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Abstract

The safety braking system with the hand guard is the most important safety equipment for the user
of a chainsaw. The safety system prevents serious injuries caused by a kickback. A kickback is when
the running chain suddenly gets stuck e.g. by getting stuck in wood or hit a rock. Due to the
potentially serious consequences of a kickback, the braking system has to fulfil strict requirements
formulated by the authorities. In the present thesis, a generic analytical model of the braking system
for a typical Husgvarna chainsaw is developed. The model is implemented as an Excel work sheet,
which will facilitate future projects. The thesis includes sections of analytical calculations with
information provided from both Catia and resources at Husqvarna. Several experiments were
accomplished to strengthen and prove the analysis. The torque, index and activation force are
tested. The static activation force is then completed in a simulation program to provide spread in the
model. The parameters with most impact are also detected in the Excel simulation. A matrix of
testing is constructed with parameters outside the tolerances for the dynamic experiment. Due to
the collected data of the test, the relation between the two types of activation can be established. In
comparison between samples of production with the simulation on equal numbers of 24 tests gave a
difference on 4.75 % in mean value. 6 out of 32 tests could not be approved within the authorities’
requirements for the acceleration with respect to the higher tolerances than production in the
testing matrix. The most significant parameters for the static force were the brake spring and the
angle of the knee joint. For the dynamic activation, the dimensions of the knee joint is crucial.
Reasoning for errors are implemented in the discussion section e.g. the importance of data for the
band. To improve the accuracy of the model a section of future work contains suggestments. One
suggestion for improvement is to deliver more production values to ensure the comprehension of
the experiments.
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1. Introduction

In order to understand the very nature of the project, some understanding concerning the history
and development of Husqgvarna is required. Husgvarna Group AB is a global leading producer of
innovative outdoor products such as chainsaws, lawn mower and trimmers etc. Also, the company
contains a great history which extends all the way back to the 16th century (Husqvarna group, 2018).
One of the most famous product nowadays is the orange chainsaw. The idea flourished in 1959
because the sales of motorcycles fell heavily (Husqvarna group, 2018). The competence and the skills
of the two-stroke engine created a new product which came to be the start of a new era. Since then,
the chainsaw is constantly developing with new innovations according to Husqvarna (2018). The
chainsaw is although a dangerous equipment and should be handled carefully. A lot of people have
suffered from severe injuries when using the tool. Naturally, the design needs a lot of security
properties to avoid any kind of disasters.

The company have expressed the urge to have an analytical model over the activation force in the
hand guard. The project is created to define the most crucial parameter affecting the system. In
extent, solve the problem and have a mathematical model over the activation force and being able to
alter the parameters. With the analytical model it should be possible to change the input data and
have a direct application to several other platforms. The objective is to have a good understanding of
the different variables affecting the brake. The results in the thesis will also be presented in
comparison to tests regarding the matter.

1.1. Limitations

To solve this task and complete the goals, it is important to set up limitations in order to focus on the
right things. Because of the limited time schedule, it is appropriate to specify what is relevant to
spend time on. Before the practical stage of the project starts, it is important to do a literature study.
In that way a wider knowledge about the task is provided and thus it will be easier to organize the
time. The project is approximately 20 weeks and includes 30 HP. To simplify the calculations in the
model, the temperature, tension and negligible weights, is not taking into consideration. Since these
parameters will not noticeable affect the result. When it comes to the static model there is an
already existing start of a version which needs improvements. Therefore, a more accurate model
needs to be evaluated as an extended version of the previous one. To correlate the model there are
test rigs available in the facility. The rigs function and accuracy will not be investigated. Only 24 tests
are available for comparison towards the model. This will affect the credibility of the comparison
between the two different results. Since time is a huge factor for the outcome of the project, the test
rigs for completing experiments and validation is limited to a reasonable number of samples. This
condition may or may not be accurate depending on the time. The limitation will then have an
impact on the accuracy of the results.

1.2.Goals

The main goal of the thesis is to get a more accurate knowledge on how different parameters
influences the activating force. With awareness being able to create a model which includes all the
necessary parameters. Another main goal included in the project is to determine which parameter

1
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influences the braking system at highest scale. If the goals of the activation are completed the results
can be applied on configuring a different set-up for the braking time. In terms of time, an evaluation
of the stopping time of the chain is thrived to analyze. With a better understanding of the
complexity, the model can import valuable information into the braking time.

1.3.0verview

To be able to solve the problem the thesis begins explaining the theory behind the model. The
geometry is the foundation to the general activation force and flowingly the concept of every detail
and its impact of the brake is discussed. Measured results from the test rigs are presented in both
tables and figures to understand the weight of the many parts that are included in the system. In
section 3.1 only the static activation force for the brake is presented. This is because it is the first task
in the project. The next section, 3.2, is regarding the dynamic activation force which is built on the
static one. Commonly for the two specific is the geometry. Also, the section concerning the dynamic
activation is loaded with figures which shows the approach to collect data from rigs likewise in
section 3.1.

2. Background

In some cases, the chainsaw is exposed to something called a kickback. This happens when the chain
gets stuck in wood or hit a rock (Husgvarna group, 2002). The speed transferred from the engine into
the chain is directed as force straight against the user. Observe that when a kickback occurs, the
chain will continue its rotation after impact. When that happens, it can cause major injuries. This is
when the safety equipment, the front hand guard, activates and stops the chain according to
Husqgvarna (2002). The authority requirements to at least stop the chain in 150 ms. From the point
where the brake is activated to where the chain is completely still. This is to prevent the chain from
running if it may hit the user at the kickback. The front hand guard is a large plastic cover in front of
the handle and in case of a kickback, the hand of the user is supposed to punch the front guard and
activate a braking mechanism (Husqvarna group, 2002). When that happens a band brake activates
to squeeze around the clutch drum in order to stop the chain. That evidently mean that if the
chainsaw hits the user with the guide bar, while the chain is no longer running, it will result in
significantly smaller injuries. As a complementation according to Husgvarna (2002), an inertia can
trigger the activation. The complement is a suitable attachment for the brake since that a user can
handle the saw in many ways. In some cases, the front hand guard will not trigger by the kickback
and if such a situation occurs, the dynamic activation force, which is the inertial function, is lifesaving
(Husqvarna group, 2002).

2.1.Problem Statement

The activation force must be triggered by the hand guard in order to activate the braking system. The
system is developed with a couple components to serve a mechanical safety function. Functions of
the system in whole and in individual is rather complex and is built on a simple strategy of
overcoming a breaking point. This breaking point is located inside a clutch cover assembly with the
rest of the details internally. The system is mainly built on the hand guard, a knee joint and three
springs. All these components have a beneficial impact to the required activation force. In general,
the knowledge of the chainsaw is a good point to start initially. Step by step the complex system is
being investigated. Some of the components of the system is rather small, in some cases even be
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considered massless. An investigation of the systems movement and how that will affect the springs
is analyzed.

To be able to specify the outcome and even to understand the concept of general activation force,
another problem is specified with similarities. In Figure 2.1 a ball is visualized with an applied torque.
Also, an edge can be located and which the ball will eventually overcome. The dimension of the edge
and the sphere is crucial for how much torque there will be applied in order to overcome the edge. A
problem statement for this specific problem could be “how much torque M is required to move the
sphere up on the edge with the height H?”. For this project it can be almost directly applied if the
components in the clutch cover can be seen as an obstacle much alike the height in the similar
problem. This theory is explained in Grahn & Jansson (2013).

M

Figure 2.1. Problem statement of the activating force (Grahn & Jansson, 2013)

2.2.Chainsaw

To get a deeper knowledge of the main problem it is important to understand what a chainsaw is,
and also acknowledge the different components in the saw. The chainsaw is a portable mechanical
saw with a two-stroke engine. The saw can cut down, all types of trees with the sharp cutting teeth
which runs in a high speed around the guide bar of the machine. The chainsaw can be a dangerous
product if it maneuverers in a wrong way. The user of this product needs to have an education and
protective clothing in this specific area. The chainsaw was introduced in Sweden around the 1920’s
but it was not until 1930 that the saw became practically useful to log bigger trees according to
Nationalencyklopedin (2018). It was a two-man chainsaw, which was heavy and hard to use
(Nationalencyklopedin, 2018). The breakthrough for chainsaws came in 1950 and now only one
person is required to use it (Nationalencyklopedin, 2018). This saw was much more like the modern
saw. The first Husqvarna chainsaw was introduced in 1959 by using knowledge of the two stroke
engines used in their motorcycles (Husqvarna group, 2018). The development is moving fast and only
ten years later Husgvarna introduced the world's first chainsaw with integrated anti-vibration
system. It became a new standard for ergonomics (Husqvarna group, 2018). Figure 2.2 shows the
modern Husqgvarna chainsaw that this project is built on.
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Figure 2.2. Husqvarna 465 rancher chainsaw (Husqvarna group, 2018)

2.3.Front hand guard

There are two ways to activate the brake. One way is to activate it with the hand which hold the
handle, so when the kickback kicks in the hand will push the front hand guard and thus release the
brake as shown in Figure 2.3. According to authority requirements, the force of the hand must be
between 20-60 N to activate the brake. The other way to activate the brake is by the inertia in the
front hand guard. The chainsaw is moving fast in one direction and the front hand guard inertia
activates the brakes as shown in Figure 2.4. There are authority requirements also on this feature,
(Organization for Standardization [ISO], 2009). It should not be too easy to activate the hand guard
because then there is a risk that the user will dissemble the hand guard. If the activation requires
more than 60 N it can avoid releasing at certain situations. There is a basic rule to avoid or reduce the
kickbacks. That is to know why and when there is a risk of kickbacks, and thus reduce the element of
surprise. That means the user always should have a steady grip with both hands of the front and back
handle and stand stable with both feet. The chainsaw should not be used in a higher level than the
shoulders and always avoid using the kickback zone of the chain as shown in Figure 2.5 (Husqvarna
group, 2009).
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Figure 2.3. A demonstration on how the front hand guard is activated by the user's hand. (Husqvarna
group, 2009).

Figure 2.4. This picture demonstrates how the inertia in the front hand guard would be released.
(Husqvarna group, 2009).

Figure 2.5. The kickback zone (Husqvarna group, 2009).
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Figure 2.6 shows in what direction the hand guard is pressed and how the brake spring responds to
the activation. Once the spring starts to extend itself, the band will interact with the drum and brake.

’

Figure 2.6. The external and internal system response to kickbacks

2.4.Band brake

Brakes and clutches can come in many different shapes and designs but conceptually, the brakes and
clutches are as near as indistinguishable as possible. The whole concept is built around bringing two
different elements to the same velocity relative to each other. The clutch is more often a gradual
connection between the elements while the braking system is built on the same principals except for
that one element is fixed on an axis (Collins, Busby & Staab, 2010). Only one element would have to
require the angular velocity.

A band brake is nowadays a common usage of a braking (or clutch) system. The whole design is
based on a high grip friction brake. According to Collins, Busby & Staab (2010) the band is supposed
to have a surface applied around a rigid drum. The band will then follow the drum usually between
270° to 330° in contact. For the drum to be allowed to stop, the band is pressured with some
mechanism and then by squeezing, eventually the friction will increase exponential to the rotation.
This sort of braking system is preferred in solutions where some cylindrical drum or equipment is
ought to be slowed down or stopped. It can nowadays be found in chainsaws, some bikes and winch
mechanisms.

According to the Figure 2.7, which is an exploded sketch of the band braking system used in multiple
chainsaws at Husqvarna AB, the band is mounted with elongation and pressure. This means that the
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band can rather be visualized as a spring connected to the whole system. The band is providing the
system with an amount of tension where the material itself and its strength would have an indication
on the mechanical analysis. According to Collins, Busby & Staab (2010) the uses and the
characteristics of springs are broadly defined. For example, much like the band brake illustrates,
devices that exhibit elastic deformation when loaded and recovers the initial configuration when
unloaded again.

Figure 2.7. Clutch cover assembly

2.5.Springs
Considering that there are two known springs in the conceptual braking system, the spring types can
be identified and evaluated. The brake spring is of a more common sort, a helical-coil spring. This is
probably more recognizable because of the usage circling compressive and tensile loads (Collins,
Busby & Staab 2010). The recognition comes from the many loops in the spring. There are a few
different parameters that are convenient to the calculations of an axial loaded helical-coil spring. For
instance, the operating length of the spring versus the length of the spring in equilibrium. As already
predicted, the band brake itself is considered to be a spring contributing to the axial load. Simply by
releasing the knee joint from its equilibrium position, the resistance with only the band brake
mounted versus none of the springs mounted is noticeable.

Both the brake spring and the band is affecting the same pressure point, the spring guide. The spring
guide in return is pouching the knee joint backwards to a position where the band becomes
stretched. The positioning of the springs is parallel to each other. According to Riley & Sturges (1996)
two parallel springs have a summary of effect equal to Eq. (1) where k; is the brake spring and k,
the band spring.

keotar = k1 + ks (1)

The stiffness of the springs in the system can be calculated accordingly with Hook’s law (Riley &
Sturges, 1996).
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F =kx (2)

Where x is the deformation of the spring.

2.6.Friction

Friction is an interesting phenomenon that occurs when there is contact between two bodies. One
can say that the friction works as a counteracting force on the relative movement of the bodies.
There are a few conditions, or suitable laws if preferred that the friction regards to. When an object
moves, the friction will be perpendicular to the normal force, which is dependent on the mass.
However, the friction is independent of the contact area between bodies (Riley & Sturges, 1996). As
long as there exists a contact area the amount of friction will not contribute more or less. Another
phenomenon within the subject friction is that the friction is dependent weather the object is moving
or not (Riley & Sturges, 1996). If an object is in a static state, naturally the static friction is current. If
the object on the other hand is moving it will be referred as kinetic friction. Besides separating the
two different states by pronunciation the static friction is actually larger than the kinetic, regarding
the same object is identified. This is because while the object is in a static state it will require more
force in order for the object to move (Grahn & Jansson, 2013). Once the object finds itself in
movement the friction force decreases a little. The transition between the static friction force and
the kinetic happens at the static friction force. (Grahn & Jansson, 2013). A general case of friction is
stated in Figure 2.8.

¥ 3

Figure 2.8. A general case of a body where friction occurs

fmax = tsN (3)

Once the maximum friction force for the static state is achieved the object starts to move. Observe
that g is the friction coefficient for the static state. For the friction to reach f,,,,, a rise of f, which is
the static friction, is required. Therefore, f; will raise continuously until f,,,, is reached. Following
conditions occur

fs < usN (4)
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For the kinetic friction force, the same condition is accurate except for the friction constant which is
now depending on the kinetic movement.

fr = uN (5)

Friction can be viewed as a resistance. Friction is considered, in many circumstances, unwanted. In
some cases, depending on the goal, the friction can work alongside the mechanism instead of
against. The friction can be time consuming, heat generating and cause wear. Often these sorts of
consequences result in solutions that is made for taking care of the friction in the system which is an
indication of the amount of the difficulty.

When considering static friction, there are according to Baraff (1991) two different approaches that
can be applied. Both have limited applicability and drawbacks. In a general case for the static friction,
the following equation is given in forms of components (Baraff, 1991).

|fx:fy|2 = fo +fy2 < (.uf)z (6)

The static case is generally more complex. The friction is greater in the static case compared to the
kinetic, dynamic. The most difficult theory of friction is knowing at which point a contact point
translates into sliding rather than sticking. When the static friction force is sufficient enough to
prevent sliding, any direction of the friction force constraining (ay, a, ) to be zero is valid. If the
contact point starts to slide, then partially the friction force components (fy, f,) must oppose the
acceleration. (Baraff, 1991)

2.7.Lubrication

Lubrication is a technique that is used to decrease the friction between to objects. The technique
involves supplying a sufficient quantity of clean, uncontaminated lubricant (usually oil) according to
Collins, Busby & Staab (2010). The purpose is to separate the two rubbing surfaces so that no
asperity contacts transpires. Therefore, the friction would result in a decreased amount. The whole
concept of braking is built on friction between two objects interfering. This makes it important to be
aware of the location where the lubrication is meant to be applied. For instance, a high friction is
required in the band enclosing the drum. Otherwise there is minimal interaction and the drum would
be much harder to stop due to the slippery oil. The rest of the included braking system is lubricated.
Leads, sprints and contacts areas are lubricated in order to maintain the speed limit in the system
and prevent the components from being worn. Lubrication in the chainsaws produced by Husqvarna
AB is mainly to reduce wear in the system, the clutch cover more specific for this project, and also
decrease fatigue.

2.8.Catia - Generative Part Structural Analysis

Catia is a world leading multi-platform software for CAD, CAM, CAE, PLM and 3D. Catia was created
1977 by a French company named Dassault Systemes. Industries in all different variety use Catia, like
the aerospace, military, cars and industrial equipment etc. (Dassault Systémes, 2018). Catia V5 is
compatible software to do static analysis. To start an analysis the first step is to open the part which
should be tested. Then Catia needs the addition "GAS" which stands for Generative Structural
Analysis (Dassault Systémes, 2018). This tool makes it possible for the user to understand and
analyses the stresses and displacement of the part. In this mode can both loads and boundary



University of Skovde Department of Engineering Science

conditions be applied. "GAS" is also capable to handle vibration characteristic parts, and thus
calculate the natural frequencies according to Dassault Systémes (2018). The analyses can be done
on volume, surface and wireframe parts. (Dassault Systemes, 2018) When this mode is chosen is the
next step to create a static analysis. This means that the part will be analyzed with loads and
boundary conditions. For an analysis to work correctly, a material must be specified as well a mesh.
This is important because the program needs to know the properties like Young's modulus and
poisons ratio. The mesh size determines how detailed the analysis should be, finer mesh means
longer run time of the analysis. When it comes to boundary conditions there are some different
options to choose between. Clamped condition is when the displacement in all direction of a surface
or an edge is zero (Dassault Systémes, 2018). There is some different technological restrains in Catia
to fulfill the user requirements. All these different restraints main function is to lock the translation
or rotation degree of freedom in the specified direction. The slider function is used to constrain a
part in a specific direction either in an assembly like connection between surfaces (Dassault
Systémes, 2018). The ball joint tool works quite similar, here is points in the parts used instead. There
are at least two different generic restraints. The first one is the user-defined restraints, which enable
the user to self-choose the direction of the translation and the rotation (Dassault Systéemes, 2018).
The second tool is the Iso-static restraints, which automatically picks three points and restrains the
translation in according to the 3-2-1 rule (Dassault Systémes, 2018). The result of this will avoid the
part from rigid-body translations and rotations, without constrain it too much. It is common to have
some sort of load at the part. In Catia there are different load options to choose between depending
on how the simulation should act like pressure, force, moment, acceleration, rotation or
displacement for example. When this is specified the results can be visualized. Depending on what is
relevant to visualize can different modes be chosen. Catia can present deformation, Von mises
stresses, displacements and precisions. The presentation can also be visualized as an animation
(Dassault Systéemes, 2018).

2.9.Uncertainty & Measurements

In almost every study or scientific article there is a subject that is analyzed scientifically and
discussed. The objective is mainly to prove that the theorem or hypothesis is accurate. When
correlating an analytical solution or sometimes analysis towards data that are gathered from tests
done by humans, the results may or may not always reflect the analysis. There are of course two
main factors of such phenomena, in general. The first reason that data collected do not match the
analysis is because of the quantity collected and is depending on how it is collected. In Mayerhofer,
Vallecillo & Wimmer (2016) the quantity stands for any observable property of an object or system
that can be measured. A common example of uncertainty is production. Dimensions are in a
theoretical world more or less always precise. The reality simply does not correspond to these terms.
In the production of one million gloves there will be with a 100% certainty that the product will not
have the exact same dimensions. According to Mayerhofer, Vallecillo & Wimmer (2016) estimations
are needed because the exact value of a dimension is simply too costly to measure. Frankly speaking,
the amount of resources spent on measuring an exact value, will both in time and money be the
doom of large productions in line. The estimations required is often mentioned as intervals or ranges
where the dimension will find itself in Mayerhofer, Vallecillo & Wimmer (2016). The method of
estimations concerning uncertainty is commonly used when engineering constructions. A more
accurate term to use is x & u where x is the value wanted and u is the associated standard
uncertainty (Mayerhofer, Vallecillo & Wimmer 2016). Wimmer, Mayerhofer & Vallecillo (2016) in
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addition states that a measurement result that determines the value of quantity is only complete
when it is accompanied by a statement of the associated uncertainty. It is usual to use the
associated standard uncertainty u similar to standard deviation which rewrites the expression
accordingtox + o.

2.10. Monte Carlo simulation

The Monte Carlo simulation is circling the potential idea of random sampling (Raychaudhuri, 2008).
The simulation collects random sampling and statistical analysis in order to compute the results.
Raychaudhuri (2008) explains simplified that the method is similar to lots of random experiments,
where the specific results is not closely considered prescribed. The Monte Carlo simulation is a way
to analytically see the outcome with parameters that can variate randomly. Practically, this would
symbolize a random number of samples in a production which ought to be investigated and
measured. With comprehension to the fact that all the objects contain an amount of standard
uncertainty. The objects or products parameters are crucial for the input data of the simulation. The
input data is transferred into a mathematical model. According to Raychaudhuri (2008) such in the
process located in Figure 2.9 and feeds out the output analysis. The process is easily understood and
can be spotted also as a guide in Figure 2.9.

Input Output
Data Math Model Analysis

Figure 2.9. Schematic diagram of the process (Raychaudhuri, 2008).

The input data can basically include any preference, one sort of condition is input parameters. In
most cases the input parameters are related to the standard uncertainty and variation
(Raychaudhuri, 2008). Figure 2.10 shows an example of how the input data can be specified. In the
project the input for the simulation is given as minimum, nominal and maximum values because of
the many tolerances.

Input Output

Worst Case Worst Case
Base Case Math Model Base Case
Best Case Best Case

Figure 2.10. Model based on cases (Raychaudhuri, 2008).

The Monte Carlo method is not entirely bullet proof. The disadvantages as Raychaudhuri (2008)
describes are the fact that the best or worst-case scenario for each input parameter is not likely to
fall in. The program will only care for each parameter and not necessarily the relation between them.
The value of each output parameter is one particular outcome scenario in the simulation run
(Raychaudhuri, 2008). This process can naturally be investigated by running the simulation with the

11



University of Skovde Department of Engineering Science

same parameters lots of times. Eventually when the simulation is completed, the statistical analysis
on the output data can be prepared. By using the sampling statistics of the output, the scenarios can
be characterized. The process handles the program in such way where the most critical parameter
can be identified by the Monte Carlo.

In this project, the writers choose to use this simulation with the software interacted with Excel.
Every input data in collected either from 2D drawings, Catia or equations with tolerances on the
dimensions that can be defined. All the input data cannot variate because the equations will include
all the tolerances that the integrated parameter contains. The result is then expressed as a
completed equation for the system and also randomly selected. 10 000 iterations are made in order
to see the spread of the values.

2.11. Rotational movement around a fix axis

When analyzing mechanical systems, it is convenient to understand how the bodies are moving. The
braking system is a construction of bodies put together, which all can be evaluated in an aspect of
mechanical analysis. Since that the knee-joint is mounted on a pin, it is obvious that the body is
having a rotation around a fix axis. This special case can be viewed as huge practical interest
according to Grahn & Jansson (2013). Enormous numbers of mechanical solutions in modern time is
relying on the principals for the rotational motion. The most usual sorts are flywheels, cams, gears
etc. (Gahn & Jansson, 2013). In most of the problems that are identified as rotation, more or less, the
position is not always the only number of interest, it is as additional how fast the body is moving. The
angular velocity and additionally acceleration can be identified.

If a system of a particle is considered to be moving in a rotational movement, the velocity in the stiff
body naturally is orthogonal compared to the rotational axis (Gahn & Jansson, 2013). When focusing
on a point in the body, the selected point is similarly having the velocity directional orthogonal to the
axis of rotation. Figure 2.11 shows the principals used for rotational movement.

V=TWw =1 (7)
a; =10 =7r¢ (8)
a —ﬁ—ra)z—r'z

n=T=rw’ =1¢ ©)
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Figure 2.11. Principals of rotational movement. (Grahn & Jahnsson, 2013)

There is of course an alternative to the angular velocity and the angular acceleration. The alternative
consists of a solution that is perhaps more appropriate when handling three dimensional problems.
The equations from above refers mostly to problems in two dimensions. Naturally the solution will
end in a movement in two dimensions if the problem ought to be solved with the second alternative
as can be viewed In Eq. (10).

V=T X w (10)
Aa=V=WXTr+wXr=oXr+wXxv (11)

The equations are written as vectors. This is indicated by writing them in bold style. When integrating
the vector for velocity with the acceleration, the following translation becomes accurate.

a=wXr+wX (wXr) (12)

The connection between the two alternatives can easily be evaluated by reconnect with the
acceleration formulas. The tangential acceleration ay is equal to @ X r and the normal acceleration
a,, is equivalent with w X (w X r) (Gahn & Jansson, 2013).

2.12. General plane motion

The general plane motion contains a central part in the area which is the translation and rotational
movement. It is necessary to understand the rotation and the translation before considering the
plane motion. The plane motion is dependent on the angular velocity and the correlation of the
speed. Systems often contain a few bodies assembled together. This is seen in every part of
mechanical analysis. When doing an assembled analysis of plane motion, it is always seen that the
rotational and translation movement is a part of the system. The system is moving similar to a unit
when in action and the velocity becomes relative. This is a central expression in the content. (Grahn
& Jansson, 2013)
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2.13. Mini Tab

In order to collect a big amount of data or discover valuable insight of data, Minitab could be used.
Minitab is statistical analysis software and it was created in 1972 by a professor in order to learn
students about statistic (Minitab, 2018). With statistical software the user is able to create
automated calculations and different kind of graphs depending on how the result will be presented
(Minitab, 2018).

There are many different ways to present results in Minitab, depending on what is relevant according
to the input-data. The most common tool is the basic static (Minitab, 2018). The basic static tool can
exploit simple histograms and curves for varied data. This software can create Pareto charts to find
out which parameters or combination that affects the outcome most according to Minitab (2018). In
order to investigate the credibility of the results, graphs can be created, which analyses the quality of
the test. An important factor of a test is the significance. The results of the sample and hypothesized
test are significant if it shows that it is too unlikely to have happened by chance (Minitab, 2018). To
consider statistical significance, the p-value is used. If this value is lower than a stated level of
significance a, it means that the hypothesis for the model can be applied and that the statement is
somehow accurate (Minitab, 2018).

3. Method

The structure of the method is divided in two different sections, one for the static and one for
dynamic activating force. The both two sections are constructed with a same type of pattern. The
opening part is an investigation of the mathematical and analytical problems that affects the system.
In order to prove the analytical statements, different types of test rigs are used. In that way, also
uncertainties or unknown data can be measured.

3.1. Static activation force

According to the requirement the results should be able to display as a mathematical expression. The
first task is to evaluate an expression in general for the static activation force. The model needs to be
evaluated at first from both 2D drawings and Catia. In Figure 3.1 the braking system can be located
with all the attachments except for the band brake. In general, the picture shows the locking
mechanism. The initial angle of the system is a, which results in a position where the system is at
equilibrium. The spring is connected with the knee joint in a plastic detail. Additional the band
fastens in the detail likewise. The angle of the knee joint is vital to the corresponding forces. The
whole principal is built concerning the locking mechanisms. The angle of the system which is to
overcome, is shown in Figure 3.1 where the part is extracted from Catia.
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Figure 3.1. The locking mechanism shown from the model in Catia.

With help from the information given by the model in Catia a simple sketch of the system is
prepared. The sketch contains only the geometry of the system so that it will be possible to calculate.
The geometry is simplified by sketching the length Cin a horizontal position according Figure 3.2.
Observe that the angle of the system from this point will have the ability to alter and therefore is
mentioned a. The initial angle a; is set to show at what position the system is in at equilibrium.

Figure 3.2. Geometry of the locking mechanism.

3.1.1. Analytical solution

To be able to calculate the dimensions of the geometry an identification of the prescribed
parameters is essential. Initially there are two prescribed lengths and one prescribed angle. The
length C can be calculated accordingly to the law of cosines and evaluated. Eq. (13) shows the
outcome of the principal used.

C = VA? + B? + 24Bcosa (13)

The system is moving from an initial position into a state where the length C becomes a sort of
maximum value before snapping over into a locked position. Once the position is reached as shown
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in Figure 3.3, the system will border to either fall back into the initial state or continue towards the
point where the band will enclose the drum. This is highly profitable to be aware about since that the
length C will alter between a maximum and minimum value. A displacement in the same direction in
other words.

@)
Q
O

A
\

Cmax

Figure 3.3. The length C at its maximum extent.

Now the movement of the knee joint can be evaluated depending on an independent parameter a. If
the expressions are tested on the thrived angle, the lengths are corresponding to each other
according to the expression for the deformation.

(14)

|Cmax - Cinitial |

The length is now variating depending on an angle which creates the opportunity to analyse which
deformation is accurate. The initial position is located at @ = @ while the parameter a can be
altered. The angle contains two restrictions which is formed by the housing in the model. Once the
geometry is known and understood, equilibrium of the system can be prepared. If correctly
evaluating the model, advisable using both Catia and visualization in reality, the model is sketch

accordingly to Figure 3.4.

K1

A ) B Kz

Figure 3.4. The mechanical components in initial position

In the Figure 3.4 above, it can be spotted that two springs are currently affecting the system. The
explanation to this can the band be reconstructed in a sketch model likewise a spring. Because of the
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current stage and abilities, the band is pushing the plastic geometry towards initial position. This
phenomenon can be self-evaluated by carefully removing the spring and trigger the locking
mechanism back and forth. One should feel a resistance in the knee joint, despite the lack of springs.
This gives the impression that the band is affecting the connective point. While the locking
mechanism is released contrary set in initial position, the movement is transformed into a
deformation in the band. To support this statement, a mechanical analysis of the band brake is done
in Catia. Simply by bringing out the model constructed, the band is brought into analysis in Catia
using a GAS licence when using the tool analysis & simulation (Dassault Systémes, 2018). The whole
system is initially sketched in static equilibrium in Figure 3.5.

Frot

Figure 3.5. The static equilibrium.

As a start of solving the problem, the torque in the knee joint represents a major part of the solution.
The torque M is calculated in a primary step according to Figure 3.6 and 3.7 with included equations.

M/—\

Figure 3.6. A sub section of the front knee- joint.
M = FypeeSinaA (15)

This is the main step to specify the torque. Nothing has yet been specified about the force named
Finee Which is the next step in order to solve the analytical calculation for the torque. From Figure
3.7 the force Fjqee is set with equilibrium and becomes Eq. (16).
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Fkr‘IBE

Figure 3.7. A sub section of the back knee-joint.

The transition from the white spring guide, which is attached to the spring, can be translated into the
Finee Which is a resultant. To be able to consider the collected forces from the spring and also the
affects from the band, data is found in the 2D-drawings received from Husqvarna group. The normal
force in the picture is notified because of the wear in the braking cover. A used braking cover is
showing that some of the colour painted on the surface is worn off. Therefore, it is confirmed that
this sketch of equilibrium on a separate system contains a normal force. This reasoning can also be
collected and confirmed from the theory of the band brake. When running a simulation of the band
there is a requirement of the spring guide to which is also attached to the band, is sliding on surfaces.
The theory is accurate and directly located dependent on the direction of the force which originates
from the knee joint.

Frnee = “tot (16)

cosf

Fiot is the collected amount of force from the two springs. The equation for the total impact of the
force from the springs can be written according to Eq. (16). Note that the addition from one another
is because of the positions in the system. The springs are parallel which indicates that Eq. (17) is
accurate according to Grahn & Jansson (2013). Also see Eq. (1) and Eq. (2) for Hooke’s law and
calculations of the stiffness.

Fiot = Fprake spring + Fpana (17)
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The next step includes evaluating the springs. A 2D drawing gives away the information that is
required to specify the equation for the stiffness of the spring. Throughout the project a perspective
on the goal needs to be comprehended. If the model is going to be able to be adjusted and applied
on other platforms (other chainsaws), the model needs to contain parameters that can be
considered adjustable. The force that originates from the spring will be written in lengths which gives
the company the ability to change the parameters. The equation for the spring stiffness is defined by
Eq. (18) using Hooke’s law. The deformation of the spring compared to the free length will have a
major responsibility and is relative speaking easy to determine. From Figure 3.8 the deformation is
calculated for the brake spring with Eq. (19).

Lfree.helical

Lclamped.helical

Fhelical.coil

Figure 3.8. Showing the 2D drawing of the helical coil spring with included data.

With the information given in the sketch, the stiffness for the spring can be considered prescribed
from this point. The list of symbols will help keeping track of the different names concerning the
many terms used. For the specific stiffness the force F in the 2D sketch is used along the
deformation.

kl — FHelical coil (18)
S . .
Helical coil

5Helical coil = Lfree.helical - Lclamped.helical (19)

To be able to use the equation for the Fit, the whole spring system needs to be evaluated and
properly inserted into an appropriate way into the final equation. The next step concerning the first
spring is to use the stiffness k1 and involve Hook’s law once again to determine the resulting impact
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from the spring. At this point the stiffness is already seen as the major influencer on the system. The
stiffness of the first spring, k4, is highly stiff because of the total force and the deformation to fit in
the housing. The collected force from the helical coil spring is written in Eq. (20).

Fprake spring = k16, (20)

As mentioned before, the system is moving during the procedure to release the braking mechanism.
The cycle is the movement where the angle variates between a, and 0°. At zero degrees the system
will be activated. This gives the angle the condition of 0 < a < ;. The deformation during the cycle
can also be written as [Cyqx — Cinitiail referring to the first geometry. The deformation of the
helical coil spring can be evaluated further.

81 = Lfree - LC (21)

The free length and the clamping are calculated by sketching the system in whole using Figure 3.9.

Ls
' ‘ Lo
S »
Liar
Figure 3.9. Geometry for the system including the spring.
From Figure 3.9 the deformed length L. is calculated to be accordingly to Eq. (22)
Le = Lior — (Ls + C) (22)

Once again, the equation is built on the reasoning of that the system moves. Which is why the
parameter Cis added to the equation. In this way the force can involve the difference from the initial
stage to the release stage.

6, = Lfree = (Lgor — (Ls + 0)) (23)

The amount of force that is reflected on the knee joint is written in full potential as Eq. (24)

Fyprake spring = ky [Lfree - (Ltot - (Ls + C))] (24)
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The deformation of the system can easily be translated since the rest of the lengths considered are
prescribed. The length x from Figure 3.10 is then translated into AC = |Cppax — Cinitiail- This is
perhaps the general formula for the deformation in the system before snapping over the activation
position. See Figure 3.10 for the direction of the movement. If instead inserting AC into Eq. (22) of
the heliacal coil spring the initial length would be cancelled and eventually pour out in Eq. (23). Since
the deformation of the spring and band is known, the only parameters that is currently unknown is
the angle 5. The angle is calculated from the initial geometry.

Y

Fiot
thce /

Figure 3.10. A sub section of the spring guide showing the movement before activation.

C2+B*-4*

cosp = (25)
_ —1 (C*+B%*-A?
B = cos ( 2BC ) (26)
From Eq. (15) the collected data can be inserted and evaluated.
k1(61+AC)+k,(65,+AC) .
M === Asina (27)
2BC

The torque equation will then be extended with the prescribed data and forged together.

kq [Lfree_(Ltot_(Ls+C))]+k2 (8,+A0)
2B2+2ABcosa

M =

2ABCsina (28)

The torque equation is not yet finished. The model according to the company’s request, is supposed
to be changeable if inserting different dimensions in the field of parameters. The impact from the
band is still divided into parameters which is considered unknown. The data for the free length of the
band cannot be collected to full potential from available sources.

If everything can be considered prescribed in the previous equations, the torque M is ready to be
calculated in the knee joint. The torque then needs to be transferred into a force which will
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represent the force that a potential hand will apply on the front hand guard. According to the ISO
standard from the authority’s Organization for Standardization [ISO] (2009) the representation from
the hand is being identified as a force with an angle which is applied on the guard. This is then the
required static activation force. The authorities also required the static activation force to be a force
dimensioned in Newton. That is the main reason why this last operation is required for the
equilibrium and free body diagram. With help from sketches and models in Catia the geometry looks
similar to the one in Figure 3.11.

Ly

Figure 3.11. Equilibrium for the front hand guard.

The momentum is affecting the braking system in the centre of the clamped handguard. There are
now other acting forces on the system from this point of view. F; is an index force located in the catch
and which whole existence depends on the ability for the hand guard to stay in an initial state. It is
mounted with a third spring, much smaller than the helical coil spring in the clutch cover. The index
affects the hand guard in a point located the length r from the connectivity point. The angle is
retrieved from Catia V5 according to Figure 3.11. The equilibrium equation is then evaluated. Figure
3.12. Showing the position of the catch and contact between the hand guard. Shows the placements
in Catia to provide the equations and an understanding of the details. The construction of the catch
and its purpose can be seen to the left and the picture in whole is related to the right picture.
Observe that the length from the clamped reference point in horizontal length is Xp. This length is
taken by using the dimensional measurement tool in Catia V5. Figure 3.13 shows the relation when
measuring.
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Figure 3.12. Showing the position of the catch and contact between the hand guard.

Figure 3.13. Showing the length to the center of gravity in the hand guard.

M+F;p sin(q))r—%XTp
A —

cos(y)Y+sin(y)X (29)

The free body diagram In Figure 3.11 reveals that Eq. (29) is accurate. Now the torque equation can
be retrieved from earlier and inserted into Eq. (29). Before that is happening, the index force from
the catch can be replaced with Hooke’s law (Riley & Sturges, 1996) in order to fulfil the requirements
from the company. From the 2D drawing in Figure 3.14, the stiffness of the catch spring is calculated
with Eq. (30)
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Lfree.catch [1

A

Lclamped.catch

Figure 3.12. The 2D drawing of the catch spring.

Fspring,catch
ks = _Spring.catch (30)
6spring,catch

Where 8spring,catch = Lfree,catch — Leiampea,catcn- NOW that the stiffness is stated, the total force
affecting the system from the catch is analysed through the movement. Once the hand guard begins
to move, the catch spring is moved backwards into the cover which forces the spring to absorb more
force. The movement of the catch can be sketched according to Figure 3.13. The edge that is
rounded is moving along the track in the hand guard. A restriction is made to be able to solve the
movement. The track, the curve, in the hand guard contacting the catch is nonlinear. Optimal

calculation is to have a length linear dependent on the angle that the hand guard is located in. The
movement will therefore be adjustable concerning the angle a.

Figure 3.13. Relocation of the catch when the hand guard is pressed.

Thereafter the geometry and the problem are simplified. The reason for the strategy is once again

the ability to change parameters. That is why the system is transferred into a sketch with simply
variables. Figure 3.16 is a sketch made out of Figure 3.15.
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B;

Figure 3.14. The geometry simplified in both Catia sketch mode and by theory.
To be able to evaluate the extent of the index spring, sinus theorem is used.

sinA _ sinf

5 = (32)
WhereA =180 -0 —aandB; = A4; + x
sind
T sing A (32)

x is then the extended contraction from initial placement to activation position. Pending on a total
angle of . This displacement needs to be added to the compressional length when mounting the
catch into the cover. The final formula for the contribution index force in the catch is rewritten,
simplified, with aid from Catia V5. Catia provides the clamped length when mounted according to
Figure 3.15. The figure visualises that the clamped length when mounted is approximately

Lclamped,catchz

R Lo Bl BEERAASAA6ES i, B 248 '€ 0 G%

Figure 3.15. Clamped length of the catch component.
FI = k363 (33)

Eq. (33) is furtherly specified.
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FI = k3 [Lfree,catch - (Lclamped,catchz + x)] (34)

Inserting the torque and the index force from Eq. (34) gives the total activating force in Eq. (35).

k1[Lfree—(Ltot—(Ls"'C))]"'kZ (8pana+ac)
2B2+2ABcosa

2ABCsina +k3

sin(180-60—-a) .
Lfree,catch_(Lclamped,catchz + (T‘A>>] sin(@)r

FA =
(35)

cos(y)Y+sin(y)X

3.1.2. Contribution of friction

The next goal to achieve is to involve the equations for the friction in the theoretical model. Because
of the size of the system some restrictions are to be made. The most affectional areas for example
are the areas in the housing that are showing clear signs of wear on the painting job. This is
connected to the theory that most friction will occur where the system is integrated with forces that
are angled. The rest of the system is in a sort of trans where the friction is relative to the space and
the mass of the detail. Figure 3.18 both includes a Catia model of the spring guide and the static
equilibrium including friction for the part.

Firir.:tion,knee ¢

Figure 3.16. The connectivity point in the plastic between knee joint and spring.

If the reasoning is accurate, the point where the most friction is located in the system, is found in the
connectivity point for the springs. In Figure 3.17 it is visualized that the force from the knee is angled
and contributes to wear. With help from Figure 3.19 and Figure 3.18 a simple equilibrium is
constructed to calculate the friction in the point. The resultant of the normal force is simply
multiplied with a friction coefficient (Grahn & Jansson, 2013). In Figure 3.17 it is detected that some
wear occurs in the upper side where the spring guide is located. The cover seen is a relative new and
have not been used which makes it harder to acknowledge. This is a clarification that there are
contact points between the detail and the cover which results in friction.
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Figure 3.17. Detecting the wear in the braking cover assembly.

Ff,knee =W [Fknee - mlg] (36)

In this specific case the mass is included because of the weight. This is one of the components that is
considered one of the heaviest in the system which makes it impossible to neglect. The second area
that is supposed to have an impact of importance is the catch. This is once again because of the angle
on the contact surface and force. The catch affection will now be referred as the catch with the usage
of symmetry, the model can be simplified. The two contact points seen in Figure 3.18 is affecting the
area with the same angle and in an equilibrium with no friction considered the forces will be
identical.

Ny Firiction,plunsh2

Figure 3.18. Equilibrium state of the index with friction forces applied and general visualization.
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Ny =N, (37)
Ff catcn1 = Fr catcnz (38)

Which would support the state of Eq. (39)

N = (39)

" 2cosg

With the normal force in the system prescribed the friction can be evaluated by multiplying with a
friction coefficient.

Fp _ k3(Lfree,index_Lclamped,index) 40
7coso M2 = H2 (40)
(0] 2cos@

Ff,catch =Nu, =

The third and last location of a significant friction is in the hand guard. The component is screwed
into the frame of the chainsaw and embraces the self-weight. This component is definitely larger and
heavier than the rest of the braking system and is also interacting with the index. That is why the
theory of the friction in this part matters.

Figure 3.19. Showing the rotation of the hand guard.
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Figure 3.20. The free body diagram of the hand guard including friction.

Ff,handguard = Nus (41)

By calculating the normal force in the system, regarding that only one clamped side is observed, the
equation is formulated as Eq. (42).

N = % + F,siny + F;sing (42)

Ff nanaguara = Hs ("2 + Fasiny + Fysing) (43)

The equations for the static activation force is rather done. At this point the impact of the band is still
considered unknown. The method of solving this problem cannot only include analytical calculations.
Therefore, both simulations in Catia and measurements are profitable in this situation. Further work

is needed in more practical aspects.

3.1.3.The affection of the band in Catia V5

The total amount of force that is applied on the knee joint is not yet complete. The contribution from
the band still needs to be determined. Unfortunately, there are no complete drawings of the band in
2D system that can provide the mounting versus the free length. This is a problem because without
the deformation in the band there cannot be a fully completed mathematically formula to explain
the static activation force. Instead the contribution from the band on the static activation force is
being considered as a valid constant. To solve that problem a static analysis in Catia V5 is made. In
this way it is possible to determine the deformation of the band when loaded. The deformation and
the force can provide information sufficient enough to characterise the stiffness of the band. See
Figure 3.23 for simplification of the band for the simulation.
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Figure 3.21. The clutch cover and simplification of the band in Catia.

The first step is to open the part in GAS and use the tool static analyse. To simplify the simulation the
band is plucked away from the clutch cover and cut were the first fixed point is placed in the cover,
see Figure 3.24. That is because impartial that part of the band which can be displaced that provides
data like a spring. Once again, the method starts to backfire when the awareness of the lack of data
is concluded. However, a mesh must be created, a tetrahedron mesh is used. The pattern of the
mesh is used only to spare time. With small element size and small “Absolut sag” results in a more
precise outcome but this will also increase in longer computation time (Dassault Systémes, 2018). To
choose an ideal mesh size can a convergence curve be created, in order to see when a finer mesh is
no longer required. When it comes to the boundary conditions, the tool is clamped along the outer
surface, from bottom to the yellow point as shown in Figure 3.22. For the sliding part which is
connected with the spring and the knee-joint are the tool surface slider used so it contains the ability
to slide along the track. A visualization picture is shown in Figure 3.23.

Figure 3.22. Explanation of the clamped surface.
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Figure 3.23. Picture of the surface slider.

Now the movements of the band are specified. Additionally, a force is provided, in order to test the
stiffness of the band as a spring using program analysing. The force is applied along with the track for
the spring as Figure 3.24 shows. If the force is known the displacement can be visualized and, in that
way, give the right amount of information to use Hooke's law and calculate the unknown stiffness

constant k.

Type  Global
] Display locally

‘ Force Vector

O —

x[93633N
v[-35,1120

Figure 3.24. The distributed force.

To run the simulation and analyse the displacement there is a tool called compute, then the
displacement can be visualized as Figure 3.27 shows. The biggest displacement is shown in the right
table of the Figure 3.24 and the direction of the displacement is the same direction as the force.
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Figure 3.25. The displacement of the band.

The model now runs as predicted and the method of investigating the displacement of the band is
completed. Unfortunately, no data can be used and interpreted.
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3.1.4. Testrigs and application

At this point the model cannot be established with only mathematics. The band is an unknown
factor, which makes uncertainties of the impact on the system. A test is created with a clutch cover
where it first is tested with the full potential. With full potential all the components specifically in the
cover are included, except the hand guard. The torque is measured in a machine that can detect the
highest value. The tool that is used in the rotational point is a perfect fit with the knee joint. The
machine that is operated is seen in Figure 3.26.

Figure 3.26. Instrument for torque measuring.

The band is then cut between the second and third heal in order to hopefully remove the impact of
the band in the system. The measuring for the two separate tests are made on a cover for another
platform. The ideal is to have an explanation for the affection of the band. The difference in torque
between the two tests resulted in up to 5% in Nm and therefore proved the theory that the band
contributes to the activation force. For the model to be as accurate as possible in the outcome this is
something that cannot be neglected. If the band cannot be neglected it can be calculated by knowing
the torque for the actual clutch cover. Therefore, a more sophisticated test can give an accurate
value on the torque. The test requires several clutch covers.

The more sophisticated test is actually built on the same principals but this time the values of the
measurements will be plotted into the computer and interpreted by the user. The rig is more
advanced and more technical compared to the former test. The data should be as accurate as
possible at that is why this method is chosen. Figure 3.29 is showing the rig that is used for testing
torque in the knee joint.
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Figure 3.27. The rig where the torque is tested including close-up picture.

In Figure 3.27 it can be detected that the tool once again is a perfect fit with the knee joint in order
to have a successful rotation. The settings for the machine is simply structured to have the most
accurate measurement possible. The rotational definition must be specified and at what speed the
tool moves. Another condition for accurate values is the maximum torque that the machine can
accomplish during a cycle. This must be set to be as close as possible to the outcome value for the
knee joint. That calibration can be done by decreasing or increasing the maximum torque to a level
where the knee joint releases, barely. The results of the tests then transmit into a diagram where it
can be visualized as in Figure 3.28.

Torque Measurement test

MEASURED TORQUE

Cover 1 Cover 2 emmm=(Cover3 emmmm(Cover4

4 5 6

NUMBER OF TEST

Figure 3.28. Torque measurement test.
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The highest spread for the test is calculated to be 14 % in Figure 3.30. The step of calculating the
parameter of the band is necessary because of the spread in the values from Figure 3.30 and the
proven impact of the band. If methodically the impact of the band brake is to be calculated an
average value of the torque is calculated using excel with command =AVERAGE (;). The impact on the
activation force of the band is now calculated according to Eq. (44).

M

k2(6pana + AC) = 2ABCsina

(2B? + 2ABcosa) — ky[Lgree — (Leor — (Ls + ©))] (44)

The formula is then integrated with a constant which will represent the force from the band. Where
the contribution from the band now is prescribed.

kq [Lfree_(Ltat_(Ls‘l'C))]‘l'Fband
2B2+2ABcosa

M = 2ABCsina (45)

While having the rig available, some tests are done on clutch covers that have had their lubrication
removed. In this way it can be evaluated how much the lubrication actually affects the system. It is
already known that the system contains friction but how much of the friction is removed with
lubrication is interesting for the project. According to Figure 3.29 there are no specific changes
pending if the clutch cover is lubricated versus not lubricated.

Test for lubricated VS. Non-lubricated
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(@)
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NUMBER OF TEST

Non-lubricated Lubricated

Figure 3.29. Showing results from a clutch cover tested with lubrication VS. Non-lubrication.

With the clutch cover assembly complete with tests, the next assignment for testing is the torque
point up to the edge of the hand guard. In this particular area the catch force is included since it is a
direct contact against the hand guard. This step is also to indicate and to be able to aim for a fairly
value in the calculation without the clutch cover assembly. The data for the catch spring is prescribed
but can be evaluated from the tests in order to detect troubleshooting or to get an accurate nominal
value as possible. In consideration of the tolerances, the result will be spread which indicates that
testing needs to be done on several covers repeatedly. In this case there are five covers directly
selected from the production and tested 10 times each to have a good validation. The test works
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similar since the same machine is used. The sought torque is different and only includes the catch
and friction which means that the drill needs to be mounted with a custom part (socket) in order for
it to succeed. The custom based drill tool is shown in Figure 3.30. When this test is done can the
friction and the angle ¢ from the spring force on the surface area be correlated to the results and the
measured angle from Catia part. The socket is mounted with the drill performed likewise the torque
measurement test with the whole clutch cover, see Figure 3.33.

Figure 3.31. The socket mounted on the front hand guard.

Once the hand guard is evaluated, the system in whole is tested on 465 Rancher which is the
required chainsaw. According to Husqvarna group AB the static activation force is tested specifically
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for the test code. There are a few restrictions and rules to follow in order to have an accurate testing
method. Some of the restrictions comes from ISO standard.

The results of the test with the catch spring as an included parameter is shown in Figure 3.34. The
black line is set where the activation of the brake occurs on the blue curve.

Figure 3.32. The plot of the torque with only included catch and friction.

In order to compare the results from the Monte Carlo simulation test results for the activating force
is needed as well. Samples from production on the 465 rancher chainsaw is to be created. The rig is
operated by the resources of Husqvarna AB and the data collected likewise. The data is then
evaluated and interpreted into a diagram of the resulting values. In order to get qualified data 24 test
are done for comparison. The yellow line in Figure 3.35 for the results in production is the mean
value for the tests.
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465 Rancher (966762700)

(1%
O
o
o
[Ty
=2
o
=
<
=
=
Q
<
9
=
<
=
(7]

NUMBER OF TEST

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Figure 3.33. The results of static activation force on the investigated chainsaw.

3.2. Dynamic activating force

When the static activating force is meticulous analysed should the dynamic activating force of brake
system be analysed as well. Since the front hand guard has a mass and a length and is mounted on
top of the chainsaw will the inertia activate the front hand guard. The task here is to investigate the
acceleration in x and y — direction with testing.

3.2.1.Testing and measurements

In order to get a good understanding of which parameters affect the system most, a sample matrix is
developed. In this matrix, there are seven different parameters that will be tested. Either with a
higher value than the maximum tolerance or with a lower value than the minimum tolerance of each
parameter, see appendix 4. Number 1 represents the higher value and -1 represents the lower value.
Since there is a time and resource aspect for this project, only 32 combinations will be built and
tested. Hopefully these combinations are enough to analyse which parameters affects the dynamic
activating force most. The different parameters that will be investigate in the clutch cover are the
knee-joint front A, knee-joint back B, “tooth width" b;, band brake radius 13, and the total clamping
length of the system L,. See Figure 3.34 and Figure 3.35. The two remaining parts are the front hand
guard and the catch spring. A previous test with six parameters of the static activating force has
already been performed. Therefore, the same parameters are used for the dynamic activating force.
Since the inertia of the hand guard possibly contributes to a big impact of the dynamic activation
force, a contribution of the mass into the parameters is added along with the already existing.
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Figure 3.34. The dimensions and tolerances of the “tooth width”.

Figure 3.35. The dimensions for the test in the clutch cover.

The test rig that is used for this experiment called “CEN-rocker” where “CEN” stands for European
Committee for standardization (Comité Européen de Normailisation) (Organization for
Standardization [ISO], 2009). This rig is a testing machine for the needed acceleration to activate the
front hand guard. As Figure 3.36 shows, the chainsaw is tied with ropes and then mounted on a disc.
The guide bar rests against the see-saw. The steel rock is mounted on a pin where the drop height
can be adjusted. In order to read and analyse the acceleration an accelerometer is mounted on the
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guide bar of the chainsaw, which plots the acceleration in a computer program when the rock drops
and hits the see-saw that is assembled with the chainsaw.
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Figure 3.36. CEN-rocker (Organization for Standardization [ISO], 2009).

It is very important that everything is mounted correctly since there are legal requirements to follow.
The rock is made of hollow section steel and must have a mass of 6 700 g £ 300 g and a moment of
inertia of 0.45 + 0.05 kgm? (Organization for Standardization [ISO], 2009). The drop height should be
able to change at 10 mm intervals and the accuracy of the drop height shall be + 2 mm according to
Organization for Standardization [ISO] (2009). The guide bar incline dangle to the horizontal plane
must be 30° = 2° and the angle of the guide bar in the vertical plane is 0° + 3° which Figure 3.37
visualises (Organization for Standardization [ISO], 2009). The last thing that is to be checked before
testing is the force of the guide bar resting against the see-saw. This force needstobe2 N+ 0.4 N
according to Organization for Standardization [ISO] (2009). To be able to measure the force a
dynamometer is used as Figure 3.38 shows. (Organization for Standardization [ISO], 2009).
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Figure 3.38. Measuring the tangential force in x and y-direction.

The plot of the acceleration is simply a visualization of the acceleration. The importance of the test
lies within the test results. The results can then be compared with the requirements from the
authorities. Figure 3.39 contains the requirements and the limitations for an activation of the brake
with dynamics.
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Control of acceleration on bar tip to secure proper inertia
release on the chain-brake, due to 1SO 13772 (2009).
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Figure 3.39. Control of acceleration on bar tip to secure proper inertia release on the chain brake
(Organization for Standardization [ISO], 2009).

Before the factual test can be done and measured, the drop height must be specified. To identify the
height, start with a height of 200 mm then increase the height 100 mm at a time till the front hand
guard activates (Organization for Standardization [ISO], 2009). lower the height by 20 mm till the
front hand guard no longer activates, then raise it by 10 mm according to Organization for
Standardization [ISO] (2009). To make sure this is the correct drop height shall five tests be done
correctly before the acceleration a, and a,, can be tested and identified.

In order to clarify the acceleration analytically, the moment of inertia must also be identified. This
can be done in two ways to increase the credibility. Check the properties in the Catia part and do a
practical test of it. The test of the moment of inertia is quite simple. All that is required is a steel wire
and two hand guard forged and mounted together. This set-up is shown in Figure 3.41. To perform
this test the configuration is put in oscillation. Thereafter clocking the time of ten oscillations. The
reason ten oscillations are counted is to get a more accurate value. A standardized formula for the
moment of inertia is printed into the steel-wire as used for the calculations. See the formula Figure
3.40 and Eq. (46). Since the hand guard is a parameter in the previous test, the inertia of the light
hand guard versus the heavy hand guard examines. For this test, one standard hand guard is
mounted with a modified hand guard, one heavy and one light. By the difference between the
nominal inertia and the two modified, an inertia of the heavy and the light hand guard can be
determined. Check the Table 3.1 for configuration.
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Table 3.1 The tests performed to determine inertia of modified hand guard

Test Variant/modification Comment
1 Nominal/Nominal Two standard nominal hand
guards forged together. Rather
stable.
2 Heavy/Nominal This configuration gives

commutation

3 Light/Nominal This configuration gives
commutation

The modified configurations resulted in some commutation besides of the oscillation. The mounted
configuration of the test cannot be measured with exact symmetry and is the reason for the
unwanted movement.

2,10+10~4¢?
Lnominet = 10 (46)
_ Inominel
Imodified,heavy - Iheavy - 5 (47)
_ Inominel
Imodifieatight = light ==, (48)

Figure 3.40. The formula for moment of inertia and configuration for the test.
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Figure 3.41. The assembly of the test procedure.

To define the inertia of the hand guard further, the result of the test can be compared with the data

from the Catia part.
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Figure 3.42. Measurement of inertia on the part in Catia.
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4. Results

4.1 Static activating force

To answer the question if the project is completed, the urgency of knowing how accurate the
mathematic formula is essential. With all the parameters, including the friction, the nominal result
became 4.75 % in difference compare to the production samples when the simulation is iterated
10000 times. See the static activation force in appendix 3 for F,. The force on the hand guard
requires the calculated value to activate in nominal. For comparison, a plot of the diagrams and a

chart is presented with the mathematical model accordingly.

Higogram

731

Tomado chart

F27
F26
F10
F2
F8
Fg
F16

Fi1
FS
F23

Figure 4.1. Histogram and Tornado chart for 10000 iterations.

Table 4.1 Explanation of the cells in the Tornado chart

F11 Fspring brake

F5 a
F23 Fspring.catch
F27 Ly
F26 Lhx
F10 Ltot

F2 A

F8 Lree

F9 Ls
F16 Lfree.catch
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The histogram and the Tornado chart from Figure 4.1 is mainly constructed in the Monte Carlo
simulation. The program runs as many tests of the parameters as requested and then transfers the
data into the diagrams. In the Histogram, the spread of the static activation force is detected. The
results of the simulations show a normal distribution of the force. Underneath the statistics label
data can be provided. In this version of the report the statistics have been removed due to
censorship. The Tornado chart shows a different type of chart. The labels to the left are cells from
the excel program where the simulation is created. The Tornado chart specifically indicates the most
affectable parameters. The most impact comes from the largest staple. The largest impact comes
from cell F11 in excel which indicates the brake spring in Table 4.1. The second largest impact on the
system comes from the angle a which is to be overcome in order to activate the braking system.
Further down table 4.1 the cells are explained with a name in the system to follow.

When the Monte Carlo simulation is ran 24 times, the outcome of the average compared to the
production tests showed the results plotted in Figure 4.2. The two different average values have a
precentral difference of 5.4 %. Note that the difference here is when the exact same amount of tests
have been compared both with Monte Carlo and the production values.

465 Rancher (966762700)
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Figure 4.2 Comparison of analytical and measured results

4.2 Dynamic activating force

The test results of the “CEN-rocker” is shown in Figure 4.3 and Figure 4.4 which is the European
standard testing machine that is explained in the method chapter. The diagram shows the different
average value of each test. The blue dots show the accelerations of each clutch cover and the orange
line displays the average value of the 32 tested covers. The covers tested are modified to have a
lager tolerance span than the possible from production. In x-direction are the highest acceleration is
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884.2 m/s? and the lowest is 253.4 m/s?. For the y-direction is the highest acceleration 1312.6 m/s?
and the lowest is 473.9 m/s2.

Acceleration in x-direction

1 2 3 45 6 7 8 9 1011121314 151617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Clutch cover

Figure 4.3. Acceleration diagram for x-direction.

Acceleration in y-direction

1 2 3 45 6 7 8 9 101112131415 1617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Clutch cover

Figure 4.4. Acceleration diagram for y-direction.

The two diagrams for a, and a,, direction can be integrated with the requirements from the
authority. The requirements articulate that the max acceleration for y-direction is 2000 m/s? and
1000 m/s? for x-direction. Because of the larger tolerance span than production the test result shows

that 6 tests of 32 does not meet the authority requirements (Organization for Standardization [ISO],
2009).
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CEN-rocker result
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Figure 4.5. The result of the acceleration test in “CEN-rocker”.

Figure 4.5 is showing the acceleration to activate the front hand guard in both x direction and y
direction. The linear blue line that crosses the diagram is the requirements from the authorities. 6
test results are located above the line which means that the configurations are not approved. All the
tests above are constructed with higher values than maximum tolerances and are not a part of the
covers from production at Husqvarna Group AB.

The comparison between the Catia model and the measured moment of inertia were only a
difference of 0.82 % and the difference of the mass were a little bit higher, 3.62 %.

The goal with the CEN-rocker test was to investigate which parameters affect the activating of the
front hand guard most. Therefore, the program Minitab was used. Using the Minitab program, data
from the test can be collected and together with different set-ups create a chart over the results. The
results show which parameter or combination of parameters that is most significant for the
activating force. The most affecting parameters and combinations in x-direction is shown in Figure
4.6. For the y-direction Figure 4.7 is accurate with the same reasoning. The parameters of most
impact of the CEN-rocker test in x-direction are B, A, | and the combination of A and B. In y-direction
the parameters B, A and | affect the outcome most. A and B are shown in Figure 3.35 and | is the
modified moment of inertia.
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Pareto Chart of the Effects
(response is x_mean, Alpha = 0,10, only 30 largest effects shown)

69,8
€ Factor Name

A
B
C
AG4 D L_catch
E
F
G

Term

T T T T
0 50 100 150 200
Effect
Lenth's PSE = 38,6458

Figure 4.6 A Pareto chart of which parameters affect the result most in x-direction

Pareto Chart of the Effects

(response is y_mean, Alpha = 0,10, only 30 largest effects shown)
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Figure 4.7 A Pareto chart of which parameters affect the result most in y-direction

Combinations to the left of the red line drawn across the Pareto Chart are not significant to the
activation force. Alpha = 0.10 tells us that approximately 10 % of the measured results cannot be
explained by the input variables.

Figure 4.8 shows adjusted Pareto charts. This is basically an enhancement of the former charts but it
defines how well the model created in Minitab handles the variation of the data.
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Pareto Chart of the Standardized Effects Pareto Chart of the Standardized Effects
(response is x_mean, Alpha = 0,10) (response is y_mean, Alpha = 0,10)
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Figure 4.8 Percentage of how well the model handles the variation of the data

What the residual plots are showing is the proof of the residuals. Residual is the distance between
the data and the model compared. The plots are shown in Figure 4.9. The plots are not enough
normal distributed as they would have been appreciated to.
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Figure 4.9 Residual plots

5. Discussion

The first thoughts already existed early in the project. At a point where the clutch cover assembly
was tested, the impact of the band brake in the cover was discussed. Clearly some of the force to
overcome in the momentum point had to be a contribution from the band. The band is mounted into
the cover but how much it was compressed was an uncertainty. Therefore, a method of locating a
contribution was specified. After the examination of the impact, it became more obvious that the
band had an affection in the system and the sketches where evaluated for important data.
Unfortunately, the data could not help specifying the compression or extension of the band which
left the project with a question mark. Eventually the method of establishing the model acquired had
a breaking point where the torque was measured. With the measured data the band could be
calculated purely mathematical. With this method some of the parameters cannot be altered in the
final model. This is of course a little disappointing since the request from the company specifically
asked for a model to be altered. To omit the parameters of the band, will have a cost also in the
results. The parameters concerning the band cannot contribute to the Monte Carlo simulation. The
spread in the histogram in Figure 4.1 may or may not be as accurate as desired. The lack of data on
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properties also complicated the attempts to seek answers in Catia V5. The simulation could not
provide with solutions on the stiffness either. Only the provide proof of the state with the
deformation.

The company have also had a previous report done for the same project and which lacked the
contribution of the friction in the system. At first, this contribution felt useless because of the small
components in the clutch cover. Eventually, when digging deeper into the assignment of providing
the calculations with further information such as friction, the components had a set-up geometry
which could affect the friction. The most affectional areas where analysed and then evaluated. The
components where only the self-weight, more or less, could have an impact on the system was
regarded frictionless. Only because of the light weight system. Much knowledge was discovered in
this section of the project since that the reality is much more complex than it might seem in the
school books. A clutch cover was also tested with and without lubrication. The dry clutch cover gave
more or less the same results as when lubricated. With more time this is something that would have
been interesting to see more of. The lubrication in the clutch cover is mainly to lubricate the details
in order to increase the life span. The assignment of the lubrication is not for removing friction,
partly, but not mainly. More tests and evaluation circling this area would have been interesting to
prove.

It is discussed in the background that individuals will have some uncertainty concerning experiments
and measurements. This phenomenon or reality is crucial in this type of project. In every aspect of
measurement there is a little uncertainty and to prevent failure, tolerances is always used. Every
dimension in the system have a tolerance. The Monte Carlo simulation is to help reduce failure
likewise because with the simulation it is possible to have a spread for every component with a
tolerance. When the method had to include measurements to evaluate the torque, it then contains a
certain amount of uncertainty. The human factor of failure cannot be avoided. The simulation is not
taking the measurements done in the project into consideration. For a better validation on the
torque, the data for the band could have prevented some failures from the measurements, also the
measurements could have been extended in terms of time. This discussion is valid through all the
measurements and experiments completed in the project.

The catch functionality in the handguard made a few questions for the project. This had to be tested
and evaluated through measurements to prove the accuracy and also the uncertainty.
Measurements, once again, can have a downside if not correctly and with careful accuracy methods
tested. It appeared that the contact point between the catch and the hand guard had a non-linear
curve to slide on. The calculations have been made with a linear estimation and therefore the
uncertainty of the model increases a small percentage.

In order to verify if the static model is rather accurate, a comparison to 24 tests of the activation
force was completed. The 24 tests that where completed are not enough for a comparison. Like
discussed before, the mean value of the force contains a large amount of uncertainty for the small
number of tests. For more accuracy there could have been further tests to be evaluated. The test is
also, like the rig for the dynamic activation force, dependent on a person performing the set-up. This
cause to further uncertainty. It is not reliable that the test is performed exactly the same way for
every test cycle. This reasoning also takes part for the discussion concerning the dynamic activation
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force. Even though there are principals to follow, the human affection on the rig can cause
uncertainty.

The friction coefficient has not been mentioned as a specific value in the thesis. The data for the
value have not been received or measured. It could not be retrieved using any source because the
contact areas where friction occurs there are paint against paint. At some places the paint is worn off
in the cover and in others the paint finish is finer. These are all factors for the friction coefficient and
could not be specified in time for the due date. All the friction coefficients had to be calibrated into
the model to match the measured value for the activation force.

When the measurement of the inertia for the hand guards were performed, some uncertainty must
be in counted for. The test is rather simple but us usually done on solid bodies that have been
calibrated with exact symmetry. The symmetry is a requirement for the accuracy of the test because
of the importance in the oscillation. Originally the experiment was reconfigured three times to have
an accurateness as precisely as possible and the values did not spread more than a couple of
milliseconds at the time. Naturally the validation could have been improved by organising the
experiment better and construct two modified hand guard of each, both light and heavy. The motion
could have been adjusted to a more rational oscillation with better symmetry also that could have
given uncertainty.

It is more craved for the residual plots to have histograms that are more or less normally distributed.
It would have been more appropriate to have another look at what this actually tells us, but Minitab
is something that resources on Husgvarna AB have provided for the project of own interest. The
readjusted plots with high percentage have a legitim value and proofs the statements of significant
parameters in the system. The model for y- direction is better because of the high percentage. The
comparison of the model is more valid.

5.1.Technology, Society and the Environment

When the project was specified it stated that the study was important because of the individuals
exploiting the chainsaw. Both professional and unprofessional. It is crucial for a human life that the
chain on the guide bar has stopped at the time of accidents. This is a matter of lives and that is why
the demands from the authorities are so specific. This project does not include the stop time on the
chain, but the brake activation which is just as important. The outcome of the project can both
provide the company, but most importantly the individuals using the chainsaw. With better
knowledge of the clutch cover assembly, the company can easily apply the model and take in
consideration which parameter is most important. Hopefully with that knowledge understand what
in the clutch assembly that cannot fail and also in some cases have tougher demands on the supplier.
When working with dangerous products it is important that everyone does their job and tries to be
as meticulous as possible. For the sake of the individuals using it. That is of course why it was a
disturbance when some of the data could not be collected for the model, because it did not
complete the project as interpreted.

The project is also a matter of financial aspects, time, socially, and ecologically sustainable. One could
say that the relevance of the matter is crucial. To be able to alter the parameters comes a great
aspect of above matters. The model can be applied on different platforms, other product models,
which could save money. The model can also help consume less time remodelling the clutch cover
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and hopefully result in less disposals. When it comes to ecologically sustainable development, the
main product goal is to remove trees. The product itself can be questioned whether it contributes to
the ecosystem, but it is a great tool for obtaining the financial aspects, time and social. With this
project the development of the chainsaw can in a small scale be more effective. That in return,
together with adjustable size of harvesting trees, can be related to ecologically sustainable
development.

In social, ethical, and disciplinary aspects in the background, the solution for the project have been
viewed as relevant and necessary. Obviously, the relevance is of great aspect because of the risks for
the individual using the product. The project is mainly concerning the clutch cover assembly for the
brake. This is the location where preventing death is significant. The individual taking the risk is
thrived to maintain to exist and the product quality helps give the security needed. To avoid disasters
this tool is considered relevant from the companies’ aspect.

The residual plots from the results in the dynamic activation force are not distributed as hoped to. If
the plots would have been normally distributed the model can accurately be applied for the project
but unfortunately it is of little usage. It can be that because of the tolerances used that the model
does not fit properly. The tolerances used are not for production, they are highly estimated to get an
affective result for the acceleration diagram.

6. Conclusions

The project in whole managed to identify the parameter with most influence of the system. The
brake spring is crucial for if the activation force will lay within the demands from both company and
authorities. With the thesis comes a great deal of knowledge which is to prevent failure and disaster
for individuals equipped with the product.

The mathematical model for the static activation force is built to being able to alter the input
parameters. This has been shown in the results presenting the model in excel and also by analytical
calculations, now with included friction. Improvements can be done concerning the band brake. This
area could be complemented with more specific data from the sub-supplier.

For the dynamic activation force, it has been found that more parameters have a critical influence on
the result. It was found in the test results at what acceleration the brake will activate. Another
proven fact that was found in the results is that the parameters from the static activation force also
characterizes. The system works as a unit and which the momentum force once again need to be
over won for the brake to activate. Only that in the dynamic activation force it is an acceleration that
contributed to the force. For the system to lay in the accepted guidelines, both the static and
dynamic have parameters in common that needs to be considered.

7. Future Work

For future work the mathematical model in excel can be more precisely by examine the uncertain
parameters in the equation. The friction coefficient should be specified by testing the components on
the specific paint Husgvarna use, and by doing this the result will come closer the reality.

The band brakes stiffness has been attempted to specify but failed. If the band is considered a spring,
there would be appropriate to include more data in the 2D drawings from the supplier. Being able to
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specify the clamped radius of the band in the clutch cover versus the free length could provide with
data needed.

When it comes to comparison between the samples from production and the Monte Carlo
simulation, the outcome could be more precise if more tests are running. It is hard to give a
comparison between the model and the production values with only 24 tests to compare.

If necessary, the catch which has a contact area at the hand guard, is currently sliding linear and have
a linear deformation. If possible and in terms of time this can be determined and calculated as a non-
linear curve.
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Appendix 1 Work Breakdown and Time Plan

When the project started at Husgvarna Group AB the first task was to solve the analysis of the static
activation force. This was expected to be solved in just a couple of weeks but turned out to be more
troublesome than imagined. Problems occurred with former project on the same subject and from
there the project took another turn. Much time went to specify the different components in the
braking system and how those interacted. Delays then turned into more delays in a cruel circle, but
we learned quickly that we needed all advice we could get from the staff and our supervisor at
Husqvarna AB. The two different Gantt charts can be located below. The first one is the one that was
originally planned. The second is the final schedule.
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Appendix 2 Picture of components

465 Rancher |l

A CHAIN BRAKE
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CHAIN BRAKE 465 RANCHER I,

1 5746035-01 CLUTCH COVER ASSY
3 7353108-20 E-CLIP

4 5039983-01 PAWL

B 5253887-01 CHAIN GUIDE

6 5370174-01 BEARING SLEEVE

[/ 5038908-02 KNEE JOINT ASSY

8 5034659-01 BRAKE SPRING

1
1 1
1 1
1 1
1 1
1 1
1 1
9 5038552-01 GUIDE BUSHING 1 1
10 5746025-01 COVERLID 1 1
1 5032170-10 SCREW CCRPANT 6 1
12 574 6026-01 WEAR PROTECTION 1 1
13 53704 30-01 BRAKE BAND ASSY 1 1
14 5038929-01 PIN KNEE-JOINT 1 1
15 57564 58-01 WORM SCREW 1 1
16 53707 94-03 WORM WHEEL 1 1
7/ 74048 07-02 O-RING 1 1
18 5032300-63 WASHER 1 1
19 5372986-01 LABEL 1 1
20 5032200-01 HEXAGON NUT 2
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CHAIN BRAKE 465 RANCHER II,

1 57460 35-01 CLUTCH COVER ASSY 1

3 7353108-20 E-CLIP 1 1
4 5039983-01 PAWL 1 1
5 5253887-01 CHAIN GUIDE 1 1
6 5370174-01 BEARING SLEEVE 1 1
[ 5038908-02 KNEE JOINT ASSY 1 1
8 50346 59-01 BRAKE SPRING 1 1
g 5038552-01 GUIDE BUSHING 1 1
10 5746025-01 COVERLID 1 1
11 5032170-10 SCREW CCRPANT 6 1
12 574 6026-01 WEAR PROTECTION 1 1
13 53704 30-01 BRAKE BAND ASSY 1 1
14 5038929-01 PIN KNEE-JOINT 1 1
15 57564 58-01 WORM SCREW 1 1
16 53707 94-03 WORM WHEEL 1 1
17 74048 07-02 O-RING 1 1
18 5032300-63 WASHER 1 1
19 5372986-01 LABEL 1 1
20 5032200-01 HEXAGON NUT 2
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Appendix 3 Monte Carlo simulation

Input data Min Nominal Max
A Minimum  Nominal Maximum | Random
B Minimum  Nominal Maximum | Random
. C Nominal Random
Knee joint a Minimum  Nominal Maximum | Random
oo Nominal Random
Sin B Nominal Random
Lfree1 Minimum  Nominal Maximum | Random
Ls Minimum  Nominal Maximum | Random
. Ltot Minimum  Nominal Maximum | Random
Spring 1
Fspring.brake  Minimum  Nominal Maximum [ Random
Lc Nominal Random
k1 Nominal Random
. Fspring2 Nominal Random
Spring 2 sPring
ka2 Nominal Random
Lree.catch Minimum  Nominal Maximum | Random
Lclampeds3 Nominal Random
Lclamped.catch Nominal Random
X Nominal Random
Spring 3 Sin© Nominal Random
Sin A Nominal Random
A Nominal Random
Fspring.catch ~ Minimum  Nominal Maximum | Random
k3 Nominal Random
r Minimum  Nominal Maximum |Random
LHx Minimum  Nominal Maximum |Random
Hand guard Lhy Minimum  Nominal Maximum [Random
m Nominal Random
Xtp Nominal Random
M1 Nominal Random
K2 Nominal Random
Friction Ff catch Nominal Random
Ff.knee Nominal Random
Ff.handguard Nominal Random
M (no friction) Nominal Random
Clutch cover ,
M Nominal Random
Total Activation force |, (no friction) Nominal Random
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| | Fa Nominal Random

Appendix 4 Test matrix for CEN-rocker

A [mm] bi[mm] B [mm] Lecaen [MM] ro[mm] Lt [MmM] | [kgmm?] | Clutch cover
-1 -1 -1 -1 -1 1 1 KPL9
-1 -1 -1 1 1 -1 1 KPL17
1 -1 -1 1 1 1 -1 KPL10
-1 1 1 1 1 -1 -1 KPL31
-1 -1 1 1 -1 1 -1 KPL29
-1 -1 -1 -1 1 1 -1 KPL25
-1 1 1 -1 1 1 1 KPL23
1 -1 -1 1 -1 1 1 KPL18
1 -1 1 1 1 -1 -1 KPL24
-1 -1 1 -1 1 -1 -1 KPL13
1 1 -1 1 -1 -1 -1 KPL12
1 1 1 1 -1 1 -1 KPL32
-1 1 -1 1 -1 1 1 KPL19
1 -1 -1 -1 -1 -1 -1 KPL26
-1 1 -1 1 1 1 -1 KPL3
-1 -1 1 1 1 1 1 KPL5
1 -1 1 1 -1 -1 1 KPL14
-1 1 -1 -1 -1 -1 -1 KPL27
1 1 1 1 1 1 1 KPL16
1 -1 -1 -1 1 -1 1 KPL2
1 1 -1 -1 1 1 -1 KPL28
1 1 1 -1 -1 -1 1 KPL30
-1 -1 1 -1 -1 -1 1 KPL21
1 -1 1 -1 -1 1 -1 KPL6
1 1 -1 1 1 -1 1 KPL20
-1 1 -1 -1 1 -1 1 KPL11
-1 1 1 1 -1 -1 1 KPL7
-1 -1 -1 1 -1 -1 -1 KPL1
1 1 -1 -1 -1 1 1 KPL4
1 -1 1 -1 1 1 1 KPL22
1 1 1 -1 1 -1 -1 KPL8
-1 1 1 -1 -1 1 -1 KPL15
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