higher rank; the useless (or

unused) functions or elements obtain the lower rank.
- The rank is evaluated by integers from 1 to ∞, where the function with the highest rank

obtains the value 1. Hence, the higher number has the lower rank.
- For function with the equal ranking fact or a distance between the element associated with

the function and the target element is additionally taken into account. These ranking factors
are marked with letters A, B, C etc., where letter A indicates a function with the smallest
distance to the target element. Therefore, the rank for the function with the letter A is higher
than for the function with the letter B.

- The target function obtains the initial rank 0.

The ranking is based on the ranking system presented in [9, 10]. In this method, the function
ranking is based on the function importance but also on the number of relations among function
elements. The main definitions of the presented approach are the following:

- The closer the function to the target function, the higher its rank. This step is similar to
GEN3 ranking method.

- The element with the highest number of connections is the most important for the system.
All functions, associated with this element, have the high rank.

- The duplicated functions obtain the lower rank For example, if two bolts are holding one
stator end plate, the function “hold” of each bolt has the lower rank.

- The farther element from the key element geometrically, the lower rank it has.

3.4. The Trimming
Three following formal rules [9] are used for trimming:

a) The function carrier can be trimmed if the object of the function is trimmed.
b) The function carrier can be trimmed if the object of the function can perform the useful

function by itself.
c) The function carrier can be trimmed if another function carrier performs its useful function.

4. THE CASE STUDY

The case study is focused on the electrical machine development for the applications that require
the high rotational speed The areas, where high rotational speed increases efficiency of the working
process include heating, ventilation and air conditioning (HVAC), waste heat recovery systems
(WHRS), oil and gas compressors, distributed energy generation and spindle drives to name a few.

A common way to increase the rotational speed is to install a gearbox between the conventional
electrical machine and the process working tool. Figure 1 shows the computer-aided design (CAD)
model of the system. The whole drivetrain consists of the frequency converter, conventional elec-
trical machine, gearbox, and working tool. The frequency converter feeds the machine from the
network. It provides control of the rotational speed, slip, and voltage level. The induction motor
transforms the electrical energy to the mechanical one. It consists of several key components. The
frame holds the whole structure. The stator consists of the laminated core and insulated windings.
The windings and core create the rotational electromagnetic field. Bearings are supporting the
rotor. The induction machine rotor consists of the laminated core and the squirrel cage from the
highly conducting material. The rotor is connected to the gearbox, that in case of a high-speed
application gears up the rotational speed. Finally, the gearbox is connected to the working tool.
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Figure 1. Conventional induction machine with a gearbox.

4.1. The Case Study Component and Interaction Analysis
First, the conventional drivetrain with the induction machine is decomposed into 10 elements, such
as the working tool gearbox, bearing, rotor lamination, rotor cage, magnetic field, stator core, stator
windings, frequency convertor and frame. The presented decomposition consists of the machine
elements, magnetic field and environment, that is represented by the working tool. The interactions
between the elements are listed in Table 1.

Table 1. Interactions in the conventional electrical machine.

4.2. The Case Study Function Modeling
After the interaction analysis each link is defined as a function. In the case study the following
key functions are defined: the gearbox rotates the working tool, the rotor lamination rotates the
gearbox, bearings hold the rotor, the rotor lamination holds a rotor cage, the magnetic field rotates
the rotor cage, the stator core and windings create the magnetic field, the stator core holds stator
windings, the frequency converter controls stator windings and the frame holds the stator core.
These and some other functions are mapped in the function model and shown in Figure 2. In this
representation some functions and processes in the electrical machine are simplified to illustrate
the key idea of the method.
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Figure 2. Function model of the conventional drivetrain.

The ranking factor and each function’s rank are defined by using the function modeling rules
from Subsection 3.3 and function model in Figure 2. For this purpose the distance between elements
is decreased by numbers of links. Further, the rank is scored by following the principle “the lower
ranking factor, the higher the rank”

Two functions — “gearbox rotates working tool” and “rotor lamination holds rotor cage” are
considered to illustrate an example The first one has zero distance to the working tool, and the
second function has the distance two because there are two functions between the rotor lamination
and the working tool. These functions are “rotor lamination rotates gearbox” and “gearbox rotates
working tool”. In the function “gearbox rotates working tool” element “gearbox” has two links. One
with the rotor lamination and another with the working tool. The element “rotor lamination” has
four links. Two links are with the rotor cage, one with the gearbox and one with the bearings. None
of these functions are duplicated in this example. According to the ranking rules in Subsection 3.3
the ranking factor for the function “gearbox rotates working tool” is equal to −2. This is because
the distance is 0, there are two links and the functions are not duplicated (0 − 2 + 0 = −2). For
the function “rotor lamination holds rotor cage” the ranking factor is also -2. The distance is 2,
there are four links and the functions are not duplicated (2 − 4 + 0 = −2). For the final ranking
geometric rule is used. The function “gearbox rotates working tool” is closer to working tool than
the function “rotor lamination holds rotor cage”. Therefore, the first function gets the letter “A”
and the second gets the letter “B”. In addition, the functions “rotor lamination rotates the gearbox”
and “rotor cage rotates the rotor lamination” have the ranking factors −3 and −1 accordingly. It
means that the considered functions receive the rank 2. The final rank for the function “gearbox
rotates working tool” is “2A” and for the function “rotor lamination holds rotor cage” the rank is
“2B”.

The calculations are similar for other functions. The results of the ranking process are presented
in Table 2.

Finally, the ranking trimming rules from Subsection 3.4 are used for the system improvement
The formal trimming rules are applied for all functions starting with the lowest rank. When function
is trimmed, process stops.

For example, the function “frame holds stator core” isn’t trimmed because the object of the
function “stator core” isn’t trimmed; this function can’t perform the useful function by itself and
another function carrier doesn’t perform its useful function. Similar analysis is performed for other
functions The function “gearbox rotates working tool” can be trimmed if the gearbox is trimmed.
Another function carrier may perform its useful function This function is transferred to the element
“rotor” and is transformed to the function “rotor rotates working tool”. The improved function
model is illustrated in Figure 3. Some elements of the system have been adjusted.

Figure 4 shows the drivetrain that implements the improved function model, presented in Fig-
ure 3. A new system is a high-speed induction machine. Due to the challenges of the high-speed
operation some changes are required in this machine design. The frequency converter and frame
require minor changes. For example, more advanced control techniques can be used in the converter
to control the rotation. The stator lamination must be selected thinner and with lower per unit
losses to minimize the core losses due to the high supply frequency. Special types of windings and
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Table 2. The ranking results.

Function Distance Links Ranking Factor Rank
Gearbox rotates working tool 0 2 −2 2A

Rotor lamination rotates gearbox 1 4 −3 1
Bearings hold rotor lamination 2 1 1 5A

Rotor lamination holds rotor cage 2 4 −2 2B
Rotor cage rotates rotor lamination 2 3 −1 3
Magnetic field rotates rotor cage 3 3 0 4
Stator core creates magnetic field 4 3 1 5B

Stator windings create magnetic field 4 3 1 5B
Stator core holds stator windings 5 3 2 6

Frequency converter controls stator windings 6 1 5 7B
Frame holds stator core 6 1 5 7A

Figure 3. The function model of the improved system.

their arrangement must be selected to avoid extra copper losses. Bearings and the rotor part require
the redesign because they need to tolerate higher mechanical stresses. Special types of bearings are
used in high-speed machines, for example, ceramic ball bearings, Active Magnetic Bearings (AMB),
or air-foil bearings [20]. In the case of AMB and air-foil bearings additional back-up bearings are
required. They act as the safety damper in case of the rotor dropdown. The rotor structure is
modified in way that instead of the laminated rotor the solid rotor is selected. Such construction
allows achieving very high peripheral speeds up to 400 m/s. The solid rotor additional slits are
drilled in the rotor to increase electromagnetic performance.

Figure 4. High-speed induction machine model.
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The key benefits of the high-speed machines are higher system efficiency, lower size and footprint,
higher power density, and wide operational range and high partial load efficiency. This example
demonstrates that an implementation of the function analysis can provide the guidelines for the
electrical machine type selection significantly reduce the number of iterations, reduce the design
time and the number of errors at the concept design stage.

5. CONCLUSIONS

In this paper the method of the system development and improvement is presented with the example
of the electrical machine. The major steps and the procedures are explained in details. As a result
the function analysis method enables to develop a new design pattern. This approach is formal,
easy to use in various design fields and to automate.

The proposed method is an attempt to transform the design inventive process into the for-
mal algorithm. This method is one of the ways to improve the conceptual design procedure by
selecting the suitable electrical machine type in the very beginning of the design process The fur-
ther development is possible by using the presented approach in connection with CAD model in a
semi-automatic or an automatic mode.
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Abstract. This article is devoted to the collaboration of TRIZ function analysis
and the engineering CAD software. The presented approach uses the TRIZ
function modeling for the system development and improving, meanwhile, it
uses the information from the CAD model in the initial source. The case study is
illustrated by the industrial example. Its aim is the improving of the electro-
magnetic flow meter magnetic system the, created by means of the SolidWorks
software. For process automatization the software, created in C# Microsoft
Visual Studio by using the SolidWorks API tool. The suggested method proposes
the formal mechanism based on the TRIZ methodology for the system devel-
oping and improving by means of the CAD model. This one may be used as in
the conceptual design, so detail design stages and for patent-around design.

Keywords: TRIZ � CAD � Function analysis � Trimming

1 Introduction and States of the Arts

According to Ullman [1], decisions made during the design process have a great effect
on the cost of the product but these decisions cost is very low. Also, about 75% of the
manufacturing cost of the typical product is committed by the end of the conceptual
phase process. It means that decisions, made after this time, can influence only 25% of
the product’s manufacturing cost. On the other hand, the Top-down approach [2]
permits to create the common Computer-Aided Design (CAD) model on the conceptual
design stage. In this case, inventive methods in collaboration with the CAD software
may be very effective.

This paper presents the method that combines tool based on the application pro-
gramming interface (API) of the SolidWorks software and the Theory of Inventive
Solving (TRIZ).

The TRIZ (Russian acronym “Teoriya Reshenia Izobretatelskih Zadach” – the
Theory of the Inventive Problem Solving) is an inventive method proposed by the
Soviet scientist and the inventor Altshuler (1926–1998) in 1956 [3]. He studied about
40000 patents and drew out the formal processes for some new ideas of the generation
and the technical evolution trends. Such methods are 40 inventive principles, contra-
dictions, ideality, and patterns of the evolution. In presence, TRIZ is widely used in
different areas of industry and science [4–7].

The functional part of the method is based on TRIZ function analysis. There are
several types of the function presentation of the system, such as the Functional Flow
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Block Diagram (FFBD) [8], the Functional Analysis System Technique (FAST) [9], the
Integrated Computer Aided Manufacturing DEFinition for Function Modeling (IDEF0)
[10], etc. All these methods use the function approach for the system presentation. For
example, the FFBD is the function-oriented approach based on the sequential rela-
tionship of all system functions. FFBD develops a system from the top to the bottom
and it proposes the hierarchal view of the functions across the series of levels. The aim
of each one is to identify a single task on a higher level by means of the functional
decomposition. Compared with FFBD, the Functional Analysis System Technique
(FAST) diagram focuses on functions of the product rather than its specific design.
There the system is presented in a tree structure where each function is presented in a
verb + noun format.

In contrast to FFBD and FAST, the TRIZ function modeling takes into account the
physical interaction between the system elements and the type of this interaction. There
are four types of interaction - useful, harmful, insufficient or excessive. In this
approach, the system is presented by using the component and function views together.
Therefore, it is possible to create a new design pattern and make a new design based on
the initial design.

This paper is devoted to two main problems such as the transferring of the CAD
model to the TRIZ function model by using the API technology [11] and the Function
Model improving by means of the functional analysis. These problems are solved to
receive new patterns, to improve the existing design or for patent-around design.

In the area of collaboration between CAD and TRIZ, the proposed approach is not a
novelty. In one hand Dr. Ullah proposed the methodology [12] of integrating CAD,
TRIZ, and customer needs, but he did not propose any formal integration mechanism.
On the other hand, Dr. Bakker and Dr. Chechurin [13, 14] developed the formal
mechanism of the collaboration. The proposed approach evolves ideas of the last one
by means of the function-oriented approach.

There are different methods for the design improvement and development, such as
the topological improvement (e.g. Generative design software Autodesk Within - [15]),
using CAI (Computer-Aided Invention, e.g. GoldFire [16]) also the TRIZ approach may
be used. The first one proposes the topological optimization without a new design
generation. The second one proposes a new design generation but without the collab-
oration to the CAD model. It is used in additive technologies. The CAI approach uses
the function approach, but it doesn’t collaborate with the engineering software. This
approach is used in the patent-around design. The TRIZ function analysis is the third in
the list of the TRIZ tools popular method [17]. There are different approaches in this
case. For example, Miao Li’s method [18] used in patent around design. It takes into
account an each element importance. Gen3 method [19] is used for design improvement
and development. This one uses the formal functional approach to rank the importance
of each function in the system. Presented method combines these methods and sup-
plements them, also collects the previous works in this domain [20–22].

The remainder of this paper is structured as follow: Sect. 2 is devoted to the method
description, in Sect. 3 the method is illustrated by industrial case study – improving the
electromagnetic flow meter, Sect. 4 is considered to materials conclusions and finally,
Sect. 5 is devoted to the further development.
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2 Method Description

The suggested method is based on [13, 14]. There are 3 main steps: the export from the
CAD model, the function modeling, and the trimming. In the first step, the information
from the CAD model is received. In the second step, the TRIZ function model is
created by using information received above. Finally, the trimming of the TRIZ
function model is used for system improving and development.

2.1 Export from CAD Model

The API tool is used for the information export from the CAD model. This one is
included in the popular CAD software (SolidWorks, Inventor, SolidEdge, Kompas etc.)
and permits to receive some information from the model or to work in this software by
using commands “outside”. In this case, the model structure and the relationship
between elements (mates in SolidWorks) are received by using the SolidWorks API. In
fact, this step replaces the component analysis in [19]. The translation is completed by
using the special software, created in the C# Visual Studio 2017 by using the
SolidWorks API tool.

2.2 Function Analysis

The function analysis model is based on [19–21]. There are three formal steps: the
component analysis, the interaction analysis, and the function modeling. The first one is
devoted to the system decomposition to elements. It is completed above and is similar
to [19]. The following algorithm is proposed for the decomposition:

1. The system is decomposed into the main elements, usually to a big assembly. For
example, a car consists of a body, an electric system, an engine, etc.

2. User select target element in the system.
3. Decomposed elements are divided into the smaller components. The assembly is

divided into the subassembly or parts; the subassembly is divided into parts, etc.
The main goal of this step is to create a detailed system decomposition model in the
area close to the target element of the system.

4. In the final step, the interaction analysis, the trimming is held according to the
algorithm presented in Sect. 2.3. If the result is not satisfactory, then the system is
additionally decomposed (step 3).

In the second step, the relation between elements is defined. For example, a simple
system, which consists of the frame, the shaft, and the gear, is illustrated. The frame
interacts with the shaft and doesn’t interact with the gear; on the other hand, the gear
interacts with the shaft and don’t do it with the frame. In this case interaction analysis is
based on mates of the CAD model, but may be modified by the user, e.g. he may add or
remove elements. For example, the mate “contact” in the CAD model is equal to the
function “hold” in the function model, and for bolts and nuts function “hold” is defined
as the default. The final step defines the interaction between elements as a function and
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type of this interaction. There are four types of interaction: useful, harmful, insufficient
or excessive. But in this case, one useful function is considered. Also, the function
ranking is done.

Finally, the function rank defines an each function importance. It is based on the
following formal rules:

1. The rank defines the functional importance. The more useful (or more used)
functions obtain the higher rank; the useless (or unused) functions obtain the lower
rank.

2. The function rank is defined by the ranking factor (the degree of importance). This
one is a rational number and may be positive or negative.

3. The rank is evaluated by integers from 1 to ∞, where the function with the highest
rank obtains the value 1. Hence, the higher number has the lower rank.

4. The target function (system main function) obtains the initial rank 0. This function
is defined by the user.

5. The system is static in this case; it means that the function rank and the ranking
factor are time-independent.

6. If the ranking factor for two functions is equal, the function with a smaller distance
between the function carrier and the target element obtains the higher rank. In this
instance rank of the function wrote in type: number + letter. For example: 2A, 3B,
7C etc.

The following formula is used for ranking factor calculation:

RF ¼ IR � NL þ ND þ 1 ð1Þ

where: RF - Ranking factor, IR-Initial rank, NL - Number of links, ND - Numbers of
duplicated functions.

2.3 Trimming

This step is based on formal trimming rules [23]. A function may be trimmed if:

1. An object of the Function does not exist;
2. An object of the Function performs the function itself;
3. Another Engineering System Component performs the useful function of the

Function Carrier.

Where an object that performs a function is called the Function Carrier, while the
object on which the function is performed is called the Object of the Function. For
example in the function “hammer move nail”, the hammer is the function carrier,
moves – the function, and the nail is an object of the function.

The trimming rules are applied for all function starting with the lowest rank in this
case. After an each trimming iteration, the software proposes a user to continue or to
finish the trim process. If the trimming is impossible, the process stops.
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3 Case Study

The case study is illustrated with the electromagnetic flowmeter magnetic system
improvement. The electromagnetic (EM) flow meter is used for the heating, the air
conditioning, the water supply and the water treatment, in the drinking water system
distribution, the pipelines etc. The main feature of the electric flow meter is its ability to
work with any conductive liquid.

In the electromagnetic flowmeter, the magnetic field is generated by coil interaction
with water that generates an electric signal. This signal is processed by the flow meter
controller, and it displays the measured data on the screen or sends the data to the
external server.

This one is presented in the Fig. 1 and consists of two nuts, the stud, the coil and
the tube. The stud is welded to the tube and holds the coil in this system. Meanwhile,
the coil is fixed in the stud with two nuts. The coil is used to generate the magnetic field
into the tube.

3.1 Case Study Export from CAD Model

The special software is developed for information translation. This one is created in the
C# Microsoft Visual Studio by using SolidWorks API tool. It permits to create the
function model by using following information: the name, the type of component
(assembly or part) and mates (interaction between elements). The presented tool
replaces component analysis in the functional analysis. The developed software pre-
sented in the Fig. 2.

The suggested software works in a semi-automatic manner. It proposes the same
ideas to a user, but one can interrupt and each step in this algorithm. On other hand, the
user can optimize the software work. - The user may add changes in the process in any
step (e.g. add or remove functions, elements, change the type of the relation etc.).

Fig. 1. Electromagnetic flow meter magnetic system.
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3.2 Case Study Function Analysis

The interaction matrix is created (Table 1) by using information received above;
meanwhile, the interaction between elements is based in the mates of the CAD model.
Also, the model elements are amplified with the element “magnetic field” (the element
of the super system).

For interaction analysis algorithm presented in Sect. 2.2 is used. The mates
“contact” and “concentric” are defined is an interaction of the elements in the function
model.

The second step is the functions identifying and function model creation. This step
is based on the formal rules of the function identifying and the ranking. Results of this
step are presented in the Table 2.

The step algorithm is the following: the initial rank is defined by means of the
function model (Fig. 3); thereafter the ranking factor is solved by using the formula (1).
For example, the ranking factor for the function “Nut1 holds Coil” is equal to 1. In this

Fig. 2. Software for interaction analysis.

Table 1. Interaction matrix for magnetic system

Nut1 Nut2 Stud Coil Tube Magnetic field

Nut1 − + + + −

Nut2 − + + − −

Stud + + + + −

Coil + + + − +
Tube + − + − −

Magnetic field − − − + −
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case, the function has the initial rank is equal to 1 and the element Nut1 has 3 links
(with the tube, the stud and the coil). Additionally, the function is duplicated with two
ones. Finally, the ranking factor of the function “Nut1 holds Coil” is equal to the
ranking factor of the function “Stud holds Coil”, but the distance between elements
Stud and Coil is smaller than the second function. The distance between elements is
defined as the distance between the centers of the mass in this case.

Meanwhile, the least ranking factor defines the most important function in the
system – the Coil generates the Magnetic field. This function receives the higher rank
of the system – 1. The remaining function receives the function rank with the
increasing of the ranking factor.

In this case, the system is static, this means ranking factor and rank are
time-independent. For the dynamic system calculation of the function, ranking factor is
similar, but time factor takes into account.

Table 2. The function ranking

Element 1 Function Element 2 Initial rank Ranking factor Final rank

Nut1 Holds Coil 1 1 – 3 + 3 = 1 4B
Tube Holds Nut1 3 3 – 2 + 2 = 3 6
Nut2 Holds Coil 1 1 – 2 + 3 = 2 5
Stud Holds Nut1 2 2 – 4 + 0 = −2 2
Stud Holds Nut2 2 2 – 4 + 0 = −2 2
Stud Holds Coil 1 2 – 4 + 3 = 1 4A
Tube Holds Stud 2 2 – 2 + 0 = 0 3
Coil Generates Magnetic field 0 0 – 4 + 0 = −4 1

Fig. 3. Magnetic system function model
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3.3 Case Study Trimming

The trimming is completed by using Fig. 3 and Table 2. In this case, the algorithm uses
three formal trimming rules (Sect. 2.3). It starts with the lowest rank (function – “tube
holds nut1”) and finishes with the higher rank function (the coil generates a magnetic
field). As a result, three functions are highlighted to the trimming. Trimmed functions,
these ranks, and trimming rules are presented in the Table 3.

The improved system is presented in the Fig. 4, and the function model is presented
in the Fig. 5. The new system consists of the modified stud, the coil, and the tube. The
stud holds the coil. The retention diameter of the stud is bigger than the diameter of the
hole in the coil. Elements Nut1 and Nut2 are eliminated.

Table 3. Trimmed functions and rules

Function Rank Trimming rules

Tube holds
Nut1

6 Rule A. Function maybe trim if eliminate object of the function –

Nut1
Nut2 holds
coils

5 Rule C. Another component of the engineering system performs the
useful function of the function carrier – e.g. stud

Nut2 holds
coils

4B Rule C. Another component of the engineering system performs the
useful function of the function carrier – e.g. stud

Fig. 4. Electromagnetic flow meter improved the magnetic system.
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The presented design of the electromagnetic flow meter is cheaper in mass man-
ufacturing, and very easy to assemble. It means that the cost of an each flow meter in
mass-production is lower. Also, this design of this device has small differences with the
initial flow meter design. That means the cost of the transition to the new design is tiny.

The improved function model is less complicated and has a smaller number of
elements. It means that the presented system is simpler. Ideality of this one is bigger
than in initial system.

This example demonstrates that an implementation of the TRIZ-based software can
provide the guidelines for the design development and improve, significantly reduce
the number of iterations, reduce the design time and the number of errors and
unsuccessful design at the in the conceptual design, detail design stages and for the
patent around design.

4 Conclusions

In this paper, the method of the system development and improvement is presented
with the example of the electromagnetic flow meter. The major steps and the proce-
dures are explained in details.

The presented approach permits to improve and develop the system by means of the
CAD model created in SolidWorks. This one permits to receive new design patterns
and possibilities of the improvement and the development in the conceptual design,
detail design stages and for the patent around design. The suggested method is an effort
to transform the informal and uncertain design inventive process into the formal
algorithm. The proposed algorithm is easy to use, simple, formal and may be used for
all types of the CAD software with API (e.g. Inventor, SolidEdge, Kompas etc.).

The suggested method is an attempt to add the new possibilities in the work of the
practical designers and developers. The simplicity of use makes it an ideal candidate for
the integration with the different areas of industry and science.

5 Further Development

The further development goes in three areas – the verifying of presented approach, the
automating of the trimming step and the design assessment.

For development and the verifying of the function ranking formal mechanism,
patent analysis and collaboration with practice engineers will be used. In this instance,
different types of system will be used (mechanics, electrics, pneumatics, complex
systems etc.).

Fig. 5. Function model of improved magnetic system
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The development will be focused in the automatic trimming and semi-automatic
one in the automatization area. In this case, the automation of the trimming process for
dynamic and static systems of the different types (mechanical and not mechanical) will
be developed.

For the development of the design assessment algorithm, the method of the col-
laboration with different techniques, such as Analytic hierarchy process (AHP) [24],
Comparison (Pugh’s) matrix [2] or other precise and fuzzy techniques [25] will be
developed.
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A method of system model improvement using TRIZ function analysis and 

trimming 

Nikolai Efimov-Soini and Kalle Elfvengren 

Lappeenranta University of Technology, School of Business and Management 

Abstract This chapter presents a method of system model improvement by means of system 

complexity reduction, based on TRIZ function analysis and trimming. The suggested method 

can be used for new development as well as improvement of an existing system. The 

presented approach is illustrated by an industrial case study. 

Keywords: TRIZ, function analysis, trimming. 

1 Introduction 

The chapter concerns a function-based method for design improvement and new design 

development. According to Ullman, 75% of product cost is defined at the conceptual stage, 

and the cost of product improvement grows exponentially in the manufacturing stage, but the 

use of systematic methods makes it possible to minimize the funds lost (Ullman 2010). This 

means that these stages are extremely important in the product life-cycle, and the use of 

systematic methods at these stages is thus very useful for design development. 

Several systematic approaches exist, e.g. Axiomatic Design (Suh 1990), USIT (Sickafus 

1997), and TRIZ (Altshuller 1984). In this chapter, the TRIZ methodology is used for design 

development, because it is easy to use and understand. TRIZ utilizes formal approaches and 

inventive tools, and it is widely used in science and industry (Luo et al. 2012; Di Gironimo et 

al. 2013; Chechurin 2016). 
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TRIZ, in Russian  Theoria Resheniya Izobretatelskih Zadech, or Theory of Inventive Problem 

Solving, is an inventive method proposed by the Soviet inventor Genrich Altshuller in 1956 

(Altshuller and Shapiro 1956). He studied about 40 000 patents and drew out the formal 

processes for some new ideas of the generation and the technical evolution trends. The 

method has 40 inventive principles, contradictions, ideality, and patterns of evolution. 

 

This chapter concerns modern TRIZ tools, such as function analysis and trimming (Gadd 

2011). The latter is a formal method for system development and improvement, based in the 

reduction of system complexity. Different types of this tool are used for patent-around design 

(Li et al. 2015),  system improvement (Sheu and Hou 2013), and to form new design patterns 

(Efimov-Soini and Uzhegov 2017). In this chapter, the advanced method of trimming is used 

for system improvement and development in a formal manner. Function analysis is used as 

the input to the trimming process. 

 

Previous trimming methods used formal rules for step-by-step improvement of the system 

(Ikovenko et al. 2005; Sheu and Hou 2013; Li et al. 2015). The functions were independent in 

these approaches, and the authors did not use a special formal ranking index to define the 

importance of the function in the system. In contrast to the previous methods, the new 

approach takes the relation between the functions and elements into account. The function 

analysis step is improved and a new operation “creation and analysis of the function 

interaction matrix” is added before the trimming step. This improvement highlights the 

“function streamlines” in the system. This means that the functions are grouped in sets. This 

idea makes it possible to automate the trimming algorithm and to receive a new concept 

pattern. 
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The rest of the chapter is structured as follows: section 2 is devoted to the state-of-the-art, 

section 3 describes the method, in section 4 the method is illustrated by an industrial case 

study, section 5 consists of discussion, and conclusions are presented in section 6. 

2 State-of-the-art 

The functional part of the presented method is based on TRIZ function analysis. There are 

several types of function presentation of the system model, such as the Functional Flow Block 

Diagram (FFBD) (Akiyama 1991), the Functional Analysis System Technique (FAST) 

(Cooke 2015), the Integrated Computer-Aided Manufacturing Definition for Function 

Modeling (IDEF0) (Defense Acquisition University 2005). All these methods use the function 

approach for system model presentation. For example, FFBD is a function-oriented approach 

based on the sequential relationship of all system functions. FFBD develops the system from 

the top to the bottom and proposes a hierarchal view of the functions across a series of levels. 

The aim of each level is to identify a single task on a higher level by means of functional 

decomposition. In comparison to FFBD, FAST diagram focuses on the product functions 

rather than a specific design. In contrast to FFBD and FAST, the TRIZ function modeling 

takes account of the physical interaction between the system elements and the type of this 

interaction. There are four interaction types: useful, harmful, insufficient, or excessive. FFBD 

and FAST use the static approach in the function analysis, meaning that the number of 

elements and functions, and the relation between the elements are time-independent and do 

not change in time, whereas many TRIZ practitioners point out the need to identify problems 

clearly at each system level, and to solve them separately. This goal is achieved by integrating 

well-known models and instruments for system description and function representation. O. 

and N. Feygenson also suggest the Advanced Function Approach in the Modern TRIZ 

(Feygenson and Feygenson 2016), where they add some steps, such as: “Indicate the place the 

function is performed” and “Indicate the time the function is performed”. Also this approach 
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has been used by Litvin et al. (2011) in their research in the application history and the 

function analysis evolution. The research indicates that the next logical step for enhancing the 

Function Approach is the introduction of two parameters: “time of performing a function” and 

“place of performing a function”. The presented method combines previous works in the 

domain and proposes taking the physical relation and time-dependence of the system model 

into account. 

 

The second part of the method consists of trimming. This is a formal process to improve the 

system model by means of system complexity reduction. There are different approaches in 

this case. For example, Miao Li’s method (Li et al. 2015) is used in the patent around design. 

It takes account of the importance of each element. The Gen3 method (Ikovenko et al. 2005) 

is used for design improvement and development. This method uses the formal functional 

approach to rank the importance of each function in the system. The approach presented in 

this chapter combines and supplements these methods, and collects previous works in this 

domain. 

 

3 Method description 

This chapter contains the method description by using a simple example. The method uses 

function modeling for system model improvement by means of system complexity reduction. 

The suggested method consists of two main parts: function analysis and trimming. 

 

3.1 Function presentation and other definitions 

In TRIZ function modeling, the functions are presented in the following manner: the tool (the 

function carrier), the function, and the object. The function must create real action from the 

tool to the object, e.g. “a helmet deflects a bullet” is a legitimate function, but “a helmet 
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protects a head” is not a legitimate function. On the other hand, the function does not be 

declarative, e.g. “a pill improves the health”. 

 

The function rank is a formal factor which defines the importance of the function in the 

function model. In this case, the rank is a positive integer number. As such, the argument of 

the rank function is inversely proportional to the importance of the function. For example, a 

function with rank three is more important than a function with rank five. 

 

The ranking factor is a formal index which defines the function rank. It is a rational number 

and maybe positive or negative. The latter is also inversely proportional to the importance of 

the function. Thus, a small value defines the most important function. 

 

The target element is called the main element in the system. This means that this element 

defines the purpose of the system in the initial function model. 

 

The target function is a function which interacts with the target element. On the other hand, 

this function defines the main function of the initial system. 

 

3.2 Function analysis 

The function analysis part consists of three main steps: component analysis, interaction 

analysis and function modeling. Component analysis concerns decomposition of the system 

model to the main parts, e.g. to big assemblies. This step may be done by means of CAD 

model analysis (Efimov-Soini and Chechurin 2017). In the interaction analysis step, the 

interaction between the elements is defined. In the final step, a function diagram (function 

model) is created and the rank (importance) of the functions in the system is defined. 
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3.2.1 Component analysis 

This step concerns system model decomposition. Complex systems are usually divided into 

big assemblies and simple systems to parts. This analysis includes not only system model 

parts, but also external parts. For example, a car consists of an engine, a frame, a body etc., 

but in some cases a road may be included in the system model. The main goal of this step is to 

create a detailed system decomposition model in the area close to the target element. 

 

3.2.2 Interaction analysis 

A special interaction matrix is used in the interaction analysis step. In this matrix, the 

interaction between the elements of the system model is denoted with a plus sign (+) and the 

lack of interaction with a minus sign (-). As an example, the interaction matrix of the system a 

cup with a cap – coffee, is presented in Table 8.1. This system model is used below to 

illustrate the method description. The case study is illustrated with a real industrial case. 

 

Table 8.1 – An interaction matrix 

 cup table coffee cap 

cup  + + + 

table +  - - 

coffee + -  + 

cap + - +  

 

3.2.3 Function modeling 

There are six substeps in this step: definition of the interaction as a function, initial ranking, 

initial function model creation, model selecting, final ranking, and function interaction 

analysis. 
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Firstly, each interaction is defined as a function in the substep called “interaction definition as 

a function”. If interaction between the elements is not available, the function is not defined. 

The functions in the system model are presented in Table 8.2. 

 

Table 8.2 – Functions in the system model 

Element 1 Function Element 2  

cup holds coffee target function 

table holds cup  

cap holds coffee  

cup holds cap  

 

The target function and the target element are also defined in this step. In this case, the target 

function is “cup holds coffee” and the target element is “coffee”. 

 

Next, the initial function rank is defined. The rank (importance) of each function is defined on 

the interval (1…+∞). When the initial rank of the target function is 0, it is the highest in the 

system. The initial ranking of the suggested system is presented in Table 8.3. 

 

Table 8.3 – Initial ranking 

Element 1 Function Element 2 Rank 

сup holds coffee 0 

table holds cup 1 

cap holds coffee 1 

сup holds cap 1 

 

After this, the function model is created by means of the previous step results. At this point, it 

is possible to create the function model simultaneously with the initial rank definition. In the 

function diagram, the elements are marked as rectangles. It is also recommended to place the 

target element in the right side. In addition, for elements which are impossible to modify or 
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are not included in the model, create action (e.g. gravitation) is noted with a hexagon. The 

function model of the suggested case is presented in Figure 8.1. 

 

 

Figure 8.1 – The function model 

 

In the suggested method, two model types are presented: static and dynamic. In the static 

model the function rank (importance), the interaction number in the system, and the number 

of the elements in the system are permanent. On the other hand, one or all parameters can be 

changed in a dynamic model. The dynamic model is presented as a set of system snapshots. 

Each snapshot is a static state of the system, which means that the function rank, the number 

of interactions and the number of elements are permanent in each state. For each static state, 

the time (duration) of each snapshot is defined by means of the following formula: 

𝑡𝑛𝑖 =
𝑡𝑖

𝑡𝑤
 (1) 

where tni is the normalized time of the state i, ti – the time of the state (in minutes, seconds, 

years etc.) and tw is the total observation time (in minutes, seconds, years etc.). 

 

The presented approach is used to calculate the final function rank. In this case, the special 

formal index (the ranking factor) is used. The latter is inversely proportional to the importance 
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of the function. Thus, a small value of ranking factor defines the most important function. 

Using normalized time, the final ranking factor is defined as 

𝐹𝐹𝑅 = ∑𝐹𝑅𝑖 × 𝑡𝑛𝑖 (2) 

where FFR is the final ranking factor, FRi is the ranking factor in state i, and tni is the 

normalized time of the state i. For a static system, tni=1. 

 

For the presented system, both the dynamic and the static approach may be used. For the 

dynamic approach, two states are considered, the cup is on the table (tn1=0.9) and the cup is 

lying on its side (tn2=0.1). 

 

In the final ranking substep, the special index, called the ranking factor, is added to define the 

function rank. The following formula is used to calculate this: 

𝐹𝑅𝑖 = 𝑅 − 𝑁𝑙 − 𝑁𝑑 (3) 

where FRi is the ranking factor in this state, R is the initial rank, Nl is the number of function 

carrier links, Nd is the number of duplicated functions. The final ranking is presented in Table 

8.4. 

 

Table 8.4 – Final ranking 

Element1 Function Element2 R Nl Nd FR Final rank 

cup holds coffee 0 3 0 -3 1 

table holds cup 1 1 0 0 3 

cap holds coffee 1 2 0 -1 2B 

cup holds cap 2 3 0 -1 2A 

 

Additional subindexes are used in the suggested case, such as 2A and 2B. The letter is used to 

distinguish functions with an equal ranking factor. The function with subindex A is 

geometrically closer than the function with subindex B. This means that the element “cup” is 

closer to the element “coffee” than the element “cap” to the element “coffee”. 
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The situation is different in the dynamic model, and the situation is different in the dynamic 

approach as well. There are two system states: the cup is on the table (tn1=0.9) and the cup is 

lying on its side (tn2=0.1). The latter state function model is equal to the model in the static 

approach. For the other case, the function model is presented in Figure 8.2. 

 

Figure 8.2 – The function model for the state tn2. 

 

The function “cap holds cup” is not available in this state, because these elements do not 

interact here. The ranking table for this case is presented below. 

 

Table 8.5 – Ranking in the dynamic approach 

Element1 Function Element2 R1 R2 Nl1 Nl2 Nd FR1 FR2 Final 

rank 

cup holds coffee 0 0 3 3 0 -3*0.9 -3*0.1 1 

table holds cup 1 1 1 1 0 0*0.9 0*0.1 4 

cap holds coffee 1 NA 2 2 0 -1*0.9 -1*0.1 3 

cup holds cap 2 2 3 3 0 -1*0.9 -1*0.1 2 

 

Finally, sets of functions are defined after ranking. This approach makes it possible to 

improve the trimming process and to receive some new design patterns. In this case, the 

functions are divided into three types: independent (-), dependent (+) and equal (=). 
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Independent functions do not interact – e.g. in the fun system, functions installed in the wall 

“wall holds fun” and “fun moves air” are independent. In the dependent type, functions create 

the result “together”, e.g. “bolt holds nut” and “nut holds plate” are dependent functions. The 

equal functions create a similar result in the system, e.g. functions “welding holds plate” and 

“bolt holds plate” are equal in many cases.  In this case, independent functions trim in a 

separate manner, and dependent and similar functions in sets. The function interaction matrix 

for the presented model is shown in Table 8.6. 

 

Table 8.6 – The function interaction matrix 

 cup holds coffee table holds cup cap holds coffee cup holds cap 

cup holds coffee  - = - 

table holds cup -  - - 

cap holds coffee = -  + 

cup holds cap - - +  

 

There are two sets of functions, the dependent set “cup holds cap” and “cap holds coffee” and 

the set of equal functions “cup holds coffee” and “cap holds coffee”. 

 

3.3 Trimming 

Trimming is a formal process to improve the system model by means of system complexity 

reduction. There are three formal rules. The function may be trimmed if 

a) An object of the Function does not exist 

b) An object of the Function performs the function itself 

c) Another Engineering System Component performs the useful function of the 

Function Carrier. 

 

The trimming procedure starts with the function with a lower rank. If sets of function are 

defined in the system model, the trimming process starts with the last one. Three formal rules 
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are used to trim the sets in the trimming process. This is a radical method, but it makes it 

possible to gain a new qualitative design pattern. 

 

In the presented case the trimming process has the following steps: 

 ‘Cup holds cap’ and ‘cap holds coffee’ (set ”cup holds coffee”) may be trimmed in 

case of the transfer function. For example, the function “holds” is transferred to the 

table and the new system is a table with a thermos. Another example: the function 

transfers to coffee itself to create a solid shell of coffee. In this case, the coffee holds 

itself. This trimming process is similar to the previous one. 

 ‘Table holds cup’. This function has a lower rank in the system (in the static and 

dynamic approaches) and maybe trimmed by means of rule B. It is possible to place 

the cap on the floor or hold it in the hand. 

 ‘Cap holds coffee’ may be trimmed if the function is transferred to the cap (similar to 

a baby cup). In this case, the element “cap” is trimmed, and as well the function “Cup 

holds cap” is trimmed as well by means of rule A. 

4 Case study 

The industrial case is presented in this chapter. The case concerns a special tool for flow 

meter assembling. This procedure is used by the firm Termotronic (Saint-Petersburg, Russia) 

in the manufacturing process. The presented mechanism is very complex, and therefore this 

chapter focuses only on the flow meter holding system. The step-by-step algorithm is 

presented below. 

 

The holding system is presented in Figure 8.3. The system is inspired with a linear actuator 

and it is used to hold the flow meter on a vertical axis. Considering that the various flow 

meter models have different tube diameters, the system must be adaptive. In this case, a 
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system based in pinions is used. The user rotates a handle, this handle rotates the first pinion, 

then the pinion rotates the driven pinion, and the last one moves the thread. In this process, 

the thread moves the holder on the horizontal axis. The frame in this system holds the holder. 

 

 

Figure 8.3 – Initial flow meter holding system 

 

4.1 Function analysis of the holding system 

The first step in the suggested approach is function analysis. This approach is based on 

previous developments (Efimov-Soini and Chechurin 2016; Efimov-Soini et al. 2016; 

Efimov-Soini and Uzhegov 2017) and the Gen3 function analysis approach (Ikovenko et al. 

2005). 

 

There are three parts on this step: component analysis, interaction analysis and function 

analysis. The first and second steps are accomplished by means of a special software (Efimov-

Soini and Chechurin 2017) which uses a CAD model of the flow meter holding system. 

The function model of the holding system is presented in Figure 8.4. 
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Figure 8.4 – Function model of the holding system  

 

4.2 System function interaction matrix 

The interaction between the functions and the interaction type are defined in this step. There 

are three types of the interaction in the suggested method: dependence (+), independence (-) 

and similarity (=). In Table 8.7, independent and dependent functions are distinguished. By 

means of this table, it is possible to divide the functions into two parts, the function “Frame 

holds Holder” and a set of the five remaining functions, named t “Handle moves Holder”. 

 

Table 8.7 – Holding system function interaction table 

  Handle 

moves 

Pinion 

Pinion moves 

driven pinion 

Driven 

pinion 

moves Tread 

Tread moves 

Holder 

Holder 

holds Flow 

meter 

Frame 

holds 

Holder 

Handle moves 

Pinion 

  +  +  +  +  - 

Pinion moves 

Driven pinion  

 +   +  +  +  - 

Driven pinion 

moves Tread  

 +  +   +  +  - 

Tread moves 

Holder 

 -  +  -   +  - 

Holder holds 

Flow meter 

 +  +  +  +   - 
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Frame holds 

Holder 

 -  -  -  -  -  

 

4.3 Trimming of the system 

The system simplification is completed by means of a trimming algorithm in this step. There 

the set of functions “Handle moves Holder” and the function carriers of this set are 

transformed to the system “Handle-Spring-Holder”. This means that a spring is added into the 

system and the functions set “Handle moves Holder” is trimmed by means of Rule C. This 

system is self-adaptive, which means that the spring holds the flow meter with a different pipe 

diameter without any action. The function model of the improved system is presented in 

Figure 8.5. The improved system is presented in Figure 8.6. 

 

Figure 8.5 – Function model of the improved holding system 
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Figure 8.6 – Improved holding system 

 

5 Discussion 

A special survey was performed to verify the presented algorithm. In this survey, 10 engineers 

from the firm Termotronic and Institut Telecomunicatsiy improved the existing systems by 

using the suggested method. They worked manually without any special tool for system 

decomposition and function ranking to understand the weakness of this approach better. All 

specialists commended the new design pattern received by means of this method. 8 of the 10 

engineers mentioned the difficulty of calculation in complex assemblies and 7 of the 10 

mentioned the ambiguity of the functional definition. 

6 Conclusions 

The presented algorithm makes it possible to improve a system model by means of system 

function presentation. It takes account of the evolution of the situation (and therefore its 

function model) and shows how the approach yields trimming ideas that are different from 

what can be derived from the standard static function ranking procedure. In addition, it is 
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believed that the introduction of the time domain makes function analysis more accurate and 

realistic. The function analysis is formularized and requires a number of calculations, but 

makes it possible to create the improvement in a systematic manner. 
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Abstract—In this paper, materials frequently used in high-speed (HS) electrical machines are assessed.
High-speed permanent magnet synchronous machines with a special tooth-coil topology serve as an
example for the assessment. The lamination and rotor sleeve materials are compared taking into
account their price, per unit losses, resistivity, and other factors. The resulting tables provide the
electrical machine designer with a means to enhance the HS machine performance at low costs.

1. INTRODUCTION

According to the increasing number of publications on the topic [1–3], the interest of the research
community in high-speed (HS) electrical machines is growing. The multidisciplinary nature of the HS
electrical machine design procedure attracts researchers from the fields of electromagnetics, thermal
analysis, rotordynamics, power electronics, material science as well as bearing designers [4–8]. Intensive
studies in the field are motivated by the industry’s interest in these machines. Application fields of HS
machines cover water treatment, energy sector, heating, ventilation, and air conditioning (HVAC), and
food industry. The advantages of HS motors and generators have made these machines attractive in
various application fields. These advantages are a higher system efficiency, a smaller carbon footprint
and system size, and a higher power density compared with conventional rotating electrical machines [9].

High-speed induction machines (HSIM) and permanent magnet synchronous machines (PMSM) are
the most attractive and widespread solutions in the industry. The HS PMSM provides a higher efficiency
and power density and a higher power factor than the HSIM, especially in low-power applications [10, 11].

In this paper, a special HS PMSM topology is considered. The machines under study have six
stator slots and nonoverlapping concentrated windings, that is, tooth-coil (TC) windings. The rotor
has two poles and consists of a full cylindrical permanent magnet (PM) and a retaining sleeve around
the PM. The advantages of this topology are the simple rotor and stator construction and assembly
process, a high efficiency and power factor, a sinusoidal back-EMF shape, and a short axial protrusion
length of the end windings. The short end windings allow to achieve a short rotor length, which, in
turn, increases the maximum rotational speed [12, 13].

A low number of poles is preferable in high-speed machinery because of the converter limitations
and a significant increase in some loss components at high nominal frequencies [14]. In the case of a
2-pole HS PMSM with distributed windings (DW), the axial protrusion length of the end windings can
be equal to the stator active length. Therefore, the rotor is longer, which further complicates the design
of the drive train. This problem can be avoided by using tooth-coil windings. However, there are several
factors that limit the adoption of the proposed topology with TC windings.

This paper describes some design solutions aimed to increase the power or rotational speed of the
HS PMSM having the above-mentioned topology. The effects of the selection of the stator and rotor
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materials on the machine performance and costs are presented. The design solutions are elaborated on
and compared with each other by two analyses.

There are various methods to assess an engineering system design; however, only a few of them are
widely used in the industry [15]. This paper focuses on two popular methods, namely, the Pugh matrix
and the Analytical Hierarchical Process (AHP).

The main contribution of this paper is the description of materials enabling a higher power or
rotational speed of HS machines and a comparison of these materials with each other. This information
will facilitate material selection based on the performance/complexity ratio. The data are validated
by prototypes constructed and measured in the study. The proposed methods of comparison can be
applied to other design optimization options and other electrical machine types.

2. CONSTRUCTION AND KEY LIMITATIONS

The design of any high-speed electrical machine is a multidisciplinary process owing to the mechanical,
thermal, and electromagnetic aspects to be taken into account simultaneously. In the case of HS
electrical machines, the electromagnetic design is more complicated than with conventional machines.
After the electromagnetic design is completed, a detailed thermal and rotordynamic analysis must be
performed. If any of the boundaries is not met, a new round of iteration starts.

This paper proposes a material selection strategy that can help to overcome the boundaries set by
the thermal, mechanical, and electromagnetic limitations. An HS electrical machine topology serves as
an example to demonstrate the influence of every design solution in detail. Two prototypes based on the
proposed topology were constructed and measured. In these machines, alternative design approaches
were adopted to overcome the limitations. These methods of comparison can also be applied to any
other electrical machines.

The topology under consideration is aimed to reduce the manufacturing costs. To this end, there
are only six stator slots in the topology. The rotor consists of a full cylindrical diametrically magnetized
PM inside a retaining sleeve. Fig. 1 illustrates the cross-section of the HS topology with an example of
the flux lines, flux distribution, and winding scheme. The Finite Element Method (FEM) calculations
of the machines were performed using the Cedrat Flux software package. All calculations were made
in 2D; however, the 3D effects were taken into account using the method described in [16]. A detailed
description of the FEM design process of the tooth-coil machine topology can be found in [17].

The structural limitations of the topology are mainly related to the stresses between the retaining
sleeve and the magnet. These stresses are caused by centrifugal forces and thermal expansion. The
contact between the PM and the retaining sleeve must be maintained from zero up to the maximum
allowed rotational speed and at any operating temperature. Simultaneously, the stresses between the

Figure 1. Cross-section of the tooth-coil topology under investigation. The rated point flux density
and flux line distribution are shown in the example machine. The winding scheme is demonstrated.
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PM and the sleeve must be below the yield strength of the retaining sleeve material taking into account
the safety factor [18].

The maximum length of the machine is associated with the rotordynamics. Usually, the drive
system is designed to be undercritical. However, there are bearing solutions that allow overcritical
operation. In the topology under consideration, the rotordynamics is usually not a critical limitation.
Because of the TC windings, the total rotor length is significantly shorter than with a DW machine of
a similar performance. The shorter rotor enables undercritical operation in most of the cases with the
topology under study.

The losses place significant limitations both on the rotor and stator parts. The rotor losses consist
of magnet and retaining sleeve losses caused by eddy currents. Further, about three-quarters of the
total rotor losses occur in the conducting retaining sleeve material. The total rotor losses do not
significantly reduce the machine efficiency, but they can cause permanent magnet overheating and
ultimately, irreversible demagnetization.

The stator core losses are a limiting factor at high operating frequencies. Reliable loss data at high
frequencies are required to adjust the coefficients of the applied hysteresis loss model and calculate the
core losses at the nominal frequency by the FEM.

In this topology, copper losses can be very high, because the winding factor is only 0.5. In the
winding design, it is extremely important to limit extra copper losses, including losses caused by the
skin effect and circulating currents. An analysis of the prototypes has shown that the rotor and end
winding temperatures are the two main thermally critical factors. These temperatures can be selected
as the key indicators of whether the current design meets the boundary conditions.

Mechanical losses start to play a significant role at high rotational speeds. Because of the smooth
outer rotor surface and a relatively small rotor diameter, friction and windage losses are not a limiting
factor. In the case of ball, air film, or fluid film bearings, bearing losses constitute the majority of the
mechanical losses in the topology under analysis. The frequency converters may be a limiting factor at
high frequencies even in two-pole machines. To minimize the losses in the machine, various converter
topologies, sampling techniques, and switching frequencies are used [19, 20].

There are various alternatives to overcome the above-mentioned multidisciplinary limitations and
achieve a better performance with the topology presented in this paper. These solutions require diverse
resources at the design and manufacturing stages and yield different results. The following section
introduces methods that allow to compare alternative solutions and rank them. By applying the results
of this comparison, design engineers are able to select the most promising materials.

3. ASSESSMENT METHODS

Two methods are frequently applied to the design assessment: the Pugh matrix [21] and the Analytical
Hierarchical Process (AHP) [22]. The AHP is used for concept ranking and the Pugh matrix for pairwise
comparison.

In the Pugh matrix method, the concepts are compared with the “datum” concept with respect to
several parameters. Thus, a value “better than datum,” “worse than datum,” or “similar” is determined
for each parameter. The best design has the highest number of “better than datum” values. This method
is widely used in various areas, for example, in energy and mechanical engineering, and it can also be
integrated with other methods such as the Quality Function Deployment (QFD) [23–26].

The AHP is a method developed by Professor T. L. Saaty in 1977, and it is based on the
decomposition of the main problem into subproblems. The method consists of two main phases:
ranking of the evaluation criteria and assessment of the design. In order to achieve the goal, pairwise
comparisons of all criteria are carried out to determine the relative importance of each criterion. Next,
pairwise comparisons are made between all alternatives separately for each criterion. Based on these
comparisons, an overall selection is made. Eigenvalues and eigenvectors are used to ensure that the
decision maker’s judgments are consistent [27]. This method is used for electrical machine design [28],
measurement system development [29], and electrical energy generation planning [30, 31].

A fair comparison of diverse parameters can be made by using normalized data. For normalization,
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the following formulas are used:

fnorm =

⎧⎪⎪⎨
⎪⎪⎩

finitial − fmin

fmax − fmin
− if fmax is the best value,

1 − finitial − fmin

fmax − fmin
− if fmax is the worst value,

(1)

where fnorm is the normalized result, finitial the initial value, and fmax and fmin are the maximum and
minimum values of this parameter.

By this approach, the normalized data can be interpreted in equal terms. For each parameter, 0 is
the worst result and 1 is the best result.

4. HIGH-SPEED ELECTRICAL MACHINE MATERIALS

4.1. Assessment of the Stator Material

The methods introduced in this paper are demonstrated for the selection of the stator lamination
material. The most commonly used lamination materials in high-speed machines are selected for
comparison, namely M270-50A, M270-35A, NO27, NO20, NO10, and a more rare 10JNEX900
lamination. Ten lamination suppliers were requested for a quotation for the same prototype geometry
and alternative materials available. Based on the quotations, the relative costs and availability of the
materials are obtained. These parameters are given in Table 1. The other important parameters are
obtained from the manufacturers’ datasheets [32, 33]. These parameters include the relative losses at
400 Hz and 2500 Hz at 1 T. The space factor depends on the lamination and insulation thickness and
has an impact on the core losses. The relative values of this parameter are listed according to [34, 35]
in Table 1. The value of the flux density at which the flux density saturation occurs at 50 Hz is shown
with the relative parameter saturation. The relative resistivity and yield strength of the lamination
materials are also presented. The data are normalized using (1).

Table 1. Normalized parameters of the stator lamination material.

Material Price Availability
Loss at

400 Hz

Loss at

2500 Hz

Space

factor
Saturation Resistivity

Yield

strength

M270-50A 1 1 0 0 1 0.22 0.64 0.33

M270-35A 0.89 0.88 0.39 0.52 0.86 0.11 0.64 0.26

NO27 0.78 0.63 0.57 0.70 0.57 0 1 0.19

NO20 0.72 0.38 0.66 0.80 0.29 0.78 0.36 0

NO10 0.61 0.25 0.66 0.96 0 0 0.36 0

10JNEX900 0 0 1 1 0 1 0 1

Table 2. Comparison matrix of the stator lamination material parameters.

Parameters Price Availability
Loss at

400 Hz

Loss at

2500 Hz

Space

factor
Saturation Resistivity

Yield

strength

Price 1 2 1 2 3 4 4 6

Availability 1/2 1 1 2 3 3 2 4

Loss at 400 Hz 1 1 1 3 2 3 3 5

Loss at 2500 Hz 1/2 1/2 1/3 1 1/2 1 1/4 2

Fill factor 1/3 1/3 1/2 2 1 2 1/4 2

Saturation 1/4 1/3 1/3 1 1/2 1 1/4 1

Resistivity 1/4 1/2 1/3 4 4 4 1 4

Yield strength 1/6 1/4 1/5 1/2 1/2 1 1/4 1
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Table 3. Weight coefficients of the stator lamination material parameters.

Parameters Weight coefficient Parameter rank
Price 0.253 1

Availability 0.169 3
Loss at 400 Hz 0.204 2
Loss at 2500 Hz 0.063 6

Fill factor 0.077 5
Saturation 0.048 7
Resistivity 0.148 4

Yield strength 0.037 8

Table 4. Ranking results of the stator lamination material.

Parameters Ranking factor Rank
M270-50A 0.616 3
M270-35A 0.621 2

NO27 0.622 1
NO20 0.564 4
NO10 0.434 5

10JNEX900 0.425 6

After the data normalization, the AHP method starts the pairwise comparison of the material
properties. The importance of price in the material selection is compared first with availability, then
with losses at 400 Hz, and with all other properties. For example, in Table 2, a judgment is made that
for an HS machine, the material price is twice as important as availability (thus the value 2 in the
table cell). The relative importance of one parameter over another is expressed. The same procedure is
applied for all material parameters. All the judgments constitute an n×n pairwise comparison matrix,
where the main diagonal elements equal 1 and aij = 1/aji for all i, j = 1, . . . , n. An example of the
comparison matrix for the lamination parameters is shown in Table 2.

The next step is the conversion of the comparison matrix in Table 2 into weight coefficients for
every parameter. For this purpose, an eigenvector is calculated. The values of the eigenvector are
the relative weight coefficients of the parameters. The weight coefficients and ranks of the lamination
material parameters are given in Table 3. According to the results, price, loss at 400 Hz, and availability
are the most important parameters for the selected operating frequencies.

The final step is scoring of the results based on the data of Tables 2 and 3. The resulting ranking
factors RF are calculated by the following equation

RF =
n∑

i=1

fiwi, (2)

where fi are the material normalized parameters and wi the weight coefficients of the parameters. The
calculated ranking factors and the ranks for the lamination materials are given in Table 4. The results
show that NO27, M270-35A, and M270-50A are the first options for the design. These materials have
an acceptable per unit loss level at 400 Hz and a low price, and are usually available in stock according
to the data of Table 1.

Sometimes in the design process there is a need to select between two lamination material options.
A pairwise comparison applying the Pugh matrix allows to choose one out of two materials based on
their parameters. The method has three steps. First, one option is selected and assigned as a basis or
“datum” for the comparison. The second step is the comparison of the parameters of the options with
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Table 5. Comparison of the Datum material NO20 and M270-50A.

Parameters NO20 M270-50A Result
Price 0.72 1 better than datum (+)

Availability 0.25 1 better than datum (+)
Loss at 400 Hz 0.66 0 worse than datum (−)
Loss at 2500 Hz 0.8 0 worse than datum (−)

Fill factor 0.29 1 better than datum (+)
Knee 0.78 0.22 worse than datum (−)

Resistivity 0.36 0.64 better than datum (+)
Yield strength 0 0.33 better than datum (+)

Table 6. Pugh matrix for the stator lamination material.

Material
Datum M270-35A NO27 NO20 NO10 10JNEX900

M270-50A

5 (+) 5 5 6 4

2 (-) 3 3 2 4

1 (=) 0 0 0 0

M270-35A
2 (+) 5 5 6 4

5 (-) 3 3 2 4

1 (=) 0 0 0 0

NO27

3 (+) 3 5 5 4

5 (-) 5 3 2 4

0 (=) 0 0 1 0

NO20

3 (+) 3 3 4 4

5 (-) 5 5 2 4

0 (=) 0 0 2 0

NO10

2 (+) 2 2 2 3

6 (-) 6 5 4 4

0 (=) 0 1 2 1

10JNEX900

4 (+) 4 4 4 4

4 (-) 4 4 4 3

0 (=) 0 0 0 1

M270-50A

a datum. Finally, the next option is assigned as a datum, and the procedure is repeated.
For example, the material NO20 is assigned as a datum and compared with M270-50A. The results

of the comparison are shown in Table 5. The pairwise comparison shows that M270-50A has five
parameters that are better than the datum, and three parameters that are worse than the datum.
According to the Pugh method, the material M270-50A is a better option than NO20. This is also
confirmed by the AHP analysis, where M270-50A has a rank of 3 and NO20 has a rank of 4.

Table 6 shows the results of the pairwise material comparison based on the Pugh method. The
rows represent the selected materials, which are compared with respect to the datum, and the columns
represent the datum. In each cell, the top value indicates the number of parameters that are better
than the datum, the middle value is the number of parameters that are worse than the datum, and the
bottom value is the number of parameters of equal value. If the selected material is better than the
datum, the cell is highlighted in green, if it is worse than the datum, the cell is highlighted in red, and
if the materials are equal, the cell is highlighted in yellow.
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The drawback of the Pugh method is the equal assessment of all option parameters. Therefore,
less important parameters, for instance, lamination yield strength, may affect the results of the pairwise
comparison. It can be seen in Table 6 that by applying the Pugh method it is difficult to compare
materials that have very distinct parameters, for example, 10JNEX900. Therefore, the Pugh method is
suitable for the comparison of options that have similar parameters.

When assessing the lamination materials by the two methods described above, it can be seen
that the price difference is not critical in the case of the M-series and NO-series steels; however, the
availability of these series is usually an issue. In many cases, NO20 and higher grades have to be
purchased separately. Because of the exceptional characteristics of the 10JNEX900, this material has
the lowest per unit losses at high frequencies among silicon-iron (SiFe) alloys [33]. The high price and
low availability of this material makes it a favorable choice only in very demanding applications.

4.2. Assessment of the Rotor Sleeve Material

The rotor sleeve material significantly affects the maximum power and rotational speed of the proposed
HS machine topology. The electromagnetic, mechanical, and thermal factors are acting simultaneously
on the retaining sleeve. The common rotor retaining sleeve materials used in HS PMSMs and their
normalized properties are given in Table 7. The materials prices and availability are obtained by the
same procedure as with the stator lamination. The yield strength, density, thermal conductivity, and
resistivity of the sleeve materials are found in [36–38].

Similar to the stator lamination AHP analysis, a comparison matrix is produced for the rotor
lamination materials. The comparison matrix of the material parameters is shown in Table 8. The
eigenvector of this matrix provides information about the relative importance of each parameter. The
weight coefficients of the rotor retaining sleeve material parameters are shown in Table 9.

The yield strength and density of the material determine the maximum rotational speed, while
resistivity defines the losses in the retaining sleeve. Therefore, these parameters are of a high importance.
A high yield strength allows higher rotational speeds than a low material density, which is shown in
Table 8 with the value of 5. The price and availability of the materials should also be taken into account
in the selection of the rotor sleeve material.

According to the AHP method results presented in Table 10, the titanium retaining sleeve is the
best compromise between cost and performance. Stainless steel or carbon fiber retaining sleeves are the
next best options depending on the stresses occurring in the sleeve material.

Table 7. Normalized parameters of the rotor retaining sleeve material.

Material Price Availability Yield strength Density Thermal conductivity Resistivity
ANSI 316L 1 1 0 0.03 1 0
Ti6Al4V 0.64 0.43 0.75 0.59 0.38 0.04

Inconel 718 0 0 1 0 0.69 0.02
Carbon fiber 0.21 0 0.66 1 0 1

Table 8. Comparison matrix of the rotor retaining sleeve material parameters.

Parameters Price Availability
Yield

strength
Density

Thermal

conductivity
Resistivity

Price 1 2 1/2 3 2 1

Availability 1/2 1 1/3 3 2 3/2

Yield strength 2 3 1 5 5/2 2

Density 1/3 1/3 1/5 1 1/3 1/5

Thermal conductivity 1/2 1/2 2/5 3 1 1/2

Resistivity 1 2/3 1/2 5 2 1



108 Uzhegov, Efimov-Soini, and Pyrhönen

Table 9. Weight coefficients of the rotor retaining sleeve material parameters.

Parameters Weight coefficient Parameter rank
Price 0.192 2

Availability 0.157 4
Yield strength 0.326 1

Density 0.048 6
Thermal conductivity 0.103 5

Resistivity 0.174 3

Table 10. Ranking results of the rotor retaining sleeve material.

Material Ranking factor Rank
ANSI 316L 0.45 2
Ti6Al4V 0.51 1

Inconel 718 0.34 4
Carbon fiber 0.44 3

Table 11. Pugh matrix for the rotor retaining sleeve material.

Material
Datum

3 (+) 4 3
3 (-) 2 3
0 (=) 0 0

3 (+) 4 4
3 (-) 2 2
0 (=) 0 0

2 (+) 2 2
4 (-) 4 4
0 (=) 0 0

3 (+) 2 4
3 (-) 4 2
0 (=) 0 0

ANSI 316L Ti6AI4V Inconel 718 Carbon fiber

ANSI 316L

Ti6AI4V

Inconel 718

Carbon fiber

Table 11 shows the Pugh matrix for the retaining sleeve materials. The data are obtained applying
the principle explained in Table 5. In line with the AHP method results, the Pugh matrix demonstrates
that Inconel is the least favorable option because of its high price.

The suggested stainless steel grades are the lowest-cost options, and these materials have the
lowest yield strengths and the highest conductivities compared with the other sleeve materials. The
implementation of titanium, Inconel, or carbon fiber significantly extends the boundaries of the machine
with the proposed topology but also the material price rises. Carbon fiber has exceptional yield strength
and resistivity but its thermal conductivity is very low. In the proposed construction, this is critical
because the only rotor cooling channel is the outer surface of the sleeve. In this case, the carbon fiber
can only be selected with permanent magnets of high temperature grade.
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5. PROTOTYPE VALIDATION

Based on the results of the material analysis, two prototypes with the proposed topology were built
and optimized. The first one is a 3.5 kW, 45 000 rpm PMSM for a turbo blower. The second one is
an 11 kW, 31 200 rpm permanent magnet synchronous generator for a micro Organic Rankine Cycle
(ORC) power plant.

In the 3.5 kW machine, NO10 lamination and a titanium retaining sleeve were used. These materials
were chosen to significantly extend the speed and power limits and ensure stable operation of the first
prototype. The other design methods implemented in the machine were installation of magnetic wedges
and selection of the bearing solution.

Another approach to the electrical machine design was taken in the 11 kW generator. The materials
chosen for the second prototype were M-270-35A lamination and an ANSI 316L retaining sleeve.
According to Tables 4 and 10, these materials are preferable solutions. The methods applied in the
design process are optimization of the air gap length, yoke thickness, and tooth tip, and installation of
a magnetic wedge. As a result, the performance of the 11 kW machine is relatively similar to the 3.5 kW
machine but with lower costs and manufacturing time.

The prototype test results show a good correlation between the simulated and measured losses.
More detailed information of the prototypes and testing can be found in [39].

6. CONCLUSION

In this paper, an assessment of the lamination and rotor sleeve materials for a 2-pole, 6-slot HS PMSM
with tooth-coil windings is presented. The materials are assessed applying the AHP and Pugh matrix
methods. The rank results of the AHP assessment are presented in tables. The Pugh matrix allows a
pairwise comparison of the selected materials for high-speed electrical machines.

Two prototypes demonstrate alternative strategies for the HS machine design. In the 3.5 kW
machine, expensive materials are used to extend the power and speed limits of the machine. In the case
of the 11 kW machine, only the materials with the highest assessment ranks are applied to the design.

REFERENCES

1. Chau, K.-T., W. Li, and C. H. T. Lee, “Challenges and opportunities of electric machines for
renewable energy,” Progress In Electromagnetics Research B, Vol. 42, 45–74, 2012.

2. Misron, N. B., S. Rizuan, R. N. Firdaus, C. Aravind Vaithilingam, H. Wakiwaka, and M. Nirei,
“Comparative evaluation on power-speed density of portable permanent magnet generators for
agricultural application,” Progress In Electromagnetics Research, Vol. 129, 345–363, 2012.

3. Gerada, D., A. Mebarki, N. Brown, C. Gerada, A. Cavagnino, and A. Boglietti, “High-speed
electrical machines: Technologies, trends, and developments,” IEEE Transactions on Industrial
Electronics, Vol. 61, No. 6, 2946–2959, Jun. 2014.

4. Pyrhönen, J., J. Nerg, P. Kurronen, and U. Lauber, “High-speed high-output solid-rotor induction-
motor technology for gas compression,” IEEE Transactions on Industrial Electronics, Vol. 57, No. 1,
272–280, Jan. 2010.

5. Touati, S., R. Ibtiouen, O. Touhami, and A. Djerdir, “Experimental investigation and optimization
of permanent magnet motor based on coupling boundary element method with permeances
network,” Progress In Electromagnetics Research, Vol. 111, 71–90, 2011.

6. Riemer, B., M. Lessmann, and K. Hameyer, “Rotor design of a high-speed permanent magnet
synchronous machine rating 100,000 rpm at 10 kw,” Proc. IEEE ECCE, 3978–3985, Sep. 2010.

7. Jiang, W. and T. Jahns, “Coupled electromagnetic-thermal analysis of electric machines
including transient operation based on finite-element techniques,” IEEE Transactions on Industry
Applications, Vol. 51, No. 2, 1880–1889, Mar. 2015.

8. Pesch, A., A. Smirnov, O. Pyrhönen, and J. Sawicki, “Magnetic bearing spindle tool tracking
through m-synthesis robust control,” IEEE ASME Transactions on Mechatronics, Vol. 20, No. 3,
1448–1457, Jun. 2015.



110 Uzhegov, Efimov-Soini, and Pyrhönen

9. Bianchi, N., S. Bolognani, and F. Luise, “Potentials and limits of high-speed PM motors,” IEEE
Transactions on Industry Applications, Vol. 40, No. 6, 1570–1578, Nov. 2004.

10. Kolondzovski, Z., A. Arkkio, J. Larjola, and P. Sallinen, “Power limits of high-speed permanent-
magnet electrical machines for compressor applications,” IEEE Transactions on Energy Conversion,
Vol. 26, No. 1, 73–82, Mar. 2011.

11. Chen, M., K.-T. Chau, C. H. T. Lee, and C. Liu, “Design and analysis of a new axial-field magnetic
variable gear using pole-changing permanent magnets,” Progress In Electromagnetics Research,
Vol. 153, 23–32, 2015.

12. Uzhegov, N., J. Pyrhönen, and S. Shirinskii, “Loss minimization in high-speed permanent magnet
synchronous machines with tooth-coil windings,” Proc. IEEE IECON, 2960–2965, Nov. 2013.

13. Xu, G., L. Jian, W. Gong, and W. Zhao, “Quantitative comparison of flux-modulated
interior permanent magnet machines with distributed and concentrated windings,” Progress In
Electromagnetics Research, Vol. 129, 109–123, 2012.

14. Lim, M.-S., S.-H. Chai, J.-S. Yang, and J.-P. Hong, “Design and verification of 150-krpm pmsm
based on experiment results of prototype,” IEEE Transactions on Industrial Electronics, Vol. 62,
No. 12, 7827–7836, Dec. 2015.

15. Salonen, M. and M. Perttula, “Utilization of concept selection methods: A survey of finnish
industry,” Proc. ASME IDETC/CIE, 527–535, Sep. 2005.

16. Pyrhönen, J., V. Ruuskanen, J. Nerg, J. Puranen, and H. Jussila, “Permanent-magnet length effects
in AC machines,” IEEE Transactions on Magnetics, Vol. 46, No. 10, 3783–3789, Oct. 2010.

17. Uzhegov, N., J. Nerg, and J. Pyrhönen, “Design of 6-slot 2-pole high-speed permanent magnet
synchronous machines with tooth-coil windings,” Proc. XXIst ICEM, 2537–2542, Sep. 2014.

18. Borisavljevic, A., H. Polinder, and J. Ferreira, “On the speed limits of permanent-magnet
machines,” IEEE Transactions on Industrial Electronics, Vol. 57, No. 1, 220–227, Jan. 2010.

19. Zhao, W., M. Cheng, R. Cao, and J. Ji, “Experimental comparison of remedial single-
channel operations for redundant flux-switching permanent-magnet motor drive,” Progress In
Electromagnetics Research, Vol. 123, 189–204, 2012.

20. Binder, A. and T. Schneider, “High-speed inverter-fed ac drives,” Proc. ACEMP’07 Int. Aegean
Conf., 9–16, Sep. 2007.

21. Pugh, S., Creating Innovative Products Using Total Design: The Living Legacy of Stuart Pugh,
edited by D. Clausing and R. Andrade, Addison-Wesley, New York, 1996.

22. Saaty, T. L., The Analytic Hierarchy Process, McGraw-Hill, New York, 1980.
23. Matzen, M., M. Alhajji, and Y. Demirel, “Chemical storage of wind energy by renewable methanol

production: Feasibility analysis using a multi-criteria decision matrix,” Energy, Vol. 93, 343–353,
2015.

24. Girones, V., S. Moret, F. Marechal, and D. Favrat, “Strategic energy planning for large-scale energy
systems: A modelling framework to aid decision-making,” Energy, Vol. 90, 173–186, 2015.

25. Thakker, A., J. Jarvis, M. Buggy, and A. Sahed, “3dcad conceptual design of the next-generation
impulse turbine using the pugh decision-matrix,” Materials and Design, Vol. 30, No. 7, 2676–2684,
2009.

26. Ullman, D. G., The Mechanical Design Process, McGraw-Hill, New York, 2010.
27. Okudan, G. and S. Tauhid, “Concept selection methods — A literature review from 1980 to 2008,”

International Journal of Design Engineering, Vol. 1, No. 3, 243–277, 2008.
28. Nasiri-Zarandi, R., M. Mirsalim, and A. Cavagnino, “Analysis, optimization, and prototyping

of a brushless dc limited-angle torque-motor with segmented rotor pole tip structure,” IEEE
Transactions on Industrial Electronics, Vol. 62, No. 8, 4985–4993, Aug. 2015.

29. Dziadak, B. and A. Michalski, “Evaluation of the hardware for a mobile measurement station,”
IEEE Transactions on Industrial Electronics, Vol. 58, No. 7, 2627–2635, Jul. 2011.

30. Meyar-Naimi, H. and S. Vaez-ZAdeh, “Sustainability assessment of a power generation system
using dsr-hns framework,” IEEE Transactions on Energy Conversion, Vol. 28, No. 2, 327–334,
Jun. 2013.



Progress In Electromagnetics Research M, Vol. 51, 2016 111

31. Chedid, R., H. Akiki, and S. Rahman, “A decision support technique for the design of hybrid solar-
wind power systems,” IEEE Transactions on Energy Conversion, Vol. 13, No. 1, 76–83, Mar. 1998.

32. Cogent, “Non-oriented electrical steel,” [Online]. Available: http://cogent-power.com/, 2016.
33. Senda, K., M. Namikawa, and Y. Hayakawa, “Electrical steels for advanced automobiles — Core

materials for motors, generators, and high-frequency reactors,” JFE Technical Report, No. 4, 67–73,
2004.

34. Tarter, R. E., Solid-state Power Conversion Handbook, John Wiley & Sons, New York, NY, 1993.
35. Nasar, S. A. and L. E. Unnewehr, Electromechanics and Electric Machines, JohnWiley & Sons,

New York, 1979.
36. Kolondzovski, Z., A. Belahcen, and A. Arkkio, “Comparative thermal analysis of different rotor

types for a high-speed permanent-magnet electrical machine,” IET Electric Power Applications,
Vol. 3, No. 4, 279–288, Jul. 2009.

37. Clemens, S. L. and W. C. Faulkner, Engineered Materials Handbook, ASM, Metals Park OH, 1991.
38. Yon, J., P. Mellor, R. Wrobel, J. Booker, and S. Burrow, “Analysis of semipermeable containment

sleeve technology for high-speed permanent magnet machines,” IEEE Transactions on Energy
Conversion, Vol. 27, No. 3, 646–653, Sep. 2012.

39. Uzhegov, N., E. Kurvinen, J. Nerg, J. Pyrhönen, J. Sopanen, and S. Shirinskii, “Multidisciplinary
design process of a 6-slot 2-pole high-speed permanent-magnet synchronous machine,” IEEE
Transactions on Industrial Electronics, Vol. 63, No. 2, 784–795, Feb. 2016.





Publication VI 

Luuka, P., Efimov-Soini N., Collan M. and Kozlova, M. 

Fuzzy MCDM-procedure for Design Evaluation: Capturing Redundant 

Information with an Interaction Matrix. 

Reprinted with permission from 

Journal of multiple-valued logic & soft computing 

vol. 29, pp. 469-484., 2017 

© 2017, Springer 





J. of Mult.-Valued Logic & Soft Computing, Vol. 29, pp. 469–484 ©2017 Old City Publishing, Inc.
Reprints available directly from the publisher Published by license under the OCP Science imprint,
Photocopying permitted by license only a member of the Old City Publishing Group.

Fuzzy MCDM-procedure for Design
Evaluation: Capturing Redundant Information

with an Interaction Matrix

PASI LUUKKA, NIKOLAI EFIMOV-SOINI, MIKAEL COLLAN

AND MARIIA KOZLOVA

Lappeenranta University of Technology, School of Business and Management,
Skinnarilankatu 34, 53850 Lappeenranta, Finland

Accepted: August 26, 2016.

Design choices made early in the product development process have
an important impact on the chances of product commercialization and
on product success in general. These choices are typically multiple-
criteria problems, where estimates about the goodness of each crite-
rion often contain overlapping redundant information. Many multiple-
criteria decision-making methods that can support design selection
exist, but there are very few methods out there that properly consider
interdependent criteria and information redundancy. This paper pro-
poses a new MCDM procedure for design evaluation that is able to cap-
ture overlapping information through a simple interaction matrix and
weight-formation for each criterion that is based on the degree of their
interaction. The use of the proposed procedure is numerically illustrated
with a case study.

Keywords: MCDM, interacting variables, information redundancy, design
choice

1 INTRODUCTION

Design evaluation is an important part of what is typically called the con-
ceptual design stage of product development processes, where the design or
designs that go forward in the design process are chosen. The conceptual
design stage influences the outcome of the product design process and will
often also determine the whole product life-cycle. An unfortunate concept
choice may complicate the manufacturing and the commercialization of the

469
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end-product. Moreover, it is well-known that the further in the product devel-
opment process a concept is revised, the more the revision will be likely to
cost [1]. Design evaluation is a task that involves the evaluation of “good-
ness” of designs and is based on multiple criteria that may be interacting.
By interacting criteria we mean a situation, where the evaluations of sepa-
rate criteria may partially carry the same information and where by definition
there is information overlap or redundancy. Furthermore, the evaluations are
not necessarily precisely measurable, but they are often imprecise normative
judgments that often come from multiple evaluators. For elicitation of the
normative judgments it is not uncommon that linguistic scales are used.

At present, there are several methods in use for design evaluation [2] these
include the Analytic Hierarchy Process (AHP) [3], the Pugh matrix [4], and
Quality Function Deployment (QFD) [5]. AHP is one of the most used meth-
ods in industry for design evaluation and selection [9, 10]. The AHP consists
of two main phases, the construction of a hierarchy of criteria and of the
evaluation of alternatives that is based on pair-wise comparison by a group
of experts. Human judgment is central in the AHP, but the process does not
explicitly capture information redundancy.

The Pugh matrix is a simple tool that is commonly used in design evalu-
ation that is based on pair-wise comparison of alternatives to a “baseline”
alternative (one of the competing designs is chosen as the baseline alter-
native) on a criteria-by-criteria basis. In the simplest form of the tool, the
comparison is done in terms of three alternative states that are “better than
(+)”, “worse than (−)”, and “same as (0)” the baseline alternative. The tool
works simply by adding the “plusses, zeroes, and the minuses” to see which
design has the highest positive result overall. The method has been applied
to the design selection problem, e.g., in energy engineering [11, 12] and in
mechanical design [13]. The Pugh matrix can and has been integrated with
other methods, such as the QFD [5], which is a technique used to transform
customer needs into engineering characteristics.

Generally speaking, multiple-criteria decision-making modeling can be
divided into four families of methods [24], where the first is based on utility
theory approach started by Keeney and Raiffa [31] and from which, e.g., the
AHP [3] is one good example. The second one is the “outranking methods”,
based on the seminal work by Bernard Roy [27] and of which methods like
Electre [27] and Promethee [28] are among the most widely applied. The
third family is the so called “group decision and negotiation theory”-based
methods (see, e.g., [29]) and the fourth group are the “interactive multiple
objective programming approaches” (see, e.g. [30]). It is likely that many
methods from within these families can be applied in design evaluation. It is
typical that the available methods assume the evaluated criteria to be (fully)
independent.
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As discussed above, the evaluations for the different criteria used in design
evaluation can be normative and imprecise. Fuzzy sets and fuzzy logic, pro-
posed by Zadeh in 1965 [22] are a widely accepted methodology for the treat-
ment of imprecision that is also usable in the decision-making modeling [23].
Many fuzzy variants of MCDM methods exist that are able to treat normative
imprecise information [24-26]. There is some previous research on including
the interdependencies of criteria into fuzzy multiple-criteria decision-making
by using linear programming [18-20] and in connection with information
aggregation [7, 21].

In this vein we propose a new design evaluation method that is able to treat
imprecise multiple-criteria evaluations in a situation, where criteria can be
interacting in terms of containing overlapping redundant information. For the
purpose of capturing the interaction between the criteria, we resort to using
an interaction matrix that bears some similarity to the afore-mentioned Pugh
matrix that is commonly used in design evaluation. The interaction matrix
is used to form weights that represent the amount of redundant information
contained within each criterion and that can be used in the aggregation of the
evaluations.

The new procedure brings clear improvement over the previously in
design evaluation used methods, because of the ability to consider informa-
tion redundancy. For instance, to put the benefit into a real-world context, the
“cost” of a design of a product is essentially linked to its quality character-
istics, such as lifetime and/or productivity - embedding these into a design
evaluation as independent criteria can contaminate the results and bias deci-
sion making.

The application of the proposed procedure is presented with a simple case
of evaluating three flow-meter designs, an electromagnetic, a turbine-based,
and an ultrasonic flow-meter. The engineering features (criteria to be evalu-
ated) of the designs are represented with fuzzy numbers to capture the impre-
cision found in the estimates.

The rest of the paper is structured as follows: the second section provides
the mathematical background for and the description of the proposed MCDM
procedure. The third section describes the numerical case study and demon-
strates how the proposed procedure is applied. Finally, the paper is closed
with some concluding remarks.

2 THE PROPOSED MCDM PROCEDURE FOR
DESIGN EVALUATION

2.1 Mathematical background
In this section the mathematical and methodological background needed is
presented. We present the definition used for triangular fuzzy numbers and for



472 PASI LUUKKA et al.

fuzzy heavy weighted averaging (FHWA) operator and present the ranking
procedure used for ordering fuzzy numbers.

Definition 1. A triangular fuzzy number â can be defined by a triplet â =
(a1, a2, a3). The membership function μâ (x) is defined as [8].

μâ(x) =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

0, x < a1
x − a1

a2 − a1
, a1 ≤ x ≤ a2

x − a3

a2 − a3
, a2 ≤ x ≤ a3

0, x > a3

(1)

For arithmetic operations for triangular fuzzy numbers we refer to [8]. Next
we turn to presenting the aggregation operator used in the proposed pro-
cedure and present the definition for the Fuzzy Heavy Weighted Averaging
(FHWA) operator [7].

Definition 2. Let U be the set of fuzzy numbers. A Fuzzy Heavy Weighted
Averaging (FHWA) operator of dimension n is a mapping FHWA: Un→ U
that has an associated weighting vector W of dimension n, such that the sum
of the weights is between [1, n] and wi ∈ [0,1], then:

F HW A(â1, â2, · · · , ân) =
n∑

i=1

wi âi (2)

where (â1, â2, · · · , ân), are fuzzy triangular numbers of the form given in
definition 1.

For the ranking of the (from the evaluation process) resulting fuzzy num-
bers that represent the goodness of each evaluated alternative, we use the
method introduced by Kaufmann and Gupta [8]. The method ranks fuzzy
numbers according to a three-step process, where three ranking criteria are
used in hierarchical manner – if the first used criterion does not give a unique
ordering, then the second criterion is used, and if a unique ordering is still not
reached, then a third criterion is applied. The the three criteria are:

(i) “Removal number with respect to k”: R (â, k) = 1
2 (Rl (â, k) +

Rr (â, k)). In the case that k is selected to be the origo (k = 0), the
removal value computations for triangular fuzzy number result as:

Rl (â, k = 0) = a2 −
a2∫

a1

dx, Rr (â, k = 0) = a2 +
a3∫

a2

dx
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(ii) “Mode”: mode is calculated for all fuzzy numbers, for which unique
ordering has not been found. The modes will generate sub-classes that
allow ranking, in case some fuzzy numbers under consideration have
non-unique modes, one can take the mean position of the modal val-
ues. For mode, the usual choice is the core value of the fuzzy number
Mode (â) = {x ∈ U |â (x) = 1|} . Mode in the case of triangular fuzzy
number reduces to Mode(A) = a2.

(iii) “Divergence” is used, if the previous two criteria fail to return a unique
ordering of the numbers. If we consider, the divergence around the
mode for each fuzzy number for each sub-class with multiple fuzzy
numbers we obtain sub-sub-classes. This criterion may be sufficient to
obtain the final ordering of the fuzzy numbers.
Divergence (â) = suppx∈U (supp (â)) − infx∈U (supp (â)) , where
supp (â) = {x ∈ U |â (x) > 0|}. Divergence in the case of triangular
number reduces to Divergence(A)= (a3 − a1).

In the next section we present the interaction matrix used to elicit infor-
mation about the overlapping information contained in the used criteria and
how it can be used in the formation of criteria weights for the aggregation of
the overall figure that is used to describe design “goodness”.

2.2 Interaction-weight formation and the interaction matrix
In this paper we consider weights as representations of interaction in terms of
information redundancy between different criteria. Interaction between crite-
ria can be understood to take place in two different forms, as redundancy and
as synergy, where redundancy refers to a situation, where the same informa-
tion is contained in two or more criteria and there is “overlap” of the same
information, and where synergy refers to a situation where the added value of
two pieces of information together reveals more than their individual values
together and there is “revealed” new information that can be gained.

Of these forms redundancy was addressed by Yager in 2002 [21] in con-
nection with weighting vectors that bear redundant information and he pro-
posed the following expression to measure redundancy ρ in a weighting vec-
tor w.

ρ = n − |w|
n − 1

(3)

where |w| denotes the cardinality of the weighting vector w, and where n is
the number of elements in the vector. With this weighting scheme the weight
w = [1, 1] gives a redundancy of ρ = 0 (no redundancy) and the situation is
that with a totaling operator and in the other extreme with a weighted averag-
ing operator, where the weight w = [1 − α, α] the redundancy is ρ = 1 (total
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redundancy). Partial redundancy can be achieved with weights between the
above minima and maxima weights.

A measure for synergy, S, for synergy in a weighting vector was proposed
by Collan and Luukka [7]:

S = |w| − n

n − 1
(4)

In this expression the synergy value moves from negative through zero to
positive, where negative values indicate redundancy, zero synergy indicat-
ing independent criteria, and where positive values indicate the existence of
synergy.

Next, we go into how the interaction matrix can be used to form a weight-
ing vector w that bears the information regarding the redundancy of the inter-
acting criteria. After the interaction matrix containing all the used criteria is
constructed, the interaction between criteria is evaluated. Interaction evalu-
ation can be done by experts in a way that each criterion’s interaction with
other criteria is specifically evaluated and estimated. This can also be done
simply by considering that only two states of interaction, “interaction” (1),
or “no interaction” (0) exist – this simplicity is in vein with the Pugh matrix,
with which many design engineers are used to working. From these evalu-
ations an “interaction vector” is created. Consider an interaction matrix as

Y = (
yi j

)
n×n (5)

where yi j ∈ {0,1} denotes the presence / absence of interaction. We also
assume yii = 0, meaning that a variable will not interact with itself. In case
expert information exists, then yi j ∈ [0,1]. The interaction vector is created
by calculating the cardinality of interactions present for different criteria.

I j =
n∑

i=1

yi j (6)

A scaling to the unit interval is done

Î j = I j

Imax
(7)

where Imax = n denotes the maximum possible interaction for a criterion.
From this interaction vector one can form the interaction weights by taking
the complement of the interaction vector.

w j = 1 − Î j (8)
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The obtained weights are used in the aggregation step of the MCDM proce-
dure performed with the fuzzy heavy weighted average.

2.3 The used fuzzy MCDM procedure
The following general situation is considered, where a finite set of alterna-
tives A = {Ai |i = 1, · · · , m} needs to be evaluated by considering a finite
set of given criteria C = {

C j | j = 1,2, . . . , n
}
. A decision matrix representa-

tion of the performance evaluation of each alternative Ai is considered, with
respect to each criterion C j as follows:

X =

⎡⎢⎣ x11 · · · x1n
...

. . .
...

xm1 · · · xmn

⎤⎥⎦ (9)

where m rows represent m possible candidates, n columns represent n rele-
vant criteria, and xi j represents the performance rating of the i-th alternative,
with respect to the j-th criterion C j . These ratings are evaluated by using
triangular fuzzy numbers.

The decision matrix is put to go through a linear scale transformation to
transform the various criteria scales into comparable units. The criteria set
can be divided into benefit criteria (larger the rating, the greater the prefer-
ence) and into cost criteria (the smaller the rating, the greater the preference).
The normalized fuzzy decision matrix can be represented as:

R = (
ri j

)
m×n (10)

Normalization is performed as follows:

ri j =
(

ai j

c⊕
j

,
bi j

c⊕
j

,
ci j

c⊕
j

)
(11)

where c⊕
j = maxi (Ui ) , where Ui is considered to be a positive real and the

maximum for Ui is either expert defined, or derived from the available data.
The transformation into a comparable scale is done by using a complement
for all the cost criteria

ri j =
(

1 − ci j

c⊕
j

, 1 − bi j

c⊕
j

, 1 − ai j

c⊕
j

)
j ∈ C (12)

where j ∈ C denotes that criterion j is cost criterion. If j /∈ C we simply use
equation (11).
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This normalized decision matrix is aggregated with regards to the criteria
by using the fuzzy heavy weighted averaging operator (FHWA).

Ri = FHWA(ri1, ri2, · · · , rin) =
n∑

j=1

w j ri j (13)

where w j ∈ [0,1] and
∑n

j=1 w j ∈ [1, n] and w j is computed from the inter-
action matrix Y.

At this point we have m different fuzzy numbers that represent the overall
“goodness” of the compared design alternatives that need to be ranked in
order to get a final order of goodness. This is done by ranking Ri according
to method introduced by Kaufmann & Gupta [8] explained above. The outline
of the proposed method has been previously presented in [6].

3 NUMERICAL CASE ILLUSTRATION

3.1 Case description
The background of the case is evaluation of flow-meter designs, flow-meters
evaluated here are devices used in the measurement of the flow of liquids
through pipes that can be used in various instances, e.g., in buildings, oil-
pumps, nuclear reactors etc. There various types of flow-meters that have
been constructed by using different technological bases, e.g., ultrasonic,
electromagnetic, turbine-based, coriolis-effect-based and so on. In different
design projects the choice of the flow-meter used typically depends on several
characteristics attached to the design of flow-meters. In this illustration we
focus on three different flow-meter designs electromagnetic, turbine-based,
and ultrasonic. The alternatives are evaluated based on nine criteria: “cost”,
“working time”, “consumption”, “flow-rate at specified accuracy”, “sorti-
ment of different liquids that the meter works with”, “ease of installation”,
“processing of the electronic signal”, “shelf-time”, and “installation cost”. It
is well-known that information redundancy is present within the nine crite-
ria and many of the criteria cannot be precisely estimated by measurement
and the information will come from experts in the form of fuzzy number
estimates. Next the three different flow-meters are briefly introduced for ref-
erence.

3.1.1 Electromagnetic flow-meter
The electromagnetic (EM) flow meter (Figure 2) is typically used for designs,
e.g., in heating, air conditioning, water supply and treatment, and drink-
ing water distribution systems [14]. The main feature of the electromagnetic
flow-meter is its ability to work with any conducive liquid.
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FIGURE 1
Electromagnetic flow-meter

In the EM flow-meter the electric signal that drives the metering is gener-
ated by a magnetic field that originates from coil interaction with the passing
liquid (see Figure 1). The signal is typically processed by a controller unit.

3.1.2 Turbine-based flow-meter
The turbine-based flow-meter design (Figure 2) is commonly used for mea-
suring the clean water flow into apartment houses. The liquid flow rotates
a turbine and a counter (or a motion sensor) counts the rotations of the tur-
bine. The main design features are the low cost and the high reliability of
the turbine-based flow-meter, but the design works well with clean liquids as,
e.g., sand can damage the turbine and cause incorrect metering results.

3.1.3 Ultrasonic flow-meter
An ultrasonic flow-meter measures the velocity of the passing liquid with
ultrasound. A sound impulse generated by a transducer is picked-up by an
ultrasound sensor, and the frequency shift of coming waves is used to define
the velocity of the flow (Figure 3).

The advantages of this design include the possibility of “non-intrusive”
installation to an existing pipeline, portability, and the absence of interac-
tion with the flow of liquid. These features make the use of the ultrasonic

FIGURE 2
Turbine-based flow-meter



478 PASI LUUKKA et al.

FIGURE 3
Ultrasonic flow-meter

flow-meter possible, e.g., in nuclear reactors [15]. The design is used widely,
but it is relatively expensive. The characteristics of the three flow-meter
designs are presented in Table 3.2.

The eight criteria observed create the basis for a multiple-criteria decision-
making problem of the flow-meter selection.

3.2 Using the proposed procedure in the flow-meter design
evaluation problem

Here we present by using the case numbers how the proposed procedure
works in the context of the flow-meter design evaluation problem. We present
a step-wise approach to using the procedure.

Step 1: Transform evaluation data into fuzzy numbers.

EM Turbine-based Ultrasonic
(Piterflow RS50) [14] (Okhta T50) [16] (Vzloyt MR) [17]

Cost 16150 units 4240 units 34800 units
Work time 80000 hours 100000 hours 75000 hours
Consumption 6 V* 12 V*
Accuracy (Flow-rate
at specified accuracy) 36±2% m3/hour 30,00±2% m3/hour 35±2% m3/hour
Operated liquids Water, and sold water,
Operated liquids dirty water Only clear water All liquids
Ease of installation Easy Elementary Average
Processing of the
electronic signal Yes No Yes
Shelf-time 4 years 5 years 2 years

TABLE 1
Characteristics of the three flow-meter designs
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FIGURE 4
Fuzzy number representations used for five estimated criteria values

The evaluation data presented as vectors for each of the three flow-meters
EM=[16150,80000,6,36,3,Easy,1,4], Turbine-based=[4242,100000,0,30,1,
Elementary,0,5], and Ultrasonic=[34800,75000,12,35,20,Average,1,2] is
transformed into fuzzy numbers. The fuzzy number representations of five
estimated criteria values are visible in Figure 4.

Five of the nine estimated criteria values are mapped into fuzzy number
representations in the following way:

Cost: Relatively small uncertainty is found in the estimation and the values
are modeled by adding 5% uncertainty to both sides, meaning, e.g., that the
number 34800 is modeled as a fuzzy number (33060,34800,36540). See 1 for
a visual presentation.

Work time: The uncertainty is mapped by using a 1000 hour uncertainty
related to the given worktime-estimates. The resulting fuzzy numbers are vis-
ible in 1.

Accuracy: For flow-meter accuracy a 2% estimation uncertainty is used.
Again see 1.

Ease of installation: The linguistic values used are mapped to the unit interval
that is evenly divided into three states. See 1 for details and visualization.

Shelf time: The level of uncertainty is modeled by using a “half a year uncer-
tainty”. Again see 1

Other evaluated criteria values are assumed to be non-fuzzy. For consump-
tion the values used are {0,6,12}, for the ability to be used with different
liquids the following possible state values are used {1,3,20}, and for the pro-
cessing of the electronic signal possible states are {0,1}.
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EM Turbine-based Ultrasonic

Cost (0.415,0.436,0.458) (0.109,0.115,0.120) (0.894,0.941,0.988)
Work time (0.718,0.727,0.736) (0.900,0.909,0.918) (0.673,0.682,0.691)
Consumption (0.5,0.5,0.5) (0,0,0) (1,1,1)
Accuracy (0.928,0.947,0.966) (0.774,0.789,0.805) (0.902,0.921,0.939)
Amount of liquid (0.15,0.15,0.15) (0.05,0.05,0.05) (1,1,1)
Ease of installation (0,0.5,1) (0,0,0.5) (0.5,1,1)
Signal processing (1,1,1) (0,0,0) (1,1,1)
Shelf-time (0.636,0.727,0.818) (0.818,0.909,1) (0.273,0.364,0.455)

TABLE 2
Normalized fuzzy evaluations for the nine criteria

Step 2: Normalization of the (fuzzy) evaluations by scaling to unit interval.
The normalized values are shown in Table 2.

Step 3: Division into cost and benefit criteria and transformation into com-
parative unit intervals.

Five criteria are identified as benefit criteria and three as cost criteria (cost,
consumption, and ease of installation). Equation (6) is applied to the cost
criteria and the resulting comparable unit values are visible in Table 3.

Step 4: Interaction weight creation by using the criteria interaction matrix.
The weights are created by using the procedure outlined in equations (12)-
(15) to flow-meter criteria interaction matrix presented in Table 4.

The criteria interaction vector created is I=[4,1,2,1,4,2,4,0] and scal-
ing it to the unit interval (by using Imax = n = 8) gives I =[0.5,0.125,
0.25,0.125,0.5,0.25,0.5,0]. The interaction weight vector based on the inter-
action vector becomes W=1-I=[0.5 0.875 0.75 0.875 0.5 0.75 0.5 1].

Step 5: We apply the FHWA-operator to aggregate the fuzzy evaluation vec-
tor and use the criteria interaction weight vector to take the information

EM Turbine-based Ultrasonic

Cost (0.541,0.564,0.585) (0.880,0.885,0.891) (0.012,0.059,0.106)
Work time (0.718,0.727,0.736) (0.900,0.909,0.918) (0.673,0.682,0.691)
Consumption (0.5,0.5,0.5) (1,1,1) (0,0,0)
Accuracy (0.928,0.947,0.966) (0.774,0.789,0.805) (0.902,0.921,0.939)
Amount of liquid (0.15,0.15,0.15) (0.05,0.05,0.05) (1,1,1)
Ease of installation (0,0.5,1) (0.5,1,1) (0,0,0.5)
Signal processing (1,1,1) (0,0,0) (1,1,1)
Shelf-time (0.636,0.727,0.818) (0.818,0.909,1) (0.273,0.364,0.455)

TABLE 3
Normalized data in comparable units



FUZZY MCDM-PROCEDURE FOR DESIGN EVALUATION 481

Work Number of Ease of Signal
Cost time Consumption Accuracy liquids installation processing Shelf- time

Cost 0 1 0 1 1 0 1 0

Work time 1 0 0 0 0 0 0 0

Consumption 0 0 0 0 1 0 1 0

Accuracy 1 0 0 0 0 0 0 0

Amount of liquid 1 0 1 0 0 1 1 0

Ease of installation 0 0 0 0 1 0 1 0

Signal processing 1 0 1 0 1 1 0 0

Shelf-time 0 0 0 0 0 0 0 0

Sum 4 1 2 1 4 2 4 0

TABLE 4
Criteria interaction matrix for the flow-meters

redundancy into consideration. The results that represent the “goodness” of
the alternative flow-meter designs are (3.298, 3.799, 4.301) for the EM flow-
meter, (3.873, 4.363, 4.479) for the turbine-based flow-meter, and (2.657,
2.796, 3.309) for the ultrasonic flow-meter. The results are visualized in Fig-
ure 5.

Step 6: Ranking of the alternatives based on the fuzzy results. The ranking is
done by using the method by Kaufmann and Gupta presented above and the
ordering from the first to the third best respectively is turbine-based, EM and
ultrasonic flow-meter.

It can be observed that the ranking step is quite unnecessary in this simple
example however with a larger number of alternatives the final ranking of
alternatives becomes more important.

FIGURE 5
Final results for the three flow-meter designs
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4 CONCLUSIONS

This paper has proposed a new multiple-criteria decision-making procedure
for design evaluation that in contrast to existing techniques is able to consider
the interdependency between the criteria of evaluation. The proposed method
is based on using normative expert estimates for the evaluation and uses fuzzy
number representations of the estimated criteria values in order to account for
the evaluation imprecision.

By using a an evaluation matrix for the interaction of the considered cri-
teria we are able to create a vector of weights that represent the redundancy
of information in each criterion in a manner ‘the higher the information con-
tained within a criterion is the same with the information contained within
other criteria, the lower the information weight of the criterion’. In this way
the proposed method removes the biasing effect of information redundancy
from the evaluation. The fuzzy heavy weighted averaging operator that allows
the inclusion of the information weights in the aggregation of multiple cri-
teria is used in the generation of the final goodness-values for the evaluated
design alternatives. These resulting fuzzy numbers are then ordered to find
the final ranking of the evaluated designs. The use of the proposed procedure
is demonstrated with a simple case of flow-meter design selection problem.

Even if the proposed procedure is here presented in connection with
design evaluation the principles presented are generic and can be applied to a
great variety of decision problems that involve the comparison of alternatives
with multiple-criteria that exhibit information redundancy. Future research in
vein with the presented procedure can concentrate on taking the use of the
interaction matrix further in terms of creating more advanced procedures for
eliciting and handling estimates about interaction between criteria, including
also research into aggregating multiple expert estimates of criteria interac-
tion.
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