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Summary: In the product lifecycle central place occupies product development within which product quality is generated, as well as the largest number of errors that need to be removed at the earliest possible stage of it’s development. Production cost represents one of the basic benchmarks of developed product design. Cost estimation is usually carried out in the inital stages, and cost calculation in later ones. The aim of this paper is to represent product cost estimation as fundamental aspect within Design for Manufacturing-DfM.
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1. INTRODUCTION 
Successful product development includes solutions that are suitable for all lifecycle stages, from idea and design, to recycling and disposal. Influence of product design and manufacturing on total product cost, time and quality depends on product type, production volume, production environment and other techno-economic factors.  Generally, influence of conceptual design on total production cost is 5-10%, but wrong decision making can affect increase in cost over 70%, fig.1.
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Fig. 1  Influence of some elements on production cost [1,2]
The paper represents place, role and tasks of Design for Manufacturing (DfM) with emphasis on product cost estimation. One methodology for cost estimation and its application on one example is shown.
2. FUNDAMENTALS OF DESIGN FOR MANUFACTURING - DfM
In order to develop manufacturable products many tools and techniques are developed and they are known as Design for Excellence-DfX. Among them most significant ones are Design for Manufacturing-DfM and Design for Assembly-DfA, that are generally regarded by unified term - Design for Manufacture and Assembly-DfMA [3, 4, 5]. Main tasks of DfM and DfA are, fig.2:
· Product manufacturability analysis, selection of quality relationship between material and process, and product cost estimation in DfM
· Simplification of product structure and assembly process as well as assembly cost determination in DfA
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Fig. 2  Place and role of DfMA [5]
The most famous DfMA methodologies that are widely used today are: Boothroyd-Dewhurst (DfMA) [1], Lucas-Hull (DfA) [6] i Hitachi (eng. Assembly Evolution Method-AEM) [7], which are shown in detail in [8]. On the basis of these three methodologies appropriate software solutions are developed:

· DFMA, Boothroyd Dewhurst Inc., USA, according to Boothroyd-Dewhurst methodology [9], which consists of DFM Concurent Costing module intended for material and process selection, and rapid production cost estimation
· TeamSET, CSC Computer Sciences Ltd, UK, according to Lucas-Hull methodology [5,10] which consists of product cost estimation module based on parametric method
· AEM, Hitachi Corp., Japan, according to methodology developed by Miyakawa and Ohashi [7]
In domestic conditions mostly individual software solutions are developed, like those shown in [11]. In papers [12,13,14] DfM software solution is represented, which consists of modules for manufacturability analysis of component design, multi-criteria selection and evaluation of manufacturing processes, and component costing. The paper [15] represents DfM software solution integrated in CATIA software system, designed for development of manufacturable gear train transmissions. The paper [16] represents system for collaborative process planning in which expert multi-criteria evaluation of manufacturing processes is enabled based on the opinions and suggestions of experts from various fields and countries using the internet.
In recent years, large companies in the field of CAx expanded their products towards the development of PLM systems. Thus, for example, PTC developed Windchill (www.ptc.com/product/windchill/cost), Siemens has its own PLM system (www.plm.automation.siemens.com/en_us), Dassault Systèmes has PLM Solutions (www.3ds.com/solution) etc. All these systems offer cost estimation during product lifecycle including production cost estimation. CAD based softwares for cost estimation and/or manufacturability analysis of product and component design are integrated as separate modules inside corresponding CAD systems, or they may be a separate applications that can usually be incorporated in CAD systems, or they can be represented on Web. Some of these softwares are: DFMPro (dfmpro.geometricglobal.com), SolidWorks Costing (www.solidworks.com) Autodesk Simulation DFM (www.autodesk.com), SEER-DFM (www.galarath.com), MicroEstimating (www.microest.com), Costimator® (www.mtisystems.com), aPriori Production Cost Management (www.apriori.com), CustomPartNet (www.custompartnet.com), DISCUS (www.discussoftware.com) and others [17,18].
3. MANUFACTURING COST ESTIMATION
Manufacturing cost is a basic measure for economical efficiency and competitiveness of products. Based on product development stage, there exists many different techniques and methods for cost determination. According to [19], methods for cost determination are divided into: intuitive, comparative, analogical, parametric and analytical method. 

Table 1 Methods for cost determination [19]
	Method
	Description
	Best application
	Accuracy

	Intuitive
	Evaluation of cost regarding personal knowledge and intuition
	Global production planning
	30-50 %

	Comparative
	Evaluation using similar parts
	Global production planning
	30-50 %

	Analogical
	Case-based evaluation, definition of main parameters for comparison with previous cases
	Conceptual design
	14-30 %

	Parametric
	One or several parameters are chosen to be critical. They are used along with coefficients to evaluate the cost.
	Conceptual design
	14-30 %

	Analytical
	Direct and indirect costs are considered. Each cost is calculated and then they are all summed to get the product cost
	Detailed 
design
	5-15 %


For cost determination in the stage of global production planning intuitive and comparative methods are recommended, while at conceptual design analogical and parametric methods are suitable primarily because of application in cost estimation. For detailed or final design, analytical methods for cost calculation are recommended, like ABC (Activity-Based Costing) method, or TD ABC (Time-Driven Activity-Based Costing), and others. In the metalworking industry modern methods are based on features (popular as feature based methods) [19,20].

Cost estimation is very important in terms of project sustainability and reduction of product cost development and manufacturing. For many years researchers in many companies found that historical costing methods and cost estimating practices are not adequate enough for obtaining reliable results. They came to conclusion that costing analysis is best to be performed in early stages of design process when rough design solutions are made. The aim of product and component costing analysis emphasises designs that are expensive and difficult to manufacture, and indicates areas whose consideration can gain benefits, such as: lower component cost, systematic component costing, rapid comparison of alternative designs and competitive products, reduced engineering change, shorter development time and reduced time-to-market, education and training.
In the following, methodology for cost estimation of some components is described, according to [5], with representation of its application in estimating cost of particular product – housing, for various alternative manufacturing technologies and variations of production volume.
4. METHODOLOGY FOR COST ESTIMATION
Author's many years of research [5] in manufacturing systems in Great Britain enabled the expression of cost function depending on production volume and other influential factors for various manufacturing processes of particular product groups. Considered methodology belongs to group of analogical methodologies for cost estimation which are based on cost estimation of similar parts, whereby main parameters for comparison with previous practical solutions are defined.
Cost estimation model is based on material cost TM and processing cost TI. 
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where:

· n – the number of processes, or manufacturing technologies required in order to produce the component (primary and secondary);
· VP – the volume of material required in order to produce the component;
· Cmt – the cost of material per unit volume;
· PC – the basic processing cost for an ideal design of component by a specific manufacturing process;
· RC – relative cost coefficient. 

The material cost VP is defined as the volume of material required in order to produce the component multiplied by the cost of material per unit volume Cmt. The total volume of material required for producing the component is calculated easily when simple shape of material is considered (e.g. rod, sheet and others). However, when total volume of this material is not known, then it can be calculated as finished volume of the component Vf multiplied by waste coeficient WC, which considers the amount of material removed and is dependent on particular manufacturing process and component shape complexity. Thus, the formulation is:
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The processing cost is determined as multiplication of two coefficients RC and PC. Relative cost coefficient RC is calculated by:
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(3)

where:

· CC – coefficient associated with producing component of different shape complexity;
· Cmp – coefficient associated with material-process suitability;
· CS – coefficient associated with size considerations and achieving component section reductions/thickness;
· Ct – tolerance coefficient;
· Cf – surface finish coefficient;
For ideal component/product all represented coefficients are equal to 1, while for specific product, values of these coefficients are taken from graphs or tables depending on particular product characteristics related to corresponding reduction coefficient. In these cases, values of C coefficients vary with changes in product design which also affects the processing cost Ti in equation (1). After the calculation of tolerance coefficient Ct and surface finish coefficient Cf , the one with greater value is considered and it is designated by Cft. Some coefficients are dependent on the class that product belongs according to classification system which considers geometrical shape complexities and manufacturing characteristics of parts.
5. THE APPLICATION OF METHODOLOGY ON PARTICULAR EXAMPLE
The application of described methodology for cost estimation is carried out on the example of selected product - housing, figure 3. According to classification system [5], considered housing belongs to the class of parts: B3-rectangular or cubic prisms. 

With regard to part design and possible technologies for its manufacture, two materials are considered. The first selected material is aluminium alloy EN AW-2024. Other possibility for manufacturing this part is the use of thermoplastic-PVC, but with appropriate structural changes. PVC belongs to the category of thermoplastics with amorphous structure. 
In order to complete the costing analysis of this part, input quantities are considered that belong to various types of products and production volumes, from small volume to mass production 10, 100, 200, 1000, 10.000, 100.000 and 1.000.000 parts/year.
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Fig. 3  3D housing model
Based on production volume, as well as shape and complexity of part, including literature recommendations [1,4,5,21,22,23] and possible economical material/process combination, 10 alternative variants of combined technologies for housing manufacture are selected, table 2. 
In table 3. production cost for all adopted variants of technologies and annual volumes for housing manufacture are shown. 
Table 2  Alternative variants of technologies for housing manufacture
	Variants
	Manufacturing technology

	Variant 1
	Manual Machining (MM)

	Variant 2
	Computer Numerical Controlled  Machining (CNC)

	Variant 3
	Automatic Machining (AM)

	Variant 4
	Sand Casting (SC) + Manual Machining (MM)

	Variant 5
	Sand Casting (SC) + CNC Machining (CNC)

	Variant 6
	Sand Casting (SC) + Automatic Machining (AM)

	Variant 7
	Pressure Die Casting (PDC) + Manual Machining (MM)

	Variant 8
	Pressure Die Casting (PDC) + CNC Machining (CNC)

	Variant 9
	Pressure Die Casting (PDC) + Automatic Machining (AM)

	Variant 10
	Injection Molding (IM)


Table 3  Production cost in money (pence) unit/part
	Volume
(prt/year)
	Var. 1
	Var. 2
	Var. 3
	Var. 4
	Var. 5
	Var. 6
	Var. 7
	Var. 8
	Var. 9
	Var. 10

	10
	3759,3
	1691,1
	23968,6
	7835,9
	4897,0
	36554,5
	53829,7
	50890,7
	82548,2
	107598,2

	100
	1450,8
	1231,3
	3448,6
	1531,5
	1219,6
	4370,5
	5999,2
	5687,3
	8838,2
	11028,2

	200
	1322,5
	1210,4
	2308,6
	1181,2
	1021,9
	2582,5
	3341,9
	3182,6
	4743,2
	5663,2

	1000
	1219,9
	1189,5
	1401,2
	901,0
	857,8
	1158,6
	1216,1
	1172,9
	1473,7
	1371,2

	10.000
	1197,9
	1185,3
	1196,9
	839,4
	821,6
	838,0
	744,21
	726,4
	742,8
	416,2

	100.000
	1195,6
	1182,0
	1176,5
	833,5
	819,0
	806,3
	695,4
	680,8
	668,2
	317,5

	1.000.000
	1195,4
	1181,3
	1174,4
	832,5
	818,2
	802,7
	690,6
	676,3
	660,8
	307,6


Figure 4 shows relationship between estimated production cost, variants of manufacturing technologies and annual production volume, according to table 3.
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	Fig. 4  Production cost of housing for different variants of technologies and production volumes


6. CONCLUSION
Company's inability to rapidly and succesfully estimate the cost and determine the price of product can significantly endanger its economic survival on competitive market. Cost estimation is very important considering project sustainability and reduction of product development cost. One of the essential tasks of product cost estimation is obtaining enough reliable information about cost elements in early stage of product development, based on which decisions can be made about selection of quality product variants and economic efficiency of their production.
This paper represented place, role and tasks of design for manufacturing (DfM), with review of appropriate developed software solutions. Also, importance and corresponding methodologies for cost estimation as main aspect of DfM is described. One of the analogical methodologies for cost estimation as well as its application on chosen example is represented in detail.
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