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Abstract: 

The path along which a high voltage cable needs to travel within the 
production facility is designed by a combination of straight and curved 
segments. As segments are available only in standard sizes, the path must 
be standardized. The transformation of an initial path into standardized 
path is a manual and time-consuming process. Tools are developed to 
automate this process using Knowledge-Based Engineering (KBE). The 
MOKA-methodology has been followed to capture and store the 
knowledge behind the standardization of the path. Designs of truss 
segments which are currently in use are studied and modified to make the 
models more efficient. Finite Element Analysis (FEA) is performed to 
evaluate the strength of segments of both old and new models which 
shows that new models are more efficient. To rapidly obtain segments of 
different dimensions, parametric models of segments are designed. 
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1 Notations 

ar Arc length 

F Force 

g Gravitational acceleration 

L Length 

r Radius of curvature 

F Total load 

W Total mass 

 Displacement limit 

θ Angle of curvature 

 Given angle between links 

 Standardized angle between links 
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2 Introduction 

NKT High Voltage Cables, Karlskrona is a subsidiary of NKT Holding 
with interests in cables and wires, optical components, lasers and crystal 
fibres. The company has dual headquarters in Denmark and Germany and 
employs around 3400 employees [1]. In 2017, NKT Cables acquired ABB 
HV Cables from the ABB Group including the high-voltage cable plant in 
Karlskrona. It is a centre-of-excellence for production, installation and 
service of high voltage cables in both Alternating Current (AC) and Direct 
Current (DC) for submarine and underground applications [2]. 

 

2.1 Background 

At NKT HVC, Karlskrona, during manufacturing of High Voltage 
Cables (HVC), cables are transported from one manufacturing block to 
another block at a particular height above the ground level within the 
production facility. This way of transporting the cables saves the floor space 
and does not disturb the activities on the ground level. 

Cables are transported through truss structure formed by assembling the 
straight and curved truss segments. Assembly of these segments will be done 
along the “Cable path” that cable needs to move. To ease the cable 
movement, rollers are attached to the segments internally. To hold the 
structure above ground level and to reduce the deflection of truss structure, 
supports are placed at intermediate locations. Figure 2.1 shows the cable path 
in the production facility. 

 



4 

 

 
Figure 2.1. Cable way at NKT HVC, Karlskrona, Sweden. 

 

2.2 Problem description 

An initial cable path considering the obstacles such as ceiling and walls 
between locations is drawn in the CAD application SolidWorks. Each line 
segment in the sketch of the path is called a “Link”. To form the truss 
structure, the initial path should be populated using standard truss segments 
which is not possible without altering the initial path. For example, in the 
initial path, if there is a 40° bend at turning, a curved segment with an angle 
of curvature of 40° needs to be placed at that location. But, a segment with 
that particular attribute might not be available as segments exist only in 
specific dimensions which are called “standard segments”. The dimensions 
of available standard segments are presented in Table 2.1. 
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Table 2.1. Dimensions of standard segments. 

Standard straight segments Standard curved segments 

Depth (mm) Length (mm) Depth (mm) Angle of 
curvature 

300 

450 

600 

2400 

3600 

6000 

300 

450 

600 

15° 

30° 

45° 

60° 

75° 

90° 

 

It is necessary to make alterations to the initial path to form a 
“standardized path” that can be formed using standard segments. To make a 
standardized path, both lengths and angles of the initial path should be altered 
which is a manual and time-consuming task. This problem can be solved by 
automating the process of standardizing the initial path. 

Automating the manual process of path standardization will reduce time 
consumption, but may also lead to loss of knowledge related to the process. 
Any process, when it is automated has a high risk of loss of knowledge on 
that field as it is no more manually done [3]. Knowledge-Based Engineering 
(KBE) can be used for automation while preventing knowledge loss [4]. 

During manufacturing of HVC, the diameter of the partially built cable 
emerging from each manufacturing block varies. The depth of truss segments 
carrying the cables depend on cable’s diameter. At present, depending on the 
size of cables that are being manufactured, depths of truss segments required 
are shown in Table 2.1. Design of straight and curved segments individually 
with different dimensions requires a lot of time. Hence, parametric models 
of truss segments are designed to reduce time taken for designing segments 
with various dimensions. 
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To make the segments economical, strength of the segments has to be 
increased while reducing the material usage. The old curved segment has sub 
structures welded together. If a curved segment with angle of curvature 40° 
is needed, then 5 sub structures each with inclination of 10 is welded. 
Welding leads to induction of residual stresses and to eliminate it, post 
treatment has to be done which consumes lot of time and effort [5]. Figure 
2.2 depicts the top view of the old curved segment which shows the 
discontinuities and sharp edges in its parallel chords. Theses sharp edges 
leads to stress concentration which is an undesired condition [6]. 

Figure 2.2. Parallel chords with discontinuities. 

 

2.3 Aim and objectives 

As this thesis has wide scope of research, it has multiple aims which are: 

1. Design modifications on truss segments to make them more efficient. 
2. Parametrization of truss segments. 
3. Choosing an appropriate methodology to capture, store and structure 

knowledge on path standardization. 
4. Development of tools which automates path standardization using 

KBE. 
 

The objectives are: 

1. Studying existing designs of truss segments and exploring possible 
positive modifications that can be done. 

2. To explore different ways to parametrize the truss segments and to 
implement it. 
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3. Conducting Finite Element Analysis, FEA on old and new truss 
segments to compare their strength. 

4. Studying different types of methodologies and their significance in 
knowledge storing and re-use. 

5. To study the manual procedure of standardization and automating it. 
6. To develop an automation tool that shows standardized path in 

SolidWorks. 
 

2.4 Research questions 

1. How can design of truss segments be parametrized to reduce lead 
time? 

2. How can the mechanical strength of truss segments be increased 
while reducing the material usage? 

3. How to automate standardization of path using KBE while focusing 
on knowledge capture and storage? 

 

2.5 Truss components 

This section shows the structure and components of a truss segment. The 
truss segment is a combination of several individual structural members 
which acts as a single unit. Depending on the arrangement of the members 
of the truss, truss configurations are classified into many types such as 
Warren, Pratt, Howe, K-bridge etc [7]. Figure 2.3 shows the different 
components of a truss segment. 
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Figure 2.3. Truss segment components. 

 

The truss segment consists of parallel horizontal structural members, 
which are called as “Parallel chords”. The members which are tending to 
form a triangle are called “Diagonal members”. The members which are 
connecting the top and bottom parallel chords separately are called as 
“Bracing members”. The members connecting the top and bottom chords are 
called as “Vertical members”. 

All the structural members are welded to the parallel chords. The parallel 
chords and diagonal members are made of L shaped equal legs cross section 
structural members while vertical and bracing members are made of U 
shaped structural members. Gusset plates are the thick metal plates which 
provide strength at the ends of segments. 
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3 Literature review 

3.1 Parametric modelling 

According to Xanthakos, 1994 [8], parallel chords are recommended to 
made into a single continuous unit until it does not affect the strength of the 
truss structure. Warren truss has the simplest configuration in which the 
diagonal members tends to form an equilateral triangle. In Warren truss, as 
the load is distributed evenly along its length, warren truss is preferred over 
Neville truss [9]. 

According to Silva and Chang 2002 [10], parametric modelling helps to 
obtain several designs quickly. During the product development process, 
design of the models has to be changed frequently. In many of the 
components, dimensions of one feature is related to the dimensions of 
another feature. It would be tiresome to change every dimension or feature 
of a part which could be solved by parametric modelling. Kuang Hua Chnag 
et.al [11] in his research paper provided axioms and guidelines for design 
parametrization. 

Stress singularity is a common phenomenon observed during FEA in 
CAE packages. It is a point in the mesh where stress does not converge 
towards a specific value though the displacement converges [12]. When 
singularities occur, mesh refinement leads the stress value to continuously 
changes mostly increases. This happens as the theoretical value of stress at 
singularities is infinite. This phenomenon is majorly observed at sharp 
corners, corners of bodies in contact and point restraints and at point loads. 
The stress values in the vicinity of singularity are affected by singularity and 
lead to incorrect values. Stress values away from singularity and the 
displacement values in the whole model will be correct. Therefore, when 
stress singularity occurs, displacement can be considered. 

 

3.2 KBE 

According to Esankula et al., 2015 [13], 80% of tasks in design processes 
are repetitive and if these are automated, then the time taken for designing a 
product will be reduced substantially. Increase in the demand of automation 
level lead to embed knowledge into the design process which helped in 
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emerging KBE. KBE is a newly emerging science which is a subset of 
Knowledge-Based systems (KBS) which is evolved from Artificial 
intelligence (AI) [14]. It represents an Engineering method which correlate 
Computer Aided Design (CAD), Artificial Intelligence(AI) and Object-
oriented programming(OOP). 

According to Sainter et al., 2000 [15], KBE has no precise field of 
application where it should be applied as it is being developed in an ad-hoc 
manner. Standardization of paths is considered as 2D design as it involves 
creating a standardized path using rules and relations for each truss segment 
in the path.  

According to La Rocca et al. [16], KBE for many years has been a 
confined to only few industries and never turned into a subject of academic 
research. It is a research field that studies methodologies and technologies to 
capture and reuse knowledge. It is termed as rule-based engineering as within 
the discipline where knowledge is represented in the form of rules [17]. 
These rules can be mathematical formulae, conditional statements etc. The 
main objective of KBE is to reduce lead time and the cost of product 
development, which is achieved by automating the repetitive and mundane 
tasks [18]. 

 

 
Figure 3.1. CAD vs KBE in terms of time saving [19]. 
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Figure 3.1 shows how KBE helps in reducing time related to routine 
work and increase in percentage of the creative design work. KBE helps an 
industry in sharing the knowledge among employees [18]. Though, KBE 
promises reduction in lead time, storage and re-use of knowledge etc., 
excluding aviation and automotive industries, it has not provided satisfactory 
outcome [19]. 

Marcus Sandberg had published a technical report on KBE [14] whose 
focus is to develop new methodologies to reduce the developing time while 
improving the quality of Knowledge systems. A methodology is a set of 
instructions which guides in carrying out KBE. Every methodology has its 
own field of focus. For instance, KOMPRESSA emphasises on risk analysis 
and management while MOKA on capturing and structuring knowledge. 
According to Kuhn [20], one of the leading methodology for KBE is 
“Methodology and tools Oriented to KBE Applications”, MOKA [18]. It 
describes the individual sub-tasks in KBE and knowledge documentation 
procedure. 

Lack of a generic methodology is leading KBE to develop at a slow pace. 
Attempts are being made to standardize KBE by creating a standard 
methodology which is applicable to all industrial sizes by converging KBE 
with Product Life Management (PLM) [21]. Problems involved in lack of 
common aspects in different applications, factors and conditions in different 
size industries are acting as hurdles in forming a generic methodology [19]. 

 

3.3 MOKA 

Melody stokes has published a book titled “Managing Engineering 
Knowledge: Moka Methodology for Knowledge Based Engineering 
Applications” [18]. This book provides clear instructions in carrying out 
KBE using Moka methodology. This book provided the guidance in using 
Moka. The information below shows the basic structure on how automation 
is done using KBE in this thesis. 

Development of a tool using KBE by MOKA methodology is a lifecycle 
process and is categorised into six phases: Identify, Justify, Capture, 
Formalize, Package and Activate. Each phase is the combination of loops of 
different tasks. The initial two phases involve more of managerial tasks and 
are not included in the tool. Generation of the tool begins from the third 
phase, capture. 
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Figure 3.2. Lifecycle of MOKA [20]. 

 

Phase 1, Identify 

Aim and objectives will be formed. Target software will be decided. 

 

Phase 2, Justify 

Acceptance criterial will be chosen in this phase. Acceptance criteria is 
the factor which will be considered to check whether the tool is a success or 
failure will be decided. It can be lead time, manufacturing cost, number of 
people involved in the task etc. 

 

Phase 3, Capture 

This phases mainly consists of two tasks which are collecting the 
knowledge and structuring it into an informal model. Collected information 
is stored and structured into ICARE-forms (Illustrations-, Constraint-, 
Activity-, Rules-, and Entity-forms). Hierarchy and process charts can be 
prepared but are not mandatory. 

Illustration form stores information regarding case studies, hints and 
relevant examples related to the product. It can be attached to any ICARE 
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form. These forms are not generally used on the KBE platform unless the 
application is related to case-based reasoning.  

Entity form describes all the objects in the product hierarchy chart. 
Activity form can be completed by identifying key activities, decomposing 
them sub-activities, representing simple sequencing and links to Entity 
forms. Constraint form represents the limitations on attributes of an entity or 
relation between entities or relation between attribute of entities. Rule form 
is related to Activity forms and are attached to design process. It holds 
knowledge that governs the activities. 

Hierarchy chart is used for examining the decomposition of the product 
structure and functions of its components. It shows the structural 
decomposition of the product. Each cell in the hierarchy chart indicates the 
object on which the ICARE-forms are written. 

Process chart is a flow chart which represents the sequence of activities 
involved in process that need to be automated. Each object in this chart 
indicates an activity on which Activity-forms are created. Few smaller tasks 
can be categorized and can be considered as a single object in process chart. 
Collectively, ICARE forms and charts are called the informal model. 

 

Phase 4, Formalize 

In formalize phase, the informal model created in previous phase is 
converted to a formal model. The formal model is intended to represent the 
knowledge in a way that target software can accept. Formal model consists 
of Product model and Design Process Model (DPM). Entities are attached to 
constraints, which helps in generating the formal product model while 
activities are linked to rules forms to generate DPM. The formal model can 
be defined in the Unified Modelling Language (UML) or in MOKA 
Modelling Language (MML). 

MML is an extension of UML, which is widely adopted in software 
industry to represent object-oriented applications. It was designed to be 
flexible and extensible so that it is possible to make its models compatible 
with any target software. It is a graphical language for formally capturing and 
recording engineering design knowledge for deployment within KBE 
applications.  

MML provides the pictorial representation of path standardization and 
helps in translating the Product model and DPM to code. Extensible Mark-
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up Language (XML) is considered as a standard neutral format for 
transferring data between software packages. 

Product model 

The Product model describes the information about product in detail. It 
describes how the product is built from assemblies and parts, materials used, 
dimensions etc. There are five pre-defined views in product model, which 
are the structure view, the function view, the behaviour view, the technology 
view and the representation view. Product knowledge is simplified in each 
view and within each view there are pre-defined classes that contain the 
knowledge objects to describe the product. 

Relations between the pre-defined classes are described by the links 
which appear within different views. The three types of links MML uses to 
describe product model are aggregation, association and generalization links. 

 

Table 3.1. Links used in describing product model. 

Name Symbol Description 

Aggregation link  

It is used where all objects have their 
own lifecycle, but there is ownership 
and child objects can not belong to 
another parent object. 

Association link  
It is used where all objects have their 
own lifecycle and there is no owner. 

Generalization link  

It is used to extract shared 
characteristics from two or more 
classes, and combining them into a 
generalized superclass. 

 

Structure view describes a product’s structure which decomposes into 
assemblies, parts and features. This view is used to represent physical, 
logical, or conceptual structure at any stage of the design. It is the key view 
of product model which provides the basis to connect other views. 

Function view describes decomposition of the product’s functions and 
identifies how the elements of this decomposition are realized by principles 
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of solution and technical solutions. It explains what the product should do to 
be successful in regards of design requirements. The classes of the function 
view are “Function” and “Principle solution”. 

The principle solution helps to identify an idea of how the function is 
satisfied. There is a link to behaviour to predict the behaviour of the structure 
with intended functionality. 

Behaviour view is used to model the behaviour of the product. The pre-
defined classes in this view are behaviour, state, state model, and transition. 
This view includes a model view of various states of a product and transition 
from one state to another and the constraints that each state represents on the 
design. It also explains the event that causes transition and the state that is 
entered next due to this transition. 

The technology view represents the technologies associated with the 
product life cycle. The classes in the technology view are technology, 
manufacturing process and material. 

The representation view handles knowledge about the size, shape, and 
positioning of an assembly, part, or feature in a product structure. The pre-
defined classes of this view help to build a geometry based on construction 
rules. This allows the knowledge regarding shape, size to be attached to any 
element of the product structure. 

Design Process Model (DPM) 

DPM allows to record the design rationale. Two new classes, compound 
activity and elementary activity are introduced into UML to form MML. 
Compound activity is group of activities while elementary activity contains 
a single activity. 

Using MML, the design process can be viewed to have different levels 
of detail which are macro level and micro level. Macro level contains 
processes at programme level (includes compound activities) while micro 
level describes activities at the smallest detail and includes elementary 
activities. 

 

Phase 5, Package: 

By completing the “Formalize” step, the focus of MOKA has ended but 
KBE lifecycle process continues until “Package” and “Activate” phases. In 
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this phase, tool will be developed. This phase and the next phase will be 
dependent mostly on the target software. 

 

Phase 6, Activate: 

Activate is the final phase of KBE. This phase involves distribution, 
installation and usage of the tool. 

 

An application programming interface (API) in SolidWorks enables 
other applications such as Excel to access SolidWorks data. It is a set of 
protocols, routines and tools for building software applications. It is 
primarily used to develop tools for automation. The two types of SolidWorks 
API are Macros and Stand-Alone. Stand-Alone API requires core 
programming skills which is not required for Macros. 

As per [22], Macros are defined as a series of commands and 
instructions when grouped together act as a single command. By recording 
an activity with macros, that activity can be performed several times 
automatically. There are two types of macros in SolidWorks which are 
Microsoft Visual Basic for Applications (VBA) macros and Microsoft 
Visual Studio Tools for Applications (VSTA) macros. 

VBA is a programming language which is primarily used for 
automation in the Microsoft-Office applications. The main advantage of 
VBA macros is that it is very easy to store and maintain. It does not need any 
complex installation procedures and does not demand supervision to 
maintain. VSTA has disadvantages such as the need of supervision and 
complex deployment procedures. Due to these advantages of VBA, VBA is 
chosen over VSTA. 
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4 Method 

In this chapter, the method followed in the thesis is produced. Section 
4.1 gives the outline of the method followed. 

 

4.1 Overview 

Initially, literature review has been performed related to parametrization, 
KBE and MOKA and the procedure further followed is depicted in Figure 
4.1. 

 

 
Figure 4.1. Method overview. 

 

To make the old truss segments efficient, old truss segments are studied 
and positive changes that can be made are decided. Considering the changes, 
parametric models of segments are designed. FEA has been performed on 
old and new models of straight and curved truss segment assemblies for 
evaluating their strength. 
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Using KBE by MOKA methodology, the knowledge on trusses 
segments along with its rules and constraints is collected and documented. 
Two tools are developed, in which tool in Excel standardizes the cable path 
and other tool in Solidworks exports the co-ordinates of the given path and 
designs standardized path automatically. 

Attempts are made to populate the standardized path with standard 
segments. But due to complex structure of segments, it is not possible. The 
standardized path is then swept with square cross section whose length of 
side is equal to the depth of segments that need to be populated. The co-
ordinates of the standardized path obtained are validated using MATLAB. 

 

4.2 Parametrization of truss segments 

To make the already existing truss segments more efficient, design 
changes are made. Considering the modifications, parametric models of truss 
segments are designed in SolidWorks premium 2017. Method of designing 
parametric models are presented in sub-section 4.2.2. 

 

4.2.1 Design changes 

Design of old segments are scrutinized and changes are decided by 
considering theories that are presented in section 3.1 and by discussing with 
the supervisors at NKT. Studying the former designs of truss segments 
showed that they follow Neville truss configuration. In this configuration, the 
bracing members tends to form an isosceles triangle. Considering the theory 
mentioned in section 2.3, Warren truss configuration is chosen for new truss 
segments. 

Truss segments are connected to each other using fasteners. For this 
provision, four rectangular plates are welded uniting the top and bottom 
chords at the beginning and end part of the segment. These plates have bolt 
holes which enables bolting thereby connecting the segments. This way of 
approach allows the segments to connect only vertically but not in all 
directions. 

By discussing this issue with the supervisors, to increase the connectivity 
among segments, two rectangular plates at one end of the segment are 
removed. Instead, four L shaped equal legs structural members are provided 
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at the end of segments which can be observed in the Table 4.1. This setup at 
the end of the segments helps them in connecting firmly both horizontally 
and vertically. 

In order to avoid discontinuities in parallel chords of the curved segment, 
parallel chords are made into single unit [8]. By following this approach, 
residual stresses, stress concentrations and manufacturing time can be 
reduced. 

Since the L shaped cross section members provide more strength than 
the rectangular plates at ends and the overall load carrying capacity of the 
structure has increased due to warren truss configuration, gusset plates are 
eliminated in new segments. The major design differences between old and 
new segments are shown in Table 4.1. 

 

Table 4.1. Differences between old and new models. 

Old model New model Modification 

  

Neville truss is replaced with 
Warren truss configuration 
and gusset plates are 
removed. 

  

Connectivity is enabled both 
horizontally and vertically. 

  

Discontinuities in parallel 
chords are eliminated 
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4.2.2 Design of Parametric models 

In a parametric model, there are two types of parameters which are 
driving parameters and driven parameters. Driving parameters are the 
parameters through which the input will be given to the parametric model. 
Driven parameters are the parameters whose value depends on driving 
parameters. In a straight segment, driving parameters are length and depth 
while in a curved segment, angle of curvature and depth of the segments. 
Driven parameters in both the segments are dimensions of parallel chords, 
vertical members, bracing members and number of bolt holes. 

 

4.2.2.1 Straight parametric model 
Initially, a basic sketch is drawn in 3D which is called as “Framework” 

is shown in Figure 4.2. The motivation for drawing a framework is to obtain 
a completely defined sketch which is represented by black colour. Figure 4.2 
shows the framework of straight segment that is completely defined. 

 

 
Figure 4.2. Framework of straight parametric model. 
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Dimensions of all the structural members depends on length and depth 
of the straight segment. To follow the warren truss configuration, diagonal 
members are given inclination of 60° with respect to bottom parallel chords. 
Using the “Weldments” module in SolidWorks, structural members in 
framework are formed. Remaining structural members are formed using the 
“Mirror” and “Pattern” features. 

 

 
Figure 4.3. Equations for straight parametric model. 

  

“Equations” in Figure 4.3, shows the relations between driving and 
driven parameters. Diagonal members, bottom bracing member and vertical 
members are linearly patterned along its length. Then the newly formed 
structural members along with those created through framework are mirrored 
along the depth of the segment by giving the depth as function in its equation. 

Bolt holes of diameter 20mm are designed to enable fastener 
connections. Number of bolt holes are changed with respect the depth of the 
truss segment. When the depth of the segment is less than 500mm, then 
number of 20mm bolt holes will become 3 else it will be 4. Figure 4.4 shows 
the bolt holes configuration at ends of the segments. 
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Figure 4.4. Sketch of 20mm Bolt holes. 

 

4.2.2.2 Curved parametric model 
Parametric model of curved segment is designed following the same 

procedure as discussed for the parametric model of straight segment. Figure 
4.5 shows the framework of parametric model of curved segment. 

 

 
Figure 4.5. Framework of curved parametric model. 
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Figure 4.6. Equations of curved parametric model. 

 

Figure 4.6 shows the “Equations” dialog box of the curved segment 
where the dimensions of a curved segment is given. For obtaining the 
diagonal, vertical and bracing members along the curved parallel chords, 
“Circular pattern” has been given. As the parametric models are designed, 
straight and curved segments obtained from the parametric models are used 
for FEA which is presented in the section 4.3. 

After designing the parametric models, FEA is performed on old and 
new, straight and curved segments to compare their mechanical strength. 
FEA is done in SolidWorks premium 2017 simulation module. To signify 
the cable path in FEA package, segment models are assembled. To make the 
analysis simple and quick to compute, only two segments have been used in 
the assembly. 

 

4.3 FEA on truss segments 

After designing the parametric models, FEA is performed on old and 
new, straight and curved segments to compare their mechanical strength. 
FEA is done in SolidWorks premium 2017 simulation module. To signify 
the cable path in FEA package, segment models are assembled. To make the 
analysis simple and quick to compute, only two segments have been used in 
the assembly. 
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4.3.1 Material data 

The common aspect in straight and curved segments is usage of material 
and fasteners. All the segments are made of structural steel (355 (SS 2172-
00)). The properties of the material are obtained from documents provided at 
NKT which are presented in Table 4.2. 

 

Table 4.2. Material properties. 

Parameter Value 

Elastic Modulus 210 Gpa 

Poisson’s ratio 0.32 

Shear Modulus 76 Gpa 

Mass density 7850  

Yield strength 248 Mpa 

Tensile strength 482 Mpa 

 

4.3.2 Fasteners 

Segments are assembled using counterbore bolts and nuts. Pictures in 
Table 4.3 shows the difference in arrangement of fasteners in old and new 
models. 
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Table 4.3. Connectors arrangement in old and new models. 

Old model New model 

  

 

As we can observe in Table 4.3, 8 fasteners are required for old model 
assembly while 16 fasteners are required for new model assembly. The 
material used for bolts and nuts is Alloy steel. Data related to the fasteners is 
taken with reference to the documents provided at NKT. 

 

Table 4.4. Bolt connector's details. 

Attribute Value 

Head diameter 30 mm 

Nut diameter 20 mm 

Nominal shank diameter 20 mm 

Preload torque 434 NM 

Poisson’s ratio 0.28 

Elastic Modulus 210 Gpa 
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4.3.3 Mesh 

In SolidWorks, meshing a solid body yields tetrahedral type of elements. 
Parabolic tetrahedral solid type of elements is chosen over linear tetrahedral 
[23]. Mesh control has been applied to the structural members in the middle 
region of the assembly where maximum displacement is expected. 
Depending on the results obtained after each iteration, the regions of mesh 
control and mesh size are changed continuously. Figure 4.7 shows the 
regions where mesh control is applied. 

 

 
Figure 4.7. Mesh control region in old straight segment. 

 

4.3.4 Calculation of load acting 

Generally, several types of loads such as thermal loads, seismic loads, 
accidental loads etc, can be considered for trusses. Depending on the location 
of trusses and probability of loads that may act, only relevant loads are 
considered. As per the input provided by the company, load exerted by the 
cable is dependent on diameter of that cable. Total weight that acts on the 
assembly apart from its self-weight is due to cables, rollers and snow whose 
values are tabulated in Table 4.5. 
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Table 4.5. Mass acting on truss segments. 

Mass due to Mass ( ) 

Cable XX 

Roller 90 

Snow 160 

Total XX 

 

As per Confidential Disclosure Agreement (CDA), the mass of the cable 
is not revealed. 

The total load that acts on the path is given by the formula, 

 

Where, F is total load acting on the assembly 

 W is total mass 

 L is length of the assembly in mm 

 g is acceleration due to gravity 

 

  N eq (1) 

Load acting on the assemblies are calculated using eq (1) but are not 
revealed as per CDA. 

 

4.3.5 Boundary conditions and displacement limit 

This section provides details on loads and boundary conditions applied 
on straight and curved segments assembly. Displacement limit on assemblies 
is calculated as well. The model is considered to be safe when displacement 
of the assembly is within the displacement limit which has been determined 
using eq (2). 
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The displacement limit for the assembly is given as, 

  
eq (2) 

 

4.3.5.1 Straight segments assembly 
Supports are used for providing vertical support to the truss assembly 

thereby reducing the displacement. These provide fixed boundary conditions 
to the model. Supports will be placed at the location where the segments are 
connected. The maximum distance between supports should be 12000 mm 
which is a constraint. Two straight segments each of length 6000 mm is 
assembled whose total length equals 12000 mm, two supports will be at both 
the ends. But, considering the worst-case scenario, one end is given a roller 
support while latter is given fixed boundary conditions. 

Loads and displacement limit for straight truss segment assembly is 
calculated as follows: 

Total length of the assembly, 

L=12000 mm 

As per eq (2), displacement limit is  
 

Therefore, displacement of the straight segment assembly should not 
exceed 60mm. 

 

4.3.5.2 Curved segments assembly 
Curved truss segments contribute to the path whenever a cable needs to 

take a turn. If the cable has to change its direction in two planes, then it has 
to take a turn in one plane and then move straight for about 12000 mm 
straight and then it have to take another turn. That means, there cannot be 
two curved segments connected to each other directly. Generally, a curved 
segment will be accompanied by minimum of two straight segments each of 
length 6000 mm on both its ends. 

When a curved and a straight segment assembly is considered, two 
supports will be place at ends of the assembly. This will lead to large 
displacement at the mid region exceeding the displacement limit. Hence, 
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another support will be placed at the location where straight and curved 
segments are connected. Therefore, three supports will be used in the curved-
straight segments assembly. Considering the worst-case scenario, instead of 
constraining all the degrees of freedom representing the support at three 
locations, only at a single location fixed boundary condition and at the other 
two locations roller support is given. 

In company repository, CAD model of curved segment with 40° angle 
only is available. With the parametric model, curved segment with 40° angle 
cannot be formed. Hence, curved segments with 45° is compared with old 
segment with 40°. Load acting on the curved segment is function of its angle 
of curvature. Hence, different loads acts on old and new curved segments 
depending on angle of curvature. 

 

Displacement limit for old curved segment assembly 

Old curved segment with angle of curvature 40° is made of five straight 
segments each with length 1060 mm welded together. 

Arc length of the old curved segment model, 

 

 

L=11300 mm 

As per eq (2), allowable displacement for old curved segment assembly 
is, 

 
 

Displacement limit for new curved segment assembly 

Arc length of a curved segment is,  
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As per eq (2), allowable displacement for new curved segment assembly 
is, 

 
 

4.4 Standardization of path using KBE 

In this section, automation of path standardization by KBE concepts 
using MOKA methodology is presented. As capturing and storing the 
information regarding the path standardization is of priority, MOKA 
methodology has been chosen. Tools are developed for automation are 
installed in SolidWorks and Excel. Guidelines for following MOKA are 
taken from a book written by Melody Stokes [18]. 

 

4.4.1 Identify 

The aim of the tool development is to automate path standardization. 
SolidWorks is decided as the target software in which the standardized path 
has to be obtained. The path standardization process is checked for its 
complexity. If the process is too simple or too complex to modularise, then 
KBE cannot be applied.  

 

4.4.2 Justify 

Lead time is selected as the acceptance criteria as reduction in lead time 
for designing the standardized path is the requirement. The knowledge sources 
are found to be the design experts, data files, books and few unique standards 
which are followed by the company. 

 

4.4.3 Capture 

The raw knowledge that is available is identified in the form of tools, 
literature and design experts. The knowledge on the path standardization is 
acquired from the design experts while the information regarding trusses is 
collected from scrutinizing CAD models and through literature study. Design 
experts are interviewed several times regarding standardization procedure. 
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Hierarchy and process charts are presented in section 5.3. During path 
standardization, only the first two layers of the hierarchy chart that are cable 
way, straight segments, and curved segments are involved. The components 
other than these are components of the truss segments are not involved in the 
standardization. However, for documenting knowledge on segments in very 
detail, Entity forms are made even for truss components which are not part 
of the automation. Figures 5.20 and 5.21 represents hierarchy and process 
charts respectively. 

Structuring the knowledge includes tasks such as grasping useful 
information, organizing it into objects, classifying it and finally arranging it 
into an informal model. A lot information is collected and stored in the form 
of ICARE-forms. With the help of process and hierarchy charts, the relations 
and links among ICARE-forms is formed. 

 

ICARE-forms 

Each ICARE-form has distinct template with separate fields for 
recording the specific parts of the associated information. The template of 
these forms is flexible and can be altered as per the requirement. To enable 
modification of the knowledge, ICARE-forms are made and stored in 
template documents. Each form consists of different fields like name, 
reference, functions, context-information-validity, description, etc., in which 
the knowledge is documented.  

Even for small amounts of knowledge storage, dozens of forms will be 
required. For easy navigation among different types of forms, they are inter-
connected as objects. By doing so, when a form is edited, automatically the 
other forms which are linked to it also gets updated. Related documents, 
figures, and web-links are also attached to forms using hyperlinks and 
objects. As in our case, the information regarding case studies related to the 
process are not available, Illustration forms are omitted. 

As collecting and structuring knowledge is also a part of the thesis, 
ICARE forms which contains knowledge is also considered as outcome from 
KBE. Entity, Constraint, Rule and Activity forms are presented in section 
5.3. 

Figure 4.8 shows various fields used in the forms with the explanation. 
In all the forms, Name, reference, management, information origin fields are 
present. Depending on the type of form, remaining fields are used. For 
example, the fields-trigger, input and output are used only in the Activity 
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forms. By documenting knowledge in ICARE-forms and charts, the informal 
model is formed and thereby the Capture phase is completed. 

 

 
Figure 4.8. Template of ICARE Forms. 



33 

 

4.4.4 Formalize 

The formal model has been designed in the “yED Graphic editor” [24] 
and stored in .jpg and in .xgml format which is a kind of .xml. Product model 
is completed by considering different views of straight and curved segments. 
Figures 4.9, 4.10, 4.11, 4.12, 4.13 depicts structure view, function view, 
behaviour view, technology view and representation view of straight 
segment respectively. Views related to curved segments are produced in 
Appendix B. All the views are linked to the structure view using aggregate 
link. The five views which describe product model are as follows. 

 

 
Figure 4.9. Structure view. 

 

 
Figure 4.10. Function view of straight segment. 
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Figure 4.11. Behaviour view of straight segment. 

 

 
Figure 4.12. Technology view. 

 

 
Figure 4.13. Representation view of straight segment. 
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Figure 4.14 shows the macro level representation of DPM. The macro 
level representation consists of four compound activities in which the last 
compound activity will be done in a loop until all the new coordinates are 
determined. Each box indicates the Activity at each level. The micro level 
representation of remaining activities is produced in Appendix B. 

 

 
Figure 4.14. Macro level design process. 

 
As the activity “Calculate lengths and angles” is combination of sub 

tasks, it is considered as a compound activity. The sub tasks in this compound 
activity can be seen in the micro level representation which is shown in 
Figure 4.15. 
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Figure 4.15. Micro level representation of Activity 1. 

 

Combination of product model and DPM represented using MML 
illustrate the formal model, and thereby the formalize step is completed. 

 

4.4.5 Package 

There is no direct mapping between SolidWorks and xgml format. 
Therefore, the formal model cannot be automatically converted to code in 
SolidWorks but is done manually. In this case, the formal model formed 
using MML serves the purpose of an illustrative representation. 

As SolidWorks is a CAD/CAE software and programming flexibility is 
limited, automation is decided to be done in another software or tool. Excel 
is available at NKT, has programming capabilities and also can form 
interaction with SolidWorks using API. Hence, it is decided to automate the 
path standardization in Excel. Two tools are created, one in Excel and other 
in SolidWorks. Using tool in Excel, path is standardized and output such as 
required number of segments and its cost is obtained. While using tool in 
SolidWorks, co-ordinates of given path is exported to Excel and standardized 
path is drawn in SolidWorks automatically. 

The manual approach to path standardization involves designing the 
initial path in SolidWorks. The path will be standardized on a sheet using a 
ruler. The design engineer measures the length of the first link and changes 
it to the nearest standard length which can be formed by standard straight 
segments. The angle will be standardized by changing it to the nearest 
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standard angle. This process will be continued until all the lines and angles 
are standardized. Attempts will be made to make the standardized path as 
similar to the given path. A new point will emerge after standardizing each 
length and angle, and this point will be considered while standardizing the 
forthcoming links. Following section 4.4.5.1 discusses about the logic behind 
path standardization. 

4.4.5.1 Rationale behind automation  
In real case scenario, path exists in 3D space. But the variation of the 

path in XZ and YZ-planes is minute when compared to that in XY-plane. To 
reduce the complexity of automation, initially automation has been done in 
2D by omitting the Z-axis coordinates. To standardize the lengths of links in 
3D, real lengths are considered instead of completely omitting the Z co-
ordinates. 

As these cable ways are installed along the walls, in some cases there 
might not be freedom to standardize the angle. For example, if the angle 
made by two links near a wall is 43°, then it cannot be standardized to 45° 
because the path would go through the wall, which is not acceptable. This 
constraint is called a “wall constraint”, and whenever this constraint is 
applied, the slope of that particular link in the standardized path should be 
equal to the slope of the link in given path. Influence of this constraint can 
be observed in Figures 5.1 and 5.4.  

The initial path is drawn in SolidWorks and the vertices are exported as 
coordinates to an Excel file using tool in SolidWorks. Links joining these 
coordinates represent the path. Therefore, the path is simply the straight links 
joined together. The series of tasks that are done by the code to automate the 
path standardization is as follows. 

 

1. Determine the quadrant of the given path (i.e., points) and convert into 
first quadrant. This simplifies the code in calculating the new 
coordinates. Which otherwise requires different formulae for finding 
new coordinates belonging to different quadrants. 
 

2. Find the slopes of all links using the formula, 
 

Where,  
n=1 to number of given coordinates and 
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 m is the slope of the link. 
Calculate the angle using the formula 

 
 

3. Calculate the length of each link using the following formula, 

 

 
4. Determine the standard angles and calculates standard slopes. 

 
5. The angles will be standardized by using the following data: 

 

Table 4.6. Conditions for standardizing angles. 

 (in °)  (in °) 

0< 22.5 15 

22.5< 37.5 30 

37.5< 52.5 45 

52.5< 67.5 60 

67.5< 82.5 75 

82.5< 97.5 90 

 

Where, 

 represents the angle between links in given path. 

 represents the standardized angle. 

Depending upon the  in Table 4.6, angle will be standardized to its 
respective . 

After the standard angle is chosen, the standard slope is calculated by 
the formula  

StSL=tan (standard angle) 
Where, StSL is the standard slope 
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6. Calculate the standard lengths. 
Let the length of link be in path be L 

 
S is the integer part of p and represents number of 6m segments required. 

K=L (S ) 
K represents the length of link remained after placing the link with 6m 

segments. Considering the nearest value to 1.2 or 2.4 or 3.6 or 4.8, K is now 
transformed into R. 

Now, the standard length,  
SL = (S )+R 

 
7. Prompt the user to give the wall constraint if it is needed. The link 

number will be taken as input whose slope should not be changed. If 
there are any inputs for this prompt, then the slope of that particular link 
is directly stored as Standard slope, StSL and proceeds further.  
 

8. Using the first point, first length and first slope new coordinates is 
calculated using the formula. 

 

 

 
Here, xc represents the new x-coordinate, 
 yc represents the new y coordinate. 
 
The above formulae will be applicable only when fore points are 

progressing. For example, if the given first and second points of a link are 
(1,1) and (32,35), the link joined by these two points indicates that the fore 
points of the path are moving towards right side with respect to that link. 

 
If the first and second points of links are (32,35) and (1,1) respectively 

then it implies that the fore points of the path are moving towards left side 
with respect to that link. In this case, following formulae are considered 
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9. Above procedure is done for all the links in the path in a loop. 

 
10. Obtain the new coordinates for all the links in the given path. 

 
11. Transfer the new coordinates into the given quadrant. Thereby, co-

ordinates of the standardized path will be determined. 
 
In XZ and YZ-planes, the slope of the path is very less and when 

attempted to standardize angle, it is switching to its nearest standard angle 
which is 15°. This leads to a standardized path very much deviated from the 
initial path. 

This problem can be partially solved by considering the real lengths of 
the links; angles in XY-plane. Real length is calculated by considering the 
points in all the planes. By this approach, angles in XZ and YZ-planes will 
be ignored. As variation of path in these planes is very less, this approach is 
reasonable. 

As co-ordinates of the standardized path will not be available in 3D-case, 
standardized path in 3D cannot be displayed in SolidWorks. By populating 
the initial path with curved segments in XY-plane and standard straight 
segments, a partially standardized path in 3D is obtained. 
 

4.4.6 Activate 

ICARE-forms and formal models can be transferred or distributed 
among the users directly. But the links among the forms which are formed, 
documents may become invalid due to change in its address. If there are no 
objects linking in the forms, then the ICARE-forms can be easily distributed. 
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Tool in SolidWorks has to be installed while tool in Excel can be easily 
accessed by clicking the “Run” buttons provided on the Excel sheet which is 
shown in Figure.4.17. 

4.4.6.1 Installation of tool in SolidWorks 
The tool developed can be deployed directly by copying the Macros 

files. These files can be shared any number of times and therefore, the tool 
can be used by multiple users. The tool can be launched by creating a custom 
toolbar shortcut in SolidWorks. It can be done in customize menu from the 
tools tab by selecting the macro (GUI) from the directory. The automation 
of path standardization is done in following three steps. 

 

Step 1: Export coordinates from SolidWorks to Excel. 

After installing the tool, it will be available on the toolbar. Figure 4.16 
shows the user-interface of the tool in SolidWorks. In this step, coordinates 
of the given path will be exported to Excel sheet. 

 

 
Figure 4.16. GUI in SolidWorks. 
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While standardizing a 2D path, the number of segments along with 
coordinates of the standardized path are obtained. But in the case of 3D only 
the number of curved segments in XY-plane and straight segments required 
will be determined. 

 

4.4.6.2 Output from tool 
Step 2: Obtain the number of standard segments required and cost in Excel. 

After importing the given path coordinates into Excel, code is executed 
by clicking the “Run” button on the Excel sheet which is shown in Figure 
4.17. 
 

 
Figure 4.17. Excel sheet after executing the code. 

 
Columns I and J in Figure 4.17 represents coordinates of the 

standardized path. By clicking the “Menu” button in Excel which is 
represented in Figure 4.17, a GUI pops up which can be seen in Figure 4.18. 
As an output from GUI in Excel, Figures 5.26, 5.27 and 5.28 are obtained 
which displays information about required number of straight segments, 
curved segments and cost of segments respectively. 

 



43 

 

 
Figure 4.18. GUI in Excel. 

 
After obtaining necessary information about number of segments, 

coordinates of the standardized path are exported to SolidWorks. 
Coordinates can be exported by clicking the “Send coordinates to the text 
file” button in the Excel GUI. 
 

Step 3: Export the standardized path to SolidWorks. 

The sketch of standardized path is automatically obtained in SolidWorks 
sketch module by clicking the “Create lines” button in SolidWorks GUI. 
Figure 5.29 shows the standardized path in SolidWorks. Thereby, usage of 
the tool is completed. 

 

To check if the path collides with the obstacles, the path has to be 
populated with the standard segments that are obtained from parametric 
models and is to be assembled in the layout of the production facility. 
Attempts are made to populate the path in SolidWorks Routing module. But, 
due to the complexity in structure of the segments, it is not possible. The only 
motivation for populating the path and assembling in the layout is to visually 
check for the obstacles. This requirement can be fulfilled by sweeping the 
path with a square cross section. The dimension of the square to be swept has 
to be equal to the depth of the truss segment that is to be populated with. 
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Figure 4.19 exemplifies how the standardized path looks like when populated 
with standard segments with depth 600mm. 

 

 

The model represented in Figure 4.19 is to be assembled in its respective 
location in the production facility. If the model is found colliding with an 
obstacle, then changes need to be done manually in the path by the design 
expert. 

 

  

 Figure 4.19. Metaphor of path populated with truss segments. 
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5 Results 

5.1 Output from parametric models 

5.1.1 Models obtained from Straight parametric model 

Figure 5.1 and 5.2 shows straight segments with length 4800 mm and 
depth 600 mm; length 7200 mm and depth 680 mm respectively obtained 
from the straight parametric model. 

 

 
Figure 5.1. Straight segment with length 4800 mm. 

 

  
Figure 5.2. Straight segment with length 7200 mm. 
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5.1.2 Models obtained from Curved parametric model 

Figure 5.8 and 5.9 shows curved segments with angle 60°and depth 750 
mm; angle 90° and depth 900 mm respectively obtained from the curved 
parametric model. 

 

 
Figure 5.3. Curved segment with angle of curvature 60°. 

 

 
Figure 5.4. Curved segment with angle of curvature 90°. 
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5.2 FEA results 

In this section results obtained from FEA on straight and curved segment 
assemblies are presented. Maximum displacement and Von Mises stress 
distribution of the models are plotted. 

 

5.2.1 Straight segments assembly 

FEA result of assembly made of old and new straight segments are 
produced in sections 5.2.1.1 and 5.2.1.2 respectively. 

5.2.1.1 Old straight segment assembly 
Displacement: 

Figure 5.5 shows the displacement distribution of old straight segment 
assembly while Figure 5.6 shows its convergence. 

 

 
Figure 5.5. Displacement of old straight segment assembly. 
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Figure 5.6. Mesh convergence of displacement in old straight assembly. 

 

In Figure 5.6, it can be observed that displacement has converged at 3.1 
million nodes. The displacement of the old model is 14.9 mm which is within 
the displacement limit of 60 mm. The mass of each old straight segment is 
340 kg. 

 

Von Mises stress distribution: 

Figure 5.7 shows the Von Mises stress distribution of old straight 
segment assembly. 

 

 
Figure 5.7. Stress distribution in old straight segment assembly. 
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The maximum Von Mises stress is reported as 870.34 Mpa which 
exceeds not only tensile strength but also yield strength. To check the 
locations where it is exceeding the yield limit, the minimum stress in the 
stress scale is set to its yield limit (247 Mpa). 

 

 
Figure 5.8. Regions not exceeding yield strength. 

 

In Figure 5.8, we can observe that almost whole model is within the yield 
limit. Figure 5.9 shows the location where the maximum stress is induced. 

 

  

Figure 5.9. Singularity location in old straight segment assembly. 
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Figure 5.10. Mesh convergence of stress in old straight assembly. 

 

In Figure 5.10, we can observe that the stress has not converged though 
displacement has converged. Occurrence of very high stress at a minute 
corner and lack of convergence of stress concludes that stress singularity has 
occurred in the analysis. 

 

5.2.1.2 New straight segment assembly 
In this section stress distribution and displacement of the assemblies 

made of new straight segment assembly are produced. 
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Displacement: 

Figure 5.11 shows the displacement distribution while Figure 5.12 
shows its convergence. 

 

 
Figure 5.11. Displacement of new straight segment assembly. 

 

 
Figure 5.12. Convergence of displacement in new straight assembly. 
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In Figure 5.12, it can be observed that results have converged at 1.71 
million nodes. The displacement of the new model is 12.9 mm which is 
within the displacement limit of 60 mm. The mass of each new straight 
segment is 339 Kg. 

 

Von Mises stress distribution 

 

 
Figure 5.13. Stress distribution of new straight segment assembly. 

 

The maximum Von Mises stress reported to be 341.55 Mpa which 
exceeds yield strength. In Figure A.1 in appendix, we can observe that the 
stress has not converged though displacement of the model has converged. 
To check the regions of yielding, minimum stress in the scale is set to its 
yield limit which can be seen in Figure A.2. Occurrence of very high stress 
at a sharp corner and lack of convergence of stress concludes that there is 
Singularity involved even in this analysis.  

 

 



53 

 

5.2.2 Curved segment assembly 

In this section, FEA results of assemblies made of old and new curved 
segments is produced. 

5.2.2.1 Old curved segment assembly 
Figure 5.14 shows the displacement distribution of old curved segment 

assembly while Figure 5.15 shows its convergence. 

 

Displacement 

 

 
Figure 5.14. Displacement of old curved segment assembly. 
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Figure 5.15. Mesh convergence of displacement in old curved assembly. 

 

In Figure 5.15, we can observe that the maximum displacement is 
converged to 3.18 mm at 2.45 million nodes. The maximum displacement is 
much below the displacement limit and the assembly is safe. The factor of 
safety is calculated as  which equals to 17.8. As we have not 
considered influence of centrifugal and centripetal forces that act during 
cable movement, factor of safety is high. However, it can be decreased to a 
reasonable value by reducing the material usage. The mass of each old curved 
segment is 285 kg. 

 

Von Mises stress distribution 

Figure 5.16 shows the stress distribution of the old curved segment 
assembly. In Figure A.3 in appendix, we can observe that the stress has not 
converged. According to the concept of stress singularity, by considering 
Figure 5.15 and Figure A.3, we can conclude that stress singularity has 
occurred in this analysis. 
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Figure 5.16. Stress distribution of old curved segment assembly. 

 

5.2.2.2 New curved segment assembly 
Displacement: 

Figure 5.17 shows the displacement distribution of new curved segment 
assembly while Figure 5.18 shows its convergence. 

 

 
Figure 5.17. Displacement of new curved assembly. 
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Figure 5.18. Mesh convergence of displacement in new curved assembly. 

 

In Figure 5.18, it can be observed that the maximum displacement of the 
assembly is 7.07 mm which converged at 2.21 million nodes. The model has 
the factor of safety of  which equals to 7.56. 

 

Von Mises stress distribution: 

 

 
Figure 5.19. Stress distribution of new curved assembly. 
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In Figure A.4 in appendix, we can observe that the stress has not 
converged. As per the concept of stress singularity, by considering Figure 
5.18 and Figure A.4, we can conclude that stress singularity has occurred in 
this analysis. The mass of a new curved segment is 251 kg. 

 

5.3 Output from KBE using MOKA 

The informal model that is prepared in the process of development of 
tool contains the knowledge regarding the path standardization and structure 
of truss segments. Hence, hierarchy chart, process chart and ICARE-forms 
acts as knowledge containers and helps in gaining knowledge regarding the 
process. 

 

5.3.1 Informal model 

Figures 5.20 and 5.21 represents the hierarchy and process charts 
respectively. Figure 5.22, 5.23, 5.24 and 5.25 shows the Entity-, Activity-, 
Constraint- and Rule-forms respectively. 

 

 
Figure 5.20. Hierarchy chart of cable way. 
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Figure 5.21. Activity diagram for path standardization. 
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Entity form: 

Figure 5.22 shows the Entity form of a Curved segment. 

 

 
Figure 5.22. Entity form. 
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Activity form: 
Figure 5.23 shows the Activity form for calculating lengths and angles 

in the given path. 

 

 
Figure 5.23. Activity form. 
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Constraint form: 

Figure 5.24 shows the Constraint form for minimum bending radius of a 
curved segment. 

 

 
Figure 5.24. Constraint form. 
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Rule form:  

Figure 5.25 shows the Rule form for calculating second new coordinate 
in the standardized path. 

 

 
Figure 5.25. Rule form. 
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5.3.2 Outcome from tool 

After standardizing the path in Excel, vital information about number of 
standard straight and curved segments required, cost estimation for the path 
is obtained by clicking their respective buttons in Excel GUI. Figure 5.26, 
5.27 and 5.28 shows the windows that shows information about the 
standardized path. 

 

 
Figure 5.26. Number of straight segments. 

 

 
Figure 5.27. Number of curved segments. 
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Figure 5.28. Cost of the segments. 

 
After the obtaining the information regarding path standardization, using 

the tool in Excel, co-ordinates of the standardized path are exported to 
SolidWorks. By joining the co-ordinates using the tool in SolidWorks, the 
standardized path is drawn automatically as shown in Figure 5.29. 
 

 
Figure 5.29. Standardized path as output from the tool. 
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6 Validation 

In this section, output from Excel is validated by output from MATLAB. 
Pictorial representation of with and without wall constraint, variation in 
initial path and standardized path can be seen clearly in the plots generated 
by MATLAB.  

Input to MATLAB will be the coordinates of given path in xls-format. 
Input coordinates can be obtained by following step 1 from section 4.4.6.1. 

 

6.1 Without wall constraint 

 

Figure 6.1 shows the standardized path without wall constraint. The 
Red path represents the given path while the blue path represents the 
standardized path. In Figure 6.1, we can observe that the eighth link from the 
top in the given and standardized path are intersecting. When this scenario 
where intersection of given and standardized path is not desired, then to that 
particular link wall constraint has to be given. Figure 6.2 and 6.3 shows the 
output from MATLAB. 

 

Figure 6.1. Standardized path without wall constraint. 
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Figure 6.2. Number of standardized segments. 

 

 
Figure 6.3. Co-ordinates of standardized path. 
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6.2 With wall constraint 

Figure 6.4 represents the given and standardized path when wall 
constraint is given. 

 

In Figure 9.4, we can observe that the eighth link of the given path and 
standardized path are parallel. Therefore, wall constraint is applied for the 
eighth link. 

By comparing the outputs related to without wall constraint from 
MATLAB (Figures 6.2 and 6.3) and Excel (Figures 5.26, 5.27and 5.28), we 
can observe that results obtained are same. Therefore, the output from Excel 
is validated and are correct. 

  

Figure 6.4. Standardized path with wall constraint. 
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7 Discussion 

7.1 Parametrization and FEA in SolidWorks 

Generally, designing a parametric model will take longer time than 
designing a direct CAD model. But using parametric models, numerous 
models can be obtained with different dimensions by just entering the 
dimensions. Designing a parametric model requires more knowledge on the 
product that is being designed as relations among its components need to be 
known. 

The relations among the entities of the parametric model has to be given 
carefully. Appropriate number of relations has to be given, otherwise it leads 
to under-defined or over-defined framework. To retain coherence and 
configuration in the design, references planes can be used when necessary. 
As the complexity in design increases, necessity for reference planes also 
increases. In comparison to straight parametric model, more number of 
reference planes are used in curved parametric model due to its complexity 
in design. A full-fledged usage of parametrization can be done when the 
number of parameters and their relations with other variable increases. 

A set of two diagonal members and its consecutive vertical member 
constitutes a set of members. Each set of members occupies a particular 
length of the parallel chords. Depending on the angle between diagonal 
members, distance between a diagonal member and its consecutive vertical 
member, in straight segment each set occupies length of 1200 mm. Hence, to 
determine a valid straight segment from straight parametric model, length of 
the segment has to be the multiple of 1200 mm. In the same way in curved 
parametric model, angle of curvature of curved segment has to be multiple 
of 15°. As depth of the segments has no restrictions, depth can be given of 
any value. 

During FEA, it is tedious to check the convergence of displacement or 
stress manually. Results need to be noted after each iteration till the results 
are convereged. Using Adaptive methods in SolidWorks simulation module, 
results with desired percent of accuracy can be obtained automatically [25]. 
As the type of contact that is given between the segments does not support 
adaptive methods, results are converged manually by refining the mesh. 
Displacement of the assemblies made of old and new designs of straight and 
curved segments and their masses are compared in Table 7.1. 
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Table 7.1. Comparison between old and new models. 

  Old model New model 

Displacement 

(mm) 

Straight segment assembly 14.9 12.9 

Curved segment assembly 3.2 7.1 

Mass (kg) 
Straight segment 340 339 

Curved segment 285 251 

 

Observations: 

1. The mass of straight and curved segments is reduced by 0.3% and 
13.5% respectively. 

2. Maximum displacement of the straight segment assembly is reduced 
by 15.5%. 

3. Maximum displacement of new curved segment assembly has 
approximately doubled. However, the model has a high factor of safety 
of 7.56 which is sufficient. 

 

By changing the design of a model, material usage can be reduced while 
not compromising on its strength as done in this thesis. The theoretical 
concepts are followed while making changes to the old straight and curved 
segment designs. As expected, new designs of truss segments showed 
considerable increase in strength of the straight segments. In curved 
segments assembly where there is very high factor of safety, it is reduced to 
reasonable 7.56. There is a significant reduction in material usage in both 
straight and curved segments. Therefore, models with more mechanical 
strength by using less material usage are designed. 

 

7.2 KBE and MOKA 

As one of the reason for choosing KBE is storing the knowledge on path 
standardization, MOKA is the best methodology for such applications. As 
mentioned earlier, every methodology has its own area of focus and MOKA 
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focuses on storing and re-use of the knowledge. Prior to starting KBE, study 
has to be done in choosing the right methodology. 

To update the knowledge regarding path standardization, modifications 
has to be done to informal and formal models. If the information that is to be 
updated is less, then changes can be done to existing models. Otherwise, new 
models representing the updated knowledge has to be added to the database. 
Code related to updated knowledge has to be written manually in Excel. 
While working in any of these phases, if any information is required to be 
modified then the changes can be done to previous phases. According to the 
modified information, its succeeding phases must be altered. 
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8 Conclusions and future work 

8.1 Conclusions 

Parametric models of straight and curved segments yield straight and 
curved segments with depths of any value. The length of straight segments 
with length of multiple of 1200 mm and the curved segments with angle of 
multiples of 15° can be produced. Since the requirement of dimensions of the 
straight and curved standard segments are met, parametric models serve the 
purpose. Parameterization made possible to obtain several models by just 
giving the dimensions which would otherwise consume lot of time in 
designing the model from beginning. New models of straight and curved 
segments are stiffer than the previous models and are lighter at the same time. 

Automation using KBE has reduced lead time by many folds and 
enabled documenting the knowledge on standardization. Manual 
standardization of the cable way involves hours of hard work performing 
repetitive tasks. The tool created for automation helps the users to obtain the 
standardized path within few seconds. Output from the tool is validated by 
comparing with the results from MATLAB. Automation using MOKA 
methodology has an advantage of its flexibility but executing it consumes a 
lot of time. 

KBE can be applied to any process, which has repetitive and mundane 
tasks involved in it. The main requirements for KBE to be successful are 
availability of information related to the process and requires a lot of time as 
it is lengthy process. At NKT, few repetitive tasks are involved in 
manufacturing field which can be automated using KBE.  

 

8.2 Future work 

The path standardization has been successful considering 2D-case and 
partially successful using 3D-case. So, attempts can be made to standardize 
the path also in 3D that is in XZ and YZ-planes too. Automation is made 
straight forward and no feedback loops are used. It can be made more 
intelligent by using feedback and feedforward loops. 
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At present, dimensions of structural members used in truss segments 
are same for different size cables. That implies the segments carrying the 
cable with less diameter have more strength than required. By making 
dimensions of members of segments dependent on the size of cable, material 
usage can be reduced. Optimization of the truss segments also might help in 
material reduction. 

As stress singularities are observed during analysis, stress is not 
considered as a criterion for evaluating the models. Efforts can be made to 
eliminate stress singularities by omitting the region where singularities are 
occurred during analysis. The sharp corners in the models can also be 
reduced by applying fillets to it. However, this method makes the model 
dissimilar to the real case where sharp edges are present. 

As a continuation to this thesis work, research can be done on KBE 
using other methodologies. At present, since KBE is mainly depending on 
the ad-hoc basis, it is good to apply on as many as different cases as possible. 
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Appendix 

This chapter has two sections in which the section A contains the 
pictures related to the section 5.2 while section B is related to the section 4.4. 

 

A. FEA results pictures 

Figures A.1 and A.2 represents stress convergence and regions within 
yield limit respectively of new straight segment assembly. 

 

 
Figure A.1. Mesh convergence of stress in new straight assembly. 
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Figure A.2. Regions within yield limit in new straight assembly. 

 

Figure A.3 represent the mesh convergence of stress in old curved 
segment assembly. 

 

 
Figure A.3. Mesh convergence of stress of old curved assembly. 
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Following two Figures A.4 and A.5 represents stress convergence and 
regions within yield limit respectively of new curved segment assembly. 

 

 
Figure A.4. Convergence plot for stress of new curved assembly. 

 

 
Figure A.5. Regions within yield limit in in new curved assembly. 
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B. Figures of formal model 

Product model 

Figures B.1, B.2 and B.3 represents the function, behaviour and 
representation views of curved segment respectively. 

 

 
Figure B.1. Function view of curved segment. 

 

 
Figure B.2. Behaviour view of curved segment. 
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Figure B.3. Representation view of curved segment. 

 

Design Process Model 

Figures B.4, B.5 and B.6 represents the micro level activities of levels 
2,3 and 4 respectively in DPM. 

 

 
Figure B.4. Micro level representation of Activity 2. 
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Figure B.5. Micro level representation of Activity 3. 

 

 
Figure B.6. Micro level representation of Activity 4. 
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