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Abstract 

Product development requires substantial expertise in all engineering disciplines, extensive time 

resources and collaboration between departments within an enterprise. Current methods for 

product creation process support strongly focus on mass produced goods in automotive, 

electronics and arms industry. In contrast, railway industry with high product variety at low 

volumes is not directly addressed. High costs for railway vehicles paired with strong competition 

demand optimisation of the entire vehicle, including the product development process.  

The following Master Thesis proposes a solution, to satisfy the need for a tailored product 

creation process in railway industry. The proposed methodology covers all aspects from the very 

first concept until a satisfying, cost optimised product is developed. An extended Design for 

Manufacture and Assembly (DFMA) methodology embedded in a supporting framework is 

deployed. Key Performance Indicators (KPIs) for methodology controlling and cost structure 

assessment are used. Concurrent Engineering techniques provide a healthy collaboration 

platform. Lean Documentation is integrated to make Return of Experience available for future 

product creation processes. The methodology is intended for industrial application and is 

optimised for easy deployment within all stages of product development. 
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DFMA, Design for Manufacture and Assembly, Railway Industry, Rolling Stock, Product 

Development, Product Creation, Concurrent Engineering 



KTH Royal Institute of Technology  Sammanfattning 

 Jan Tschida II 

Sammanfattning 
 

Produktutveckling kräver avsevärd expertis inom alla tekniska discipliner, därtill krävs mycket tid, 

resurser samt samarbete mellan avdelningar inom företaget. Nuvarande metoder för 

processframtagningsstöd fokuserar på massproducerade varor inom fordons-, elektronik- och 

vapenindustrin. Däremot är järnvägsindustrin, med hög produktkvalitet variation vid låga 

volymer, ofta förbisedd. Höga kostnader för järnvägsfordon tillsammans med ett starkt, 

konkurransdrivet krav på optimering för hela fordonet, inklusive produktutvecklingsprocessen.  

Följande examensarbete föreslår en lösning för att tillgodose behovet av en skräddarsydd 

produktframtagningsprocessen inom järnvägsindustrin. Den föreslagna metoden omfattar alla 

aspekter, från ursprungskoncept tills utvecklingen av en komplett, kostnadsoptimerad produkt. 

En förlängd Design för Tillverkning och Montering (DFMA)-metodik, inbäddad i ett stöttande 

ramverk, distribueras. Key Performance Indicators (KPI) används för metodikstyrning och 

bedömning av kostnadsstruktur.  Concurrent Engineering-tekniker ger en hälsosam plattform för 

samarbete. Lean dokumentation integreras för att göra tidigare lärdomar tillgängliga för framtida 

produktskapande processer. Metodiken är avsedd för industriell användning och är optimerad för 

enkel installation i alla skeden av produktutvecklingen. 
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1. Railway Industry Introduction  

Railway Industry is a large industrial sector in Austria with strong presence of several 

manufacturers, local suppliers and research activities around this industry. In comparison, 

Austrian research in the railway sector is much stronger and much more innovative than other 

European Countries resulting in 45 patents per one million inhabitants which is double the 

number of Germany which is in the second place with 22 patents per one million inhabitants. 

The clear majority of the produced goods are designated for export resulting in an export rate of 

above 71% [1]. In addition, the sector provides thousands of workplaces. With a steady increase 

in goods and people transported, railway industry is in the centre of gravity to solve the logistical 

problems. Focus of production and development covers all sectors in the industry such as 

infrastructure, suppliers and manufacturing and assembly of vehicles. Problems arising from the 

current way of conduct are addressed and an optimised product creation process will be derived 

to solve these problems. 

This work focuses on Passenger Railway Industry only. 

 

1.1. Peculiarities in Railway Industry 

1.1.1. Call for Tender [2] [3] 

Consumer products require an in-depth market study about preferences and functionalities 

sought after by the customer to make a product sellable. Extensive resources must be used to 

capture all influencing factors for developing an attractive product. In contrast, railway industry 

in Europe is mostly government owned or operated which requires a public Call for Tender 

(CfT). At the beginning of the CfT, the manufacturer decides if an offer will be made. If there 

will be an offer, the CfT is the start of the new project. Since nearly every vehicle has different 

specifications, changes to an existing product must be made in every project or a new vehicle 

must be developed. Government contracts are publicly accessible to avoid disadvantages to any 

company. Nevertheless, a pre-qualification is conducted by the customer where the capabilities of 

interested suppliers are audited. That implies that certain manufacturers may be excluded from 

the CfT.  

The Call for Tender contains a catalogue of specifications of the vehicles and the major part of 

the technical specifications.  
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There are infrastructural requirements such as used voltage, rail gauge or outer dimensions set by 

the used track system, tunnels or power supply and customer specific demands which include the 

design, number of doors, air conditioning, et cetera. Other requirements are provided by the local 

legislation or superior international legislation. Conformance to those requirements are crucial for 

product success and winning the Biding. Compared to other products, where market research 

must be conducted, railway industry is provided with all necessary product specifications.  

Once the bidding was won, there is a very close collaboration between the customer and the 

manufacturer to deliver a tailored product.  

 

1.1.2. Project based Manufacturing in Railway Industry [2-4] 

Every offer varies from a previous one, even if the customer is the same. Therefore, every 

product is individual. Stated in the customer requirements, the manufacturer can either adapt an 

existing product or develop an entirely new vehicle. The decision depends on the differences 

between the existing vehicle and the required one. Government railway companies such as 

Österreichische Bundesbahnen (ÖBB), Deutsche Bahn (DB) or Société Nationale des Chemins 

de fer Français (SNCF) might order the same vehicle with a slightly different design or newer 

technology which allows the adaption of the previously used model, whereas a new customer 

might order a completely different design which allows no reasonable adaption and therefore 

needs to be developed as illustrated in Figure 1.  

Figure 1: Product Development in Railway Industry [2] 

 

A rolling stock project can be subdivided into four major phases [2]: 

• First, there is a bid phase. During this phase, the vehicle for the customer is developed in 

a conceptual way with all key aspects (e.g. Heating, Ventilation and Air Conditioning 

(HVAC), bogie, body material, et cetera) already defined. Costs per product are set during 

this phase and need to be followed throughout the project. Internally, the work content 

and material costs are estimated accordingly for early determination of required resources.  

Product 
Development

New Product 
Development

Adapted 
Product
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• Second, there is the detailing phase. The second phase is dependent on winning the CfT, 

otherwise the project is cancelled. During this phase, the manufacturer, in collaboration 

with the customer, develops the detailed specifications of the vehicle. Manufacturing 

preparations are made and production planning is carried out. Sourcing establishes 

contracts with suppliers and the time table is set for production start, production rate and 

roll out of the last vehicle. 

• Third, the execution phase starts. Once the production started, the first produced 

vehicles are inspected for previously unrevealed problems. Slight changes for certain 

components are acceptable for smoother production. After commissioning, the finished 

vehicles begin shipping. The execution phase ends with handing over the final vehicle. 

• Fourth, the warranty phase begins. During the time of warranty which is negotiated in 

phase one, the manufacturer is responsible for the vehicles including maintenance. The 

customer is held charge free. After the warranty phase ends, the project is closed. 

 

1.1.3. Urban Transport [5] 

Urban Transport comprises of Metros and Light Rail Vehicles (LRV) which are guided on rails 

located at the bottom and VAL (Véhicule automatique léger), which are fully automated and can 

also be guided laterally. Metros, LRV and VAL are used in urban areas which is why they are 

listed in the category of urban transport (UT) vehicles. This work specifically discusses Urban 

Rail Transport. Due to rising numbers of passengers and green thinking in cities [1], UT becomes 

an even more significant alternative to car transport. Emission data from the Umweltbundesamt 

Germany [6] (Figure 2) proves the sustainability of railway passenger transportation. Urban Rail 

Transportation can greatly contribute to reduced greenhouse gas emission.  

Figure 2: Average emission data in passenger traffic (in German) [6]
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Sustainability and Green Thinking are also expedited by the customer. Urban areas in Western 

countries are subject to Particulates Regulations, which require cities to counteract air pollution. 

Railway Industry provides a strong asset for emission reduction. 

High numbers of passengers every day require urban transport systems to be highly efficient. 

Subway systems shift traffic from the street and move it underground. Streetcars are an 

alternative to busses in urban areas for carrying larger numbers of passengers. At airports or large 

public buildings where large numbers of people need to be transferred from one spot to another 

can be efficiently transported by VAL. Since urban populations keep increasing, the current UT 

networks are extended every day. Vienna is currently planning a new subway line U5 [7], Munich 

is planning a new subway line U9 [8] or Nuremberg, where the subway line U3 [9] is currently 

being extended. These three projects should exemplify UT solutions for increasing passenger 

numbers. 

 

1.1.4. Customer focus [10] [11] 

As the customer is publishing the vehicle requirements, manufacturers are required to follow the 

listed specifications and develop a tailored product. This results in a highly competitive market 

where the customer can determine every single feature. Due to many global manufactures present 

in markets worldwide, there is also a lot of pressure on the bid price. Supplementary, there is a 

fixed start of delivery as requested by the customer. The challenge of offering a highly complex, 

tailored product at the lowest possible price in minimum time seems insurmountable.  

 

1.1.5. Geographical Challenges [10] [11] 

Geographical challenges are evident in Railway Industry. As mentioned in section 2., over 70% of 

the produced goods are exported across the world [1]. Close collaboration is required, when a 

tailored product is developed. Contracts made after the biding was won can require the 

manufacturer to produce a certain percentage of the contract’s net worth locally at the country of 

destination.  
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This means for instance that a railway project for Dubai is preassembled in Austria, then shipped 

to Dubai, where the final assembly takes place. Strategic decisions must be made where to 

manufacture which part, where to buy parts and how the assembly can be structured to meet the 

contract requirements. Deficiencies in local supplier landscape may also cause sourcing problems 

which need to be considered. 

 

1.1.6. Rolling Stock development process [10-15] 

Before a project starts, the Call for Tender (compare section 2.1.1.) is taking place. To be 

successful, the manufacturer needs to present a fairly detailed vehicle concept with specifications 

to meet the requirements stated in the CfT. As during this phase no contract or promise for 

business relation is made, the effort put into the early project phase is not secured by revenue. 

Due to competitors, there is a chance of losing the biding, which closes the project without cost 

coverage. This risk is taken by the manufacturers themselves.  

Once the CfT is won, the contract signed includes, among many other details, the price per unit 

and the roll-out dates.  

Fixed product costs at an early product development stage are a large limitation for the project. 

Budgets must be kept throughout all following phases (section 2.1.2.) including the resources 

used during the bid phase and opportunity costs for other CfT’s lost. Hence, the setup of the 

project based manufacturing in Railway Industry is tied to a Design to Cost model (section 2.3.). 

The product costs comprise of Engineering and Design, Production and Material. 

Time limitations require effective processing of tasks. During the early stage, the customer can 

still make requests for changes which limits the available time even further. Unexpected problems 

during development or production can also significantly influence the delivery date.  

With all cost and time constraints known, the project management is responsible to keep all 

deadlines and budgets. 

 

1.1.7. Product uniqueness and complexity [10-12] [15] 

Most projects are unique from one another. At the beginning of every production start, there is a 

learning phase with feedback to the development engineers and production engineers for 

optimisation. The feedback is used to redesign components or processes if possible and suppliers 

are contacted in case of sourced goods.    
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The complexity in combination with the uniqueness of each project impedes the use of 

automation. Therefore, the work is carried out manually which results in a large cost factor 

during production.  

 

1.1.8. Order size [10] [11] 

Low volume orders in Railway industry cause difficulties throughout. Usual volumes range from 

30 to 80 single cars, which are combined to a carriage comprising of 2-6 cars. In addition, the 

cars are divided into centre and head coaches which have to be developed separately due to 

different structures. The supply chain for railway industry is small compared to automotive 

industry, which affects pricing for sourced goods due to missing competition and the mentioned 

low volumes. New components cause sourcing problems in terms of on-time delivery and quality 

because of high complexity (section 1.1.7.). The suppliers often need to develop the designed 

components themselves, affecting delivery time. Low volumes in production influence the shop 

floor design internally and at the supplier’s site due to quickly changing product types. Complex 

assemblies depend upon skilled workers and extensive availability of equipment. Workstations 

must be adaptable to any kind of assembly task to avoid refurnishing after every project. 

 

1.1.9. Aim of this work 

Passenger Railway Industry with all its peculiarities requires extensive effort in product design. 

New competitors entering the market increase the pressure on the bid price and lower profit 

margins for the manufacturers. In addition, the engineering hours for development already 

invested in a project without certainty of winning the CfT might result in losing valuable time and 

money. Chances to win a bidding can range between 5-50%, while on average the possibility for 

an acceptance is estimated around 20 % [5]. To elevate the chance of bid acceptance, the entire 

development or adaption process must be highly effective and should be supported by methods. 

Current methods are focusing on mass produced goods for automotive industry or similar, 

consider one-person workspaces for process optimisation or are not applicable due to the 

complexity of rolling stock systems.  

This work proposes a methodology applicable during early product development within cross 

functional teams. Main objective of the method is to increase efficiency during product 

development and reduce subsequent change induced costs between the Bid Phase until the 
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Execution Phase starts (section 1.1.2). The method is strongly focussing on practical use in 

railway industry. 

 

1.2. Research question 

The question arising due to the named deficiencies in currently available methods can be 

formulated as follows: 

How can efficiency in rolling stock production be methodically supported during early product development? 

 

2. State of the art 

This section briefly explains currently existing and deployed method during product development 

of railway vehicles. At the end of the section, the shortcomings of the state of the art are 

identified. 

 

2.1. Requirements Management 

2.1.1. Quality function deployment [16] 

Quality Function Deployment (QFD) is a proactive decision support tool in relationship-wise 

contexts. For rolling stock product development, the aim of the relationship-wise context is to 

translate customer requirements into quality characteristics or functions of the product. When 

developing quality characteristics and functions, technical solutions to fulfil all requirements are 

evaluated and weighed with an individual system to find the best possible solution. The method 

ensures, that customer requirements are in the centre of the product development process. As 

support, a separation of attributes into three categories is proposed [16]: 

1. Hunshitsu: product attributes, quality/qualities 

2. Kino: functions, mechanisms, opportunities 

3. Tenkay: deployment, development 

The categories are used to structure and direct the requirements into possible solutions. 
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Method 

QFD is a structured approach for deriving internal requirements of a product from external 

requirements. The method addresses several aspects in product development at the same time: 

• Target excellence in product quality with highest possible customer satisfaction 

• Support management decisions by mathematical methods for evaluating objectives 

• Find a correlation between conflicting targets and requirements  

• Breaks down complex and vague problems into a structured solving approach 

QFD uses a matrix, called the “House of Quality” (Figure 3). Besides the House of Quality, there 

exist several other matrix models which are neglected in this short description.  

The matrix correlates Customer Requirements (Whats) to the technical characteristics (Hows) to 

fulfil these requirements. The central body with the containing cells represents the link between 

the Whats and Hows with weighed symbols. The symbols can display strong (value = 9), 

intermediate (value = 3) or weak (value = 1) correlation. The matrix’ roof contains correlations 

between the Hows which can be positive or negative compared to all other Hows. For example, a 

sailing vessel has characteristics such as “sail area”, “mast strength” and “speed”, where sail area 

and mast strength are negatively correlated. If the sail area is increased, the mast strength must be 

higher (bad because of higher costs). In contrast, the sail area is positively correlated with speed, 

as more sail area increases the speed of the vessel (good, might be a sales argument).  
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Figure 3: House of Quality for QFD [16] 

  

At the bottom of the House of Quality, a weighing system can be applied, where each technical 

characteristic is assigned with a weight. Furthermore, a difficulty can be added to find more 

realistic solutions. For instance, the difficulty can be related to company core competences, 

internally available know how, or manufacturing equipment. 

Once all data is inserted, each solution can be evaluated accordingly by multiplying the weight 

with the correlation and sum up the numbers for each solution. The higher the number, the 

better.  

At last, the House of Quality can be amended with strategic variables. Company strategic goals, 

core competencies or customer segments can serve as supplementary internal input, while a 

competitor evaluation in the named aspects can also be appended. The strategic variables may 

then be applied as multiplicator to the results. 

For more detailed evaluation, the House of Quality can be reapplied with different focus. As 

Example, for the next step, internal requirements can serve as Whats, whereas the manufacturing 

methods available represent the Hows. Now the relationship is replaced by solution and 

manufacturing method. The more details required, the further the breakdown can be made. This 

example should illustrate the versatility of the method.  
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2.1.2. Value Engineering [17] 

The Society of American Value Engineering (SAVE) [18] defines Value Engineering (VE) as          

“The systematic application of recognized techniques which identify the function of a product or service, establish a 

monetary value for that function, and provide the necessary function reliability at the lowest overall cost” 

The main objective of VE is to provide the means of a total cost control anywhere during the 

product life cycle without lowering quality or reliability of the product. The main feature, which 

distinguishes VE from other cost reduction programs is the “function analysis”. The method 

analyses the function by means of understanding every single aspect about a product.  

Method 

In VE, the term “function” refers to an aspect which makes a product work. For the user, the 

product provides functions at costs the user is willing to pay for. If an item does not do what it 

was intended to do, the customer has no use for it, no matter at what costs. The opposite is to 

build in more functions at a higher price which the customer is not willing to pay for. Therefore, 

insufficient functionality is not acceptable and too much functionality is wasteful.  

Value has several different meanings. The value assigned to an item may vary from different 

perspectives. Generally, there are seven different classes of values: economic, moral, aesthetic, 

social, political, religious and judicial. Value Engineering solely focuses on economic value. 

The function assigned for value can be noted as follows [19]: 

𝑽 =
𝑭

𝑪
 

V denotes the value coefficient, F stands for the function coefficient and C describes the cost 

coefficient. Value Engineering sometimes is also referred to as Cost and Value Engineering 

(CVE) due to the composition of the equation.  

The function does not represent cost and price consequences of quality decisions. This means, 

that the value increases if a product offers more functionality at the same cost or more value at 

lower costs. In that sense, three approaches must be considered [19]: 

1. Identifying the relevant functions for a product 

2. Establishing monetary values for the identified functions 

3. Provide the required functions at the lowest overall costs  
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While applying the method, a “task team” is proposed. The team comprises of members with 

various relevant background. Different perspectives are desirable to cover all value and functional 

aspects. As result of VE, the value of a product is optimised towards actual customer needs at 

lowest possible costs. [19] 

 

2.2. Rule of Ten [20] 

Reported cases in industry show how strong the influence of inappropriate diligence is during 

product developments. Problem sources are mainly due to insufficient requirement definitions, 

construction errors or unnoticed product risks. The errors are not necessarily caused by technical 

problems, but also occur because of miscommunication, misunderstandings or unknown local 

circumstances. Product changes require extensive effort, both in personal time and monetary 

resources. The underlying rule is called the “Rule of Ten”. The name stands for the tenfold 

increase in costs for corrective actions over time/production phase of recognition. Figure 4 

illustrates the cost curve over time. 

Figure 4: Rule of Ten for corrective actions, translated from [20] 

 

Due to legal regulations, the manufacturer is responsible for damage caused by a faulty product. 

Therefore, effort is put into avoidance of such errors. As illustrated, the costs are multiplied by a 

factor of ten. During concept development, errors can fairly easy be rectified, while later changes 

during production or after delivery may cause substantial financial damage to a project. 
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2.3. Design to Cost [21] 

The Design-to-Cost Methodology was developed in the 60s in Japan for product cost 

management [21]. As the main advantage, the proactive cost management can be identified. 

Target costing can be seen as a reverse costing methodology, where the final selling price for a 

product is known. From the final selling price, the desired profit margin and company’s overhead 

is withdrawn and the acceptable production or buying price can be determined. Instead of costs 

being the result of a manufacturing process, the Target Costs can be an input during the product 

development phase.  

Method 

Before starting to set a target cost, extensive market research is advisable. This can be done by 

surveying potential customers, benchmark competitors or research historical data from similar 

products or previous projects. Once the research is done, the company’s target selling price is 

determined by a consortium. The target selling price is then revised by removing the profit 

margin and company’s overhead. As a fictional example, we set the target selling price to € 1200 

and the target costs for a component to € 1000 (overhead and profit margin withdrawn).  

The next step is the cost breakdown, where the costs are separated into the main assemblies of 

the product. Each subassembly can be further divided as required. The more detailed, the more 

accurately the target costs for each single component can be estimated. The example-costs of         

€ 1000 are divided into 4 main assemblies. Each main assembly is budgeted at € 250. 

Estimated component costs are maximum permissible costs for manufacturing the part, or 

sourcing the part externally. To continue the example, one of the main assemblies is split into 25 

different components, each component with equal pricing at € 10. As a basis for decisions, € 10 

are the threshold for reaching or missing the target for the component price. Note that the costs 

might be exceeded at one assembly or component, while other parts result in cost savings. The 

more data is available through market research or historical data, the more accurate the estimated 

target component prices are. If an assembly is sourced, a more detailed breakdown is not 

required. 

Each component serves a purpose in an assembly determined by Quality Function Deployment 

(section 2.1.1.), which must be fulfilled and limits the possibility of altering the component. 
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2.4. Concurrent Engineering [22] 

Developments on a global scale in production require high wage countries to stay competitive 

with increased productivity and automation. In mass production, latest developments in 

automation increased the performance significantly. Another leap in productivity was performed 

due to the implementation of lean tools. Additionally, life cycles of products are becoming 

shorter and shorter, while the time required for product development keeps increasing due to the 

complexity of products. Thus, there is a “time trap” as illustrated in Figure 5. Low volume 

industries such as project based manufacturing of rolling stock are mostly unaffected by the 

implementation of Automation and Lean. Furthermore, the time for the development spent on a 

single concept is enormous. Therefore, another method must be found to increase the 

productivity, although not limited only to low volume production. 

Figure 5: Time trap in Product development [22] 
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Method 

Concurrent Engineering aims for improvements in project based manufacturing and during 

product development. There are several guidelines to follow for increasing the project 

performance. The most evident one is to parallelize tasks. Classic project execution usually is 

carried out in a sequential manner.  

This easy but ineffective way of conduct is subject to change. Processes that can be preferred 

schedule earlier are executed as soon as possible. This results in a time saving for the overall 

project. In Figure 6, a possible shift from sequential to parallel activities is illustrated. CSE stands 

for Concurrent Simultaneous Engineering. 

Figure 6: Shift from sequential to simultaneous product development [22] 

 

For implementation, Bullinger and Warschat [22] propose a Strategy based on three key 

principles (Figure 7): 

• Parallelisation 

• Standardisation 

• Integration 

  



KTH Royal Institute of Technology  State of the art 

 Jan Tschida Page 15 

Figure 7: PSI-Strategy [22] 

 

 

Parallelisation in product development implies cutting and optimisation of time. As a first step, 

the float time in the process is eliminated. Float time refers to tasks waiting without being 

dependent on other tasks to finish. These tasks can be carried out simultaneously, yet in practice, 

most tasks are dependent on others. Nevertheless, some tasks do not require a previous step to 

be finished, just started. The parallelisation adds complexity in decision making and requires 

more collaboration between departments or within a team.  

Standardisation focuses on a high level of similarity during the product development process. By 

creating a structured process, the tasks can be carried out in shorter time and can be handled 

independently. Furthermore, the product itself can also be standardised with its features, 

assemblies or designs. There are several aspects which are included: product related 

standardisation, process related standardisation and collaboration standardisation (personal 

interaction). The main goal of standardisation is the elimination of repetitions or needless work.  

Integration within a development process describes the collaboration between involved 

departments such as Engineering, Quality, Procurement, Manufacturing and Commissioning. 

The philosophy of integration requires the involved departments to work in interdisciplinary 

teams. The team is represented by a team leader to communicate with non-involved parties. 

Benefits are reduced interfaces, increased entrepreneurial thinking instead of pushing department 

interests and a broader information base for decision making.  

Conflicts can arise anyhow, therefore the framework, priorities or main goals need to be specified 

as detailed as possible to avoid arguments or to reduce them to a bare minimum. The team leader 

must act as a counselling figure to resolve problems occurring.  
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2.5. Design for Manufacture and Assembly [23][24] 

Product development in a traditional process includes the department Engineering only during 

product creation. The design of the product has a major impact on costs when manufacturing or 

assembling takes place and where later design changes cause much higher costs (section 2.2.). As 

a possible solution to this problem, Boothroyd and Dewhurst developed a method called Design 

for Manufacture and Assembly (DFMA)[23]. The goal of the method is to lower costs both in 

production or sourcing and in assembly. To reach that goal, the product is developed in 

interdisciplinary teams following a proposed guideline of the method. The method itself is split 

into two major sub-methods: Design for Assembly (DFA) and Design for Manufacture (DFM). 

Both sub-methods have a specific focus on how to approach the design optimisation to lower 

costs in the underlying field. 

Method 

DFMA follows a guideline for conduct, where the product is evaluated, based on certain criteria. 

Boothroyd and Dewhurst propose to follow a step-by-step approach as illustrated in Figure 8. 

The steps are followed in sequential for best results. Boothroyd developed a time measurement 

method to assign quantitative values to each operation, both in handling and insertion tasks. The 

method strongly relies on inputs from various viewpoint to find a shared optimum between the 

involved departments. Thus, DFMA is further proposing Concurrent Engineering methods as 

support (section 2.4.). 
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Figure 8: Framework of DFMA[23] 

 

 

The result of DFMA application shows impressive results in cost reduction. Bogue [24] 

conducted a literature review on publicised cases of DFMA split into categories of optimisation. 

According to Bogue, following improvements were achieved:  

• Reduction of Parts   - 54 % 

• Weight reduction   - 22 % 

• Assembly time    - 60 % 

• Labour costs    - 43 % 

• Assembly costs   - 45 % 

• Product development time  - 45 % 

• Assembly defects   - 68 % 
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2.5.1. Design for Assembly [23] [24] 

Design for Assembly is a method to optimise a product to ease the assembly process. The 

analysis of the method evaluates manual, automatic and robot-supported assembly. To name a 

few, influences of the method are shape, size, weight and flexibility. Additionally, the method 

includes the handling process of the parts assembled. DFA has four goals of optimisation: 

1. Reduction of components 

2. Combination of functions 

3. Geometric optimisation 

4. Material and method adjustments 

Reduction of components relies on the simple logic, that less components require less assembly 

time. To reduce components of a product, there are three questions to find out if elimination is 

possible: 

1. Must the component move relatively to others during standard operation? (Vibrations or 

elastic deformations excluded) 

2. Does the function require a different material for the component? (e.g. Isolation, 

dampers, etc.) 

3. Must the component be removable to ensure assembly?  

When all three questions can be answered with yes, the component is a potential candidate for 

elimination. 

Combination of functions attempts to combine different functions of several components into 

one multi-functional component.  

Geometric optimisation has two targets. One target is to optimise a component for easier 

assembly during insertion (e.g. chamfers, symmetric design, et cetera), the other target is to 

redesign the component for easier handling. Handling can be conducted manually or 

automatically. 

Material and method adjustments evaluate alternative materials. Standard materials are easier and 

cheaper to source. Additionally, lower numbers of different materials can reduce administrative 

effort. As materials are subject to change, assembly methods can also be adjusted to find an 

optimum solution at lowest costs (e.g. screw connection changed to snap fit). 
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Boothroyd [23] developed time evaluation tables for estimating the required time for assembly. 

The tables are available in a large, very specific variety. Classification of the part, visibility and 

how the task is performed determine which table is applicable (e.g. one-handed positioning of a 

symmetric part with limited visibility at the positioning destination). 

 

2.5.2. Design for Manufacture [23] [24] 

DFM, in contrast to DFA, focuses on manufacturing of components. DFA might output highly 

complex parts which are costly to manufacture. Therefore, a trade-off must be made between 

reduction of components and manufacturability. It is also possible to split up combined parts 

again. DFM follows four guidelines to reduce manufacturing cost: 

1. Standardised manufacturing methods (drilling, milling and turning) 

2. Use of standard materials 

3. Geometric shape optimisation for fast and simple machining with standard tools 

4. Application of standard components 

Standardised manufacturing methods are cheaper than highly complex manufacturing methods. 

Drilling, milling and turning are universally available at low costs.  

Use of standard materials targets lower sourcing costs. Specialised materials are more expensive 

than standard materials. Thus, the lowest material grade fulfilling all requirements should be 

chosen. 

Geometric shape optimisations evaluate the manufacturing method in detail. Undercuts, non-

circle holes or thin contours require specialised equipment or extensive processing time and 

result in higher manufacturing costs. Square or cylindric shapes are preferable. 

Application of standard components reduces specially designed parts which can be replaced by 

an equal-function standardised part. Screws, nuts, bolts, pipes and several other standard 

industrial components are available in a large variety. By slightly altering the design, the number 

of special designs can be reduced to a minimum. 
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2.6. Hours per Vehicle [25] 

Hours per Vehicle (HPV) is a method to measure the effort for a company required to 

manufacture one vehicle. The simple method can be used to quickly evaluate a new product and 

compare it to previously developed ones. The method is also suitable for benchmarking purposes 

within an industry. In this thesis, the concept is only described as additional information, while 

not implemented. 

Method 

Hours per vehicle is defined as the quotient of “Paid hours of attendance in a certain time 

period” and the “Quantity produced in the same period”: 

𝐻𝑃𝑉 =
𝑝𝑎𝑖𝑑 ℎ𝑜𝑢𝑟𝑠 𝑜𝑓 𝑎𝑡𝑡𝑒𝑛𝑑𝑎𝑛𝑐𝑒 𝑖𝑛 𝑎 𝑐𝑒𝑟𝑡𝑎𝑖𝑛 𝑡𝑖𝑚𝑒 𝑝𝑒𝑟𝑖𝑜𝑑

𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 𝑝𝑒𝑟𝑖𝑜𝑑
 

Generally, HPV includes all paid hours of the entire workforce of a production plant, considering 

a one-product manufacturing. If several different types of vehicles are manufactured at the same 

location, the workforce must be allocated accordingly. For this reason, the key figure comprises 

not only the value-adding activities of the direct employees at the production lines, but also their 

non-productive time such as breaks or personal allowances. Even indirect employees such as 

logisticians, maintenance technicians and quality engineers contribute with their working hours to 

an increase of the HPV. The same applies to managers, planning engineers and administrative 

staff.  

Basically, the HPV comprises the direct employees of the main functions of a manufacturing 

plant, including maintenance and logistics. Pre-assembly activities as well as factory services are 

only included if they are carried out by the company’s own staff. Tasks that have been 

outsourced such as pre-assembled parts are not to be taken into account. The same applies to 

subcontracted supplies and special subjects such as the time needed for the planning of new 

products, inter-organizational logistics services or Completely Knocked Down (CKD) 

production as illustrated in Figure 9. The primary goal of the set definition is to provide a 

common basis for the HPV calculation of different sites and therefore to generate identical key 

figures in terms of content and composition. 
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Figure 9: Collocation of HPV [25] 

 

 

Comparison of HPV 

Comparisons of HPV can be conducted with precaution and there are several “traps” that need 

to be taken into account: 

For instance, automotive industry benchmark shows huge differences which might lead to a 

wrong conclusion as the vertical integration is not known or does not account for specific 

product details such as equipment or interior. 

Lower levels of vertical integration do not necessarily imply more efficient production, as the 

costs of the outsourced activities are not measured. Separate analysis would be required. 

Lifecycle dependent products are subject to changing production volumes as they might change 

over time, thus influencing the HPV benchmark. To generate independent data, the model can 

be adapted to give “quantity-independent personnel” less weight in the calculation. Also, the 

reviewed period of time may influence the result. 
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Considerations 

Manifold considerations are required for an effective application of HPV, that influence the 

method to an extent, where it might lead to a wrong conclusion. Hence, the background of the 

method must be known to the reader: 

Flexible production systems are subject to change of produced goods. Therefore, shared 

resources must be split and allocated proportionally. 

The more complicated the organizational structures, the more difficult to separate and allocate 

the resources to a specific project. Especially, when it comes to engineering and office related 

work, a clear distinction is required for a reliable result. The hours required might also change 

subsequently due to later changes in design, optimization, supplier changes, etc. 

HPV does not take quality into account. Thus, the data gathered is not comparable 1:1 since 

requirements might vary. E.g. a subway system for Austria is different from a project in China in 

terms of requirements.  

Customisation is not considered by the KPI. Highly customized products require more time to 

develop and manufacture than a standard product. 

 

Influencing factors 

There are almost endless influencing factors (Figure 10) to alter the HPV for a certain vehicle.  

Figure 10: Influencing Factors on HPV calculation [25] 
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Most of the factors can be neglected due to disproportional effort required for analysis. 

Nevertheless, the result stays valid and can be used as an indicator for the management to 

evaluate continuously. HPV controlling can also contribute sustainably to increase personnel 

productivity.  

 

2.7. Engineered Hours per Vehicle [25] 

Costs are closely related to the time required to complete assembly. Therefore, target costing 

approaches as well as cost tracking were simplified to focus on assembly times rather than total 

costs. That entitles eHPV to be a valuable management tool for development targets. A product 

concept may not exceed a defined sum of assembly hours in an ideal case where only active 

productive time is evaluated. In this regard, only value adding time is accounted for, auxiliary 

tasks are neglected. Thus, production planning has the target of coming as close as possible to 

the eHPV. The concept is very well suited for defining targets as well as comparing similar 

concepts relative to each other. For example: By reducing the number of screws from four to 

three, the eHPV is also reduced. However, it does not consider extra costs for higher strength 

screws.  

Method 

Using the close relation between time and costs especially in labour intense manual assembly. The 

requirement is to give an indication for the complete effect a change in concept has on the 

assembly time, not only the directly productive time. An already existing production system for a 

similar product is considered to have reached a stable level of efficiency in this method. Also, the 

product under development will be manufactured in a production system similar to an available 

system for observation at present. 

The underlying idea of the approach is to identify groups of product features which are most 

relevant time drivers and generate factors which include all auxiliary tasks (which are not known 

to the developer or the team at that stage). It is important to summarize tasks in groups to allow 

an easy evaluation of a concept. For example, considering an assembly time of two minutes for 

each screw allows the developer to easily evaluate how much time the reduction of one screw 

yields within the production, including tasks like material handling and tool preparation.   
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Defining those groups, it is important to keep the number low enough for quick evaluation while 

reducing the error to an acceptable level. The more detailed the breakdown into single parts or 

subassemblies is conducted, the more detailed the result is, but also the more effort required for 

evaluation. Summarizing every screw as a one-product-feature would neglect that larger screws in 

general connect heavier parts and therefore need more positioning time for those parts. In order 

to allow viable implementation it is required that those groups can be generated by the user.  

Thus, the method can also be used in a holistic approach to evaluate a manufacturing concept. 

Assigning time values to different assembly tasks may be used to quickly determine the work 

content for a station, which later can be extended to the entire production line. As a result, the 

eHPV represents the work content of one vehicle including auxiliary tasks. Once the actual 

eHPV is calculated or estimated, the target value can be set. The goal is to reach lower work 

content caused by design, hence reducing the assembly time and lowering the costs for 

production. The method relies on historical data or time measurement tables to assign assembly 

times to each task. The output of the method can either be used for controlling purposes or 

illustrate optimisation potential.  

 

2.8. Engineering Process [4] [14] [15] 

When a project is opened, the engineering process starts. With input from requirements 

management (section 2.1.), the project is broken down into work packages and distributed to the 

design engineers. The design engineer is responsible for a specific work package, for instance 

doors, breaks, windows, floors et cetera. Project management then defines the deadlines for 

different stages of product development. To the time constraints and product requirements, 

safety, legal and infrastructural demands are added. Since the product is operating in public areas, 

these demands are binding and must be met. In coordination with other design engineers from 

different work packages, the interfaces and available installation space is clarified.  

The design process is accompanied by internal guidelines of best conduct. With all available input 

data, the design engineer starts to design the components. In consultation with other design 

engineers of different work packages, the interfaces and space limitations are clarified. Along the 

development process, several reviews evaluate the proposed solutions. Changes also follow a 

fixed routine for implementation. 
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Once all separate components are finished, the sub-systems are integrated into the final assembly. 

The final assembly can then be evaluated by production planning for internally required resources 

and procurement starts the sourcing process with early cost estimations based on reference 

components or projects. Earlier estimations can be conducted, but due to limited maturity, these 

estimations are not reliable. In general, the design engineer fixes the costs for assembly and 

sourcing to an extent of around 70 % [20]. In general, the biggest cost factors in Rolling Stock 

production are (1) Material Costs and (2) Labour costs due to the complex manual assembly. 

 

2.9. Methods Time Measurement [27] 

Methods Time Measurement (MTM) is a Methods Engineering technique to assign time values to 

certain tasks. The need for evaluations is induced by industry to pre-evaluate how long specific 

operations will take in a standardised way, applicable worldwide. Assigning allowed time per task 

is also referred to as “system of predetermined times”. 

The developers Maynard et al., (1948) [27] define MTM as follows: 

“Methods-time measurement is a procedure which analyzes any manual operation or method into the basic motions 

required to perform it and assigns each motion a predetermined time standard which is determined by the nature of 

the motion and the conditions under which is made.” 

The goal of the analysis is to find the perfect, safest and fastest way of conduct. An average-

skilled worker should be able to reproduce the same time, with the same accuracy without tiring 

for an entire workday. Complementary, the method is used to display hidden time saving 

potentials. 

Method [28] [29] 

The first step in MTM is to select a task which will be evaluated. The task is then split into 

different movements of the human body. Within the method of MTM, 17 movement elements 

are applied for full description of a task. The movement is then coded with an international 

standard. To determine the code, a further breakdown of an operation is required for selecting 

the right time table.  
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For instance: A Door should be unlocked: 

1. Reach for the key in pocket 

2. Grab the key 

3. Move out of pocket 

4. Select the right key visually 

5. Grab the right key with other hand 

6. Orient the right key with both hands 

7. Move to key to keyhole 

8. Insert the oriented key into keyhole 

9. Turn the key once 

10. Grab key again 

11. Turn the key again 

12. Orient to withdraw key 

13. Withdraw 

14. Move to pocket 

15. Place back in pocket 

This simple example must further be broken down into more specific elements in MTM. For 

selection of the right time table, even more data is required. Is the operation one-handed or two-

handed, what is the weight of the part, how accurate is the positioning required, how much force 

is required, what is the environment, what distance must be covered, standing, kneeling or sitting 

operation and many more different aspects are relevant for the selection. Subsequently and 

contrary to the original definition of analysing manual operations, the method applied nowadays 

is extended to partly or fully automated tasks as well. 

Once the right table is selected, each sub-movement is assigned with Time Measurement Units. 

One Time Measurement Unit (TMU) is equal to 0,036 seconds. This means 100.000 TMU are 

equal to one full hour. The result is written down into a standardised form. By evaluating every 

single movement, different routines can be evaluated against each other to find the best way of 

conduct. Additionally, the method displays optimisation potential. For instance, introducing an 

auxiliary table or redesigning a part for easier orientation.  

The basic method of MTM can further be amended by applying more specific time measurement 

techniques. The MTM association offers several work measurement systems for suitable 

application within every industry:  

1. MTM-1: first building block from which all other building blocks have been developed 

2. MTM-UAS: second generation improved with statistical data 

3. MTM-MEK: MEK stands for “MTM in Einzel- und Kleinserienfertigung” which 

translated means MTM for single and small-series production 

4. MTM-Logistics: specific for material handling and transportation operations 

5. MTM Office Systems: for administration and service industry 
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2.10. Non-Conformance Costs [30] 

Non-Conformance Costs (NCC) are defined as the deviation between pre-calculation and final 

calculation in project based manufacturing. With rising standardisation, NCC can be monitored 

better, while a low level of standardisation or new product developments are subject to variables 

unknown in the beginning, which leads to additional, previously unforeseen costs.  

Classic contributors to NCC are additional sourcing costs due to underestimation, design 

modifications due to complications in manufacturing, quality issues, commissioning problems 

with components which require rework or contractual penalties due to delayed delivery, et cetera. 

NCC can occur between the beginning of the project and the end of the project, namely the end 

of the warranty phase.  

There are three different sources for NCC:  

1. Internal 

2. External from suppliers 

3. Customer induced costs 

In large projects, all three sources might be present simultaneously. Claim Management is 

responsible for handling problems for every single NCC position. If for instance the customer 

wants to change a feature after the design has been approved, the customer must pay for the 

changes. Nevertheless, the costs will be listed as NCC. If suppliers are causing quality problems 

with certain deliveries, the supplier can be held responsible for the costs, but again, the costs are 

listed as NCC. Claim Management is therefore essential to handle contractual and legal issues 

with all three sources. 

When highly complex products are developed and no previous experience could be exploited, the 

project budget also allocates monetary resources for potential claims during the entire project. 

Risk Management evaluates every new component and assigns a risk category which represents 

the probability of occurrence. In addition, the risk is also assessed with a Failure Mode and Effect 

Analysis (FMEA). FMEA is a method to analyse the effect of a risk (failure) and its mitigation. 

With all available inputs, the estimated required “safety” budget will be defined and 

communicated [2].  

Many issues and therefore NCC are reoccurring several times. To handle future NCC in other 

projects, a focus should be on corporate learning. With a root cause analysis, the source of the 

NCC can be identified. The created base of knowledge can be used for reference in the next 

projects as lessons learned.  
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2.11. Shortcomings of the State of the Art methods 

Product creation relies on several engineering disciplines to be effective. One single department 

in a classic company structure simply does not have all the information required to fulfil manifold 

conflicting objectives at the same time. The described processes offer tools for improvement, yet 

display shortcomings, particularly in railway industry. The named peculiarities specific to the 

industry (section 1.1.) are not entirely suitable with most proposed fields of application. For 

instance, DFMA proposed by Boothroyd and Dewhurst is focusing on mass production or 

automated tasks. eHPV is a guideline for comparison, although it does not include an 

internationally accepted time measurement method. Project based manufacturing creates conflicts 

between project and factory goals. The engineering process itself dictates around 70 % [4] of the 

costs before the production started. In addition, the methods described are single approaches for 

specific problems. By combining the best thoughts and tools by tailoring of the methods to an 

integrated methodology, the effectiveness can be elevated. 

This work proposes a possible solution for the product creation process in project based, highly 

complex, low volume production of rolling stock. Starting from a CfT, the introduced method 

supports the product creation process, accompanied by concurrent engineering methods in cross-

functional teams, specific time and cost evaluation methods and KPI tracking for controlling. 

The focus lies on easy-to-use industrial application. 

 

3. Research Method 

The section Research Method describes the analysis process. Together with the shortcomings of 

the state of the art methods, a potent base for improvement is presented. After deep analysis, the 

potential for optimisation is identified from the present working routine at the end of this 

section. 
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3.1. Process Analysis 

3.1.1. Engineering design process analysis [14] [15] 

When management decides to bid on a specific CfT, the design team starts working on the 

project. The design team defines general aesthetic aspects and a rough concept for the vehicle 

itself. When the design is agreed upon by the customer, the engineering department starts to 

work. The start of the process is called Notice to Proceed (NTP). The train is split into several 

work packages and assigned to specialists, called “Konstruktionsverantwortliche(r)”, which 

means responsible design engineer.  

In parallel, Requirements Management hands over the specification book of the product 

including the functional requirements to Engineering and Project Management defines the 

timetable for the project and deliverables. Every design engineer is responsible for the outcome 

of the product design process and usually leads a team. According to the content of the work 

package, the team size is adapted.  

Similar to the phases in Project Based Manufacturing (section 1.1.2.), the engineering process 

consists of two phases as well: 

1. Conceptual Design Phase: used during the Bid Phase of the project for conceptually 

defining the vehicle from a technical viewpoint. 

2. Detailing Phase: where the concept is translated into technical solutions compliant with 

all requirements and specifications. 

In order to support the design process, there are three major programmes to optimise the 

product costs during the design phase: 

1. Cost and Value Engineering (CVE): the method (section 2.1.1. & 3.1.2.) is applied to 

identify the value for the customer, translate the value to a requirement and find technical 

solutions at lowest costs to fulfil the need.  

2. Design-to-Cost (DtC) (section 2.3.): assigns “should cost” values to components. The 

design engineer is responsible to meet the costs or undercut.  

3. Continuous Improvement Process (CIP): Feedback from all departments is evaluated for 

improvements in various disciplines. Engineering for instance is reliable on feedback 

improve future developments.  
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Since the responsible design engineer is required to deliver a product conform to specifications of 

all named aspects, the process is additionally supported by design reviews throughout the project. 

During these design reviews, the current status is questioned. Design reviews ensure project goals 

in order to stay within the specified time and budget. Furthermore, the engineer can hold so 

called manufacturing walkthroughs with industrial engineers. The goal of the walkthroughs is to 

identify problems during manufacturing and assembly.  

After reaching the final milestone, the design will be fixed – called Design Approval (DA). All 

consortium partners agreed upon the solution to initiate the DA. 

Once the design is approved, Engineering hands over all information required to Industrial 

Engineering for production planning and to Procurement for sourced components.  

If previously undetected problems occur during production planning, manufacturing or assembly, 

a change process is initiated to adapt the design. The responsible design engineer is then liable to 

adapt the component(s) as fast as possible and hand over the changed data to Procurement for 

sourcing or Manufacturing for internal production. Between design change and hand over of 

changed data, an approval by a change consortium is required. 

 

3.1.2. Industrial Engineering process analysis for product creation [10] [13] 

First steps for Industrial Engineering during a railway project are taken at the Bid Kick Off 

(BKO). During the BKO, mandatory participants are briefed on what has been agreed on by the 

bid team. Representatives of every department are addressed with further conduct during the 

next phases.  

Once the design team generated a conceptual vehicle, a so-called Effort Estimation is requested 

from Industrial Engineering. Content of this estimation are (1) required man-hours for 

manufacturing and assembly in-house, or (2) estimated manufacturing hours for sourced goods. 

As an internally acting department, Industrial Engineering does not define costs, only 

manufacturing hours for the necessary tasks. As input, the bid team offers expected vertical range 

of manufacturing, quantity, type of vehicle, due dates, technical specifications and a 3D-Model. 

Input data is bundled in a specification book or an excerpt from the specification book, which is 

handed over. During the bid phase, the specifications are based on preliminary data and 

conceptual design, which might change over time. Therefore, it is crucial to keep the estimates up 

to date to present a realistic offer to the customer.  
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As output, Industrial Engineering generates a scope of service. The scope of service comprises all 

aspects for manufacturing both in-house and externally. This means, that Industrial Engineering 

also conducts Make-or-Buy decisions. Within the scope of service, information about boundary 

conditions regarding technology, manufacturing equipment and fixtures can be found. The 

boundary conditions are compulsory to fulfil, in order to guarantee the validity of the Effort 

Estimation. 

Interdisciplinary work with Engineering concerns two major ideas: 

1. Platform thinking: A pre-existing vehicle platform with slight adaptions is the cheapest 

way of manufacturing. Using platform solutions is not always possible, due to customer 

requirements or design restrictions. Additionally, platforms are technically proven, 

optimised and workers are experienced at assembling a platform vehicle shortening ramp-

up time. 

2. Design-to-Cost Measures: are deployed for reaching target costs. Industrial Engineering 

identifies cost and time drivers during manufacturing and assembly and provides 

feedback on presented technical solutions. The propositions are then used for cost 

reduction programmes for specific components.  

Procurement in collaboration with Industrial Engineering processes the following aspects: 

1. Cost estimations for suppliers: As the Effort Estimation roughly includes required man-

hours and raw material prices are available on hand, cost estimations for sourced goods 

are performed. The cost estimations are used to evaluate supplier quotations and support 

sourcing decisions.  

2. Supplier contracts: The required man-hours are used in supplier contracts as demand. For 

example, the demand states a maximum assembly time for a door system at five hours. 

The supplier is then obliged to fulfil the demand by adapting the design or technical 

solution. 

For Project Management, Industrial Engineering defines internal requirements to ensure 

manufacturing according to the Effort Estimation. Internal requirements consist of a fixed 

schedule, availability of equipment, delivery times for components at the assembly station and 

stable product design. 
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Since the data, especially during the bid phase, is preliminary, every Effort Estimation has a 

validity and an underlying calculation basis. Thus, changed data makes the estimation invalid and 

adaption is required.  

Once the design and technical specifications are fixed, Industrial Engineering starts with process 

planning, where assembly sequences, manufacturing processes and also reusable carriers for 

components are defined. After the first few vehicles, the processes are optimised for increased 

performance. Finally, subsequent calculation is used to evaluate the manufacturing concept and 

create a reference database for oncoming similar projects and routines. 

 

3.1.3. Non-Conformance Costs database analysis [31] 

-NOT DISCLOSED-  
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-NOT DISCLOSED- 
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3.2. Potential for optimisation 

While most of the processes for interdisciplinary collaboration are defined, no standards are 

available as guideline. Engineering is solely responsible for product development and therefore 

dictates the terms for consulting of other departments. Thus, the development process is 

dependent on personal expertise about technical solutions as well as personal assessment. Inputs 

from other departments, besides design reviews, are only delivered on request. During design 

reviews, project goals, for instance deadlines and budget, are favoured. Hence, the quality of 

proposed technical solutions is not intensively evaluated. 

Industrial Engineering supports the development process in a reactive manner. When a technical 

solution is designed, the manufacturing walkthrough evaluates manufacturability within time 

specifications and with available equipment. If problems occur, the affected components must be 

redesigned, undergoing the standard change process.  
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Procurement targets are lowest cost sourcing, supplier reliability and quality of delivered goods. 

Once a component is designed, quotations are requested from suppliers with pre-set 

specifications by Engineering. As a result, the component costs are already partly predefined by 

design and specifications.  

When target costs are not met, Design-to-Cost workshops are held to reduce costs for specific 

components. Participants at these workshops are Engineering, Industrial Engineering, 

Manufacturing and Procurement. During DtC-Workshops, countermeasures are defined to 

reduce costs. This mode of practise is, again, reactive when problems occur. 

Proactive cost optimisation methods are only available between the departments Engineering and 

Procurement, where CVE supports the creation process. 

As stated in section 2.8., design predefines 70 % of costs occurring during procurement, 

manufacturing and assembly. Reactively optimising components requires extensive resources as 

shown in Figure 4 (section 2.2.). The later problems are discovered along the process, the higher 

the resources required for optimisation. 

 

4. Proposed Methodology 

An extended DFMA application is proposed to aim towards an integrated product creation 

process within cross functional teams. The methodology closes the current gap between 

Engineering, Procurement and Industrial Engineering to optimise products for manufacturing, 

assembly and procurement as displayed in Figure 12. 

Figure 12: DFMA embedded between departments 
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Extended DFMA Methodology is designed to alter the current mode of practice from a reactive 

to a proactive design process. The earlier other departments are involved in the design process, 

the easier the technical solutions can be adapted to actual needs.  

 

4.1. Methodology framework 

While DFMA as single methodology is dependent on supporting methods (Figure 13) to be 

effective, the following methodology framework is proposed: 

Figure 13: DFMA proposed framework 

 

Product development as main objective is located in the centre of the DFMA framework. The 

development process is supported by four illustrated key pillars. Mutual support between the 

different methods improves the performance of the process itself.  
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The framework serves as holistic approach where the following steps within a product 

development process are covered: 

1. DFMA: The core method provides proactive input for the design engineer to optimise 

the technical solution for manufacturability and assembly.  

2. Concurrent Engineering: In cross functional teams, product creation is fostered. Through 

department dependent expertise, a much broader base of knowledge can be applied. 

Inputs for cost and time drivers can be demonstrated and targeted. 

3. KPI Controlling: To evaluate the current situation and compare it to the new concept, 

KPIs are required. Indicators can be set as reference or objectives. KPI also serve as a 

controlling purpose for evaluation. 

4. Documentation: For standardising the process, documentation is required for method 

tracking. Furthermore, the results are fed into a Lessons Learned database for future 

projects. 

 

4.2. Methodology deployment 

The following section provides a guideline, how the methodology is intended for deployment.  

In-depth descriptions about conduct during collaboration form of collaboration, DFMA and KPI 

deployment, as well as input data and proposed tools are described in the oncoming sections. 

Please note that the methodology will be first applied to selected components only, not the entire 

vehicle.  

 

4.2.1. Concurrent Engineering 

For methodology deployment, cross functional teams are designated for concurrent engineering. 

The teams are split into a core team, where attendance is required at all meetings and workshops 

and a support team, where additional assistance is required (Figure 14). 
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PM Project Management 

Sup Supplier 

EN Engineering 

IE Industrial Engineering 

MF Manufacturing 

P Procurement 

Q Quality Assurance 

SQ Supplier Quality Assurance 

Comm Commissioning 

 

The following constellation is proposed: 

Figure 14: Cross Functional Team composition 

 

 

For method application within the cross functional teams, periodic meetings every three weeks in 

the form of workshops are defined. The workshops are split into three categories: 

1. Kick-Off Workshop: Held at the first occasion with all team members. During the Kick 

Off Workshop, Project Management defines objectives, presents the selected 

components for DFMA application, boundary conditions and the expected outcome. A 

reference project is selected, which serves as a base to compare the later outcome. 

Regarding the base, the used KPI target values are set and documented. The Core Team 

members then gather all input information about previous similar projects and 

experiences from all participating departments (Return of Experience). When all 

information is collected, the agenda and date for the next workshops is agreed on by the 

core team. 

 

2. DFMA Workshop: Right after the Kick-Off Workshop, the DFMA Workshops are held. 

During the workshops, DFMA is applied to create several product concepts. At the end 

of every workshop, deliverables are defined for every department for preparation until 

the next workshop. Realistic regular meeting cycles range from 2-4 weeks. Between the 

workshops, the departments work on the deliverables, which can be of various content. 

For instance: Engineering drafts the acquired possible technical solutions into a 3D 

Model, Industrial Engineering estimates required assembly hours for the proposed 

concepts by applying the MTM-MEK approach (section 2.9.) and Procurement prepares 

sourcing information from comparable components or requests preliminary quotations 

from suppliers. At the following workshop, the prepared data is presented and the best 

candidates are kept for detailing, while poorly performing concepts are discarded. KPIs 

support the evaluation process.  

Consulting 
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3. Reporting Workshop: The final concept is presented and KPIs are compared to the 

target. Finally, the team members sign off the new design. At the end, the documentation 

is finalised and the newly gathered information is recorded in a Lessons Learned 

Database. 

The entire Workshop process is accompanied by an ongoing documentation process. 

Documentation is important for method tracking to ensure that the standard process is followed. 

Additionally, the documentation is used in future projects to learn from previous experiences. A 

draft of a documentation can be found in section 10. Annex. 

 

4.2.2. Application of tailored DFMA 

While engaged in the workshops, DFMA is applied for product creation and optimisation. The 

method itself is split into manageable sub-tasks which are adapted to each session of the cross 

functional team. Before the Methodology is applied, all participants are required to attend in a 

training session. The training is intended to provide the participants with the necessary 

background knowledge, to actively support during deployment. 

 

4.2.2.1.  Procurement Plan analysis for DFMA application decision 

In the bid phase, one of the first documents generated for the offered vehicle is the Procurement 

Plan (ProcPlan). The ProcPlan, in a preliminary form, contains all components of the vehicle 

where possible suppliers are listed, quantities and specifications, if already known. Procurement 

uses the ProcPlan to address potential suppliers to elaborate terms for the supplier contract. For 

DFMA, the ProcPlan is used during the Kick-Off Workshop (section 4.2.2.) as first input from 

Technical Management where components are evaluated for potential optimisation.  
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The components are assessed on two different levels: 

Level 1 – KPI analysis 

The first analysis is carried out by Technical Management based on three criteria relevant for 

every component regarding DFMA: 

1. eHPV: How many assembly hours does the component require? The exact definition and 

use of eHPV will be elaborated in section 4.2.3. 

2. Material Costs: How expensive is the component to source or manufacture? 

3. Cycle Time Engineering: How much time is required to design a technically stable 

component? 

These factors are represented by a scale of 1 to 4, where 1 is lowest and 4 is the highest need for 

resources. The factors are then used in the following formula: 

𝐷 = 𝑒𝐻𝑃𝑉 ∗ 2 + 𝑀𝐶 ∗ 1.5 + 𝐶𝑇 

D… DFMA Score 

eHPV… engineered Hours per Vehicle 

MC… Material Costs 

CT… Cycle Time for the Engineering Process 

eHPV as the main cost driver in manual assembly is weighed with a factor of 2, for Material 

Costs a weight of 1.5 was chosen and CT is weighed with a factor of one. The weights were 

derived from the significance of the KPIs in the cost structure of the product. The result is then 

evaluated if DFMA is applied for a specific component. As a threshold, a minimum score of 10 

was chosen. Please note that the weights and threshold can be adapted to specific needs. The 

formula gives a fast first impression about the extent of DFMA application in a project. 
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Level 2 – Repetitive Character 

The next step is, to evaluate the repetitive character of a component. For analysis, the two factors 

(1) Product repetition – if a product has previously been designed and needs adaption and (2) 

Supplier repetition – if the supplier performance is already known, are assigned to each 

component. Following structure (Table 1) was chosen: 

Table 1: Decision Matrix for repetition 

Product repetition Supplier repetition DFMA/ No DFMA 

No No DFMA 

No Yes DFMA 

Yes No No DFMA 

Yes Yes No DFMA 

Level 2 provides a simplified component risk analysis. The reason for choosing the illustrated 

structure is, that new product developments need more attention than an adapted component. 

Suppliers as part of the support team are also taken into account. Long term relations with 

suppliers are favourable, which is why the factor is considered. 

After both levels of evaluation are finished, the final decision is made separately for every 

component. The following decision matrix (Table 2) is proposed: 

Table 2: Decision Matrix for DFMA application 

Level 1 Level 2 DFMA/ No DFMA 

No DFMA No DFMA No DFMA 

No DFMA DFMA Team decision 

DFMA No DFMA Team decision 

DFMA DFMA DFMA 

The selected DFMA components are binding for the core team to address. As support, a tool for 

evaluation was created. An overview of the tool can be found in section 10. Annex. 
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4.2.2.2. DFMA Application routine 

After components for DFMA application are selected, the working routine is followed. Based on 

the proposed process by Boothroyd and Dewhurst (section 2.5.), the following procedure (Figure 

15) was defined: 

Figure 15: DFMA procedure 

 

 

Input & Objectives 

Before applying DFMA, all input conducive for product creation is gathered during the Kick-Off 

Workshop. Input refers to the Procurement Plan and boundary conditions. Customer 

requirements defined by Requirements Management, safety regulations, legislation, available 

budget and interface restrictions (available workspace, connectors, et cetera) must be considered. 

Department objectives must be shared as well to work towards a common goal instead of 

favouring personal/departmental benefit. Trade-offs are required to ensure a mutual direction of 

teamwork.  
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With all information available, the objectives are defined unanimous by the core team. The main 

objectives are due dates, KPI target values, KPI reference values and human resource assurance 

from all participating departments during the product creation period. 

Design for Assembly 

The first method to apply is Design for Assembly. During the application, the product is 

optimised for assembly through several approaches. The main idea of DFA is to reduce the part 

count within an assembly. The fewer parts, the fewer assembly tasks required. As already 

mentioned in section 2.5., the following stimulations are used: 

1. Reduction of parts 

2. Combination of functions 

3. Geometric optimisation 

4. Material and/or Manufacturing Method adaption 

Whilst applying DFA, valuable input is provided by Manufacturing. The last chain link to a 

finalised product holds the most knowledge about the actual assembly process and related time 

drivers. Within the Cross Functional Team, concepts are elaborated. As deliverable for the next 

workshop, the concepts are evaluated by the responsible departments. 

Target reached – DFA 

At the beginning of the next workshop, the evaluation is presented to the team. Every concept is 

discussed and compared with the assigned target KPIs. The KPIs are predefined during the Kick-

Off Workshop and prespecified by Project management, especially DtC targets.  If concepts are 

fulfilling the KPI requirements, the best suited (lowest eHPV, lowest MC) candidate is selected 

for further use. If none of the solutions reach the target, a better concept is required. That means, 

the DFA methodology must be applied again. The process is iterative and might require several 

attempts until a suitable technical concept is elaborated in the cross functional team. 

The result is an optimised design concept. 
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Design for Manufacture 

Starting with the optimised design concept from DFA, which fulfils all requirements so far, the 

concept is subject to improvement concerning manufacturability. Presented in section 2.5., the 

following stimuli for enhancement are described: 

1. Standardised manufacturing methods (drilling, milling and turning) 

2. Use of standard materials 

3. Geometric shape optimisation for fast and simple machining with standard tools 

4. Application of standard components 

Rolling stock production is highly dependent on suppliers. Inferred, the cost drivers for supplied 

goods and are presented alongside internal manufacturing cost drivers. Using the input, the 

optimised concept is improved further. Note that DFA, as main objectives, reduces parts and 

combines functions in an assembly. This might result in highly complex components which 

possibly cannot be manufactured or require extensive equipment or manufacturing time. 

Therefore, previously combined components can be split up again for better manufacturability. A 

functional, profound trade-off between the concepts resolves conflicts of goals and is conducted 

by the cross functional team. 

Target reached – DFM 

Before the presentation workshop can be held, the concept must be assessed once more for the 

final result. Again, the newly developed component is evaluated with KPIs and compared to the 

target values. If the requirements are not met, another iteration of DFM is required. In case the 

requirements with application of DFM cannot be met, another previously assessed concept 

replaces the current one. The process starts again from its initial state – DFA (Note that more 

than one previously elaborated concept may fulfil the target values for DFA already). 

If all requirements are met, the concept is released. Minor details for design can still be adapted, if 

not already finalised. 
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4.2.3. KPI explanation 

For quantifying new components, KPIs are used along the entire process. The relevant KPIs 

applied can be split into two tiers: 

1. Controlling tier 

On a top-level basis, controlling KPIs are deployed for method tracking. The KPIs are 

used to quantify outcome from methodology application. Main KPIs supporting 

controlling are eHPV, MC and CT for the Engineering process. NCC as an indirectly 

influenced KPI is also adduced for post-assessment. 

 

2. Component tier 

While engaged in workshops, cost and time drivers as valuable input define potential for 

optimisation. Cost of time drivers in the sense of components or activities during 

manufacturing or assembly can be used as KPI (Figure 16). For instance, polished 

surfaces are cost drivers for procurement, therefore the number of polished surfaces is 

used as a KPI, the number of cable connections interpreted as cost and time driver serves 

as KPI as well. Component tier KPIs are always directly influencing one or more 

controlling tier KPI. Main objective of this type of KPIs is, to avoid cost and time 

drivers. Therefore, they serve as guidance during all steps of optimisation. 

Figure 16: KPI structure with exemplified Component Tier KPI 
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e.g. number of  connection 
points  
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assembly 

MC
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Not all KPIs as described in section 2.6., 2.7. and 2.10. are applicable without modification. 

Slightly adapted versions of the named KPIs are deployed in this methodology. 

 

4.2.3.1. Engineered Hours per Vehicle 

As described in section 2.7., eHPV stands for engineered hours per vehicle. Nevertheless, the 

KPI is used for single components instead of the entire vehicle. The evaluation method stays 

identical. For every assembly task of the assessed component, eHPV are assigned with the 

method of MTM-MEK (section 2.9.). A more accurate name for the KPI would be engineered 

hours per component (eHPC), where the sum of eHPC aggregates to eHPV. Components are 

optimised to decrease eHPV to reduce labour costs for assembly. 

During deployment, Industrial Engineering, as the responsible department for production 

planning, predefines the allowed times per task. Hence, evaluations as preparation for workshops 

is assigned to Industrial Engineering. 

 

4.2.3.2. Material Costs 

Per definition [20], material costs are composed of raw material costs, auxiliary material costs and 

energy costs. For application in the proposed methodology, only raw material costs from this 

definition are relevant. Others are costs for supplied materials, where only final assembly is 

required. In short, material costs for DFMA comprise raw material costs for internally 

manufactured goods and sourcing costs for externally supplied components. 

Procurement, as the leading department, is responsible for evaluation and provisioning relevant 

data for the workshops. If material costs must be evaluated, Procurement will be assigned with 

this task. Material Costs for railway vehicles represent the largest cost driver of the product. 
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4.2.3.3. Cycle Time 

Engineering components takes a certain amount of time from the very beginning until the 

component is released. The starting point for the cycle time is the Tender Design Review (TDR), 

where the conceptual vehicle is handed over from the designers to Engineering for construction. 

This cycle time can also be referred to as Engineering Cycle Time. The endpoint is the release of 

the vehicle designed, namely the Design freeze. The design freeze specifies the point, where the 

construction reached maturity for manufacturing. Between start and end, several iterations are 

required for product development. Aim of the Cycle Time KPI is, to reduce the time required. 

Directly influencing factors are the conducted workshops and collaboration between 

departments, which reduces the required iteration steps to a bare minimum. 

Responsible for cycle time reduction is Engineering, since it is the only department where the 

KPI is relevant. Other departments have supporting character in this matter. 

 

4.2.3.4. Non-Conformance Costs 

As stated in section 2.10., Non-conformance Costs describe additional costs due to deviations 

from the project plan. The analysis of the NCC database in section 3.1.3. illustrates the strong 

significance and potential for application of DFMA within the proposed framework. Non-

Conformance Costs cannot be directly addressed with the methodology, but reduction is 

indirectly induced from closer collaboration between the departments and enhanced information 

availability from experts during product creation.  
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4.2.4. Documentation 

Whilst working with the methodology, a certain amount of documentation is required. This 

documentation serves several purposes, such as methodology tracking, actively supporting 

participants, guiding, share agreed content and providing a reference document for future use. 

For easiest use, the documentation consists of three main parts: 

1. Subjects, objectives and responsibilities 

Defining subjects, objectives and responsibilities assists the participating parties in 

orientating in a highly complex process. In addition, this part helps to provide a guideline, 

what the outcome should be.  

Subjects are first specified in the form of selected components. Supported by tools, the 

selected components are then documented. Subjects can be a single component or several 

components simultaneously.  

Objectives are defined during the Kick-Off Workshop. The Objectives consist of KPI 

targets regarding a reference project. The reference project is selected by the team 

members to provide existing information to compare to. The KPI targets represent a 

realistic estimation of optimisation potential to exploit.  

Responsibilities prevent disputes before they arise. By defining clear responsibilities to 

each department and the group, the work is actively supported. Tasks are apportioned to 

specialists where the most knowledge about a specific assignment is available. Sharing 

responsibilities for the product enforces identification with the project, where all parties 

hold the same liability. 

 

2. Return of Experience 

As reactive measure, profound decisions by Return of Experience (RoE) from previous 

projects supports concept creation. The pre-existing knowledge is used, to prevent errors 

from occurring again. Documenting the input and sharing of information brings all 

participants onto the same level of knowledge. Specialised knowledge made available 

from every department is subject of this part.  
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3. DFMA Methodology tracking 

The proactive section is appointed for DFMA Methodology tracking. The tracking covers 

all parts of the Methodology, including collaboration. Designed as guideline for DFMA 

application, this part assists orientation as well. Already executed tasks are documented 

and the next steps defined. Additionally, a schedule with due dates is part of the content.   

 

To ease documentation, all three parts are bundled in a working documentation. The structure is 

identical to the previously mentioned steps. The first part consists of the boundary conditions, 

components, KPIs and requirements, the second part provides information from previous 

projects to reactively define countermeasures for the next product generation and the third part is 

designed, to proactively support the workflow during methodology deployment. For easiest use, 

the working documentation is proposed with status visualisation in the form of traffic light 

symbols (red, orange, green). The traffic light symbols allow fastest evaluation of the current 

status of the project. An exemplified version of the working documentation can be found in 

section 10. Annex. 

 

4.2.4.1.      Reporting of Documentation 

Scanning manifold single documentations is very time consuming and ineffective. To find 

required data efficiently, a Lessons Learned Database (LL DB) simplifies the search. Data is 

structured and organised in an easily understandable way, where filters can be applied to find the 

right case in the shortest amount of time. Key words facilitate effectiveness of search queries. 

The setup for the database can be adapted to the need of the company.  

A few key categories (Table 3) must be included in every database: 

Table 3: Exemplified Lessons Learned Database structure 

Component(s) 
Date 

completed 

Key concepts 

applied 

Lessons 

Learned 

Percent KPI 

optimisation  

Important 

annotations 

Annex Working 

Documentation 

       

 

The proposed structure is easy to use because relevant information can be identified at a first 

glance.  
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This LL DB is the final part of the Documentation process. Maintaining the Database fosters 

effective collaboration, provides a reference and stores data for future use. Implementation is not 

mandatory, but highly recommended. 

 

4.2.5. Simplified Change Process 

Rigid standard processes for changes consume valuable time. After production started, 

subsequently initiated changes require deep analysis. Especially at the beginning of production, 

several adverse component designs are recognised. To accelerate, a simplified change process 

during the ramp-up phase in production is proposed. The simplified process shortens throughput 

time for a change. Responsibility for changes is held by the cross functional team in charge of the 

development. By extending the authority of the cross functional team so changes during ramp-

up, escalation to higher instances omit. Relieving superiors and shortened throughput time result 

in fast and flexible adaptions beneficial to the product. After production reached a stable level, 

the simplified change process is exchanged by the standard process.  

 

4.3. Methodology Verification Simulation 

Due to time restrictions, the pilot run of the proposed methodology is not part of this work. 

Instead, a simulation based on the proposed methodology is presented for a stanchion concept of 

a European subway project.  

The following numbers are fictional, but orientate towards realistic data. 
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4.3.1. Stage 1 – Procurement Plan analysis for DFMA application decision 

The Procurement Plan for the selected component, a stanchion concept (Figure 17), is analysed 

with the proposed tool to determine if DFMA should be applied or not. The following parts list 

is presented [32]: 

Stanchion concept 

  8 pc. Groove stones 

14 pc. Screws 

16 pc. Washers 

16 pc. Snap rings 

  6 pc. Nuts      

16 pc. Surface corrosion protection paste 

  2 pc. Mounting bracket (welded assembly) 

  2 pc. Sheet metal bracket 

 

The parts list contains 80 components of substructure required for mounting one stanchion. One 

vehicle has 12 Stanchions of the illustrated type, two at each door with a total of six doors. 

Due to the high number of components resulting in high eHPV and MC, DFMA is required for 

the Stanchion. Both levels, (1) KPI analysis and (2) Repetitive Character indicate to apply DMFA. 

 

4.3.2. Stage 2 – DFMA Application Routine 

Following the proposed routine, a Kick-Off Workshop is held where boundary conditions are 

discussed, a reference project defined and the KPI target values decided. 

Boundary conditions: 

Before the optimisation process can take place, the requirements of the component must be 

defined. 

Customer requirements: 

- No visible screws 

- Chrome finished stanchion 

- Length of 1400mm 

- Diameter of 60mm 

- Visually appealing curve 
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Safety requirements: 

- Minimum of 800mm of Length 

- 5 Passengers must reach the stanchion 

- Must hold force in case of emergency brake of all 5 passengers 

- Etc. 

For more detailed safety requirements, please refer to “Directive 2001/85/EC” [33] 

Internal requirements 

- Budget 

- Interface restrictions to connected parts: Sidewall cover is mounted together with 

stanchion 

- Adjustable in all 3 dimensions X, Y and Z 

- Compensate for tolerances of the welded vehicle body 

Now that all boundary conditions are defined, a reference concept from a previously designed 

vehicle is selected. The following concept will serve as a basis for optimisation: 
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Figure 17: Stanchion concept of an urban transport project [32] 

 

On foundation of the parts list and the 3D model of the concept, the KPIs (Table 4) are 

elaborated. 

Table 4: KPI reference and target 

KPI Current Concept Target KPI 

   

eHPV 6 h 4,5 h 

MC € 3500 € 3000 

# parts 80 55 

# screw connections 16 10 

The reference project is a currently existing project with similar specifications. The target KPI 

visualise an average reduction of 30 %. The reduction is based on other projects with different 

stanchion mounting concepts. After defining the objectives, experiences and lessons learned are 

collected (RoE) and documented for use during the next workshops. Finally, the schedule for the 

next workshops is agreed upon.  

As next step, two workshops are held to elaborate an optimised stanchion concept. During the 

first one, general different technical solutions are acquired by different creativity techniques. With 

brainstorming leading the way, the knowledge and experience from manufacturing has impact on 

the new solution.  
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The following concepts of DFMA can be applied: 

• Reduction of parts 

1. The sheet metal bracket is eliminated by integrating the part into the vertical sub-

component of the metal bracket 

2. Due to integrating the vertical sub-component, one screw connection is obsolete 

3. The metal bracket’s angled component is redesigned from 2 components to one by 

geometric optimisation 

4. The angled welded vertical plate, which is part of the metal bracket, was redesigned 

from a welded structure to a bended part 

 

• Geometric optimisation for Assembly 

1. The screw hole of the mounting bracket is changed from a cylindrical to conical 

shape. Due to the clearance restrictions, the mechanic can now easily position the 

ratchet 

 

• Material and Method adjustments 

1. Point 4 of parts reduction can also be listed as method adjustment from welding to 

bending 

 

• Standardisation 

1. As the sheet metal bracket was eliminated, one high strength screw can be used 

instead of two lower quality screws 

2. All screws are standardised to the same size and same quality 

 

• Standardised Materials 

1. All structural materials are now the same, due to elimination of the sheet metal 

bracket 

 

• Geometric optimisation for manufacturing 

1. Redesigning the mounting bracket, compare to point 3 of Reduction of parts, 

optimises the manufacturability, both during welding and cutting 
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Evaluation of the new stanchion concept 

Due to optimisation, the number of parts can be reduced by 15 direct parts (Screws, split rings, 

nuts, washers and the sheet metal bracket) and 4 indirect parts used for the mounting bracket 

welding assembly, to a remaining of 61 parts. This is equal to a reduction of 24%.  

Screw connections can be reduced by 4, slightly missing the target of 6 to a total number of 12 

connections. 

Standardising materials and components leads to a cost reduction of 15%, where administration 

easement is not directly included.  

eHPV can be reduced by 2h in total, including easier welding and final assembly. 

Summarised, the following KPIs (Table 5) are reached: 

Table 5: KPI analysis 

KPI Current 

Concept 

Target 

KPI 

Actual 

KPI 

Target reached 

     

eHPV 6 h 4,5 h 4 h Yes 

MC € 3500  € 3000 € 2800 Yes 

# parts 80 55 61 No 

# screw connections 16 10 12 Accepted 

 

Due to the significance of eHPV and MC for the cost structure of the assembly, the component 

optimised successfully, even though two KPIs were not reached. 

 

4.3.3. Stage 3 – Documentation 

The new concept is documented with the provided template. All information, as just described, is 

filled in and prepared. Afterwards, the lessons learned database is updated and the working 

documentation is annexed. Classic key words for this DFMA application case are “Stanchion”, 

“Reduction of Screw Connections”, “Part reduction” or similar.  

The strong potential for fast and easy solution finding is illustrated with this example. Even more 

ideas can be elaborated by integrating experts from relevant fields and departments.    
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5. Conclusion 

The methodology proposed provides a strong asset for product creation. The target group of this 

methodology is railway industry where majority of the assembly tasks are executed manually. 

Intended for use from the very first step, all aspects during product creation are addressed.  

First, component selection is carried out and supported by a tool, where a Procurement Plan or 

similar documents are analysed.  

Workshops are a simple and very effective way to address large problems during extended 

sessions. The core team represents the executing members, while the support team delivers 

valuable input for elaborating technical solutions during the workshops. DFMA as a product 

creation method supports the creative process and represents the actual work content, where 

only slight adaptions were required for use in rolling stock production. 

The KPIs on both levels Controlling and Component, are employed to serve controlling 

purposes and as stimuli to find feasible technical solutions. Fast evaluation supports applicability 

and quickly assesses success. Yet, a lot of contribution is required from all departments which can 

be identified as a threat to the method due to human resource restrictions. 

Documentation is kept at a minimum acceptable level to avoid unnecessary bureaucracy. The 

working document actively supports the process, while the lessons learned database serves as a 

reference for future work and as source of best practises across various projects. 

While the methodology presented already contains suggestions for computer-aided evaluation 

tools for DFMA application, working document and a database, the formulas and templates 

applied are preliminary defined. Fine adjustments might be required from case to case and are 

subject to change. 

Even though the framework provides all conditions for collaboration within cross-functional 

teams, the output is still dependent on contributions from all participating parties. Therefore, the 

results are subject to variation due to altering participants. 

Conclusively, the extended DFMA methodology is capable of extensive optimisation. Following 

the provided process, relevant components are addressed and optimised in a methodically 

supported process during product creation and optimisation. The strong potential was 

demonstrated during the Methodology verification simulation. Applicable and versatile for 

deployment in railway industry, the methodology exhibits its full potential. 
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5.1. Future Work 

Covering all aspects of product creation, the tools are not yet verified due to deviating corporate 

and academic deadlines. Adaptions are most likely required to find the best possible setup for the 

tools. There is also a chance of abandoning the method after the pilot run. 

While at first only pilot runs for pre-selected components are scheduled, the methodology is 

intended to be deployed for the entire vehicle. The proposed tool for Procurement Plan 

evaluation is designed for easiest use. Extensions for evaluation might lead to better assessment 

of components.  

The cross functional teams are designed to solve assigned problems efficiently without wasting 

resources. So far, the process is created for internal product optimisation. Due to the low vertical 

range of manufacturing in rolling stock production, suppliers must be involved during product 

creation for sourced goods. The suppliers provide supportive input during the workshops, but 

are not yet obliged to realise the extended DFMA methodology within their own process. 

Potential for product optimisation can be identified all along the supply chain, not just internally.  

Parallelisation as key lever in Concurrent Engineering addresses lead time reduction for product 

creation. Due to corporate regulations, parallelisation cannot be easily implemented, due to 

component approval processes. The potential for parallelisation was not discussed in this work. 

As mentioned in section 4.2.5., extended authority regarding the change process for the cross 

functional teams during ramp-up was proposed. The need for a shortened change process was 

clearly identified, but not yet elaborated. The chances for succeeding are considered very low. 

HPV as a KPI was described in section 2.6. but not implemented in the proposed methodology. 

The KPI could be used for collaboration evaluation, where all activities regarding the product 

development process within the cross functional teams are collected and bundled in an HPV 

assessment. 

5.2. Social, sustainable, economic, ecological and ethical viewpoint 

Due to the character of this thesis, only economic and environmental aspects are relevant and 

presented. Social, sustainable, ecological and ethical considerations are not applicable in this work 

and therefore neglected. 
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6. Nomenclature 

Table 6: Nomenclature 

DFMA Design for Manufacture and Assembly 

KPI Key Performance Indicator 

CfT Call for Tender 

ÖBB Österreichische Bundesbahnen 

DB Deutsche Bahn 

SNCF Société Nationale des Chemins 
de fer Français 

HVAC Heating, Ventilation and Air Conditioning 

LRV Light Rail Vehicles 

VAL Véhicule automatique léger 

UT Urban Transport 

QFD Quality Function Deployment 

VE Value Engineering 

CVE Cost and Value Engineering 

DtC Design to Cost 

CSE Concurrent Simultaneous Engineering 

DFA Design for Assembly 

DFM Design for Manufacture 

HPV Hours per Vehicle 

CKD Completely Knocked Down 

eHPV Engineered Hours per Vehicle 

MTM Methods Time Measurement 

TMU Time Measurement Unit 

MEK MTM in Einzel- und Kleinserienfertigung 

NCC Non-Conformance Costs 

FMEA Failure Mode and Effect Analysis 

NTP Notice to Proceed 

CIP Continuous Improvement Process 

DA Design Approval 

BKO Bid Kick-Off 

ProcPlan Procurement Plan 

MC Material Costs 

CT Cycle Time 

eHPC Engineered Hours per Component 

RoE Return of Experience 

LL DB Lessons Learned Database 
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