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Abstract 

Process planning includes the series of activities to design the process to transform the blank 

into the finished manufactured part. There is no specific method to create an optimum process 

plan and the results highly depend on the experience of the process planner. Besides, the high 

competitiveness among the companies demands a very high quality keeping costs as low as 

possible. 

This thesis has been focused on the study of the connecting rod manufacturing process. The 

analysis of the Scania’ line together with a benchmark among different leading companies on 

the connecting rod manufacturing has been undertaken. As tolerance chain analysis is an 

essential activity in process planning for geometry assurance, a tolerance chains study based 

on Monte Carlo simulations for the connecting rod line has been performed to develop 

improved manufacturing solutions to lower costs and increase quality. The code created for 

this simulation calculates the deviation of the different measures due to the accumulation of 

in-process tolerances. Apart from this tolerance chain analysis, other additional improvements 

have been suggested based on theoretical studies. Finally, the development of a training 

material with an example to introduce new process planners to feasible process planning 

approaches has been performed. 

Three main outcomes have been obtained from this thesis. Firstly, a new methodology to deal 

with tolerance stackups has provided an advanced analysis tool to assess the suitability of new 

improvements and optimize the manufacturing process. Secondly, a comprehensive analysis 

of the connecting rod manufacturing has led to many ideas to improve the current process. 

These ideas have been mainly related to machining sequence, machine tool and new 

technologies for machining. Thirdly, a didactic training material in process planning has been 

successfully developed and tested for future educative purposes in Scania. 
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Sammanfattning 

Artikelberedning omfattar en mängd olika aktiviteter nödvändiga för att bestämma och 

beskriva hur ett ämne ska omvandlas till en färdig produkt. Det finns ingen specifik metod för 

hur man på bästa sätt genomför artikelberedning. Det slutliga resultatet av 

artikelberedningsprocessen beror i hög grad på beredarens erfarenhet. Konkurrensen mellan 

tillverkande företag är tuff och ständigt ökande kvalitetskrav och krav på minskade 

tillverkningskostnader ställer höga krav på beredarens yrkesskicklighet.  

Detta examensarbete har fokuserat på att analysera process för vevstakstillverkning. Analysen 

av Scanias linje tillsammans med en mindre benchmark av vevstaketillverkning har 

genomförts. Då toleranskedjeanalys är en viktig aktivitet inom artikelberedning har en 

toleranskedjeanalysmetod, baserad på Monte Carlo-simulering, utvecklats i examensarbetet. 

Analysmetoden som implementerats i Matlab beräknar det ackumulerade utfallet av de 

enskilda variationer som uppstår i tillverkningsoperationerna. Analysmetoden bedöms ha stor 

potential att sänka tillverkningskostnad och höja kvaliteten för processer med flera olika 

uppspänningar i sekvens. Utöver ovan nämnda toleranskedjeanalysmetod föreslår 

examensarbetet, baserat på teoretiska studier även förbättringar av nuvarande 

tillverkningsprocess för vevstakar på Scania. Slutligen har ett kursmaterial utvecklades som 

kan användas för att introducera nya beredare i artikelberedning.  

Examensarbetet har resulterat i följande tre viktiga resultat. En ny metod för analys av 

toleranskedjor i syfte att kunna bedöma lämplighet av föreslagna processförändringar och 

optimering av tillverkningsprocess har utvecklats. Dessutom  har ett förslag till förbättring av 

nuvarande tillverkningsprocess för vevstakar, i huvudsak relaterade till bearbetningssekvens, 

maskiner och nya tekniker för bearbetning tagits fram. Slutligen har ett utbildningsmaterial 

för beredning utvecklats och testats på Scania för deras utbildningsbehov. 

Nyckelord 

Beredning, Toleranskedjor, Monte Carlo, Vevstakar 
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Abbreviations 

3D - 3 Dimensions 

ASME -  

CAD - 

American Society of Mechanical Engineers (standards) 

Computer Aided Design 

CAPP - Computer Aided Process Planning 

DM - Engine Machining Department 

GD&T - Geometrical dimensioning and tolerancing 

LTL -  

OP -  

RD&T -  

SPS - 

Lower Tolerance Limit 

Operation in Scania 

Research and development 

Scania Production System 

UTL-  Upper Tolerance Limit 

  

Terminology 

Blank – Initial part from which the part is to be manufactured. It can be manufactured through 

casting, forging, stamping, etc. 

Datum – Reference in a part such a plane or axis. 

Feature – It refers to a region of a part which is characteristic from a manufacturing point of 

view. It contains both shape and parametric information of the region of interest. A subgroup 

of manufacturing feature is “machining feature”, which is related to the subtract volume by 

the cutting tool.  

In-process tolerances - Tolerances in each machining step.  

Machining – Scania includes the following methods in the concept of machining: cutting 

processes (e.g. cutting machining, such as turning and milling), separating processes (e.g. 

clipping, punching), heat treatment (e.g. case hardening), mechanical surface treatment (e.g. 

blasting), material dependant fixed joints (e.g. welding). 

Operation – All the manufacturing processes performed in one machine tool and setup. 

Process step – Each of the manufacturing processes within an operation. Several process steps 

may be undertaken with the same tool consecutively. 

Setup – The preparation of a machine tool to complete a specific operation. It includes 

mounting the workpiece and necessary tools and fixtures. 
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1. INTRODUCTION 

The main objectives of the thesis consist of improving the connecting rod’s 

manufacturing and developing a training material in process planning. The followed 

methodology is explained in detail. This includes the study of the manufacturing 

process at Scania and other companies, the development of a code for tolerance chain 

analysis, FEM simulations to analyze the fracture splitting process and finally, the 

development of a training material. Additionally, the considered delimitations, such as 

the lack of time and the employment of the existing machines, are exposed. 

1.1. Background 

In process planning, design information is transformed into manufacturing information, which 

contains specification of necessary manufacturing operations and their sequence. The role of a 

process planner is to design the manufacturing process which covers from the definition of the 

processes and their sequence to the creation of work descriptions about manufacturing 

parameters and dimensions and tolerances included in each operation. Setup and quality 

control documents are also included in this job. 

The process plan is based on a careful analysis of: 

 Manufacturing requirements on the blank and the final part 

 Machine tools and other manufacturing equipment 

 Fixtures and cutting tools 

 Capacity demand 

Objectives 

The Scania Production System (SPS), further explained in section 2.1.2, aims to a continuous 

improvement and the search of standardized working methods. This thesis has followed SPS 

philosophy focusing on process planning and, more specifically, on the connecting rod. Thus, 

the main goals of the thesis are: 

I. Propose an improved method and process for the connecting rods manufacturing 

II. Develop a training material in process planning 

Both goals can be linked by the study of the current manufacturing methods for the 

connecting rods. This study leads to the possibility of proposing new enhancements and to the 

generalization of the process planning activity capturing it in a training material. 
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1.2. Purpose 

Firstly, process planning is required not only for the introduction of a new product but also to 

control and improve the current production. In this regard, the study of the in-process 

tolerances is essential to achieve a better quality and cost of the product (Bagge, et. al, 2013). 

Thereby, this thesis aims at improving the manufacturing of the connecting rods by, among 

others, doing an exhaustive analysis of the tolerance chain. The optimization of its 

manufacturability can also be related to other issues such as fixtures, way of clamping, etc. 

Consequently, every step in the process plan must be reviewed and analyzed to obtain an 

optimal result. 

Secondly, the creation of manuals and formulation of rules would help novices to reach the 

competences to successfully develop their work. The competences are improved with the 

experience but the progress accomplished through a guided learning can significantly launch 

the first steps in a new topic. In this regard, Scania searches for a material which trains new 

process planners in the process planning thinking. Thus, the second purpose of this thesis 

consists of creating a guided example for a process planning execution. 

Some questions that may arise when trying to grasp the goals previously defined are gathered 

below: 

 How does the tolerance chain affect to the final dimension? 

 Can the tolerance chain cause problems when machining in the following operations? 

 Is it possible to change the manufacturing process to obtain higher quality? 

 Which is the origin of too wide deviations in the part dimensions after its 

manufacturing? How can it be solved? 

 What should the training material include? 

 Which are the steps to follow when a process planning is created considering quality 

assurance and balanced flow? 

 

1.3. Methodology 

The thesis began with the study of the connecting rod process plan in the workshop to 

visualize the process from a practical point of view. During this time, all the machine 

processes, employed parameters and current weaknesses were analysed to build a background 

for proposing improvements. Moreover, qs-STAT, software which stores data from the 

measures of each quality control, was consulted to have a better understanding of the 

“problematic” measurements. Besides, a benchmark in the connecting rod´s manufacturing 

was carried out among Scania, ThyssenKrupp and Volvo cars. The benchmark, which 

included a visit to Volvo cars, broadened the knowledge of the possible manufacturing 

methods and showed a comparison of different technologies.  
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This previous study eased the understanding of the objectives allowing posing the research 

questions to solve. Afterwards, an analysis of the tolerance chains for the connecting rod 

manufacturing was undertaken. To perform it, a Monte Carlo based code was programmed to 

calculate the theoretical final dimensions considering all the involved tolerances. As result, 

the deviations of each dimension were plotted. These results showed which tolerances should 

be modified to obtain a part with better quality at a lower cost. Moreover, a modification of 

the manufacturing process was proposed and analysed with the code. It resulted in shorter 

tolerance chains and therefore, a higher quality process.  

Additionally, a FEM simulation of the fracture splitting method was carried out leading to the 

conclusion that more complex analyses were necessary to simulate the physical process. 

Despite that, some theoretical solutions are suggested. 

Finally, a training material to guide novices in the process planning thinking was developed 

paying special attention to the questions that should be posed when creating it.  

 

1.4. Delimitations 

The possible extension of the project is so wide that it is necessary to establish some 

delimitation to adjust the workload to the available time. Therefore, a validation of the 

proposed improvements in the current line was not undertaken. Instead, a theoretical 

reasoning is provided.  

Moreover, the lack of time prevented the improvement of the Matlab code, performing a 

multivariable analysis with automatic optimization of the in-process tolerances. In this regard, 

the lack of enough measured data at Scania for the selected item led to the impossibility of a 

experimental validation of the code. Additionally, some structural mechanical analyses were 

not undertaken due to the lack of time, proposing different theoretical solutions to tackle the 

chippings problem instead.  

Finally, it is important to try to use existing machines in the workshop because investment 

costs in new machines would generate high costs and the proposed solution might be beyond 

the reasonable choices. 
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2.  FRAME OF REFERENCE 

A brief introduction of the company and the department where the thesis was performed is 

presented. Later on, a literature study about process planning, its methodology and its 

relation within other fields in the manufacturing process is exposed to involve the reader in 

the thesis area. Moreover, an explanation of the tolerance types, tolerance chains and the 

current methods to calculate these tolerance chains is given. Finally, a basic introduction to 

probability concepts is gathered to ease the understanding of the employed tolerance chains 

calculation methods.  

2.1. Scania CV AB 

Scania is one of the world´s leading manufacturers of trucks and buses as well as industrial 

and marine engines. The company is not only focused on the production but also in service-

related products and financing services. Its strategies are based on the profitable growth 

through optimal transport solutions and satisfied customer.  

Scania was founded in 1900, building the first truck together with Vabis in 1902. They 

merged in 1911 to form Scania-Vabis. Along all its history, the production was focused on 

heavy trucks, it also started to manufacture buses in 1930 though.  

It possesses sales points and workshop services in more than 100 countries and it counts with 

more than 42000 employees worldwide, who are distributed through Scania´s main business 

areas: Research and Development, Production, Sales and Marketing, Purchasing, Finance, 

Business Control and IT. Scania’s production facilities (see Fig. 1) are placed in Sweden, 

France, Netherlands, Poland, Russia, Brazil, Argentina and India. 

 

Fig. 1 Scania Production Units  (Scania web) 
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2.1.1. Scania Production System (SPS) 

Scania Production System (SPS) gathers the company fundamental values and principles 

depicted in Fig. 2. This figure represents the company´s culture and what it is commonly 

agreed across Scania and, therefore, all Scania´s employees should follow them. SPS aims to 

a continuous improvement following Lean methodology. Lean philosophy has been extended 

to the whole organization leading to a better standardization and improvement of the work 

methods. The base for Scania production system is built on the values: “customer first”, 

“respect for individuals” and “elimination of waste”. The rest of the house represents the 

principles to define the way of working. These principles are an essential tool for the 

continuous improvement of work methods, effectiveness and flexibility. 

 

Fig. 2 Scania Production System  (Scania Inside) 

2.1.2. Scania Organization 

Scania is subdivided in several departments, which are denoted by a capital letter inside 

Scania. The fewer the number of letters the higher position it is in the organization. The 

powertrain production (D), placed in Södertälje, is subdivided in four departments as it can be 

seen in Fig. 3. 

 

Fig. 3 Powertrain Production Organization Scheme (Scania Inside) 

D  

Powertrain Production 

DE  

Engine Production 
Assembly 

DM  

Engine Production, 
Machining & Foundry 

DT  

Transmission 
Asssembly 

DX  

Transmission 
Machining  
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The engine production assembly department (DE) assembles, tests and paints 5-,6- & 8-

cylinder engines for trucks, buses and industrial & marine applications. The transmission 

assembly department (DT) produces and supplies shafts and gearboxes. The transmission 

machining department (DX) is in charge of the supply of cylindrical gears and gearbox 

components. 

Finally, the engine machining department (DM), whose structure can be observed in Fig. 4, 

aims at manufacturing miscellaneous engine components, both for trucks and busses, as well 

as industry and maritime engines. Most of the components are forged and casted by external 

suppliers. However, some of them are performed in the Foundry, which also belongs to this 

department. The final machining is always carried out in DM. 

 

Fig. 4 DM Organization schema (Scania Inside) 

Within DM, the main part of this thesis work was undertaken at DMT department. 

Additionally, a study of the connecting rods manufacturing was performed at DMC. Fig. 5 

depicts an example of the components each different department in DM is in charge of. 

 

Fig. 5 Manufactured components at DM (Scania photos) 



 FRAME OF REFERENCE 8 
 

 
 

2.2. Process planning for manufacturing 

Process planning defines the process to achieve the desired shape from a given blank (Halevi, 

2003) according to the design specifications. Apart from fulfilling the design specifications, it 

must be cost-effective and produced in time (Scallan, 2003).  

In the manufacturing industry the creation of an appropriate process plan and a proper 

selection of machining parameters, such as speed, feed and cut depth, are vital to obtain the 

optimum cost. Thereby, process planning becomes a key element in the manufacturing 

process to reach this goal. 

Although process planning is a daily activity in the industry and it has been under continuous 

development for a long time, there is not a standard definition of it or its tasks yet. However, 

papers in the field emphasize three features of process planning: the link between design and 

manufacturing, the large number of decisions and the output in terms of instructions and NC-

programs (Huan-Min, et. al, 2009). 

Process planning is required to control and improve the production or when a new product is 

developed. Besides, due to the interferences of process planning among other production 

engineering domains, such as product development, production equipment acquisitioning and 

factory design, any decision made in one of those areas may affect directly the other ones. For 

instance, when a new machine is bought, it would require a larger/smaller floor space. 

Moreover, its new manufacturing capacities may affect the current process plan and the flow, 

modifying the place where the bottlenecks would appear. This interaction must be taken into 

account when searching an optimum manufacturing process. In Scallan 2003, it is represented 

a schema (Fig. 6) of the interaction among the different areas involved in creating the desired 

product. In this schema, it can be seen that process planning is one small stage within the 

whole product development. 
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Fig. 6 Design and manufacture cycle (Scallan, 2003) 
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Looking in detail at our area of interest, the following schema (Fig. 7) resumes the process of 

developing a product. The arrows represent the steps the project follows, starting from the 

design and finishing with the quality control. However, each of these stages may be modified 

through the feedback of next step. Consequently, the designer, process planner and material 

planner should be in continuous collaboration in order to get the most quality product at the 

lowest possible cost. On the bottom of Fig. 7, it is depicted how the borders among these three 

fields are not clearly divided. 

 

Fig. 7 Design and manufacture relationship 

Depending on the authors, process planning can be subdivided in different levels. For 

instance, Azab & ElMaraghy (2007) considers two levels: macro and micro. Another level, 

known as “conceptual process planning”, is sometimes considered, which includes the process 

planning concerned about identifying the main tasks and their best sequence, and the type of 

manufacturing processes. This conceptual process planning is quite similar to the macro level. 

Micro level details process parameters, required tools and setups, process time and resources. 

According to Sivard & Lundgren (2008), conceptual process planning cannot be described as 

a clearly-defined phase performed before detailed process planning. Nevertheless, process 

planning is conceptual as long as there is unambiguous or contradictory information about 

what to be produced, how and with what. 

Process planning comprises a large variety of activities needed to specify the manufacturing 

steps of a product and to ensure quality and productivity. Many authors have defined a set of 

activities which a process planner should undertake. However, there is no standard definition 

of what it includes. It usually depends on the needs of each company; for example, personal 

tasks distribution or type of production (batch or mass production). 
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According to Bagge (2014) basing on Alting & Zang (1989), the activities involved in process 

planning can be divided as follows: 

1. Interpretation of product design data (CAD data, material properties, batch size, 

tolerances, surface definition, material treatments) 

2. Selection of machining processes 

3. Selection of machining tools 

4. Determination of fixtures and datum surfaces 

5. Sequencing of operations 

6. Selection of inspection devices 

7. Determination of production tolerances 

8. Determination of proper cutting tools and their parameters 

9. Calculation of the overall times (machining, non-machining and set-up times) 

10. Generation of process sheets, operation sheets and NC data. 

Regarding the mentioned activities, process planning requires an extensive knowledge about 

the existing manufacturing processes and suitability of different materials for each 

manufacturing processes. Moreover, a good understanding of machine tools, clamping and 

fixture design. The setup planning of a part is an essential task to ensure workpiece stability 

during machining and, more importantly, the precision of the machining processes (Huang, et. 

al, 1997). Therefore, the study of the location of the workpiece with enough accuracy and its 

clamping is necessary to avoid undesirable plastic and elastic deformation of it during 

clamping. Finally, process selection and operation sequencing are fundamental activities. The 

design of an adequate operation sequence can be carried out based on manufacturing and 

geometrical interactions, taking into account the subdivision in hard and soft constrains 

(Stampfer, 2005). Furthermore, the process deduction usually follows an inverse flow of the 

manufacturing sequence (see Fig. 8). 

 

Fig. 8 Process planning flow vs. manufacturing sequence (Bagge, M., 2009) 
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Process planning can be considered as one of the bottlenecks in the process of automation and 

digitalization of manufacturing. In this regard, Computer Aided Process Planning (CAPP) is 

still working without getting a successful replacement of the human expertise needed for the 

elaboration of the process planning (Xu, et. al, 2010). The need of a great adaptability for new 

highly changeable technologies as well as the large number of experience-based decision 

making are accounted as the most challenging problems to solve. The lack of a standard 

methodology has triggered the creation of rules and guides to be applied for the decision 

making in process planning. Regardless the progresses reached in CAPP, the manual process 

planning method is still used the most.  

 

2.3. Tolerances 

The serial manufacturing entails the principle of “interchangeability” whereby any piece of a 

series should be able to replace another with the same design specifications. Due to the 

impossibility of manufacture two pieces exactly equal, the interchangeability principle 

requires that some margins are established within which the piece would be accepted. These 

margins are known as tolerances. 

The tolerances can be divided in two main groups: dimensional and geometrical tolerances. 

When the tolerances affect the measure of a piece, they are called dimensional tolerances, 

whereas, if they affect the shape or position of an element, they are denominated geometrical 

tolerances. Geometrical tolerances can be subdivided in form and position tolerances (Fig. 9). 

 

 

Fig. 9 Geometrical tolerances symbols 
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An explanatory example of concentricity geometrical tolerances is provided in Fig. 10 and 

Fig. 11. In Fig. 10, it is specified a cylinder of ø20 concentric to the axis (denoted by A) of an 

ø8 cylinder with a tolerance of ø0.01. Thus, the axis of the cylinder of ø20 should be 

contained in a cylinder of ø0.01 (see Fig. 11). As it can be observed, geometrical tolerances 

are normally referred to datums. These datums can be axes or planes of the component. 

 

Fig. 10 Example Geometrical Tolerances (Felez & Martinez, 2008) 

 

Fig. 11 Concentricity axis positions (Felez & Martinez, 2008) 

Another example of tolerances combination is illustrated in Fig. 12 to show how a drawing 

containing both dimensional and geometrical tolerances is represented. 

 

Fig. 12 Example of dimensional and geometrical tolerances (Felez & Martinez, 2008) 
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Both dimensional and geometrical tolerances have an important effect on quality and 

manufacturing costs. Tight tolerances perfectly assure the functionality of the part in the 

whole; however, they would probably entail a higher manufacturing cost. On the other hand, 

loose tolerances may lead to assembly problems and, although they require lower 

manufacturing cost, the global cost might be finally increased due to the lack of quality. 

Thereby, a tolerance study and optimization are key elements in the production of a part. 

Within the manufacturing area, another classification can be performed splitting the 

tolerances in manufacturing and design ones. Both must be fulfilled to achieve an acceptable 

product. Generally, design tolerances are related to the functionality of the part, whereas 

manufacturing tolerances are set according to the capabilities of the available machines, tools, 

etc. Design tolerances impose the limits and therefore, manufacturing tolerances should be 

equal or tighter than design tolerances to fulfill the requirements. These manufacturing 

tolerances are established by the process planner, who should define the tolerances for all the 

process steps to get an efficient production. 

Then, it is important to know how to deal with tolerances outside the acceptance limits. Fig. 

13 depicts what is done with the parts out of the design tolerance limits, represented by LSL 

and USL. Some of the components are re-worked in order to be in-tolerance, others continue 

to the next manufacturing step since its failure does not affect to the finished product 

functionality and others are directly rejected. This entails the addition of manufacturing costs, 

which are higher the later the manufacturing error is discovered. 

 

Fig. 13 Worst effects of tolerancing method of design  (Taylor, 1998) 

When talking about tolerances, they are usually referred to the assembly. This is then 

associated to the fact that parts in the assembly must fit, requiring a certain margin (tolerance) 

to avoid assembly incompatibilities. The same concept can be applied to the machining of a 

component since a component requires several machining steps, each of which will have a 

specific tolerance known as in-process tolerances. 
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Tolerance Chains 

Tolerance chain, also called tolerance stackup, can be defined as the accumulation of errors 

when machining a feature using different operational datums (Musa & Huang, 2004). Thus, it 

appears when a dimension in a product needs more than one process step to be manufactured. 

Each of the process steps will contribute to the final tolerance creating the tolerance chain. 

The manufactured of a part usually entails the addition of in-process tolerances, which 

individually contribute to the final dimension. To avoid a high percentage of rejected parts, 

these tolerance chains should be reduced as much as possible. Thus, it is important to analyze 

them in order to know how each tolerance affects to the final dimension and, in this way, to 

enhance the quality by adjusting the tolerances to the optimum value (increasing them when 

possible and reducing them when necessary). 

The tolerance chain analysis in assemblies has been previously studied extensively (Swift, et. 

al, 1999), but few attention was paid to the tolerance chain analysis for in-process parts 

(Bagge, et. al, 2013). The performance of a tolerance chain analysis on in-process parts can 

help to reduce the cost while keeping the quality. An example of a case where a tolerance 

chain is required to know the dimension of the  gap A-B is given in Fig. 14. The existing 

methods to solve this analysis are explained below. 

 

Fig. 14 Example for tolerance chain analysis (Fischer, 2011) 
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Shen & Ameta carried out a descriptive comparison of different tolerance chain analysis 

methods, which are classified with regards to: 

- Dimensionality (1D, 2D, 3D) 

- Analysis objective (worst case or statistical) 

- Types of variation included (dimensional or dimensional & geometrical) 

- Analysis level (part or assembly level) 

The following methods were stood out: 

- 1D Tolerance Chart: It consists of creating a table with the maximum and minimum 

possible values of each contributor and sum them directly. Both dimensional and 

geometrical tolerances can be analyzed with this method considering special rules for 

the geometrical ones and it is applicable to both part and assembly level. Nevertheless, 

it is limited to the worst case analysis and it only considers one dimension at a time. 

- Parametric Tolerance Analysis: It uses Monte Carlo method to calculate the total 

uncertainties and it is easy to integrate with CAD systems. Notwithstanding, it has 

some limitations: inability to represent most of the geometrical tolerances in common 

use, only partially capable of importing a CAD model with GD&T, and not totally 

consistent with the standard ASME. Moreover, the computational time is very long. 

- Kinematic Based Method: It employs vectors and kinematics joints to create the 

model, which is geometrically simple and computationally efficient. As drawbacks, 

datums precedence and tolerances interaction cannot be modeled and some tolerances 

as well as material conditions cannot be taken into account. Besides, it highly depends 

on expertise experience. This method is valid for assemblies but very difficult to apply 

to part level. 

- T-Maps: In this method, the range of points resulting from a one-to-one mapping are 

represented for all the feasible possibilities of a feature. It provides multiple stackup 

equations and metric measures to aid a designer in selecting optimal tolerances. The 

most remarkable advantages of this method are to be consistent with ASME and to 

admit all kind of tolerances. The main disadvantage is that it has not been totally 

developed yet. 
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Focusing on the analysis procedure, the existing methods for analyzing uncertainty 

propagation can be sorted in four categories: 

 Worst-case: It is a traditional type of tolerance stackup analysis. It determines the 

absolute maximum possible variation for a distance. This method assumes that all 

dimensions in the tolerance stackup occur at their worst-case maximum or minimum 

simultaneously, regardless its improbability (Fischer, 2011). Although considering 

worst-case deviations is a rather unlikely hypothesis, it guaranties the resulting 

assembly tolerance. 

𝑇𝑓𝑖𝑛𝑎𝑙 = ∑ 𝑇𝑖

𝑁

𝑖=1

         (1) 

 Root Sum Square (RSS): It assumes that most of the components fall to the mid of the 

tolerance zone rather than to the extreme ends. This statistical model is sometimes 

discarded by designers because a defective assembly can result even if all components 

are within specification, although the probability of occurring is tiny (Swift, et. al, 

1999). 

𝑇𝑓𝑖𝑛𝑎𝑙 = √∑ 𝑇𝑖
2

𝑁

𝑖=1

          (2) 

 Taylor series: If the final dimension is highly non-linear, an extended Taylor series 

approximation might be employed. This is only applicable when all the partial 

derivatives of the tolerances which contribute to form the final dimension exist. (Arya, 

et. al, 2012) 

 Monte Carlo simulations: It is a pure statistical approach, often used for 3D tolerance 

analysis. It takes all the variables in a tolerance stackup, assign each a random value 

within their range, obtain a result, save it, iterate this process thousands of times, 

average the results and present predicted statistical distributions (Fischer, 2011). The 

steps in Monte Carlo simulation can be summarized in: 

1. Create a parametric model: y= f (x1,x2, ..., xq) 

2. Generate a set of random inputs: xi1, xi2, ..., xiq 

3. Run the model and store the results (yi) 

4. Repeat steps 2 and 3 for i=1 to N 

5. Analyze the obtained results (for example using histograms) 

Many of these methods are based on different statistical approaches, so further explanations in 

this topic are gathered afterwards.  
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2.4. Important statistical concepts 

This chapter includes some important statistical concepts necessary to understand the 

methodology of the developed tolerance chain analysis. 

Mean: 

The mean or expected value represents one measure of the central tendency of a probability 

distribution (Grinstead & Snell, 1997).  

The arithmetic mean (or mean) of a sample x1, x2,…, xN, represented by µ, is defined as: 

𝜇 =
∑ 𝑥𝑖

𝑁
𝑖=1

𝑁
 (1) 

Standard deviation: 

The population standard deviation is a measure used to quantify the amount of variation or 

dispersion of a set of data values (Grinstead & Snell, 1997). It is defined as: 

𝜎 = √
1

𝑁
∑(𝑥𝑖 − µ)2

𝑁

𝑖=1

 (2) 

It is important to point out that equation 2 represents the population standard deviation, and 

then, it requires the entire population. As samples instead of entire population are analyzed, 

the sample standard deviation is employed: 

𝜎 = √
1

𝑁 − 1
∑(𝑥𝑖 − µ)2

𝑁

𝑖=1

 (3) 

From this equation, the variance is defined as σ
2
. 

Central Limit Theorem: 

The central limit theorem states that the arithmetic mean of a sufficiently large number of 

iterates of independent random variables, each with a well-defined expected value and 

variance will be approximately normally distributed, regardless the underlying distribution 

(Grinstead & Snell, 1997). 
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Gaussian or Normal distribution: 

The normal or Gaussian distribution is a very common probability distribution which appears 

in most of the natural phenomena.  

The normal distribution is determined by two variables: mean and standard deviation. Mean is 

the value where the distribution is centered and the standard deviation influences in the width. 

For large samples, the standard deviation is equal to the sample standard deviation. Its 

probability density is: 

 

(4) 

This distribution represents the graphic with “bell shape” which is depicted in Fig. 15. The 

main characteristic of this probability function is that around 68% of the values will be inside 

1 standard deviation (𝜎) from the mean, 95% for 2𝜎 and 99.7% for 3𝜎. 

 

Fig. 15 Normal distribution 

𝐺𝜇,𝜎(𝑥) =
1

𝜎√2𝜋
𝑒

−
(𝑥−𝜇)2

2𝜎2  
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3. CONNECTING ROD MANUFACTURING 

One of the main goals of this thesis consists of optimizing the current connecting rod’s 

manufacturing process. Firstly, the current process, functionality and parameters of interest 

are studied. Later on, a benchmark of the current manufacturing methods for the connecting 

rods is undertaken to broaden the knowledge in manufacturing techniques. Finally, 

improvements for its manufacturing based on a new code to calculate tolerance chains and an 

analysis of the fracture splitting method are proposed. 

3.1. Connecting rod 

Considering internal combustion engines, the connecting rod is a component of the engine 

which should fulfill two main missions: to link the piston with the crankshaft (see Fig. 16) 

and to transform the straight motion of the piston into a rotational one for the crankshaft.  

 

 

Fig. 16 Union piston - connecting rod – crankshaft 
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Fig. 17 shows the cross section of an engine where some key elements were marked. 

 

Fig. 17 Cross section of a V-type engine  (Encyclopedia Britannica) 

Thus, connecting rods are highly dynamically loaded components used for power 

transmission in combustion engines. They must be capable of transmitting axial tensions, 

axial compressions, and bending stresses between piston and crankshaft. These forces are 

caused by the physical processes taking place in the cylinder together with the inertia forces 

of the crankshaft (Fig. 18).  

 

Fig. 18 Gasoline cylinder cycle (Encyclopedia Britannica) 
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Many research have been focused on the optimization of the connecting rod regarding its 

design (Repgen, 1998; Tiwari, 2006), mass reduction (Lapp, et. al, 2010) and forging versus 

casting processes (Ilia, et.al, 2005; Visser, 2008). These investigations obtained successful 

results in the connecting rod development reducing drastically its cost and weight, which 

achieved an enhanced engine performance. Nowadays companies must become more and 

more competitive to keep their customers and attract new ones making R&D crucial in the 

automotive industry. This thesis was focused on the quality and cost improvements through 

the connecting rod manufacturability enhancement. 

The connecting rod can be divided in two main parts: the cap and the rod (Fig. 19), which 

allow its assembly with the crankshaft. These two parts contain the following characteristic 

elements: 

 Pin-end or “small eye” – small bore to connect the connecting rod to the piston by the 

piston pin 

 Bushing –piece inserted in the pin-end to accommodate the piston pin 

 Shank section – link between pin- and crank- ends 

 Crank-end or “big eye”– big bore to connect the connecting rod to the crankshaft 

 

Fig. 19 Connecting rod parts 

For a long time, connecting rods were manufactured machining individually the cap from the 

rod. However, perfect milled surfaces were required in order to get a good alignment. 

Moreover, special screws were necessary to prevent displacements. In 1980´s a new 

technology called splitting method arose and replaced the previous method. It consists of 

cracking the connecting rod separating the cap from the rod, which allows the manufacturing 

of a single piece. It supposed a high reduction of both cost and machining time becoming the 

standard method since then. However, some failures using this method have appeared so 

many investigations have tried to solve them (Cioto, et. al, 2013). 
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3.2. Benchmark: Connecting rod manufacturing 

A comparison among Scania’s connecting rods manufacturing process and other companies´ 

ones was performed. This comparison provided a broader idea of the available possibilities 

and helped to the development of an improved solution.  

3.2.1. Companies information 

The connecting rod benchmark was undertaken with ThyssenKrupp, which manufactures 

connecting rods for Scania in Brazil, and with Volvo cars, which produces connecting rods 

for cars, providing a comprehensive benchmark. Moreover, Volvo plant was visited to 

improve the quality of this comparison. 

ThyssenKrupp Metalurgica Campo Limpo, Brazil 

This company belongs to the group “Thyssenkrupp Forging Group”. They produce a wide 

range of forged and ready-to-install machined components for various automotive and non-

automotive applications. It has several production units around the world (see Fig. 20). 

ThyssenKrupp Metalurgica Campo Limpo is the company in charge of the manufacturing of 

the connecting rods. It produces angled and straight connecting rods up to 20 kg both for car 

and trucks applications. The company performs the forging process and its subsequent 

machining. Its plant covers 1220000 m
2
 and counts with more than 2300 employees. 

 

 

Fig. 20 Production units ThyssenKrupp Group 
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Volvo Car Engine (VCE), Floby, Sweden 

Volvo Car Engine is responsible of the engine and component production in Europe at Volvo 

Car Group. It is  located all around the world as it is depicted in Fig. 21. The engine 

production is divided in two places (Skövde and Floby) summing a total of around 2050 

employees. Since May 2015, the assembly of the engine is carried out at Volvo factory in 

Skövde. 

Floby plant was founded in 1957 covering an area of 1600 m
2
, which has been expanded since 

then to 39000 m
2
. It manufactures hub modules, brake discs and connecting rods for several 

companies such as Volvo Cars Group, Volvo Trucks, Ford, Jaguar and Aston Martin. 

Deepening in the connecting rods, Floby plant possesses 4 lines to manufacture 9 variants of 

petrol engines and 7 variants of diesel engines, whose forged blanks are bought to external 

suppliers. The amount of connecting rods manufactured in the plant was estimated to be 

4700000 in 2014. 

 

Fig. 21 Volvo Cars in the world 

3.2.2. Comparison 

ThyssenKrupp, Brazil 

Table 1 compares ThyssenKrupp´s and Scania´s manufacturing processes for one connecting 

rod type. The processes were colored to make their analogy more visible. White colour 

represents a unique process of that company. 
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As it can be observed in Table 1, the number of processes in the ThyssenKrupp´s line is larger 

than Scania´s one. This may be due to ThyssenKrupp is in charge of manufacturing a lot of 

types of connecting rods, requiring then high flexibility. This flexibility is achieved thanks to 

many machines performing short operations. On the other hand, a compact line would be 

better for Scania even if some flexibility is lost. Another difference is that the oil hole (see 

Table 1) is drilled in ThyssenKrupp after the cracking process. This operation is delayed since 

it avoids a previous washing for the operations of laser notching, cracking, screws assembly 

and pressing bushing. Note that these operations require especially clean surfaces and the oil 

drilling needs a lot of machining fluid to be performed. ThyssenKrupp can delay this 

operation because the bushing is not pressed until operation 90, whereas in Scania it is 

performed in the same operation 60 by the same machine. Although this procedure reduces 

the number of washings, it needs to insert the bushing one more machine and the associated 

time to locate and clamp the part.  

Volvo Car Engine, Floby  

As it was previously mentioned, the Floby factory produces many types of connecting rods. 

Table 2 compares Volvo´s and Scania´s processes for one connecting rod type. The other 

Volvo´s types follow similar processes to the exposed in that table. The main differences 

among connecting rods manufactured by Volvo can be found in the grinding and honing 

processes. Regarding grinding, there is sometimes a rough grinding at the beginning of the 

manufacturing process. Concerning to the honing process, it is not always performed in the 

pin-end, having a finishing (milling) instead. 
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In Table 2, operation 65 (trapezoid milling) is not required at Scania since the blank already 

has this shape, preventing from an additional machining step. However, the trumpet form 

requires a special shape bushing, which is more difficult to fit in its correct position.  

The visit to the factory allowed the study of their machines and workshop area. The most 

significant difference was found in the machine configuration and layout. The machining 

centers in Volvo possess a movable board with fixed tools which can be moved along 3 axis 

to reach the correct position to machine the component. This solution avoids tool changing 

time, reducing the cycle time of the part, but requires a larger space for the machine. 

Another difference was found in the honing process of the crank end. This process is 

performed to get a better grip between the connecting rod and the bearing. It substitutes the 

lock slots made at Scania. From my point of view, the lock slots are a superior choice since 

they do not require an additional machine. Nowadays, a new solution has been developed 

consisting of a grip-system made by 4 laser marks around the crank end, which avoids 

complex machining operations, coolant and chips-forming. 

 

3.3. Introduction to manufacturing method optimization 

The optimization of the current connecting rod’s manufacturing process was developed 

considering quality and cost as main goals parameters. By calculating how every tolerance in 

the process steps affects to the final dimensions, it is possible to evaluate which tolerances 

should be modified to improve the process. Moreover, studying the connecting rod’s 

manufacturing process, some possible improvements related to the process sequence were 

thought up to reduce the tolerance chains. Thus, a tolerance chain analysis was performed for 

the current and proposed solutions to assess the achieved enhancement. 

3.3.1. Current process 

In the beginning of this master thesis, one week was spent in the workshop to learn the real 

working of the different machines and how the production shop is controlled. This week was 

very helpful to get involved into the manufacturing process, not only from a theoretical view, 

but also from a more practical one.  

Currently, 4 types of connecting rods are manufactured at the DMC department being the 

manufacturing process very similar for all of them. The main differences lie in the weight 

balance (op. 65 in Table 3) and some machining processes. In this thesis the connecting rod 

”DP” was selected for study. In the Fig. 22 the current manufacturing process of the DP 

connecting rod at Scania is represented.  
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Fig. 22 Current process schema 

The previous schema shows the sequential process of the DP connecting rod manufacturing 

locating each individual operation within the global view. A more detailed explanation of 

each operation is described in Table 3. 

Table 3 Operation sequence Connecting Rod DP 

Op. 20 
 

1. Milling upper flat surface, outer chamfer, small flat surfaces in crank end 

and upper flat surface pin end 

2. Milling code and two small lateral surfaces 

3. Milling surface for oil entry 

4. Drilling crank end + inner chamfer 

5. Drilling pin end 

6. Milling upper surface pin end in the other side 
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Op. 30 

 

1. Milling upper surface crank end 

2. Drill crank end and chamfer 

Table rotation 

3. Milling flat surface for screws 

4. Drill screws 

5. Drill screws and chamfer 

6. Thread 

Table rotation 

7. Rough pin end drilling 

8. Finishing pin end drilling 

Op. 10 

 

1. Engraving (code) 

Op. 40 

 

1. Oil hole drilling 
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Op. 50 

 

1. Chamfer pin end both sides 

2. Chamfer oil holes in pin end 

3. Chamfer oil hole in crank end 

Op. 60 

 

1. Laser: makes a notch in inner surface of crank end 

2. Split fracture: separate cap and rod 

3. Screws: apply a small torque, loose them, final torque 

4. Press bushing in pin end 

Op. 65 1. Weight connecting rod 

2. Cut accordingly to weight to balance connecting rod’s weight 

Op. 70 

 

1. Fixture 1: Load/unload parts 

2. Fixture 2: Rough machining crank end and lock slots 

3. Fixture 3: Tolerances in crank end and in width 

4. Fixture 4: Pin end (rough machining and finishing) 
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3.3.2. Optimization processes 

Two optimization processes were proposed to achieve the goals specified at the beginning of 

the section: quality and cost. One of these processes is related to the reduction of the tolerance 

chains, whereas the other one consists of the adjustment of in-process tolerances. 

Reduction of tolerance chains  

If the tolerance chain were reduced, the quality of the produced parts could be increased 

leading to more accurate final dimensions. Thus, the final tolerance would be reduced. To 

achieve it, a new process plan was thought. This process plan was designed with the objective 

of decreasing the final tolerances and it was assessed performing a tolerance chain analysis in 

Matlab. 

Adjustment of in-process tolerance 

If the in-process tolerances were increased, always taking into account that final tolerances 

cannot exceed the design tolerance limits, the manufacturing cost could be reduced. The 

increasing of the in-process tolerances leads to manufacturing cost reduction because of the 

tool lifetime can be increased or less accurate machines can be employed. 

The assessment of this method was also performed by a tolerance chain analysis checking that 

the number of rejected parts was not incremented. In other words, it reduces the quality to the 

acceptable limits to enable the reduction of the cost. 

3.3.3. Tolerance Chain Analysis process 

Process planning is required not only for the introduction of a new product but also to control 

and improve the current production. In this regard, the study of the in-process tolerances is 

essential to obtain a better quality and cost of the product. According to that, the definition of 

in-process tolerances for multi-step machining is decisive to achieve a well running and 

economical production (Bagge, et. al, 2013). 

The complexity and amount of in-process tolerances in the connecting rod manufacturing 

make a simple tolerance analysis unsuitable. This entailed looking at advanced tolerance 

chain analysis methods to carry out the simulation. From the methods exposed in chapter 2, a 

stochastic analysis based on Monte Carlo simulation was selected to assess the tolerance chain 

owing to its superior accuracy, 3D analysis availability and possibility of analyzing both 

dimensional and geometrical tolerances. 

The basic idea of the analysis lies in points tracking after each machining. Consequently, 

points associated to the dimensions of interest were defined and traced. As outcome, N 

random parts were generated with the given in-process tolerances for future post-processing. 

This theoretically obtained sample was analyzed and compared to the design tolerance limits. 

Additionally, the standard deviation of the sample was calculated to assure the reliability of 

the results. This last checking is essential to prove that the size of the sample is large enough 
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to approach accurately to the real behavior. For the present study, the sample was increased 

until the sample standard deviation was below 0.1% of the final tolerance. 

A code in the mathematical software Matlab was performed. Different analyses and graphical 

representations (histograms) of the final dimensions were simulated considering all in-process 

tolerance contributions. 

Process plan drawings must specify the in-process tolerances, which should consider all the 

manufacturing errors. These manufacturing errors include workholding error, machine error, 

cutting tool error and workpiece error. Thereby, a suitable probability density function should 

be selected to represent these in-process tolerances. The probability density function can have 

very different shapes, among them: uniform (rectangular), triangular, normal, etc (see Fig. 

23). 

 

Fig. 23 Probability density function: a) uniform, b) triangular, c) normal 

The triangular-shape probability density function was assumed for in-process tolerances (see 

Fig. 24) since it considers that the probability of obtaining one machining deviation is 

proportional to the distance to the central value. Moreover, it is easier to be modeled than the 

normal distribution, which may have been another adequate choice. 

 

Fig. 24 Triangular probability density function 
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Matlab code methodology 

The followed sequence is described below: 

 Definition of reference points: Three references were employed. One global reference 

(PG) and one reference point in each of the centers of the connecting rod’s “eyes” (R1 

and R2), which were moved according to the different machining steps. 

 

Fig. 25 References 

 Definition of each process step containing the required information for each 

machining. An example of the code is given below where the values of the vector refer 

to position, axis, lower and upper tolerances, point to apply the tolerance and 

reference.  
 

o70(10,:)=[p(14,1)+0.02 1 -0 0.005 15 1]; 

 Definition of the points of interest from which final dimensions were calculated. 

 

Fig. 26 Example of points of interest 
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 The next steps were run N times: 

1.  Calculation of the new position of the points with a randomly generated 

tolerance within the given range. The random triangular distribution tolerance 

generation is shown below. 

e=rand(); 

if e<=0.5 

num=(e*2)^0.5/2; 

else 

num=1-((e-0.5)*2)^0.5/2; 

end 

2.  When necessary, the references R1 and R2 were repositioned. For instance, 

for a positioning tolerance: 

if j==8 

r=0.15*(1-rand()^0.5); 

phi=2*pi()*rand(); 

R(1,:)=[R(1,1)+r*cos(phi) R(1,2)+r*sin(phi) 0]; 

end 

3.  All the points of interest were referred to the global reference PG. 

4.  Measures of interest were calculated and stored. 

x(i,2)=pg(7,3)-pg(13,3); 

 Post-processing of generated cases: 

 Calculation of the mean for each measure. 

 Calculation of the mean standard deviation for each measure. 

 Calculation of the sample standard deviation for each measure. 

 Calculation of the sample probability distribution for each measure. 

 Graphical representation (histograms) of the results including lower and upper 

design limits. 

The explained statistical concepts summarized in chapter 2 were employed to create the code. 

More advanced statistical concepts such as covariance and t-student were not considered since 

the hypotheses of no variable correlation and large sample were fulfilled, respectively.  

After developing a new code, it should be validated. No existing software able to solve this 

kind of tolerance chain analysis was found to validate the results. RD&T and Teamcenter 

Visualization Mockup were candidates to solve it. However, RD&T is only valid for 

assemblies and Teamcenter Visualization has problems with the reference selection in in-

process parts. Moreover, the sample gathered in qs-STAT, software which stores the 

dimensions after each quality control at Scania, was not large enough to perform a reliable 

validation. Despite that, a conceptual validation was undertaken running a simple case in 

which manual calculations were performed to verify the results. 
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The three graphics, represented in Fig. 27, show what happens when the sample is not large 

enough. All of them employed a uniform probability distribution and the number of random 

values were counted and represented in percentage. The number of divisions was set in 10 to 

obtain a good overview of their behavior. It can be seen in Fig. 27 that the larger the number 

of samples, the closer to the initial probability distribution. Thereby, it proves the necessity of 

a large sample to obtain a reliable result. 

 

Fig. 27 Sample size influence in stochastic analyses 

3.3.4. Results 

When the quality is very high, the costs to slightly further increase it are huge leading to an 

inefficient production from an engineering point of view. Thus, there should be a trade-off 

quality-cost to optimize both variables simultaneously. 3σ is generally considered as an 

optimum solution.    

This section gathers the results obtained by Matlab. Each of the graphics represents one final 

dimension in the connecting rod. The magenta lines contain the position of 99.6% of the cases 

whereas the orange lines refer to the design lower and upper tolerance limits. 99.6% was 

chosen because it corresponds to the percentage of values within the range 3σ in a normal 

distribution. When the magenta lines are inside the area defined by the two orange lines, the 

acceptance ratio is higher than 99.6%. 

As it can be observed in Table 4, some of the graphics are closer to a normal distribution 

whereas others have a triangular shape. The triangular ones are only affected by one tolerance 

in the manufacture process.  

Table 4 gathers the histograms for the final dimension in the current process. The dimensions 

of interest were chosen according to the “Scania’s classification list for the importance of the 

measures in the connecting rod”. The interpretation of these graphics helped to evaluate 

which tolerances can be increased keeping the same quality (adjustment of in-process 

tolerance case). Note that in measure X6 magenta and orange lines are overlapped. 
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Table 4 Results Current process 

  
X1 9.3 +/- 0.8 X2 47.3 +/- 0.03 

  
X3 3 +/- 0.15 X4 0.5 +/- 0.2 

  
X5 ø99 +0.022/-0 X6 // 0.014 
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X7 17.3 +/- 0.8 X8 278 +/-0.04 

  
X9 69.5 +/- 0.2 X10 72 +/- 0.5 

 

From the obtained results, the following preliminary (before including new proposed 

manufacturing process) improvements are suggested: 

 For X5, the design limits are too tight and then a high percentage of the parts are 

rejected. The machining quality should be improved to reduce reject parts. 

 For X1, X4, X7 and X10, the design tolerances are too loose so the in-process 

tolerances can be increased reducing the cost. 

Table 5 explains the proposed manufacturing process. The modifications were focused on the 

current bottlenecks, which are the operations 20 and 30. The operation 60 is also a bottleneck 

but changes in this process would not alter the tolerance chain.  
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Table 5 Improved process op 20 and 30 

Op. 20  

1. Milling upper flat surface, outer chamfer, small flat surfaces in crank end 

and upper flat surface pin end 

2. Milling code, two small lateral surfaces and surface for oil entry 

3. Rough pin end drilling 

4. Finishing pin end drilling 

5. Milling upper surface pin end in the other side 

Op. 30 
 

1. Milling upper surface crank end 

2. Drilling crank end + inner chamfer 

3. Drill crank end and chamfer 

Table rotation 

4. Milling flat surface for screws 

5. Drill screws 

6. Drill screws and chamfer 

7. Thread 
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Comparing Table 5 with Table 3, it can be observed that the number of process steps in the 

operations 20 and 30 is reduced from 14 to 12. Although, it does not seem a significant 

change, this modification contributes to: 

 Tool changing time reduction: the milling of the surface for the oil entry can be 

machined with the same tool of the previous process, avoiding one tool change. 

Moreover, the elimination of repetitive machining processes in op 20 and op 30 avoids 

the use of those tools. These would trigger in a reduction of the cycle time. 

 A table rotation is avoided. This would also lead to the reduction of the cycle time. 

 Tolerance chains reduction: In the current process, the crank and pin end are machined 

both in op 20 and op 30. These machining modify the position of the references R1 

and R2 increasing the tolerances of other machining referred to them and 

consequently, the tolerance chain. For instance, the pin end is used as reference in 

op.20 but it is later on modified again in op.30 creating a new reference. This entails 

that some features are machined with the old references whereas others with the new 

ones, losing the sense of “reference”. With the new proposed process, some additional 

tolerances of the references created during the rough milling of the pin and crank end 

are eliminated. 

Another modification respect to the current process is thereupon proposed related to the in-

process tolerances. The current process planning drawings specify a parallelism tolerance 

between the upper surface and the small lateral surfaces in the crank end due to its machining 

process. After this machining, the same tool machines the upper surface of the pin end. 

However, it does not consider any tolerance. From my point of view, the same tolerance of 

parallelism should be applied to be coherent with the selected tolerances.    

Regarding the bottleneck in operation 60, it is quite challenging to solve without buying new 

equipment or a parallel station. Nevertheless, buying a parallel station would not be a perfect 

solution either since its production capacity would increase too much preventing its utilization 

at the maximum capacity and then, wasting money. An additional problem was found in the 

splitting fracture process since some chippings are produced causing the rejection of a high 

percentage of the connecting rods. Many articles can be found about the topic discussing the 

benefits and drawbacks of different materials related to chippings (Cioto, et. al, 2013), 

(Kubota, et. al, 2005), but any of them achieves to propose an optimum solution. This topic is 

addressed again in section 3.4.6. 

Operation 40 was also studied due to the significant deviation in the crank end oil hole. The 

problem lies in the long oil hole deviations due to a wrong locating of the crank end. The pin 

end is hold with a fixture with a hole through which the drill passes. However, there is no 

fixture to perfectly locate the crank end generating small deviations in the location of the 

crank end which lead to wide deviations in the oil hole end. The proposed solution consists of 

changing the current fixture, using one which uses the datum Y as reference and holds the 

crank end in the cap side. A feasible shape for this part would be a crescent shape.  

// 0.08 X 
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Table 6 gathers the histograms obtained for the proposed process, which aims at reducing 

tolerance chains. The relevant measures are the same as before and its obtained values are 

discussed in section 3.4.5. Note that no in-process tolerance was change to be able to analyze 

the direct impact of the process modification. 

Table 6 Results Proposed process 

  
X1 9.3 +/- 0.8 X2 47.3 +/- 0.03 

  
X3 3 +/- 0.15 X4 0.5 +/- 0.2 

  

X5 ø99 +0.022/-0 X6 // 0.014 
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X7 17.3 +/- 0.8 X8 278 +/-0.04 

  

X9 69.5 +/- 0.2 X10 72 +/- 0.5 

3.3.5. Discussion and conclusions 

Table 7 gathers the data collected from the Matlab simulations for both cases: current process 

and proposed one. The columns depict the different calculated measures (from 1 to 10). Rows 

1 and 2 represent the value where 3σ is achieved for current and proposed process, row 3 

(UTL design) is the design upper tolerance limit for each measure and the rows 4 and 5 show 

the difference between the UTL and the current and proposed processes respectively. 

Table 7 Comparison current - proposed process 

x3sigup X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 

Current 

process (CP) 
9,868 47,326 3,146 0,646 99,031 0,014 17,945 278,039 69,706 72,333 

Proposed 

process (PP) 
9,867 47,326 3,146 0,646 99,031 0,014 17,916 278,039 69,676 72,300 

UTL (design) 10,1 47,33 3,15 0,7 99,022 0,014 18,1 278,04 69,7 72,5 

UTL - CP 0,232 0,004 0,004 0,054 -0,009 0 0,155 0,001 -0,006 0,167 

UTL - PP 0,233 0,004 0,004 0,054 -0,009 0 0,184 0,001 0,024 0,200 

 



CONNECTING ROD MANUFACTURING 44 
 

 
 

Three decimals were presented in Table 7 since three times the typical deviation of the mean 

is of the order of magnitude of 10
-4

, always lower than 10
-3

. Therefore, any comparison of the 

fourth decimal would be influenced by the simulated stochastic procedure instead of by the 

real tolerance chain, invalidating that comparison.  

Additionally, Fig. 28 shows a graphical representation of the comparison of both processes. 

Blue diamonds represent the current process while the red squares represent the proposed 

process. 

 

Fig. 28 Graphical comparison of the processes 

The following conclusions can be deduced from the study of the graphic: 

 Measures 1 and 4 have a wide margin respect to UTL, which allows increasing the in-

process tolerances to reduce costs.  

 Measure 1: there is a slight difference between CP and CC. However, this difference is 

contained within the uncertainty limits of 3 mean standard deviation (7*10
-4

 for each 

measure) and consequently, as commented before, it cannot be known whether it is a 

real deviation or it is due to the stochastic calculation. Note that measure 1 has 

significantly higher typical deviation of the mean than the other measures. 

 Measure 5: As it could be observed in Table 4 and Table 5, the designed limits are 

inside the lines which represent the 99.6% of the cases. This means that the in-process 

tolerances that affect to this measure should be increased to reach an acceptable 

quality. 

 Measures 7 and 10: they are significantly improved with the new process. The in-

process tolerances could be further increased, reducing cost. 

 Measure 9: the design limits were slightly tight but they become loose with proposed 

process, increasing the quality. 

 Measures 2, 3, 6 and 8: they should not be altered anyhow. 
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3.3.6. Other improvements 

Splitting method 

A common failure in the manufacturing process occurs during the splitting process, as some 

chippings appear in the connecting rods surface. This small breakages cause many articles to 

be rejected. This entails an extra cost and prevents the machine from working at its maximum 

capacity. By finding a solution for this problem, a significant amount of money would be 

saved. 

The fracture splitting process allows the manufacturing of the cap and the rod in form of one 

body, separating the connecting rod in two pieces after this process (Kubota, et. al, 2005). The 

utilization of this method reduced the cycle time and cost per article respect to the previous 

process in which each part was manufactured separately. 

Many papers remark the appearance of failures due to the splitting method (Cioto, et. al, 

2013) proposing solutions relating the material composition with the internal stresses. 

A static structural mechanics analysis was performed in the ANSYS´ module Static Structural 

to obtain the stresses distribution in the connecting rod at the beginning of the splitting 

fracture process. 

This study was proposed to analyze the suitability and advantages of three different 

theoretical approaches:  

1. Milling a narrow groove in the interior of the screw holes slightly away from the 

threaded surface. The possibilities for the milling shape were triangular and rounded. 

2. Different relative positions between the connecting rod and the fixture. 

3. Performing a laser notch in the outside surface of the connecting rod contained in the 

same plane as the interior laser notch. 

Fig. 29 shows the connection among the different parts during the splitting process. A force in 

the z direction is applied in the heel (green component in the picture). This force is transferred 

to the fixtures blue and brown, which at the same time transmit it to the connecting rod 

causing its cracking. 
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Fig. 29 Splitting fracture mechanism 

After defining the geometry, the mesh was built. A refinement of the mesh was included in 

the areas of interest, especially on the corners and sharp transitions (see Fig. 30). Several 

meshes with increasing refinement were run until the final solution remained almost constant. 

Thus, the convergence of the mesh was assured. The last mesh employed in the proposal 1 is 

shown in Fig. 30. 

 

Fig. 30 Final meshing for proposal 1 with triangular shape 



CONNECTING ROD MANUFACTURING 47 
 

 
 

The next step in the FEM analysis consisted of defining the boundary conditions of the 

system, which were: applied forces/pressures and constrains. The boundary conditions were 

modified in order to simulate different possible real forces application and constrain 

scenarios. 

Finally, the desired results were specified. The defined analyses were: 

 Total deformation 

 Equivalent stress (Von Mises) 

 Maximum principal stress 

The most significant result for the proposal 1 is shown in Fig. 31. It represents the point with 

the maximum “maximum stress” taking into account whether it is a traction or compression 

stress. According to the obtained results, the Von Mises analysis follows a similar behavior to 

the Maximum principal stress analysis. Therefore, the crack would begin its propagation in 

the point tagged by the red label.  

 

 

Fig. 31 Maximum Principal Stresses proposal 1 

 

The forces found in the external part would not be high enough to break the material.  

Nevertheless, a fracture mechanics analysis would be necessary. This analysis should be 

performed with the “Fracture Mechanics” analysis of ANSYS inserting under “Model” a 

“Fracturecrack”. Non-conclusive results and no proved improvement were found because 

of a fracture mechanics should be modeled. Unfortunately, the version used was ANSYS 

14.0, which lacks of this command (available after version ANSYS Mechanical 14.5). Then, 

further studies using this command are proposed as future work. 
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Theoretical not validated possibilities are suggested being studied: 

 Perform a laser notch in the external side in order to avoid high compression stresses 

which may theoretically appear in that area. 

 Change the positioning of the connecting rod in the fixture. As the heel has an angular 

surface in contact to the two round parts, the transmitted force is not completely 

horizontal causing different stresses distribution on the connecting rod depending on 

its position. 

From my point of view, the most probable cause why this flaw happens is because of the 

microstructure of the material. Consequently, a detailed analysis of the grain morphology 

when the connecting rod is forged should be carried out. 

Studying all these proposals is a complex and time consuming process which could be 

interesting as a Master Thesis project. The necessary tools would be ANSYS Mechanical 

Simulation v14.5 or newer and good knowledge in solid mechanics and material science. 
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4. TRAINING MATERIAL 

The lack of a standard methodology in process planning leads to the necessity of the 

development of a course material which eases the understanding of the involved tasks. 

This chapter includes an example of a prismatic part which describes the proposed 

methodology together with a set of questions to be solved while creating the process 

planning.  

4.1. Introduction 

Process planners and manufacturing engineers agree that a planning process is made up with 

many different choices. The current trend of just-in-time and lean philosophies causes that 

making the right choice from the beginning is essential to decrease costs and keep 

competitiveness among the companies in the same sector. However, how can we be sure that 

the optimum choice was designed?  

The main challenge of communicating the process planning is that it is not a standardized 

process and it highly depends on the experience of the process planner. This is known as tacit 

knowledge (School of Economics, London), which refers to the undocumented knowledge 

people acquire through the experience. This section introduces a training material in process 

planning which guides the reader through sequential steps and suitable questions to pose 

while executing the project.  

This training material gives an example of a proper execution of a process plan only from a 

manufacturing perspective for a prismatic part, which is depicted in Fig. 32. In the real case, 

the design of a process plan should also depend on other factors such as cost or available 

equipment. This means that the best process plan from a manufacturing perspective might be 

not the most appropriate due to reasons like: unaffordable investment for new machines, too 

expensive process, etc. This simple part was selected due to its interesting features from a 

process plan point of view. 

 

Fig. 32 Training example 
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4.2. Example: Prismatic component 

As mentioned before, the process planning methodology follows a thinking process inverse to 

the manufacturing sequence (see Fig. 8). Thus, the process planning should be created starting 

with the finished article and moving back step by step to the blank. Fig. 33 depicts the 

finished item, and therefore, our goal. 

 

Fig. 33 Example - prismatic component 

The first step in the process planning task consists of analyzing the design data provided by 

the design department. Information provided by the designer about the component to 

manufacture should at least include: 

 Functionality of the part considering the whole 

 Preliminary sketch (in early stages) 

 Design datums 

 Design dimensions and tolerances (in later stages) 

 Material 

 Measuring requirements and quality assurance 

Knowing the functionality of the part and its design purpose helps the process planner to 

understand the design requirements and develop possible changes to ease its 

manufacturability, known as “Design for Manufacturing”. “Design for Manufacturing” is 

applicable both in the finished item and in the blank.  

After the study of the design drawings a rough machining operation plan can be designed. Fig. 

34 depicts the followed process to develop a machining operation plan. Our example is based 

on the first steps gathered in the arrow. 
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Fig. 34 Machining operation planning (Lundgren, 2014) 

Below, the process sequence and questions to assess how to undertake it are summed up. A 

more detailed explanation together with the example definition are gathered in sections 4.3.X.  

1. Analysis of the finished part and blank drawings 

a. Which functionality must the finished part fulfil? 

b. Which are the dimensional requirements of the finished part? 

c. Which manufacture process is employed to create the blank (casting, 

forging...)? 

2. Identification of the features on the part 

a. Which features characterise the part? 

3. Selection of the required machining operations for each feature 

a. Which machining operations does each feature require (drilling, milling, 

honing, etc)? 

4. Definition of the operation sequence and setups 

a. Which features should be machined in same setup? 

b. Which features should be machined before others? 

c. Which would the best way to clamp the part be?  

d. Considering a,b and c. How many setups are needed to machine the part?  

e. Will it damage the part in critical surfaces? Will the clamping device damage 

the part in critical surfaces? 

f. How many points are necessary to clamp the part? 

g. Is that surface suitable for plane locating?  

h. Where should the datums be allocated? 

i. Which will the tool access directions be?  
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5. Design for Manufacturing of the blank 

a. How should the blank design be modified to ease the part manufacturing? 

b. Which surfaces of the blank should be performed with special care to use them 

as references? 

c. Should the finished part design be modified to ease its manufacturing? 

6. Evaluation of the manufacturing process 

a. Has the blank been modified in Design for Manufacturing? 

b. Would the step 4 vary? 

7. Quality control 

a. Which dimensions are to be measured after each setup? 

b. Why must a certain dimension be measured? 

c. How can they be measured? 

4.2.1. Analysis of the design drawings 

Before starting the analysis of the design drawings is essential to be perfectly aware of the 

intention and requirements from the design department. It is also important to identify the 

design datums to which dimensions and geometrical and dimensional tolerances are related. 

Moreover, a comprehensive study of the drawings should be performed to analyze how all the 

features are associated. Finally, a first approach of how to reach the required design tolerances 

through manufacturing methods and which tolerance chains could appear should be carried 

out. 

If there were some treatment during the manufacturing process, the required characteristics 

and key parameters before and after should be considered. For example, after a heat treatment 

the piece can suffer from deformation, which should be considered for the final dimensions. 

Moreover, the material characteristics determine which kind of manufacturing processes and 

tools can be employed. 

Finally, it is worth mentioning that the blank of machined parts are usually performed by 

forging or casting at Scania. Note that the used method will define the tolerances range of the 

blank.  

Finished part drawing 

Focusing on the proposed example, Fig. 29 and Fig. 34 represent a 3D model of the part and 

the sketch of the finished article, respectively. The study of the datums helps to create a first 

idea of the required machining process. 
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Fig. 35 Drawing finished part 
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Blank drawing 

The geometry of the blank varies significantly from one item to another. Nevertheless, in the 

automotive machining processes, the blank usually has a geometry as close as possible to the 

finished item. Thereby, required material and machining operations are reduced, and then, the 

cost is also reduced. 

As the blank of the example has been made by casting, the dimensions before machining must 

be larger. Consequently, for this case, the blank has around 3 mm more of thickness and the 

surfaces are not perfectly perpendicular, but tilted up to 3 degrees. Furthermore, a “parting 

line” (see Fig. 36) would be observed in the mid-part of the piece due to the union of the two 

molds which form the whole casting mold. Additionally, casting tolerances should be 

included to the blank shape. ISO 8062 is the standard employed in this case. 

 

Fig. 36 Blank prismatic component 

The sketch of the blank defines some requirements to fulfill, making it a quite helpful tool to 

determine the first machining operations. However, the blank design can be further improved 

taking into account “Design to manufacturing”. Thus, the process planner should talk to the 

designer and suggest the necessary improvements to ease the manufacturing. Moreover, 

cooperation with the blank manufacturer helps to get a better solution. The first questions to 

pose at this point would be: 

 How should the blank design be modified to ease the part manufacturing? 

 Which surfaces of the blank should be performed with special care to use them as 

references? 
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To answer these questions it is necessary to think about the operations and setups which 

define the manufacturing process. When the first setup is decided, it would be possible to 

propose a better blank design and specify which surfaces need to be especially fine finished to 

use them as references. A change in the blank design may affect its shape and therefore the 

machining steps defined in the operation sequence may slightly vary. 

4.2.2. Identify features   

An interesting approach to find the most suitable way of manufacturing a product is to divide 

the component into its several features (see from Fig. 37 to Fig. 49), whose set will form the 

final component. Once the features are identified, processes to achieve them can be selected. 

 

Fig. 37 Feature 1 

 

Fig. 38 Feature 2 

 

Fig. 39 Feature 3 

 

Fig. 40 Feature 4 
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Fig. 41 Feature 5 

 

Fig. 42 Feature 6 

 

Fig. 43 Feature 7 

 

Fig. 44 Feature 8 

 

Fig. 45 Feature 9 

 

Fig. 46 Feature 10 
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Note that the number of features can vary depending on the employed tools and the surface 

requirements on the part. For instance, features 3 and 4 could become one unique feature 

considering that the tool could cut both sides at the same time. 

4.2.3.  Specify operations 

After identifying the features, the next step consists of specifying the required processes to 

manufacture those features. The required tolerances and surface roughness on each face 

should be checked to decide whether a finishing is needed or a rough machining would be 

enough. The desired surface roughness will also determine the material thickness to be cut by 

the tool. Generally, a thinner cut achieves a better quality, considering the limit for smallest 

stock removal associated to the cutting process. 

  

 

Fig. 47 Feature 11 

 

Fig. 48 Feature 12 

 

 

Fig. 49 Feature 13 

 

 



TRAINNING MATERIAL 58 
 

 
 

Example: prismatic part  

Table 8 gathers the processes associated to each feature. Some of them will require both a 

rough and a finishing machining operations to obtain the desired finishing. 

Table 8 Operation specification 

Feature 1 Face milling 

Feature 2 Face milling 

Feature 3 Face milling 

Feature 4 Face milling 

Feature 5 Face milling 

Feature 6 Face milling 

Feature 7 Face milling 

Feature 8 Face milling 

Feature 9 Groove milling 

Feature 10 Face milling 

Feature 11 Face milling 

Feature 12 Spot drilling 

Feature 12 Drilling 

Feature 13 Spot drilling 

Feature 13 Drilling 

 

4.2.4. Specify operation sequence 

The specification of the operation sequence can be based on several reasoning. As it was 

mentioned before, this training material only aims at finding the best solution from a 

manufacturing point of view, without considering economic issues or machine availability. 

Generally, a manufacturing process with several machining steps requires more than one 

setup to obtain the finish part. A better quality is obtained when the number of setups is 

reduced. Each relocation of the part introduces variations and therefore, leads to an increase 

of the tolerance chains and then, a higher deviation of the final dimensions. Thus, the number 

of setups when planning the operation sequence is a key concept. 

 How many setups are needed to machine the part?  

This question arises while the operation sequence is developed. The generation of the final 

solution involves an iterative process in which setups and operations sequence are created and 

evaluated for its optimization. 
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Rectangular castings can most of the times be machined on a horizontal machining centre in 

two operations (Stampfer, 2005). However, the final number of setups strongly depends on 

the complexity of the component. In this paper, Stampfer divides the interconnected surfaces 

tolerances into loosely and strictly tolerance-related connections specifying that strictly ones 

should be machined in the same setup. 

 Which features should be machined in same setup? 

 Which features should be machined before others? 

The selection of the fixtures and clamping system can affect the quality of the part by 

scratching or deforming it. To avoid it, an analysis of the clamping forces over the part should 

be undertaken. Moreover, a good selection of the locating and clamping points should be 

carried out. According to (Stampfer, 2005), the part can be located as shown in Fig. 50 and 

Fig. 51. 

 

Fig. 50 Plane locating types (Stampfer, 2005) 

 

Fig. 51 Types of side locating (Stampfer, 2005) 

The direction of the clamping forces (see Fig. 52) and the number of clamping points are also 

important aspects to consider. 
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Fig. 52 Types of clamping (Stampfer, 2005) 

The suitability of a surface for plane locating always depends on the shape and dimension of 

the surface. In (Stampfer, 2005), a classification of shape suitability is defined, from more to 

less suitable: 

- Planar surface 

- Intermittent planar surfaces 

- Group of planar surfaces in same plane 

- Group of planar surfaces in two different planes 

- Cylindrical surfaces 

It is also specified that the locating surface must be large enough to be adequate as locating 

surface. 

 Which would be the best way to clamp the part?  

 Will it damage the part in delicate surfaces? 

 How many points are necessary to clamp the part? 

 Is that surface suitable for plane locating?  

Furthermore, the datums must be considered during the operation sequence generation. The 

definition of the datums of each operation is determined taking into account the most relevant 

measures for the following machining process steps. 

 Where should the datums be allocated? 

Finally, the tool access direction (TAD) should be accounted when planning the operation 

sequence and the fixtures for the different setups since it determines the reachable surfaces for 

machining. The tools cannot crash with any fixtures/clampings devices. 

 Which will the tool access directions be?  
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Example: prismatic part  

 Which features should be machined in the same setup?  

- Both holes should be machined in same setup. Both holes must be located in 

the same height and the drill of the non-threaded hole could be performed with 

the same tool, eliminating the tool changing time. 

 Which features should be machined before others?  

- A rooted tree (Fig. 53) could be a suitable way to represent the dependencies 

among the features (Bagge, 2009). It identifies which features should be 

machined before which. The numbers in the tree represent the features 

numbered in Fig. 37 to Fig. 49. 

 

Fig. 53 Feature dependency rooted tree 

For instance, feature number 12 depends on features 7 and 9, which at the same time depend 

on features 1 and 1 & 10, respectively. Consequently, to machine feature 12, features 7, 9, 10 

and 1 should be already machined. This reasoning should be followed with all the features. 

For the given example, the following positioning and clamping points have been selected, see  

Fig. 54 to Fig. 58. Note that the given solution is not a unique solution and the employed 

positioning and clamping elements were not selected from a catalogue. They have only been 

represented to visualize the different setups. 
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The most typical distribution for the clamping points consists of 3 points on the bottom plane, 

2 on one lateral and 1 on other side. In  

Fig. 54, the black sticks position the piece, while the 2 red clamping devices exert a 

perpendicular force (to two of the locating sticks) to fix the part while machining. This picture 

represents the first setup. 

 

Fig. 54 Locating and clamping system setup 1 

Fig. 55 depicts in blue the machined surfaces after setup 1. Features 1, 3, 4 and 11 are 

machined. Feature 1 was machined first to use it as reference in order to establish the correct 

dimension to the rest of features. Moreover, two holes on the bottom plane (feature 1) were 

drilled to use them as positioning points for future setups. 

 

Fig. 55 Operations in setup 1 
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Fig. 56 shows the positioning and clamping points for setup 2. As it can be observed, the 

positioning type p24 of Fig. 51 was employed. The use of a circular and a rhomboid shape 

assures a fixed positioning. Besides, the clamping forces were exerted perpendicular to those 

points. 

 

Fig. 56 Locating and clamping system setup 2 

Fig. 57 represents in yellow the machined features in this setup. Although feature 9 was 

accessible to machine, it was retained for next setup to obtain a more accurate machining. 

 

Fig. 57 Operations in setup 2 

The positioning points in the last setup (number 3) are the same as in Fig. 56 Locating and 

clamping system setup 2. However, the clamping devices are rotated to provide access to 

feature 5. In this case, the violet colour was employed to depict the machined surfaces in this 

setup. 
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Fig. 58 Operations in setup 3 

Once a rough overview of the machined features in each setup has been proposed, a detail 

operation sequence should be posed. Regarding the tips and comments previously given, the 

following sequence is considered appropriate from a manufacturing point of view: 

Setup 1:  

 Feature 1 should be machined first since all the dimensions are referred to it. 

 Feature 11 must be machined after 1 (see Fig. 53) 

 Sequence setup 1: 1 – 11 – 4 – 3 – Drill positioning holes 

Setup 2:  

 Consecutive machining of features 2, 6 and 10 reduces machining time due to they are 

adjacent faces. 

 As feature 7 needs same tool and tool position as previous features, it should be milled 

after them. 

 Sequence setup 2: 6 – 10 – 2 – 7 – 8  

Setup 3:  

 Feature 9 must be machined before 12 (see Fig. 53) 

 Which hole should be machined first? Why? 

- Feature 13 should be machined before feature 12 because of the length of the 

hole 13. Drilling long holes requires to have the same material resistance in 

order to ease the machining and obtain better accuracy (no deviations). The 

intersection with an area without material may cause a deviation in the axis of 

the hole. Thereby, it would be recommendable to drill feature 13 before 12. 

 Sequence setup 3: 5 – 9 – 13  – 12  

The consideration of some restrictions can lead to discard this operation sequence and look 

for a new one. The selection of a proper process plan can be performed by creating a risk 

analysis table. The table would gather the different requirements and how well each of the 

proposed solutions fulfils them. 
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4.2.5. Design for manufacturing of the blank 

After acquiring a clear idea of the required first setup for the proposed operation sequence and 

the desired fixtures, it is possible to evaluate which surfaces should have a finer finishing in 

the casting/forging process, and then, to modify the design for a better manufacturing. It may 

also happen that the design changes so much that the machining operations have to be 

modified again. 

 How should the blank design be modified to ease the part manufacturing? 

 Which surfaces of the blank should be performed with special care to use them as 

references? 

 Should the finished part design be modified to ease its manufacturing? 

Example: prismatic part  

The manufacturing process could be improved using a single mould for casting. Thus, the 

parting line would only appear in the top surface and not through all the part. However, from 

a didactical point of view, having a parting line lets show a more interesting machining 

process. 

Other feasible improvements could be related to the necessity of performing fine surfaces in 

some points where the part would be clamped or positioned. These points are the references 

for the first setup and they should be specified in the blank sketch. Fig. 59 shows the blank 

sketch in which the positioning points are represented as circles with a line pattern and the 

clamping points by arrows. Unlike the clamping points, the positioning ones should be 

carefully manufactured during the casting in order to use those surfaces as references in the 

first setup. 
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Fig. 59 Sketch prismatic part – blank 
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4.2.6. Evaluation of the manufacturing process 

An assessment of the manufacturing process is vital to check that everything is congruent 

after the step 4.3.5. If any significant change was performed in the blank design, it may 

probably affect at least to the first machining operation. In this case, the step 4.3.4 should be 

modified. This modification can be seen as the elaboration of a more detail process planning 

after posing roughly every step. 

 Has the blank been modified in Design for manufacturing? 

 Would the step 4.3.4 vary? 

Example: prismatic part 

The proposed changes only include the addition of fine surfaces for the positioning points. 

Therefore, the manufacturing sequence does not need any modification. 

4.2.7. Quality control 

A definition of the quality control should be performed after each operation. This definition 

can be undertaken with sketches where the dimensions to control are colored and the 

permitted tolerance range is specified. The deviation range would be tighter or looser 

depending on the importance of the dimension and its impact to the next machining steps.  

 Which dimensions are to be measured after each setup? 

 Why must a certain dimension be measured? 

 How can they be measured? 

Example: prismatic part 

The observation of the finished sketch (Fig. 34) in combination with the machining sequence 

help to determine the control dimensions: 

 The perpendicularity of the feature 7 respect to B (feature 1) is essential to get a good 

surface for drilling. A checking of the surface tilting after setup 2 should be  

performed. 

 The functionality of the part requires a parallelism (or positioning) of the feature 8 

respect to B (feature 1). This parallelism should also be measured after operations in 

setup 2. 

 In addition to the geometrical tolerances, dimensional tolerances and finished 

dimensions are also affected by the accuracy of the machined references. The setup 3 

includes two holes and a cavity (feature 9) which are key elements for the part 

purpose, so they should be measured after operations in setup 3. 
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5. DISCUSSIONS AND CONCLUSIONS 

The results of the miscellaneous sections of the thesis are commented and final 

conclusions are exposed. 

The improvement of the connecting rod manufacturing method can be tackled from different 

perspectives. As it was mentioned, process planning covers miscellaneous tasks which 

directly affect the part manufacturing. A modification in the design, employed tools, machines 

or parameters may lead to an improvement of its manufacturing. However, the analysis of the 

tolerance chains was selected due to its influence not only in the quality of the part but also in 

its cost. 

The analysis of the tolerance chains in the connecting rod through a Matlab code allowed 

predicting the new final dimensions and their deviations when modifying the in-process 

tolerances. Thus, the testing period, which does not produce any benefits, is prevented.  

The tolerance chain analysis provided two remarkable results. Firstly, after the analysis of the 

current process it could be concluded that measures X1, X4, X7 and X10 had tight tolerances, 

which can be increased with a subsequent reduction of the manufacturing cost. Additionally, 

the obtained results showed that in-process tolerances that affect measure X5 should be 

modified to reduce the number of rejected parts. These in-process tolerances belong to 

operations 20, 30 and 70. Tighter tolerances in these processes would increase the safety 

range. Secondly, a new manufacturing sequence was proposed which, among others, reduces 

the tolerance stackups and therefore increases the quality of the part with no additional cost. It 

was verified as the obtained results shown. The comparison of both processes supported that 

in-process tolerances involved in measures X1, X4, X7 and X10 could be looser to reduce 

manufacturing costs and dimensions X7, X9 and X10 are improved respect to the current 

process. 

When analysing the in-process tolerances of a manufacturing process, it can be observed from 

two perspectives: the process plan and the operation element behaviour. The performed case 

is from the process plan point of view, which only considers the in-process tolerances for each 

machining operation. The programmed model is also applicable for an operation element 

behaviour perspective, which would include the relation between machine and part with their 

associated tolerances. This could be implemented by adding an additional reference system in 

the machine tool and linking it to the global reference of the part.  

The analysis of the manufacturing process of the connecting rod gave a better perspective of 

every single task involved in the process planning activity, providing a proper base for the 

designing of the training material in process planning. Moreover, the visit to Volvo cars and 

the analysis of the connecting rod’s manufacturing process at ThyssenKrupp provided 

innovative ideas and new perspectives over the existing possibilities. From Volvo, some new 

machining processes and technologies were discovered, whose study is proposed as future 

work. 
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The lack of a standard methodology for process planning led to the necessity of guides to help 

novices to get involved to its related activities. Some papers were found which provided a list 

of activities a process planner should follow. Despite that, they did not clarify how a process 

planner should perform each activity or how they can follow a proper reasoning. The written 

training material gathers the key points to guide them in the thinking process by posing 

questions to answer in each step. Thus, this material can be employed as a guide to follow for 

a process planning elaboration. Finally, this material was tested in a pilot test with satisfactory 

comments. 
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6.  PROPOSALS FOR FUTURE WORK 

The future work based on the studies of this master thesis is suggested. 

A multivariable analysis including other parameter such as cost could be performed to 

automatically optimize all in-process tolerances. In this regard, a preliminary sensitivity study 

of the tolerances could be undertaken within the design limits assessing its impact in the final 

quality and cost of the part as performance indicators. Unfortunately, this procedure was not 

carried out due to the lack of the cost functions and time to accomplish it. The multivariable 

analysis can be seen as an N-Dimensional system with in-process tolerances and imposed 

conditions as input variables. It should be considered that the dimension of this graphic would 

directly depend on the number of variables to consider. Furthermore, the generalization of the 

code for any line and part would provide very powerful, fast and reliable tool for decision 

making. Additionally, its coupling with CAD software to automatically obtain the references 

points for the features would make this approach completely robust. Finally, a comprehensive 

validation with experimental data would be required. A very large sample and better 

definition of the manufacturing errors origin would be needed, though. 

Regarding the training material, it could be implemented in an e-learning platform that 

involves factory planning, process planning and material handling to help new learners to 

obtain a global visualization of the complete area. 

According to the splitting method analysis, the fracture splitting should be simulated in a 

transient simulation computing its fracture mechanics to fully understand the behaviour of the 

material in that section. It would explain the emergence of chipping around the cracked area 

and it would help to propose a method to deal with it, for example, changing material 

composition, applying heat treatments or modifying the force direction during the cracking.  

Finally, after performing the benchmark, I consider that a study of the advantages of 

manufacturing the lock slots by laser should be conducted. Moreover, I would suggest 

performing another study to determine whether machine centres with fixed tools would 

suppose an improvement for Scania. 

 

 

  



PROPOSALS FOR FUTURE WORK 72 
 

 
 

  



REFERENCES 73 
 

 
 

7.  REFERENCES 

 

Alting, L.& Zang, H. (1989). Computer Aided Process Planning: the state of art survey. 

International Journal of Production Research, 27(4) pp 553-585 

Arya, S., Kumar, S., & Jain, V. (2012). Application of Monte Carlo Technique for Analysis of 

Tolerance & Allocation of Reciprocating Compressor Assembly. International Journal of 

Research  in Mechanical Engineering and Technology Vol.2 (1) 

Azab, A. & ElMaraghy, H. (2007). Sequential process planning: A hybrid optimal macro-

level approach. Journal of Manufacturing Systems Vol. 26 pp 147-160 

Bagge, M. (2014). Process planning for precision manufacturing: An approach based on 

methodological studies. PhD Thesis, Royal Institute of Technology (KTH) 

Bagge, M.; Hedlind, M.; & Lindberg, B. (2013). Tolerance chain design and analysis of in-

process workpiece. In A. Archenti & A. Maffei (Ed.), Proceedings of the International 

Conference on Advanced Manufacturing Engineering and Technologies 2, pp 305-315. Royal 

Institute of Technology (KTH). 

Bagge, M. (2009). An approach for systematic process planning of gear transmission parts. 

Licentiate Thesis, Royal Institute of Technology (KTH) 

Cioto, R.; Collares, A.R.; Zuffo, C.H.; Marins, L.R. (2013). An Investigation about Failure in 

Diesel Engine Connecting Rods Manufactured by Fracture Splitting Process. SAE 

International 

Encyclopedia Britannica. Retrieved April 2015, from http://www.britannica.com 

Felez, J. & Martinez, M.L. (2008). Ingeniería gráfica y diseño 

Fischer, B.R. (2011). Mechanical Tolerance Stackup and Analysis 

Grinstead, C.M. & Snell, J.L. (1997). Introduction to probability 

Halevi, G. (2003). Process and Operation Planning 

Huan-Min, X.; Ming-Hai, Y. & Dong-Bo, L. (2009). A novel process planning schema based 

on knowledge customization. International Journal Advanced Manufacturing Technology 44, 

pp 161-172 

Huang, S.H.; Zhang, H.C; Oldham, W.J.B. (1997). Tolerance Analysis for setup planning: A 

graph theoretical approach. International Journal of Production Research Vol.35 (4) pp 1107-

1124 

Ilia, E.; O’Neill, M.; Tutton, K.; Lanni, G.; Letourneau, S. & Haehnel, M. (2005). 

Benchmarking the industry: Powder forging makes a better connecting rod. SAE 

International 

http://www.britannica.com/


REFERENCES 74 
 

 
 

Kubota, T; Iwasaki, S.; Isobe, T. & Koike, T. (2005). A fracture splitting method. Yamaha 

Lapp, M.; Krause, R.A.; Hall C.C.; Dinu, D.H. & Antoc, A. (2010). Advanced connecting rod 

design for mass optimization. SAE International 

Lundgren, M. (2014) The Swedish production symposium.  

Musa, R.A., & Huang, S.H. (2004). Simulation-based tolerance stackup analysis in 

machining. Trans NAMRI/SME 32 pp 533-540 

Repgen, B. (1998). Optimized connecting rods to enable higher engine performance and cost 

reduction. SAE International 

Scallan, P. (2003). Process planning: the design / manufacture interface 

Scania Inside. Retrieved March 2015 

Scania web. Retrieved March 2015, from http://www.scania.com 

Shen, Z.; Ameta, G.; Shah, J.J. & Davidson, J.K. (2005) A comparative study of tolerance 

analysis methods. Journal of Computing and Information Science in Engineering Vol. 5(3) pp 

247  

Sibard, G. & Lundgren, M. (2008). A methodology for manufacturing system development. 

Swedish symposium pp 31-35. 

Stampfer, M. (2005). Integrated set-up and fixture planning system for gearbox castings. 

International Journal of Advanced Manufacturing Technology Vol. 26 (3) pp 310-318 

Swift, K.G.; Raines, M. & Booker, J.D. (1999). Allocating capable tolerances in assembly 

stack design. SAE International 

Taylor, J. (1998). Probability and statistics in engineering design 

Tiwari, S.; Kumar, S. & Pattabiraman, V. (2006). A statistical approach towards connecting 

rod optimization. SAE International 

Viser, D. (2008). A comparison of manufacturing technologies in the connecting rod industry. 

Master Thesis, Colorado School of Mines 

Xu, X.; Wang, L. & Newman, S. (2010). Computer aided process planning - A critical review 

of recent developments and future trends. International Journal of Computer Integrated 

Manufacturing Vol. 24 (1) 

      

 

http://www.scania.com/


APPENDIX 75 
 

 
 

8. APPENDIX A 

The sketch provided as educational material to think in the operation sequence and the 

possible setups is attached in this appendix (Fig. 60). 

 

 

 

Fig. 60 Educational sketch prismatic component 


