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For this thesis, a material handling device known as a book forming table was selected as 

the subject of product development. The purpose of this thesis was to identify the issues 

related to the transportation and operation of the book forming table, identify the parts of the 

device causing these issues, and conceptualize alternative solutions for the problematic parts. 

Systematic design approach developed by Pahl and Beitz was introduced as the method for 

this thesis.  

The main issue identified with the current model of the book forming table was that in its 

fully assembled state it does not fit inside a shipping container and needs a custom hand-

built packaging solution for transport. The costs related to the specialized transport are 

significant compared to cost of standardized container transport. Being able to transport all 

parts of the book forming table in standardized shipping containers was determined as a 

primary requirement for product development.  

The width of the part called felt table was determined as the primary cause preventing the 

book forming table from fitting inside a shipping container. To solve this issue, a split frame 

concept was introduced, where the frame of the felt table is constructed in two sections which 

are bolted together during assembly. An alternative solution for the felt table was also 

proposed, where the felt table is replaced by a roller conveyor system.  
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Tähän tutkielmaan valittiin tuotekehityksen kohteeksi puulevyjen käsittelylaite, josta 

käytetään nimitystä ”book forming table”. Tutkielman tavoitteena oli tunnistaa ongelmia, 

joita laitteen kuljetukseen ja toimintaan liittyy, tunnistaa ne laitteen osat, jotka aiheuttavat 

ongelmia sekä suunnitella vaihtoehtoisia ratkaisuja laitteen ongelmallisten osien tilalle. 

Tutkimuksessa käytettiin Pahlin ja Beizin kehittämää systemaattisen koneensuunnittelun 

menetelmää.  

Laitteen pääasialliseksi ongelmaksi sen nykymuodossa tunnistettiin se, että laite ei täysin 

koottuna mahdu merikonttiin, vaan vaatii mittatilauksena tehdyn kuljetuspakkauksen. 

Tällaisen erikoiskuljetuksen kustannukset ovat huomattavat verrattuna standardikokoisen 

merikontin kuljetuskustannuksiin. Tuotekehityksen pääasialliseksi tavoitteeksi valikoituikin 

se, että kaikki laitteen osat mahtuisivat standardikokoiseen merikonttiin. 

“Book forming table” -laitteeseen kuuluva huopapöytä tunnistettiin pääasialliseksi syyksi 

siihen, että laite ei mahdu merikonttiin. Tämän ongelman ratkaisemiseksi tutkielmassa 

esiteltiin konsepti, jossa huopapöydän runko rakennetaan kahdesta eri puoliskosta, jotka 

pultataan kiinni toisiinsa asennuksen aikana. Vaihtoehtoisena ratkaisuna tutkielmassa 

esitettiin myös se, että huopapöytä korvattaisiin kokonaan rullakuljetinjärjestelmänä. 

  



 
 

 
  

ABBREVIATIONS 

 

CAD Computer Aided Design 

CNC  Computer Numerical Control 

DMS Dedicated Manufacturing System 

DP Design Parameters 

FMS Flexible Manufacturing System 

FR Functional Requirement 

LVL Laminated Veneer Lumber 

MBMD Module-Based Machinery Design 

MDF Medium Density Fiberboard 

OSB Oriented Strand Board 

RMS Reconfigurable Manufacturing System 

SLS System Level Specifications 

WP Working Principle



5 
  

 
  

Table of contents 

 

Abstract 

Tiivistelmä 

Abbreviations 

 

1 Introduction .................................................................................................................... 6 

2 Flexibility and modularity in manufacturing ................................................................ 10 

2.1 Flexibility in manufacturing .................................................................................. 10 

2.1.1 Material handling in flexible manufacturing systems .................................... 12 

2.2 Modularity ............................................................................................................. 13 

3 Engineering design ....................................................................................................... 15 

3.1 Systematic approach .............................................................................................. 15 

3.1.1 Task clarification ........................................................................................... 17 

3.1.2 Conceptual design .......................................................................................... 20 

3.1.3 Embodiment design ....................................................................................... 24 

3.1.4 Detail design .................................................................................................. 25 

3.2 Alternatives to the systematic approach ................................................................ 25 

4 Development of the book forming table ....................................................................... 29 

4.1 Task clarification ................................................................................................... 29 

4.1.1 Description of the book forming table ........................................................... 30 

4.1.2 Developing the list of requirements ............................................................... 31 

4.2 Conceptual design ................................................................................................. 35 

4.2.1 Components of the felt table .......................................................................... 35 

4.2.2 Components of the panel stopper ................................................................... 37 

4.2.3 Components of the moving fence .................................................................. 39 

4.2.4 Conceptualizing solutions .............................................................................. 40 

5 Discussion..................................................................................................................... 44 

6 Conclusions .................................................................................................................. 47 

References ............................................................................................................................ 49 



6 
  

 
 

1  Introduction 

There is a growing need for increased flexibility in production of press systems as well as 

complete production systems since the industrial customers want to produce a wider range 

of products with their production lines. This has led to a need to revise and update the designs 

of the equipment used in these production lines. For this thesis, a material handling device 

known as a book forming table (Figure 1) was selected as the subject of product 

development.  

 

 

Figure 1. CAD model of the book forming table. 

 

The assignment for this thesis came from a Finnish company specialized in designing and 

manufacturing of press systems and complete production systems for wood industries. The 

company designs and implements solutions, including material handling devices, for 

producing wood-based panels. These include products like oriented strand board (OSB), 

particleboard, medium density fiberboard (MDF) and laminated veneer lumber (LVL) 

(Rivela, Moreira & Feijoo 2007, 144).  
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The book forming table serves two main functions on the production line: A) as a line speed 

reducer between the previous device and the next one, and B) as an alignment device for 

stacking the wood panels. The book forming table is used for these functions at the raw board 

handling lines as well as at the cut-to-size sawing lines in the production plants. In the case 

of this thesis, the book forming table is located near the end of the raw board handling line, 

between the cooling wheel section and the stack elevator at the end of this section of the 

production line. The panels typically arrive from the cooling wheels in somewhat irregularly 

oriented batches at such speed that it would exceed the stack elevator’s operating capacity. 

Therefore, the book forming table is used to stack the panels into smaller, less than 200 mm 

tall, stacks known as books. The stacking is done by slowing the speed of the panels using 

pinch rollers and dropping them to a lower level on to table made up of several felt covered 

beams. The panels are then aligned length- and widthwise using several pneumatic cylinders. 

The book is then pushed lengthwise on to the stack elevator with a chain driven linear motion 

device. 

 

The main issue with the current model of the book forming table is that in its assembled 

form, it does not fit inside a shipping container. The standard practice in the company is to 

deliver the machines as close to finished state as possible to minimize installation time at the 

site. Therefore, it is relevant to try to find ways to further develop the design of the book 

forming table so that the issues related to its transportation might be solved. Additionally, 

the book forming table uses many proven solutions to perform each of its material handling 

functions, but over time some of these solutions have proven to be inefficient and overly 

complex.  

 

The main objectives of this thesis are: 

1) to identify the issues related to the transportation and operation of the current device, 

2) to identify the parts of the device causing these issues, and 

3) to conceptualize alternative solutions for the problematic parts. 

The scope of this thesis is to identify the problematic parts of the machine and conceptualize 

solutions, not provide final solutions or cost estimations. The goal is that, based on the initial 
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analysis performed in this thesis work, the design of the book forming table can be re-

evaluated and updated. For example, this thesis can be used as the starting point when 

evaluating whether multiple functions could be combined into one module, or if there are 

unnecessary features to be eliminated.  

 

This thesis focuses on the identification and evaluation part of the process development of 

the existing book forming table. This is done by creating and analyzing existing 3D models 

of the book forming table using computer-aided design (CAD) software. The relevant 

modules of the machine are identified and evaluated with the help of CAD models.  

 

The methodology used in this thesis is based on the constructive research approach, however, 

with certain limitations. Constructive research approach is a practice intended to solve 

practical problems, and as a result contribute to the theory of the discipline in which it is 

applied. The idea is that, as opposed to something existing to be discovered, constructions 

are invented and developed as solutions to the initial problem. (Lukka 2003, 83-84.)  

 

Pasian and Turner (2015, 95) list the steps of the constructive research process as follows: 

1) “selecting a practically relevant problem, 

2) obtaining a comprehensive understanding of the study area, 

3) designing one or more applicable solutions to the problem, 

4) demonstrating the solution’s feasibility, 

5) linking the results back to the theory and demonstrating their practical 

contribution, 

6) examining the generalizability of the results.” 

In this thesis, the objective is to solve a practical engineering problem, i.e. the material 

handling capabilities of the existing book forming table. However, within the scope of the 

thesis, the focus will be on the first two steps of the constructive research approach. Already, 

a practically relevant problem has been identified, and in the following chapters, the purpose 
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is to deepen the understanding of the study area. Towards the end of this thesis, some 

conceptualizations of potential solutions are introduced, but most of the design work (steps 

3-6) will remain out of the scope of this thesis. 

 

The theoretical background for this work is based on the systematic design approach to 

engineering design developed by Gerhard Pahl and Wolfgang Beitz (Pahl, Beitz, Feldhusen 

& Grote 2007).  The book forming table consist of multiple different modules, and it has the 

capability to handle different sizes and shapes of wood panels. Therefore, in the theoretical 

background of this thesis, flexible manufacturing systems as well as modularity in design 

are reviewed as well.  In the following chapters a theoretical background for the product 

development process is presented, which is then applied to the development of the book 

forming table. In the end, the results of the product development process are discussed, and 

conclusions are drawn from them.  
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2  Flexibility and modularity in manufacturing 

As explained in the introductory chapter, the book forming table serves multiple material 

handling functions. The device consists of different modules and is capable of handling 

different sizes of wood panels, which requires a certain level of flexibility from the machine. 

Therefore, the theoretical background for this thesis comes from literature addressing 

manufacturing system design with levels of flexibility. 

2.1  Flexibility in manufacturing  

Customer demands for increased product variety have resulted in the importance of 

flexibility in manufacturing growing. The prevailing opinion in the market is that companies 

should not need to make trade-offs between productivity and flexibility. (Asadi, Jackson & 

Fundin 2017, 610.)  Diversifying product offerings is acknowledged as a key competitive 

advantage for manufacturing companies to satisfy the varied needs of customers. Although 

product variety brings significant challenges in the design and operation of manufacturing 

systems, manufacturers have found numerous solutions. For example, they have adopted 

flexible manufacturing systems to manage multiple product models. (Nazarian, Ko & Wang 

2010, 35-36.)  

 

Historically, the two main methods relied upon in the manufacturing industry have been 

dedicated manufacturing systems (DMS) and flexible manufacturing systems (FMS). DMS 

is commonly employed for high part production volumes and when same parts are 

continuously produced. In contrast, FMS is used for lower production volumes and when 

the part design is expected to change drastically from one part to the next, or when multiple 

types of products are being produced at the same time on the same production line. Flexible 

manufacturing system can swiftly adapt to both anticipated and unexpected changes. These 

changes could come from internal causes like machine breakdowns or external factors like 

fluctuating market demand. (Katz 2007, 430; Waseem, Li, & Chang 2024, 108-109.)  
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FMS consist of the three basic components (Shivanand 2006, 2): 

1) workstations, 

2) automated material handling and storage system, 

3) computer control system. 

Computer numerical control (CNC) machine tools are normally used in the workstations. 

These CNC machine tools are used to carry out several machining operations on different 

part families. Other types of processing equipment such as inspection stations and assembly 

units are being developed to also be included in flexible manufacturing systems. The 

material handling is automated together with the storage system in order to transfer the parts 

and subassemblies from one workstation to another. All of the actions performed by the 

material handling and storage system, together with the workstations, are being controlled 

and synchronized by a computer control system within the FMS. (Shivanand 2006, 2.) 

 

Following FMS and DMS, a newer approach to manufacturing systems with customized 

flexibility has been developed: reconfigurable manufacturing systems (RMS). For this kind 

of manufacturing system, novel kind of machines known as reconfigurable machines (RM) 

are typically integrated together with conventional flexible machines as a complete system. 

RMS are designed for specific flexibility within a part family, unlike flexible manufacturing 

systems that can produce many completely different parts. As previously mentioned, FMS 

consist of CNC controlled machines, on which different programs can be loaded to produce 

different parts. High productivity is typically the goal for mass production lines, which 

requires high levels of repeatability and reliability from the processing machines, making 

conventional flexible machines relatively costly for high-volume production. With RM 

however, the flexibility can be tailored to only fulfil the manufacturing needs set by a specific 

family of parts. The necessary operations to manufacture the specific part family can be 

performed by the RM with high levels of productivity, repeatability and reliability as 

required by the mass production line. This limited flexibility reduces costs of investment 

while still allowing quick responses to product changes. Therefore, when the broad 

flexibility of FMS is unnecessary, opting for limited and customized flexibility is usually 

more cost-effective. (Katz 2007, 430-431.)  
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Compared to DMS and FMS, RMS can change both functionality and capacity based on 

market demand, but at a lower system cost due to customized flexibility rather than general 

flexibility (Koren, Heisel, Jovane, Moriwaki, Pritschow, Ulsoy & Van Brussel 1999, 529). 

In the context of wood-based panel production, an example of customized flexibility of RMS 

would be being able to cut a panel into a rectangle of certain size, whereas FMS would have 

the general flexibility to be able to cut the panel into any shape and size, which would be 

entirely unnecessary from the standpoint of practicality. 

 

According to Katz (2007, 432), the necessary principle for a reconfigurable machine is that 

it is designed to handle product variants within a specific part family. It should also follow 

these primary principles: 

1) customized flexibility, 

2) easy and rapid convertibility, 

3) scalability: increase or decrease productivity, 

4) same basic structure regardless of location or task on the production line, 

5) modularity: use of common machine elements and interfaces. 

 

As mentioned earlier, customized flexibility implies that the machine possesses a restricted 

degree of flexibility, aligned with the design requirements. Quick and straightforward 

convertibility indicates that the design facilitates the swift and effortless addition or removal 

of machine components. This capability for adding and removing elements also pertains to 

scalability. The fundamental structural design should support various configurations based 

on the RM’s position in the production line. Modularity refers to achieving these diverse 

configurations using standardized interfaces and machine components. (Katz 2007, 432.)  

2.1.1  Material handling in flexible manufacturing systems 

Material handling refers to a comprehensive system where materials are moved, handled, 

stored, and controlled using gravity, powered machinery or manual effort. When materials 
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are moved, it is essential to consider their condition, shape, size and weight, along with the 

path and frequency of the movement. (Aized 2010, 121.) Material handling flexibility 

expresses the ability of products being transported from one station or machine to another 

during the manufacturing process. In the wood-based panel production context, the stations 

are serially arranged such that material flow follows a prespecified order of stations. This is 

a form of limitation in terms of material handling flexibility. (Weckenborg, Schumacher, 

Thies & Spengler 2024, 418-427.)  

 

Material handling is a critical aspect of FMS as materials often spend more than 80% of the 

time on the factory floor either waiting or in transportation, both of which do not add value. 

It is essential for the material handling to be efficient for ensuring on-time delivery and 

minimizing machine downtime caused by material shortages or bottlenecks at workstations. 

Safe material handling is crucial to reduce waste, breakage, material loss, etc. Some of the 

basic principles of material handling are simplification, gravity, standardization and flexible 

methods and equipment. Simplification in material handling means that redundant 

movement and equipment should be combined, reduced or eliminated entirely. Material 

should be moved utilizing gravity wherever possible. Handling methods and equipment 

should be standardized, if possible, without sacrificing needed flexibility and modularity. 

Flexible methods and equipment should be used, since they can be used in different operating 

conditions and can execute multiple different tasks. (Aized 2010, 122.)  

2.2  Modularity 

Since RMS were introduced, extensive research has focused on their design. The design of 

the RMS directly affects its abilities to scale capacity and adapt its functions. In the literature, 

modularity has been recommended as a strategy to improve the short-term manufacturing 

responsivity to market fluctuations. (Gauss, Lacerda & Sellitto 2019, 3912.) Complicated 

products are easier to produce if the manufacturing process is divided into modules, and 

therefore modularity has long been used in manufacturing. This allows the manufacturer to 

source the components from different locations and bring them together for final assembly. 

Naturally, this requires that the design of each part is accurately specified. (Baldwin & Clark 

1997, 86.) 
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The concept of modularity is key to understanding the further analysis of the construction of 

the book forming table as well. Modular products consist of machines, assemblies, and 

components that perform a variety of functions by integrating different functional units or 

modules. A modular system provides a valuable economical and technical solution, 

particularly when small quantities of different function variants of a product series are 

required. This is feasible when these variants can be constructed using one or a few core 

modules, enhanced by additional modules. (Pahl et al. 2007, 495.) 

 

Modular design focuses on reducing relations between components, which enables 

independent design and production of each component separately from one another. Every 

modular component should have one or more functions, depending on how it relates to the 

rest of the system. Once these components are assembled into a product, they collectively 

support a broader or overall function. Consequently, altering the solution to one sub-problem 

may result in only minor adjustments to others, or it may not affect them at all. Therefore, it 

is important to analyze the function of the product and breaking it down into subfunctions. 

These subfunctions can be fulfilled by functional modules of different kinds. (Salhieh & 

Kamrani 1999, 320-321.) Modularity is one of the key aspects which makes it possible for 

both the functionality and the capacity of the machines and systems to be scaled and 

converted as need be (Gauss et al. 2019). If the modular structure of a system is poorly 

implemented, the propagation of design changes can result in high costs and extended lead 

times (Li, Ni, Zhang & Liu 2021, 507). 
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3  Engineering design  

In this chapter, the systematic design method for machine design is introduced, with the 

intention to take material handling flexibility and modularity into account during the design 

phase. The objective is to form a suitable theoretical framework, which can be applied in the 

design phase. 

3.1  Systematic approach 

Taking into account the above-described ideas of flexibility and modularity, the goal of this 

thesis is to support further process development regarding the design of the book forming 

table. Within the field of process development and product design, one of the best-known 

prescriptive models is the “systematic approach” developed by Pahl and Beitz, which was 

first published in German in 1977. This is a model presented as a stepwise procedure that 

has a strong basis in the practical experience of professional designers. The systematic 

approach has even influenced the development of other design models and is considered a 

key reference in engineering design (Kannengiesser & Gero, 2017, 2). Therefore, the 

systematic approach model is discussed in this thesis as well.  

 

According to Kannengiesser and Gero (2017, 2), engineering design is described as four 

phases in Pahl and Beitz’ systematic approach in the following order: “(1) Task clarification, 

(2) Conceptual design, (3) Embodiment design, and (4) Detail design.” The task clarification 

phase has to do with planning and market sounding for the product before the actual 

designing starts as well as forming and documenting the requirements for it. In the 

conceptual design phase, the fundamental principles and framework of the design solution 

are established. During the embodiment design phase, the design is developed to a form 

which meets the specified criteria from an economic and technical standpoint. In the detailed 

design phase, the design is finalized, and documents needed for production are created. 

These four phases include multiple stages that should be executed iteratively. The results are 

assessed after each phase to evaluate whether some of the steps need to be repeated or is it 
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possible to proceed with the subsequent phase. (Kannengiesser & Gero, 2017, 2.) Figure 2 

describes some of the key stages within the four phases. 

 

 

Figure 2. Stages of systematic design approach (Pahl et al. 2007, 130). 
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3.1.1  Task clarification  

According to Pahl et al. (2007, 146), a design task can be introduced as a development order, 

a specific order, or a request stemming from suggestions and feedback from sales, research, 

testing, or assembly personnel. Often, the task may also be to adapt and vary the designs of 

existing products to suit new requirements. A frequent design task for modular products is 

variant design, which includes modifying the dimensions and layout of parts in an existing 

solution to meet new constraints. Adaptive design, on the other hand, keeps the core solution 

intact but requires significant changes to accommodate new requirements. (Pahl et al. 2007, 

64.) 

 

The problem-solving process with systematic approach starts off by defining the goals of the 

work by formulating an overall goal and any individual subgoals. The initial and boundary 

conditions must also be defined, while dispersing any biases to avoid narrowing the possible 

solutions and causing logical errors. All the possible solutions should be evaluated 

objectively based on the previously set goals and constraints, and decisions should be made 

based on the evaluations. (Pahl et al. 2007, 53.) 

 

According to Pahl et al. (2007, 146), in order to determine the requirements for the solution, 

the following questions should be addressed together with the client: 

• What goals should the proposed solution achieve? 

• What characteristics should it have? 

• Are there any unwanted characteristics?  

 

Customer needs have to be clearly elaborated in order to prepare a requirements list. After 

the basic market demands have been defined, the customer-specific technical performance 

requirements are documented. The requirements are then extended and refined in several 

stages and compiled into a requirements list (Pahl et al. 2007, 146). In order to refine and 

extend these requirements, it is advised to follow a checklist and create scenarios for the 
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product.  Items like geometry, kinematics, materials, transport, assembly etc. should be 

included in the checklist and compared to the existing task and the requirements for refining 

and extending the requirements list. The product life cycle should also be taken into account 

at this stage, which can be done by creating scenarios and asking questions such as: 

• Where might the product be used? Who might use it?  

• How may it be used and treated? How should the product react? 

The answers to these questions will not likely translate into concrete parameters, but they 

can be used to formulate further product requirements (Pahl et al. 2007, 151). 

 

When the requirements are being documented, they are defined either as demands or wishes. 

Demands are essential requirements that have to be met without exception; the solution is 

deemed unacceptable if any of these requirements are not fulfilled. Wishes, however, are 

desirable requirements that should be considered whenever feasible. Wishes can be 

categorized based on their importance to the customer as major, medium, or minor. As the 

requirements list is used in the following stages of the systematic approach, the distinction 

between demands and wishes plays an important role when making decisions while 

evaluating the design aspects. The requirements should include qualitative or quantitative 

aspects, which help refine the requirements list. (Pahl et al. 2007, 147.) Figure 3 shows a 

layout example for a requirements list. 

 

 

Figure 3. Example layout for requirements list (Pahl et al. 2007, 148). 
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The problem will be approached from a different angle depending on how well the goals and 

obstacles are known once the problem-solving process starts (Pahl et al. 2007, 45). It is 

crucial to comprehensively define the product in connection with its functional requirements 

and physical constraints. The requirements and constraints are going to define the product 

specifications. Functional objectives represent the perceived functions of the product needed 

to fulfil the needs of the customer. In other words, functional objectives outline what the 

device is intended to accomplish. These are basic operations that the system should perform 

to satisfy customers’ primary needs. (Salhieh & Kamrani 1999, 321-322.) 

 

As the task clarification process goes forward, the functional objectives of the design task 

can be further developed into 1) operational functional requirements and 2) general 

functional requirements. Operational functional requirements set physical and functional 

constraints on the design. At this stage, analyzing customer needs will reveal the operational 

conditions and physical constraints of the design task. These are then converted to 

operational functional requirements, ideally with quantitative metrics. Operational 

functional requirements provide definitive and comprehensive information, outlining the 

constraints the design must meet to fulfil the product’s intended function. (Salhieh & 

Kamrani 1999, 322.) 

 

In addition to operational functional requirements that affect the main function of the 

product, the objectives of the design task can be classified as general functional 

requirements. These are secondary to operational functional requirements, meaning a 

product can still be functional and meet its intended purpose even if it lacks one or more 

general functional requirements. However, meeting these general functional requirements 

can be crucial for customers when comparing similar products that perform the same 

function. (Salhieh & Kamrani 1999, 322.) 

 

As general functional requirements are not critical to the main function of the product, they 

should be weighted in proportion to the importance. A product can have various general 

functional requirements, with varying levels of importance. Hence, each requirement should 
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have different weights assigned to them. A crucial role in this weighting process is played 

by the customer needs. Additionally, a benchmarking study of competing products or the 

design team’s prior knowledge of the significance of these requirements can inform the 

weight assignment. (Salhieh & Kamrani 1999, 322.)  

 

While in principle, a requirements list should be binding and comprehensive, it may still 

evolve as the design process continues. Attempting to define all requirements at the project’s 

outset is likely to fail and cause significant delays. Therefore, using a binding but provisional 

requirements list recognizes that all the requirements and data are not known or necessary at 

the start. Initially, it is essential to identify the properties and parameters which shape the 

concept, drive the overall design and impact the product structure. (Pahl et al. 2007, 154-

155.) In other words, the functional objectives and operational functional requirements 

should be well recorded in the beginning, and the list may grow with general functional 

requirements as the design process goes forward. 

3.1.2  Conceptual design 

Conceptual design is the stage in the design process where the primary solution to the 

engineering problem is defined. This involves identifying key issues, finding applicable 

working principles, creating function structures, and integrating these as a cohesive working 

structure. Before moving to the conceptual phase, it’s important to determine if the task has 

been sufficiently clarified to develop a design solution and whether conceptual elaboration 

is necessary, or if existing solutions allow for direct progression to the embodiment and 

detailed design phases. (Pahl et al. 2007, 159.) 

 

In the conceptual design stage, abstraction may be used. Abstraction relates to targeting the 

essential and general aspects of the problem while ignoring the specific or incidental details. 

The generalization helps to get to the crux of the task. When done correctly, it clarifies the 

key constraints and the overall function, while not having bias towards the selection of a 

specific solution. (Pahl et al. 2007, 161.)  
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The goal of abstraction is to identify the crux of the task. The task-specific constraints and 

functional connections are a result of an essential problem, which has to be clarified in order 

to better formulate the overall task at hand. To help with identifying the crux of the task, the 

obvious task formulation should not be immediately accepted but should instead be 

systematically broadened in successive steps. The results may go against previously made 

decisions, but it opens the possibility of seeing the problem from an entirely new perspective 

thanks to broadening the initial formulation. (Pahl et al. 2007, 162-163.) 

 

At some point however, the formulations become so broad that they are no longer practical. 

To refine and confirm the crux of the task, the requirements list should be analyzed taking 

the required functions and essential constraints into account. The functional relationships 

should be arranged in order of their importance in the requirements list. The following steps 

should be taken when identifying the essential problems from the requirements list using 

abstraction (Pahl et al. 2007, 165): 

 

“Step 1. Eliminate personal preferences. 

Step 2.  Omit requirements that have no direct bearing on the function 

and the essential constraints. 

Step 3.  Transform quantitative into qualitative data and reduce them to 

essential statements. 

Step 4.  As far as it is purposeful, generalise the results of the previous 

step. 

Step 5.  Formulate the problem in solution-neutral terms.” 

 

Following this method leads to an abstract definition of the objective while not focusing on 

any particular solution. Abstraction might help designers identify and eliminate any artificial 

constraints that they might have previously accepted as facts. (Pahl et al. 2007, 164-165.) 
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Theoretically, the requirements defined during the task clarification phase establish the 

function that correspond to the desired overall relationship between the inputs and outputs 

of a machine, assembly, or plant. After identifying the main problem, an overall function 

can be defined that describes a solution-neutral relationship between inputs and outputs, in 

relation to energy flow, signals, and materials. This complex function is often split into 

simpler subfunctions, aiding in finding solutions and combining the subfunctions into a clear 

and straightforward functional composition. (Pahl et al. 2007, 169-170.) 

 

This breaking down of complex function into subfunctions is also known as product concept 

analysis. In the product concept analysis, the product is decomposed into its basic physical 

and functional elements. The product’s functions are realized through these fundamental 

elements. Functional elements convey the specific transformations and operations that 

enhance the product’s overall performance. Physical elements refer to the subassemblies, 

components, and parts which fulfil the product’s function. (Salhieh & Kamrani 1999, 322.) 

 

The goal of physically decomposing a product is to identify the fundamental physical 

components that need to be designed or chosen to fulfil the product’s function. This process 

involves pinpointing the sub-systems and sub-assemblies that can achieve the product’s 

intended function. However, the functional decomposition of a product is aimed at 

identifying the fundamental functions of a product and its components. A single component 

or physical element may perform a function, or a function may be performed by combining 

elements and arranging them in a certain way. Several logical considerations are required to 

arrange components in a way that ensures the envisioned combined function is 

accomplished. (Salhieh & Kamrani 1999, 322-323.) 

 

Following the product concept analysis, the design team should have identified the basic 

physical components as well as the basic functions within a product. These basic components 

and functions can then be organized in modules and eventually incorporated into a functional 

system. Product integration process may be planned with the help of system level 

specifications (SLS).  SLS are shaped by the physical and functional traits of their individual 
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parts. The functional traits stem from the actions and changes that these parts undergo to 

enhance the product’s overall performance. Meanwhile, the physical traits arise from how 

the parts are arranged, assembled, and designed to fulfil the product’s purpose. (Salhieh & 

Kamrani 1999, 323.) 

 

To form the SLS, functional and physical characteristics are organized into a hierarchy of 

descriptions. At the highest level of the hierarchy, there is the component, while at the lowest 

level, there are detailed descriptions. These detailed descriptions help identify the 

relationships between components in a binary manner: 1 indicates the presence of a 

relationship, and 0 indicates its absence. This binary relationship is then organized into a 

vector format. Figure 4 describes the decomposition hierachy of the functional and physical 

characteristics. (Salhieh & Kamrani 1999, 323.) 

 

 

Figure 4. SLS decomposition hierarchy (Salhieh & Kamrani 1999, 324). 

 

Identified SLS are related to general functional requirements recognized in the task 

clarification phase as some of the general functional requirements can be satisfied by some 

specifications, but at the same time the execution of other desired general functional 

requirements might be prevented by other specifications. By integrating the general 

functional requirement weights, as well as the system level specifications vectors and their 
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influence on the general functional requirements Salhieh and Kamrani have developed a 

mathematical formula called similarity index. The similarity index aims to cluster 

components with strong associations into design modules. The main objective of this method 

is to pinpoint components that can be developed simultaneously, thereby boosting design 

efficiency. Additionally, this approach highlights the interfaces between components in 

various modules, which can streamline interactions and enhance the reusability of the 

designed components. (Salhieh & Kamrani 1999, 324, 328.) 

3.1.3  Embodiment design 

During the embodiment design phase of the design process, the design is refined according 

to the economic and technical criteria set in the earlier stages, based on the fundamental 

concept of the technical product (Pahl et al. 2007, 227). This phase involves defining the 

forms and layout of the chosen concept (Mayda & Börklü, 859).  

Kannengiesser & Gero (2017, 3) have summarized the steps of the third phase, embodiment 

design, in the Pahl and Beitz’ model as follows:  

 

“3.1  Identify embodiment-determining requirements 

3.2  Produce scale drawings of spatial constraints 

3.3  Identify embodiment-determining main function carriers 

3.4  Develop preliminary layouts and form designs for the embodiment-

determining main function carriers 

3.5  Select suitable preliminary layouts 

3.6  Develop preliminary layouts and form designs for the remaining main 

function carriers 

3.7 Search for solutions to auxiliary functions 

3.8 Develop detailed layouts and form designs for the main function carriers 

ensuring compatibility with the auxiliary function carriers 
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3.9  Develop detailed layouts and form designs for the auxiliary function carriers 

and complete the overall layouts 

3.10  Evaluate against technical and economic criteria 

3.11  Optimise and complete form designs 

3.12  Check for errors and disturbing factors 

3.13  Prepare preliminary parts lists and production documents” 

 

Embodiment design requires a flexible approach as it is characterised by several iterations 

and repeated verifications, as well as changes of focus. The goal of the design is to achieve 

a specific function using a suitable layout, component shapes, and materials. Each step must 

be chosen and adjusted to fit the specific context. (Pahl et al. 2007, 232-233.) 

3.1.4  Detail design 

Detail design in the systematic approach refers to the creation of documents for production 

and process planning (Mayda & Börklü, 859). In this phase, the technical product’s 

embodiment is finalized with precise guidelines on each component’s form, shape, surface 

characteristics and dimensions. It also involves the final selection of materials and a 

comprehensive review costs, operating procedures and production methods. This stage 

includes creating detailed drawings of components and assemblies, as well as complete parts 

lists. Product data can be directly used in production planning and controlling CNC machine 

tools with the help of CAD software. (Pahl et al. 2007, 436.)  

3.2  Alternatives to the systematic approach 

Gauss et al. (2019) have proposed a Module-Based Machinery Design (MBMD) method 

based on the taxonomy developed by Pahl et al. (2007). This approach is specifically 

designed to aid in the conceptual and system-level design of modular machine families for 

RMS. As noted by Gauss et al., it includes the initial three stages of the engineering design 
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process: planning, concept development, and system-level design. Planning falls under the 

task clarification phase in the systematic approach terminology as it includes the 

development of functional requirements. Concept development corresponds the concept 

design phase, as it involves the identification of design modules and their specific cases. The 

system-level design in the MBMD method is related to the embodiment design phase of the 

systematic approach. The phases of the MBMD in relation to the systematic approach are 

presented in the Figure 5 below. (Gauss et al. 2019, 3915.)   

 

 

Figure 5. Module-Based Machinery Design delimitation (Gauss et al. 2019, 3913). 

 

The planning phase of MBMD starts of by identifying and selecting the task, which the 

machine should perform automatically. This should result in the identification of the overall 

function, which fulfils the selected task. The overall function simply expresses the 

connection between input and output flows of the operation in a solution neutral manner. 

The complexity of the overall function depends on the complexity of the task. Therefore, to 

manage the complexity, the overall function is decomposed into different classes of 

subfunctions, which results in a function structure for the function. (Gauss et al. 2019, 3915-

3918.) 
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In modular systems, the most common subfunctions are basic, auxiliary and adaptive 

subfunctions. As defined by Pahl et al. (2007, 496), basic subfunctions are deemed crucial 

for achieving the main function, while auxiliary and adaptive subfunctions help manage any 

variations and changes in the boundary conditions of the main function. Based on the 

breakdown of the main function, the functional requirements (FR) are formulated. The 

functional requirements are formed into a decomposition/classification tree and a 

requirements list. (Gauss et al. 2019, 3915-3918.) 

 

The concept development phase in MBMD starts of with discovering and then choosing the 

working principles (WP) of the various FRs. Machine manufacturer’s design repository, 

patents and competitor catalogues are possible sources for searching WPs. Different WPs 

are cataloged into a table, and they are compared against each other to determine how well 

they fulfill the FRs. Unsuitable WPs are eliminated, and preference is given on certain WPs 

based on the elimination and preference procedure defined by Pahl et al. In the next stage, 

design parameters (DP) are created based on the WPs using domain knowledge and other 

decomposition techniques. The relationship between FRs and DPs are mapped using a design 

matrix. From this, design modules (DM) are defined using modularity index. The working 

principles of a design module are combined into working structures. A modular machine 

family (MMF) schematic is created from the design modules and their instances. (Gauss et 

al. 2019, 3918-3921.) 

 

The system-level design phase begins with selecting suitable design module instances based 

on evaluation against technical and economic criteria. A configuration structure is 

established with help of functional decomposition, which was done during the planning 

phase, and follows the same classification for modules as was used for subfunctions. After 

forming the configuration structure, the conceptual layout of the MMF is elaborated and 

evaluated against practical applications. If the results of the evaluation are satisfactory, the 

detail design phase begins, otherwise the whole process should be re-evaluated starting from 

the planning phase. (Gauss et al. 2019, 3921-3925.) 
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Within the context of this thesis, however, the MBMD approach may not be as useful as the 

systematic approach. Gauss et al. have intended the MBMD method for engineering-to-order 

machine manufacturers who are open to adopting a make-to-order or assembly-to-order 

strategy and, consequently, often lack existing machine designs that are structured 

modularly. The method emphasizes creating new modular machine families to meet RMS 

requirements, rather than offering solutions for redesigning existing equipment. (Gauss et al. 

2019, 3914.) As this thesis handles the redesign of the existing modular machine, the MBMD 

method cannot be applied directly in this case.  
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4  Development of the book forming table 

In this chapter, the design task for this thesis is further developed and the different modules 

of the book forming table are analyzed in detail. The purpose of this chapter is to identify 

the potential modules or parts for further product development.  

4.1  Task clarification 

As the book forming table is a rather complex machine, it is standard practice within the 

company to pre-assemble and test the machine thoroughly before shipping it to the assembly 

site, as it is much cheaper to fix any issues at the machine shop that would otherwise show 

up during the installation phase at the assembly site. Another benefit of pre-assembling of 

the book forming table before transport is that it simplifies the installation at the site. It would 

be prohibitively expensive to send a team of experts to wherever the production line is being 

installed and have them assemble the machine from bits and pieces. The highly trained 

personnel working in remote site conditions have significantly higher hourly wage compared 

to ones working in the machine shop. Therefore, the company has tried to minimize the time 

the personnel have to spend at the site during the installation and start-up phase of the 

production lines.  

 

As a result, the book forming table is packaged and shipped to the customer close to its fully 

assembled state. Only the pinch roll module frame is removed to reduce the height of the 

assembly, otherwise it is at its fully assembled state. One of the main issues with the book 

forming table currently is that it does not fit into a shipping container and needs a custom 

hand-built packaging solution for transport. The costs related to transporting this specific 

machine are tenfold compared to cost of standardized container transport. 

 

Over time the company has realized that something has to be done to reduce the increasing 

costs related to transporting such large yet delicate machinery in custom-built packaging. 

Some sort of balance should be found between the transportation costs and installation costs, 
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since the book forming table does not fit in a shipping container fully assembled, yet it cannot 

arrive in too many parts at the site either. Even though the book forming table arrives at the 

site in mostly fully assembled state, the team at the site have certain tasks they still need to 

do to integrate the book forming table to the production line. 

 

Other than the issues related to transportation, there are no major problems or shortcomings 

with the existing design of the book forming table that necessarily need to be solved. Over 

time there have been features added to the book forming table to suit different needs and 

specifications imposed by customer demands, which has resulted in the complexity of the 

book forming table increasing over time. Additionally, it has been recognized in the 

company’s design team that there might be need for further product development to better 

satisfy the market demand and attract new customers. Potential drivers for product 

development come from increased transportation costs, material price increases and new 

technologies.  

 

Based on the interviews with the client company’s head of panel handling design team, it 

was determined that the working principle of the book forming table should remain largely 

unchanged. The requirement regarding the improved transportability of the book forming 

table could most likely be met by redesigning existing solutions, and since the other issues 

are more related to the complexity of the design, the core solution should remain intact. 

Therefore, it was determined that the degree of novelty for this development project would 

be considered adaptive design. 

4.1.1  Description of the book forming table 

The tasks of the book forming table on the panel handling section of the production line can 

be generalized using abstraction as follows:  

1) receiving, aligning, and stacking of panels into books. 

2) transferring panels from continuous press to stacked books on the stack elevator. 

3) transferring panels from continuous press to stack elevator. 
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4) transferring panels from continuous press to intermediate storage. 

Therefore, the general task is to transfer the correct number of panels from the continuous 

press to the intermediate storage, while maintaining adequate quality. The book forming 

table serves as one of the pieces of the complete solution to this task. 

 

The book forming table serves as a line speed reducer between the previous device and the 

next one, and as an alignment device for stacking the panels. The device is used for these 

functions at the raw board handling lines as well as at the cut-to-size sawing lines in the 

production plants. In the case of this thesis, the book forming table is located near the end of 

the raw board handling line, between the cooling wheel section and the stack elevator at the 

end of the line.  

 

The cooling wheels operate in cycles such that for every rotation of the cooling wheels, a 

batch of panels move forward on the production line. There can also be a window of 

operation where the panels go straight through the cooling wheel section without stopping.  

In most cases, the rate at which the panels exit the cooling wheels would exceed the cycle 

time of the book elevator, which has to form 4000-5000 mm high stacks of the panels. 

Therefore, the book forming table acts as a pre-stacking device to give the book elevator 

enough time to perform its operation. 

 

Secondly, when the panels exit the cooling wheels, they are typically aligned somewhat 

irregularly on the roller conveyors, which transport the panels to the book forming table. To 

ensure that the book elevator stacks the panels neatly, they have to be precisely aligned. 

Currently, this alignment is done by pushing the panels length- and widthwise against a flat 

surface using pneumatic cylinders. 

4.1.2  Developing the list of requirements 

One of the key parts of the book forming table is the felt table, which is a somewhat unique 

feature compared to the other products of the company. Most of the other panel handling 
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machines have the panels supported on some form of conveyors, either roller or belt 

conveyors. The book forming table is one of very few devices where the panels are 

transported by some other means. Currently, the main issue with the felt table is that the 

frame of the table is not optimized for shipping container transport. In the interviews with 

the head of panel handling design team, this was seen as one key area for product 

development. 

 

Other critical parts of the book forming table are the panel stopper and the moving fence, 

both of which are in direct contact with the panels. Due to them affecting the quality of the 

panels directly, they were seen as another are of interest for product development. These 

three key components of the book forming table are pointed out in Figure 6.  

 

 

Figure 6. Components of interest A) Felt table B) Panel stopper C) Moving fence. 

 

A) Felt table 

Based on the interview with the manager of the panel handling design team, the following 

functional objectives for the felt table were identified: 
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• The table should receive panels without harming them in the process. 

• The table should support the panels so that the weight of the panels is distributed 

evenly, minimizing the warping of the panels at the bottom of the stack. 

• The stack of panels should be able to be moved in one direction off from the table. 

• The table should fit in a shipping container for transport. 

 

Currently, the main issue with the felt table is that the frame of the table is not optimized for 

shipping container transport. There have been some experiments with a modular frame for 

the felt table, but the current master model of the book forming table does not yet account 

for it fitting in a shipping container. Additionally, due to the relatively high friction 

coefficient between the book of panels and the felt table, the electric motor for the drive 

system has to be very powerful, which results in increased costs for the product. 

 

Since the book forming table is one of the machines which are always tailored to the 

requirements set by the production line specifications, many different variants have been 

delivered to customers around the world. For this thesis, one of the largest and heaviest 

variants of the book forming table was chosen to illustrate the dimensions of the device. In 

Table 1, the estimated packing dimensions of the book forming table are compared to the 

internal dimensions of a standard 40’ HC shipping container. 

 

Table 1. Dimensions of shipping container compared to book forming table. 

 40’ HC Book forming table 

Length 12010 mm 11000 mm 

Width 2330 mm 4500 mm 

Height 2680 mm 1200 mm 

Capacity/Weight 26000 kg 9000 kg 

 

As can be seen from Table 1, the limiting factor preventing the book forming table from 

fitting inside a 40’ HC shipping container is the width of the machine. Even with smaller 
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variants, the width of the fully assembled machine usually exceeds the internal width of the 

containers. By closer inspection, the width of the book forming table is slightly less than 

double the width of the container. The width of the felt table is the main contributing factor 

to the overall width of the book forming table.  

 

B) Panel stopper 

Furthermore, the following functional objectives for the panel stopper were identified: 

• The panel stopper should be able to be driven into different positions depending on 

panel length. 

• The panel stopper should be able to stop any panel no matter when it arrives at the 

table. 

• The panel stopper should sustain the impact of the panel hitting the stopper, while 

not harming the edge of the panel. 

• The panel stopper should fit in a shipping container for transport. 

 

No major issues have been identified with the current version of the panel stopper in terms 

of it fulfilling its functional requirements. However, the support wheels which assist the 

operation of the panel stopper are seen as being very complicated in terms of pneumatics 

and control system setup. Each support wheel has its own pneumatic cylinder, which has to 

be activated right after the end of the stack has cleared it. For example, in Figure 6 there are 

6 pairs of pneumatic cylinders for the support wheels and all the sensors that go with them. 

Additionally, there is some redundant positioning systems taking into account that the 

operation of both the panel stopper and the moving fence are dependent on the minimum 

and maximum length of the panels. 

 

C) Moving table 

Finally, the following is a list of functional objectives associated with the moving fence of 

the book forming table: 
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• The moving fence should be able to align the panels every 2 seconds. 

• The moving fence should have up to 1 meter of width adjustment. 

• The moving fence should have enough force to align even the heaviest panel. 

• The moving fence should have the ability to align panels no matter what the length 

of the panel is. 

• The moving fence should be transportable in a shipping container. 

 

Due to large variations in possible panel sizes from one batch to another, the moving fence 

has to be able to account for all of them. This has resulted in the moving fence becoming 

quite a complicated part of the book forming table. Like the panel stopper, the moving fence 

also has to account for varying panel lengths, but in addition the moving fence has to account 

for varying panel widths. Therefore, the current positioning system of the moving fence 

focuses on the widthwise positioning flexibility, whereas the lengthwise flexibility was 

achieved by just increasing the amount of rack and pinion units and pneumatic cylinders. 

4.2  Conceptual design 

Based on the previously set requirements and some of the already identified issues, the 

components associated with the different modules of the book forming table were studied 

further. Here the components are analyzed separately from the main assembly of the book 

forming table to better highlight their working principles. 

4.2.1  Components of the felt table  

Section A in Figure 6 highlights the table onto which the panels are stacked, which itself 

consists of multiple components. The blue beams in the CAD model depict felt covered 

profiles, which support the panels evenly and provide a large surface area for the bottom 

panels to rest on. The same felt covered table design is also used in other panel handling 

devices after the book forming table on the production line, such as the previously mentioned 
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book elevator. It should be noted that that the felt beams are only used for MDF panels. Due 

to the surface roughness of other wood-based panels, painted steel beams are used instead in 

those production lines. Depending on the specified panel width variance, the felt table is 

fitted with a number of receiving beams. Figure 7 shows an example of a variant with six 

receiving beams. 

 

 

Figure 7. Receiving beams of the felt table. 

 

The receiving beams are pneumatically actuated and jointed at two points, allowing the 

beams to be evenly raised from one end while the other end stays at the main table height. 

The pneumatic cylinders of the receiving beams are activated in a cascading fashion once 

the completed stack is exiting the book forming table. Due to the beams being double jointed, 

the tail end of the stack can still be on top one half of the beams while the front end of the 

beam is lifted. This ensures that the first panel of the next stack does not collide with any 

sharp edges while coming down from the previous line height. Once the first panel is 

completely on the book forming table, the beams are lowered back down to their resting 

positions and the following panels can be dropped on top of the previous panel.  
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4.2.2  Components of the panel stopper 

There is also a possibility that the production rate of panels is so high that there are fresh 

panels coming on to the book forming table while the previous stack is still being transported 

on to the next station. For these situations, the book forming table is equipped with the panel 

stopper and support wheels, as shown in Figure 8. 

 

 

Figure 8. Panel receiving components B) Panel stopper D) Support wheels. 

 

In this situation, when the previous stack is complete and its starting to be moved on to the 

next station, the panel stopper, shown in Figure 9, drops a pair of plates with rollers on the 

bottom on top the stack. At the same time there is a fresh panel arriving on to the book 

forming table. The panel lands on top the previous stack and is stopped by the panel stopper. 

The previous stack is being pushed off the book forming table, which means that the fresh 

panel is no longer being supported from the tail end. This is where the support wheels come 

in. The support wheels are lifted one by one using pneumatic cylinders starting from the tail 

end. Once the edge of the previous stack has crossed over a support wheel, it is lifted up to 

support the first panel of the next stack. Once the previous stack has cleared the panel stopper 

and moved on to the next station, the support wheels are lowered, and the panel stopper 

lifted. 
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Figure 9. Panel stopper assembly. 

 

The panel stack is pushed on top the felt beams using a chain driven linear carriage device, 

part of which is shown in section E of Figure 10. Due to the stack weighing a few tons and 

the friction between the MDF panels and the felt covered beams being relatively high, a 

rather heavy-duty gear motor is required for the linear carriage.  

 

 

Figure 10. Close up view of E) Drive end of linear carriage F) End stop aligner. 
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Section F in Figure 10 highlights the end stop aligner, which is used to stop the oncoming 

panels and align them in the lengthwise direction against a solid surface at the tail end. The 

end stop aligner is driven into the correct position according to the panel length with a chain 

driven linear carriage. The panels are pushed against the alignment surface with pneumatic 

cylinders. The end stop is also lowered under the table surface using pneumatic cylinders to 

give way for moving the stacks off the book forming table. 

4.2.3  Components of the moving fence  

In Figure 6, the highlighted section C shows the moving fence, which is used to align the 

panels from the side. On the opposite side of the moving fence there is a solid side wall, 

which is used as the alignment surface for the stacks. Depending on the layout of the 

production line, the moving fence may be on the left or the right side of the book forming 

table. A top-down view of the moving fence is shown in Figure 11. 

 

 

Figure 11. Top-down view of the moving fence. 

 

The moving fence consists of a solid steel beam, shown in orange in the CAD model. Since 

the width of the panels being produced can vary greatly, the beam can be driven in to 

different positions with a rack and pinion linear drive. The moving fence has multiple rack 

and pinion units connected to a central gear motor. In addition, the moving fence has several 

pneumatic cylinders which are used to push the panels against the alignment surface. This 

combination of pneumatics and linear drive is required, because the panels can arrive at the 

book forming table at such rate that one of these actuators cannot perform the whole 

operation. The use of the lengthy rack and pinion system allows a wide operating window 
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for the device, while the short stroke of the pneumatic cylinders enables fast alignment of 

individual panels. 

4.2.4  Conceptualizing solutions 

As mentioned in Section 4.1.2 , the width of the book forming table seems to be main issue 

preventing it from fitting inside a shipping container. The whole machine is built around the 

frame of the felt table, and the width of the book forming table is largely determined by the 

width of the frame. Therefore, it seems logical to investigate how the frame of the felt table 

could be altered to make it so that it would fit inside a shipping container. As the width of 

the felt table is the main contributing factor to the overall width of the book forming table, 

it can be deduced that by splitting the frame of the table lengthwise in half for transport, the 

parts should fit inside a shipping container. There have been trials to make the frame of the 

felt table fit inside a shipping container by splitting the frame lengthwise in half. Model of 

this concept is shown in Figure 12.  

 

 

Figure 12. Top-down view of the felt table frame made of two sections. 

 

The width of the frame is determined by the length of the cross beams. In the split frame 

concept shown in Figure 12, the cross beams are split in half roughly at the mid-section of 
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the book forming table. To tie the split frame back together, flanges are introduced at the 

split sections so that the frame halves can be bolted together, these are circled in Figure 12.  

 

As this frame serves as the foundation for assembling the whole book forming table, it has 

to fit within certain dimensional tolerances. The bolted flange joints on their own do not 

meet this criteria and introduce a risk for misalignment of the frame. To counter this risk, 

the frame halves are carefully aligned against each other and the alignment is secured by 

adding alignment pins to the flanges. In addition to these measures, once the frame halves 

are bolted together at the assembly site, for final assembly the flanges are welded together 

to fully ensure that the frame acts as one uniform assembly.  

 

Another development idea for the felt table has to do with replacing the felt covered beams 

and the linear carriage system with a roller conveyor. This could make transporting the stacks 

more efficient, by reducing the friction between the stack and the supporting surface. The 

rollers of the conveyor would be positioned lengthwise on the book forming table, which 

means that the stacks would no longer continue in the same direction on the production line 

but would instead move sideways with the lengthwise edge of the stack serving as the leading 

edge.  

 

While the felt table is undeniably the most significant part affecting the transportability of 

the book forming table, there are some development ideas for panel stopper as well. Based 

on discussions with the head of panel handling design team, the reason for the panel stopper 

assembly needing the support wheels seemed like a contentious issue. Figure 13 shows a 

side profile of one of the support wheel assemblies. Considering all the costs associated with 

implementing the support wheels and that the need for them stems from such an edge case 

requirement, the operational requirements and the need for these support wheels should be 

re-evaluated.  
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The support wheel assembly consists of a pneumatic cylinder, pair of roller wheels, variety 

of CNC machined plates and a number of fasteners. By altering the operating window of the 

book forming table so that no panels arrive on the table while the previous stack is exiting, 

all of the support wheels could be eliminated from the design. By eliminating these 

assemblies, the reduction in part count would result in significantly reduced complexity and 

overall costs of the book forming table. The productivity reduction from implementing this 

limitation to the book forming table should be considered and weighed against the cost 

reductions.  

 

For the moving fence shown in Figure 14, the number of alignment cylinders could be 

reduced without altering the operation of the book forming table in a meaningful way. 

Realistically the panels only have to be pushed from the front and the tail end to align them, 

the central cylinders serve little purpose. The furthest alignment cylinder could also be 

integrated into the panel stopper assembly, since the panel stopper has to be driven into the 

correct position relative to the length of the panels being produced. This way the side aligner 

would also always be positioned correctly no matter the length of the panel. 

Figure 13. Support wheel assembly. 
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Additionally, the combination of rack and pinion linear drive system and pneumatic 

cylinders could possibly be replaced with electric actuators. The actuator could be driven 

into a certain idle position depending on the width of the panels, allowing the alignment 

stroke to be short and fast. To prevent the panels from colliding with the extended actuators, 

a light curtain could be fitted at the edges of the conveyors before the book forming table to 

track the position of the oncoming panels. This system of sensors could replace the steel 

beam of the moving fence, which has served mostly as a safety mechanism in case of 

misaligned panels. 

  

Figure 14. Close-up of moving fence unit. 
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5  Discussion 

Drawing from the systematic approach, the task clarification and conceptual design phases 

were applied in development of the book forming table. Based on the interviews with the 

client company’s manager of the panel handling design team, the fact that the book forming 

table does not fit into a shipping container and needs a custom hand-built packaging solution 

for transport was identified as the main issue. 

 

The felt table was identified as a key part of the book forming table, and as a source for a lot 

of the issues related to the operation and transportation of the machine. Since the book 

forming table is built on top of the frame of the felt table, the dimensions of it are the main 

contributing factors to the overall dimensions of the book forming table. As was identified 

in the analysis, the width of the book forming table was the limiting factor preventing the 

machine from fitting inside of a standard shipping container. Data from the experiment with 

the split frame felt table should be collected to answer the following questions:  

1) How did the split frame affect the pre-assembly at the machine shop?  

2) Was loading the split frame book forming table into the container difficult?  

3) Was the installation at the site more difficult?  

4) Were there increases in assembly time during pre-assembly and site installation? 

5) By how much were the transportation costs reduced? 

 

Another identified issue related to the felt table was the combination of the receiver beams 

and the linear carriage system. Due to the weight of the book of panels which the book 

forming table is designed to stack and the friction between the felt surface and the bottom 

surface of the panels, a lot of force ends up being required to push the books off of the book 

forming table. This results in the need to acquire heavy duty electric drive units for the linear 

carriage system, which drive up costs and increases the energy consumption of the book 

forming table. 
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Some issues with other modules of the book forming table were also identified. The panel 

stopper and the support wheels, which are a series of optional add-on modules for the book 

forming table, were determined to be rather complex with a questionable importance in terms 

of the operation of the book forming table. Despite the fact that the panel stopper is an 

optional add-on, it is commonly included with the machines being sold, as it offers some 

productivity improvements to the customers. While the underlying design of the book 

forming table may be reliable and cost effective, all of the add-on modules drive up the costs 

of the book forming table and the end result might be more expensive than originally 

expected. Due to the limitations of this thesis, these cost estimations were omitted and 

therefore the concrete data required for this comparison is missing. 

 

If this study were done without the limitations of this thesis, much deeper analysis of the 

book forming table would be required. In this thesis, only the task clarification and 

conceptual design stages of the systematic approach were taken into account when analyzing 

the book forming table, and the analysis remained on the high-level issues and descriptions 

without going into details. In reality, the task clarification phase would require an even 

deeper understanding of the functions of the book forming table and the machines 

surrounding it on the production line. A proper analysis of functions and subfunctions as 

referred to in chapter 3.1.2 should be conducted for the conceptual design phase. After a 

thorough analysis and discussions with the designers and customers, a sufficient 

requirements list for the book forming table could be formed. This requirements list would 

then be used in the conceptual design phase to develop and compare different design 

concepts. 

 

The whole operation of the panel handling section of the production line should be 

considered from the viewpoint of the book forming table to assess the need of the support 

wheels with the panel stopper.  If the production line could be operated in such a fashion, 

that the panels only arrive at the book forming table once the previous book has cleared the 

station, there would be no need for the panel stopper add-on module. This would likely 

require some rethinking in terms of the prioritizing different factors during the planning of 

the entire production line. In some cases, there would likely still be a need for some sort of 
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non-stop system to maximize productivity of the production line, since the panels sometimes 

have to arrive to the book forming table in quick succession. The cost effectiveness of the 

current non-stop system used in the book forming table should be evaluated against other 

systems, since similar systems are also used elsewhere on the production line with different 

working principles.  

 

For the moving fence it should be considered how necessary the solid steel beam actually is 

in terms of preventing arriving panels from colliding with the alignment cylinders. Since it 

mostly acts as a safety measure, it might be more cost effective to use a light curtain or some 

other sensor suite before the book forming table to ensure that misaligned panels are not 

causing issues for production. 
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6  Conclusions  

The purpose of this thesis was to identify the issues related to the transportation and 

operation of the book forming table, identify the parts of the device causing these issues, and 

conceptualize alternative solutions for the problematic parts. The goal was not to achieve 

final solutions or cost estimations, but rather, provide an initial analysis for the future design 

work.   

  

Systematic approach developed by Pahl and Beitz was introduced as the main method for 

this thesis. Within the context of this thesis, the phases of task clarification and conceptual 

design were applied to the development of the book forming table. During the task 

clarification phase, requirements lists were formed for the felt table, panel stopper and 

moving fence modules. In the conceptual design phase, the working principles of these 

modules and their parts were analyzed and illustrated with CAD models.  

 

The width of the felt table was ultimately determined as the cause for the book forming table 

from fitting inside a shipping container. To solve this issue, a split frame concept was 

introduced, where the frame of the felt table is constructed in two sections which are bolted 

together during assembly. This way the book forming table can be transported to the 

installation site in smaller sections which fit into standard shipping containers, and thus the 

transportation costs can be significantly reduced.  

 

An alternative solution for the felt table was proposed, where the felt table is replaced by a 

roller conveyor system. In this concept, the linear carriage system would be eliminated 

entirely, as the rollers which would act as the supporting surface for the books would also 

serve as the propulsion method for moving the books off of the book forming table. 

 

The point was raised that the need for the panel stopper system should possibly be 

reconsidered, as despite it being sold as an add-on might bring in more revenue, it might be 
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causing more harm than good. Compared to other systems serving the same purpose 

elsewhere on the production line, it has added complexity and more points of failure, hence 

why it should be evaluated against other concepts. Similarly to the panel stopper system, the 

moving fence was seen as a module, which has a lot of excess complexity and redundancy. 

 

Due to the limitations of this thesis, the previously developed split frame concept was not 

developed further. In order for the concept to be adopted in all of the future delivered book 

forming tables, the split frame has to be included in the master CAD model of the book 

forming table, from which all the variations are made. The roller conveyor concept to replace 

the felt table and linear carriage system was only brought up as an idea, no CAD model of 

this concept was made in the scope of this thesis. Similarly, the development ideas related 

to the panel stopper and the moving fence were only discussed and no CAD models were 

made for the alternative concepts. 
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