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focus here is on the aspects product data management (PDM) and Enterprise Resource Planning (ERP) 
[Reichel et al. 2010]. Prior works, which also need to be considered, concern the integration of 
information about the energy consumption in the first production steps of the raw materials. The CAD 
systems Autodesk Inventor and Solidworks offer expansions which should permit the estimatation the 
resource consumption already in the design phase. The current version of Autodesk Inventor 2012 
offers the expansion Eco Material Adviser, which, by means of an Internet-based database, can 
amongst other possibilities provide information concerning the materials, the raw material fabrication 
procedure, the energy consumption, the CO2-emission and the water consumption. The database is 
operated in collaboration with Granta design and includes information to 3,000 materials and selected 
fabrication procedures. Next to Inventor 2012, the current version of Solidworks also offers an 
expansion called “Sustainability” which also provides information concerning CO2 emissions and the 
energy consumption. The “Sustainability” expansion additionally offers the possibility to 
automatically find materials, which more favourably combine environmental characteristics with 
similar mechanical and/or physical characteristics. Both systems mainly consider the final weight of 
the part; decisive aspects of the product geometry and product origin are not analyzed in these 
systems. 
This paper focuses on the application of fuzzy logic for the prognosis of production energy 
consumption. Fuzzy logic has the potential to integrate human decision-making ability into technical 
systems instead of using pure mathematical models [Siler and Buckley 2004]. Fuzzy logic employs the 
concept of the degree of membership, leading to high flexibility. Fuzzy systems can be developed 
based on experience and expertise of system suppliers and systems operators. These aspects are 
translated as inputs to the fuzzy system. Such systems apply linguistic variables, which are 
comparatively easy to handle. In some instances, models of reality can be better expressed by fuzzy 
models, as there are no dead/discontinuous zones in reality. A fuzzy model development can be 
viewed as comprising of the three important steps of fuzzification, rule evaluation and defuzzification 
[Börcsök 2000]: 

 Fuzzification is the process of fuzzifying the inputs. It is the transformation of crisp sets into 
fuzzy sets with blurred boundaries. This is done by evaluating a membership function. The 
numerical values are transformed into degree of membership. They are associated to a 
particular fuzzy set by means of a membership function. 

 Rule evaluation is the step of generating a black box of the model. The evaluation of the 
mathematical model and control logic in a crisp set is replaced by fuzzy evaluation. This 
involves 3 phases – applying the fuzzy operator, implication and aggregation. The term 
“applying the Fuzzy operator” refers to the application of the logical operators over the fuzzy 
sets. The selection of the operator is based on the need of the application. The core elements of 
the implementations are the membership functions. The membership functions define the 
degree of truth or activation of a certain rule. This is also influenced by the weightage 
provided to each rule. The input to the implication operator is the antecedent which is a single 
number from each membership function and the output is single fuzzy set termed as 
consequent. This output represents the operator applied to each fuzzy set. 

 Defuzzification is a method of mapping from a space of fuzzy entities over an output universe 
of discourse into a space of non fuzzy (crisp) entities. Nearly all applications need crisp inputs 
in order to function or to make decisions. The final aggregated output has to be defuzzified for 
subsequent operations or process steps. The various types of defuzzification determine which 
value is selected from a fuzzy aggregated output as crisp value. The most commonly used 
methods of defuzzification are “Centroid”, “Bisector”, “Middle of maximum”, “Smallest of 
maximum” and “Largest of maximum”. 

3. Conventional Approaches 
In order to fully understand the objectives of applying fuzzy logic to the prognosis of production 
energy consumption, the conventional approach is briefly described in this section. It is important to 
note that this approach is sensible as well; however, the application may be hindered by product 
complexity and the necessary operations to prepare the geometrical model. 
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Figure 3. Main procedure scheme 

A second procedure is proposed in order to generate the toxic substances production index (Figure 4). 

 
Figure 4. Additional procedure scheme 

The two procedure schemes are depicted in order to give an overview for the later subsections of this 
section. 

4.2 Definition of fuzzy variables 
The defining of the input variables is a very demanding task. In this case, an extensive survey of 
production engineering was carried out. The main idea behind the fuzzy variables stems from research 
works by Achiche and Ahmed [2009]. In this research, comparable indices were used in a fuzzy 
engine in order to investigate 3D shapes and how they are perceived. 
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4.2.1 Surface/volume ratio 
The first main indicator for the complexity of a product is the ratio between surface and volume. 
Simple forms which can be produced with a small amount of energy such as simple cylinders, are 
characterized by a small surface/volume ratio. This ratio is defined as follows: 

2

3

component surface mmsurface ratio s / v
volume component volume mm

   
  

 (1) 

4.2.2 Density index 
In general, products which have a higher density also require more energy, for instance, in order to be 
machined, or transported. In order to quantify this influence, the density index is proposed, which 
results from the ratio between the mean density of the component under consideration and the density 
of platin, which is the material with the highest density which still has practical functionality in 
industrial products: 

3

3

component density g / dm
density index di

density of platin 21,45 g / dm

   
  

 (2) 

4.2.3 Hardness index 
The energy for machining or drilling product components is furthermore influenced by the hardness of 
the respective component. This influence is considered in the hardness index which describes the ratio 
between the surface hardness of a certain product component and the highest hardness which is 
usually observed in technical products (830 in Vickers hardness HV). 

 
 

component hardness HV
hardness index hi

very high hardness 830 HV
   (3) 

4.2.4 Axes index 
Most modern products these days are designed with the help of 3D CAD systems such as Creo, Catia 
or NX. In this project, the models of such systems were analysed in order to identify possibilities for 
gathering abstract, quantitative information about the geometry. One possibility which was identified 
is to count the number of axes. An axis is generated with many component entities, such as holes or 
protrusions. It can be hypothesized that a high number of axes in the relation to the size of the product 
indicates a product with many production steps and, therefore, a high production energy consumption. 
Consequently, the axes index is defined as the ratio of the number of axes in the CAD model of a 
product component and the component volume as an indicator of the size of the component: 

3

number of axesaxes index ai
component volume mm 1000

 
   

 (4) 

4.2.5 Surface index 
Rather high energy consumption in production can result from surface treatment processes such as 
painting. The surface index adresses this influence. The surface index is the ratio between the surface 
treatment (which is a number between 0 and 1; for instance 0.3 means painted, 0.5 coated with 
metallic material, 0.7 coated with ceramic material) multiplied by the surface and the component 
volume as an indicator of the size of the component: 
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2

3

surface treatment surface mm
surface index si

component volume mm

    
  

 (5) 

The numbers for certain treatments are, in this phase of the research, based on estimations by 
experienced designers and will be further clarified in the course of the project on the basis of an in-
depth literature analysis and discussions with production companies. 

4.2.6 Bounding box index 
Modern CAD systems, such as Creo, allow relatively easy determination of a bounding box which 
completely encloses a product component. Similar to the surface/volume ratio, a large bounding box 
length in combination with a rather small volume indicates a complex shape, including, for instance, 
many holes or a hollow structure. The production energy consumption for such shapes is usually 
higher; the magnitude is captured by the bounding box index, which is defined by the ratio of the 
bounding box length and the component volume multiplied by a constant factor: 

 

3

bounding box length mm
bounding box index bi

component volume

mm 1000

 
 
      

 (6) 

4.3 Definition of output indices 
Two main influences characterize the energy consumption in production: 

 the complexity of the component, leading to many subsequent energy-consuming production 
and transportation processes and 

 the material of the component – the density, hardness and other material properties can lead to 
an multiplication of energy expenditure for the production of the respective component. 

On the one hand, the complexity index summarizes the influences of other indices, which indicate the 
complexity of a product’s component. This index describes the intricacy of manufacturing (thus 
indicating the energy comsumption) based on influences from the geometry. On the other hand, the 
influences of indices which indicate the production complexity arising from the material of a 
component are summarized in the material index. This index describes the difficulty of 
manufacturing based on influences from the material. 
Both influences need to be combined in order to assess the energy necessary for production – thus 
forming the production energy consumption index. In a similar manner, the CO2 production index 
can also be generated. A major influence of toxic substances in the production process is from surface 
treatment; therefore the size of the surface in comparison with the size of the component is a major 
indicator. A further indicator is the material index,which indicates the difficulty of production of the 
material. Both indicators together form the toxic substances production index. 

4.4 Definition of output indices 
The general idea of the application of fuzzy logic to this assessment of product components is based 
on the scientific work of Achiche and Ahmed [2009]. Also, the general formulation of the rules was 
adopted from this research work. Table 1 shows an example for fuzzy rules – the list of rules to 
determine the complexity index. In this phase of the research, the rules are based on the judgment of 
experienced designers and first investigations with sample parts. 

Table 1. Fuzzy rules (example: complexity index) 
 s/v ai Bbi conclusion 
low low low not 
medium low low not 
low medium low not 
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4.5 Exemplary application and results
For an exemplary application
developments for a formula student race car were chosen. The data w
For some of the entities

The main parameters of the four parts were given to the initial two fuzzy engines and the first two 
indices were determined. The results
complexity index of the housing is definitely a consequence of the hollow structure. Such structures 
are relatively light and have a small volume but 
the low material index of the housing is influenced by the rather small hardness of this part and no 
necessity of surface treatment 
for the running socket.
In the second fu
production energy consumption index (Figure 6 
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5. Outlook
The results presented above show a general feasibility of fuzz
of production energy consumption. Further steps a
combination of two different possibilities will be applied in the further course of the project:

 The energy consumpt
by 
compared with the results from the application of fuzzy logic.

 The actual energy consumed for t
gathered by means of analysing the energy consumption of the manufacturing a
systems of production
application of fuzzy logic

It is also important to note that the indices which result from the application of fuzzy logic do not yet 
reflect results in terms of units of energy such as Kilowatthours (kWh). This was done 
order to be independent from the specific characteristics of certain industries. Still, for the final 
application of the developed tools
of energy and CO2

6. Summary
The objective of this paper was the presentation of an explorative study concerning the use of Fuzzy 
Logic to predict the production energy consumption early in the product development process. Today, 
the energy necessary for the production of goods
consumption in production and disposal is determined very early in the product development process 
by designers and engineers, for example by decisions concerning the product architecture. Nowadays 
tools with the objective to predict the energy consumption in production and disposal are nearly 
existant. The information
gives rise to
research
product examples. Six fuzzy variables 
indicate the energy c
comparison of these results with conventionally determined production energy consumption.
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