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Sammanfattning 
En vevaxel är en motorkomponent som används för att omvandla den fram- och återgående rörelsen 

hos kolv och vevstake till en roterande rörelse. De klassiska metoderna att tillverka vevaxlar har varit 

dominerande och inte gett någon plats för alternativa tillverkningsmetoder. Powder manufacturing 

är en metod som kan revolutionera produktionens effektivitet och ekonomi. För att denna 

tillverkningsmetod ska vara möjlig måste vevaxeln tillverkas i delar. Webs, counter-weights och 

journal shafts måste produceras individuellt för att sedan sammanfogas. 

Den största utmaningen för denna avhandling är att förstå om vevaxelns counter webs kan tillverkas 

med samma form eller med så få olika former som möjligt. Denna avhandling handlar främst om att 

fastställa dessa tekniska krav och föreslå en ny, modulär design för PM. En kinematisk-kinetisk analys 

utförs med hjälp av en befintlig vevaxel som skannats och omvandlats till en CAD-modell. De 

numeriska värdena jämförs med en MBS-modell från Adams. Vevaxeln analyseras med avseende på 

balansering då motvikternas placering, massa och geometriska egenskaper undersöks. Nya modeller 

som följer de tekniska krav som krävs skapas och utvärderas med Pugh-matris. De nya föreslagna 

modellerna jämförs med den ursprungliga utformningen med tanke på massa, masscentrum, MMOI 

och egenfrekvenser. 

 

 

Nyckelord: Vevaxel, balansering, modularisering, pulvermetallurgi   
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Abstract 
A crankshaft is a component which is used to convert a reciprocating movement into rotating 

or vice versa. Through the past years classical manufacturing techniques did not leave space 

for a new approach regarding manufacturing this component. Powder Metallurgy provides a 

manufacturing technique which can revolutionize this procedure and make it more 

economical and more efficient. In order for this to be achieved, the crankshaft must be 

produced in different pieces. Webs, counter-webs and journal shafts must be produced 

individually and assembled together.  

The main challenge in this thesis is to understand if the crankshaft’s counter webs could be 

manufactured all in the same pieces or in as less pieces as possible. This thesis deals mostly 

with the technical requirements and proposing a new modular design. A kinematic-kinetic 

analysis is performed by using the values from the existing crankshaft which has been 

scanned and converted into a CAD model. The numerical values from the kinetic-kinematic 

analysis in Matlab are compared with a MBS model from Adams. Then the balancing of the 

crankshaft is analyzed and it is investigated how the counterweights should be arranged in 

space and what should be the mass and the geometrical properties of them. From the 

component’s design specifications, several models are generated and evaluated with the Pugh 

matrix. The original and the new proposed models are compared as far as concern the mass, 

center of mass, mass moment of inertia and natural frequencies. 
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                                                                   NOMENCLATURE 

This chapter presents the notations and abbreviations used in the report. 

Notations 

Symbols              Description 

𝐹𝑘                               Force to the rod in y direction [N] 

𝐹𝑔𝑎𝑠                           Force to the piston from combustion in y direction [N] 

𝐹𝑜𝑠𝑐                            Inertia force of the piston [N] 

𝜆                                  Coefficient 

𝑟                                   Distance between centre of main journal and centre of crank journal 

[m] 

𝑙𝑟𝑜𝑑                             Length of the rod [m] 

𝑥                                  Movement of the piston from the centre of crankshaft [m] 

�̈�                                  Acceleration of the piston [
𝑚

𝑠2] 

𝜗                                  Angle of the rod-piston [degrees] 

𝜑                                  Angle of the rod-crankshaft [degrees] 

𝐹𝑘𝑛                              Force to the piston in y direction [N] 

𝑚𝑟𝑜𝑑                           Total mass of the rod [kg] 

𝑚𝑝                                Mass of the piston [kg] 

𝑚𝑎                                Equivalent mass of the rod at the big eye [kg] 

𝑚𝑏                                Equivalent mass of the rod at the small eye [kg] 

𝜔                                         Angular velocity of the crankshaft [rps] 

𝐹1𝑥                               Force to the crankshaft in x direction [N] 

𝐹1𝑦                               Force to the crank journal in y direction [N] 

𝐹𝑡                                 Tangenstial force to the crank journal [N] 

𝐹𝑟                                 Radial force to the crank journal [N] 

𝑇𝑔𝑎𝑠                            Torque produced by gas forces [Nm] 

𝑇𝑜𝑠𝑐                             Torque produced by the oscilation masses [Nm] 

𝑚𝑜𝑠𝑐                            Oscilating masses, 𝑚𝑝 + 𝑚𝑎 [kg] 

𝐹𝑜𝑠𝑐                                   Inertia forces of the oscilating masses in y direction [N] 

𝑚𝑟𝑜𝑡                             Rotating masses, 𝑚𝑏 + mass of crankshaft which is rotating [kg] 



12 

 

𝐹𝑟𝑜𝑡𝑦                            Inertia forces of the rotating masses in y direction [N] 

𝐹𝑟𝑜𝑡𝑥                           Inertia forces of the rotating masses in x direction [N] 

𝑀𝐴𝑥                             Moment around x direction by the rotating forces [N] 

𝑀𝐴𝑦                             Moment around y direction by rotating and oscilating forces [N] 

𝜑1                                Angle of the unbalanced moment around x and y direction [degrees] 

𝐹𝑠𝑦                               Forces in y direction with counterweights [N] 

𝐹𝑠𝑥                               Forces in x direction with counterweights [N] 

𝐹𝑐𝑥                               Forces from the counterweights in x direction [N] 

𝐹𝑐𝑦                               Forces from the counterweights in y direction [N] 

 

Abbreviations 

CAD Computer Aided Design 

CAE Computer Aided Engineering 

CAM                        Computer Aided Manufacturing 

MMOI                      Mass Moment Of Inertia 

COM                        Center Of Mass 

MBS                         Multi Body Simulations 

PM                            Powder Metallurgy 

ADI                          Austempered Ductile Iron 

MADI                       Machinable Austempered Ductile Iron 

ACFS                        Air Cooled Forging Steels 
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Chapter 1 

 

Introduction 

 

The industrial revolution which started in 1760 and finished in 1840 brought into the light 

new manufacturing techniques and opened the road for revolutionary inventions, which are 

used even today. One of the most innovative inventions is the gasoline and diesel engine 

which made a huge contribution in the progress of the world. These engines were mostly used 

in cars, ships, airplanes and in other applications such as in power generators. Currently, a 

number of engineers all over the world are working on improving the internal combustion 

engine components in relation to efficiency and cost effectiveness. One of the components 

which contribute to the performance of the internal combustion engine is the crankshaft. The 

crankshaft is a shaft with a complex geometry which converts reciprocating movement of the 

piston into a rotating motion in the crankshaft. In the automotive industry there are individual 

departments with teams of engineers who are working on the improvement of the crankshaft. 

The main aspect of the design considerations is the performance, which depends on the 

geometrical characteristics and the balancing. Stresses, stress concentration factors and failure 

analysis are also critical and presuppose the kinematic-kinetic analysis. Special considerations 

are given in the fracture mechanics and the design for infinite life. 

1.1 Context 

During the background research, emphasis was given on identifying the morphology of the 

crankshaft, the manufacturing techniques that exist now and the thermal treatments in 

different stages of the production. The kinematic-kinetic analysis and the balancing method 

are also included in the background research. The current crankshaft from an 1.0 lt, three 

piston engine has been scanned and saved in a CAD file and can be used in order to measure 

the dimensions, the volume, the center of mass and other properties that can be measured 

through a CAD program. The challenge of this master thesis is to prove or disapprove in a 

scientific way that a three piston crankshaft of a smart for two car can be designed in a way 

that is compatible with the PM technology, with certain limitations. This master thesis can be 

considered as the first phase of a project which can be extended to smaller or larger 

crankshafts.  

1.2 Project goals 

The project goal is to identify if the crankshaft can be designed in individual parts in a way 

that fulfills all the technical requirements. This consists of three stages, firstly to analyze the 

crankshaft from an engineering point of view and secondly, to understand the functionality of 

the geometry. The third stage is to propose a modularized design of the different parts in order 

to be manufactured with PM. In PM technology, there are certain constraints in the 

manufacturing process which will be analyzed in this report. The main constraint is that the 

crankshaft cannot be manufactured as one piece; it must be made in individual pieces which 

are thereafter assembled together. 
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1.3 Deliverables 

The challenge of this master thesis is to identify if the crankshaft can be designed for PM. The 

deliverables of this project are the kinematic-kinetic analysis, the counterbalance analysis and 

the answer to the previous question. If it can be proved in a scientific way, then a proposal for 

the design of the individual parts can be made. The new design must fulfill the requirements 

of PM manufacturing such as the technical requirements that have been found during the 

background research. 

1.4 Project delimitations 

The main delimitation of the project is, that the analysis is based on the crankshaft from the 

real engine of a smart for two car. The advantage, is that a model based design can be 

achieved and a basis of geometrical information through the CAD model can be built. A some 

kind of disadvantage is, that this design will be based on a real crankshaft. As it will be seen 

later through the analysis of the component the main disadvantage is that the engineering 

team which worked on this project have designed the crankshaft, by taking into consideration 

data and facts to which the author has no access. Such data are the real dimensions of rod, 

piston and the real gas forces which in our case were assumed. Another critical fact, is the 

measure of noise and vibrations from the engine frame which may have lead the engineering 

team to add or remove mass from the counterweights, based on their experience and on these 

facts. The opinion of the author is that if the proposed design of a crankshaft can be proved to 

be counterbalanced on a balanced machine then, this phase of the project is successful. This of 

course prerequisite that the project will be continued. 

1.5 Methodology 

The methodology which will be used is the following: firstly a background research will be 

conducted which will concern the crankshaft’s morphology, materials, manufacturing 

techniques etc. Then the crankshaft which exists in a CAD form will be analyzed and a 

kinematics-kinetics analysis will be done with real data. After that, the counterbalancing 

techniques will be identified in order to define if the crankshaft can be designed in an 

alternative way to the conventional design. A big part of the success of this project is based on 

the identification of the balancing procedure. After that, requirements and specifications will 

be identified and one or more designs which fulfill the technical criteria will be proposed for 

further development. The methods that will be used in designing the components are Design 

For PM (DFPM) and Design For Assembly (DFA). 
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Chapter 2 

 

Background research 

 

This chapter investigates the morphology, the materials and the different manufacturing 

procedures. It also presents the PM manufacturing procedure, the delimitations of it and the 

three main alternative procedures to manufacture a crankshaft. 

 

2.1 Morphology 

A crankshaft, Figure 1, is a mechanical component which converts reciprocating motion into 

rotational motion. It is commonly used in gasoline and diesel engines as well as in air 

compressors. 

 

Figure 1  Crankshaft. 

The main components of a crankshaft are the crankpin journals to which the rod is attached 

with journal bearings. These bearings are lubricated hydro dynamically in order to produce a 

thin film of oil which will prevent the surfaces to come in contact and wear at the inner 

surfaces. The counterweights add mass in critical points of the crankshaft in order to be 

balanced. If there are no counterweights, the net effect of the unbalanced moments and forces 

will produce severe vibrations. The web is the part of the crankshaft to which the crankpins 

are connected. The oil ways are drilled holes which are used in order for the oil to pass from 

the engine block through the main bearings to the journal bearings and deliver oil for the 

hydrodynamic lubrication of the journal bearings. At the points where the journals are 

attached to the counterweight and the web, there are manufactured radiuses in order to reduce 

the notch sensitivity due to stress concentration factors.  
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2.2 Lubrication system 

The lubrication system of the internal combustion engines differs in details from model to 

model but, a general description can be given for the crankshaft. In modern engines an oil 

pump is used to provide flow, through the engine block passes oil to the main journal 

bearings. The main journals are connected to the crack pin journals thought diagonal drilled 

holes. Through these holes, Figure 2, oil will pass in order to lubricate the crack pin journal 

bearing. Through the engine block, the oil goes to the cam shaft which is also lubricated. 

Nozzles are used to lubricate and cool the area on the bottom of the piston and the cylinder 

walls.  

 

 

Figure 2  Lubrication system of the crankshaft [1]. 

 

2.3 Manufacturing procedure 

There are three main techniques that can be used for manufacturing a crankshaft. The first is 

casting, the second is by forging a steel bar and the third is by machining a steel bar.  

 

2.3.1 Forging 

 

Crankshafts can be forged from a steel bar by hot roll forging and pressing in hydraulic 

presses. The blank material is heated above the re-crystallization temperature (850-1250), 

which will make the steel shaft ductile. Then it is forged through a roll to obtain the cross 

sectional and punched by a hydraulic press in more than two stages in order to be formed to 

the final shape. The stages in forging, are necessary because they distribute the material and 

fill the cavities. This procedure gives the ability to produce high strength crankshafts with 

increased hardness and dimensional accuracy. The forged crankshafts need external 

machining operations that include turn-milling, deep hole drilling, tapping, trimming, 

grinding and deburring. After forging, crankshafts are usually normalized to get better 

machinability, they are machined and induction hardened on pins, journals and fillets. Figure 

3 shows a typical manufacturing sequence of a forged steel. The heat treatment procedure can 

be avoided if the material is a micro alloyed steel  

 

 



19 

 

 

Figure 3  Forged crankshaft manufacturing process of 42CrMo4 [2]. 

Lately fleshless hot forging is used for the manufacturing of heavy loaded crankshafts. This 

procedure enables forming with a forging sequence of four phases. Phase 1-2: mass allocated 

by lateral extrusion, phase 3: multidirectional forging operation to form the cross sectional 

area of the crank webs, phase 4: the last forging stage creates the near net-shape end geometry 

without flashing closed dies which leads to near-net shape geometries. This procedure gives a 

tolerance class from IT7 to IT9. 

 

2.3.2 Casting 

 

The common ways of casting crankshafts is in green sand, at a shell and in lost foam. Each of 

these techniques have several advantages and disadvantages which should be considered prior 

to a decision. Many castings also require further heat treatment and external machining. 

 

Cast ductile iron: Several companies especially in USA prefer the cast ductile iron 

procedure, due to less after casting machining and material usage. Cast iron shafts have better 

tolerances. The disadvantage of the cast iron is that the product has poor strength properties 

compared to forged crankshafts. 

 

 

Figure 4  Sand casting procedure [3]. 

Cast ADI (Austempered Ductile Iron): Another manufacturing process, is to cast an iron 

crankshaft and austemper it. This procedure gives a product with better mechanical properties 

than cast iron and many forged steels. Especially the strength-elongation relationship is 

doubled in comparison to cast iron.  

 

Cast steel: Cast steel has been used to produce crankshafts but this technique requires molds 

with extra gating and risers which results in greater cost.  
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2.4 Machining operations 

2.4.1 Machining 

Crankshafts are also manufactured by pure machining procedures from a billet. This 

procedure is more costly and is used to produce crankshafts superior in mechanical strength, 

usually in smaller quantities from materials that cannot be forged. The machining includes 

turn-milling technology (turn-milling center) instead of the traditional turning, deep hole 

drilling, tapping, grinding and deburring.  

 

2.4.2 Oil supply holes 

In order to machine deep holes up to 32 mm in turning-milling centers single edge gun 

drilling is used. A pilot hole will be needed for the guidance of the tool. Another option is to 

use soldered centered carbide drills which can produce the ratio of Length/Diameter = 7.  

 

2.4.3 Grooves  

In order to reduce the stress concentration factor at the end of every crack pin journal grooves 

must be machined. Two steps are usually employed roughing and finishing.  

 

2.4.4 Fillet rolling  

Fillet rolling is a procedure that can be applied to fillets in order to induce compressive 

residual stresses. This procedure will increase the fatigue life at the critical points of the 

crankshaft. 

 

2.4.5 Nitriding 

Nitriding the surface of the journals is a process that is used in order to increase the endurance 

limit of the crankshaft. According to Wikipedia [4], nitriding is a heat treating process that 

diffuses nitrogen into the surface of a metal, to create a case hardened surface. These 

processes are most commonly used on low-carbon, low-alloy steels. However they are also 

used on medium and high-carbon steels, titanium, aluminum and molybdenum alloys. 

2.4.6 Induction hardening  

This procedure is used also at the critical points in order to induce compressive residual 

stresses and increase the strength. It is applied to the journal surfaces which are subjected to 

bending and rotational moments. 

2.4.7 Finishing methods in Crankshafts  

The crack pin journal and the main bearing surface are the most critical points as far as the 

wear rate is concerned. This is because they are connected to journal bearings. These surfaces 

must be very well polished otherwise two body wear mechanisms will take place. The burrs 

that can be present after the finishing procedure can cause excessive wear to the nonferrous 

bearing materials. The finishing of the forged shafts does not seem to be problematic. The 

usual finishing procedure is turning, followed by grinding and then lapping. Grinding 

produces small burs and lapping is used to eliminate them. Grinding and band polishing at the 

same direction is a good alternative. 

http://en.wikipedia.org/wiki/Heat_treating
http://en.wikipedia.org/wiki/Diffusion
http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Metal
http://en.wikipedia.org/wiki/Case_hardening
http://en.wikipedia.org/wiki/Titanium
http://en.wikipedia.org/wiki/Aluminum
http://en.wikipedia.org/wiki/Molybdenum
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2.5 Cost 

The cost of different manufacturing procedures has been optimized from Nallicheri. Figure 5 

shows the cost in 1991 of the alternative manufacturing processes.  

 

Figure 5  Cost breakdown for crankshafts of alternative processes [3]. 

2.6 Materials 

A crankshaft is a mechanical component which is subjected to cyclic torsion and bending 

moments. It is also a component which is designed for infinite life. The fatigue strength and 

endurance limit are very critical when the material selection comes into consideration. Several 

limitations also exist, one of these is the manufacturing procedure which will be used. It must 

be also mentioned that since the crankshaft must be machined, considerations should be taken 

for the machinability of the alloy which will be used. There is a difficulty in defining the 

proper material because it depends of many different factors. In general forged shafts achieve 

higher durability and fatigue strength. Depending on the loads that the crankshaft will be 

subjected to and the manufacturing procedure, different alloys and irons have been found 

from sources.  

2.6.1 Cast Iron materials 

Materials for cast iron are usually ADI (Austempered Ductile Iron) grade 1 and 2, MADI 

(Machinable Austempered Ductile Iron) and NDI (Nodular Cast Iron).  

Through the background research several articles have been reviewed and additional 

information about the strength and other mechanical properties have been be found. 

Chatterley [5] examined the fatigue and heat treatment characteristics of different alloyed 

casted irons. He describes the mechanical properties of a good alloy steel as the combination 

of high tensile strength and ductility in order to be machinable. Gligorijecic [6] describes the 

overall advantages of nodular cast iron for crankshafts in high speed diesel engines which 

have high fatigue strength, ductility, surface treatment capability, higher damping capacity, 

low notch sensitivity and high dimensional accuracy in raw casting. Jonathan Williams and 

Ali Fatemi [7] compare the fatigue behavior of forged steels and iron crankshafts. They 
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conclude that the forged steel crankshafts have higher tensile strength and better fatigue 

performance. Especially when they applied the same bending moment to both types, the 

crankshafts from forged steel proved to have six times longer life. Alan P. Druschitz [8] 

presented a new cast material for crankshafts which is called MADI (machinable austempered 

ductile iron). He describes as good characteristics, the combination of strength, toughness, 

machinability, low cost and low weight. He also compares the machinability and fatigue 

performance between casted iron MADI and forged steel, he concludes that MADI 

crankshafts have similar mechanical properties as forged steel. 

2.6.2 Forged crankshaft materials 

Air cooled forging steels (ACFS) and micro-alloyed steels are considered nowadays as the 

new basic materials for the crankshaft. The big advantage is the high increase of yield and 

tensile strength. Micro alloys has been found to reduce the weight of the shaft and increase the 

strength by 30-50 %.James Hoffmann and Turonek [9] from Chrysler Corporation made a 

study and presented high performance forged steel crankshafts. They obtained the fatigue 

strength and machinability for several grades of steel.  

2.7 Built up crankshafts 

Except from the traditional manufacturing procedures, crankshafts can be manufactured in 

pieces and then be assembled. These are referred into the bibliography as built up crankshafts. 

The two most common types are press fitted and welded crankshafts. 

2.7.1 Press fitted crankshafts 

Press fitted crankshafts are used in the automotive industry for small motorcycle engines. 

They are also used in gasoline engines which are connected to generators or in the agricultural 

domain for giving power to pumps. They are manufactured in different pieces, usually forged 

and then assembled manually in a press. The main disadvantage is that this procedure contains 

many production steps. 

2.7.2 Welded crankshafts 

Welded crankshafts are used in marine diesel engines. They are produced in pieces and then 

assembled on site. This type is a high performance crankshaft with infinite life and good 

mechanical properties at the critical points which are welded. On the other hand, it is very 

costly because of the welding procedure and the subsequent heat treatment which is needed. 

Figure 6 shows a built up crankshaft during the assembly procedure can be seen. 
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Figure 6  Welded crankshaft during assembly procedure. 

2.8 Powder metallurgy 

Powder metallurgy or PM as it is often referred, is a manufacturing process for producing 

large series of identical metal components. Enrico Mosca [10] defines it as the industrial 

process for the series of moderate or large quantities of metal components of predetermined 

shape with physical and mechanical properties that allow them in most cases to be used 

directly without subsequent processing. 

2.8.1 Basic operations for PM components 

The process starts by mixing the different alloy elements in a powder form and making them 

as homogeneous as possible. The process takes place in a mixer. In the alloying elements, 

there is always a presence of a lubricant which contributes as following during the pressing 

procedure: the lubricant into the powder works as a lubricant to the tools and as connecting 

material for the powder particles.  The mixed powder is sent into the press loading hoppers 

and the compunction is made by synchronized movements of the various components of the 

tool set. The punches complete their predetermined movements relative to the die and the 

product is ejected from the mold automatically. Figure 7 shows a full typical cycle of the 

procedure. 

 

Figure 7  Powder metallurgy steps. 
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During pressing of the component into the die by the punches occurs reduction of space 

between the particles. Plastic deformation and some micro-welding occurs also as a result of 

the frictional force which is developed between the powder particles. The micro-welding and 

the interconnections between the particles is responsible for the so called green strength of the 

part. This is a modest mechanical strength after the compact process and permits the 

manufacturer to sinter the product without cracking and crumbling it. The maximum pressure 

of the punch should be maintained long enough to guarantee that all plastic deformation takes 

place. During the pressing procedure, the powder rubs against the die walls with a radial 

pressure of 50-70 % of the axial pressure. This normally crates wear to the die but the 

presence of a lubricant which is introduced during the mixing procedure will prevent the 

phenomenon. Another critical phenomenon is the elastic deformation of the punch, die and 

the part which should be taken into consideration during the design process. The elastic 

deformation will add difficulty on the process of excerting the part from the mold. Figure 8 

shows a typical press for PM components. 

 

 

Figure 8  Press for PM components. 

After the part is been formed from the press, the part is sintered in order for the desired 

mechanical properties to be achieved. Sintering is the procedure of heating the part to a 

certain temperature at a certain atmosphere and then cool it down to room temperature. The 

cooling speed has a big influence on the mechanical properties of the product. The lubricant 

will during the sintering evaporate in a gaseous form through the channels left between the 

particles. 

2.8.2 Secondary operations for PM components 

The mechanical properties and the shape of the PM parts are not always as specified after the 

basic PM procedures. This is the reason why secondary operations should be implemented to 

the manufacturing process. It must be mentioned that the secondary operations and the design 

considerations which are described are coming from internal handbooks of the Höganäs ab 

and from discussions with design experts. Therefore, no sources have been provided. 
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2.8.3 Sizing 

Sizing is the operation which ensures that the desired dimensions and tolerances of the 

product will be achieved. The part is placed again into a more precise dimensioned die and 

subjected into plastic deformation which involves the reduction of volume and porosity. This 

procedure corrects any deformations which are made during sintering and at the same time 

reduces the scatter of the dimension differences of the part which has occurred from the basic 

operations. Sizing does not permit correction of eccentricity or repositioning of holes. 

2.8.4 Re-pressing 

Repressing is used in order to increase the mechanical properties of the product. The part is 

sintered and then placed to the same die from the basic operation and pressed again in certain 

load conditions. The result is a more dense part with even better mechanical properties. The 

reason why this procedure is made after sintering is, that the absence of lubricant which 

occupied a certain space before sintering will give space to the particles to move and create a 

more homogeneous product. After the re-pressing, the part must be recovered from the plastic 

deformation and the internal stresses which occurred between the bonds of the particles. This 

can be achieved by heating up the part to the recrystallization temperature and then let it cool 

in the furnace. 

2.8.5 Infiltration 

Infiltration is the procedure of heating the sintered part in the presence of an alloy element 

which will saturate the pores of the part. The melted alloy fills the pores of the product and 

the result is a part with higher density and better mechanical properties. 

2.8.6 Deburring 

Deburring is the procedure of removing the burrs which were created during the pressing of 

the component from the sintered part. This is a procedure that involves grinding or turning. 

2.8.7 Joining processes 

Joining techniques are not used widely in PM applications because the PM procedure allows 

the designer to obtain complex shaped parts. There are limitations in joining techniques 

because of the porous nature of the sintered parts. Brazing is a technique that is used widely 

with sintered products. It can be said that joining PM parts is the main disadvantage of the PM 

and this is a big challenge for the further usage of PM.  

2.8.8 Heat treatments 

All heat treatments are applicable in PM components, moreover the presence of pores requires 

different heat cycles and a different approach to the heat treatment procedure. 
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2.8.9 Shapes and limitations with PM procedure 

The shapes that can be achieved with PM are complex, and the main advantage of the 

technology is the ability to produce high complexity parts in big portions. Never the less, 

there are some limitations in the procedure which should be taken into consideration. The 

chamfer angle of a part cannot be more than 45𝑜 and there must be a presence of a flat area 

that comes in contact with the mold. Sharp corners and edges should be avoided and should 

be redesigned as fillet radiuses. Wall thicknesses less than 0,8 mm cannot be manufactured. In 

general, there are a lot of special cases which can be mentioned but Design For Powder 

Metallurgy, DFPM, comes also from the experience of the engineer and by taking into 

consideration the general limitations of the technology. Figure 9 shows some special case 

designs and considerations from Enrico Mosca’s [6] handbook for powder metallurgy. 

 

 

Figure 9  Unsuitable and suitable shapes for PM. 
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Chapter 3 

 

Implementation 

 

In this chapter, the three piston crankshaft is analyzed regarding kinematics kinetics, torque 

analysis and balancing procedure. Geometrical and mass properties are taken from the 

existing CAD model, the model is analyzed in kinematics kinetics in Matlab and the results 

are verified in Adams. The balancing procedure is analyzed in order to identify how the 

counterweights can be implemented. 

3.1 Kinematics - kinetics 

 

Figure 10  Forces and geometry of the crank mechanism. 
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Figure 10 shows the schematic of an one piston reciprocating engine. The following equations 

can be easily expanded for a three piston engine. The force that plays the major role to the 

loading condition of a crankshaft is 𝐹𝑘, equation 1, which is the product of the oscillating 

inertia forces 𝐹𝑜𝑠𝑐 and the gas forces 𝐹𝑔𝑎𝑠. 

𝐹𝑘 = 𝐹𝑔𝑎𝑠 − 𝐹𝑜𝑠𝑐                                                       (1) 

𝜆 =
𝑟

𝑙𝑟𝑜𝑑
                                                                   (2) 

The gas force is the product of the cylinder pressure and the area of the piston. The inertia 

forces 𝐹𝑜𝑠𝑐 can be calculated by following the next equations. The piston movement follows 

equation 3 and the acceleration of the piston which is needed for the calculation of the inertial 

forces follows equation 4. 

𝑥 = 𝑟 + 𝑙𝑟𝑜𝑑 − (𝑙𝑟𝑜𝑑 cos 𝜗 + 𝑟 cos 𝜑)                                        (3) 

�̈� = 𝑟𝜔2(cos 𝜔𝑡 𝑟 + 𝜆  cos 2𝜔𝑡)                                            (4) 

 

 𝜆 is the ratio defined in equation 2, this coefficient is used for simplification. The 𝜔 is the 

angular velocity that the crankshaft rotates and t is the time, if they are multiplied them the 

product will be the angle 𝜑. The acceleration �̈� is the product of 𝑥, movement of the piston 

from the center of the crankshaft, if we use the binomial expansion of  𝑥. The expansion of the 

binomial leads to Fourier series approximations of the exact expression of the piston 

acceleration. Fourier proved that any periodic function can be approximated by a series of 

cos and 𝑠𝑖𝑛 functions, in our expression the cos 4𝜔𝑡 and  cos 6𝜔𝑡 have been dropped. The 

cos products and all these multiple angle functions are called harmonics. The primary 

component of these harmonics cos 𝜔𝑡  is also called the fundamental frequency. The others 

are called secondary, third and fourth. The harmonics after the secondary are not taken into 

consideration because they do not contribute so much to the acceleration.  

The angle 𝜃 can be calculated by relating it to the angle 𝜑  from the triangles ABD and BCD. 

If the angular velocity 𝜔 and the time are given, the angle 𝜑 is known. 

sin 𝜗 = 𝜆 sin 𝜑                                                             (5) 

 

The inertial force 𝐹𝑜𝑠𝑐 of the piston is calculated according to equation 6. 

𝐹𝑜𝑠𝑐 = 𝑚𝑝�̈�                                                                 (6) 

  

Were 𝑚𝑝 is the mass of the piston, rings and pin assembly.  𝐹𝑘𝑛 can be found from equation 

7. 

𝐹𝑘𝑛 =  𝐹𝑘 tan 𝜗                                                              (7) 

 

The 𝐹𝑟𝑜𝑑 is the force that is acting at the small eye of the rod and can be calculated from 

equation 8. 

𝐹𝑟𝑜𝑑 =  𝐹𝑘 cos 𝜗                                                             (8) 
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The forces which act on the crankshaft should be defined from the following equations. The 

mass of the rod must be divided in oscillating and in rotating masses, a lumped mass model. 

Then these masses can be used to further calculate the forces on the crankshaft. Figure 11 

shows the rod, the center of rod’s mass and the dimensions which will help for the further 

analysis of the component. 

 

 

Figure 11  Rod dimensional configuration. 

The  𝑙𝑟𝑜𝑑 is the total length of the rod, the total mass of the rod is 𝑚𝑟𝑜𝑑.  𝑚𝑎 and 𝑚𝑏are the 

rotating and oscillating masses of the rod. The need in dividing these masses will become 

clearer through the next stages. The lumped masses can be calculated from equations 9 and 

10. 

 𝑚𝑎 =  𝑚𝑟𝑜𝑑 (
𝑙1

𝑙1+𝑙2
)                                                        (9) 

𝑚𝑏 =  𝑚𝑟𝑜𝑑 (
𝑙2

𝑙1+𝑙2
)                                                      (10) 

 

If the free body diagram of the piston and rod is taken and the forces are analyzed in 

dynamics, it can be easily found that the reaction force  𝐹1on the rod is not equal to  𝐹𝑟𝑜𝑑. This 

force should be analyzed in x and y components in order to find 𝐹1𝑥 and 𝐹1𝑦. These forces can 

be found if the acceleration of the masses 𝑚𝑎 and 𝑚𝑏 are taken into consideration. The forces 

from the acceleration of the masses contribute to the forces to the big eye of the rod. The 

opposite value of these forces are acting on the crankpin of the crankshaft. Figure 12 shows 

the free body diagram. 
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Figure 12  Free body diagram of the piston rod system. 

The  𝐹1𝑥 depends on the acceleration  𝑎𝑥̈  in x direction of the 𝑚𝑎.  This lumped mass of the 

rod is in pure rotation and the acceleration of it is described by equation 11. The relation 

between  𝜗 and 𝜑, equation 5, must also be taken into consideration. Equation 12 shows how 

the 𝐹1𝑥 can be found. 

 

𝑎�̈� = 𝑟𝜔2 sin 𝜔𝑡                                                             (11) 

𝐹1𝑥 = 𝐹𝑘𝑛 + 𝑚𝑎𝑎�̈�                                                            (12) 

 

The 𝐹1𝑦 depends also from the acceleration of the masses 𝑚𝑎 and 𝑚𝑏  in y direction 𝑎�̈� . 𝑚𝑎 

is in pure rotation and the acceleration of this mass in y direction is given by equation 13. 𝑚𝑏  
is the part of the rod which is oscillating purely with the piston, this mass can be added to 

equation 6 and 𝐹1𝑦 can be found from equation 14. 

𝑎�̈� =  𝑟𝜔2 cos 𝜔𝑡                                                          (13) 

𝐹1𝑦 = 𝐹𝑔𝑎𝑠 − (𝑚𝑏 + 𝑚𝑝) 𝑟𝜔2(cos 𝜔𝑡 𝑟 + 𝜆  cos 2𝜔𝑡) − 𝑚𝑎𝑎�̈�                 (14)                                        

 

The algebraic root summation of the square of these two forces will provide us 𝐹1 , equation 

15. 

𝐹1 =  √𝐹1𝑦
2 + 𝐹1𝑥

2                                                   (15) 
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 𝐹𝑡 is the tangential force and the 𝐹𝑟 is the radial force, these can be found from equations 16 

and 17. 

𝐹𝑡 =  𝐹1 sin(𝜑 + 𝜗)                                                     (16) 

𝐹𝑟 =  𝐹1 cos(𝜑 + 𝜗)                                                     (17) 

3.2 Torsional analysis 

 

The total torsion to the crankshaft is the summation of two different torques which act on the 

crank-rod system. It is the torque that is acting due to the gas force 𝑇𝑔𝑎𝑠 and the torque which 

is produced by the inertia force of the masses 𝑇𝑜𝑠𝑐. 

3.2.1 Inertia and gas Torque 

The gas torque is acting at a moment arm about the crank center. In equation 18, the equation 

that expresses the gas Torque for an one piston engine can be seen. 

𝑇𝑔𝑎𝑠 = 𝐹𝑔𝑎𝑠 𝑟 sin 𝜑 (1 + (
𝑟

𝑙𝑟𝑜𝑑
) cos 𝜑)                                     (18) 

 

The product of 𝐹1, is calculated from the   𝐹1𝑥 and 𝐹1𝑦 . This forces can be derived as we saw 

before in tangential and radial direction, the tangential force contributes to the inertia torque. 

The inertia torque can be found from equation 19. 

𝑇𝑜𝑠𝑐 =
1

2
(𝑚𝑏 + 𝑚𝑝)𝑟2𝜔2 × ((

𝑟

2𝑙𝑟𝑜𝑑
) sin 𝜑 − sin 2𝜑 − ((

3 𝑟

2 𝑙𝑟𝑜𝑑
) sin 3𝜑)            (19) 

 

The oscillating torque produces large positive and negative oscillations. This will increase the 

vibration to the system. The gas torque is less sensitive to the rotational velocity than the 

oscillating torque which is proportional to 𝜔2, so the oscillating torque will contribute more in 

high velocities. Figure 13 shows the effect of the torques in a full cycle of a four stroke engine 

at 1500 rpm. It is clearly seen that the oscillating torque will vibrate our system and that the 

gas torque will demand an over dimension of the system in order to deliver the torque due to 

the peak torque. We know that the engines deliver the average torque and the manufacturers 

of cars are giving as output torque the average torque. The large variations in torque are 

evidence of the kinetic energy which is stored to the links and the piston. The positive values 

can be considered as energy delivered by the driver, and the negative as energy which is 

trying to return to the driver, which is of course not possible. That is evidence that there 

should be a component which can store energy and reduce these oscillations, this can be done 

by adding a flywheel to the system. 
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Figure 13  Gas and oscillating Torque in different angles at 1500 rpm. 

3.2.2 Flywheel  

As it was mentioned a flywheel is a component which will store energy during the four stroke 

of the IC engine. Without a flywheel, the variation of the torque during an engine cycle in a 

multi cylinder engine will create uneven torque to the different crank-journals due to the 

difference of the firing order. This will lead to high torsional stresses along the crankshaft. At 

the same time during a four stroke cycle the uneven torque which is created, Figure 13, will 

tend the crankshaft to rotate with different angular velocities. All this energy variation which 

has catastrophic results to the component must be saved and then delivered smoother. This 

torque should be smoothed into an average torque in which we should be able to deliver to the 

gearbox. For all this reasons, a flywheel should be designed in order to store this energy from 

the variation of the torque. 

The flywheel is designed as a flat disk, at the one side it is attached to the crankshaft and at 

the other side the friction clutch disk is attached. Designing a flywheel is a complicated task 

which demands a lot of information.  
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3.3 Comparison between the numerical and MBS analysis with 

Adams 

3.3.1 Numerical analysis with Matlab 

A numerical kinematic-kinetic analysis was performed with Matlab in order to find the forces 

that the crankshaft is subjected to. The mass and geometrical characteristics were taken from 

the CAD model of the scanned crankshaft. The model that was created is an one piston model 

in order to simplify and verify the results with Adams. The inputs to the system are the 

angular velocity, the mass and geometrical properties, and an approximation of the gas forces 

is. Figure 14 shows the curve of the gas forces due to a full cycle of the four stroke one piston 

engine. 

 

 

Figure 14  Gas forces at 1500 rpm due to a full cycle. 

3.3.2 Multi body simulation with Adams 

In order to verify the results an one piston model was imported in Adams, proper constraints 

were created between the different components. The crankshaft one-piston model was 

imported as a parasolid file from the original CAD model. The rod, piston and pin were 

created in PTC-Creo 2.0 and imported as parasolid format files. Between the base and the 

crank a revolute joint was created, between the rod and the crank- journal a revolute join was 

created. Between the rod and the pin a revolute joint is used and between the pin and the 

piston a fixed joint. A translational joint was created between the piston and the cylinder. The 

model ran in different angular velocities and gas forces. Figure 15 shows the Adams model 

can be seen. 
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Figure 15  One piston Adams model. 

 

3.3.3 Comparison between numerical and Adams model at different rpm 

The forces and accelerations due to different input data were exported from the Adams and 

imported to Matlab. Subplots were created in order to understand if the results are verified. At 

the following Figures, can be seen the forces and torques due to different rpm, the rpm can be 

easily calculated from the angular velocity. 

In figures 16 and 17 the Adams and numerical comparison of  𝐹1𝑥 and 𝐹1𝑦 at 1500 rpm can be 

seen. 

 

 

Figure 16  Comparison of the F_1y at 1500 rpm. 
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Figure 17  Comparison of F_1x at 1500 rpm. 

 

In figures 18 and 19, can be seen the comparison of the acceleration and the total torque at 

1500 rpm. 

 

Figure 18  Comparison of the Total torque at 1500 rpm. 
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Figure 19  Comparison of the acceleration of the piston at 1500 rpm. 

 

The comparison of 𝐹1𝑥 and 𝐹1𝑦  between Adams and numerical model at 6000 rpm can be 

seen in figures 20 and 21. In these figures, there are slight differences between the results 

from the models. This can be explained as the better evaluation of the distribution of mass 

into Adams in comparison to the numerical model. This caused different accelerations of 

these masses which caused the difference between the forces. 

 

 

Figure 20  Comparison of F_1y at 6000 rpm. 
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Figure 21 Comparison of F_1x at 6000 rpm. 

3.3.4 Comparison between the Adams one piston and the full crankshaft 

model 

The one piston model was expanded to a three piston model in Adams by using the same 

constrains and the same principles as before. The model can be seen in Figure 22. 

 

 

Figure 22  Three piston assembly in Adams. 

 

The values of the forces 𝐹1𝑥 and 𝐹1𝑦   were exported from the Adams model and imported in 

matlab, the values were used to compare the two different models in Adams in order to draw 

conclusions. The results are very accurate, the resulted forces of the expanded model in 
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Adams can be used for stress analysis. Figures 23 and 24 show the comparison results of the 

𝐹1𝑥 and𝐹1𝑦. 

 

 

Figure 23  Comparison between one piston and full crank assembly of F_1x at 1500 rpm. 

 

 

Figure 24  Comparison between one piston and full crank assembly of F_1y at 1500 rpm. 

The usage of the numerical model and the MBS analysis with Adams is advantageous. The 

engineer can be helped by the usage of the two programs (Matlab, Adams), to understand the 

mistakes and the misunderstandings of the numerical model. On the other hand Adams model 

was built based on the numerical model, as far as concern the inputs and outputs. It can be 

said also that the usage of Matlab allows the user to make quick changes to the model, 

regarding the geometrical and input configurations. 
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3.4 Balancing of a three piston crankshaft 

3.4.1 Static balance of a shaft 

Balancing statically a shaft means that only the forces have been taken into consideration in   

x and y direction. Figure 25 shows a system of two masses which are balanced by a third mass 

𝑚𝑏 at a certain radius 𝑅𝑏. 

 

 

Figure 25  Static balance of forces at a shaft. 

For the static balancing, the second law of Newton is used. The forces in x and y direction can 

be obtained from equations 22 and 21. 

𝑚𝑏 𝑅𝑏𝑥𝜔2 = −(𝑚1𝑅1𝑥𝜔2 + 𝑚2𝑅2𝑥 𝜔2)                                     (20) 

𝑚𝑏 𝑅𝑏𝑦𝜔2 = −(𝑚1𝑅1𝑦𝜔2 + 𝑚2𝑅2𝑦 𝜔2)                                     (21) 

 

The angle that 𝑚𝑏 should be placed can be found from equation 22,  

𝜗𝑏 =  tan−1(
𝑚𝑏 𝑅𝑏𝑦

𝑚𝑏 𝑅𝑏𝑥
)                                                     (22) 

 

The static balance of two masses which act on the same plane can be obtained by this method. 

3.4.2 Dynamic balance 

In reality, static balance is not enough for balancing a shaft, it will always exist a moment that 

acts around z direction and should be balanced also. Dynamic balancing of a shaft presuppose 

that moments in all planes and forces in all directions are zero. Equation 23 and 24. 

 

∑ 𝐹 = 0                                                                     (23) 

∑ 𝑀 = 0                                                                     (24) 
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Figure 26 shows a model of a shaft which has to be balanced dynamically. The  𝑚1𝑅1 and 

𝑚2𝑅2 mass radius couples should be balanced dynamically. The method which should be 

followed, is to place proper couples 𝑚𝑎𝑅𝑎 and 𝑚𝑏𝑅𝑏 at a certain angle in the x-y plane and at 

a certain length in y-z plane. By following the force and moments equilibrium which was 

mentioned, the angle of these mass to radius values and the proper lengths can be found 

easily.  

 

 

Figure 26  Shaft dynamic balancing. 

3.4.3 Unbalanced forces and moments 

 

The unbalanced or shaking (as Norton [24] refers on them) forces and moments contribute to 

the vibrations of the structure of an engine. When balancing shafts, it is of great interest to 

find the net effect of these forces and moments. The vibrations which are produced will 

determine the life time of the crankshaft. The vibrations will also pass through the frame to 

the driver and the passengers, this will affect the rolling feeling of the vehicle. As it can be 

understood, the shaking forces and moments will always be the reaction forces and moments 

of a body to the frame. These can be found in any linkage assembly if a kinematic-kinetic 

analysis is performed. The shaking forces will tend to move the ground plane back and forth 

around x and y direction at a Cartesian system of axis. The moment effect will tend to rock the 

ground around z direction. It should be noticed that the gas force does not contribute to the 

shaking forces and moments, gas forces are internal forces which are canceled within the 

engine, piston and cylinder head. The gas forces act equally and opposite to the piston head 

and to the cylinder head, so they are cancelled. 
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3.5 Three piston crankshaft 

 

The purpose of this master thesis, was to find out if a three piston crankshaft can be 

manufactured by as few pieces as possible, with PM technology. In the future, the best way to 

assembly them with the technology of Höganäs AB can be investigated further. In order to do 

that, the crankshaft’s balancing procedure must be identified and then applied to the model. 

Figure 27 shows the model of the crankshaft. This model will be used as a reference for the 

measurement of the masses, volume, dimensions and other characteristics which are needed.  

 

Figure 27  Crankshaft CAD model. 

3.5.1 Unbalanced crankshaft analysis 

 

For the analysis of balancing the crankshaft, the shaking forces and moments that act on the 

frame-ground without considering the counterbalance masses, should be identified. In order to 

achieve this, the existing CAD model has been cut and transformed into an exploded view, 

Figure 28 and the geometrical and mass characteristics were measured for the crack pin and 

webs. 

 

Figure 28 CAD model of the crankshaft in exploded view. 

The mass and radiuses were identified and applied to the numerical model. As it is mentioned 

the net forces are acting on the ground plane. For the balancing of the crankshaft, moments 

and forces should be balanced. The crankshaft has rotating and oscillating masses which will 

be named as 𝑚𝑟𝑜𝑡 and  𝑚𝑜𝑠𝑐. The rotating masses consist of the crank-pin and webs of every 

individual piston-rod system of the crankshaft and the part of the mass of the rod which is 

rotating with it. The oscillating masses consist of the piston-pin and the part of the rod which 

is oscillating. These masses have been analyzed in previous chapters. It should be mentioned 

again that balancing does not have any effect on the gas forces but only to the inertia forces. 

No external forces can be eliminated by balancing the crankshaft. In Figure 29, can be seen a 

graphical model in x-y-z directions of the three piston crankshaft and the forces that act on it. 

The crankshaft, as mentioned, is a three piston model and the angle between crack pin 
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journals in x-y direction has a difference of 120 degrees. As it will be shown this plays an 

important role in identifying the balance of the forces and the moments. 

 

 

Figure 29  Graphical representation of crankshaft forces that act in different planes. 

The forces will be analyzed individually in order to identify the net effect of them on the 

ground. 

3.5.2 Oscillating forces 

The oscillating forces act only in y direction. The forces of an unbalanced crankshaft of the 

acceleration of 𝑚𝑜𝑠𝑐 can be found from equation 25. 

 

𝐹𝑜𝑠𝑐 = 𝑚𝑜𝑠𝑐𝑟𝜔2 ∑ (cos(𝜔𝑡 − 𝜑𝑖) + 𝜆 cos2(𝜔𝑡 − 𝜑𝑖)
𝑛
𝑖=1 )                     (25) 

 

Where 𝑟  the radius from the main journal to the crank pin, 𝜔 is the angular velocity, n 

represents the number of crank pins and 𝜑𝑖 the angle between the crank pin journal (120 

degrees). It should be noticed that the firing sequence of the engine plays a major role in 

identifying these forces. As it can be easily understood, the oscillating forces will be analyzed 

for the first two orders and only. The crankshaft will be seen as in Figure 30, so the analysis 

will have the first crank pin at 0 degrees and the other two will follow in 120 and 240 degrees. 

Equation 25 can be further analyzed if we substitute the identity. 

 

cos(𝑎 − 𝑏) =   cos 𝑎 𝑐𝑜𝑠𝑏 + 𝑠𝑖𝑛𝑎 𝑠𝑖𝑛𝑏 

 

Since the dimensions and masses from the CAD model are known the forces can be analyzed 

in Matlab.  
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The oscillating forces of the crankshaft are zero. This can be explained as the cancelation of 

the oscillating forces due to the different angles of the crank journals and the firing sequences. 

It is very common that crankshafts with a bigger arrangement of two pistons cancel the 

oscillating and rotating forces. As a general rule, it can be said that in four stroke inline 

engines with the crankpins arranged for even firing, all harmonics of the shaking forces are 

balanced except of those whose multiple is n/2 were n is the number of cylinders. It is also 

interesting to observe that the secondary harmonics are oscillating with double frequency than 

the first harmonics. 

3.5.3 Rotating forces 

The rotating forces are acting in x and y direction as shown in Figure 29. These forces can be 

analyzed graphically or analytically. In equations 26 and 27 can be seen how the forces can be 

expressed due to different arrangements of any crankshaft configuration. 

 

𝐹𝑟𝑜𝑡𝑦 = 𝑚𝑟𝑜𝑡𝑟𝜔2 ∑ cos(𝜔𝑡 − 𝜑𝑖)𝑛
𝑖=1                                       (26)                         

𝐹𝑟𝑜𝑡𝑥 = 𝑚𝑟𝑜𝑡𝑟𝜔2 ∑ sin(𝜔𝑡 − 𝜑𝑖)𝑛
𝑖=1                                       (27)                

The same symbols are used as in oscillating forces. The results were calculated for 1500 rpm 

and for 720 degrees of rotation. 

 

The forces in x and y direction from the rotating masses is almost zero. The forces cancel 

each other because of the geometrical configuration of the crank angles. 

3.5.4 Moments of the forces 

 

 

Figure 30  Unbalanced forces which produce unbalanced moments to the crankshaft. 
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The unbalanced moment of the crankshaft and the angle that acts on it should be found. These 

moments act in x-z and y-z plane. The model will consist of the crankshaft without taking into 

consideration the counterweights but only the webs and crankpins. The equations of the 

moments in x and y direction are 28 and 29 respectively. 

 

∑ 𝑀𝐴𝑥 =   ∑  𝑙𝑖 𝐹𝑟𝑜𝑡𝑥(𝑖)
𝑛
𝑖=1                                                  (28) 

∑ 𝑀𝐴𝑦 =  ∑ 𝑙𝑖 𝐹𝑜𝑠𝑐(𝑖)
𝑛
𝑖=1 + ∑  𝑙𝑖 𝐹𝑟𝑜𝑡𝑦(𝑖)

𝑛
𝑖=1                                       (29) 

 

These equations can be further expanded if the identities of cos(a-b) and sin(a-b) are 

expanded. The unbalanced angle 𝜑1 can be found by equation 30 and the total moment from 

equation 31. 

𝜑1 = tan−1 ∑ 𝑀𝐴𝑥

∑ 𝑀𝐴𝑦
                                                          (30) 

∑ 𝑀𝐴 = √∑ 𝑀𝐴𝑥
2

+ ∑ 𝑀𝐴𝑦
2
                                                 (31) 

 

The moments of the unbalanced crankshaft which were derived from the CAD model were 

calculated in Matlab and the graphical representation can be seen in Figures 31 and 32. 

 

 

Figure 31  Moments in y direction in different angles. 

 

It is of great interest to analyze the graph, this will help the further understanding of the 

problem. These moments are calculated due to the rotation of the crankshaft in 1500 rpm. It 

can be easily understood that the second order oscillating moments have double frequency 

from the first harmonics and moments. This can be easily explained by retaining a better look 
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to the equations which describe the phenomena, the secondary forces will have product of 2𝜑 

and as a consequence they will have double frequency compared to the first order. 

 

 

Figure 32  Moments in x, y and total Moment in different angles. 

The moments in x-z and y-z plane and the magnitude of these can be seen in Figure 32. It can 

be observed that the fluctuation in x-z and y-z plane shows that there is a peak in different 

angles and that in x direction is sinusoidal. 

3.6 Methods of balancing the crankshaft 

In the previous sections, the net forces and moments of the unbalanced crankshaft were 

determined. The results are giving a good perspective in the amount of balancing that can be 

achieved with only counterweights. It can be clearly seen now that the moments and forces 

from secondary harmonics cannot be balanced correctly by adding mass to the counterweights 

but only from secondary counterbalance shafts which rotate twice the speed of the crankshaft.  

3.6.1 Modularized design of the crankshaft 

The unbalanced crankshaft was analyzed, the forces and moments that act on the ground and 

cause vibrations have been found above. The shaking forces are cancelling each other and this 

is caused by the design arrangement of the cranks, i.e. the angular difference of 120 degrees. 

The shaking moments are not zero, this will cause vibrations to the frame and it will reduce 

the life time of the component. An attempt was made in order to find the masses and the 

proper arrangement of them to the crankshaft that will cancel the unbalanced moments. The 

moments were analyzed at the previous chapter for the existing unbalanced crankshaft and it 

was found that the unbalanced moment exists at an angle of 𝜑1= 24.33 degrees, equation 35. 

A first attempt to modularize the design will be done by placing equal mass values at certain 

radius, the masses are symbolized with 𝑚𝑐 and the radius with 𝑟𝑐. The graphical 

representation of the design can be seen in Figure 35. The first three masses at the y-z axis are 

placed at an angle of 180 + 𝜑1 and the three last masses at the angle 𝜑1. The radius 𝑟𝑐 is the 

same for all the masses which were placed. Equations 32 and 33 express the balanced force 

analysis of the shaft in x and y direction. 
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𝐹𝑠𝑦 =  (𝑚𝑜𝑠𝑐 + 𝑚𝑟𝑜𝑡𝑦)𝑟𝜔2 ∑ cos(𝜔𝑡 − 𝜑𝑖)
𝑛
𝑖=1 + 𝑚𝑐𝑟𝑐𝜔2 ∑ cos(𝜔𝑡 − 𝜑𝑖)

𝑛
𝑖=1          (32) 

𝐹𝑠𝑥 =  𝑚𝑟𝑜𝑡𝑥𝑟𝜔2 ∑ sin(𝜔𝑡 − 𝜑𝑖)𝑛
𝑖=1 + 𝑚𝑐𝑟𝑐𝜔2 ∑ sin(𝜔𝑡 − 𝜑𝑖)

𝑛
𝑖=1                   (33) 

 

The placement of three masses at 𝜑1 with equal radius and three masses at 180 + 𝜑1 with the 

same radius will cause the force to be zero. In a previous chapter it was shown that the 

shaking forces of the unbalanced shaft are also zero, this leads to the conclusion that there are 

only moments which produce unbalance of the crankshaft in this design. 

 

Figure 33  Point mass representation of the crankshaft with counterweights in x-y and y-z direction . 

The moments that act in x and y direction of the unbalanced crankshaft can be found from 

equations 39 and 40, were 𝐹𝑐 is the force which is produced by the balanced masses. This 

force can be found by calculating the 𝑚𝑐𝑟𝑐 of equation 34 and 35 in y and x direction 

respectively. 

 

∑ 𝑀𝐴𝑥 =   ∑  𝑙𝑖 𝐹𝑟𝑜𝑡𝑥(𝑖)
𝑛
𝑖=1 +  ∑  𝑙𝑖 𝐹𝑐𝑥(𝑖)

𝑛
𝑖=1                                   (34) 

∑ 𝑀𝐴𝑦 =  ∑ 𝑙𝑖 𝐹𝑜𝑠𝑐(𝑖)
𝑛
𝑖=1 + ∑  𝑙𝑖 𝐹𝑟𝑜𝑡𝑦(𝑖)

𝑛
𝑖=1 +  ∑  𝑙𝑖 𝐹𝑐𝑦(𝑖)

𝑛
𝑖=1                       (35) 

 

A numerical model of the moment equilibrium was created in Matlab in order to find the 𝑚𝑐𝑟𝑐 

values which will cause the moments to become zero. The results can be seen in Figure 34. 

 



47 

 

 

Figure 34  mc rc values due to Moments in x and y direction. 

As it can be seen in figure 35, the design configuration of the crankshaft which was chosen as 

a modularized design will give a zero product of the moments at a certain 𝑚𝑐𝑟𝑐 value. The 

same modeling technique will be used in order to try and find all the possible modularized 

designs of the crankshaft. The model was optimized in a CAD model and it can be seen in 

figure 35. 

 

 

Figure 35  Modular design of the crankshaft. 

3.7 Analysis of the forces that act at the bearings 

A crankshaft which is perfectly balanced will not deform due to unbalanced moments and 

forces and as a consequence it will minimize the vibrations to the frame. Adding mass to the 

counterweights in order to balance the crankshaft perfectly will produce higher reaction forces 

to the main journals. This will affect the fatigue life of the crankshaft and the dimensions of 

the journal bearings. It is beneficial to understand how the reaction forces are affected by 

adding or removing mass from the counterweights. Figure 36 shows a graphical 

representation of the model. 
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Figure 36  Reaction and counterweight forces to the main journal. 

Were 𝑅1, 𝑅2 are the reaction forces and 𝐹𝑐1, 𝐹𝑐2 are the forces from the mR value of the 

counter weights. A simple equilibrium analysis of the forces and the moments will give the 

numerical evaluation of the reaction forces. The forces from the counterweights can be 

calculated for any angle and any mR value in x and y direction from equations 36 and 37. 

 

𝐹𝑐𝑥 = 𝑚𝑐𝑟𝑐𝜔2 ∑ cos(180 + 𝜑𝑖 + 𝜑𝑖2)𝑛
𝑖=1                              (36) 

 

𝐹𝑐𝑦 = 𝑚𝑐𝑟𝑐𝜔2 ∑ sin(180 + 𝜑𝑖 + 𝜑𝑖2)𝑛
𝑖=1                               (37) 

 

Were 𝜑𝑖2 is the angled position of the counterweight regarding the 180 degrees difference 

from the crank journal which has been already taken into consideration. Figure 37 shows the 

comparison between the numerical and Adams model as far as concern the reaction forces in x 

and y direction in 1500 rpm. 

 

  

Figure 37  Numerical and MBS simulation between reaction forces in y direction. 

 

The results present some significant difference between the values of the two models. This 

can be explained if we take into consideration the differences between the modeling 

procedures of the two methods. The analytical method provides accurate results for the 

analysis of the component as point masses and can be used for the modification of them. As 
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modification it is meant the change of the 𝑚𝑐𝑟𝑐values of the counterweights and the angle 

which they are set. Figure 38 shows the effect of reducing the counterweights by 50% on the 

reaction forces at 4000 rpm. 

 

 

Figure 38  Numerical and MBS simulation between reaction forces in x and y direction. 

It can be seen that the reaction forces with 50 % counterweight are smaller than with full 

counterweights. This result is providing the information that if a percentage of unbalance can 

be accepted, the designer can use it in order to reduce the reaction forces and as a result to 

improve the life time and performance of the crankshaft and the journal bearings. Figure 39 

shows the force in y direction to the crankshaft in 4000 rpm and the effect of the forces from 

the counterweights. It can be seen that the counterweight’s force is sinusoidal. On the other 

hand, the force to the crankshaft is not sinusoidal but affected clearly by the gas forces and 

from the acceleration of the oscillating and rotating masses. It can be also seen that before the 

TDC the forces from the counterweights add to the main force and as a consequence to the 

reaction forces. 

 

 

Figure 39  Effect of the counterweight to the main force in y direction. 
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This model which was presented above describes the one piston model and not the three 

piston. The reaction forces at the second and third journal bearing will be affected from the 

firing sequence which will occur with a difference of 240 degrees. Figure 40 shows the 

reaction force at the second journal bearing with 100% counterweight and 50% 

counterweights. 

 

 

Figure 40  Force at bearing 2 100% and 50% counterweights. 
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Chapter 4 

 

Concept generation and evaluation 

 

This chapter describes the different configurations and solutions of the modularized 

crankshaft manufactured with PM technology. The general requirements of a modularized 

crankshaft with PM and three different configurations of the component are described. These 

requirements-specifications provide only the general solution of a modularized crankshaft, 

and problems such as methods for connecting the pieces, rigidity of the assembly, material 

selection and stress analysis are not discussed in detail. 

4.1 Requirements-Specifications 

The component design specification table (CDSs) for a crankshaft with PM is found in 

Appendix A. Below, the requirements-specifications can be seen which are critical for this 

stage of the project.  

 Rigid connection of the components 

 Easy to assemble 

 Possible to dissasemble (wish) 

 Modularized design for different adjustment of counterweights 

 Allows location of the crank web 

 Easy to manufacture 

 Shapes compatible with PM technology 

 As few pieces as possible 

 As few steps as possible during assembling 

 Assembly procedure after compacting (green strength), wish 

 Robust parts with low notch sensitivity 

 Less external machining 

By having in mind these engineering specifications, ideas have been generated and the most 

applicable design will be evaluated through the Pugh matrix. The ideas concern only the 

modularization in general and do not solve in depth the difficulties of the whole project. The 

most applicable ideas are presented below. 

4.2 Idea generation 

The modularization of the crankshaft and the fact that the counterweights should be placed at 

a certain angle limited the idea generation procedure. Three solutions will be presented; the 

three ideas which are more compatible are discussed and presented as CAD models. 

Furthermore, the PM technology gives the ability to produce components with different 

densities. This provides advantages and disadvantages which will not be discussed in detail 

during this project. The density which is chosen is an average density of a PM component, 



52 

 

7100 
𝐾𝑔

𝑚3
. According to this density and the dimensions of the scanned crankshaft, a simplified 

model of a web was designed, see figure 41. This web is used as a reference in order to design 

the counterweights.  

 

Figure 41  Web. 

The counterweights were designed in order to provide a certain amount of mass at a certain 

angle. Emphasis is given to the compatibility with PM technology and to retain the center of 

mass at the center of the crankshaft. The designed components are representative of the 

geometry but not fully dimensioned. Further work should be done for this purpose. 

4.2.1 Design 1 

Figure 42 shows the design number 1. This design has 6 counterweights, the first three at an 

angle of 180 +𝜑𝑖 and the last three at an angle of 𝜑𝑖.They are also numbered in order to 

understand better the design configuration. 

 

Figure 42  Design of the crankshaft with six counterweights. 

The assembly is composed by four different counterweights attached to webs. The 

manufacturing procedure consists of four different tools which will punch the four different 

counter-webs. The cw 5 and cw 6 counterweights with webs for example, can be punched as 

one and from the same machine. After the punching, external machining should follow in 
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order to open the holes for the main journal shaft and the crank-pin shaft, to be fitted. This 

procedure cannot be performed during punching because these holes are at the same spot but 

opposite. This is a result of the angled counterweights and this is why the same component 

cannot be used for the two crank webs. It can be said that the cw 5 and cw 6 are mirrored 

components with opposite fit grooves. The same describes the cw1 and cw 2. 

 

 

Figure 43  Counter-webs 6 and 2. 

Figure 43 shows from left to right the counter-webs number 6 and 2 which are the same as 

numbers 5 and 1 respectively. 

The cw 3 and cw 4 are components which must be punched from a different mold. The crank-

webs of the crankshaft have a difference in 120 degrees. The first is at zero degrees, the 

second is at 120 and the third at 240 degrees. As mentioned, the first three counterweights 

will be at an angle of 180 +𝜑𝑖 and the last three at an angle of 𝜑𝑖. The cw 3 and 4 are 

connected by the same crank-web shaft and they are at the same angle of 120 degrees. Their 

counterweights have to be in 180 degrees, if the cw 3 is just mirrored and produced as the 

same as cw 4, with opposite fitting grooves, the angle in which the counterweight will occur 

will not be 180+𝜑𝑖 but in a different angle. 

4.2.2 Design 2 

The design number 2 consists of four counterweights at the two sided ends of the crankshaft 

and two webs. Figure 44 shows the CAD model of design 2. 

 

Figure 44  Design of the crankshaft with four counterweights. 

The two counterweights attached to the webs to the right are identical except for the mirrored 

fitting grooves in which the main journal and crank-web shafts are going to be connected. The 
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middle webs are the same webs which were described at the beginning of the chapter. In order 

for these parts to be manufactured, three different tools should be used. The counter-webs 

which are the same, should be externally machined to obtain the main journal fitting grooves 

and crank-web fitting holes. figure 45 shows a picture of the two different counter-webs. 

 

Figure 45  Counter-webs of the four counterweighted crankshaft. 

4.2.3 Design 3 

The design 3 is a modular design which consists of a crankshaft with only webs which are 

connected via the main journal shafts and crank-web shafts. The webs are produced by only 

one tool and as a result only one mold is needed. Figure 46 shows the model of the crankshaft 

with only the webs. 

 

 

Figure 46  Crankshaft with webs. 

The counterweights are manufactured as independent pieces with PM and connected to the 

crankshaft by welding, brazing or with a bolted connection. The counterweights can be 

produced from one mold and as a consequence a second tool is needed. Figure 47 shows the 

modular design of a crankshaft with attachable counterweights. 

 



55 

 

 

Figure 47  Crankshaft with attachable counterweights. 

External assembly operations is needed for the crankshaft and for the counterweights. The big 

advantage is that the counterweights can be modular and can be attached in any angle that it is 

needed. The disadvantage is that depending on the chosen connection (welded, bolted or 

brazed) more assembly and manufacturing steps will occur. 

4.3 Evaluation of the concepts 

The concepts which are generated and presented previously must be evaluated. A common 

independent evaluation method uses the decision matrix or Pugh’s matrix. This method is 

simple and very effective when concepts must be evaluated. Figure 48 shows the general form 

of the Pugh’s matrix. 

 

Figure 48  Structure of Pugh's matrix. 

The concepts are implemented and evaluated by the Pugh’s matrix. The criteria’s are the 

engineering specifications which have been presented before. The importance of them have 

been graded with 1, 3, and 5. The alternative designs are five, considering that design number 

three has three alternatives, brazing, welding and bolted connection. The designs are 

evaluated with -1, 0 and +1. -1, means that the design does not fulfill the criterion and at the 

same time it produces a negative result. 0, means that the design fulfills the criterion but it 

does not produce the best result. +1, means that the design fulfills the criterion and produces 

the best result. Table 2 presents the results from the Pugh’s matrix. 
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Table 1  Pugh's matrix. 

Alternative designs Design 1 Design 2 Design 

3, 

brazed 

Design 

3, Bolted 

Design 

3, 

Welded 

Easy to assembly 5 1 1 0 1 -1 

Modularized 

design 

5 -1 1 1 0 1 

Less assembly 

steps 

3 1 1 0 -1 0 

Disassembly  1 0 0 0 1 0 

Shapes for PM 5 1 1 1 1 1 

Less pieces 5 -1 0 1 0 1 

Robust parts 3 1 1 0 0 1 

Low notch 

sensitivity 

5 1 1 0 0 1 

External 

machining 

3 -1 0 1 0 0 

Results 8 22 18 8 18 

 

The decision matrix has clearly shown that the best design is number two. It can be said that 

the best design refers to this stage of the project, future modifications should be made 

according to further engineering specifications which will occur. 

4.4 Comparison of the new and the existing design 

The existing CAD model and the new concept design must be compared and be evaluated in 

order to extract some basic conclusions. In order to do that, a basic assumption should be 

made for the new concept. The assumption is that the connections of the crankshaft are rigid 

and perfect as far as concern the parallelisms and perpendicularities. The models are 

compared concerning the mass, the center of gravity and the natural frequencies. 

4.4.1 Mass and Moment of inertia comparison 

The mass and MOI of the new design and the current design are measured in the CAD 

program. For the current design an average density of 7800 kg/𝑚3 was used. For the new 

design from PM two different densities were used. The first is a density of 7100 kg/𝑚3 for the 

webs and counter-webs which is the same as the one which is used during calculating the 

counterweights and a common density used for PM components. The second is a density of 

7800 kg/𝑚3 for the main journal and for the crank-web shafts. The reason for this is that it is 

more cost effective to produce such simple shaped components with traditional manufacturing 

techniques rather than with PM. Table 2 shows the resulting masses of the components. 
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Table 2  Mass properties of the models. 

 New design with 

PM 

Current model 

Mass (kg) 5.7 6.67 

MOI (kg𝑚2) 3.53e-02 4.59e-02 

 

4.4.2 Center of gravity comparison 

The center of gravity is compared graphically from the CAD model. This is done in order to 

have a preliminary verification if the crankshaft which is designed is balanced. This will not 

validate the model since only a physical model can produce a verification result. Nevertheless 

the CAD representation will provide some kind of verification of the numerical model.  

 

Figure 49  Center of mass of new design. 

As it can be seen in Figures 49 and 50 the center of mass of both models is at the center of the 

crankshaft.  

 

Figure 50  Center of mass of current design. 
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4.4.3 Natural frequency analysis 

The models are compared also as far as concern the natural frequencies. The comparison of 

these values provides a feeling of how the components will behave and which are the 

frequencies which are critical to be excited and lead to a sudden failure, these are also 

frequencies which are inside the limits of the hearing range. In table 4, the results of the 

frequency analysis are shown. The software which was used is PTC-Creo 2.0 and the mesh is 

a fine mesh.  

Table 1  Natural frequency comparison. 

Natural 

Frequency 

(Hz) 

New design New design behavior 

characterization 

Current 

model 

Current model 

behavior 

characterization  

Mode 1 0 F 0 F 

Mode 2 0 F 0 F 

Mode 3 0 F 0 F 

Mode 4 0 F 0 F 

Mode 5 0 F 0 F 

Mode 6 0 F 0 F 

Mode 7 223.528 By 265.672 By 

Mode 8 266.54 Bx 298.126 Bx 

Mode 9 559.9 Bz 626.73 By only cw1 and cw6 

Mode 10 619.57 T 664.862 T 

Mode 11 764.74 Bx, cw1 and cw2 831.458 Bz, cw1 and cw2 

Mode 12 1111.7 T+Bz J1,J2 and cw3 1129.08 T+Bz J1,J2 and cw2 

Mode 13 1314.1 Bx-y 1383.15 T+Bz 

Mode 14 1559.4 T 1723.46 T 

Mode 15 1820.6 T+Bz direction 1920.11 Bx 

Mode 16 2015.6 Bz direction flywheel 2022.98 Bz direction flywheel 

Mode 17 2033.97 T+Bx-y  2028.99 T+Bx-y, flywheel 

Mode 18 2049.7 Bz direction flywheel 2033.44 T 

Mode 19 2214.1 T 2256.27 T 

Mode 20 2549.7 Bz, only cw4 2509.11 Bz, only cw4 

Near every natural frequency, there is an explanation of how the component behaved at this 

particular frequency. Y direction is the one that the piston and rod moves. X direction is the 

perpendicular axis in respect to y direction. Z direction is the third which describes the axis 

along the crankshaft. B is bending, T is torsion and F is free in space. CW is each of the four 

counter-webs, which are numbered and J is the journal bearing’s shafts and counter-webs 

together, also numbered. The crankshafts are numbered in the same way as it can be seen in 

Figures 51 and 52. 
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Chapter 5 

 

Discussion and Conclusions 

 

5.1 Discussion 

During this project, the main target was to evaluate if it is possible to modularize a crankshaft 

by having different parts and design them for PM. The new design was based on the scanned 

crankshaft from an one liter engine of a smart four two car. From this model, dimensions and 

other properties were extracted. In general this CAD model was used as a base for this project 

and that is why the author named it, a model based design approach. After the background 

research which lasted for about a month, a kinematic-kinetics numerical model was created in 

order to find the forces at the crank-journal. A MBS model was created in Adams in order to 

verify the results. The results were verified and the model was expanded from a one piston to 

a three piston crankshaft. These results will be used for a future work which will concern 

stress analysis and material selection. After that, the balancing of the crankshaft was identified 

and a model was created in Matlab. The model gave results which can be used in order for the 

crankshaft to become more robust and vibrations free. In general, ideas were generated that 

concern a modular design but this concerned the modularization of the component in general 

and not how to connect the different parts and to specify the exact shape of the crankshaft. 

The ideas were evaluated according to the component’s specifications with a Pugh matrix and 

the design two was selected. The new designs are compared with the current design as far as 

concern the mass, MOI, COM and natural frequency analysis. Future work is needed. The 

form of the individual components will change when the stress analysis will be conducted. 

5.2 Conclusions 

5.2.1 Conclusions from the background research 

The main manufacturing methods of a crankshaft are traditionally two, forging and casting. 

Air cooled forging steels and micro alloying steels are used in forging. Ductile iron and 

austemperd ductile iron is used in the casting technique. These processes will provide a near 

net shape but further traditional machining operations are always needed. Furthermore, the 

main journals and the crank journals are usually strengthened by induction hardening or 

nitriding.  

5.2.2Conclusions from kinematics-kinetics analysis 

The forces at the crank-journals depend on the gas forces and the acceleration of the masses 

of the piston, rod and the crankshaft. A numerical model was created in Matlab and a MBS 

model in Adams. The MBS model in Adams verified the numerical results in Matlab. The 

three piston MBS model was verified by the one piston model. These cyclic forces will be 

used in a future work for the stress analysis and choice of suitable PM materials. 
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5.2.3 Conclusions from the balancing procedure 

The crankshaft should be balanced statically and dynamically. In x and y direction the forces 

from the rotating and oscillating masses should become zero. The oscillating masses are the 

piston, the pin that connects the piston to the rod and the part of the rod from the small eye to 

the center of mass of the rod. The rotating masses are the rod from the big eye to the center of 

mass of the rod, the crank-journal and half of the webs. The gas forces do not contribute to the 

balancing procedure because they are internal and they are cancelled into the combustion 

chamber. The geometrical configuration of a three piston crankshaft provides physical 

balancing for the forces of these masses. In z direction, the oscillating and rotating masses will 

produce two unbalanced moments, in x-z and in y-z planes. This moment should be balanced 

by adding additional masses at a certain angle. 

5.2.4 Conclusions from the resulted design 

Several designs were created during the brainstorming stage. Using the Pugh matrix one 

modular design was selected. The three piston crankshaft has the crank-journals in an angle 

offset of 120 degrees. This and the fact that the counterweights should be placed at a certain 

angle produced problems to the modularization of the component. With the proposed design, 

three different counter-webs must be produced. The counterweights which are attached to the 

webs and are sided must be externally machined at the spots in which the main and crank 

journals will be connected. The comparison of the new and old design showed that the mass 

and moment of inertia are reduced compared to the existing crankshaft. A preliminary 

verification of the balancing calculations is the center of gravity which is at the center in all of 

the three directions x, y and z.   
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Chapter 6 

 

Future work 

The forces that act to the crank-journal of the crankshaft and the forces of the main journal 

were found. The next step is to implement these forces into an FEM model and dimension the 

crankshaft’s web, crank-journal and main journal. A big part of the FEM analysis will be the 

material definition into the software since PM technology produces porous materials with 

lower densities and varying densities along the depth of the shape. By using FEM, a vibration 

analysis should be conducted for the dimensioned crankshaft and with focus on the material 

definition. Steel from PM has higher damping ability compared to normal steel and that is a 

result of the porosity. The most critical part is to define a way to connect the pieces and 

achieve rigidity and perpendicularity on the connections. After this future work stage, a mass 

production procedure of the crankshaft with PM should be defined as well as a cost evaluation 

of this process. 
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Appendix A 

Requirement Specifications 

Performance Work under cyclic loading  

Infinite fatigue life 

Rigid connection of the components 

Rotational speed, 800-6500 rpm 

Easy to assembly 

Possible to dissasembly (wish) 

Modularized design for different adjustment of counterweights 

Rigid-Stiff connection 

 Able to locate the crankweb  

Easy to manufacture 

 Compatible shapes with PM technology 

 As less pieces as possible 

 As less steps as possible during assemblying 

 Assembly procedure after compacting (green strength), wish 

Environment 

 

Work under cycling loading 

Clean and fully lubricated environment 

Handle the vibrations 

Temperature between  -15 and 60 𝐶0 

Industrial environment during manufacturing and assembly 

Life in service 2-3 hours every day for 15 years 

Maintenance Free of maintenance 

Target product 

cost 

Lower cost from the available manufacturing techniques 

Shipping By land and sea  

Packing Water proof and shock absorbing 

Quantity The higher quantity that can guarantee a low cost  

Manufacturing 

Facility 

Internal or external manufacturing facility which has the capability of 

producing components with pm 

Size Main journals can fit to the frame 
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Total dimensions smaller than the oil sump of the engine 

Radius of counterweights 40 mm smaller than the frame internal wall 

Weight Same weight  as the existing crankshaft +10% 

7-8 kg 

Aesthetics, 

appearance and 

finish 

User friendly, no sharp edges. 

Good finish quality to the journals 

 

Materials Compatible materials with the pm procedure 

Materials that can be recycled 

Product Life 

Span 

In production for as long as possible 

Standards & 

Specifications 

The product should follow the CE-regulations. 

The product should follow the standards of the automotive industry 

Shelf life 

(storages) 

It should be kept as an inventory in the factory after manufacturing 

Time-scales The phase of concept generation 1 month, end of May 

Concept evaluation 2 weeks, middle of June 

 

Testing  Testing the unbalance after manufacturing 

Testing the quality of the assembly after manufacturing 

Safety 

 

Sharp corners should be avoided. 

The functional parts must work in a closed space. 

Company 

constraints 

Manufacturing, material and processes with pm. 

Legal 

legislations 

Follow the safety regulations of EU.  

Follow the safety regulations during manufacturing of EU. 

Installation Installation into the manufacturing facility 

Documentation Instructions of the manufacturing procedure with pm 

Instructions for the sintering procedure 

Instructions for the assembly procedure 

Instructions for packaging 

  

Disposal As easy as possible to disposal (wish) 
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