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Abstract 

JPS Teknik AB in Färila, located in the middle of Sweden, is a company in manufacturing 
saw units to harvester heads. This thesis is about the company's best selling saw unit, JPS 
R5500. The saw unit is powered by a hydraulic motor, the torque is transmitted from the 
motor into the saw unit thought a spline coupling. In this spline coupling, some of the units 
have been weared out after about 2000 harvester machine hours. When the splines wear out 
the failure induce a total stop, the bolt connecting the hub and the motor shaft breaks, and the 
saw unit assembly get loose. The purpose with this study is to find the root cause of the 
failure and the goal is to give suggestions to improve the design to avoid failure. 
 
The method used to achieve the purpose is based on Ullman's mechanical design process 
where a root cause analysis is a central part. This analysis is built on two main pillars, a 
literature study concerning previous research about wear in spline couplings and a knowledge 
based study about the product with a customer focus. A sample of previous research in this 
topic is about the load distribution in a spline coupling due to different load cases and angular 
misalignment, wear mechanisms and the effect of washers in a pretension bolt joint with a 
dynamic working condition. 
 
The main conclusions of this study is that the hydraulic motor axis should be extended. The 
operator's manual and assembly instructions should be updated and revised annually, the 
company should also invest in education and training for the users of the product.  
 
  



iii 

Contents 

1  Introduction 1 
1.1  Aim and Goal 2 
1.2  Limitations 2 

2  Method 3 
2.1  Literature Study 3 
2.2  Product Definition 3 
2.3  Root Cause Analysis 4 

3  Theoretical Framework 7 
3.1  Overview of Splines 7 
3.2  Maintenance Strategy 9 
3.3  Load Distribution and Misalignment 9 
3.4  Wear Mechanisms 11 
3.5  Pretensioned Bolt Joint and Selection of Elements 12 

4  Results 15 
4.1  Clamped Parts in the Bolt Joint 15 
4.2  Hydraulic Motors 16 
4.3  Damage Description 16 
4.4  Mounting and Maintenance Instructions 17 
4.5  Free-Body Diagram 18 
4.6  Cause and Effect Analysis 20 

5  Conclusions 25 

6  Critical Review 26 
6.1  Recommendations to Future Activities 26 
6.2  Sustainability and Environmental Aspects 27 

References 29 
 

Appendix A, Interviews with Experts 31 

Appendix B, Pairwise Comparison of Cause and Effect Diagram 33 
 



1 
 

1  Introduction 

JPS Teknik AB located in Färila, Sweden, is a specialized company in manufacturing and 
developing saw units for harvesting heads. Among others of JPS´s products is JPS R5500 
which is the company's flagship and bestseller. The main market is Europe, however the 
North American market is growing rapidly. 
 
With a growing market in North America, customers have found that the spline coupling is 
worn after about 2000 hours. The problem is not as big in the European market and occur less 
often. The problem has several factors due to the many involved parts and the tough nature of 
the work. The included parts of the saw unit are shown in Figure 1.1. The power is transferred 
from the hydraulic motor to the sprocket through a hub, which holds in place with chain 
catcher and a M10 or M12 bolt, depending on hydraulic motor model. The hydraulic motor is 
installed as a separate unit. As a result, there is no need for oil channels or swivel joints, 
which are used by the competitors. The Rotary actuator turns the chain unit at the same time 
as the chain spinning for cutting logs. The production rate is about 250 units per year and a 
company goal is to reach 1500 units each year.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1.1. The saw unit JPS R5500 with a section view (without chain). 1. Chain guide bar, 2. Rotary actuator, 
3. Hydraulic motor, 4. M10 or M12 bolt, 5. Chain catcher, 6. Sprocket. 7. Hub, 8. Hydraulic motor spline shaft. 
The spline coupling is between part 7 and 8. 
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The company has a patented solution that replaces conventional saw units. JPS have improved 
the existent technology in many ways. Instead of operating the saw motor at its maximum 
limits, which leads to reduced efficiency and high heat generation, JPS have lowered the 
RPM’s to half and increased the torque by using a larger sprocket. Lower rotational speed and 
less heat generated leads to an efficient use of the hydraulic system and reduce the fuel 
consumption by up to 15 percent. Other advantages, beside the fuel saving are; fewer split 
logs, extended drive sprocket life, fewer instance of thrown chain, higher rigidity of saw bar 
and increased productivity. Split logs is when the end of logs splits or cracks longitudinal 
while cutting, this is a production loss and should be minimized (JPS Teknik).    

1.1  Aim and Goal 

The aim of this study is to investigate the root causes to the failure of the spline coupling in 
the saw unit JPS R5500. The goal is to find improvements to the construction, which will 
avoid future failure due to wear of the spline coupling. 

1.1.1  Research Questions 

● What are the root causes to the wear of the spline coupling? 
● How can the saw unit be redesigned to obtain extended lifetime? 

1.2  Limitations 

This investigation will treat the saw unit, of model JPS R5500, no other products or series 
will be included. Other components in the arrangement such as hydraulic motor, hydraulic 
vents, electrical components and sensors will not be investigated, except for eventual data 
needed to carry out this study. The outer dimensions and design will not be changed due to 
the patent. Only the internal interfaces of the saw unit will be objected for improvements.  
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2  Method  

The method is based on Ullman's mechanical design process and adapted to fit product 
fatigue failure investigations (Ullman, D. 2016). 
 
The first step is to accomplish a product definition with the aim to understand the customer 
and the actual problem. In parallel with this, a literature study will be carried out. By linking 
literature study with the product definition, the root causes to the problem should be found. 
The outcome of this study is to find the causes of failure, figure 2.1. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.1. Selected method for this study. 

2.1  Literature Study 

One of the first steps in a development phase is to find out and understand previous research 
to get inspiration and facts from researchers who have covered similar problems. New ideas 
and conclusions can grow from earlier studies and solutions (Ullman D. 2016). The literature 
study was carried out by searching in databases for relevant articles, standards and literatures. 
The results from the literature study is summarized in chapter three, theoretical framework. 
The topics covers spline connections in a general, how different forces affect the teeth in the 
spline and what abrasive mechanism this will lead to. In addition, how bolts and washers acts 
in a bolted joint under dynamic conditions. Hardness of the clamped parts have been also 
studied. 

2.2  Product Definition 

Observing customers, when using a product, can give a better understanding of a product in 
its context (Ullman D. 2016). A harvester with the saw unit JPS R5500, was observed during 
work. This took place in Färila 22 mars 2019. The observation led to many new insights, 
especially the tough environment which the unit is subjected to. How much influence the 
operator's skill has on the durability of the harvester and the saw unit. An incorrect step by 
the operator can cause the saw unit to be exposed to great forces. 
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When a product will be redesigned, it is important to know every detail of the product. 
According to Ullman (2016) a common mistakes, during construction, is that the designer do 
not know what the customer really wants. There are many aspects to consider during the 
design phase, if some of them has being neglected, the result can be problems which will 
arise long time after the product is on the market. The designer who created the product was 
interviewed about the functions of the product and its parts included. Additional, was a 
designer from the hydraulic motor manufacturer, Sunfab, interviewed. The results from the 
interviews, questions and answers, is presented in appendix A.   
 
The topics selected to be studied in the product definition was the hardness of the parts 
included in the bolt joint, selectable hydraulic motors for the saw unit, operator's manual and 
a free-body diagram of the saw unit. 

2.3  Root Cause Analysis 

The outcome of a process may vary according to different factors such as materials, 
machines, people involved, etc. The main goal of problem solving is to find the faults and 
correct them. A way to achieve this is to use a cause and effect diagram, so-called a fishbone 
diagram. The diagram, which was introduced by Kaoru Ishikawa considered one of the seven 
basic quality control tools (Evans J. and Lindsay W. 2002). 
 
A strength with a fishbone diagram is that the people involved, focus on the root cause of the 
problem rather than the symptoms, in other words, eliminate the causes rather than just 
remedy the defect (Luka L. and Stancioiu A. 2012). The diagram is a good way to assist 
memory by visualization of the problem (Cheong K. 2011). The visualization of problems 
with a holistic view makes it also easier to think in a structured and strategic manner, in other 
words, the relationship between possible failure and outcome in the same picture (Stefanovic 
S. and Kiss I. 2014). 
 
The method used to accomplish the root cause analysis, is based on Stefanovic (2014) 
proposal and adapted to fit this study. The method is divided into five different steps 
according to figure 2.2. 
 
 
 
 
 
 
 

Figure 2.2. The method for the root cause analysis. 

Step 1, Defining the Problem 

The effect, problem definition in this context, must be defined completely straightforward, 
clear and it must not be misinterpreted (Stefanovic S. and Kiss I. 2014). According to Ullman 
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(2016), a product definition is an essential foundation for developing a quality product. The 
customer's voice should be in focus. In this study, the problem was clearly defined by the 
customer and confirmed when the faulty splines shaft was inspected. 

Step 2, Identification of Causes 

This step is about identifying and describe all potential causes that might be the source of the 
problem. The causes should be classified and grouped (Stefanovic S. and Kiss I. 2014). 
According to Kane (2014) is brainstorming and asking “why questions” a good approach to 
use for finding all probable causes. In this thesis, brainstorming of possible causes has been 
carried out with different groups and experts. Specialist in tribology, dynamic vibrations and 
mechanical designers has been involved in the process, that no possible causes are neglected 
or missed. The brainstorming was not performed in a traditional way with a collective group, 
but through various conversations with different experts, one at a time. The authors compiled 
the results. 

Step 3, Selection of Basic Structure 

In order to be able to create a fishbone diagram, a good structure needs to be determined. The 
structure can be built in different ways, depending of the nature of the problem. For example, 
when there is a non-manufacturing application 4M is suitable, that is: Machines - devices, 
Methods, Materials and Manpower - workers (Stefanovic S. and Kiss I. 2014). If there are 
products to be manufactured, it is advisable to use 5M and thereby add Manufacturing. 
Furthermore, if the product will be used in a tough environment, the sixth dimension to be 
included is Mother Nature (Luka L. and Stancioiu A. 2012). 
 
In this study, the nature of the problem makes it suitable to use six different categories. In 
other words 6M, however with a small modification to better fit the context of the saw unit.  
 
The selected categories are: 

● Man - instead of using Manpower, all people related to the product. 
● Design - replaces Machines, causes due to the design of the product. 
● Management - instead of Method, how the management influences the product.   
● Environment - is more suitable than Mother Nature. 
● Material - include different kind of materials in the design. 
● Measurement - errors during manufacturing due to lack of control functions.  

Step 4, Develop a Diagram 

This step was straightforward. The causes were sorted and put into each category. Some 
duplicates were removed. Hence, the fishbone diagram was created. 

Step 5, Analysis 

The analysis of the fishbone diagram is an important section of the method. Basically, it is 
about identifying the most likely causes of the problem. It is suitable to arrange the causes 
with different grades. The grades should rank each cause, which is likely a part of the 
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problem (Stefanovic S. and Kiss I. 2014). It is important to realize that there can be several 
causes to the same problem (Kane R. 2014).  
 
To rank the different causes, a pairwise comparison was made. A Pairwise comparison is a 
method where several criteria or causes are compared to each other. When two criteria are 
compared, the one as considered the most important is given the point (Blomqvist P. 2017). 
The outcome of a pairwise comparison is relative and not absolute, hence risk grades in only 
three categories was made: low, medium and high. The causes that gain between 0-5 points 
are graded as low, between 6-12 as medium and 13-18 as high. There was totally 18 potential 
causes.  
 
Appropriate preventive actions were proposed for every cause. The causes, in the highest risk 
category, was prioritized to implement. The outcome is the author's suggestions of what 
actions the company should implement to improve the product. 
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3  Theoretical Framework 

This chapter is a summary of literature, standards and directives which been used in this 
study. The theoretical framework is one of the two pillars used to achieve the root cause 
analysis, product definition is the other. 

3.1  Overview of Splines  

Splines provide a connection between two shafts or a shaft and a hub that transmit torque. 
Splines may be straight sided, tapered, or have an involute form, figure 3.1. This study will 
only consider involute splines because it is the case in R5500 connection. Involute splines 
have teeth similar to gear teeth except spline teeth can be much shorter, and they do not roll. 
They have the same number of teeth and fit together as one (Rick Miller).  

Figure 3.1. Different splines form. a) involute b) straight sided c) tapered (Figure source: Karlebo handbok, 
2015). 

 
Splines are specified in two different ways. Side fit (flank-fit) or major-diameter fit. A side-fit 
spline has clearance between the root diameter of the outer part and the inside diameter of the 
inner part figure 3.2.  

Figure 3.2. Splines specification, major-diameter fit and side fit. a) spline centered to diameter and  
b) spline centered to sides (Figure source: Beardmore R. 2011). 

 
In addition, there is a clearance between the outside diameter of the outer part and the major 
diameter of the inner part, figure 3.3. The fit for a side-fit spline is the difference between the 
circular-tooth thickness of the outer splined part and the circular-space width of the inner 
part. This difference is called clearance. In a major-diameter fit spline, the major diameter of 
the inner part and the outside diameter of the outer part act like pilots to each other, and there 
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is only a small amount of difference between these two values, which is the radial or form 
clearance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.3. Design of an involute spline (Figure source: ANSI B92.1-1907, R1993). 

 
An investigation of standards used for designing and manufacturing splines shows 
surprisingly that so many standards have been produced covering what is quite a small 
subject. Many of the standards are international standards. Others are company standards, 
which are usually based on international standards. Almost all have similarities; that is, they 
all deal with splines that have involute flanks of 30 degrees, 37.5 degrees or 45 degrees 
pressure angle and are for the most part flank-fitting or seldom major-diameter-fitting (John 
Finney, 1994).   
  
Splines are specified with tolerance classes. In standards such as ISO 4156, SAE B92.1 and 
DIN 5480 there are four tolerance classes: 4, 5, 6 and 7, which represent increasing accuracy. 
A spline with one of these tolerance classes will fit a spline that corresponds to one of the 
other tolerance classes. 
 
Perhaps more important, is calculating the spline stresses for the different failure modes. This 
information is not as readily available, and there are no standards that cover this topic. Spline 
teeth are usually fail in the following ways: spline tooth shear stress, compressive stress on 
the flanks of the teeth, bursting stresses, and torsional-shear stresses of the shaft or supporting 
structure (Rick Miller, 2017). 
 
Good lubrication is important for proper spline operation. Poor lubrication can lead to wear 
and fretting corrosion. Ideally, a flow of oil should go through the splines, removing particles 
generated by this wear or fretting corrosion and lubricating the splines (Rick Miller, 2017). 
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Unfortunately, it is extremely difficult to achieve perfect alignment in practice; thus, the 
design process should reasonably allow for some minimum misalignment possible and accept 
a reasonable penalty, the wear of the spline teeth, which is the minimum price that must be 
paid if misalignment is present (P. M. Ku and M. L. Valtierra, 1974). 
 
The main advantage of splined shafts over keyed shafts is their higher load carrying capacity 
that often leads to a better durability performance. Spline couplings allow a certain amount of 
angular misalignment and relative sliding between their internal and external components 
(Hong J. et al., 2013). Splines must be properly sized and manufactured to ensure the proper 
torque capacity, operation and reach maximal lifetime.  
 
An increased number of teeth will increase the torsional strength of the shaft. The contact 
pressure will then be distributed on several teeth. The parameter which will increase the 
torsion strengths in the largest manner is the hardening depth. An optimum hardness depth is 
about half the shaft radius. A greater deep will not influence the torsion strength (Barsoum I. 
et al. 2013).  

3.2  Maintenance Strategy 

If maintenance were ignored, deterioration would quickly get a foothold. Performance would 
become increasingly more unreliable. The deterioration would gradually take over and, in a 
short time, it would eventually force reliability and quality to fall hard and fast. Deterioration 
is the term used to explain the reduction in performance or reliability of equipment. There is 
two different types of deterioration: natural and forced deterioration. Natural deterioration 
happens with age, and forced deterioration is helped along its path. Natural deterioration is 
age- or time-dependent. Forced deterioration can have several causes ranging from use 
conditions to neglect, poor skill levels, or poor documentation. It would seem reasonably 
obvious that the first place to start, when optimizing tool lifetime, is to follow the installation 
instructions (Steven Borris 2006). 

3.3  Load Distribution and Misalignment  

There are some different types of misalignment that could occur in a spline coupling, figure 
3.4.  

Figure 3.4. a) Radial misalignment and b) Angular misalignment. 
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Previous research shows that there is a relation between distribution of contact pressure and 
the grade of angular misalignment. Angular misalignment occurs when there is an angle 
between incoming and outgoing shafts, in other words, when the two shafts are nonaligned. 
Normally, a small amount of angular misalignment is accepted in this type of coupling. But, a 
greater angular misalignment also leads to increased local stress concentrations. When the 
spline coupling transfer a pure torsion, with no angular misalignment, the contact pressure 
will be located to one side of the teeth, see figure 3.5. In the FE-analysis the shaft splines 
couples transmitting a torque of 2200 Nm, the diameter of the inner shaft is 45 millimeters 
and the outer is 58 millimeters. In this case, the contact stress is about 70 MPa. The FE-
analysis is made with the software Calyx, developed by Advanced Numerical Solutions, 
which is based on a formulation as combines the finite element method and the surface 
integral method to represent the contact bodies. (Hong J. et al., 2013). 
 

Figure 3.5. a) Load distribution for each tooth, b) shows how the contact areas in c are located, and  
c) illustrates the contact stress in MPa for each tooth. The stress is clearly located to one side of the teeth 
(Figure source: Hong J. et al., 2013).  

 
Figure 3.6, shows the same principles of contact areas, the same transmitted torque and 
dimensions of shafts. One important difference is that the figure includes different 
angular misalignment angles. A comparison between picture a (non-misalignment) and 
picture c (an angular misalignment angle of 0.12 degrees) clearly shows that, the larger angle 
the bigger stress concentration. The stress concentrations is in picture c also at both sides of 
the teeth. Observe the stress scale, the maximum is with angular misalignment about 250 
MPa compared to 70 MPa with pure torque in figure 3.5. 
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Figure 3.6. a) Load distributions with perfect alignment, b) with an angular misalignment angle of 0.04° and c) 
shows the load distribution with an angular misalignment angle of 0.12° (Figure source: J. Hong et al., 2013).  

 
There are two parameters which significantly affect the volume of the removed material, with 
respect to high stress concentrations and wears. The first parameter is torque and the second 
is angular misalignment (Cuffare V. et al. 2015). 

3.4  Wear Mechanisms  

There are some common types of failure modes in spline coupling including wear, corrosion 
wear fatigue and tooth breakage (Hong J. et al. 2013). Wear occurs when there is a relative 
oscillating movement between the surfaces in contact. The reason for relative motions in a 
spline coupling is commonly due to angular misalignment between shafts (Cura F. et al. 
2017). With this in consideration, there are two main methods to decrease wear, which also 
can be combined. The best way is to minimize relative motions between the parts in contact 
and thereby remove the root cause to the problem. This can be accomplished by avoiding, or 
as good as possible reduce, angular misalignment between the shafts. The second way is to 
use lubricants, which requires regular maintenance (Medina S. 2002). 
 
The most commonly described wear in the initial stage is adhesion (Medina S. 2002). This 
phenomenon occurs when two surfaces, are pressed against each other under load, when 
some of the asperities in contact will tend to adhere to the other one. This happens because of 
the attractive forces between the atoms of the two materials (Norton R. 2011). In other words, 
there will be a temporary bridge between the atoms in the form of a few metal bonds. 
However, this bridge cannot not be long lasting because the materials moves relative to each 
other. Sometimes this will leads to that a particle of one material will be broken free and 
become a debris which will scratch the surfaces in both parts. Important factors which affect 
the outcome of the adhesion wear is; the hardness of the surfaces, surface roughness in the 
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materials, the amount of load, types of lubricants between the surface and surface treatment 
(Eriksson T. et al. 2002).   
 
There are two types of abrasive wear, Two-body- and Three-body abrasion. In this context, 
two-body abrasion refers to the phenome when a hard and stiff materials sliding against 
another softer material. This leads to that the harder material will plows and removes 
materials from the softer one (Jacobson S. et al. 1996). There can also be harder foreign 
particles embedded into a softer material, which will act as cutting tools against another 
surfaces (Eriksson T. et al. 2002). Three-body abrasion is when a particle lies between to 
surfaces and wear out one, or both of the surface like a tumbling process (Norton R. 2011). 
Abrasion is a minor factor in the fretting process because the majority of damage is being 
initialized in the early stage of removed debris (Hurricks P. 1970). 
 
Involute splines seldom fail due to wear or bending stress. Hence, these are not important 
factors in the design of splines teeth. Although splines are similar to gear teeth, the action of 
an involute spline joint is different from that of a mating pair of gears. In an involute spline, 
there is no rolling action. All the teeth of the two components are in mesh at once and there is 
no relative motion, wear poses no problem in design. Usually, splined shafts fail in torsion. 
Splines also fail by fretting corrosion and by fatigue. The teeth of splines sometimes shear off 
on the pitch line (Gitin M. Maitra 1994).        

3.5  Pretensioned Bolt Joint and Selection of Elements 

A bolted joint diagram is used to illustrate the bolt and the compressed parts to calculate the 
needed pretension force, figure 3.7. When the bolted joint is pretensioned, without any 
external loads, the forces Fs and Fk are equal, this point is marked F0 in the diagram. An 
external load FN will move this point along the diagonal line. As shown in the free body 
diagram, middle picture, the force Fs equal to the sum of FN and Fk. If the force Fk gets too 
small or ceases, the bolt will loosen. Cs is the stiffness of the bolt and Ck the stiffness of the 
compressed parts, including the washer (Olsson K.O. 2015).  

Figure 3.7. a) Free body diagram of a bolt joint and b) bolted joint diagram with the relationship between 
pretension and deformation. FN is the normal force, Fs is the force in the bolt and Fk the clamped force.  
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Clamped length LK, also called grip length, is the free length of a bolt that is stretched under 
tension, meaning according to figure 3.8. In a through hole (a), the distance between the bolt 
head and the nut. In a blind hole (b) – or for a stud bolt (c) – the distance between the head 
(nut) and the first thread engaged in the tapped hole (Nord lock group). In case of R5500, a 
blind hole and a Nord Lock washer are used. 

Figure 3.8. The clamped length in different situations (Figure source: Nord lock group).  
 
It is recommended to design the clamped length to at least three to five times the bolt 
diameter to achieve an optimized joint. Increasing the length of the bolt improves the 
properties of the joint, as it: 

● Increases the elongation of the bolt, reducing settlement effect. 
● Increases the flexibility of the fastener, reducing the risk of self-loosening under 

vibrations and transverse loads. 
● Improves the load factor, reducing the amplitude of dynamic stresses in the bolt and 

minimising the risk of fatigue failure. 
● Minimises the load transfer loss in case of hydraulic tensioning (Nord lock group). 

3.5.1 Preload relaxation 

After tightening, the clamping force in a bolt joint will always drop. There are two different 
concepts for clamping force loss:  

1. Static embedment occurs during and just after assembly, before applying external 
load. 

2. Dynamic embedment, occurs when external load is applied to the joint. 
 
Relaxation is the mechanism and embedment is the resulting loss in clamping force. 
Creeping, which occurs through internal deformations in bolts or components during the 
influence of time and can be accelerated by, for example, elevated temperature. Typical of 
creep is that it does not decrease and thereby causes a continuous reduction in clamping force 
(Swedish Fasteners Network).  
 
Embedments can occur at different points in the bolt joint as following: 

● In the contact surfaces. 
● In the threads. 
● In washers and lock plates.  
● In the clamped parts. 
● In soft materials. 
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3.5.2 Washers in bolted joints 

To choose between washers or flange bolts is a business policy issue. The most important 
thing is to have a fastener with either a washer or flange to distribute the pressure that arises 
between the bolt and the surface of bolted parts. Fasteners without either washer or flange 
will generate high contact pressure, which in many cases will exceed the maximum 
permissible value before plastic deformation occurs. An argument for the washer is to protect 
the contact surface, e.g. paint, and to get a controlled friction between the fastener and the 
washer during tightening. This is mainly provided when the surface treatment on the fastener 
and the washer is the same (Bulten technical handbook). 
 
Many companies want to avoid loose washers in the production process and therefore they 
prefer to have unlosable washers. Washers, however, can cause problems if they have thick 
surface treatment. In addition, an additional contact surface is introduced in the joint, which 
generates setting and thereby preload loss. Thus, the flange bolt is an option (Swedish 
Fasteners Network). 
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4  Results  

Different topics, concerning the saw unit, are described in chapter 4.1 to 4.5. Possible causes 
from these topics are compiled and analyzed in chapter 4.6. 

4.1  Clamped Parts in the Bolt Joint 

The calamped parts are washer, chain catcher, sprocket, hub and a spacer, according to figure 
4.1. The torque is transmitted from the splines shaft to the sprocket through the hub, which 
fits together through a parallel key. An important feature that differs from competing 
products is that the sprocket has 22 teeth instead of 12 or 13, which is the regular standard. 
Notable is that the hydraulic motor start and stops about 300 to 400 times per hour.  

Figure 4.1. The parts in the bolt joint. 1. Bolt, 2. Washer, 3. Chain catcher, 4. Sprocket, 5. Parallel key,  
6. Hub, 7. Spacer and 8. Hydraulic motor axis. 

 
The splines is made according to DIN 5480. The bolt is 70 mm in length and of 12.9 class 
according to ISO-898-1:2013 with 1220 MPa minimum tensile strength. Tightening torque 
for an M10 oiled bolt is limited to 79 Nm and for M12 is 136 Nm (Nordic Fastening Group). 

4.1.2 Hardness of the Clamped Parts 

The hub is made of SS 2550 machine steel, hardened to 56 HRC (refers to the Rockwell 
Scale) according to the drawing, the splines is cut to the same DIN standard. The spacer is 
made of SS 2541-03 steel and nitrocarburized. Hardness of parts included in the joint was 
measured at the laboratory in University of Gävle to verify the hardness given on drawings, 
see table 4.1. Observe that the spacer is Nitrocarburized, this will only affect the surface of 
the part. When the hub has penetrated the surface, the material, underneath is softer. Hardness 
of the shaft is not specified by the supplier.  
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Part NR Name Description according to the drawings Measured hardness 

6 Hub SS 2550, 55-56 HRC 64 HRC

3 Chain catcher S355J2, Nitrocarburized, N/A 46 HRC

7 Spacer SS 2541, Nitrocarburized, N/A 50 HRC

2 Washer Nord-Lock, N/A 42 HRC

Model Displacement 
(cc)

Continuous max. speed 
(rpm)

Torque/bar 
(Nm/bar)

Max.pressure 
continuous/peak 
(bar)

MSI 032 32 6300 0.5 400 / 450

MSI 041 41 5600 0.65 400 / 450

SCM 025 25 6300 0.4 350 / 400

SCM 034 34 6300 0.54 350 / 400

Table 4.1. Measured hardness and hardness according to the drawings of the clamped parts. The Part NR, 
refers to the balloons in figure 4.1. 

 
 
 
 
 
 

4.2  Hydraulic Motors 

Four different hydraulic motor models are available to select for the saw unit, depending on 
the model and size, of the harvester head. Two models from Hydro Leduc, MSI 032 and MSI 
041 and two models from Sunfab, SCM 025 and SCM 034. All four models have a shaft 
diameter of 30 mm and splines according to DIN 5480. The difference between the two 
manufacturers is that Hydro Leduc uses a M10 bolt while Sunfab have a M12 bolt for 
fastening of the hub. According to the operators manual, the recommended pressure is 200-
280 Bar for the hydraulic motor, which is limited by a pressure regulating valve. The 
denomination of all models is logical, the letters refers to the series and the number specifies 
the displacement. Specifications for all models is arranged in table 4.2.   
 
Table 4.2. Specification of hydraulic motors (Sunfab and Hydro Leduc). 

 
 
 
 
 
 
 

4.3  Damage Description 

The company JPS Teknik AB has a certain share of the North American market and aims to 
expand in this area. An obstacle to exceeding is to avoid the worn of the spline coupling after 
about 2000 hours. The same failure happens in Europe but not as frequent as in the North 
America Market. The pictures in figure 4.2 shows the shaft of the hydraulic motor, before and 
after failure.  
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Figure 4.2. The shaft of the hydraulic motor, before and after failure. 

 
As Figure 4.2 shows, the teeth in the spline have been damaged, especially at it ends. The type 
of wear which have occurred is most likely initially adhesion, with time even abrasion. In the 
middle, the worn is much smaller. Also note that the spacer on the shaft, at the motor side, has 
been deformed as much as it looks like a spline. The failure induce a total stop, the bolt 
connecting the hub and the motor shaft breaks, and the saw unit assembly get loose. This 
leads to a high cost, in booth repair, spare parts and production loos. 
 
At 2017 where one of 200 hydraulic motors from Sunfab worn and about seven of 100 
hydraulic motors from the supplier Hydro Leduc.  

4.4  Mounting and Maintenance Instructions 

The saw unit requires constant maintenance to keep it in good working condition. Poorly 
maintained equipment will run inefficiently. Breakdowns are costly and safety is also an 
important consideration. With proper maintenance, the equipment will have a long life span. 
The maintenance instructions available for the saw unit covers the safety issues in a good 
manner, however there is some deficiency and uncertainty which can be misunderstood or 
neglected by the users, e.g. “check frequently”, instead there should be specified intervals 
such as daily, weekly, before every working shift, etc. 
 
The maintenance instructions should be reviewed to avoid misunderstanding and neglecting. 
Below listed some of points that directly affect the problem that not mentioned in the 
instructions.  

● Control interval of tightening torque and joint inspection. 
● Applying loctite when reassembling. 
● Checking chain lubrication. 



18 

● Instructions on lubrication of the shaft and hub is missing.  
● Incorrect information about bolt loosening on page 40. 

   
A good addition would be to introduce a maintenance and repair schedule with detailed 
information about, for example, daily maintenance, weekly maintenance along with others. 
 
Education and training is as important as a good maintenance instructions. Other 
recommendations are cleaning the unit before every inspection, for example, it's necessary to 
clean the unit carefully to detect if the chain gets a proper lubrication. Lack of chain 
lubrication will lead to wear of the parts and early failure.  

4.5  Free-Body Diagram  

A free-body diagram was made out to fully understand the forces and moments acting on the 
saw unit, from saw chain thru the spline coupling. The free-body diagram was made with 
following assumptions: 

● Pretension force in the bolt joint is neglected. 
● Friction forces, example between the chain and the chain bar, friction forces in 

bearings are not included. 
● The weight of the included parts are neglected. 
● Maximal force is determined in relation to maximum hydraulic motor torque. Not in 

relation to special happenings, for example, if the operator is careless and runs the 
chain bar in the ground or in a stone.  

● No dynamic loads are included. 
 
The chain is automatically pretensioned via one hydraulic cylinder, in figure 4.3, this force is 
named 2·Fchain. The force needed to pull the chain through the log is  Fsaw. The reaction force 
in the center of the sprocket becomes therefore 2·Fchain + Fsaw.  

Figure 4.3. Free-body diagram of the sword and the sprocket. The arrows are not made according to scale. 

 
  



19 

The corresponding force, which acts on the center of the sprocket, also acts on the hub, as a 
reaction force. This force causes a certain bending of the hub, which leads to a misalignment 
between the center of the hub and hydraulic motor shaft, figure 4.4. Forces are set with 
respect to the hub.  

Figure 4.4. Free-body diagram of the hub and the hydraulic motor shaft.  
The arrows are not made according to scale. 

 
The forces from the sprocket (2·Fchain + Fsaw) is supported by the force couple Fspline while the 
torque Mv is transmitted to the sprocket through a keyway, to keep the figure simple this 
force is not included in the figure. The moment (2·Fchain + Fsaw) times b should be equal to 
Fspline times a. In an optimal case, the force Fspline is equal to zero, because this force leads to 
increased misalignment. If the distance a decreases, the force Fspline will get smaller while the 
moment remains constant. This can be achieved if the splined shaft of the hydraulic motor is 
extended. One other factor which, will reduce the misalignment, is if the pretension in the 
chain decreases.  
 
According to the mounting and maintenance instructions is the recommended hydraulic 
pressure, for the chain, about 50 to 80 bar. This results in a force of about 2·Fchain = 1 to 1.7 
kN, the piston, which will automatically pretension the chain, have an area of 16 mm2. To get 
an approximate value and a sense of the magnitude of the force Fsaw, the following 
assumptions were made: maximum pressure on the hydraulic motor does not exceed 280 bar, 
limited by the pressure valve, the largest hydraulic motor then gives a torque of 168 Nm. The 
radius of the sprocket is 68 millimeters, which gives a force Fsaw of about 2.5 kN. The forces 
that contribute to the bending of the hub, and thereby contribute to the angular misalignment, 
becomes about 4.2 kN. Note that no dynamic forces have been included in these calculations.  
According to the geometry, the dimension a is equal to 29 mm and dimension b is about 39 
mm, depending on what track the chain is placed on (the sprocket has two chain tracks). The 
bending moment, which will affect the angular misalignment, becomes about 164 Nm with 
the original design. If the hydraulic motor axis, for examples, is extended for about 20 
millimeters this moment will be reduced to 80 Nm, and thereby halved. 
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4.6  Cause and Effect Analysis 

Because the problem has several factors, a more structured analysis was made in order to 
highlight the possible causes of the problem. The Cause and Effect Analysis results in two 
important steps, which enable to both look back and ahead in time. In looking back, the 
analysis helps identifying the areas where mistakes were made. By establishing the causes of 
the problem, the problem can quickly be solved or entirely avoiding future instances of it.  

4.6.1 Problem Definition 

In this study, the problem was clearly defined by the customer and confirmed when the 
splines shaft axis was inspected, namely: Wear of spline. 
 
The hydraulic motor shaft wear does not belong to the normal wear and its not intended to be 
a wearing part, such as replacement of bearings, sealings and pistons in the motor. The 
consequences of shaft wear is to replace the whole motor which is expensive and time 
consuming. The motor also must be ordered with long delivery time and lost of expensive 
production. The nature of failure will lead to total breakdown, the operator cannot produce at 
all, because the machine stands still. If it had been a partial failure, the operator could still 
produce, however, with reduced capacity, and then replace the faulty part later.  

4.6.2 Potential Causes  

Potential causes that contributing to the problem, are compiled in several different categories. 
 
Misalignment 
According to the literature study and with respect of how the spline shaft wears out, 
misalignment is a high contributing cause, which may be intensified due to following aspects: 

- The hydraulic motor axis is short, as shown in the free body diagram. 
- Bending forces due to the nature of the design. 
- High pretension forces from the chain. 

 
Bolt loosening 
If the bolt get loose, which holds the hub onto the hydraulic motor axis, a radial clearance in 
the spline coupling appear. Loosening is caused by the following reasons: 

- Incorrect tightening torque.  
- Lack of adhesive threadlockers. 
- Soft washer in relation to other parts in the bolt joint. 
- Settlement, relaxation and creep in the bolt joint. 

 
Manufacturing 
During the manufacturing phase, some production methods may not be as accurate as they 
should. According to the type of failure, these aspects could be crucial: 

- Inaccurate fit and tolerance, especially in the spline coupling. 
- Lack of control measurement of parts involved, especially in the spline part of the 

hub. 
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- The material, hardness control of the parts may differ because the parts are made by 
different suppliers.  
 

Site Assembly by Customer 
When the product ships from the company, some parts are disassembled to save space during 
the transport. The final assembly is accomplished on site by the customer. This could lead to 
following issues: 

- Lack of lubrication of the splines coupling. 
- Incorrect tightening torque of the bolt joint. 
- The bolt joint is not being retightened after a period of use, due to poor assemble 

instructions.  
- The customer doesn't follow the instructions. 

 
Maintenance 
Correct maintenance is an important factor if a product should work as intended. Some 
especially important aspects, which may cause failure if they not fulfills, are: 

- Retightening of the bolt joint. 
- Control of tightening torque.    
- Lack of customer education and training.  
- Poor maintenance instructions.  

 
Environment 
Harvesters are used in forests, which require high demands on the product's durability. Some 
of the aspects are: 

- Tough working conditions. 
- Temperature changes. 
- Intermittent load, shocks and dynamic loads. 
- Misuse by the operator. 
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4.6.3 Cause and Effect Diagram  

The potential causes were sorted and divided into six different categories, which was 
compiled in a fishbone diagram, figure 4.5. Under the category Man, potential errors caused 
by everyone who may come into contact with the product. Design is about potential 
construction errors. Management concerns aspects that the company's management can 
influence while the environment is about the external factors that the product are exposed to 
during use. Materials and measurements was put together because they contained few points, 
material is to the left and measurement to the right of the bone. 
 

 
Figure 4.5. Cause and effect diagram divided into six different categories. 

4.6.4 Ranking and Analysis of Causes  

The causes were ranked, through a pairwise comparison, into three different levels of 
potential risk; low, medium and high. The result is shown in table 4.3, the pairwise 
comparison is documented in appendix B. The causes that got the highest grade are to the 
main part related to design issues. Environment received low rankings for all its sub-
categories. This is because these factors, such as temperature variations, weather and wind, 
cannot be changed. It is the environment that the saw unit will be used within. 
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NR Causes Sub Causes Contribution
1

1.1 Control of tightening torque Low
1.2 Incorrect tightening torque Medium
1.3 Bolt joint is not being retighten Medium
1.4 Customer does not follow instructions High
1.5 Lack of lubrication Low
1.6 Misuse by the operator High
2

2.1 High pretension force in chain Low
2.2 Adverse bending forces High
2.3 Angular misalignment High
2.4 Inaccurate fit and tolerance High
3

3.1 Lack of customer education/training Medium
3.2 Poor maintenance instructions Medium
3.3 Poor assemble instructions Medium
4

4.1 Tough working conditions Low
4.2 Temperature changes Low
4.3 Intermittent load and shocks Low
5

5.1 Wrong hardness relation in parts High
5.2 Settlement, creep and relaxation Medium
6

6.1
Lack of control measurement in hub and 
motor axis Medium

Measurement

Man

Design

Management

Environment

Material

Table 4.3. Classification of the cause, divided into six different categories. Cause 1.1 refer to the daily 
maintenance while 1.2 is the used torque during customer assembly on site. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Man and design are the categories that have received the highest rating for potential causes of 
failure. The wrong hardness subcategory in material, can also be linked to the design area. 
Overall, the category management is the second important, since it contains three medium 
rankings. Potential measures for each cause are summarized in Table 4.4. The causes was 
divided into two different categories, long term and short term. In the long term, more work 
is required to implement the changes, or that it takes time for the effect to have an impact 
after the implementation has taken place, e.g. during training and education. In short term, 
not so much work or investigation requires to implement the change. 
 
  



24 

Prio NR Action Prio NR Action

1 2.3
Extend the hydraulic motor shaft.

1 5.1
Clamped components, in the bolt joint, have 
same hardness.

2 2.4
Geometric tolerances of the hub and shaft 
fulfills recommended standard. 2 1.4

Introduce a program for training and education.

3 1.4
Improve the operator manual and revise it 
annually. 3 1.3

Facilitate access to tightening torque control in 
the screw joint. If necessary, drill a hole in 
protection cover.

4 3.3
Improve the assembly manual.

4 5.2
Reduce the number of clamped parts in the 
bolt joint and use loctite. 

5 6.1
Establish measurement recording sheet from 
the suppliers. 5 1.5

Investigate what impact lubricants have in this 
type of application (further work).

6 2.1
Investigate optimal oil pressure for chain 
tensioning with different bars (further work).

Short term Long term

Table 4.4. Author's proposal for the company to prevent or completely remove that the spline shaft wears out. 
The number, NR, refers to the position in table 4.3.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Some causes is not explicitly included in the table 4.4, this is because they are related to 
already given improvement proposals: 

● Cause 2.2 is merged with point 2.3, both depending on the length of the axis. A 
favorable design would to have bearings on both sides of the spline coupling, but this 
is not possible, due to the design. Therefore, only an extension of the shaft is an 
option. 

● Cause 1.6 is merged with 1.4. By improve the operator manual and train users of the 
product, the customer will understand and be able to handle the product better, thus 
reducing the degree of misuse. 

● Causes 1.1, 1.2, 3.1 and 3.2 merges with 1.4. This can be avoided through training 
and education.  
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5  Conclusions 

Misalignment is a high contributing cause to the problem. The bigger misalignment value, the 
higher acting forces on the spline teeth. The type of forces in the spline couplings is 
confirmed by Hongs (2013) research about angular misalignment. A splines joint, in fact, is 
not designed to withstand high bending moment. Lengthening the hydraulic motor shaft will 
reduces the problem but does not eliminate it completely, due to the nature of the design. 
Ideal conditions is if the sprocket had been positioned in the middle of the shaft. 
 
Tolerances and fittings are determined by the standard for a reason, if there is no control and 
check on these, the design's function will not work optimally as indicated by P. M. Ku and M. 
L. Valtierra, (1974). The clearance between space width and tooth thickness, see figure 3.3, 
have to follow the standard. This will grow due to intermittents of the forces, starts and stops 
when sawing. 
 
In case of bolt loosening, the outcome is very fast deterioration and then failure. Appropriate 
tensioning torque and checking it is important. Bolt loosening is a result of constant 
vibrations and tough working conditions. Making control of the torque easier, with a hole in 
the protection cover to reach the bolt head, will probably encourage the operator to check the 
torque more often. To have a homogeneous hardness of the bolted parts is another important 
aspect to keep the pretension of the bolt. Minimizing the number of clamped parts will 
minimize settlement and relaxation of the joint, which is confirmed by (Swedish Fasteners 
Network) and (Bulten technical handbook). This leads to an investigation of using a flange 
headed bolt without any washer. The chain catcher will then be redesigned to fit the new bolt.    
  
The final assembly is made by the customer, thus the manual have to be easy to follow and 
not be able to interpret in different ways than recommended. Lack of instruction such as 
lubrication of the shaft and hub would increase the effect of fretting corrosion as clarified by 
(Rick Miller, 2017) and (Gitin M. Maitra 1994). Training and education are essential in this 
case in order to get a correct function and understand the importance of autonomous 
maintenance. Larger customers would rather be interested in the product if the manual were 
better.  
 
Tough working condition cannot be changed, cleaning, maintenance, training and education 
are also the solution of minimize the impact of these conditions. Without proper maintenance, 
the performance or reliability will drastically decrease, as Steven Borris (2006) mention in his 
book.     
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6  Critical Review  

The selected method was generally suitable for this kind of thesis. The input from the 
literature study combined with the product definition provided relevant information to carry 
through the cause and effect analysis. However, there are some parts of the method that could 
have been performed differently. An improvement could have been to spend more time on 
field studies and observations. For example, participate and observe when the operator 
maintain the saw unit. Additional, observe when the product is being mounted by the 
customer. Tests on how the use of loctite would affect the product and if the washer can be 
removed could have been carried out in a laboratory. The result of this study would then 
probably have become more practical and focused on details of how the operators manual and 
the educational and training part could have been arranged. 
 
The chosen theory was relevant and suitable for the result in this study. There are, for 
example, many studies on how forces are distributed in a spline coupling. However, there are 
gaps in the theory about topics concerning characteristics of washers, such as how hardness 
and different materials affect in a bolt joints. The information about the washer are based on 
proven experience from sources that in some cases are not entirely reliable. 
 
An uncertainty with the result is that only statistics, regarding how many units has been 
weared out, were available from 2017. There is a delay in the statistics from 2018, which not 
yet are compiled (mid-May 2019). However, the customer has emphasized that it is very 
important to solve the problem in order to be able to extract market shares.  
 
It is difficult to grasp how long a hydraulic motor axis is intended to last for similar 
applications. It is not the axis that the designers of the hydraulic motor are seeing as the 
design factor that will fail, it is the bearings, pistons and sealings. The shaft is expected to last 
indefinitely if the connection is designed properly. 

6.1  Recommendations to Future Activities 

The authors' suggestions for improvements of the saw unit, both in the short and long term, 
are shown in Table 4.4. Some of these points can be directly implemented and some require 
further investigation, especially those classified as long term improvements. 
 
There are some other aspects that may be worth investigating further. One example is to 
investigate if it is possible to change the bolt in the bolt joint to a smartbolt with inbuilt visual 
indication system, which shows the actual pretension force (Smartbolts). This will facilitate 
the maintenance for the operator. Controlling the pretension without using tools will be  
easier. If necessary, drill a hole in protection cover to enable visualization.  
 
An advantage with the UPS R5500 saw unit is that it is more efficient compared to 
competitors. According to the manual, there are different types of hydraulic motors which fits 
the saw unit. An investigation could be carried out about which of these is most effective for 
a particular type of application. In addition, there is a range of how much pressure the chain 
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tension should have, about 50-80 bar. An instruction for minimal pressure, depending on 
different types of chain guide bar, could be available. This will further increase the product's 
efficiency. 
 
In this study, hardness tests were done on just one set of components. To get a better value, 
several sets of components should be tested. The low hardness of the washer can cause 
settlements, that lead to bolt loosening. One solution is to completely avoid the washer and 
instead use a flanged bolt. However, further investigation and tests in real conditions are 
required before this change could be implemented. Additional have different lubricants for 
the spline coupling not been treated. An investigation should be carried out about how 
different lubricants affect the coupling. At present, the coupling is mounted without any 
lubricant. Furthermore, the effect of using loctite in the bolt joint was not investigated in this 
study. However, the product should be easy to maintain. The possibility to use loctite should 
be investigated with these aspects. 

6.2  Sustainability and Environmental Aspects 

Sustainability and safety aspects are very important to consider during the mechanical design 
process. It is the outcome of the original design that enables maintenance, service, 
recyclability and safety among others. In this thesis, the aim is to improve the saw unit, acting 
on a forest harvester. A machine, which exclusively are used in a forest where many plants 
and animals have their natural habitat. It is therefore preferable that the harvesting goes as 
efficiently and smoothly as possible. 
 
Earlier problems with hydraulic motors from Sunfab AB was that the motor deteriorated and 
broke down in such way that serious oil leak occurred. In this case, when the splines wears 
out, there will be no oil leak but the harvester must be transported to a suitable area where the 
hydraulic motor can be replaced.  

Ethical Aspects 
Throughout the degree project, engineering ethics has been followed. The research is reported 
honestly and applied to our method, the data and results. We have an awareness objectivity 
and aimed to avoid bias in all aspects of the research. The findings and results are reported in 
openness in order to facilitate the further work for both the company and researchers. We had 
copying and plagiarism in mind through the work, even though the  theory has helped us 
achieve our conclusions. An unannounced goal of this study was to help the company to 
make better product in order to keep the employees, this aspect is important for a small and 
sparsely populated place as Färila. 

Social Aspects 
This study have been written by two distance students. However, the advantage was that the 
students were located at the same spot. This made it easier to discuss and solve problems 
together. During the study google docs where used to create this report. It worked well and 
made it possible to divide the writing phase into subparts.  
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The interviewed stakeholders, during this study, have been very helpful and answered our 
questions in a good manner. If there were no answers at the time, they returned with answers 
later on via mail. The social contact we got with the machine operator who drove the 
harvester at our field observation was very valuable. This visit gave us good insight into how 
the product is used. The contact with the designers, of the product, could not have been made 
via a distance meeting because we needed to use our senses to feel and see the product with 
our own eyes. 

Economic Aspects 
Considering that the spline wear leads to total breakdown with the consequences that the 
operator cannot produce at all. The problem is highly economic with respect to production 
loss, reparation and costs for spare parts. Our solution to extend the splines shaft may not 
reduce the problem totally, but will, extend the lifetime of the product. It is hard to predict the 
outcome of the extension of the shaft. However, it is a good first step to implement to 
improve the product and thereby reduce unwanted cost for the customers and complaints. In 
additional, it becomes more economical to visually check the pretension in the bolt 
connection instead of using tools. The cover around the saw unit does not need to be removed 
which will decrease maintenance time. 
 
Compared to competitors, one selling argument is that the saw unit JPS R5500 is more 
efficient. As mentioned in the chapter Recommendations to Future Activities an investigation 
of the selection of hydraulic motors due to different types of chain swords could be carried 
out. This, in combination with an optimal chain tension, will further increase the product's 
efficiency and thus strengthen this argument of an efficient product. 

Occupational Health and Safety Aspects 
Since the saw unit is a dangerous part of the harvester, the machine must be switched off 
when working with the saw unit. This is an important safety aspect that must be highlighted 
in the manual. Operators and maintenance team of harvesters must be trained in the safety of 
the saw unit. The machine directive and standards govern the working environment. 
The product has become safer for the operator by drilling an additional hole in the protective 
cover. Making the manual better leads to a safer product. Also training and education 
contributes to better safety thinking and thereby prosperous and reduced risk of injury. 
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Appendix A, Interviews with Experts 

Peter Sörell, Managing Director for JPS Teknik AB 
The interview took place on 22 mars 2019 at JPS in Färila. Besides Peter Sörell, Per 
Blomqvist and Patrus Athir also participated. This appendix include questions and answers 
from the interview, compiled by the authors. 
 
How big is the production volume for the saw unit R5500? 

- About 250 units per year. The goal is to reach 1500 units per year. 
 
What are the most important benefits with R5500 compared to its competitors? 

- The saw unit P5500 have a chain wheel with 22 teeth instead of 12-13, which is the 
regular standard. The benefits is that the rotational speed reduces from 10000 to 5300 
rpm. This leads to a better efficiency and a fuel saving of about 15 percent. The 
engine start and stops about 300-400 times per hour. 

 
How many units fails due to worn splines? 

- At 2017 where one of 200 hydraulic motors from Sunfab worn and about seven of 
100 hydraulic motors from the manufacturer Hydro Leduc. 

 
When the spline wears out, how does the failure appear? 

- Total stop, the bolt between the hub and the motor shaft breaks, and the saw unit 
assembly get loose. 

 
When does the failure occur? 

- After about 2000 hours of machine time. The saw unit is active about 10 percent of 
the time. 

 
During assembly, do you use lubrication in the spline couplings? 

- No, the splines that worn out during 2017 was mounted without lubricants. 
 
Have you tested or investigated other manufacturers of washers other than Nord-lock? 

- No. 
 
Do your company providing maintenance and assembly instructions to the operators? 

- Yes, we have a document with, for examples, recommended torque for all bolts. 
 
How does the chain tension work? 

- The chain is automatically tensioned with a hydraulic piston exposed to a pressure of 
70 bar. The piston has a diameter of 16 millimeter. 

 
Do you have full documentation of sold units with all options. 

- Yes, but this issue is neglected sometimes. 
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Have you changed the bolt class recently? 
- No, it has always been 12.9 according to ISO-898-1:2013. 

 
Do You have clear guidelines for users to follow maintenance manuals? 

- Yes, but we suspect that operators are careless and misuse the equipment. For 
example, the belt tensioner is set to 70 bar, and if they hit a rock och ground by 
mistake, the back pressure in the unit is raised by multiple. This leads to the stress is 
also raise to a very big value.   
 

Johan Sundin, Designer at Sunfab 
Phone interview on 10th of may. Participants: Per Blomqvis, Johan Sundin and Patrus Athir.  
Listed below are the questions and answers. 
 
What is the lifespan of a hydraulic motor on mobile applications? 

- There is an unannounced standard for the mobile applications of 10 000 hours of run 
time for the motor. 

 
Does the shaft belong to the spare parts when designing a motor? 

- No, the bearings, pistons and sealings are in the first hand designed as wearing parts. 
 
What is the important aspects to think of when designing a hydraulic motor shaft? 

- Tolerances and hardening process should follow the standard. 
 

Does you recommend your customers to lubricate the spline coupling? 
- Yes, its a standard procedure. 

 
Do a bending moment applied to the shaft have a big impact of wear? 

- A bending moment with combination of high revolutions will damage both the front 
bearing and the shaft. A small gap, angular misalignment and high revolutions 
together could have a crucial role of wearing the shaft. The front bearing will 
probably take the damage before the shaft get weared.  
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1.1 1.2 1.3 1.4 1.5 1.6 2.1 2.2 2.3 2.4 3.1 3.2 3.3 4.1 4.2 4.3 5.1 5.2 6.1 Sum Class

1.1 0 0 0 1 0 1 0 0 0 ? 0 0 1 1 1 0 0 0 5 L

1.2 1 0 0 1 0 1 0 0 0 ? 0 0 1 1 1 0 0 0 6 M

1.3 1 1 0 1 0 1 0 0 0 0 0 0 1 1 1 0 0 0 7 M

1.4 1 1 1 1 0 1 0 0 0 1 1 1 1 1 1 1 1 1 14 H

1.5 0 0 0 0 0 ? 0 0 0 0 0 0 1 1 1 0 0 0 3 L

1.6 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 16 H

2.1 0 0 0 0 ? 0 0 0 0 1 1 0 1 1 1 0 0 0 5 L

2.2 1 1 1 1 1 0 1 ? 0 1 1 1 1 1 1 1 1 1 15 H

2.3 1 1 1 1 1 0 1 ? 1 1 1 1 1 1 1 1 1 1 16 H

2.4 1 1 1 1 1 0 1 1 0 1 1 1 1 1 1 1 1 0 15 H

3.1 ? ? 1 0 1 1 0 0 0 0 0 0 1 1 1 0 0 0 6 M

3.2 1 1 1 0 1 1 0 0 0 0 1 ? 1 1 1 0 0 0 9 M

3.3 1 1 1 0 1 0 1 0 0 0 1 ? 1 1 1 0 0 0 9 M

4.1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 L

4.2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 L

4.3 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 2 L

5.1 1 1 1 0 1 0 1 0 0 0 1 1 1 1 1 1 1 1 13 H

5.2 1 1 1 0 1 0 1 0 0 0 1 1 1 1 1 1 0 1 12 M

6.1 1 1 1 0 1 0 1 0 0 1 1 1 1 1 1 1 0 0 12 M

Appendix B, Pairwise Comparison of Cause and Effect Diagram 
To be able to classify and rank the possible causes, a pairwise comparison was made, see 
figure B.1. Each causes is compared to everyone others, one at a time. If a cause is 
considered better, it get one, and vice versa. A question mark is used if there are no 
differences between the causes. The limits of the classification are: 

● Low is the interval of 0-5. 
● Medium is the interval of 6-12. 
● High is the interval of 13-18. 

 
For examples point 2.4 (inaccurate fit and tolerance) considered better than 15 other causes. 
Thus the total value is 15 and classified as high. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure B.1. A pairwise comparison of the probably causes. 
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