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Sammanfattning 
Kamaxlarna är viktiga komponenter i förbränningsmotorer. Deras syfte är att styra öppnandet 

och stängandet av insugnings-och avgasventiler, som påverkar olika aspekter av motorns 

prestanda. Ventilerna kontrollerar intaget av luft-bränsleblandningen i förbränningskammaren 

och förbränningsmotorns avgaser. Synkroniseringen av denna uppgift med motorns cykel är 

avgörande för systemet drift, och timing parametrar såsom ventil varaktighet påverkar motorns 

effekt och effektivitet. 

Denna avhandling behandlar utvecklingen av ett program för kamaxel design. Programmet måste 

kunna ta emot indataparametrar, bearbeta dem och ge visuell och numerisk information så att 

användaren kan fatta beslut i designprocessen. Det måste också vara intuitivt och ge vägledning 

genom en mycket iterativ process. Programmet är uppdelat i två delar: kammekanismen och 

axelns konstruktion. Insugs-och avgas kammar är ursprungligen tänkta i enlighet med önskade 

tidsegenskaper för förbränningscykeln, motorvarvtalet och mekanismen strukturella egenskaper. 

De ingår i en axel med specifik struktur och dimensioner, och dess deformationer och spänningar 

analyseras i syfte att validera designen eller för att säkerhetskopiera till ett tidigare steg för att 

utföra en ny iteration. 

Programmet är utvecklat helt i Mathworks Matlab med Matlab's GUIDE för GUI design och 

använder bara vanliga Matlab-bibliotek. 

Den utvecklade Metoden presenteras tillsammans med beskrivning av GUI och ett exempel,som 

verifieras  med hjälp av ANSYS genom att utföra en FEM-baserad deformations och 

spänningsanalys. 
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Abstract 
Camshafts are crucial components in combustion engines. Their purpose is to control the 

opening and closing of intake and exhaust valves, which affects various aspects of an engine’s 

performance. The valves control the intake of the air-fuel mixture in the combustion chamber 

and the exhaust of combustion gases. The synchronization of this task with the engine’s cycle is 

essential for the system to work as desired, and timing parameters such as valve duration affect 

the engine’s power and efficiency. 

This thesis addresses the development task of a software program for camshaft design. The 

program must be able to receive input design parameters, process them and provide visual and 

numerical information for the user to make decisions in the design process. It also needs to be 

intuitive and provide guidance through a highly iterative process. The program is divided in two 

parts: cam mechanism and shaft design. The intake and exhaust cams are initially designed in 

accordance to the desired timing properties of the combustion cycle, the engine speed and the 

mechanism’s structural properties. They are later included in a shaft with specific structure and 

dimensions, and its deformations and stresses are analyzed in order to validate the design or back 

up to a previous step to perform a new iteration. 

The program is developed entirely in Mathworks Matlab using Matlab’s GUIDE for the GUI 

design and only standard Matlab libraries. 

The development method is presented along with the GUI’s description and an application 

example, using ANSYS to perform a FEM deformation and stress analysis for comparison with 

the program’s results. 
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NOMENCLATURE 

Here are the descriptions of the Notations and Abbreviations that are used in the present thesis.  

 

Notations 

Symbol Description 

E Young´s modulus (GPa) 

F Force (N)  

f Coefficient of friction 

I Moment of inertia (m
4
 ) 

T Torque (N m) 

V Shear force (N) 

M Bending moment (N m) 

θ Curvature (rad) 

d Deflection (m) 

   Tensile stress (MPa) 

   Shear stress (MPa) 

    Von Mises equivalent stress (MPa) 

 

Abbreviations 

 

CAD Computer Aided Design 

CAE Computer Aided Engineering 

FEM Finite Element Method 

MBS Multi-Body Simulation 
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1  INTRODUCTION 

This chapter describes the background, the purpose, the limitations and the methods used in the 

presented project. 

1.1 Background 

Cam mechanisms are used for various tasks in a wide range of machines. Some examples are 

pumps, linear actuators and mechanical automation devices. But the most common and 

thoroughly studied use for cams is valve actuating in internal combustion engines. 

A cam mechanism purpose in an internal combustion engine is to control the opening and 

closing of intake and exhaust valves, which affects various aspects of an engine’s performance. 

The valves control the intake of the air-fuel mixture in the combustion chamber and the exhaust 

of combustion gases. The synchronization of this task with the engine’s cycle is essential for the 

system to work as desired, and timing parameters such as valve duration affect the engine’s 

power and efficiency. 

The cams are disposed along a stiff shaft which rotates by half the speed of the crankshaft in a 

four stroke engine and the same speed in a two stroke engine. This shaft is driven by the 

crankshaft by either a gear or a chain mechanism, and is situated in the engine’s structure using a 

series of bearings. It can also contain an eccentric for fuel pumping and a gear mechanism for 

distributor driving and oil pumping. 

The challenge of designing a camshaft needs the designer to solve a large number of problems. 

The shape of the cam must be chosen, the kinematics of the valve motion, the forces and 

moments that the cam transmits to the shaft must be calculated. The shaft suffers certain 

deformations and stresses due to the suffered loads, which should comply with specified ranges 

or a given security factor, and its bearings admit a certain amount of load and shaft curvature. All 

this is performed side by side with design decisions on the mechanisms structural and 

dimensional properties, which makes of this task a highly iterative process. 

1.2 Purpose 

The purpose of this project is to develop an interactive software tool that assists the user in the 

solution of the main encountered problems in the previously defined design task. The program 

should simplify the task by incorporating algorithms with the capacity to process a flexible 

amount of input data and send results back in order for the user to analyze them without the need 

of doing extensive calculations or preparing mathematical and FEM models. 

Another objective is to make the program as intuitive and helpful as possible, in order for a 

person new to the software to be able to use it without previous instruction. A person with low 

knowledge on the topic should be able to understand what each variable means, what the 

program does and how the given results affect the design. It should therefore have an informative 

and instructive oriented interface.  

Lastly, the program’s code should be divided in clearly explained parts in order for it to be easily 

modified or improved. A side objective of the project is to provide a base for anyone who wishes 

to either improve the program or use parts of it to use it in new software, mainly if it is for 

educational purposes. The program’s source is therefore intended to be available to anyone that 

wishes to retrieve it. 
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1.3 Delimitations 

The program should be able to process: 

 Engine maximum speed 

 Type of cam pitch curve 

 Valve timing data and stroke 

 Cam mechanism structural and dimensional properties 

 Cam mechanism dynamic properties 

 Valve preload and spring stiffness 

 Shaft structural and dimensional properties 

 Shaft drives data 

 Shaft material properties 

 Stress concentration factors in shaft sections 

And it should be able to calculate: 

 Valve position, velocity and acceleration functions 

 Cam radius function 

 Cam-follower contact position and angle 

 Minimum valve spring stiffness 

 Cam contact and reaction forces and moments 

 Shaft bearing reactions 

 Torques and forces in shaft drives 

 Shaft torques, shear forces, bending moments, curvatures and deflections 

 Shaft bending, torsional and shear stresses 

 Shaft principal and Von Mises stresses 

 Security factors for yield failure 

Additionally: 

 Programmed for four stroke engines, but possible to use for two stroke engines 

 Ability to save and load projects 

1.4 Method 

The program is developed entirely in Mathworks Matlab using Matlab’s GUIDE for the GUI 

design and only standard Matlab libraries. The different algorithms and mathematical methods 

that were used in the code will be further described in the “process” section. 

ANSYS is used to perform a FEM stress analysis for comparison with the program’s results on 

an example case. The camshaft CAD model imported into ANSYS is modeled using SIEMENS 

Solid Edge.  
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2  FRAME OF REFERENCE 

This chapter presents a summary of relevant knowledge about cam mechanisms, camshafts, their 

characteristics and different components. 

2.1 Use of cams in internal combustion engines 

The camshaft’s function in an engine is to operate the valve train. The lobes on the camshaft 

push open the valves against the force of the valve springs. Cam shape is the major factor in the 

operating characteristics of the engine; it has more control over the engine’s performance 

characteristics than any other component (Ellinger and Halderman, 1991). 

There are essentially two kinds of engines depending on the valve train architecture: pushrod and 

overhead cam engines. Pushrod engines are more compact. In these engines the camshaft is 

located in the block, and it actuates the valves through a pushrod connected to the follower that 

transmits the cam push all the way to the cylinder head. Overhead cam engines, on the other 

side, have fewer moving parts in the valve train, which makes it more rigid and allows higher 

speeds. There can be a single camshaft operating both intake and exhaust valves or one camshaft 

for the intake and another one for the exhaust. These are called single and double overhead 

camshafts, respectively (Ellinger and Halderman, 1991). 

2.2 Camshaft and valve train components 

Depending on the type of engine and its architecture different components can be found in the 

valve train and the camshaft. A camshaft includes a drive, bearing journals, cam lobes and 

possibly an accessory drive and/or an eccentric cam lobe for fuel pump operation. The valve 

train can contain different kinds of followers, and depending on the engine architecture, pushrods 

and/or rocker arms. Ellinger and Halderman (1991) provide an extensive description of these 

components. Their main characteristics will be summarized next. 

The camshaft is driven by the crankshaft through either gears, sprockets and chains, or sprockets 

and timing belts. The gears or sprockets must be keyed to the shaft so they can only be installed 

in one position. The camshaft can then be placed in the correct relative position to the crankshaft 

through aligning of marks on the gear teeth or chain links. This is necessary in order for the 

valve opening and closing timing to be correct. 

Internal combustion engines use plain bearings for their inexpensiveness and high load carrying 

capacity. On pushrod engines, camshaft bearing journals must have a bigger radius than the 

lobes so that the shaft can be installed in the engine block through the bearings. Overhead 

camshafts usually use cap bearings. Bearing journals are in this case small in comparison with 

the cam lobes. 

Followers transform the cam lobe rotary motion into longitudinal motion by following the lobe’s 

outer surface in a certain direction. They usually have a relatively flat surface that slides on the 

cam. Other follower designs include a circular roller to follow the cam contour, which reduces 

the valve train friction. Some overhead cams operate directly on a rocker arm, which has a curve 

surface. This is also called a finger follower. 

In pushrod engines, rocker arms reverse the upward movement of the pushrod to produce a 

downward motion on the tip of the valve. Rocker arms are designed to reduce the follower lift 

while maintaining the valve lift. The side of the arm that actuates the valve is longer than the one 

actuated by the pushrod. The ratio between these lengths is approximately equal to the ratio 

between the valve and the follower lift. 
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2.3 Cam timing specifications 

The cam lobe shape determines the valve motion, which as stated before has major control over 

the engine’s performance. It therefore needs to be designed taking timing specifications into 

consideration, and controlling its influence on the mechanism’s dynamics. 

The opening and closing motion of the valve can be defined using different types of functions, 

which affect the velocity and accelerations of the valve train, and therefore the loads suffered in 

the mechanism. The function that describes the follower’s, and therefore the valve’s motion is 

called pitch curve, and three common pitch curve functions are parabolic, harmonic and 

cycloidal (Spotts, Shoup and Hornberger, 2004). 

Cam timing specifications are defined in terms of the angle of the crankshaft in relation to top 

dead center (TDC) or bottom dead center (BDC). The intake valves should open a certain time 

before the piston reaches TDC, in order to assure that the valve is open when the intake stroke 

starts. It also closes after BDC since the air fuel mixture inertia still draws mixture in even 

though the piston starts to rise. The exhaust valve opens slightly before BDC and after TDC 

because of the same reasons. Thus there is a certain time in the crankshaft rotation in which both 

valves are open, called “valve overlap” (Ellinger and Halderman, 1991). 

In the diagram shown in Figure 1 the valve intake opening time is represented by the blue line 

and the exhaust by the red one. 

 

Figure 1. Cam timing diagram 

 

Figure 2. Example of cam timing representation 

Figure 2 shows a representation of the valve lift as a function of the crankshaft rotation angle. 

The pitch curve function is in this case cycloidal. Note the valve overlap and the valves opening 

and closing before and after dead centers. 
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3  PROGRAM PLAN 

Planning of the way the different sections of the program are structured and the features it 

should include. 

3.1 Program structure 

Since the design problems follow a certain structure and order, the program should follow it as 

well. Figure 3 shows an overview of the program structure, which will be further explained 

below. 

 

Figure 3. Program structure 

The main window has a brief explanation of what the program does, and possibly an “about” tab 

that talks about the project, its author and people who collaborated. The window will be divided 

in cam design tasks and shaft design tasks, and from this window the user can navigate to any 

point of the process. The buttons to access the different parts of the program will be conveniently 

placed in order for the user to be able to complete a project from scratch. For simplicity and 

intuitiveness, the buttons in the rest of the windows will also be placed in the order the actions 

should be made (i.e. Load – Calculate – Save – Done). 

There is a window for each of the mentioned design tasks, and each of them has a data input 

section, a result visualization section, controls for both the data processing and the result 

visualization, and explanatory text and/or images, depending on the requirements of every 

specific window. 

3.2 Window inputs and outputs 

Table 1 collects the input information that should be given by the user in every window and the 

results that the program should be able to calculate and display. 

Table 1. User inputs and program outputs 

Cam 

Design 

Kinematics 

Engine maximum speed 

Type of cam pitch curve 

Valve timing data and lift 

Valve position, velocity and 

acceleration functions 

Contact 
Cam mechanism structural 

and dimensional properties 

Minimum base radius 

Cam radius function 

Cam-follower contact position 

and angle 
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Forces 

Cam dynamic properties 

Valve preload and spring 

stiffness 

Minimum valve spring stiffness 

Cam contact and reaction forces 

and moments 

Shaft 

Design 

Layout 

Shaft structural and 

dimensional properties 

Shaft drives data 

Shaft material properties 

Display of shaft geometry 

Beam solving - 

Shaft bearing reactions 

Torques and forces in drives 

Shaft torques, shear forces, 

bending moments, curvatures 

and deflections 

Stresses Stress concentration factors 

Shaft bending, torsional and 

shear stresses 

Shaft principal and Von Mises 

stresses 

Security factors for tensile 

failure 

Each of the sections relies not only on the user input data but on results from previous sections. 

Therefore the sections are disposed in order for the user to be oriented to perform all the previous 

steps before arriving to a specific one. 

3.3 Additional features 

Additionally, a file saving and loading system is developed. This is necessary for the program to 

retrieve previous information and results when the problem solving requires it. It’s also clearly 

beneficial for the user to be able to save a project whenever it’s desired, to go back to previously 

saved projects, to work with multiple simultaneous projects and to save backups of the project 

periodically. 

The save file system is divided in cam files and shaft files. Multiple cam projects can later be 

incorporated into one shaft project. The save files contain a structure of all the user input and 

program output data, and they can be opened with Matlab. The results given by the program can 

therefore be visualized, manipulated or used by the user at any time and for any purpose. 

The program will continuously be working on a temporary save file, which gets saved any time a 

window is closed by pushing the button “Done”. This way it’s not necessary to save and load a 

file every time the user finishes working with a window and wants to proceed to the next one. 

Additionally, the temporary file will be available even after completely closing the program and 

reopening it. This way the user doesn’t lose all the work if the program closes unexpectedly or 

the computer fails. 
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4  THE PROCESS 

In this chapter the program design process is described for each of its windows (“sections”). 

From GUI design through problem solving, to testing and debugging. 

4.1 Cam kinematics 

This section of the program is the starting point of a new project. The user defines the desired 

timing parameters of the engine, chooses between a set of pitch curve types and provides an 

engine rotating speed for the calculations. The program calculates and displays the displacement, 

velocity and acceleration of the valve as a function of the rotation angle of the crankshaft. 

The preliminary design of the corresponding window is shown in Figure 4, followed by an 

explanation of its elements. 

 

Figure 4. Cam kinematics window design 

Input parameters: 

- Valve lift: Distance between the valve positions when fully opened and closed. 

- Opening angle BTDC/BBDC: Angle of crankshaft rotation before the top dead center 

(for intake valve) or bottom dead center (for exhaust valve) in which the valve starts to 

open. 

- Closing angle ABDC/ATDC: Angle of crankshaft rotation after the bottom dead center 

(for intake valve) or top dead center (for exhaust valve) in which the valve arrives to the 

closed position. 

- Opening/closing duration: Duration of the transition between the closed and the open 

state (and vice versa) of a valve measured in degrees of crankshaft rotation. 
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- Type of pitch curve: Function that defines the displacement, velocity and acceleration of 

the valve during the transition between the closed and the open state (and vice versa). 

Available ones are parabolic, harmonic and cycloidal. 

- Calculations RPM: Engine (crankshaft) rotational speed used for present and future 

calculations, preferably a maximum value. 

With the input parameters, the program assembles a series of vectors that contain the intake and 

exhaust valve’s positions, velocities and accelerations as a function of the crankshaft’s rotation 

angle. The problem is divided in three cases: closed state, open state and opening/closing 

transition. The first two cases are simple, the value of the valve position is either zero for the 

closed state or the valve lift value for the opened state, an in both states the velocity and the 

acceleration is zero. The transitional state is more complicated. The position, velocity and 

acceleration functions are defined by the type of pitch curve and are a function of the valve lift, 

the duration of opening/closing and the engine’s speed. Three common pitch curve functions are 

parabolic, harmonic and cycloidal, retrieved from Design of Machine Components (Spotts, 

Shoup and Hornberger, 2004), and are the ones that are implemented in the program. 

Other numerical results are easily calculated using the input timing values: 

- Intake/exhaust duration: Complete amount of time in which the valve is away from the 

closed position for a combustion cycle, measured in crankshaft degrees of rotation. 

- Overlap: Time in which the intake and the exhaust valves are simultaneously away from 

the closed position (open in a certain degree), measured in crankshaft degrees of rotation. 

- Cam separation: Physical angle between the intake and exhaust cams center position, 

measured in camshaft degrees. 

4.2 Cam contact 

 

Figure 5. Cam contact window design 
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Once the pitch curve is calculated, it can be used to calculate the cam lobe’s radius as a function 

of the rotation angle, which also depends on the cam mechanism’s architecture and its different 

components. Once this function is defined, the cam-follower contact angle and position can be 

determined for future calculation of the system dynamics. 

Input parameters: 

- Follower surface: Depending on the type of follower, its contact surface with the cam 

will be different. A plain or curve (circular) surface can be chosen. 

- Follower radius: If a circular surface is chosen, the radius of this surface must be defined. 

- Rocker arm ratio: If the cam mechanism uses rocker arms, the ratio between the valve lift 

and the follower lift provided by the cam must be specified. This parameter also affects 

the loads suffered by the cam. 

- Base radius: Minimum radius of the cam lobe 

Additionally, the intake and exhaust pitch curves calculated in the previous sections are used as 

an input for the calculations. 

In the first place, the program must calculate the cam radius function, that is to say, the cam lobe 

shape. This is done by simulating the cam lobe manufacturing process. For this purpose the cam 

shape will be initially defined as a circle with the maximum radius that the actual cam will have 

(base radius + follower maximum lift). The rotation of the cam will be simulated together with 

the displacement of the follower in regard to the cam’s center position. For each step of rotation, 

all the lines that join the cam center with the cam outline points are analyzed, and for the ones 

that intersect the follower’s outline, the radius is reduced for the cam’s points to be in the 

intersection. After a simulation for a complete rotation, the cam shape should be correctly 

defined. This is simple for a plane follower surface, but more complicated for a circular one (see 

Appendix A for developed Matlab code). 

Once the cam shape is defined, the coordinates of the contact point can be calculated in each 

moment in time as the position of the cam point that coincides with the follower’s outline or is 

the closest, since the cam shape is not a continuous function and low errors exist in the contact. 

A maximum error is set in order to identify if the calculated cam loses contact with the follower 

in a given time. In that case, it’s not possible to manufacture the cam lobe with the specified 

dimensions, and a higher base radius must be chosen. The contact angle is zero for plain follower 

surfaces, and it’s easily calculated for circular ones by knowing the position of the contact point 

and the center of the follower curve at each moment in time. The more elements that the cam 

curve contains, and the shorter the rotation step for the calculations is, the more precision is 

achieved in the results. 

The minimum base radius of the cam can be estimated by starting in a low value and performing 

iterations in the cam shape and contact points, checking if the cam loses contact with the 

follower. The base radius is increased stepwise, reducing the step length once the program finds 

a correct value to increase precision. In this case the achieved precision is of 1 millimeter. 

The result display axes are used to show the calculated contact coordinates and angle. The 

explanatory image of the rocker arms and type of follower surface is replaced by a visualization 

of the cam shape in contact with the follower. In this visualization, a simulation of the 

manufacturing process of the cam lobe and the normal functioning of the mechanism can be 

performed. Additionally, the contact point can be displayed in the simulations. This makes it 

possible to check that the calculated cams work properly. 
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4.3 Cam forces 

The obtained results in the previous sections allow the dynamics of the mechanism to be solved. 

The purpose of this section is to set proper valve spring properties and provide the forces that the 

cam transmits to the camshaft for further calculations. 

 

Figure 6. Cam forces window design 

Input parameters: 

- Valve and follower masses. 

- Friction coefficient: If the follower has a plain surface, there is sliding in the cam-

follower point, in which case the regular friction coefficient is used. The same happens if 

the surface is circular but it does not roll, as in the case of the cam acting directly on a 

rocker arm. But if there is a roller, for simplification purposes, the resulting effect of the 

friction in the roller bearing and a possible amount of sliding in the cam-follower contact 

is represented by an equivalent friction coefficient in the contact. 

- Valve preload: Force of the valve spring when the valve is closed. A certain preload must 

be applied in order for the valves to properly seal the combustion chamber. 

- Spring stiffness: The spring must provide sufficient force so the cam lobe is at all times 

in contact with the follower. 

The dynamics problem also requires that the kinematics of the valve and the contact points and 

angles of the cam are calculated. 

A few simplifications will be taken. The valve’s bushing reactions and friction forces won’t be 

calculated, since they depend too specifically on the architecture of the mechanism. The same is 

done with the rocker arms, if included, which inertia is also not considered. Lastly, the cam 

centrifugal forces are neglected and the previously mentioned simplification in the follower 

friction is taken. The resulting system is shown in Figure 7. 
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Figure 7. Cam forces model 

By taking horizontal force equilibrium in the valve and the follower, moment equilibrium in the 

rocker arm’s support and forces and moments in the cam, the resulting system is presented in 

equations 1 to 8. 

               

                 

                 

                                            

        

                          

                          

              

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

Being: 

  ,    and   : Contact angle and point coordinates 

 ,  : Valve displacement and acceleration 

       : Follower acceleration 

     : Rocker arm lift ratio. Note that for no use of rocker arms,        ,           , and 

the valve is therefore connected to the follower. 

The given model calculates the forces when the valve is away from the closed position, but when 

the valve is closed the spring force is taken by the valve settling and there are no forces in the 

cam. 

The minimum spring stiffness is calculated by initially setting it to zero, calculating the normal 

cam-follower contact force (given by the accelerations and the spring preload), searching it’s 

minimum value, and if it’s negative (which would mean contact losing), the spring stiffness for 

the specific moment in which the contact force reaches its minimum is set so that minimum 

value is zero. This achieves contact forces equal or greater than zero. 

Result display includes the reaction forces and moments in the cam and the compression of the 

valve spring when the valve is closed, given by the selected preload and spring stiffness. 
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4.4 Shaft layout 

In order for the program to be able to calculate the shaft’s deflections and stresses, a preliminary 

shaft design must be defined. This includes its dimensions, the position of the shaft components 

(cams, bearings and drives), and some required parameters depending on the component. 

 

Figure 8. Shaft layout window design 

The shaft is divided in sections depending on what kind of component sits on the given section. 

There can be a main drive section, distributor/pump drive sections, bearing sections and cam 

sections. The rest of the shaft is formed by “solid sections”. There are a series of controls to 

create new sections or modify existing ones. 

As the section dimensions are defined, the explanatory image in the bottom of the window is 

replaced by a drawing of the shaft design so far, which gets updated every time a dimension is 

modified. The sections are coloured depending on the type of section, so the shaft dimensions 

and architecture can be verified. 

Common input parameters for all sections: 

- Elasticity (Young’s) modulus of the shaft material 

- Yield strength of the shaft material 

- Type of section: Solid, main drive, distributor/pump drive, bearing or cam section 

- Section radius 

- Section width 

Solid and bearing sections only need the definition of its radius and width, but the rest of them 

need extra information in order for the program to be able to do further calculations. When a 

different section type is selected the section panel, in which a “No further details are needed” 

message is initially displayed, changes to allow the user to input the required data. 
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Figure 9. Cam lobe extra inputs 

Additional input parameters for cam lobe sections (Figure 9): 

- Cam name: A previously calculated cam is chosen from among the saved cam projects, 

specifying intake or exhaust cam 

- Angular delay: Angle measured in camshaft degrees of rotation of delay between the 

cycle of the cylinder that corresponds to the selected cam and a cylinder with zero 

angular delay. For example in an in-line 4 cylinder engine the angular delays would be 0, 

90, 180 and 270 degrees. 

Optionally the cam base radius can be retrieved to set it as the section’s radius. 

 

Figure 10. Main drive extra inputs 

Additional input parameters for main drive section (Figure 10): 

- Type of drive: Gears or sprocket with chain/belt 

- Gear/sprocket radius 

- Pressure angle: Gear pressure angle, a standard value is 20º 

- Angular position of crankshaft gear: Allows relative placement with other drives 

- Angle of tense/loose side: Defines inlet and outlet angles of the chain and allows relative 

placement with other drives, see Figure 8. 

These parameters will enable force calculations in the main drive for a known needed torque. 
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Figure 11. Distributor/oil pump drive extra inputs 

Additional input parameters for distributor/oil pump drive sections (Figure 11): 

- Gear radius 

- Gear pressure angle 

- Required torque: Constant torque that the driven mechanism requires 

- Angular position of driven gear: Allows relative placement with main drive 

4.5 Beam solving 

Once its structure and dimensions are completely defined, the forces and reactions in the 

camshaft can be calculated and the beam deformations can be solved. 

 

Figure 12. Beam solving window design 

Since all the necessary data is given in the shaft layout window there are no input fields in this 

section. The program retrieves the given data from the corresponding save file and calculates the 

shaft torques, shear forces, bending moments, curvatures and deflections for each rotation step of 

the camshaft. The results can be displayed either for the entire shaft and all the camshaft rotation 

steps or for specific sections and cases. As a default, total values of the results are given, but 

these values can be projected to a desired direction. For the selected display options, maximum 

and minimum values of the calculated results are displayed in the top right area. This allows the 

user to analyze deformations and loads in specific sections of the shaft. This is interesting for 

example to verify maximum deformation values in bearings and cam lobes. 
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To solve the beam, all the acting forces and moments are needed. Cam lobe forces are retrieved 

from the cam save files, the distributor/oil pump drive’s torque is retrieved and its forces are 

calculated from this value. The main drive’s torque is calculated from the torque equilibrium in 

the shaft (since a constant velocity is assumed) and its forces are calculated from this value and 

the previously set drive data. All these loads are simplified as point forces and moments applied 

in the center point of the corresponding sections. This simplifies the following beam 

calculations. 

The sections that contain forces (including the bearings’ reactions) are divided in two, with the 

force applied in the division. This way each section’s torques, shear forces, bending moments, 

curvatures and deflections are defined by only one set of equations, which depends on the loads 

between the section and an end of the shaft, the section radius (bending inertia) and two 

constants. Using Euler-Bernoulli beam theory the mentioned set of equations for an arbitrary 

section would be: 
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Being: 

 : Section number 

 : Number of sections 

 : Distance of the calculated point to the shaft’s leftmost end 

  : Distance of force    or section   to the shaft’s leftmost end 

 : Shaft’s elasticity modulus 

  : Section’s inertia in the bending direction 

These are the equations that will provide the displayed results. The torques can be calculated 

right away with equation 9, but there are still several unknowns for the calculation of the shear 

forces, bending moments, curvatures and deflections. There are    unresolved constants (        

and as many unresolved reactions as bearings in the shaft. The system of equations which 

solution provides values to these unknowns is formed by     shaft curvature continuity 

equations,     deflection continuity equations, 1 force equilibrium equation, 1 bending 

moment equilibrium equation and as many zero deflection equations as bearings in the shaft. If 

there are    bearings in the shaft, this is a system of       linear equations with       

unknowns. 
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The mentioned system of equations would be as described in equations 14 to 18. 
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(15) 

(16) 

(17) 

(18) 

Being         
  the bearing section numbers. 

This system can be solved in Matlab by assembling its equations to a       matrix system 

and inverting  , see Appendix B. This is done for each rotation step of the camshaft, determining 

the bearing reaction forces and the curvature and deflection constants. It’s now possible to 

calculate the beam torques, shear forces, bending moments, curvatures and deflections using 

equations 9 to 13. 

4.6 Shaft stresses 

To check that the camshaft will not fail due to the resisted loads, this program section calculates 

the stresses along the shaft for every rotation step. 

 

Figure 13. Shaft stresses window design 

The only needed input parameters are stress concentration factors in the shaft’s shoulder fillets. 

These factors depend on the shaft diameters and the fillet’s radius. Tables for stress 

concentration factors can be found, for example, in KTH’s Handbook of Solid Mechanics 

(Department of Solid Mechanics, 2010). The rest of the needed data is calculated by the previous 

section of the program. The shaft’s torque, shear forces and bending moments are therefore 

retrieved from the shaft save file or the temporary file which the program is working with. 
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The maximum tensile stresses, torsional stresses and shear stresses are calculated from the 

bending moments, torques and shear forces in the shaft, respectively. For a circular beam they 

are defined by equations 19 to 21 (Wallace, 1999). 
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(21) 

Principal stresses are calculated using the maximum tensile and torsional stresses, which are 

located in the section’s contour. The shear stresses caused by the shear forces are neglected in 

this case, since they are substantially smaller than the torsional stresses and the different location 

of its maximum value would make the calculations much more complicated. With tensile 

stresses in only x direction and the shear stress given by the torque, the principal stresses are 

defined in equations 22 to 24 and the equivalent Von Mises stress in equation 25. 
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The calculated stresses are multiplied by the given concentration factors in the corresponding 

sections. As in the previous window, they can be plotted for all sections and rotation steps or for 

specific sections and cases. Maximum and minimum values for the Von Mises and principal 

stresses are shown for the selected display options, and using these values and the previously 

introduced shaft’s material yield strength, security factors are calculated and displayed. 

4.7 Final details 

Even though the program was continuously tested in the GUI design and programming stages, 

further testing was necessary after finishing the program’s code. A tree of the possible 

combinations between the most important cam and shaft design options was created, and the 

program was tested with every combination in order to find defects. Several sections of the 

program needed to be debugged or reprogrammed. 

Some aesthetic details were added and the final version of the program was completed with a 

main window, in which the user can navigate to the different program sections. A description of 

the general purpose of the program and the specific capabilities of the program’s sections is 

included, as shown in Figure 14. 
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Figure 14. Main program window 

4.8 Verification 

Since the cam kinematic and dynamic problems are relatively simple, errors in the calculations 

can be easily identified by trying different designs and analyzing the provided results. Testing 

was therefore considered enough for the verification of the program’s performance in cam 

calculations. Shaft calculations were more complicated to program. Important errors could also 

be identified by testing. For example beam diagrams should be coherent in themselves and 

between them, and this is verified by observing and analyzing them. But the large amount of 

variables, constants, equations and input data used in these calculations make the program more 

susceptible to calculation errors, and even if the resulting diagrams seem coherent, the generated 

numerical results could be wrong. The shaft calculations were therefore further analyzed for 

verification. 

An example camshaft was designed using the program, and a certain camshaft angular position 

was chosen in order to analyze the resulting stresses in that specific load case. The forces and 

torques in the cam lobes and drive for the chosen case were retrieved from the program. The 

calculated shaft was modeled in Solid Edge and imported to Ansys for FEM analysis of the load 

case. The retrieved loads and torques were introduced in the Ansys model, and the corresponding 

constraints were defined in the model’s bearings, as seen in Figure 15. 
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Figure 15. Ansys model 

Two FEM models were constructed. The first one is simplified, with no shoulder fillets and big 

enough mesh elements for the stress concentration in the shoulders not to be considered. The 

second one includes a modeled shoulder fillet with a fine mesh in the fillet area and its closest 

sections, see Figure 16. The first model is used to verify calculations through the whole shaft 

without considering concentration factors, and the second one is used to verify the calculations in 

stress concentrating areas. For the second one, a fillet with a 2,64 mm radius was included in the 

most stressed section of the shaft, and the used concentration factors for the program input were 

retrieved from tables in KTH’s Handbook of Solid Mechanics (Department of Solid Mechanics, 

2010). 

 

Figure 16. Refined stress concentration model 

The results given by the FEM analysis and the ones calculated by the program were compared. 

The compared results were the Von Mises stresses, since they depend on all the other stresses, 

and these depend as well on the beam solving calculations. The verification results are presented 

in the results chapter. 

 

  



 28 

  



 29 

5  RESULTS  

The final program was tested using different cam and shaft geometries. With the objective of 

presenting the final outcome of the project, this chapter presents the results given by the 

program when designing a camshaft for a double overhead line-4 cylinder engine. 

5.1 Program results 

After completion and debugging, the program was able to perform as planned. By providing the 

necessary user inputs, the program is able to return the planned outputs, as collected in Table 1. 

An example cam mechanism is calculated with the program to show how the results are provided 

to the user. Figures 17, 18 and 19 show the results given by the cam “kinematics”, “contact” and 

“forces” windows, respectively. 

 

Figure 17. Cam kinematics results – valve positions, velocities and accelerations 
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Figure 18. Cam contact results – cam shapes, contact positions and angle 

 

Figure 19. Cam forces – reaction torques and forces in the cam’s rotating axis 
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An example shaft was designed using the calculated cam. The shaft is designed for the intake of 

a double overhead line-4 cylinder engine with four valves per cylinder. It will therefore have 

eight intake valves placed in pairs with cam separations of 90º, 180º and 270º.  

The shaft architecture is shown in Figure 20 as displayed on the “shaft design” window. The cam 

lobes are shown in blue, the bearings in red and the shaft drive in black. The graphic results 

given by the “shaft stresses” and “beam solving” windows are shown in figures 21 and 22, 

respectively. 

 

Figure 20. Shaft design 

 

Figure 21. Shaft stresses – total Von Mises and maximum principal stresses 
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Figure 22. Beam solving – total shaft deflections, curvatures, bending moments, shear forces and torques 

Figures of the complete windows showing the data input and additional text based results are 

shown in appendix C. 
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5.2 Verification of shaft calculations 

The shaft design used in the previous example and a specific load case were used to verify the 

shaft calculations performed by the program, as described in the process chapter. The results 

given by the program and by FEM analysis in Ansys are compared in figures 23 and 24. These 

results respectively correspond to a simplified model with no stress concentration and a refined 

model with stress concentration in one of the shaft’s shoulder fillets. 

The aim is to check that there isn’t a large difference between the results given by both methods, 

concluding that the developed program can be approximately as precise as a FEM program for 

its specific purposes. 

 

Figure 23. Verification results using simplified model 
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Figure 24. Verification results taking stress concentration into consideration 

Table 2 collects the retrieved numerical values of the maximum Von Mises stresses from the 

program calculations and the FEM analysis for both models. 

Table 2. Result comparison 

 
Maximum Von Mises stress 

Developed program FEM analysis 

Simplified model 1,511 MPa 1,467 MPa 

With stress 

concentration 
2,058 MPa 2,060 MPa 
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6  DISCUSSION AND CONCLUSIONS 

A discussion of the results and the conclusions drawn from the thesis are presented in this 

chapter.  

6.1 Discussion 

The result of the project, an interactive software tool that assists the user in the solution of the 

main encountered problems when designing a camshaft, was achieved as initially planned. It 

does simplify the task and saves the user calculation time. The program is fairly intuitive and a 

person could use it without previous instruction but would need previous information about 

engines and camshafts since the program doesn’t explain every single part of the process. Its 

structure does allow an iterative workflow, and the save file system works as planned, without 

identified major problems. The program’s code is divided in sections as planned. Each section is 

not throughout explained, but what each section does is clear, making it easier to find specific 

parts of the program’s code and modifying them. 

Since Matlab provides a tool for program compilation, it would be possible to compile the 

program in an executable file and run it on computers without Matlab, using the Matlab 

Compiler Runtime (Mathworks, 2013). This version of the program is not compiled so the 

source code is available to anyone that wishes to retrieve it, but the availability of this tool is 

important for the compatibility of the program. 

All the capabilities that were planned for the developed software were achieved; the inputs and 

outputs of the program are the initially defined. Despite this, since the development started more 

capabilities that the program should include were discovered, and some problems that it solves 

are in some cases simplified and not always take all the engineering factors into account. These 

aspects will be further detailed in the future work chapter. The developed software is therefore 

not complete, but it’s a conceptual tool which gives a solid base for a complete program, and 

includes many useful functions for use in an improved version of this software or even in 

different programs. 

The verifications performed in the shaft calculations show that the tool provides results which 

are comparable with the achieved by analysis using FEM software. The availability of a program 

such as the developed in this project for a specific task such as camshaft design presents 

advantages over the use of FEM or Multibody Dynamics software. While the FEM and MBD 

software is greatly versatile, if used for camshaft design, the developed program allows the user 

to receive results much faster and change parameters for new calculations without the need of 

creating a new model or doing major modifications to the current one. 

During the project, the toolset provided by Mathworks proved to be extraordinarily useful and 

easy to use. It’s extremely difficult to set the barrier of what can be done with it, since its 

capabilities are so extensive. Additionally, Mathworks provides great amounts of documentation 

for Matlab and all its tools, from its fundamentals to its most advanced functions, including 

examples and video tutorials. The documentation is available on the web with a search engine 

and in pdf files. See the Matlab Documentation Center (Mathworks, 2013). 

Even without previous knowledge on GUI programming, the project was conducted without 

important problems or delays. This suggests that the used tools were an effective and efficient 

way to approach a GUI design problem for engineering software, and have great advantages over 

the use of other programming languages and platforms, which would have required much more 

time and effort. 
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6.2 Conclusions 

 The objective of creating an interactive software tool for camshaft design was achieved 

with the initially planned delimitations, and with verified performance in the shaft design 

section. 

 The design task was more complicated than it initially seemed. 

 The developed program has therefore shortcomings in relation with what a complete 

version could be able to do. For example, it does not do fatigue calculations. Nevertheless 

the tool has useful capabilities and can be used for camshaft design as long as the user 

doesn’t rely only on the results given by the program. 

 The input data is flexible, various options are available for the shaft and cam mechanism 

structure, but more options should be included for further development. 

 Useful code was developed, both for future improved versions of the program and for 

other Matlab programmed engineering tools: 

o Cam mechanism designer 

o Cam radius function solver for given follower motion and base radius 

o Shaft designer 

o Beam solver for any kind of geometry and amount of loads 

o Beam stress calculator for given shear forces, bending moments and torques. 

o Save/Load file system 

o Base GUI structure and object layouts 

 Using a program designed for a common engineering task can have advantages over 

using general engineering software, mainly if the task requires an iterative workflow. 

 Personal learning goals were achieved. 

 Matlab provides great set of tools and documentation, appropriate for design of 

engineering related software. It’s easy to use and saves time over other alternatives. 
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7  RECOMMENDATIONS AND FUTURE WORK 

In this chapter, recommendations for use and improvement of the program’s code are given and 

future work in the project is presented. 

7.1 Recommendations 

The produced code in this project can be used by anyone who wishes to improve the program, 

learn how it works or retrieve parts of it to use them in new ones, mainly if the purpose is 

educational. A list of the program’s possible defects and areas of improvements was produced, 

focusing on calculation quality for the program’s current capabilities and in further options that 

could be added to it. The recommended areas of improvement are listed below. 

In the program calculations: 

 Cam kinematic use very simple pitch curves in the program, while the pitch curves that 

are actually used in cams are more complicated. 

 Cam dynamics are simplified: they don’t include centrifugal forces in the cam, friction in 

the valves and the frictional torque in the roller is simplified as a friction coefficient in 

the cam-follower contact. 

 The shaft beam solving also has many simplifications: axial loads are not considered, 

point loads are used in the center point of sections instead of considering a linear force 

through the section surface. Finally, only bending deformations are considered, leaving 

out torsional and shear deformations, which are important in long thin shafts. 

 The reactions in bearings are calculated along with the beam solving, but the results are 

not displayed. It’s essential to know the loads suffered in the bearings in order to design 

them correctly. Furthermore, resistive torques in the bearings are not considered in beam 

solving. 

 Force calculations in chain drives could be improved. Only the force in the tensest side is 

considered, while the loose side also has a certain tension, mainly in one of the camshafts 

of double overhead engines. 

 Shear stresses are neglected for principal stress calculations because of the complexity of 

finding the most stressed point in every section. The point of the section’s contour with 

the maximum tensile stress is chosen instead, since the torsional stress has also its 

maximum value in the contour. 

Additional options: 

 Fatigue calculations are essential for the design of parts with alternating loads. Fatigue 

should be considered both in the cam-follower contact and in the shaft’s most stressed 

points. 

 In the cam mechanism section: there is a slack between the cam lobe and the follower 

when the valve is closed, for the spring force to act in the contact between the valve and 

the cylinder to make it hermetic. There is no option to include this in the cam radius 

function calculation. More types of pitch curves should also be included, or a new option 

to create your own pitch curves by combining different functions and parameters. 

 In the shaft design section: drive specifications don’t include parameters for the 

calculation of axial forces in the shaft. Camshafts sometimes have an eccentric for 

actuation of the fuel pump, not included in the current version. Resisting torques in 

bearings, power losses and efficiencies in the drives should be considered. 
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 The program is designed for four stroke engines, but an adaptation for two stroke engines 

wouldn’t be very complicated to include. 

 The calculation steps for the program are set to a 360/1000 of a degree for cam rotation 

and 1/500 of the shaft’s length for shaft calculations. An option to modify the step length 

from the user interface would be useful. 

7.2 Future work 

As mentioned in the previous chapter, the developed program should be further developed to 

increase its versatility and to improve its current capabilities. The listed areas of improvement 

show that the amount of options given by the program needs to be broadened, simplifications in 

the calculations should be analyzed to decide if they have an effect on the results, and some 

calculation capabilities need to be included. 

There is also additional work that wasn’t initially planned but would be interesting to do. A 

multibody dynamics analysis should be performed to verify the program’s cam mechanism 

calculations. Adams is the world's most widely used Multibody Dynamics (MBD) software 

(MSC Software, 2013), and is available for educational use in KTH. Additionally, the Ansys 

FEM analysis was only used to calculate and compare stresses, while it would have been 

possible to verify deflections as well. 

Lastly, due to time constraints the GUI wasn’t as detailed as planned. The generated graphic 

results usually include plots for which the user selects the result to display using a dropdown 

menu. The axes should be labeled to clarify which variable corresponds to which axis and the 

units of these variables should be specified, although the program always uses SI units. 

Furthermore, more information or a help option should be added to guide the user more 

effectively and for the program to be more instructive oriented, which was one of the objectives 

of the project. 
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APPENDIX A: CAM SHAPE FOR CIRCULAR 
FOLLOWERS 

This appendix shows the developed Matlab function for the solution of the cam radius reduction 

by intersection with a circular follower. 

function [x,y,cutbool]=cutcirc(xp,yp,Rf,r)  
 

% Federico Báez 2013 - ITM, KTH  

 

con2=(xp*sqrt(r^2*Rf^2+2*r*Rf^3+2*Rf^3*xp+Rf^2*xp^2+2*r*Rf^2*xp+Rf^4-

r^2*yp^2-

2*Rf*yp^2*r)+Rf*sqrt(r^2*Rf^2+2*r*Rf^3+2*Rf^3*xp+Rf^2*xp^2+2*r*Rf^2*xp+Rf^4-

r^2*yp^2-

2*Rf*yp^2*r)+r*sqrt(r^2*Rf^2+2*r*Rf^3+2*Rf^3*xp+Rf^2*xp^2+2*r*Rf^2*xp+Rf^4-

r^2*yp^2-2*Rf*yp^2*r)-Rf*yp^2-

yp^2*r)/(xp^2+r^2+Rf^2+2*Rf*xp+2*r*xp+2*r*Rf+yp^2); 
con3=(xp*sqrt(r^2*Rf^2+2*r*Rf^3+2*Rf^3*xp+Rf^2*xp^2+2*r*Rf^2*xp+Rf^4-

r^2*yp^2-2*Rf*yp^2*r)+ 

Rf*sqrt(r^2*Rf^2+2*r*Rf^3+2*Rf^3*xp+Rf^2*xp^2+2*r*Rf^2*xp+Rf^4-r^2*yp^2-

2*Rf*yp^2*r)+ r*sqrt(r^2*Rf^2+2*r*Rf^3+2*Rf^3*xp+Rf^2*xp^2+2*r*Rf^2*xp+Rf^4-

r^2*yp^2-2*Rf*yp^2*r)+Rf*yp^2+yp^2*r) 

/(xp^2+r^2+Rf^2+2*Rf*xp+2*r*xp+2*r*Rf+yp^2);  
if ~(yp~=0 && con2 >= 0 && con3 <= 0) && imag(con2)==0 && imag(con3)==0 
    cutbool=1; 
    x=0; 
    y=0; 
    y1= (2*r*Rf+r*xp+Rf^2+r^2+Rf*xp+ 

sqrt(r^2*Rf^2+2*r*Rf^3+2*Rf^3*xp+Rf^2*xp^2+2*r*Rf^2*xp+Rf^4-r^2*yp^2-

2*Rf*yp^2*r))*yp/(xp^2+r^2+Rf^2+2*Rf*xp+2*r*xp+2*r*Rf+yp^2); 
    y2= -(-2*r*Rf-r*xp-Rf^2-r^2-

Rf*xp+sqrt(r^2*Rf^2+2*r*Rf^3+2*Rf^3*xp+Rf^2*xp^2+2*r*Rf^2*xp+Rf^4-r^2*yp^2-

2*Rf*yp^2*r))*yp/(xp^2+r^2+Rf^2+2*Rf*xp+2*r*xp+2*r*Rf+yp^2);  
    if (yp~=0 && con2 < 0 && con3 <= 0)  
        x = con2; 
        y = y1;  
    end  
    if (yp~=0 && con2 < 0 && con3 > 0)  
        x1 = con2; 
        x2 = -con3; 
        if x1<=x2 
            x = x1; 
            y = y1; 
        else 
            x = x2; 
            y = y2;  
        end  
    end  
    if (yp~=0 && con2 >= 0 && con3 > 0)  
        x = -con3; 
        y = y2;  
    end  
    if yp==0  
        x = -Rf; 
        y = 0;  
    end  
else 
    cutbool=0; 
    x = xp; 
    y = yp; 

end  
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APPENDIX B: BEAM SOLVING 

This appendix shows the developed Matlab function for the solution of the beam problem. The 

shaft’s torques, shear forces, bending moments, curvatures and deflections are calculated for a 

given direction by this function. 

function [xplot Tz My thy dz T2]=BeamSolve(D,S,J,E,Fz,Mx,Rbool) 
 

% Federico Báez 2013 - ITM, KTH 

  
k=0; 
nR=sum(Rbool); 
%Assemble S and D vector 
for i=1:length(D) 
    k=k+1; 
    S_(k)=D(i); 
    if S(i)>0; 
        k=k+1; 
        S_(k)=S(i); 
    end 
end 
%Modify Forces 
Rbool2=zeros(size(S_)); 
J2=Rbool2; 
Fz2=zeros(length(S_),length(Fz(1,:))); 
Mx2=Fz2; 
k=1; 
for i=1:length(J) 
    k=k+1; 
    J2(k)=J(i); 
    if S(i)>0; 
        k=k+1; 
        J2(k)=J(i); 
        Rbool2(k)=Rbool(i); 
        Fz2(k,:)=Fz(i,:); 
        Mx2(k,:)=Mx(i,:); 
    end 
end 
%Construct system of equations 
nc=length(S_)-1; 
for j=1:length(Fz(1,:)) 
    A=zeros(nR+2*nc); 
    B=zeros(nR+2*nc,1); 
    % FIRST NC SET OF EQUATIONS 
    for i=2:nc 
        x=S_(i); 
        k=0; 
        for aux=2:i 
            if Rbool2(aux)==1 
                k=k+1; 
                A(i,k)=(x^2/2-x*S_(aux-1))*(1/(E*J2(i))-1/(E*J2(i+1))); 
            end 
            B(i)=B(i)-Fz2(aux,j)*(x^2/2-x*S_(aux-1))*(1/(E*J2(i))-

1/(E*J2(i+1))); 
        end 
        if Rbool2(i+1)==1 
            k=k+1; 
            A(i,k)=(x^2/2-x*S_(i))*(-1/(E*J2(i+1))); 
        end 
        B(i)=B(i)+Fz2(i+1,j)*(x^2/2-x*S_(i))*(1/(E*J2(i+1))); 
        A(i,nR+i-1)=1; 
        A(i,nR+i)=-1; 
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    end 
    % SECOND NC SET OF EQUATIONS 
    for i=2:nc 
        x=S_(i); 
        k=0; 
        for aux=2:i 
            if Rbool2(aux)==1 
                k=k+1; 
                A(nc-1+i,k)=(x^3/6-x^2/2*S_(aux-1))*(1/(E*J2(i))-

1/(E*J2(i+1))); 
            end 
            B(nc-1+i)=B(nc-1+i)-Fz2(aux,j)*(x^3/6-x^2/2*S_(aux-

1))*(1/(E*J2(i))-1/(E*J2(i+1))); 
        end 
        if Rbool2(i+1)==1 
            k=k+1; 
            A(nc-1+i,k)=(x^3/6-x^2/2*S_(i))*(-1/(E*J2(i+1))); 
        end 
        B(nc-1+i)=B(nc-1+i)+Fz2(i+1,j)*(x^3/6-x^2/2*S_(i))*(1/(E*J2(i+1))); 
        A(nc-1+i,nR+i-1)=x; 
        A(nc-1+i,nR+i)=-x; 
        A(nc-1+i,nR+nc+i-1)=1; 
        A(nc-1+i,nR+nc+i)=-1; 
    end 
    w=0; 
    % NR SET OF EQUATIONS 
    for i=2:nc 
        if Rbool2(i+1)==1 
            w=w+1; 
            k=0; 
            x=S_(i); 
            for aux=2:i 
                if Rbool2(aux)==1 
                    k=k+1; 
                    A(2*nc-1+w,k)=(x^3/6-x^2/2*S_(aux-1))*(1/(E*J2(i+1))); 
                end 
                B(2*nc-1+w)=B(2*nc-1+w)-Fz2(aux,j)*(x^3/6-x^2/2*S_(aux-

1))*(1/(E*J2(i+1))); 
            end 
            k=k+1; 
            A(2*nc-1+w,k)=(x^3/6-x^2/2*S_(i))*(1/(E*J2(i+1))); 

             
            A(2*nc-1+w,nR+i)=x; 
            A(2*nc-1+w,nR+nc+i)=1; 
        end 
    end 
    % FIRST AND LAST EQUATIONS (FORCE AND MOMENT EQUILIBRIA) 
    k=0; 
    for i=2:nc 
        if Rbool2(i+1)==1 
            k=k+1; 
            A(1,k)=1; 
            A(nR+2*nc,k)=S_(i); 
        end 
        B(1)=B(1)-Fz2(i,j); 
        B(nR+2*nc)=B(nR+2*nc)-Fz2(i,j)*S_(i-1); 
    end 
    X=A\B; % SYSTEM SOLUTION 
    Rz(:,j)=X(1:nR); 
    C1(:,j)=X(nR+1:nR+nc); 
    C2(:,j)=X(nR+nc+1:nR+2*nc); 
end 
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% Shear force calculation 
xplot=0:S_(length(S_))/500:S_(length(S_)); 
Tz=zeros(length(xplot),length(Fz(1,:))); 
T2=zeros(length(xplot),length(Fz(1,:))); 
k=0; 
for i=2:length(Fz2(:,1)) 
    if Rbool2(i)==1 
        k=k+1; 
        Fz2(i,:)=Rz(k,:); 
    end 
    f=find(xplot>=S_(i-1) & xplot<=S_(i)); 
    if i==2 
        prev=1; 
    else 
        prev=min(f)-1; 
    end 
    for j=1:length(Fz(1,:)) 
        Tz(f,j)=Tz(prev,j)+Fz2(i,j); 
        T2(f,j)=T2(prev,j)+Mx2(i,j); 
    end 
end 

  
% Bending moment, angular and spacial deflection calculation 
thy=zeros(length(xplot),length(Fz(1,:))); 
dz=zeros(length(xplot),length(Fz(1,:))); 
My=zeros(length(xplot),length(Fz(1,:))); 
for i=2:length(S_) 
    f=find(xplot>=S_(i-1) & xplot<S_(i)); 
    for aux=2:i 
        for j=1:length(Fz(1,:)) 
            thy(f,j)=thy(f,j)+Fz2(aux,j)*(xplot(f)'.^2/2-xplot(f)'*S_(aux-

1))*(1/(E*J2(i))); 
            dz(f,j)=dz(f,j)+Fz2(aux,j)*(xplot(f)'.^3/6-xplot(f)'.^2/2*S_(aux-

1))*(1/(E*J2(i))); 
            My(f,j)=My(f,j)+Fz2(aux,j)*(xplot(f)'-S_(aux-1)); 
        end 
    end 
    for j=1:length(Fz(1,:)) 
        thy(f,j)=thy(f,j)+C1(i-1,j); 
        dz(f,j)=dz(f,j)+xplot(f)'*C1(i-1,j)+C2(i-1,j); 
    end 
end 
f=find(xplot==S_(length(S_))); 
for aux=2:length(S_) 
    for j=1:length(Fz(1,:)) 
        thy(f,j)=thy(f,j)+Fz2(aux,j)*(xplot(f)'.^2/2-xplot(f)'*S_(aux-

1))*(1/(E*J2(length(S_)))); 
        dz(f,j)=dz(f,j)+Fz2(aux,j)*(xplot(f)'.^3/6-xplot(f)'.^2/2*S_(aux-

1))*(1/(E*J2(length(S_)))); 
    end 
end 
for j=1:length(Fz(1,:)) 
    thy(f,j)=thy(f,j)+C1(length(S_)-1,j); 
    dz(f,j)=dz(f,j)+xplot(f)'*C1(length(S_)-1,j)+C2(length(S_)-1,j); 
end 
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APPENDIX C: WINDOWS WITH RESULTS 

This appendix shows complete figures of the window display with data input and result output. 

C.1 Cam Kinematics 

 

C.2 Cam Contact 
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C.3 Cam Forces 

 

C.4 Shaft Layout 
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C.5 Beam Solving 

 

C.6 Shaft Stresses 

 


