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Abstract 

In today’s industry, the competitive market, the short life time of the products and 

rapid change in customer demand forms a big trend of appearance of new 

manufacturing system. Reconfigurable Machine Tool (RMT) is a kind of solution for 

future machining systems, thus it can not only provide customized solutions to the 

operation requirements but also is cost-effective. 

 

Thethesis aims to create and implement methodology of RMT design for 

manufacturing industry.  

 

The methodology is introduced and extended according to the five principals of 

modular machine tool design. The methodology will be applied step by step herein so 

as to make the methodology more clear. 

 

First of all is to get the concept or process requirements from the customer. The 

customer requires three reconfigurable part families for a high speed milling 

application including tables, spindles, and cutters. In this case, to fulfill customer’s 

requirements and concept, the dual spindle (Multi-tool) RMT is selected as an 

example to interpret the RMT design methodology. 

 

Secondly, the most important point in methodology of RMT design is to analyze the 

valuable proposal of the four principles of modular design based on extensive 

experience. This work turns the four principles, separation, and unification 

(standardization), connection, and adaptation, to practical design methodology. Based 

on the classical four principles, the principle of reusability is an addition principal in 

consider of zero waste concept.  

 

In order to perform the RMT design methodology effectively, it is necessary to 

complement the advantages of the reconfiguration in dual spindle RMT design and 

the reconfiguration for other part families in according to the RMT design 

methodology. 

 

A final step utilizes computer software to model the configuration in 3 dimensions. 

And evaluations can be discussed in Degree of Freedom (DOF), stiffness analysis and 

number of modules. 
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Introduction 

 

There are two main traditional methods utilized by manufacturing industries in the 

production of medium, and high-volume parts are dedicated manufacturing line 

(DML) and flexible manufacturing system (FMS).  

 

Generally, DML is used when part production volumes are constant consistently high, 

and the part does not change. FMS is used when the required quantities are relatively 

low and many modifications in the part design are foreseen, or more than one type of 

product is produced on the same line simultaneously. [10] 

 

Table 1 shows the feature of DML and FMS. The table 2 is the comparison between 

DML and FMS. 

 

 DML FMS 

Structure Fixed Fixed 

System design focus Part Machine 

Convertibility/flexibility No Yes (General flexibility) 

Volume scalability No Yes in parallel FMS 

Multi-tool operation Yes No 

Productivity High Low 

Lifetime investment cost Low 

When fully utilized 

Reasonable 

For production of many parts 

Table 1: Feature of DML and FMS [10] 

 

 DML FMS 

Limitations Not flexible-for a single part 

Fixed capacity-not scalable 

Expensive 

Slow-single-tool operation 

Advantages Low cost 

Fast-multi-tool operation 

Convertible for new products 

Scalable capacity 

Workforce skills Basic Require computer knowledge 

Hardware Fixed Fixed 

Software None Fixed 

Table 2: Comparison between DML and FMS [10] 

 

These two manufacturing methods are widely used in current factories. Different 

factories choose the different method based on their own demand. Today therapid 

change in production lines is becoming more and more frequent. The single type of 

manufacturing method could not satisfy them anymore. Individually DML or FMS 

have their advantages and disadvantages.  
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Thus an innovative approach of customized manufacturing called Reconfigurable 

Manufacturing Systems (RMS) is emerging to address the needs created by rapidly 

changing markets and rapid introduction new products. One of the primary goals in 

RMS is to reduce design lead-time, manufacturing set-up time and ramp-up time 

while providing a cost-effective solution. These new systems provide exactly the 

functionality that is needed exactly when it is needed. [16] 

 

The target of RMS is to  

 

 Find the adjustable production resources to respond to imminent needs 

 Enhance the speed of responsiveness ofa manufacturing system 

 Design just enough customized flexibility needed to produce all parts 

 Establish an economic equipment mix of flexible and Reconfigurable Machine 

Tools with customized flexibility, Reconfigurable Inspection Machines, and 

Reconfigurable Assembly Machines.  

 

A typical RMS includes both conventional flexible machines and a new type of 

machine called the reconfigurable machine tool (RMT) on its production line. The 

mechanical wrenches in Figure 1 help illustrate the RMT concept. 

 

 

Figure 1: Reconfigurable tools fill the gap between dedicated tools and flexible tools 

[1] 

 

Therefore, in RMS, reconfigurable machine tool (RMT) is designed to be easily 

reconfigured such that they process a family of parts and accommodate new and 

unanticipated changes in the product design and processing of reconfiguration, new 

modules replace some old modules, and the degree of freedom of the machine tool are 

also changed. Thus, RMT undergo topological changes, i.e., size, type and number of 

modules and their interconnections. [13] 
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The main advantage of this new approach is the customized flexibility of the system 

to produce a “part family” of products with lower investment cost than FMS. A set of 

core characteristics: modularity, scalability, integrability, convertibility, customization 

and diagnosibility comprise the heart of an RMS.  

 

 

There is no milling machine that has yet been constructed suitable for all classes of 

work. The Reconfigurable Machine Tool (RMT) (showed in Figure 2) was invented in 

1999 in the Engineering Research Center (ERC) for Reconfigurable Manufacturing 

Systems (RMS) at the University Of Michigan College Of Engineering. This research 

is focused on the rapid change of manufacturing process requirement, which makes it 

possible to quickly adjust its production capacity and functionality within a part 

family in response to sudden market changes an intrinsic system change. [4] 

 

 
Figure2: The Arch-type RMT at the University of Michigan [4] 

 

In order to design the modern module of milling machine tool, with the characteristics 

of separation, unification, connection, adaptation and even reusability (the five 

principles is introduced), a new methodology of design reconfigurable machine tools 

is presented. 
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Chapter 1 

Reconfigurable Machine Tools 

 

A reconfigurable machine tool (RMT) is designed to perform the necessary machining 

operations common to all the members of the part family with reconfiguration to the 

machine itself. Figure 3 showsa RMS integrated with RMT in industrial engineering 

application. 

 

 

Figure 3: RMS with integrated reconfigurable machine tools (Multi-tool RMT) [1] 

 

1.1 What is The Reconfigurable Machine Tools (RMTs) 

RMTs are such cost-effective as they are designed for a specific range of operations 

requirements, and it is economically converted from one to the other. The challenge is 

to focus the machine design effort on a specific part family and create an adjustable 

machine that is capable machining features of every part of this family, and do so 

rapidly. Every DOF of an RMT is designed after the operation set of all parts of the 

family has been determined. As operational requirements change, the RMT needs to 

be mechanically modified to adapt to these changes. [1] 

 

Table 3summarizes thatmachine tools with adjustable structures constrained to a part 

family which create responsive machine tools and constitute the new class of machine 

tools that have customized flexibility and scalable throughput.  
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 Dedicated RMT Flexible 

Machine structure Fixed Adjustable Fixed 

Design focus Part Part family Machine 

Scalability No Yes Yes 

Flexibility No Customized General 

Simultaneously operating took Yes Yes No 

Table 3: RMT combines features of dedicated and flexible machine tools [1] 

 

1.2 Types of Reconfigurable Machine Tools (RMTs) 

It is necessary to describe three types of RMT: modular, multi-tool and arch type 

RMT bellow. They are applicable for RTM design. 

1.2.1 Modular Machine Tools RMT 

Modular machine tools are naturally true that modularity of all of the machine tool 

components is a sufficient condition for reconfigurability. Since modular machine 

tools are associated with the term “reconfigurable machine”, the modular machine 

tools are an important class of RMT. Figure 4 shows some examples of three-axis 

modular machining centers. [1] 

 

The motion and drive units of modular machine tools are powered with electricity and 

are connected with the controller by wires. Actually, some modules also require 

hydraulics or compressed air.  

 

 

 

Figure 4: Modular machine tools for machining center [1] 
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1.2.2 Multi-Tool RMT 

RMTs provide all the flexibility needed to process a specific part family which was 

built with customized flexibility. One example of customized flexibility is a variant of 

gang drill, which includes multiple spindles holding drill-bits (see Figure 5)that can 

drill a pattern of holes in a part in one plane simultaneously. [1] 

 

 
Figure 5: A multi-spindle head RMT [1]     Figure 6: Top view of a vertical milling 

center with multiple spindles 

[1] 

 

 

The multi-spindle gang drill can cut all the holes needed by a part family member and 

then quickly reconfigure to drill a different pattern of holes in the next member parts.   

 

Figure 6is atop view ofa vertical milling multi-tool RMT. And Figure 7 is the 

application of multi-tool idea in Ford Engine Cylinder. 

 

 

Figure 7: Ford Engine Cylinder (Multi-tool RMT idea) [1] 
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1.2.3 Arch-Type RMT 

The machine tool is designed to drill and mill on inclined surfaces in such a way that 

the tool is perpendicular to the surface. With three servo-controlled axes it performs 

operations that usually require a four- or five-axis machine. In milling, at least two 

axes of motion participate in the cut. For example, the upward on the inclined surface 

requires the machine drive to move in the positive Y direction and in the positive Z 

direction. When milling a nonlinear contour on the inclined surface of the RMT, the 

tool motion is likewise the result of the combined motion of the Y- and Z-axes. [1] 

 

The picture below is a schematic Arch type RMT. And the picture 9 is the two 

configuration of an Arch type RMT. 

 

 
Figure 8: Schematic Arch Type RMT [1] Figure9: Two configuration of a 

reconfigurable machine tool [1] 

 

1.3 The Key Characteristics of RMT 

Ideal RMT possesses six core characteristics which are the same as reconfiguration 

manufacturing systems (RMS) applied to modular design of it in the whole industrial 

manufacturing field. 

 

Modularity is the compartmentalization of the operational functions and hardware 

into units that can be manipulated between alternate machine configurations. In a 

RMT, many components are typically modular (e.g., machine table, spindle, and 

cutter).  

 

RMT with a modular structure, containing spindle modules can be reconfigured to 

allow different machining operations. When necessary, the modular components can 

be replaced or upgraded to better suit new applications. Modules are easier to 

maintain and update, thereby lowering life-cycle costs of RMT. Selection of basic 

modules and the way they are connected allow for the creation of RMT that can be 
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easily integrated, diagnosed, customized and converted. 

 

Integrability is the ability to integrate RMT modules rapidly and precisely by a set of 

mechanical, informational and control interfaces that enable integration and 

communication.  The integration rules allow machine tool designers to relate clusters 

of part features and their corresponding machining operations to machine tool 

modules. At machine tool level, axes of motions and spindles can be integrated to 

form machine tools. 

 

Customization is the ability to apply a customized flexibility to production or 

inspection machines to meet new requirements within a part family. It enables the 

design of a RMT for the machining of a part family, rather than a single part or any 

part. The RMT configuration must be customized to fit the dominant features of the 

whole part family by utilizing the characteristic of customized flexibility. Customized 

flexibility for the part family allows the utilization of multi-tools (e.g., spindles in 

machining) on the same machine tool, so increasing productivity at reduced cost 

without compromising flexibility. 

 

Convertibility is the ability to efficiently redirect the functionality of the machine and 

its control to suit new production requirements. Conversion may requires switching 

spindles on a milling machine (e.g., from face milling spindle to end milling spindle), 

or manual adjustment of passive degrees-of-freedom changes when switching 

production between two members of the part family within a given day. 

 

Scalability is the ability to efficiently change the machine’s production throughput by 

altering or augmenting the components in the machine. Scalability is the counterpart 

characteristic of convertibility which may require at the machine level adding spindles 

to a machine to increase its productivity. 

 

Diagnosability is the capability of monitoring the current state of a machine and 

controls so as to detect and diagnose the root cause of output product defects. 

 

Diagnosability has two aspects: detecting machine failure and detecting unacceptable 

part quality. For example, a Reconfigurable Inspection Machine (RIM) embedded in 

the RMS enables quick detection. These measurement systems are intended to help 

identify the sources of product quality problems in the production system rapidly, so 

they can be corrected utilizing control methods, statistic and signal processing 

techniques. [11] 

 

 

 

“Modularity and integrability are characteristics that are sufficient to constitute 

an RMT. Diagnosability, when embedded in the machine tool and its control 

structure, provides the means for quick and accurate reconfiguration. 
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Customization, scalability and convertibility are critical to creating cost-effective 

machine tools. An RMT with customized flexibility will be less expensive to build 

and operate than a comparable CNC machine that has general flexibility. 

Similarly, an RMI with customized flexibility will be less expensive and much 

more rapid accomplish the inspection job than a comparable CMM with general 

flexibility. Every RMT should be convertible to handle part changes, or scalable 

to handle demand changes, or both.”[1] 
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Chapter 2  

Reconfigurable Machine Tool Design Methodology 

 

In previous chapter, the reconfigurable machine tool is described concretely, and the 

different types of RMT is also defined which can be used in the methodology to 

design preferred RMT. 

 

It is well known that RMTis proposed as enablers for manufacturing concepts 

whichare capable of dealing with medium batch sizes and of fulfilling the need for 

quick adaption. Thus the methodology of designing RMT is an important issue. 

 

Generally, the main issue is to design a preferred RMT by establishing a feasible 

methodology. The methodology can be analyzed in different steps and then be applied 

to RMT design. 

 

2.1 Reconfigurable Machine Tool Design 

Both the design technology and the design methodology must deal with all five 

principles of modular design. The flow of customer requirements and design 

information is shown in Figure 10. The Customer’s customers have demand from our 

customer, as well as, get concept from our customer. In the whole flow, the RMT 

design methodology is focusing on the design and validation stage. 
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Figure 10: The flow of customer requirement and design information 

 

As all of the literature explained, to design RMT, a good methodology to design RMT 

quickly emerged. 

 

Map of Methodology----There are six steps to design an RMT: 

 

 Brief Consideration on Five RMT Design Principles which are given after 

primary principles described. These principles of separation, unification, 

connection, adaptation and reusability can make RMT design preferable. 

 

 Definition of the Requirement that is arrived at by customer according to 

change in production volume or product design. The definition of requirements 

on a process can be the general parameters of milling process. The requirements 

specification what we defined for customers in the Appendix 1. 

 

 Analysis of Five RMT principles in this RMT design which can be interpreted 

with the illustration to customer demand. There should be more understanding on 

each component in different aspects of the Five RMT Design Principles.  

Somehow the advantages of the RMT design compared to existing machine tool. 

In this regard, the additional task is the reconfigurability on the other part 

families. 

 

 Preferable Configuration will be determined with respect to the analysis of 

RMT principles. In this section, compared with the existing machine tool, the 

idea of RMT design is analyzed. The preferred configuration of RMT is 

determined from discussion upon the methodology implementation. 

Customer Customer 

The ability 

Design 

 

Validation 
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 Configuration Generation by 3D Software can be done by analysis description 

of the RMT design. Basically, before generating a configuration, description and 

analysis ofthe five RMT design principles corresponding with RMT design 

should be clearly. 

 

 Simple Evaluation of the Generated Configuration by DOF, Stiffness Analysis 

and Number of Modules. To make RMT design preferable, the simple evaluation 

is performed to make RMT design methodology more understandable. 

 

Figure 11 shows the framework of this methodology in designing the reconfigurable 

machine tool. 

 

Customer requirements         

Specification and Brief        RMT Design Analysis 

Consideration of Five RMT                  

Principles 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Evaluation andOptimization 

 

 

 

Figure11: Brief description of the Methodology 

 

2.2RMT Design Principles 

RMT can be altered in response to part or product changes as well as to market 

demand changes (for example, adding more spindles increases the machine 

throughput). RMTis designed according to two primary principles. 

-Process specifications 

-Brief consideration of 

design principles 

 

-Analysis of five design principles 

-Five principles in each component 

in the RMT 

-Advantages of the RMT design 

-Reconfigurability on other part 

families 

-Preferable RMT configuration 

 

-Configuration 

generated in 3D 

software 

-Evaluation of static 

and dynamic stiffness 

-Optimized 

Configuration 
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Adjustable structure may be achieved by machine modularity, changing the 

configuration of mechanical links in the machine tool. The part family focus is the 

essence of the RMT; it allows the design of the machine with customized 

flexibility-just the flexibility needed to handle all the members of the family. 

 

2.2.1 Five RMT Design Principles 

 

Importantly, when a new reconfigurable machine tool (RMT) design is made, the 

noticeable idea in the methodology is the design should be considered after these two 

primary principles.  

 

Within a RMT modular design description via different context, these principles-the 

principles of separation, unification, connection and adaptation are very important in 

rationally applying modular design in machine tool even now. To quickly grasp the 

facing problems and to predict further perspectives which are laid out these principles 

of modular design based on extensive experience. 

 

To fulfill customer demands in various directions, in brief introduction of machine 

tool design principles, a principle of reusability is on consideration to design RMT. 

Thus, it forms a new methodology in RMT design with respect to five principles 

 

 Separation 

 

The principle of separation is how we determine the module, and of the five principles, 

this principle has the most difficulty being sublimated to a preferable technology. As 

the principles of separation defines that a module is allowed to have only a specified 

function or structural configuration in full consideration of the following: 

 

 

 

 

 

 

 

1. The RMT is designed with an adjustable structure that enables either machine 

scalability in response to market demands, or machine convertibility to adapt 

to new products 

2. The RMT is designed around a part family with just the customized 

flexibility needed for producing all members of this part family [1] 
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In this section, we should be aware of that how to disintegrate a machine tool as a 

whole into the proper number of modules and how to determine a group of 

standardized modules according to the design purpose. 

 

 

 

 

 

 

 

The platform can be defined as a new concept which is concerned with the LCA and 

remanufacturing of the product and that has actually been proposed. Importantly, the 

platform is a combination of several common modules defined in the manufacture of 

the different kinds of machine tool from a group of modules. Generally, the platform 

is an entity of higher level than the module. [2] 

 

 Unification 

 

The principle of unification was concerned with how to formulate a group of modules 

with special reference to a size series of the units. From the literature, the principle of 

unification can be defined: 

 

A group of units should be standardized with special respect to their dimensions, 

preferably using the preferred number such as R10 and R20 as already standardized. 

The more flexible the more modules should be available. This principle is used to 

limit the number of modules to decrease the cost. By using this principle, we could 

minimize the number of modules. It is a selection after the selection based on the 

principle of separation. After the selection, the module should be standardized in full 

consideration, which includes dimension specifications, functionality, and structural 

configuration. [2] 

 

 

 

1. The user does not mind whether the machine tool is designed using the 

modular principle or not, apart from machine tools of customer-oriented 

type, and thus the modules must have the least function and configuration 

acceptable, but not be over specified 

2. The module must have satisfactory stiffness as well as high joint stiffness 

3. The machine tool accuracy of the module should be within allowable 

tolerance to achieve the required assembly accuracy under any joint 

conditions. [2] 

 

1. Reasonable separation methodology including economic viewpoint 

2. Applicability of platform concept 

3. Reconsideration of effectiveness of modular design of hierarchical type 

4. Evaluation method for preferred module determination [2] 
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 Connection 

 

In modular design, this principle is focus on the joints. The mutual effect of the 

jointing accuracy and joint stiffness is the key to decide the performance of different 

modules. The number of the joint can be designed properly by this principle. 

 

 

 

 

 

 

 

 Adaptation 

 

So far there are no reliable and effective to evaluate the dimensional and performance 

specification as well as the functionality of the machine tool at the design stage.  

 

 

 

 

 

 

 

 

In this regard, principle of adaptation is being used to establish a methodology of 

uncertain design attributes, e.g., ease of operation, compatibility with individual 

differences and penchant for configuration and customer satisfaction and delight into 

the quantified design specifications. 

 

 Reusability 

 

In today’s machine tool design, the principle of reusability is not applicable. In the 

methodology of RMT design, the utilization of it becomes apparently important based 

on customer demands in products change. 

 

Reusability means the applicability of each platform up to several cycles within its 

life to other products after necessary modifications have been made. A group of 

platforms is capable of manufacturing the individual product configuration with 

1. Applicability of platform 

2. Reconsideration of effectiveness of modular design of hierarchical type 

3. Establishment of unification methodology available across the whole kinds 

4. Evaluation method for preferred module determination [2] 

Simple connecting method with multiple functionalities 

1. Joint with higher static stiffness with higher damping capacity 

2. Simple joint compatible with complex and multidirectional loading 

3. Jointing method with higher stiffness and better locating performance [2] 

1. Evaluation method for availability of modular design Methodology for 

choosing preferable configuration from generated results including 

performance simulation on drawing 

2. Determination methodology for a group of modules [2] 
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higher reusability. 

 

Zero waste is the ultimate target of improving reusability. What we can do is to avoid 

changing the whole module when it is broken, but instead of just changing a small 

component. Then the waste is massive decrease. This principle requires as much 

modular components as possible. 

 

“Importantly, it is worth suggesting that the machine tool description can 

facilitate the choice of preferable structural configuration from a group of 

modules, which is one of the design methodology and subject to the principle of 

adaptation.”[2] 

2.2.2 The Relationship of Principles and Characteristics 

As introduced in previous chapter, there are six key characteristics in a reconfigurable 

machine tool (RMT), namely, modularity, integrability, customization, convertibility, 

scalability and diagnosability.  

 

Also as explained above, to implement the RMT design methodology, the five 

principals of separation, unification, connection, adaptation and reusability, are the 

reference to achieve the six characteristics of RMT. Upon the five RMT design 

principles, it is noticeable that the relationship between six characteristics and five 

principles is a key to understand the RMT design methodology. [18] 

 

The relationship of principles and characteristics chart is showed below.   

 

 

  

Separation 

Unification 

Connection 

Adaptation 

Reusability 

Modularity 

Integrability 

Customization 

Convertibility 

Scalability 

Diagnosability 
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Chapter 3 

Discussion of Dual Spindle Reconfigurable Machine Tools 

Design 

 

In regard to this methodology which is described before, to design the reconfigurable 

machine tool, the next step is to analyze the reconfigurable machine tool.  

 

3.1 The Customer Requirement Description 

The customer requirement varies widely because of the huge difference between 

different customers. The variation includes the number of axis, spindle speed, cutter 

diameter and so on. A detailed customer requirementspecifications chart is established. 

(See appendix. 1).  

 

In this case, the customer requires that machine table, spindle and cutter must be 

reconfigurable in the RMT for three-axis high speed milling process. 

 

According to the customer requirements and the different types of RMTs, the dual 

spindle (Multi-tool) RMT is selected as an idea for the methodology implementation 

and application. 

 

3.2 Analysis of RMT Design Principles in Dual Spindle RMT 

As the context explained previously, when the customer concept defined, it is very 

important to analyze these five RMT design principles in details such that aRMT can 

be designed. 

 

Actually the idea of dual spindle (multi-tool) RMT is an example for illustrating the 

RMTdesign methodology. Thus the analysis of RMT is a burning issue in the whole 

methodology. 
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3.2.1 Separation 

 

In the design of dual-spindle machine, the platform is constructed by the base and 

the column. The combination of the base and the column as a higher hierarchical 

system of the individual components is easier understand in principle of 

separation. 

 

The important idea in the principle of separation is the separation of different 

parts. The reconfigurability of different parts can be approached in a large extend. 

 

1. From an economic viewpoint, this module is able to simultaneously results in 

many benefits beyond the expectations (see Table 4 and 5are analysis in 

economic viewpoint)[6] 

 

 Reduction of required manufacturing time 

 The production volume is increased 

 The repeated use of the module can guarantee a preferable inventory 

 By commissioning the preparatory storage of the module to the 

manufacturer, we can reduce inventory cost for spare modules. (savings of 

running cost) 

 Extend tool life 

 Reconfiguration was simplified with less additional cost. 

 

 Single Spindle Dual Spindle 

Cutter change time 5s/part 0 

Change spindle time 300s 0 

Manufacturing time 60+5 (cutter change 

time) = 65s 

30s 

Working time / Day 7hours/ 420Mins 7hours/ 420Mins 

Inventory cost N/A 0 

Tool life 30days=210 hours 60 days=420hours 

Spindle life time 1 year 2 years 

Net Profit/ Product (Ignore 

the fixed cost) 

100 100 

 Table 4: The difference of Single and Dual spindle 

  

The working time per year 

is12 × 4 × 5 × 7 = 1680 hours =  100800 minutes. So it is calculated that 
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 Single Spindle Dual Spindle 

Cutter change time / 

year 

5*number of the products 0s 

Spindle Change time / 

year 

300s 0s 

Available time 100795 100800 

Production volume / 

year 

93041 201600 

  

 The production volume is available time divided by the manufacturing 

time. 

 The Net profit of the machine is production volume multiplied by net profit 

per product. 

 The profit of the Single spindle machine (existing machine tool) per year is 

(7ℎ𝑜𝑢𝑟𝑠 ∗60𝑚𝑖𝑛𝑠 ×5 
𝑑𝑎𝑦

𝑤𝑒𝑒𝑘
 ×4 

𝑤𝑒𝑒𝑘

𝑚𝑜𝑛𝑡 ℎ
 ×12 

𝑚𝑜𝑛𝑡 ℎ

𝑦𝑒𝑎𝑟
 −5𝑚𝑖𝑛𝑠 )

65𝑠
×

100  
𝑃𝑟𝑜𝑓𝑖𝑡

𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 =9304100 [5] 

 The net profit of the Dual Spindle machine per year is 

(7ℎ𝑜𝑢𝑟𝑠 ×60𝑚𝑖𝑛𝑠 ×5 
𝑑𝑎𝑦

𝑤𝑒𝑒𝑘
 ×4 

𝑤𝑒𝑒𝑘

𝑚𝑜𝑛𝑡 ℎ
 ×12 

𝑚𝑜𝑛𝑡 ℎ

𝑦𝑒𝑎𝑟
 )

30𝑠
× 100  

𝑃𝑟𝑜𝑓𝑖𝑡

𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 =20160000 

 

 Single Spindle Dual Spindle 

Net Profit 9304100 20160000 

Cost of Investment 8 million 9 million 

Return on investment 1.16 2.24 

  Table 5: Economic view of Single and Dual Spindle comparability 

 

2. Platform applicability 

 

 A group of platforms is capable of manufacturing the individual product 

configuration with higher reusability. The platform is an entity of higher 

level than the module, which consists of a certain number of modules 

commonly used in the manufacture of different kinds of machines [2] 

 The platform is comprised of commercially available square or 

rectangular table. As the platform incorporates a column type 

configuration, whereby the spindle moves through the work envelope 

while the workpiece is stationary, movement of the column is achieved via 

ball screw assemblies and linear drive trains.[5] 

 Thus, the platform can be separated into different reconfigurable and 

interchangeable parts. 
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3. Effective reconsideration of hierarchical modular design 

 

 Function of hierarchical structure and its advantages 

 

Here the hierarchical structure in the RMT design is adapted to be more 

reconfigurable in the machine spindle, machine table and cutter. As the 

hierarchical structure is to make the RMT design more reconfigurable, it 

comes to be reusable and adaptable for customers. 

 Frame of the RMT design structure:  

 

The platform in dual spindle RMT design is under reconsideration of 

effectiveness of modular design of hierarchical type, which is available for 

dual spindle modules. 

 

The structure of the RMT is based on platform components, machine table, 

machine spindle, and cutter. The structure does work in the 

reconfiguration way while it is applied in manufacturing of different part 

families. 
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 Figure 12 indicates the effective reconsideration of hierarchical modular 

design. 

 

Structural Units Platform 

  

 

Figure12: Concept of platform to enhance reusability of structural 

entities-an advanced concept of modular design 

 

 

4. Evaluation method for preferred module determination 

 

 A module is allowed to have only a specified function and/or structural 

configuration in full consideration of customer requirements orientations. 

 Establish a methodology to evaluate the preferred module determination 

which is based on the principles of adaptation and reusability. 

 First, generate all possible different configurations that fulfill the 

requirement defined by the customer requirement. After eliminate 

infeasible configurations, decouple and change some modules with new 

ones or rearrange some modules. The satisfied standard is the reason to 

remove some modules. In addition, the parameters such as stiffness, 
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accuracy are the most important benchmark 

 

 

3.2.2 Unification 

 

1. Platform applicability 

 

 A platform applicability what is discussed in the principle of separation 

would be utilized. It has not been defined with widely acceptance among 

machine tool engineers in the principle of unification. 

 In the principle of unification, the components of platform should be 

standardized when applies it to RMT. In the platform, standardization of it 

can be ease of minimizing the number of modules.  

 All of the components are important on considering of unification, 

included the components what is not reconfigurable in RMT. 

 

2. Reconsideration of effectiveness of modular design of hierarchical type 

 

 Also the same as separation principle, the platform in the design is under 

reconsideration of effectiveness of modular design of hierarchical type, 

which is available for dual spindle modules 

 In addition, the hierarchical type of modules with special reference to a 

size series of the units is standardized 

 Hierarchical type function in the principle of unification 

 It is easily to standardize the different components in hierarchical 

viewpoint with consideration on functionality and dimensional 

specifications. 

 To make the RMT much more standardized by ISO. 

 

3. Evaluation method for preferred module determination 

 

 Typically, in the principle of unification, the evaluation method for 

preferred module determination is not given. Establish an evaluation 

method which the modules is standardized in full consideration of 

dimensional specifications, functionality, capability and structural 

configuration.  

 In this regard, the standardization of the preferred module is determined 

with satisfactory states. 

4. Establishment of unification methodology available across the whole kinds 

 

 Indual spindle RMT design, the new definition of the principle of 

unification established, in which all module standardized in full 

consideration of its dimensional specifications, functionality, capability 

and structural configuration is being given a standardization technology 
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for reconfigurable machine tool design. 

 This new methodology which is widely considering on dual spindle RMT 

design technology is available across the whole kinds of the machine tool. 

Hence the principle of unification is fulfilling customer requirements. 

 

3.2.3 Connection 

 

1. The jointing method and joint surface should be unified at least or standardized 

 

 Both the jointing method and joint surface, all of the joints available in 

dual spindle RMT design are absolutely standardized and unified. 

Inaspect of bolted joint, the Interface Pressures of bolted joint can be 

estimated by using Rötscher’s proposal, i.e., Rötscher’s pressure cone. 

Considering the sliding joint, we take the anti-wear resistance capability 

into consideration to select the preferable sliding joint characteristics. In 

addition, the pressure of the interface is the most important element, 

when make the decision of guideway. Here the allowable interface 

pressure is used as a reference. As for the welding joint, the thickness 

limits of square joint is up to 0.25 inch (0.64 cm) 

 

 Joints in the design 

 

Table 6 shows that the joints dedicated in dual spindle RMT. 

 

 Bolted joint belongs to stationary joint which are used for the 

connection of structural body components (base, column and 

headstock) and the machine tool elements. 

 Open type joint that belongs to semi-stationary joint which can be 

whether stationary joint or sliding joint depending on the clamping 

mechanism is in working condition or not. 

 Foundation which install or fix the machine tool on the factory floor.  

 Welded joint that formed by welding two or more work pieces, made 

of metals according to particular geometry. 

 Guideway which is necessary and inevitable to provide a machine 

tool with the basic function such as form-generating movement. 

 Main spindle-bearing system is for rational movement. It concludes 

the stationary joins between the wall of the headstock and the bearing 

housing, and the outer race of bearing both the side surfaces of the nut 

and spacer. In addition, the sliding joint at gearing and the rolling 

joint between the roller and its races is also a part of main 

spindle-bearing system.  

 Closed type joint which have the same property as open type joint. 

They only have the difference according to configuration aspect. As 

Figure bellow showed the different configuration between closed type 
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joint and the open type joint. 

 [2] 

 Coupling is a device used to joint pieces of rotating equipment while 

permitting some degree of misalignment or end movement or both. 

 

Parts Joint 

Base Bolted Joint, Welded joint, Foundation 

Colume Open type Joint, Sliding Joint (Traveling mechanism), 

welded joint 

Table Tunnel Sliding joint (Guideway) 

Table Sliding joint (Guideway) 

Spindle Base Sliding joint (Guideway) 

Head Stock Sliding joint (Guideway), Main spindle-bearing system, 

Closed type joint 

Spindle Main spindle-bearing system, Coupling 

Cutter Holder Coupling 

Cutter None 

Table 6: The joints in dual spindleRMT Design [2] 

 

2. Allowable accuracy and acceptable joint stiffness 

 

 Formula of linear stiffness isk =
𝐹

δ
, which F is the force applied on the 

body and δ is the displacement produced by the force alone the same 

degree of freedom. The formula of rotational stiffness is k =
M

θ
, which M 

is the applied moment and θ is the rotation. Within the allowable accuracy 

and stiffness, a selection of the material of the joints and the structural of 

the joints by these formulas is determined.[8] 

 

3. Mutual effect of the jointing/surface accuracy/bearing and joint 

stiffness/loading 

 By the consideration of mutual effect of jointing/surface accuracy/bearing 

and joint stiffness/loading, the only factor in the analysis is the DOF 

which is a constraint to these problems. 
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 Degree of freedom (DOF) 

Formula:M = 6n −   6 − 𝑓𝑖 = 6 𝑁 − 1 − 𝑗 +  𝑓𝑖
𝑗
𝑖=1

𝑗
𝑖=1  

In dual spindle machine tool n=13, j=5. 

 

DOF of the dual spindle machine tool is 5 which mean the RMT has five 

different dimensions. Hence the joint effect is really important on these 

five dimensional considerations.[7] 

 

 Joints Function in the RMT Design 

 

Illustrates in table 6the function of each joint can be  

 

 Bolted joint is for connecting the base with column with respect to 

the stiffness of the machine tool. 

 Open type joint can be used to connect the base with column in a 

stable reconfigurable in this design because of its flexible 

characteristics, which can be both stationary joint and sliding joint. It 

is easy to replace the components by the adjusting the clamping 

mechanism. 

 Foundationshows very particular behavior under static and dynamic 

loading in for the base with factory floor in the RMT. 

 Welded joint is simple to prepare, economical to use, and provides 

satisfactory strength. But the joint thickness is limited. The tunnels of 

gantry are inserted in the grooves of the base. So there are four 

contact surfaces between each tunnel and grove. It makes the 

thickness limit means nothing anymore. 

 Guidewayfacilitates the ease of design and manufacture of the 

machine tool. The interfacial layer between the table and the tunnel is 

the form of gib. The rolling guideways can provide the relative 

traveling movement between the gantry and the tunnel, and between 

the tunnel and the table. 

 Main spindle-bearing system can be used in the high speed spindle 

machine tool. Thus it can render the bearing nut useless to minimize 

the unbalance. 

 Closed type joint for connecting the milling spindle and tool holder 

shank which can ensure installation of milling spindle in the RTM 

design. 

 Coupling is the joint method used to connect the cutter holder and the 

spindle. 

 

In dual spindle RMT design, the rate of the joint to overall deflection can 

be described in vertical milling machine tool units. As the table 7 shows 

it appears that the joint connection in dual spindle RMT design can be 
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exactly  

 

Machine 

tool 

Objective portion 

of overall 

deflection 

Dominant joints 

affecting overall 

deflection 

Influencing 

rate of joint % 

Vertical 

milling 

machine 

Table-tool Knee guideways 

Tableguideways 

60-70 

Table7: The rate of joint to overall deflection in the RMT [2] 

   

In the principle of connection, the machine tool joint in dual spindle 

RMT design, that of closed and open type correctly represent the two 

dimensional FOF, and the distribution form of the interface pressure. 

 

3.2.4 Adaptation 

 

1. Customer Requirement 

 

 At the design stage, there are no reliable and effective methods and 

methodologies to evaluate the dimensional and performance specification. 

Thereby establishing a conversion method of uncertain design attributes 

with respect to customer satisfaction and design specifications. 

 Considering on principles of separation, unification and connection, the 

preferred module determination generates results which configuration will 

be preferred for adaptation. 

 Customer-oriented type machine: vertical milling machine tool with 

reconfigurable on spindle, machine table and cutter. 

 Hereby establish a methodology for the principle of adaptation, i.e., 

rational combination of the modules from a group of predetermined 

modules in accordance with the customer requirements. 

 

2. Functionality and Structural Description 

 

 Generally there are two methods: one is the functional description 

(movement description) and the other is the structural description. In a 

machine tool as a whole, a one-to-one relationship between the function 

and the structural configuration is obviously not guaranteed. 

 Functional description usually is represented by implicit representation of 

flow of force, which including the linear and rotational movements in 

direction of X, Y and Z axes, and around them. There is only elementary 

knowledge about machine tools and manufacturing procedures. It is often 

used in functional analysis of machine tools, decision of qualitative 

configuration similarity, prediction of variants from basic structure, 

computer-aided drafting for concept drawing, automatized process 
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planning, and structure analysis from ergonomics aspect. [2] 

 The table 8 dedicates the use of symbolic representation and decision for 

reconfigurable machine tool in modular design. 

 

Table 8: Use symbolic representation and decision table for machine tool [2] 

 

 Structural description usually is presented by explicit representation of 

flow of force, which including the GT codes and flow of force (structural 

pattern). In structural description, deep knowledge about machine tool 

structures is required. And the application area of structural description 

includes classification of machine tools, structural analysis of machine 

tools, evaluation of structural similarity, and generation of structural 

configuration (variant and free types). [2] 

 To be adapted by the customers, the functional and structural descriptions 

are the other methodology which we established for principle of 

adaptation. 
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3.2.5 Reusability 

 

1. Platform is capable of manufacturing the individual product configuration 

with higher reusability, where reusability can be applied in the platform 

after necessary modifications to other products manufacturing. As well as 

the other part families, the reusability is most important for customers’ 

requirements in RMT design. 

 

2. The module obtained from the machine tool in the end of life might be used 

again as a new module after modifications. 

 

3. To define the principle of reusability more clearly, the adaptation and the 

reusability of the designed RMT according to this methodology are the 

most important factor. 

 

4. A group of modules is, in preferable cases, guaranteed reusability to a large 

extent, because the reuse is more desirable than recycling. 

 

5. The reconfigurability of the designed RMT is the basic idea to make the 

reusabilityadapted by customer demands. To ensure the adaptation and 

reusability of the RMT, the principle of reusability is concluded below: 

 

 Modular design in zero waste 

 Aims at cost reduction with high functionality and performance 

 Use of  modules obtainable from supply chain of world class 

 

3.3 Concept of theRMT Design 

 

To design dual spindle RTM with Modular Reconfigurable Machine Table and the 

Multi-tool in spindle and cutters with respect to customer requirement, the five design 

principles are worth suggested applicable in dual spindle RMT. 

 

Importantly, dual spindle RMT design with the multi-tool RMT concept extremely 

focuses on the dual spindle units which are reconfigurable in vertical spindle, machine 

table and the cutter. The concept of that will operate dual spindle simultaneously such 

that one for face milling and the other one for end milling processes. A number of 

tools are being utilized to reach customization flexibility for a part family. 

 

Several operations can be performed in dual spindle RMT. If one spindle breaksout, 

there would be one replacement on the platform. 

 

As explained before, the vertical machine spindle, machine table and cutter are 

reconfigurable. Combined to other machine tool, the designed dual spindle RMT has 
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more advantages. 

 

 

3.3.1 Advantages of the RMT 

 

Every manufacturing enterprise, and, in turn, its manufacturing systems should 

have three goals: Produce at low cost, enhance product quality, and possess 

capability for rapid responsiveness. Reconfigurable systems are focused on 

achieving the third goal – responsiveness, and achieving it at low cost and 

rapid time. [1] 

 

The machines that use reconfigurable components and architectures can offer 

a much greater benefits to manufacturers than traditional manufacturing 

systems. These include adjustable rates of productivity and flexibility, along 

with new tools for designing systems and getting production up and running 

are hallmarks of reconfiguration design that improve the time-to market, and 

provide production at precisely the quantities needed, and at the lowest 

possible cost. [3] 

 

The dual spindle RMT is a machine tool whose structures can be altered to 

provide either alternative functionality or incremental increase production rate 

in order to meet changing demand. Thedual spindleRMT can be continuously 

modified to provide new functionality or production capacity as needed. 

Therefore, the RMT has two basic objectives:[1] 

 

 

 

 

 

 

What advantages can be indicated between dual spindle RMT and existing 

machine tool (single spindle) is that dual spindleRMT is designed round the 

common characteristics of part families and this feature differentiates them 

from dedicated or flexible machine tools.  

 

For example, dual spindle RMT can therefore be designed to perform the 

necessary machining operations common to all the members of the part family 

with reconfiguration to the machine itself. It can cost-effectively produce or 

inspect a whole family of parts, even part styles that have not yet been called 

for. 

 

What is the exactly advantages gained in the dual spindleRMT: 

 

 Reconfigurable characteristics in machine table, machine spindle and 

 To adapt the machine tool functionality to fit a new member of a 

family parts 

 To increase the production rate by adding resources. 

 



Modular Design of Reconfigurable Machine Tools 

30 
 

machine cutter, that is, convertibility, scalability and reconfigurability. 

 

 Customized flexibility and ease reconfiguration of the machine tool 

 

 Combined advantages of dedicated tools and flexible tools 

 

Dedicated manufacturing lines (DML), or transfer lines, are based on 

fixed automation and produce a company’s core products or parts at 

high-volume. Each dedicated line is typically designed to produce a single 

part at high production rate, which is the key to have relatively low cost 

per part. As the increasing speed of the customer requirement, the lack of 

flexibility makes most factories with dedicated lines do not operate at full 

capacity, and thereby create losses. 

 

Flexible manufacturing systems (FMS) consist of computer numerically 

controlled (CNC) machines and other programmable automation and can 

produce a variety of products on the same system. But flexible systems 

have not been widely adopted because of their relatively slow production 

rate and lower production capacity. 

 

Reconfigurable tools fill the gap between dedicated tools and flexible 

tools. It has different modules, which have functions as well as different 

dedicated tools. Different modules such as single spindle and dual-spindle 

can provide high production rate separately. But in the need of the change 

of customer requirement, the convertible design is also suitable by high 

flexibility, that the modules can be easily changed by the requirement. 

[10] 

 

 Reduced cost of the machine. Especially the RMT is to reduce design lead 

time, manufacturing set-up time and ramp time while providing cost 

effective solution. 

 Increased productivity. The RMT is reconfigurable for different part 

families and it is customization flexibility. 

 

 

3.3.2 Reconfiguration Operation in Designed RMT 

 

Adjustable structure may be achieved by machine tool modularity, changing 

the configuration of mechanical links in the machine tool, or 

adding/subtracting resources to/from the machine tool. Resources may be 

spindles, assembly arms, etc. 

 

Reconfiguration operation aims at reconfigurability of RMT. The dual 

machine spindles work simultaneously. The flexibility of customization 
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isreally obtained by multi-tool working. Besides, if one spindle breaks down, 

the other one can still do the work without any delay in manufacturing system. 

 

The configuration operation is simple in dual spindleRMT, and the dual 

spindles and the cutter are designed also for other part families. 

 

3.4 Components Analysisin the Dual Spindle RMT 

 

As describedin above, five RMT design principles are applied in the reconfigurable 

machine tool design. To achieve the reconfiguration, the most important ones are 

these five principles in each component application. According to the five RMT 

design principles analysis, each aspect of that is ease of use in reconfigurable machine 

tool. 

 

In this regard, the components in dual spindle RMT focus on the vertical spindle, 

machine table and cutter. 

 

 

3.4.1 Separation 

 

Compared the economical calculation of single-spindle machine with 

dual-spindle machine, the advantage of dual spindle RMT is revealed in 

separation principle. 

 

Platform concept is applied to integrate the column and base as a higher 

hierarchical type unit than rest components. This concept increased the 

effectiveness of modular design.  

 

Reconsideration of effectiveness of modular design of hierarchical type makes 

the RMT as much more reconfigurable as possible. 

 

 

3.4.2 Unification 

 

Use several restrictions to minimize the number of modules, such as 

dimension of platform, only one specified function and/or structural 

configuration for each module, dimensional specifications, functionality, 

capability, structural configuration, and the module is not over specified which 

is available across the whole kinds of the machine tools. 
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3.4.3 Connection 

 

All the joints available in dual spindle RMT design are absolutely standardized 

and unified by several steps. First of all, select the proper joint type by the 

characteristics and function of all kinds of joints to make right joint type at 

right joints with right functions. After that, allowable accuracy and stiffness is 

another restriction in the process of selection. Both the linear stiffness formula 

and rotational stiffness formula is utilized to calculate the proper stiffness range. 

Finally, we used the Degree Of Freedom (DOF) to deal with the mutual effect 

of the jointing/surface accuracy/bearing and joint stiffness/loading. 

   

 

3.4.4 Adaptation 

 

Customer-oriented machine is the main purpose of principal of adaptation. 

Functional and structural descriptions are either-or tools of analyzing the 

degree of adaptation. In order to satisfy the customers, the design is fully under 

the requirements from the customers, such as dimensional and performance 

specification. 

 

 

3.4.5 Reusability 

 

In dual spindle RMT design, platform concept can rabidly increase the 

reusability. Furthermore, the reusability can be gained in that way of 

reconfiguration of machine spindle, machine table and cutter. 

 

 

3.5 How to use the Reconfiguration for Another Product Family 

 

As explained before, reconfigurable machine tools can be practically used for high 

volume of products with different types and they have adjustable structures and 

scalable for different customer demand. RMT allows the cost-effective, rapid and 

mass customization for a part family. [12] 

 

Importantly, in customer aspect, dual spindle RMT is ease of reconfigurable for 

another product family. The dual spindle RMT is being reconfigurable with principles 

of reusability. The good point is tointerpret the reconfiguration on three parts, namely, 

machine table, machine spindle and cutter. 
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3.5.1 Machine Table (Convertibility) 

 

In dual spindle RMT, adding new motion units on the machine table to 

increase the number of axes-of-motion, or changing out one unit for another 

having different degrees of freedom, may change machine functionality for 

different part geometries in the same family. [1] 

 

Figure 13 is a schematic of a possible reconfigurable five-axis machining 

center that includes two optional rotary axes for rotational motions. 

 

 

Figure 13: Components for a reconfigurable rotary axis [1] 

 

3.5.2 Machine Spindle (Scalability) 

 

In order to increase the rate of production, in dual spindle RMT, the capacity 

of machine spindle unit can be increased by changing from a single or dual 

spindle unit.  

 

The dual spindle unit is a very powerful machine tool to increase productivity, 

performing dual operation simultaneously. Modularized spindle units capable 

of different speed ranges are another good use of RMTs. [1] 

 

 

 

3.5.3 Cutter (Reconfigurability) 

 

More than just cutting tool, sometimes the spindle type or even the machine 

tool configuration can be changed to cope with changes in the machining 

process. In some applications milling can be performed not only on a milling 

center but also on a turning machine, and milling and drilling operations can 

be performed on a lathe by using a milling spindle that replaces the machine 
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cutters. [1] 

 

Concerned to the reconfigurability for other part families, an example of 

drilling process in one plate can be utilized in the RMT design methodology in 

Figure 14. 

 

 
Figure 14: Multi-tool RMT of drilling holes in one plane of a part [1] 
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Chapter 4  

Dual Spindle Reconfigurable Machine Tools Generation 

by3D CAD Software 

RMT is a solution to the customer demand and the demand of new products to survive 

in competitive market based on its cost-effective and rapid change to produce high 

quality products, it is necessary to take considerations on the enabler which enable us 

to generate RMT rapidly and accurately.  

 

As it was explained in previous chapter, now the most important thing is 

implementing the RMT design integrated software which will make proper modules 

to fulfill customer requirements. Therefore the motion simulation can efficiently test 

the jointing methods in the mechanical interface. 

 

Importantly, in dual spindle RMT design, it is not required to control the modular in 

terms of the software. The interfaces and the RMT generation in 3D software are 

necessary in RTM design methodology. 

4.1 Interfaces 

To design a RMT, one of the most important enablers is interface. Interfaces maybe 

divided into three main classes: mechanical, power, and information control (see 

Figure 15). Actually in the dual spindle RMT design, the only one consideration 

might be mechanical interface which define the machine tool geometry and 

kinematics. [1] 

 

 
Figure15: Machine tool module interfaces [1] 
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Interfaces make the connection of the modules together and configuration generated. 

As described by the principle of connection, the mechanical interfaces are used to 

connect the modules mechanically with different joints. 

 

Thus the different mechanical interfaces which connect different modules for 

designing a RMT must be standardized. An important principle in designing the RMT 

is the connection of different modules to ensure the stability of machine tool. 

 

4.2 Dual Spindle Reconfigurable Machine Tool design by 3D CAD 

software 

Now the enabler of the RMT is to describe the generation of configuration in software. 

As it was explained before, the summarized methodology in 3D software generation 

can be like bellow: 

 

 Get concept from customer. The process specification defines details on three 

axis high speed milling machine, namely, vertical milling machine with 

reconfiguration of machine table, machine spindle and cutter 

 Analyze the five RMT principles in different aspects of RMT design. 

 To analyze the motion of simulation in software, the standard mechanical 

interfaces in RMT is noticeable into RMT generation. . 

 Select and make preferable configuration generation in 3D software with the 

above preparations. 

 Test the final configuration base on the motion simulation in software.  

 

4.3 The Generation of Dual Spindle RMT by 3D CAD software 

 

TheSolid Edgeis used within this thesis project, which is made by Siemens Company. 

And this software does not include stiffness and dynamic evaluation.  

 

Since the modules generated before which we select from modules of Library, now 

we make a rapid reconfiguration possible by Solid Edge in below steps: 

 

1. Making the 3D modules which are machine tool column and base of whole 

machine tool as the platform in this project, spindle, spindle holder, cutter holder, 

cutter, and machine table. And then put them in the library to make the machine 

tools structure by different arrangements of the variant modules. 
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Belowpictures are the basic components in the RMT for dual spindle machine 

tool. 

 

 

 

Base   Column 

 

 

Machine Table                              Column Slider 

 

 

 



Modular Design of Reconfigurable Machine Tools 

38 
 

Spindle Holder      Spindle 

 
 

Cutter Holder Cutter 

 

2. Joints Connection where we consider the possible of connectivity of the modules 

with suitable joints for stiffness evaluation. To make sure the motion simulation 

can be done, the joints has to be extremely standardized. The picture below shows 

the different joints in the dual spindle RMT. 

 

 

 

 

3. Assembly of the modules can be finished based on the selected modules and 

knowledge on Design Information and Management. In this regard, the joints are 

should be standardized. 
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4. Motion simulation by Solid Edge is performed to test the joints in each 

mechanical interface have enough stiffness. 
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Through the simulation setup in the picture above, the joints arededicated in blue 

points. In principle of unification and connection, the joints are standardized and 

connected to all components. 

 

In the motion simulation phase, the moving parts are the machine table, machine 

spindle, spindle holder, cutter holder and cutter.  
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Chapter 5  

Evaluation of Dual Spindle Reconfigurable Machine Tools 

 

After generate the dual spindle RMT configuration with respect to the analysis of five 

design principles based on customer requirements, in this chapter the evaluation can 

be under with some simple evaluation. 

 

In the methodology of designing RMT, the evaluation criteria in this thesis care DOF, 

Stiffness analysis, and the number of modules. 

5.1 Degree of freedom (DOF) 

 

As a result of the degree of freedom is an essential factor when consider the control of 

instability in dual spindle RMT. The DOFmust be as low as possible. As the DOFs 

increase so does cost, added value decreases and can result in instabilities.[7] 

 

In dual spindle RMT, there is no unnecessary DOF in any axes direction. So the 

configuration of RMT will be more satisfied for customer, so there is no negative cost 

in the stability control. 

 

5.2 Stiffness Testing 

 

As discussed in chapter 3, the five RMT principles concretely with regard to theRMT 

design methodology focus on the dual spindle reconfigurable machine tool. To 

achieve the joint stiffness stability, there are consideration about the connection of 

each unit in dual spindle RMT design and the unification of joints. To control the 

vibrations, it is possible to do some test on the RMT configuration by some dynamic 

simulation software like LMS. [15] 

 

By testing the dynamic vibration, it is found that the number of the DOF affect the 

static and dynamic behavior. 
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5.3 Number of the Modules 

In principle of adaptation, the customer oriented demand is important when 

considering on the adaptation of RMT. 

 

Thus the number of modules to satisfy customer process specifications is as the least 

as possible, because if there are more modules, which require more interfaces, 

whereas the interfaces need more accuracy to cope with stiffness in an RMT.  

 

Therefore, in dual spindle RMT design, to achieve higher quality and cost-effective 

production in manufacturing system, the number of modules becomes important. 

Actually, in the dual spindle RMT design, the modules come to be more than the 

existing machine tool in modernized factory.  [20] 
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Conclusion 

To summarize the reconfigurable machine tool design, the highlight points in this 

RMT design are: 

 

 Reconfigurable machine tools are cost-effective and rapid responsive changes for 

a specific range of operations requirements and can be economically converted 

from one to the other. The RMT has six key characteristics which are modularity, 

integrability, customization, convertibility, scalability and diagnosability. These 

can be widely applied in the methodology of designing preferred RMT. 

 

 Reconfigurable machine tools are designed according to the principles of 

separation, unification, connection, adaptation and reusability which ensure the 

accuracy and the optimization of the design of new RMT. However, the detailed 

descriptions of these principles are necessary on designing the RMT. As well, the 

application of the RMT is also can be done to other part families which the 

advantages of it are obviously. 

 

 The configuration generation is done in the Solid Edge which can make 

simulation of the motions to fulfill design requirements 

 

 The steps to design RMT in regard to the methodology are: 

 

 Getting the customer requirement specifications from the customer which 

defines the vertical milling with reconfigurable on machine table, machine 

spindle and cutter 

 Brief introduction and concrete analysis of five RMT design principles 

 Five RMT design principles in the RMT components which are machine 

table, machine spindle and cutter. When the advantages summarized in the 

design, the reconfigurable of the designed RMT for other part families is 

considerable to be interpreted. 

 Generate RMT configuration in 3D software like the Solid Edge after the 

analysis of the interface. 

 Evaluate the configuration based on static and dynamic analysis to test the 

stability of the RMT 

 

To design a preferredRMT, the steps can be adopted for different customer demands 

via process specifications. Whereas, the future work on improving the methodology 

of designing RMT is coming more and more significant.  



Modular Design of Reconfigurable Machine Tools 

44 
 

Future Work 

 

The thesis aims to establish a feasible methodology to design a new reconfigurable 

machine tool for adapting the rapid change in future manufacturing industry. The 

design work is still being on more research in the manufacturing field. 

 

To generate as more preferable RMT as possible, there are some works in the future 

which are improved to design and implement RMT are: 

 

1. After all, the methodology of the five principals is far from completion. In aspect 

of separation, the methodology could include the evaluation of the module 

stiffness as well as high joint stiffness. Machining accuracy is also need a sound 

methodology. So the module accuracy is within allowable tolerances to achieve 

the required assembly accuracy under any joint conditions. In aspect of 

unification, all the design in the future could be standardized by using existed 

standard, such as ISO or totally new standard, which is more applicable and 

convenience. In aspect of connection, the challenge is to contrive a new jointing 

method, so both joint surface and jointing method could be unified or 

standardized. In addition, this new method should be able to maintain allowable 

assembly accuracy and acceptable joint stiffness under the repeated use of the 

module. In aspect of adaptation, as we mentioned before, there is no reliable and 

effective methods and methodologies to evaluate the dimensional and 

performance specification. And this is the main goal for the future to complete. In 

aspect of reusability, the most significant challenge is the zero waste concepts. 

This concept needs research on both components and joints, which is a huge 

challenge for the designer. The optimize situation is that all the machines and 

components would never be waste. They could be reused forever in the zero 

waste concepts. [12] 

 

2. The huge task in the future is to implement the RMT design methodology in the 

real industries or in some labs. Even though a dual spindle RMT is a good 

example in the thesis, the real implementation is required in industry. 

 

3. Control electronics also have promotion. Modular design of production machines 

was often limited by control electronics that did not allow the same level of 

modular construction as the machine components – or only with a considerable 

increase in costs. Modular programming allows the entire machine and all 

possible options to be divided up into logical sections and clear subprograms for 

grouping in nearly any way, is a matter of course these days. [9] 
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Appendix 

 

Customer Requirement Specifications 

 

Spindle Orientation Horizontal 

Vertical 

Universal 

Machine Type Bed Mill 

Bench Mill 

Gantry / Double Column Machine 

Knee Mill 

Machining Center 

Specialty / Other 

Control Manual 

Computer Numerical Control (CNC) 

Programmable Logic Controller (PLC) 

Other 

High-speed Milling / Machining Required 

Must Not Have 

Number of Axes 5 - 5 

X-Axis Travel At least 20 inch 

At least 30 inch 

At least 54 inch 

At least 120 inch 

Y-Axis Travel At least 15 inch 

At least 24 inch 

At least 38 inch 

At least 96 inch 

Z-Axis Travel At least 14 inch 

At least 22 inch 

At least 29 inch 

At least 55 inch 

Spindle Speed Less than 100 rpm 

100 - 1,450 rpm 

1,450 - 4,390 rpm 

4,390 - 22,000 rpm 

22,000 rpm and up 

Spindle Motor Power Less than 4 HP 

4 - 13 HP 

13 - 18 HP 
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18 - 39 HP 

39 HP and up 

Number of Tools At least 95 

Features Automatic Tool Changer 

CAD / CAM Software 

Digital Readout 

Pallet Changer 

Rotary Table 

Spindle Cooling 

Workspace Enclosure 

 

Milling Cutters 

Machine Tool Type Angle Cutter 

End Mill 

Face Mill 

Shell Mill 

Plunge Mill 

Single Angle Cutter 

Double Angle Cutter 

Dovetail Cutter 

Keyseat Cutter 

T-slot Cutter 

Thread Mill 

Corner Rounding Cutter 

Concave Formed Cutter 

Convex Formed Cutter 

Helical Form Cutter 

Other 

Machine Tool Configuration Solid Construction 

Holder and Inserts 

End Geometry Square End 

Ball Nose 

Radius Tip 

Chamfer Tip 

Other 

Finish Type Roughing / Hogging 

Finishing 

Cutter Diameter Less than 0.073 inch 

0.073 - 0.21 inch 

0.21 - 0.57 inch 

0.57 - 2 inch 

2 inch and up 

Shank / Arbor Diameter (if different) Less than 0.22 inch 
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0.22 - 0.44 inch 

0.44 - 0.75 inch 

0.75 - 2 inch 

2 inch and up 

Cutting Length Less than 0.13 inch 

0.13 - 0.28 inch 

0.28 - 0.63 inch 

0.63 - 1 inch 

1 inch and up 

Overall Length Less than 2 inch 

2 - 3 inch 

3 - 4 inch 

4 - 6 inch 

6 inch and up 

Radius Dimension 0.49 inch and up 

Chamfer 26 - 54 degrees 

54 degrees and up 

English Pitch Less than 3 TPI 

3 - 9 TPI 

9 - 18 TPI 

18 - 36 TPI 

36 TPI and up 

Metric Pitch Less than 1 mm 

1 - 5 mm 

5 - 12 mm 

12 - 26 mm 

26 mm and up 

Cutting Edges Less than 3 

3 - 7 

7 - 11 

11 - 16 

16 and up 

Cutting Ends Single End 

Double End 

Machine Tool Material Carbide 

Micrograin Carbide 

Cobalt 

High Speed Steel 

Diamond / PCD 

Other 

Machine Tool Coating None 

Coated 

Titanium Nitride (TiN) 
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Titanium Carbonitride (TiCN) 

Titanium Aluminum Nitride (TiAlN) 

Aluminum Titanium Nitride (AlTiN) 

Chromium Nitride (CrN) 

Zirconium Nitride (ZrN) 

Diamond 

Other 

Machine Tool Application General Purpose 

Aluminum 

Bronze / Brass / Copper 

Ceramic 

Hard / Hardened Metals 

Plastic 

Steel 

Stainless Steel 

Titanium / Exotic Metals 

Wood 

Other 

 

 


