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1 Introduction  

Conceptual design of mechanisms plays a very important role in the development of 

mechanical products, whose primary concern is the generation of physical solutions to 

meet the design specification and provide for the intended function of the problem (Hsu 

and Woon, 1998; Chakrabarti and Bligh, 2001). In recent decades, in view of the 

significance and the complexity of conceptual design of mechanisms, there are numerous 

studies dealing with the automated design of mechanical systems using many different 

methods, aiming at supplying designers with effective computer-based tools to support 

conceptual design of mechanisms (Huang and Gu, 2006; Chen et al., 2006).  

The approaches contribute greatly to the progress of the conceptual design of 

mechanisms. Graph theory has been applied to the representation of kinematic structure 

and synthesis of mechanisms for many years, and it has proven to be an effective and 

systematic modeling approach in the search for new mechanisms (Mruthyunjaya, 2003). 

Tsai et al. (Tsai LW, 2001) enumerated all possible kinematic chains starting from an 

initial configuration, but the enumeration procedure is based primarily on structural and 

topological considerations and does not reflect the desired functions. Yan and Ou (Yan 

and Ou, 2005) also propose an approach for the enumeration of combined configurations 

of kinematic building blocks using graph theory. Graph theory accounts mainly for the 

degrees of freedom and structure constrains such as whether the input link is connected to 

the frame or not, but it cannot reflect mechanism functions and constrains. The 

Mathematic represent methods, such as set theory, dual vector and matrix etc., play an 

important role in the conceptual design of mechanisms. Moon and Kota (Moon and Kota, 

2002) presented a mathematical framework for conceptual design of mechanisms 

grounded on dual-vector algebra. Chiou and Kota (Chiou and Kota, 1999) presented an 

automated kinematic synthesis algorithm for mechanisms based on the decomposition of 

functional requirements in matrix forms and the combination of some identified 

kinematic building blocks. Chen et al. (Chen et al., 2006) present an approach of 

improved morphology matrix to the automated conceptual design of mechanisms and 

curb combinatorial explosion with the aid of a systematic performance constraint 

verification approach. Subramanian and Wang (Subramanian and Wang, 1995) presented 

a compositional kinematic synthesis algorithm based on configuration spaces. Neville 

and Joskowicz (Joskowicz and Neville, 1996) also reported a language to represent the 

behaviour of fixed-axes mechanisms based on the configuration space approach. In 

addition, Artificial intelligence techniques, such as fuzzy logic, genetic algorithm, object-

oriented method, expert system and neural network, have been used to automate the 

process of mechanism type selection. Huang et al. (Huang et al., 2006) explored an 
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integrated computational intelligence approach to product concept generation and 

evaluation using genetic algorithm and fuzzy neural network. Moreover, Wang and Yan 

(Wang and Yan, 2002) presents a computerized rules-based conceptual design method for 

complex mechanism. Han (Han and Lee, 2005) presents a case-based approach for 

reusing previous design concepts in conceptual synthesis of mechanisms. Feng et al. 

(Feng, Xu and Zhang 1996) present a catalogue-based method to conceptual design of 

mechanisms. Design catalogues can help designers in finding solutions for the sub-

functions of the function structure with ease, but its construction are not generally 

available on computer, then the usage of them is decreased. Even many researchers also 

have explored the use of bond graphs as an aid conceptual design tool (Redfield, 1992). 

Bond graph theory can support an abstract representation of building blocks, however, it 

provide limited guidance for transforming the function structure to a physical description 

of the building blocks. Zhang et al. (Zhang et al., 2004) presented a graph and matrix 

representation scheme for the function design of mechanical products, which generates an 

explicit and comprehensive function model used for automating functional reasoning. Li 

et al. (Li et al., 1996) presented a combination of qualitative and heuristic approaches to 

the automated conceptual design of mechanisms. In the recent years, the evolutionary 

design methods have been used in the conceptual design of mechanisms, and make good 

advances (Teng et al., 2004). 

Although the methodologies introduced above devote to the automated conceptual 

design of mechanisms in the different ways, but they have the same ideas (Zu et al., 

2006), which lie in that: (1) they believe that complex mechanisms can be synthesized by 

reasoning with functions and constraints of simpler building blocks (structure elements or 

primitive mechanism prototypes), (2) the representation of building blocks and the 

function synthesis can be readily implement in computers, and (3) each of the system 

requires a database of building blocks. These works generally adopt search algorithms to 

generate the solutions in a finite space. Thus they should guarantee the completeness of 

the solution, and this usually needs an exhaustive search algorithm to obtain all solutions. 

However, from another perspective these could often lead to the problem of 

combinatorial explosion. 

Different from the previous works, this paper intends to integrate functional and 

physical domains, and represent the abstract function of kinematic building blocks 

(hereafter simply referred to as óbuilding blocksô) based on a knowledge-based 

representation scheme. Since the design requirements and kinematic building blocks are 

qualitatively expressed by few function codes, so it can to enumerate all possible 

solutions in an exhaustive way. Furthermore, based on principle of combination and 

categories of functions, this paper propose a new functional reasoning strategy to reason 

out all the possible and feasible combined configurations to the desired function 

requirements with a given number of building blocks in the knowledge base, as well as 

filter out infeasible solutions. The motivation of this work is to provide the designer with 

more alternative solutions that meet design requirements in the conceptual design or 

redesign of mechanisms. The experimental result suggests that the proposed conceptual 

synthesis of mechanisms method is complete and heuristic. Moreover, it is simpler and 

more efficient than the random search approaches used in some previous works.  

The rest structure of this paper is organized as follows. Section 2 gives an overview 

of conceptual design of mechanisms. Section 3 establishes the knowledge-based 

functional representation frame. Section 4 gives a description of the automated 
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conceptual design procedure with enumeration and functional reasoning in detail. Section 

5 briefly introduces the computer-aided conceptual design software developed with the 

proposed methodology. Section 6 illustrates how the proposed methodology works, with 

the conceptual design of a wire-cutting machine as an example. And, section 7 discusses 

some advantages of the proposed methodology over the existing methods. Then the last 

section draws the conclusions. 

2 Mechanical structure and design tasks 

In order to give an overview of conceptual design of mechanisms and introduce the 

object of this paper, this section analyzes the basic components of the mechanical system 

and the mechanism design tasks, furthermore, illustrates the outline of conceptual design 

process adopted in this paper. 

2.1 Mechanical system analysis 

In systematic views, the mechanical system consists of three basic components: end-

effector, driving mechanism and actuator, as shown in figure 1.  

The driving mechanism, in kinematic synthesis literatures, is defined as transmission 

mechanism, which transforms the output motion of the actuator into the input motion of 

end-effectors. The driving mechanism is constructed with some building blocks 

according to the combination relationships among them. Actuator provides the 

mechanical system with motional source. Usually, a mechanical system has only one 

actuator, such as a motor. End-effector is a device or tool connected to the end of the 

machine, which is used to accomplish a task. A mechanical system may have more than 

one end-effector. Figure 2 illustrates a mechanical system (engine system during starting 

period) and shows the combination relationships and motion transmission among these 

constructive elements. 

Figure 1 Components of a mechanical system 

Output motion
End-Effector

Input motion
Driving Mechanism

  Performance constraints

Actuator
 

Figure 2 An engine system (during starting period). (a) Schematic diagram. (b) Combinatorial 
relationships among the constructive elements. 
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(b) 

2.2 Mechanism design tasks 

In the conceptual design of mechanisms process, the mechanism design tasks are mainly 

solved the driving mechanisms function generation problem, which can be expressed in 

terms of a function transforming a given input into a required output. The kinematic 

specification of desired motion transformations and combinational relationships are 

defined by the design of end-effector and the actuator. Once end-effectors and actuator 

are selected, the input and the output (I/O) motion requirements and constraints of the 

driving mechanism are then established. In this paper, the I/O motion requirements and 

constraints of the driving mechanisms are defined as input flow and output flow 

respectively. So the design task of driving mechanisms is restricted to find out all feasible 
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combinatorial configurations of the building blocks based on the output flow of actuator 

(the input flow of driving mechanism) and the input flow of end-effectors (the output 

flow of driving mechanism). 

Since mechanisms composed of fewer building blocks often have higher reliability 

and efficiency, and can also help to effectively curb combinatorial explosion, so the 

maximal function synthesis number is often set as smaller as possible. Therefore, 

regarding the problem of enumeration and engineering application, three categories, I-

type, II -type and III -type combinations, are classified according to the function synthesis 

number. Figure 3 shows the three serial combinatorial configurations of drive 

mechanism. They are represented as: (a) I-type: M1 = A, (b) II -type: M2 = A Ÿ B, and (c) 

III -type: M3 = A Ÿ BŸ C. Where Mi (i = 1, 2, 3) is the drive mechanism, óŸô is the 

motion connection between the two building blocks. As shown in figure 2, the driving 

mechanism, which is the combination of ñSpur Gear Ÿ Pulley and Belt Ÿ Cam-

Followerò, is the III -type. 

In the following sections, we present a method for assembling the selected building 

blocks in a proper sequence (I, II  and III -type) to synthesize a complete mechanism using 

enumeration and functional reasoning. 

Figure 3 Enumeration of three combinatorial configurations 
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3 Knowledge-based functional representations 

In this section, we will discuss and establish the knowledge-based functional 

representation frame for the design requirements and an established library of building 

blocks in detail, including the following: (i) functional representation, (ii ) rules for the 

building blocks serial combinations, (iii ) categories of motion functions, and (iv) the 

library of building blocks. 

3.1 Functional representation 

Function is the crucial concept in the automated conceptual design of mechanisms, but it 

has no clear, uniform, objective, and widely accepted definition (Umeda and Tomiyama, 

1997). However, designers generally agree that function derive from the designersô 

intention or purpose. In order to effectively support the conceptual design of mechanisms, 
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we need to resolve two difficulties: (1) representing the various facets of the function, 

and (2) reasoning about the generation and selection of feasible solutions. We refer to the 

former as the functional representation while the latter is referred to as the functional 

reasoning. In this section, we mainly discuss the functional representation. The functional 

reasoning is discussed in the later sections. 

There are many different methods to represent the function, each of which has its own 

characteristics and emphasis. Pahl and Beitz proposed that function represents the general 

relationship between the I/O of a system and modeled the overall function based on the 

flows of energy, material, and signals (Pahl and Beitz, 1996). Kota and Chiou devised a 

matrix representation scheme, for each kinematic building block, the motion functions 

are represented in a way to abstract the couplings between the I/O in terms of motion type 

and spatial orientation (Chiou and Kota, 1999). Moon and Kota used dual-vector algebra 

to represent the motion function of building blocks (Moon and Kota, 2002).  

Differing from the previous works, this paper regards the motion behaviors and 

functions of building blocks as motion functions (hereafter simply referred to as 

ófunctionô). We formulate the abstract functional representation of building blocks in 

terms of qualitative descriptions. I-The qualitative specification of the input functions and 

constraints, O-The qualitative specification of the output functions and constraints. 

},,2,1|{),(,, nkBmmOmIm koioi 2=ÍÍ$Í"                                      

(1)  

Where miÍI means that the motion function mi is in the class of input function. Bk-the 

single-input, single-output building blocks. For a building block transform the rigid body 

motion between I/O terminal links, so a building block can be considered as a motion 

transform function f(·), which indicate that the output function mo is a motional transform 

function of input function mi, therefore, the relationship between the I/O functions is  

)( io mfm =                                                                                                           

(2) 

In this paper, motion type, continuity, interchangeability (or reversibility), linearity, 

direction and axial orientation are used to capture and characterize the functions of 

building blocks and design requirements. Motion type indicates whether the I/O motion 

of building block is rotational (R), translational (T) or helical motion (H). Furthermore, in 

order to be easily operated and realized with a computer, we distinguish the different 

attribute values with the aid of the codes 0, 1, and 2 to denote rotational, translational and 

helical motions respectively. Similarly, reciprocator indicates whether the I/O motion of 

building block is unidirectional or bidirectional (reciprocating or oscillating). The other 

basic functions and codes are shown in the table 1. 

Table 1 The basic functions and codes 

Functions Attribute values Codes 

Motion type Translation / Rotation / Helical 0 / 1 / 2 

Continuity Continuous / Intermittent 0 / 1 

Linearity Linear / Nonlinear 0 / 1 

Interchangeability True / False 0 / 1 

Direction + / - 0 / 1 
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Orientation x-axis / y-axis / z-axis  0 / 1 / 2 

Reciprocator Unidirectional / Bidirectional 0 / 1 

Direction Transformation (DT) Defined in the table 2 0 / 1 / 2 /3 / 4 / 5 

Table2 Enumeration of the relationships between reciprocator and direction 

Code The relationships between reciprocator and direction 

0 Input and output are in unidirectional motion, and in the same direction 

1 Input and output are in unidirectional motion, and in the opposite direction 

2 Input is unidirectional motion and output is bidirectional motion 

3 Input is bi-directional motion and output is unidirectional motion 

4 Input and output are both bidirectional motion 

5 Input and output are in unidirectional motion, and in the same or opposite direction 

3.2 Basic principle of combination  

Actually, there exists a reasonable and feasible combination relationship between the two 

connected building blocks, which is called as the compatibility of combination. When 

combining two building blocks, the input functions of the succeeding building block shall 

satisfy the output function requirements of the preceding one. These function 

requirements can be classified as necessary ones and desirable ones. A necessary 

requirement represents a requirement between the two connected building blocks that 

must be satisfied, while a desirable requirement represents an expected represent that also 

cannot be violated. The former can be defined as the principle of combination, while the 

latter can be regard as the performance constraints. The basic principle of combination is 

as follow: If two building blocks can be combined, the motion type, reciprocator and 

axial orientation of joint incident to the merged link of building blocks shall be the same 

as the one of another building block.  

The basic I/O functions of the building blocks are represented as Function Vector 

(FV).  

FV = (Motion type, Orientation, Reciprocator)                                                        

(3) 

Furthermore, for a serial combined mechanism with n constructive building blocks, 

except the output link of the ólastô building block that is used to generate the output 

motion, the output motion of each of the remaining n-1 blocks serves as the definition 

domain of transformation function of the next block combined in series. Thus, the 

transformation function among the n constructive building blocks is  

)))((( 111 mffff nnoutn 3-- =                                                                               

(4) 



   

 

   

   

 

   

   

 

   

    Automated conceptual design of mechanisms using enumeration and functional    
 

 

    

 

 

   

   

 

   

   

 

   

       
 

3.3 Categories of functions 

For the sake of convenience of enumeration and functional reasoning, as well as 

representation the characteristics and features of function properly, the functions can all 

fall into two categories: monotone function and nonmonotone function.  

1. Monotone function. Monotone functions have monotone characters in the 

automated conceptual design process. Monotone functions also are classified into two 

categories: (i) equivalent function and (ii ) increasing function. 

(i) Equivalent function. For the function m1,m2,émn, if  the output function of the 

combination only depends upon the output function of the last building blocks, then the 

functions m1,m2,émn are called equivalent function, so the equivalent functions 

m1,m2,émn can be represented as 

outioutii fmfffmffnim 212121 ))((,)((),,,2,1( ===" 2                        

(5) 

For example, the output motion type of the combination of ñParallel Pulley-Belt Ÿ 

Rack-Pinionò is ótranslationô and it is just the output of the ñRack-Pinionò, which is the 

last building block of the combination, thus the motion type is an equivalent function.  

(ii ) Increasing function. The function m1and m2, if  

1221 )(),,2,1(,)( mmfnifmmf i =$×="=$ 2 , Then 21 mm >              

(6) 

So the function m1 and m2 are increasing functions. For instance, there exist building 

blocks that can transform continuous motion into discontinuous motion, while no 

building block can transform discontinuous motion into continuous motion. So continuity 

is an increasing function. Similarly, linearity can also be classified as such type. 

2) Nonmonotone function, the function has not monotone character in the automated 

conceptual design process, and they produce diverse outcomes from different functions 

and motion transform functions. According to the certainty of the outcomes in the 

functional reasoning process, monotone functions also can be classified into two 

categories: (a) certain function and (b) uncertain function. Certain function cannot be 

defined in the uniform formula, but it can be expressed with truth table. For example, the 

reciprocator function is a certain function, and it can be represented in the truth table, as 

showed in table 3. While Uncertain function is divergent and uncertain in the 

combination. It shall be chosen by the designers.  

Table 3 Enumeration of the I/O reciprocator 

Transform functions f(0) = 0 f(0) = 1 f(1) = 0 f(1) = 1 

Input 0 1 0 1 0 1 0 1 

Output 0 1 1 1  0  1 

Note that óô means null, ó0ô means unidirectional and ó1ô means bidirectional 

3.4 The library of building blocks  

According to the function codes in the table 2, a library of building blocks and their codes 

are being developed. Table 4 shows the portion of the basic building blocks library. Aim 
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to eliminate data redundancy in the library and improve retrieval efficiency, each 

building block has only one ID. However, some building blocks have the two different 

ID, which I/O motion types are different and its reversibility is true. For example, ñRack-

Pinion (R-T)ò and ñRack-Pinion (T-R)ò have the different ID (001 and 002). The 

functions that are dependent on the I/O motion need to include I/O motion information, 

such as motion type and axial orientation.  

Table 4 The partial library of basic building blocks  

ID Name 
FV codes Continu-

ous 
Linear-
ity 

Interchan-
geability 

DT 
Input Output 

001 Rack-Pinion (R-T) (0, 0, 1) (1, 1, 1) 0 0 0 4 

002 Rack-Pinion (T-R) (1, 1, 1) (0, 0, 1) 0 0 0 4 

003 Slider-Crank (R-T) (0, 0, 0) (1, 1, 1) 1 0 0 2 

004 Slider-Crank (T-R) (1, 1, 1) (0, 0, 0) 1 0 0 34 

005 Paw-Ratchet Wheel (0, 0, 1) (0, 0, 0) 1 0 1 3 

006 Worm-Gear (0, 1, 0) (0, 0, 0) 0 0 0 01 

é é é é é é é é 

In the following sections, we will discuss the automated conceptual design procedure 

in detail, including the following: (i) enumeration of functional connection between the 

I/O of each building block from the library, (ii ) function synthesis algorithm, and (iii ) 

using function performance constraints and functional reasoning to filter out infeasible 

solutions. 

4 Automated conceptual design process 

After a designer specify the design task, select the end-effectors and the actuator, and 

input the desired functions and some performance constraints on the desired solutions, 

then, the computer-aided conceptual design system can begin automated conceptual 

design of mechanisms. Figure 4 shows the automated functional synthesis process. The 

steps are: 

Step 1. Specify the design problem, decide the end-effectors and actuator, and 

represent the I/O function requirements and performance constraints.  

Step 2. Based on the principle of combination, lists all I/O functional connections of 

each building block in the library.  

Step 3. Function synthesis, combine the function chain of building blocks to the 

desired I/O function requirements using bi directional search, and then leading to a set of 

all possible combinatorial solutions.  

Step 4. Performance constraints verification of the building block combinations 

acquired, and filtering out some infeasible combinatorial solutions using functional 

reasoning, which result in the final design alternatives generated. 

In the following sections, we will introduce how the above steps are realized in 

details. 

Figure 4 The function synthesis process 
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4.1 Functional connection enumeration algorithm 

Because each variable of the FV can merely have few values, such as 0, 1 and 2 etc., it is 

easy to enumerate all possible combinations in an exhaustive way. For example, 

according to the characteristic of equivalent functions and equation 5, motion types that 

are transmitted between the I/O members, and their connections between the output of 

preceding building block and the input of succeeding one can be enumerated and are 

shown in figure 5. Similarly, based on I/O axial orientation of building blocks, all the 

feasible connection of I/O axial orientation can be enumerated in an exhaustive way, and 

the results are shown in table 5. In addition, integrated the truth table of reciprocator in 

the table 3 and the codes in the library, it is easy to list all possible I/O functional 

connections for each building block in the FV form. 

For instance, a rack-pinion (R-T), which is illustrated in figure 6, can transform the 

rotational, z-axis, bidirectional input motion into the translational, x-axis, bidirectional 

output motion, and it is represents as the FV form, namely (0, 2, 1) Ÿ (1, 0, 1). The other 

possible I/O functional connections are shown in the table 6. Similarly, we establish the 

library of all the possible I/O functional connections for each building block in the 

knowledge base. 

Figure 5 Enumeration of building block A and B motion type combination 
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Table 5 Enumeration of all the feasible connection of I/O axial orientation  

Orientation codes The feasible I/O orientation connection  

 (I, O) Input Output 

0  0 (0, 0) (1, 1) (2, 2)    

0 1 (0, 1) (0, 2) (1, 0) (1, 2) (2, 0) (2, 1) 

0 2 (0, 1) (0, 2) (1, 0) (1, 2) (2, 0) (2, 1) 

1 0 (0, 1) (0, 2) (1, 0) (1, 2) (2, 0) (2, 1) 

1 1 (0, 0) (1, 1) (2, 2)    

1 2 (0, 1) (0, 2) (1, 0) (1, 2) (2, 0) (2, 1) 

2 0 (0, 1) (0, 2) (1, 0) (1, 2) (2, 0) (2, 1) 

2 1 (0, 1) (0, 2) (1, 0) (1, 2) (2, 0) (2, 1) 

2 2 (0, 0) (1, 1) (2, 2)    

Figure 6 A rack-pinion mechanism 

 

Table 6 A list of all the I/O FV codes of Rack-Pinion (R-T) 

Input/Output Function codes of FV (Motion type, Orientation, Reciprocator) 

Input  (0, 2, 1) (0, 2, 1) (0, 1, 1) (0, 1, 1) (0, 0, 1) (0, 0, 1) 


