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Abstract—In the last 20 years, Knowledge Based Engineering 

(KBE) has shown its advantages in product development in different 
engineering areas such as automation, mechanical, civil and aerospace 
engineering in terms of digital design automation and cost reduction 
by automating repetitive design tasks through capturing, integrating, 
utilising and reusing the existing knowledge required in various 
aspects of the product design. However, in primary design stages, the 
descriptive information of a product is discrete and unorganized while 
knowledge is in various forms instead of pure data. Thus, it is crucial 
to have an integrated product model which can represent the entire 
product information and its associated knowledge at the beginning of 
the product design. One of the shortcomings of the existing product 
models is a lack of required knowledge representation in various 
aspects of product design and its mapping to an interoperable schema. 
To overcome the limitation of the existing product model and 
methodologies, two key factors are considered. First, the product 
model must have well-defined classes that can represent the entire 
product information and its associated knowledge. Second, the product 
model needs to be represented in an interoperable schema to ensure a 
steady data exchange between different product modelling platforms 
and CAD software. This paper introduced a method to provide a 
general product model as a generative representation of a product, 
which consists of the geometry information and non-geometry 
information, through a product modelling framework. The proposed 
method for capturing the knowledge from the designers through a 
knowledge file provides a simple and efficient way of collecting and 
transferring knowledge. Further, the knowledge schema provides a 
clear view and format on the data that needed to be gathered in order to 
achieve a unified knowledge exchange between different platforms. 
This study used a game-based platform to make product modelling 
environment accessible for non-engineers. Further the paper goes on to 
test use case based on the proposed game-based product modelling 
environment to validate the effectiveness among non-engineers. 
 

Keywords—Game-based learning, knowledge based engineering, 
product modelling, design automation. 

I. INTRODUCTION 

HE rapid development of technology has generated higher 
demands of industrial development capacity, productivity 

and agile response to market. They all drive the industry to 
design and produce more complex products at lower cost and 
with less time. Product design is widely regarded as one of the 
most important steps in the development of a product. Without 
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a design, there would be no product. The United Kingdom 
Department of Trade and Industry (DTI) identified that 
investing money and resources at the design stage yields the 
biggest return on investment of a product [1]. Product design 
automation is an impactive differentiator among business 
competitors as a reduction in time and manpower cost of a 
product design will allow companies to make flexible business 
strategies and be price competitive in the market. Companies 
and industries are able to achieve more sales and high revenues 
by accelerating the formulation of the new product and offering 
multiple product variants and options to customers, in the way 
of reusing and modifying an existing product. However, due to 
incomplete representation of products and components at the 
detail design stage, most of the design tasks can only be 
performed by experienced designers [2]. Modification of a 
complex CAD model of an engineering product is usually 
difficult and time-consuming for a new designer. For a non- 
engineer without enough knowledge of this product, it is not 
easy to completely understand the propose of each design detail 
in the existing CAD model or to unravel the complex design 
references created by other designers before making changes or 
adding additional geometric features. Thus, at the beginning of 
the product design, an integrated product model which can 
represent the entire product information and its associated 
knowledge will enable designers to work on the design tasks 
without previous design experience. Time and cost on tutorial 
sessions and trainings for new designers could be saved. Also, a 
product model that captures all required design knowledge can 
perform as a knowledge base for different elements, varying 
from originality to final product. In this manner, even a 
complex product, which has features and structures that are 
special and cannot be modelled or physically produced in 
straightforward way, can be represented by a comprehensive 
model. 

In primary design stages, the descriptive information of a 
product is discrete and unorganized while knowledge is in 
various forms instead of pure data. Capture, store and share the 
knowledge of experienced designers through a generic product 
model turns-out to be a challenge. This research focuses on 
developing a product modelling method that captures and maps 
the design knowledge into a framework for enhancing the 
automation of the engineering product design. The proposed 
framework presents a knowledge capture method in capturing 
design engineers’ knowledge with respect to geometric and 
non-geometric information. Further explains how the captured 
knowledge are modelled and mapped into a product modelling 
framework for enhancing the product design in a knowledge- 
based environment.  
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II. BACKGROUND 

A product model is an information representation that 
provides data contributing to build the form (geometry and 
topology), function (intent) and behaviour (load resistance, 
etc.) of a product in a modelling process [3]. It is employed 
throughout the entire lifecycle of a product to structure product 
data and design information. To date, engineering in product 
design uses four main approaches to generate a product model, 
which are: (i) solid product modelling, (ii) feature-based 
product modelling, (iii) knowledge-based product modelling 
and (iv) integrated product modelling [4]. In this paper, 
integrated product modelling is regarded as part of knowledge- 
based modelling methodology as it is a functional combination 
of different modelling methods. 

A. Solid Product Modelling 

Solid product modelling [5] is a technique that uses 
mathematical principles and computer modelling to achieve 
precise representation of three-dimensional objects . It is now a 
mature tool that is widely implemented in product modelling 
field [4]. There are two common methods of solid product 
modelling [9]: boundary representation (B-rep) [6] and 
constructive solid geometry (CSG) [5]. In B-rep method, the 
product is divided into a number of faces bounded by edges. In 
turn, the edges are bounded by two vertices at last. The B-rep 
method provides a fast display of a product geometry with basic 
information about the faces, edges and vertices [6]. The CSG 
method breaks the product into a binary tree of basic solids for 
example, cylinders, spheres, cones and cubes etc. The product 
itself in CSG is considered as a combination of those basic 
solids by utilizing union, difference and intersection operations 
[4]. Therefore, it can be seen that both B-rep and CSG present a 
clear and simple data structure of a product. However, [7] 
pointed out that the weakness of solid product modelling lies in 
providing all necessary information for an entire product 
development lifecycle. Solid product modelling works in a 
different way from a human product designer because it can 
only create models with basic geometric information such as 
dimension, tolerance etc. For a complete product lifecycle, 
more necessary information is still required, for example, “how 
the product will be manufactured”, “what the function of the 
product is”, etc.  

B. Feature-Based Modelling 

Feature-based product modelling [7] is seen as a well- 
developed extension of solid product modelling . The “Feature” 
here is defined by [8] as information sets that refer to aspects of 
form or other attributes of a part, such that these sets can be 
used in reasoning about design, performance or manufacture of 
the part or assemblies they constitute. Chen and Wei [7] 
mentioned that feature-based product modelling shows great 
advantages over conventional solid modelling methods, for 
example, capturing design intents, relating functionality with 
product geometry and working on high level shapes instead of 
geometric details, etc. In the past twenty years, much research 
has been conducted by using features to support product design 
[9], [10] and assembling process [11]. However, a product from 

feature-based modelling is not able to transfer knowledge such 
as expertise and experience to other designers. A product 
modelling methodology that could capture and reuse the 
involved knowledge is in demand.  

C. Knowledge-Based Product Modelling 

The methodology that allows to capture and structure 
knowledge about a product design and its design process is 
known as knowledge-based engineering or KBE. Knowledge- 
based product modelling is characterised by capturing and 
reusing engineering knowledge such as human expertise, 
product and process knowledge in modelling process. 

In 1989, Lawrence [12] suggested a public recognition of the 
potential of knowledge-based engineering - “Although it’s not 
yet widely known, knowledge-based engineering is having a 
profound effect on how a few companies are speeding their 
products to market”. In 1990, Jurit et al. [13] integrated frame- 
based and rule-based knowledge representation in a feature- 
based modelling system. It is considered as an early attempt to 
combine knowledge and expertise into a product modelling 
system. In the last 20 years, KBE has shown its advantages in 
product development in different engineering areas such as 
automation, civil engineering and aerospace engineering in 
terms of modelling and cost saving [14], [15].  

The use of KBE methods and techniques has played an 
important role in design automation for the development of a 
product in industry [16], [17]. However, the current design and 
implementation of the KBE systems are usually platform 
specific and domain dependent. These kinds of KBE systems 
are usually developed in a particular programming language 
(i.e. C, C++, Java) which means the principle design 
parameters, rules, constraints are all defined and written in 
code. Thus, a change of a platform will always require an entire 
re-write of the KBE system. Furthermore, transparency of KBE 
systems is also necessary in order to avoid black-box problems 
that happen in the communication between different KBE 
applications [18], [19]. This requires a framework that can 
provide adaptable, structured and reusable knowledge bases.  

D. STEP Standard 

To improve interoperability of the product model among 
CAD software and to avoid the data conversion faults, such as 
data missing and mismatching, an international standard needs 
to be followed. STEP is the international standard for exchange 
of product data. It addresses product data from mechanical and 
electrical design, geometric dimensions and tolerances, 
analysis and manufacturing, as well as additional information 
specific to various industries such as automotive, aerospace, 
building construction, ship, oil and gas, process plants and 
others. Because of the complexity, STEP is divided into smaller 
component parts, including a series of ‘Application Protocols’ 
or APs, each covering a particular industrial domain. And each 
APs is titled by the domain that it applies to [20]. The research 
of Yang et al. [4] shows the potential of using STEP as an 
interoperable data standard to exchange and share product data 
in different engineering environment. Although the readability 
of the STEP data model is low due to the tedious STEP 
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definition, modelling product with STEP can provide a 
standardized, neutral data exchange between CAD systems. 

III. CHALLENGES 

In a traditional product modelling environment, the designer 
is able to create and provide the visible geometry information in 
the product model. However, only geometry information is not 
enough to describe a product model completely. The utilization 
of the existing associated knowledge of a product can greatly 
reduce the unnecessary re-analysis, re-design, and re-planning, 
simplify the modelling tasks, and ensure the modelling quality. 
Having said that, capturing and transferring the knowledge of 
experienced designers are difficult. According to [21], the main 
challenge that exists in small and medium companies and 
industries for implementing knowledge capture initiatives is 
lack of awareness of knowledge capture benefits. Because of 
this, individuals, small and medium enterprises are lack of 
vision and strategy as well as structure for knowledge capture. 
They have strong reliance on informal networks and 
collaboration to locate the repository of knowledge. Therefore, 
one important issue of knowledge-based product modelling is 
to classify, structure and manage the captured knowledge. 
Since there is no clear formalised link between a generic 
product model and an interoperable format in KBE 
environment, it is essential to provide well-defined knowledge 
classes and a formalized knowledge capture method for 
individuals, enterprises and industries to capture and share 
knowledge instead of using informal oral communication or 
notes and spreadsheets in different formats. In this paper, 
geometric data contained in a CAD file are regarded as 
“geometry information” and non-geometry information, such 
as experience, expertise and design rules, is called 
“knowledge”.  

This research aims to provide a knowledge-based product 
modelling framework and method that could capture and 
integrate the geometry information and the associated 
knowledge applied by designers, into a generative product 
model. To achieve this target, two key factors are considered. 
Firstly, the generated product model must have well-defined 
classes that can represent the entire product information and its 
associated knowledge. Then, the captured knowledge in the 
product model needs to be represented in an interoperable 
schema to ensure a steady data exchange between different 
product modelling platforms and CAD software. The rest of the 
paper will discuss in detail on how the knowledge from the 
design engineer is captured and mapped into the framework for 
automation. 

IV. A KNOWLEDGE-BASED PRODUCT MODELLING 

FRAMEWORK 

A. Conceptual Framework 

A game-based product modelling environment does not 
mean turning the product modelling process into games. It 
means applying KBE methodology in a product modelling 
environment with the help of a game-based platform. To 
develop such a product modelling environment, a knowledge- 

based product modelling framework (Fig. 1) has been proposed 
in this research. 

 

 

Fig. 1 Knowledge-based product modelling framework 
 

This framework consists of four major blocks: knowledge 
capture, virtual product model development, knowledge 
mapping and product visualization and validation. The 
knowledge capture block provides an environment where the 
non-geometry knowledge that applied by experienced 
designers in the product modelling process is captured. The 
geometry information of the product can be captured by 
exporting the CAD model into an interoperable format - STEP.  

After performing knowledge capture, a knowledge file that 
contains well decomposed non-geometric classes and 
properties is generated, and a geometry file with the geometric 
data that describes the product’s geometry is also acquired. A 
virtual product model will be formed by utilising the 
knowledge that captured in the previous stage. This virtual 
product model is a comprehensive representation of the product 
with all its essential non-geometric and geometric information. 
Knowledge Mapping is the most significant stage of the 
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framework, which builds the connection and interaction 
between the non-geometric information and geometry. In this 
stage, non-geometric information is transferred from the 
knowledge file to object-oriented programming environment, 
where key parameters and design rules are linked to the product 
geometry. The data from the knowledge capture tool are 
exported into a knowledge file in an XML format and parsed 
using the object-oriented programming. The last stage is the 
visualization and validation stage, where the developed virtual 
product model is visualised and checked for the correct 
representation of the initial model. Testing use cases is 
performed for identifying and evaluating the effectiveness of 
the proposed framework. If design engineer changes one 
dimension of the geometry of the initial product model, the 
virtual product model checks the rules that determine this 
geometry and propagates the rules and changes to the design 
engineer. In this case, design engineer can check what will be 
affected if geometry is to be changed in this model and the 
constraints of these changes. 

B. Virtual Product Model 

Variance of product models always results in extra work in 
transferring data from different models. Therefore, in order to 
make the representation as robust as possible without having to 
predefine attributes that might be relevant only in a given 
domain, it is necessary to create a generic and platform 
independent product model that can be used in all product 
design stages and different platforms.  

In this research, a Virtual Product Model (VPM) is 
developed as a generative representation of a product to 
enhance the knowledge representation of the product model but 
maintain generic. The meta class sets (Fig. 1) defined for the 
VPM are derived from literature review analysis, previous 
related research in product modelling [22]-[29], own 
experience of product modelling in industry and expert’s 
knowledge. Fig. 2 shows the how a product is represented with 
knowledge classes in VPM. 

 

 

Fig. 1 VPM meta knowledge classes 
 

When the VPM is transferred between different platforms, 
the geometry information will be stored and transmitted 
through the STEP file and the knowledge will be stored and 
transmitted through an XML document. To ensure the data 
structure of the XML document, an XML schema has been 

developed based on the framework of VPM. This XML 
document is named as Knowledge File (KF) in this research 
and will be used as an independent format for data exchange.  

 

 

Fig. 2 A structure view of the product represented by the VPM atomic 
blocks 

 

 

(a) 
 

 

(b) 

Fig. 3 (a) Knowledge capture tool interface (b) knowledge file 
generated from the knowledge capture tool 
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The developed framework was applied into a game-based 
product modelling prototype system which was developed in 
Unity 3D software. Unity 3D has a license-free version for 
personal development which includes an environment for the 
development of interactive 2D and 3D content including a 
rendering and physics engine and a scripting interface to 
program interactive content [30]. It allows the developers to 
export their applications into all the mainstream operation 
systems (Windows, Mac, Linux, IOS, Android) through 
multiple platforms (desktop, web, mobile). Compared with 
traditional CAD software which always requires training and 
practice to get started, this game-based environment is more 
accessible for non-engineers to use. 

V. USE CASE 

Bolts and nuts are the most basic components in mechanical 
design. This study uses the modelling of a bolt to validate the 
proposed method and framework. This use case shows how the 
non-geometry knowledge can be captured in the knowledge 
capture environment and then visualised in the game-based 
product modelling environment.  

In this research, a knowledge capture tool (Fig. 3) has been 

developed that allow designers to input the non-geometric 
information that are utilized in the product modelling process. 
Those non-geometric information are then decomposed into the 
VPM classes. When a bolt is being modelled in the traditional 
CAD software, the knowledge capture tool asks the designers 
to provide the associated knowledge at the same time. The 
captured knowledge is structured by the classified knowledge 
classes (example shown in Table I) and stored into a 
Knowledge File which is generated at the end of the knowledge 
capturing process (Fig. 3 (b)). 

 
TABLE I 

KNOWLEDGE CAPTURE TEMPLATE WITH CAPTURED KNOWLEDGE OF A 

PRODUCT (MODELLING A BOLT) 

Knowledge class Captured knowledge 

Name Bolt 

Category Part 

Function Fasten 

Form Cylinder, external male thread 

Behaviour 
The bolt head locks the bolt in the place and nut is applied 

at the end. 
Material Steel 

Rules If bolt Length is 25mm, the hole depth should be 36mm. 

 

 

 

Fig. 4 The game-based product modelling environment developed in Unity3D 
 

The developed game-based product modelling environment 
(Fig. 4) provides the ability to visualise the bolt’s original 
geometry, as well as the possible changes that will happen and 
the associate knowledge the constrains the changes. The first 
type of visualisation is shown in the tool by importing the 
geometry file of the product into the interface through Unity3D 

plugin (Fig. 5 (a)). It provides the 3D view of the geometry of 
the product model. The second type of visualisation is the text 
representation of the all the non-geometric information that 
stored in the knowledge file (Fig. 5 (b)). This process is 
performed with the self-written code that automatically 
analyses and displays all the acquired non-geometric 
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information that is stored in the knowledge file. The third type 
of visualisation is the possible change of geometry (Fig. 6 (a)). 
However, due to the natural of STEP, there are limited tools 
that support editing the geometry data in the STEP file and 
displaying the graphical changes directly in the modelling 
environment (tested implementation tools shown in Table II). 
To develop such a method that can manipulate and visualise 
STEP files is beyond the scope of this research. Instead of 
visualising the graphical changes in the geometry, this research 
uses text representation to indicate the changes that are made to 
the geometry.  

 
TABLE II 

TESTED IMPLEMENTATION TOOLS (TOOL VERSION UP TO 2020) 

Tools 
STEP 
Edit 

Geometry 
View 

User Interface 
Development

SolidWorks x  x 

CATIA x  x 

Siemens NX x  x 

Autodesk Inventor x  x 

Unity3D x (Plugin)  

Creo x  x 

CAD Exchanger x  x 

STP viewer x  x 

IDA-STEP x  x 

CAD Assistant x  x 

Free CAD x  x 

 

 

(a)  
 

 

(b)  

Fig. 5 (a) 3D view of the bolt geometry (b) visualisation of all the 
non-geometric information stored in the bolt knowledge file 

 

 

(a)  
 

 

(b)  

Fig. 6 (a) Functions of making possible changes of bolt geometry (b) 
visualisation of the associated knowledge that are applied to constrain 

the change of geometry 
 

 

Fig. 7 Part of the STEP file of a bolt model that exported from NX10.0 
 
The final stage of visualisation is to show the associated 

knowledge that are applied to make or constrain the change of 
geometry (Fig. 6 (b)). In this use case, the STEP file (example 
shown in Fig. 7) of the bolt model that exported from the CAD 
software and the Knowledge File (Fig. 3 (b)) from the 
knowledge capturing environment are loaded into game-based 
product modelling environment. When the designer is applying 
the changes of the length of the bolt, the environment will 
indicate the acceptable the length values according to the 
captured rules from the experienced designers (Fig. 6). In this 
way, new designers are guided by the knowledge to perform 
modelling activities.  
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VI. DISCUSSION 

The method proposed in this paper is aimed at providing a 
generative product model as a generative representation of a 
product, which consists of the geometry information and non- 
geometry information, through a product modelling 
framework. The presented method for capturing the knowledge 
from the designers through a knowledge file provides a simple 
and efficient way in collecting and transferring knowledge. 
Further, the knowledge schema provides a clear view and 
format on the data that needed to be gathered in order to achieve 
a unified knowledge exchange between different platforms.  

One of the advantages of the VPM is the explicit 
classification of knowledge that required to in product design. 
The geometry information of a product is stored in VPM 
through a STEP file which has already been an interoperable 
format among CAD software. Hence, the proposed VPM can 
provide a generic product representation which enables 
seamless and cross-platform model communication. 

A few limitations of the proposed method are discussed next. 
First, the designers need to spend extra time to use Knowledge 
Capture Tool, compared with modelling in traditional 
environment. This mainly happens at the first time when 
designers start to model without having a knowledge file. 
However, it is necessary to spend such time in order to capture 
the knowledge of designers and to build the knowledge 
repository. Secondly, functionality of modelling geometry in 
the developed game-based product modelling environment is 
limited. Due to the natural of STEP, there are no existing 
technologies that support editing the geometry data in the STEP 
file and displaying the graphical changes directly in the 
modelling environment. In this game-based product modelling 
environment, the change of geometry mainly relies on the text 
description and knowledge indication. But this will not restrict 
the capability of the proposed modelling method. New 
standards and advanced geometry editing tools will accelerate 
the formation of a well-developed product modelling 
environment in the future.  

VII. CONCLUSION 

Design automation is a crucial demand from the industry to 
achieve a reduction in time and manpower cost of a product 
design. Capture, store, share and reuse the knowledge of 
experienced designers through a generic product model turns- 
out to be a challenge in product modelling. In order to provide 
non-engineers a product modelling environment where the 
existing knowledge can be used to guide and support their 
product modelling, a generative product model that integrates 
the geometry information witch the associated knowledge that 
applied by experienced designers is required. The product 
model must have well-defined classes that can represent the 
entire product information and its associated knowledge. Also, 
the product model needs to be represented in an interoperable 
schema to ensure a steady data exchange between different 
product modelling platforms. This paper has presented a VPM 
which consists of geometry and non-geometry information of a 
product. Further, this work presented a knowledge-based 

product modelling framework and explained how that captured 
data from a use case are modelled and visualised for enhancing 
the re-use of knowledge in product modelling. The future work 
includes improvement of the knowledge capture environment 
and further development of geometry editing functionality in 
the knowledge-based product modelling environment. As a 
continuation of the use case presented in this paper, a more 
complex product model will be tested in enhancing the 
performance of the proposed framework. 
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