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mechanisms using enumeration and functional reasoning. In this method,
design requirements and kinematic building blocks are expressed by function
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enumeration process is proposed to enumerate all possible and feasible
functional connections of each kinematic building block in the knowledge base.
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1 Introduction

Conceptual design of mechanismpys a very important rolen the development of
mechanical productsyhoseprimary caocern is the generation of physical solutions to
meet the design specification and provide for the intended function of the prHidem
and Woon, 1998; Chakrabarti and Bligh, 2Q0l) recent decadesn view of the
significance and theomplexityof coneptual design of mechanisntbere are numerous
studiesdealing with the automated design of mechanical systems osng different
method, aiming at supplying designers with effective compbtesed tools to support
conceptual design of mechanis(hiiarg and Gy2006 Chen et al., 2006)

The approachescontribute greatly to the progress of tlkenceptual design of
mechanismsGraph theory has been applied to the representation of kinematic structure
and synthesis of mechanisms for many years, and ipfa®n 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 procedurebiased 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 theo@raph 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 setyheéorl 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 dualector algebra. Chiou and Kota (Chiand Kota, 1999presented 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., 2006sqie 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, 1&85)ted
a compositional kinematic synthesis algorithm based on configuration spaces. Neville
and Joskowicz (Joskowicz and Neville, 19880 reported a language to represent the
behaviourof fixed-axes mechanisms based on the configuratipace approachn
addition, Artificial intelligence techniques, such as fuzzy logic, genetic algorithm, ebject
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)edxator
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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-hdssd conceptual design method for
complex mechanism. Han (Han and Lee, 2005) presents abassd approach for
reusing previous design concepts in conceptual synthesis of mechanisms. Feng et al.
(Feng, Xu and Zhang 1996) present a cataldzased 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 exploed 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 blocksZhanget al. (Zhang et al., 2004presented a graph and matrix
representatioscheme for the function design of mechanical products, vgeokratean

explicit and comprehensivieinction model used for automatifignctional reasoing. Li

et al.(Li et al., 1996)presented a combination of qualitative and heuristic approaches to
the automatedconceptual design of mechanisms. In the recent years, the evolutionary
design methods have been used in the conceptual design of mechanégmska 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 thatnaplex 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 implerhém computers, and (3) each of the system
requires a database of building blocks. Theeseks generally adopt search algorithms to
generate the solutions in a finite space. Thus they should guarantee the completeness of
the solution, and this usually needn 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 domainsand represent the abstract function of kinematic building blocks
(hereafter simply referred to as-basebui |l ding bl «
representation scheme. Since the design requirements and kinematic building blocks are
qualitatively expressedy few function codes, so it can to enumerate all possible
solutions in an exhaustive way. Furthermore, based on principle of combination and
categoies offunctions, this paper propose a new functional reasoning strategy to reason
out all the possible ah feasible combined configurations to the desired function
requirements with a givenumber 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 alternativesolutions that meet design requirements in the conceptual design or
redesign ofmechanisms. Thexperimental result suggests thhe proposedconceptual
synthesisof mechanisms method @mpleteand heuristic Moreover, it is simpler and
more efficient tlan 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 knolwkesige
functional representation fram Section 4 gives a description of the automated
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conceptuatesign procedureith enumeratiorandfunctional reasoningn detail. Section

5 briefly introduces the computaided conceptual design software developed with the
proposed methodology. Sectioriliaistrates how the proposed methodology works, with

the conceptual design of a wicaitting 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 papethis section analyzebe basiccomponent®f the mechanical system

and the mechanism design tasksthermoe, illustrates the outline of conceptual design
process adopted in this paper

2.1 Mechanical system analysis

In systematicviews, the mehanical system consists of three basic componeatst
effector, driving mechanism andctuator as shown in figure 1.

The driving mechanismin kinematic synthesis literaturds,defined agransmission
mechanismwhich transforns the output motion of the actuatomto the irput motionof
endeffectors. The driving mechanism is constructed with some building blocks
acording to the combination relationships among thefttuator providesthe
mechanical system with motional sourdésually, a mechanical system hasly one
actuator,such as a motor. Ereffector isa device or tool connected to the endtlod
machine, whih is usel to accomplish a taskA mechanical system may have more than
one eneeffector.Figure 2 illustratesa mechanical system €ngine systerduring starting
period andshows the combination relationships and motion transmission among these
constructve elements.

Figure 1 Components of a mechanical system

Performanceonstraints

}

Driving Mechanism

Input motion Output motior]

A 4

Actuator End-Effector

Figure 2 An enginesystem @uring starting period (a) Schematic diagrartb) Combinatorial
relationships among the constructive elements.
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2.2 Mechanisndesign tasks

In the conceptual design of mechanisms process, the mechanism design taskinigre
solved the driving mechanisms function generation proplehich can be expressed in
terms of a function transforming a given inputoira required outputThe kinematic
specification of desired motion transformations awmbinational relationships are
defined by the design of eraffector and the actuato®nce eneeffectors and actuator
are selectedthe input and the outpt/O) moton requirements and constrairathe
driving mechanism are then establish&dthis paper, th&/O motion requirements and
constraints of the driving mechanisms are defined as ifiput and output flow
respectively. So the design task of driving mexdsias is restricted tnd out all feasible
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combinatorial configurations dhe building blockdased on theutput flow ofactuator
(the input flow of driving mechanism) and the input flow of @ifitctors(the output
flow of driving mechanism)

Since mehanisms 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 mblem of enumeration and engineering applicattbree categories)-
type, ll-type andlll -type combinations, are classified according to the function synthesis
number. Figre 3 shows thethree serial canbinatorial configurations of drive
mechanism. They are represented(ajt-type:M; = A, (b) ll-type:M, = A Y B, and(c)

ll-type:M; =AY BY C. WhereM; (i=1, 2, 3) is the dcdeive mechani
motion connection between the two building blocks. As shown in figure 2, the driving
mechani s m, which is the combination- of ASpur G

Foll owelldype i s t he

In the following sections, weresent a method fassembling the selected building
blocks in a proper sequendel( andlll -type) to synthesize a complete mechanism using
enumeration and functional reasoning.

Figure 3 Enumeratiorof three combinatorlaconfigurations

—> il —
Input flow —— bundlgg block ——> Output flow
(a) I-Type
Input flow—o) bunderg block > bundlrég block : Output flow
: > :
(b) 11-Type
Input flow—s bUIIdlgg block > bund|rég block > bundlrc\:g block : Output flow
: > > :
(c) m-Type

3 Knowledgebased functional representations

In this section, wewill discuss and establish the knowledgesed functional
representation frame for the design requirements and an established library ofgbuildin
blocks in detail, including the followingi)(functional representationii) rules for the
building blocks seriaktombinatiors, (ii) categories of motion functions, ani¥)(the
library of building blocks.

3.1Functional 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, designersmger al |y agree that function derive
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 alit 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 gstem 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 tostfact the couplings between the 1/0 in terms of motion type
and spatial orientation (Chiou and Kota, 1999). Moon and Kota used/elctalr algebra
to represent the motion function of building blocks (Moon and Kota, 2002).

Differing from the previous work this paper regards the motion behaviors and
functions of building blocks as motion functions (hereafter simply referred to as
6 f un c We tomalate the abstradtinctional representation of building blocks
terms of qualitative descriptionisThe qualitative specification of the inpéunctionsand
constraintsO-The qualitative specification of the outpfutnctionsand constraints.

"ml1L$m 1 O, (m,m)I {B k=122 ,n}
1)

Wherem| | means that the mioh functionmis in the class ahput function B,-the
singleinput, singleoutput building blocksFor a building blockransform the rigid body
motion between I/O terminal links, so a building block can be considered as a motion
transform functiorf(-), which indicate that the output functiom is a motionatransform
function of input functiorm, therefore, the relationship between the 1/0O functions is

m, = f(m)
(2)

In this paper, motion type, continuity, interchangeability @vrersibility), linearity,
direction and axial orientation are used to capture and characterize the functions of
building blocks and design requiremeri¥otion type indicates whether the I/0O 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 tifie 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 functons and codes are shown in the table 1.

Table 1 The basidunctions and codes

Functiors Attribute values Codes
Motion type Translatior/ Rotation/ Helical 0/1/2
Continuity Continuoud 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  Enumeratiorof the elationships between reciprocator and direction

Code  The relationships between reciprocator and direction

Input and output are ianidirectionalmotion, andin thesame direction
Input and output are ianidirectionalmotion, andin the opposite diretion
Inputis unidirectionalmotionandoutputis bidirectionalmotion

Inputis bi-directionalmotion andoutputis unidirectionalmotion

Input and output are bothidirectionalmotion

aa b W N P O

Input and output are ianidirectionalmotion, andm thesameor opposite direction

3.2 Basic principleof 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 buding 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 representsraquirement 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 beeagard as the performancenstraints The basigrinciple of combination is
as follow: If two building blocks can be combined, the motion tymeiprocatorand
axial orientatiorof joint incident to the merged lingf building blocksshall bethe same
asthe one ofanother building block

The basic 1/0O functions of the building blocks are representdg@uastion Vector
(FV).

FV = (Motion type,Orientation, Reciprocatpr

(3)
Furthermore, for a serimlombined mechanism with constructive building blocks,
except the output l'ink of the o6lastd building

motion, the output motion of each of the remainmg blocks serves as the definition
domain of transformatiorfunction of the next block combined in series. Thus, the
transformation function among tineconstructive building blocks is

fn»out = fn(fn—l(s fl(rnl)))
(4)
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3.3 Categorie®f functions

For the sake ofconvenience of enumeration and functional reasgnaxy well as
representation the characteristics and features of function prptrerfunctions can all
fall into two categoriesmonotone functioandnonmonotone function

1. Monotore function Monotone functionshave nonotone charactersin the
automated conceptual design procédsnotone functionglso are classified into two
categories(i) equivalent functiomnd (i) increasing function

(i) Equivalent functionFor the function my,m,,é m,, if the output function of the
combination only depends upon the output function of the last building blieks the
functiors my,m,,é m, are called equivalent function so the equivalent functions
my,m,,é m, can be represented as

) m(l :112’2 ’n)’ fl(fz(m) = flout’ f2(f1(m )) = fzout

)
For exampl e, the output moti on -Beltfe of the con
RackPi ni ondo is &6étransl ationd -Rindi ono,ihewhiucsh it et

last building block of the combination, thus the motion type isquivalent function
(i) Increasing functionThefunctionmandmy, if

$f(m)=m,," f (i =122 n), x3$f(m,) =m, Thenm, >m,
(6)

So the functiomrm, and m, areincreasing functionsFor 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 anincreasing functionSimilarly, linearity can also be classified as such type.

2) Nonmonotondunction the functionhas not mnotonecharacteiin the automated
conceptual design procesand they produce diverse outcomes from different functions
and motion transform functie According to the certainty of the outcomes in the
functional reasoning processnonotone functionsalso can be classified into two
categories(a) certain functionand p) uncertain function Certain functioncannotbe
definedin theuniform formula, lot it can be expressed with truth table. For example, the
reciprocator function is aertain function and it can be represented in the truth table, as
showed in table 3. WhileUncertain functionis divergent and uncertain in the
combinationlt shall be bosen by the designers.

Table 3  Enumeratiorof the 1/O reciprocator

Trandorm 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 Hhameadas nul |, 6006 means unidirectional and 61606

3.4 Thdibrary 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 betion 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 1/O motion types are diffen¢ and its eversibilityi s t r ue . For exampl e, A
Pinion (RT) 0 an dPinicnR&R)k0 have the different I D (001
functions that are dependent on the 1/0O motion need to include 1/O motion information,

such as motion type and axial orietiga.

Table4 Thepartiallibrary of basic building blocks

D Name FV codes Continu  Linear Interchan
Input Output ~ OUS ity geability

001 RackPinion (RT) (0,0,1) (1,1,1) 0O 0 0 4
002 RackPinion (T-R) (1,1,1) (0,0,1) © 0 0 4
003  Slider-Crank (RT) (0,0,00 (1,1,1) 1 0 0 2
004  SliderCrank (FR) (1,1,1) (0,0,00 1 0 0 34
005 PawRatchet Wheel (0,0,1) (0,0,0) 1 0 1 3
006 Worm-Gear (0,1,0) (0,0,0) © 0 0 01
é é é é é é é é

In the following sections, we will discuss thetamatedconceptuatesign procedure
in detail, including the following:iJ enumeration of functional connection between the
1/0 of each building block from the libraryiiX function synthesis algorithm, andi)
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 theeffiedtors and the actuator, and
input the desiredunctions and some performance constraints on the desired solutions,
then, the computesided conceptual design system can begin automated conceptual
design of mechanisms. Figudeshows the automated functional synthesis process. The
steps are:

Step 1. Sepcify the design problem, decide the eftkctors and actuator, and
represent the I/O function requirements and performance constraints.

Step2. Based on the principle of combination, lists all I/O functional connections of
each building block in the liary.

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 \edfion 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 aboveps are realized in
details.

Figure 4 Thefunctionsynthesis process
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Because each variable of the FV can merely have few values, such asd? etc., it is

easy to enumeratall possible combinations in an exhaustive way. For example,
according to the characteristic efuivalentfunctionsand equation 5, motion types that

are transmitted between the 1/0 members, and their connections between the output of
preceding buildingblock and the input of succeeding one can be enumerated and are
shown in figure 5. Similarly, based on 1/O axial orientation of building blocks, all the
feasible connection of 1/O axial orientation can be enumerated in an exhaustive way, and
the results a 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 raeinion (RT), which is illustrated in figures, can transform the
rotational, z-axis, bidirectional input motion into the translationslaxis, bidirectional
output motion, and it is represents as the FV form, name®, (Q,Y (1,0,1). The other
possible 1/O functioal 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 obuilding block A and Bnotiontype 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

Input Output (I, O)
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 rackpinion mechanism
Table 6 A list of all the I/O FV codes of RaeRinion (RT)
Input/Output  Function codes of FV (Mation typQrientation Reciprocator)
Input 0,2,1) 0,2,1) 0,1,12) 0,1,1) (0,0,1) (0,0,12)



