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ABSTRACT 

A higheroider kinematic cifor scnsitmty analysis and the synthesis of dimensional tolerance 

bands for complex planat mcchanisms arc investigated in this thesis. The initial phase of the 

research which is nported in Choper 2, involves dmloping a novel approach for a 

cornputer-aided kinematic anaiysis of dyad and non-dyad mec)ianisms. The appmach includes 

transfomiing the original nondyad rndmism into a scxies of dyad mechauisms whose 

solutions are d y  cornputable. This is achieved by discomectiag appropriate link &or 

joints, and prescriiing dyad cirivers for the transformeci iiiiLape. An itcrative technique is then 

employed to recova the discomected üaks by tcstoring the affecteci geometric conditions to 

theu original values. AU these steps do zmt muire hman interVention as they are generated 

automaticdy by the program, aptiy aititled as NDPLAn (Non-Dyad Planar Linkage 

Analysis). Two nondyad mecbanisms are solved to demonstrate the procedure, and the 

programs' accuracies, capabilities and versatilities. 

Having developed a method for performllig a kineLHafic airalysis of dyad and non-dyad 

mechanisms, attention is then turned to developing a pmedwe for synthesizing optimum 

dimensionai tolerances in these complex mechanisms. The method which is based on a 

mechanical error sensitivity anaiysis involving displacemmts, velocities and accelerations, 

then proceeds to choose the . - d e s t  of the maximum input exmm associated with these 

kinematicai quantitics without cxceeding the specined ailowable output limits. The work is 

reported in Chapters 3 and 4, Mth the former focusing on &ad rnechanisms and the latter on 

non-dyad mechaniam 

In the case of dyad mechaaians, they are treated as consisting of an assemblage of drivers and 

dyad groups with auaiyticaiiy cornputcd d t i v i t y  coefficients. The details are discussed in 

Chapter 3. This moduîar appmach permits the geatioa of a g c n d  multi-pinpose program 

for design sensitivity analysis and tolcrance synthesis of complex linkagcs. Also, a technique 



for the direct identification of the most sensitive aror combination without requiring ta 

consider al2 the 2- podbilities U suggcsted. This WU si@cantiy d u c e  the compubtionai 

effort needed to cany out the synthesis of optimum dimemional t o l e n u ~  in mechanisms. 

Two b g e  examples arc solved to demonstrate and ~rseas the accutacy of the method for 

dyad mechanisms. 

In Chapter 4, a method is pmposcd for carrying out a higher-order aior saisitivity anaiysis 

and optimum dimensional tolaaucing of planar nondyad mcchanisms. Uniilce the method 

described in Chupter 3 which is applicable to dyad mcchanisms only, the methoci developed 

in Chapter 4 is valid for both dyad and nondyad mechanisms, and thus, consütutes a more 

generai approach for carrying out the mechanical arot d t i v i t y  analysis with optimum 

dimensional toleancing. The method is made feasi'ble by the developmcnt of a unique 

analytical procedure for the detennination of the position, velocity and acceleration sensitivïty 

coefficients. They arc wmputcd via a kinematic aualysïs of the original and as well as, a 

supplemental mechanism. The latta is deriveci h m  the original mectianimn by sening the 

virtual velocity term to eithcr O or f 1, depending on the particular Knsitivity coefficient that 

is being evaluated. We calied this 'technique the Method of Yirtual Veiociry. Once the 

sensitivity coefficients have bcen dctcrmined, the process of synthesïzing for optimum 

dimensionai tolerancing can be casily carricd out. An example Ulvolving a 6-bar non-dyad 

linkage is useâ to demonstrate the procedm and the resuits obtained cleariy show the method 

is able to accurately compensate for the prrscribed input clzors. 
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CECAPTER 1 

Introduction 

The performance of moving mechanical s y s t e ~ ~ l ~  can be significanily a&cted by the Uiherent 

errocs of theù input parameters such as joint clearances, a d  toleta~lces in liDk lcngths and 

orientations. These mechanical amn arise h m  3 priacipal sources; accessive design 

tolerances, poor manufâcturing ailowaucss and ova tirne, the accompanying wear and tear of 

the various parts and joints. When the emns arc large, the o u h t  motion of the systems not 

ody faüs to exhibit the design motion, but is also highiy impndictable. To conhol this 

problem, one not only needs to propose a method for the analysis of the mecbanical enon but 

also, to suggest a technique for the synthesis of the dimeMional tolerance ban& of the input 

parameters for the specined output motion. 

Several approaches bave been introduced to handle the problan and they c m  be classifieci iato 
. . 

two d i s ~ c t  categories; determustic and stochastic mcthods. As their names imply, the 

former deais with hown, characterizable variables and the latter, with d o m  variables. The 

determînistic appmach, whicb includes the traditional anaiytical and graphitai methods is 

based on the worst-case d y s i s  of individual tolelsu1cts, and thus, yields consmative d t s .  

This is because the pmbability of a simultantous a c c ~ c t  of these CXttCme tolenuices on 

each and cvery ünL lcngth is negligi%ly smaii On the othcr hanci, the stochastic approach 

being more realistic in nature, can produce good d t s  but the methoci tends to bc dificuit 

and sometimcs, impracticai to use. With the advent of lowast, high-speed cornputers, 

impmved anaiytical techniques have been suggestcd and applid with grrat success to control 
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the problem. In the next section, a literzhuc survey of the pst work in this area of research is 

presented. 

In an early work, Bmevich (1946) fïrst introdud the position aiw analys-s to improve the 

output motion of mechanisms. Two years h, Svoboda (1948) presented an auaiytical 

procedure for the design of a but-bar linkage. His procedure is based on the computation of 

the sensitivity coefficients, i.a, partial derivatives of the output displaccments with respect to 

the input parameters, and from them, he detexmincd a hear rtlationship between the input 

and the output motions. Hall and Tao (1954) proposed a graphicai technique for obtaining the 

sensitivity coefficimts, but it is obvious that the sccuracy of the graphicaf pmccdure was very 

poor, and thenfore, this method was wt widely adopteci. Tuttle (1960) developed a method 

for estimating the average output -r based only on the &caczulce cffects, without any 

consideration of the link dimeasion tolcrances. Hartcnbag and Denavit (1964) estimateci the 

mechanical enor on the basis of the maximum ailowable link d.imeasion tolemce and they 

showed that the maximum aror is given by the sum of the individuai mors, a result which 

was shown to be gcndly incomct by Kolhatkar and Yajnik (1970). It was left to 

Lakshixninaragana and Narayanamurthi (1971) who prcscnttd a method for the analysis of 

mechanical errors by taking into account the cffcds of tolarince in linkages. With the 

exception of the graphicai technique, 911 the other mot anaiysis methods are based on 

dinerentiating the quations of the inputoutput displacement relationship and then, solving 

the resulting iinear algebraic &pations pertaining to the ünla and joints- 

Using a stochastic evaluation of the mobility band, Garrett and Hall (1969) analyzed the 

effects of tolerancc and clearance in a four-bar iinkage* Dhandt and Chafctaborty (1973) and 

Chakraborty (1975) dcvcloped a stochastic mode1 of the four-bar fiuiction gcnerating linkage. 

Theù approach was bascd on the assumption that the probability of the pin axis of one link 

lying at any point is the same for aii the points inside the race of the adjacent link. in a 

subsequent publication, Dhaadt and Chak&orty (1978) appiid the stochastic method to 



cany out a mechanical mor rnalysis of spatial linkagcs. Baumgarten and van der W e B  

(1985) employed pmbability thtory to anaiyzc the efftcts-of mimufkchaing tolefances on the 

output performance of constraincd kinematic chahs. In particular, they applicd the method to 

path generating mecbisms to detennine tht mean aud standard deviation of the veaot 

position of a coupla point MnlliL a d  Dhandc (1987) presented a stochastic mode1 for the 

analysis and synthesis of mechanid emn in a path-generating ünkage- In theP work, they 

assumed the tolcrances and clearances in hinge joints to k random variables and applied their 

technique to a planar tour-bar mechanisrn and its associateci c o p t e  mechanimis. They also 

developed a synthesi-s proccdure to aIiocate tol~fil~lccs and clearances on dinerrnt members 

and joints of a linkage in orda to control the output enor m the path of the coupler point to 

within specined b i t s .  

To get optimi7ation IitSU1ts h m  the mechaniciai emn analyois, Joncs and Rooney (1970), 

Rooney and Rees Jones (1975) applied the deetion of rcsidual (variance) and evaluated the 

partial derivatives of a mcchanism consûaint hction (i-e- the Jacobian) in order to optimize 

motion generation. Bateler (1979) prcsented partial derivatives m kinematic opthiattion. It 

should be mentioncd that perfonning only the optimization wodd not guaranta better d t s  

for motion and force analyses. It is necessary to consider a sensitivity anaiysis of the position, 

velocity and acceleration in order to ensure enor stability. For example, Chatterjee and Mallik 

(1987) applied sensitivity analysis to a four-bar iinkagt in ordcr to select the best choice h m  

the cognates. Using the symboüc language Maesyma. Fu and CO-workers (1987, 1988% 

1988b) presented a method to carry out d t i v i t y  analysis and optimization analysis of the 

error bands. Fenton, Cleghom -- and Fu (1989) prrsented a method for the allocation of 

dimensional tolerances for muiti-loop planar mechpnismg In a subsequent pubücation, 

Cleghom, Fenton and Fu (1993) discusscd optimum toletancing of pianar mechanisnu based 

on an emr sdtivity dys i s .  AU the hown and published work up to now has focused oniy 

on the analysis of the position output mot. In ordcr to s c ~ e  a smwther motion, it is 

necessary to take into consideration highcr ordcr effats h m  the velocity and acceleration 

quantities. in this thesis, a new method is developed to obtain wt only the position crmr 

anaiysis but also the velocity and acceleration nror analyses. To dwelop this methad, it is 
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necessary to f%st and forcmost, develop a technique that is capable of cacrying out a kinematic 

analysis of complcx non-dyad plana mcchanismsC This is because kinematic analysis of 

planar mechanisms is not only the foundaîion of mechaniSm design but is also, an inseparable 

part of the mechanicd cmn analysis. With the rapid d . c e m e n t  of cornputers and 

computing technology, several powaful software packages have ban deve10ped for 

mecbanism analysis. An in-depth Iitapture review of thesc deveiopments is presented in the 

Introduction section of CIiopter 2. 

1.2 OBJECTIVES AND SCOPE OF STUDY 

A major deficiency of the c m t l y  available methods for linlrage analysis is that they are 

highly theoretical in nature and an specific to the type otmechanism being ainalyzed. One of 

the objectives of this thesis is to develop a mcthod that is not only practical and easy to 

implernent, but aiso, must be sufnciently gmerai to mode1 ail types of complex planar 

mechanisms, ranging h m  dyads to non-dyads. The mahod must be suitable for carryhg out 

a first-order emr analysis, Le. position relatai, as well as, higher-order mor analysis 

involving velocities and accelcrations. To be usefid, it must be able to deal with single and 

multi-loop linkages. Finally, once the mechmical enor anaiysis is completed, the next step is 

to develop a method for the synthtsis of optimum dimensionai tolcrance bands for the 

specified output motion. Howeva, kforc any of these can bc attempted, it is necessazy to fïrst 

develop a procedure to hancile the kùiematic auaïysis of both the dyad and non-dyad 

mechanïsms. In summary, the objectives and scope of study of this mcatch can be broradly 
- - 

stated as foliows: 

Develop a method for the automtic gcncration of dyad mcchanisms for the kinematic 

malysis of cornplex, non-dyad plauar mechanisms. 

Develop a method for a highn order mechanical emir scnsitivity analysis suitable for both 

dyad and non dyad mechanisms. 

Develop a methai for pedbrming an optimum dimeasional to1erance synthesis of dyad 

aud non-dyad mechanisms based on the speçined output motion. 
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This thesis consists of five chapters, arrangcâ as foliows. 

In Chapter 1, a m k w  and discussion of the literature survey of the boum and publishcd 

research in the a m  is presentcd. 

In Chaptcr 2, a methcd for the automatic gendon  of dyad mechanhm for a cornputer- 

aided kinematic analysis of complex non-dyad ptanar mechanians is introduced. 

Ln Chapter 3, a method for epryuig out a higher-order mechanical aror sdtivity 

analysis and the optimum dimCLISionai tolerancing of planar &ad mechanisms is 

suggesîed. 

In Chapter 4, the trcatment of planar non-dyad mechmiisms for a higher-order mechanical 

enor sensitivity analysis and the optimum dimensionai tolerancing of plaaar &ad 

mechaaisms are proposcd 

In Chapter 5, the conclusions and simmsary of the work an outlincd. 



CHAPTER 2 

Automatic Generation of Dyad Mechanisms for Computer-Aided 

Kinematic Analysis of Complex Non-Dyad Planar Mechanisms 

2.1 INTRODUCTION 

The Fast two decades have seen an cxtcemely f a  pace of development of cornputers and 

compter technology, aad this has d t e d  in a growing danand for reliabie, efficient, 

sophisticated and vay  importantly, user-âiendly cornputer-aided mecbanism analysis and 

design packages. Substantid early developments in this direction include software packages 

such as IMP (Sheth and Uicker (1972)). ADAMS. (Oriandea (1973)). KIDYAN @rat and 

Lederer (1973)), KINSYN III (Rubel and Kaunnan (1977)) and DYMAC (Paul (1977)) and 

LXNCAGESO (Erdman and Gustaf.son (1977)). Recent graphicsdnven, usa-fiiendly software 

have also emerged and these include SYNTRA (Baika (1985)). MICROMECH (William 

(1986)). KADAM (Vadnagarwata (1988)) and KPLAn (Han a d  Tsuyuki (1993)). A state-of- 

the-art review of curnnt mechankm software has m t l y  been published by Erdman 

(Erdman (1995)). He discuJscd severai popular programs such as ADAMS', ANALYTIX~~ 

(Fichter, Smith, Todd and Wagner (1992)), DAM' @au& Wehage and Barman (1982)) and 

MINNSKETe (Ho, Esdmaa md Rilcy (1994)) and demonstrateci thtir capabilities via 

selected indusûial examples. The techiques avaüable for kinemotic analysïs can be classified 

into three types: pphical, analytid and numerical. They include for example. the vectot 

loop closure approach (Chacc (1964) and Shigley (1969)). complex conjugate exponential 

method (Smith (197S), Mman and Sandor (1984)), matrix procedures (Shigley and Uicker 



(1 980)). dyad and non-dyad modehg (ArtoboIovski (1977). Suh and Ratclin (1978), Zhao 

(1980), Huang (1981)). gr;iph theory (Paul (lm), Ciossley (1965). Davies (1968). Raicu 

(1974), Mruthyunjaya a d  Raghavan (19W)). Pnd mew theory (Bottema and Roth (1979)). In 

an attempt to handle complu ijnkages, some rcsearchecs have proposcd the use of modular 

methods to "breakdown" a iinkage into manageable modula (Kinzel and Chang (1984). 

MoIian (1984) and Smith and Ye (1984)). 

The nsearch here attcsnpts to falhll the desin for a powerlul and yet easy to use software by 

developing a M y  automated pmgram that rquires minimal himuui inputs and interventions. 

A novel approach for the kinematic analysis of complex non-dyad planar mechanisms is 

presentd It involves transforming the non-dyad rnecbanism into a Senes of dyad mechanisms 

whose solutions are readily cornputable. By disconnecting appropriate links and prescribing 

dyad cirivers for the transformeci linfcage, the affecteci geometric conditions are rccoved back 

to theu original values. This idea of discomected ünks for kinematic d y s i s  has also been 

suggested by W u  and Zhang (1988) but their approach is manual and cumbmome, and can 

solve only the simplest non-dyad linkege- The method ptcsented here is not ody fÙUy 

automated, but could also handie one or more disconnected W, with one or more dyad 

drivers. The program is aamed NDPLAD (Non-Dyad Planar Linkage Analysis). 

2.2 DECOMPOSITION INTO DYAD MECaANISMS 

Considering ody planar mechanisms with lowct pain, Fi- 24a)  dcpicto an 8-îink Assur 

kinemotic chain (AKC) with joints A, L and H hxed (or their positions arc known). As dehed 

for example, in Galletti (L986). an AKC is a closed kmematic chah possessing zero mobility 

and fiom which, it is not possible to produce another kincmatic chah of the same mobility if 

one or more links an supp~tssed. The AKC concept can be devcloped into a vcry powerfûi 

and systematic appmach for the kinematic anaiysis of complex mechanisms. This is because if 

the position of an AKC linlr is known, the position of any othn ihks in the AKC can also be 

determine6 For non-dyad mechanisrns, the procedure involves suppressing one or more links 

to transform the chain into a series of dyad mechanisms with nnite dof Then, through a 



numerical techniquep the positions of aii otha ünks are determincd by ensuring Uiat the 

positions of the joints of the removeci ihk produce the same distance as the leu@ of the 

removed link. For exampie, any one of the thrce iinks d), @, 0 in Figwe Z.l(a) may be 

removed to transfom the AKC into a sedes of dyad mechanisms as illustratcd in Figures 

2.1@), 2.l(c), 2.1(d) ctspcctively. If If link in Figure 2J(b) is tcmoved h m  the chain, the 

following cases of dyad mcchanisms corrc~p~ndhg to d i £ f i t  input links are obtaiaed. 

Figure 2.1 : Assur kinematic chah (a) and its paslale dyad mcctianisms (b)-(d) 
(O position known, O position UnfLnown). 



Case A - input O: dyad 0, O; dyad @, a; and dyad @,a. 

Case B - input @: dyad 0, (D; dyad 0, @; and dyad @, (0. 

Case C - input @: dyad 0, @; dyad a, 8; anddyad @, 0. 

Similady, if link 0 is removeci h m  the chah as depicteci in Figue 2.l(c), the transformed 

dyad mechanisms corresponding to the prescn'bed input Illilt arc: 

Case D - input @: dyaâ 0, @; dyad @, 0; and dyaâ u), 0. 

Case E - input 8: dyad Q), 0; dyad @, a; anddyad 0, @. 

Case F - input @: dyad 8, a; dyad Q, 0; and dyad CD, @. 

FWy, if link 0 in Figrrre 2 4 4  is removed hm the chai% we get the following cases: 

Case G - input 8: dyad @, 0; dyad U). 0; and dyad @, 0. 

Case H - input a: dyad 8, @; dyad QI, a; and dyad O, @. 

Any one of the foregoing 8 cases of transfomexi dyad mcchauisms can be used to perfiorm a 

kinematic analysis of the prtscn7bed AKC. Note that the retnoval of iink @ results in a 2-dof 

transformeci dyad m e c h u h i  which repugeJ 2 input variables for solution. 

To demonstrate the soIution pioccss, we consider Case B with link u) removecl as show in 

FigMe 24b). Assuming the input variable is the angle 0, the relatiouship between the 

coordinates of joint B and 0 is givai by, 



A and B zcspectively. It is rcquired to compute in Equotron (2.1), the value of 0 such that the 

original value of Lm is r e c o v d  to withui a pctscn'bad tolerance. The most conveaieat way 

to solve this noalincar problem U to do so iteratively via a sixnplex-basai algorithm. An 

alternative approach based on the rnahod of successive approximation for AKC has been 

proposeci by Huaag (1981). So fa, the discussion has b a n  confineci to the mnoval of a link 

to generate the transfonned dyad mcehmisms. If the runoval of a joint is  coasideteâ, the 

geometric conditions are slighüy more complicated (sec for example, Wu and Zhang (1988)). 

Note that the removal of a joint can g e n d y  be simulateci by discomecting two IuJcs. 

2.3 MN INCIDENCE MATRLX 

In the development of an efficient cornputer program, it is essential thpt the topology of a 

kinernatic chah be descricbcd in a systematic and yet .compact manner. A popular way to 

achieve this efficient storage of topological information is through the use of incidence 

rnatrix. Since its introduction in the sixties, the technique has been adopted by many 

cornputer-based methods for mechanism analysis. In this paper, the following modifications 

to the conventional incidence ma& approach is introducd 

(a) The rows and columns of the matrix qresent the liaLs and joints rcspectively. Hence, 

the total number of mws and columns is given by the total numba of links M and the 

total number of joints N in the mechanism (the s d e d  finkdoint incidence mat* or 

MN mattùt for short). 

@) The elements of the incidence mat& arc determinad by the natute of t ,  majoint 

relationship. For instance, a zero enûy in the matrix ixnplies that the joint is not 

counecteci direct& to the h k s  king cons id^ and a non-zero eatry denotes 

otherwise. A rnrolute joint is tcpresented by 1 and a prismatic joint by 2. 



(b) P-W (c) cornputer-generatcd 

Figure 22:  Linkagt (a) and incidence matrices (b)-(d). 

For convenient and amr& data handling, the pmgrsm automafidy comtructs two other 

incidence maüices: the conventional linlr-linlr incidence rnakix (or the MM rnatrix) and the 

joint-joint incidence matrix (or the NN mahix) h m  the prescri'bed MN m a a .  nienfore the 

MM ma&, depending on the type of Mc-pairing, wouid coIlSiStS of entries O, 1,2; and the 

NN mahic. depending on whcthcr the joints are dircctly connectcd or not, wouid contain 

entries O, 1. An example is sketched in Figure 2.2(a), with its p d b e d  MN matrix shown in 

Figure 2.2@) and the computerderived MM and NN matrices in Figiop 22(c) and 2.2(d). 



CIiapter 2: Kinematic Adysis  of Comptex Nondyd Plriru Mec- 

2.4 AUTOMATIC GENERGTION AND IDENTIFICATION OF BASIC 

The analysis of cornplex mechanisms a n  be conv~~~l*ently aad cfncientiy handled via a 

modula appmach bascd on th& basic mcchanism components. This popuiar technique has 

been adopteù by many geacral-purpose mechsnism anaiysis piograms. The mdhod i.nvoIves 

decomposing a m e c h d m  hto a series ofbasic componmts which arc nadiy rnalyzaôle. A 

systematic identification of the six basic m e c h h m  components for our -mi method is 

listed in Table 2.1. An identification number for cach type of mechanism cornpuent is showu 

Table 2.1: The six basic mechanisrn components. 

Link Lcngth 
Known 

Link Length 
Unknown 

Link Length 
Unknown 



together with its MN matrBr and the patinent gcoxnetrïc information. For example, Type 1 

mechanism component is that of a binay Iuik with a known length md its MN mahix Listed 

as shown. Type 2 mcchanism component is rimilar except that it has a slider instead of a 

revolute joint at Jg Type 3 mechanism component is a slida of tmlaiown length, and so on, 

for the reminhg mechanism components in the table. Note that for the Type 5 mechanism 

component, the slide (or the slida) is groumicd ami thus, the direaion of the sliâer (or slide) 

and the position of joint 4 aie lou,wn. An aigorithm dcscrîîg how the program 

automatically identifies the six basic mtchanism componcnts is sketchad in Figure 2.3. For 

sirnplicity, only that part of the fiowchart for a mechanism wmposed of binary ünks is 

displayed. The algonthm rtaas by determining whether a joint of the binary link is prismatic 

(P) or revolute (R). It is then routed in accordance to whetha geometxic idionnation such as 

Y Program3 fot 
c N~n-bi~my Lmks 

(not show) 

I Y 
b Type 5 

Y 

Y 
Type 4 

Figure 2.3: Algorithm for choosing the six basic mechanian components. 



tink-length or angle is known. For example, a basic mechwiism component with a non- 

prismatic joint and an unlaiown îink lcngth must be of Type 6. Once the basic mechanism 

components have beea identifid, they can bc assembleci to fom dyaâ mechanisms* Table 2.2 

Lis6 the five basic dyaâ mechanisms that can be gencafed h m  pl= linkagcs with Iowa 

pairs. In the first category, the RRR dyad grwp com@cs two binary Iuib of Type 1 and 

hence, given the dtsignation (1)-(1). In the second cakgory, mechpairni components of 

Types 1.2 and 5 fomi the RRP dyaâ p u p  and thmefore, identifieci as Cither a (1)-(2)--(5) or 

(5)-(2)-(l) scqueace. This methoci of conStntction is  repeaed for the mnainmg three 

categories, namely, the RPR, PRP and RPP dyad groupa. If the SeQuencc is in a cornter- 

clockwise direction, a positive sign is assigneci, othcrwise, it is negative* 

T d f e  2.2: Basic dyad mechanisms. 

In our proposcd method, a kinematic anal* of a nondyad mechanism is d e d  out by fkst 

transfomiùg it into a series of dyad mcchanisms through the rcmoval of one or more Links (or 

equivalently, joints), and then seleaing an appropriate dyad driver in the form of either an 

anguiar or leagth input, to drive the d y d  rnecbaaism. Since it is possible to amive at different 

dyad mcchanisms simply by v-g the choice of aie disconnected link andlor the choice of the 

dyad driver, there is no unique set of dyad rnechanism associateci with a given non-âyad planar 



Linkage. The nnal anmer, however, must obviously be the same ngardless of the choice of the 

discomected link endlor dyad driver. For exampk, coosider the &bar nondyad mechanism 

shown in Figure 2.4. The ünhge driva is ünL @ and thw, the position of joint 2 can be casily 

Figure 2.4: Selection of the nondyaû &vers f9r a dlink non-dyad mechanism. 

deteRnined. With h i c  a) completely solved, the remahhg part of the mechanism cm be 

analyzed by decomposing it into a Series of dyad mechanimu with appropriate disconnected 

links and/or dyad drivm. The clrivers for the two possible dyad mechanisms are as follow. 

(a) Dyad driver is h k  @. Chwsing links d and 0 as the dyad mechanism, and 

discomecting lidc 0, then üak @ cm be classined as the Type 2 basic mecbanism 

component It fonns an RPR dyad group with link a. If on the other band, the dyad 

mechanism is compriscd of ünLs bD and 0, and Iink O is discomiectcd, then lhk @ 

constitutes the Type 1 basic mechanhm wmponent and forms an RRR dyad p p  with 

link O. 

(b) Dyad driver is link 0. Choosing Links @ and @ as the dyad mechanian, and 

disconnectïng liiilr 0, then ünlr O constitutes the Type 5 basic mechanism component. It 

becomes a fixeci link (i.c. a hme) for the RRP dyad group composed of links @ aud 0. 

Similady, if if @ and d fom dit dyad mechanism. and ünL 0 is discardeci, then LUik 

d becomes the Type 1 basic mechaaism component and fornui an RRR dyad gmup with 



link @ - 

To illustrate how NDPLAn solvts the kinematics of the dyad mcchanisms, WC consida the 

chah illustfatcd in Figure 2.5. A h i c  1, with a known joht JO is shown m Figvre 2.5(a). If 

the orientation of link 1, is known, then the location of joint J, in Figure 2.5(b) cm be 

computed, othcrwisc, the program p r o c d  to the adjacent link I, with joht 4 as dcetched 

(c) 1-14 

Figure 2.5: Solution process for a dyad mechaniam; R-joint (1) and P-joint (2). 

In Figure 2.5(c). If 4 is h&m, then 4 can be d y  cvaluatd for one of the two possible 

linkage configurations by prompthg the user to input sccordingiy- On the otha hand, if J, is 

unimown, the program proceeds to the next iink I, and ifits joint J, is known, then joints J, 

and J .  can be cdculated for an assumeci angle O,. This is shown in Figure 2.5(d). Otherwise, 

the program proceeb to find the next adjacent Mc, I, in Figrae 2.5(e). If the orientation of 

the skier I, is known, then for assumed values of 8, and O,, the joints J,, 3, , J, and J, 

can be calculated Figure 2.6 lists one-half of aii possible joint ~ g e m c n t s  for a planar 



Figure 2.6: OM-halfof PU posstife LrmC anangementS. 

Iinkage with lowcr pairing. Starting at the nrSt level with say, an R-joint (l), the program 

fin& a joint which could bc e i k  another R-joint, or a P-joint (2) at the second level. That is 

either a 1-1 sequence or a 1-2 sequtace At the third level. wc have four quaice  possibilities: 



1-1-1, 1-1-2, 1-24 and 1-2-2. As depicteâ, the number of posabilities is of the order 2' 

where L = O,l,2,--0. 

Using the definition of the incidence ma* introduced hem, it is very casy to estabüsh the 

relationship between adjacent links and their pairing types. Next, a amputer Mplementation 

of the foregohg ideas for automafic g e n d o n  and iden-cation of the basic mechanism 

components and the sukqymt kinematic analysis is descn'badt 

2.5 COMPUTER IMPLEMENTATION 

The flow chart for the cornputer implexnentation is illustrated in Figure 2.7. The user inputs 

the MN ma& and aU pertinent gcornetric data associateci with the linkage. Given the MN 

infionnation of the linkage, NDPLAn automafically gencrates corrcspnding MM and NN 

matrices, together with the basic mechanimi components. From the driver ünk, the program 

solves for the ~ o w n  joint of the Link or its unknown length, if the Link is a hydrauiic 

cylinder (Type 6 in Table 2.1). It then proceeds to search iteratively for aîi links with ody one 

known joint h e d  with this information, the program c o ~ c t s  either dyad or non-dyad 

mechanisms in the remaining part of the b g e .  If only dyad linkages are present, the 

solution process is standard and straightfomard, and the submutine dyad is called to petfom 

this operation. On the otha band, if the nmaining linkage consists of non-dyaû linkages, it 

will be necessary to disconnect one or more links in order to traasform it into a series of dyad 

mechanisms. To recover the dkomie~ted links, one or more dyad dnvas arc pmm'bed, and - - 
the unkuown positions arc then computcü via an iterative pmccss by adjusting appmpnately, 

the values of the dyad drivas. A search algorithm based on the simplnr method (Fan and 

Zhang (1982)) is adapteci for this purpose. In thU way. the laigths of the discomected ünks 

are r e c o v d  to theu original values. to within a set tolerance. When this process is 

completed at the location of the ünkage driver being considerad, kinematic analyses for 

velocities and accelerations an thm carried out. It should be mentioncd that for di subsequent 

locations of the linkage. it is not necesSacy to cither assume disconnecteci links or prompt user 

for new approximate input values of the dyad drivas. 



Sarcb fot lui& with one known joint 

Coi1 -atc subroutincs as 
dctemiincd by the mcidence matrix 
with thcir comqmnding clcrncnts 

in the MM, NN matrices 
chmgcd to O 

I 

1-1 Continue interation 1 tN 

Figue 2.7: Flow-chart for cornputer implementation. 



To illustrate the procedure, the mcchanism shown in Figwe 2.8 is anaîyzod The step-by-step 

procedure is descriBeci as follows. 

1) P i p e  2.8(a) - upon inputthg the MN incidence maûk rnd the boum gametricd and 

Mage driver information, the program automatidy gencrates the MM and NN 

matrices as shown. 

2) Fi'e 2.8@) - the program h d s  that there are threc links O), @ and 0 containing 

ho- joint positions at 1,6 aud 7,ltspective1y (shown as biack dots). Since iink a> is 
the 1IliLage driver, joint 2 can be easily caldatai via Subroutint RR Linic Q) is now 

completety sotved (shown es a darkcneâ line). The MM and NN maûices are also 

automaticaiiy modifIed by rcplacing 1 in the affccted elernents with O (as shown by the 

bold entries in the maûices). Observe that the original MN rnatrix remains unchanged 

throughout the process. 

3) Figure 2.8(c) - h m  links @, O anà 6 aii of which shan the same characteristic of 

having one knom joint, the program detcrmines that thnc are six paths to calculate the 

position of the next mhown joint(s). Depaiding on the choice of the dyad driver for the 

associated dyad mechanism, the six alternatives (with the dyad driver indicated £irst) are 

as follows. 

-- 

Path 1: linlrs @-O-@, joints 2-34-45 

Path2: links@-a-@, joints 2-3 4 - 7  

Path 3: Iuiks Q-O-@, joints 6-4-5-7 

Path 4: links @--a--@, joints 643-2 

Path 5: links @-@-O, joints 7-5-3-2 

Path 6: links 0-0-0, joints 7-5-44  



Figure 2.8: Step-by-stcp solution of a &bar mechanim. 



Observe that of the six poasibiiities, only the f k t  thm paths 1-3 arc independent Since 

there is no advantage in this mccbanism-to choost auy particuiar path, we have 

programmeci for the path with the smaiiest consecutive joint numbcrs to be selectd 

Thus, in this instance, it wouid be Path 1 via iinks @-(O-@. For this path, the dyad 

dnva is Illilt @ and the dyad mcchanism U formai by Iinks O aud 0. The program 

prompts the user to input only once, an approximate vaiue of 8, which is consistent with 

the configuraton of the iinkage. With this mformation, NDPLAn proceeds to compute 

joint 3 using Subrouthe RR. Joint 4 Y then cdculatd based on solved joints 3 and 6. 

Since then an 3 revolute joints involved hae. Subroutme RRR is catled upon for the 

computation. Once again, the affiectcd elements in the MM and NN matrices are 

automaticaiiy zerad as marked in bold Note t&t once a particular path is chosen, this 

path is s t o d  in memory for al l  subsequent i t d o n s .  

4) Figwe 2.8(d) - at this stage. ai i  joints otha than joint 5- in the linkagt rn known. To 

soive joint 5, the program employs kno- joints 3 and 4 in Submutine RRR. As before, 

the MM and NN matrices are modifieci accordingiy, to nfiect this situation. When aLl 

the joints are sohred, the program goes back to the assumed 8, and selfkorrects the 

value iteratively as the laigth of the disco~ccted link 8 is being recovcred Once the 

length of ünk 0 is obtained to within the prescri'bed accuracy. the link positions are aii 

M y  solved and the ve10city aud acceleration analyses can then be performed. 

NDPLAn cumntly executes on a PC and has been successfiùly tested on severai non-dyad 

planar mechanisms with conf@rations ranghg h m  simple to vay complex. The maximum 

numba of links, joints, dyad drivas, discomccted links and dyad mechanimis are 

constraiaed only by the avaüable cornputer memory. Another advantage of the program is that 

it can handie muiti-degrecs of fiedom linkages (doof) without any unduc difficulties. 

2.6 NUMERICAL SIMULATIONS 

Two aon-dyad linkages an analyztd here. The 6rst example involves a 6-link mechauism 



with 7-rcvoluh joints. A cornparison of its bernatic anaiysis with results geacrated by a 

totally difkcnt spproach based on the loop dosure mcthod is provided, aud this second 

method semes as an assessment of accuracy of the appn,ach. The second example is a more 

compücated mccWsm with 22 linb and 31 rcvolute joints, aud its solution clearly 

demoustrates NDPLAn's capability and versatility- 

- 
Figure 2.9: A 6lirik non-dyad mechanism with its MN incidence ma&. 

A single-dof6-link, 7-joint mechaniSm is shown in Figure 2.9 together with its MN incidence 

matrix. The location of nxed joints and the lmgth ofvazious Iinlu arc listed in Table 2.3. A 

kinematic analysis of the Iinkagt for displacemcnts, veIbcities and accelerations is pcrformed 

as the tinkagc driver u) is mtatcd at a constant rate of o = 1, h m  = 0.0' to 8 = 351'. the 

latter valuc being the fpzthest the linkage can tum. During the solving phase a tolerancc of IO-' 

is set for the iterations. To solve the non-dyad linlrage, it is neccssary to transfomi it into a 

dyad mtchanism and this is achieved by disco11necting a ünL and introduciiy a dyad driver. AU 

these steps are transparent to the user as they arc automatidiy sclccted by the program. From a 

visual inspection of tns linkage at the starhg position of B = O.OO, an initial estimated value of 

8,  = -lO.OO is p r e s c r i i  for the dyad driver of the dyad mechanisni. The results for 



T& 23: The 6-hic mcchauism - joint positions and link Icngths. 

Known Joint Positions 

Joint 1 Y 

displacexnents, velocities and accelerations at tbrce positions; initial, intermediate and £inal, 

are mmmarizcd in Table 2.4. Both the final convergeci values of p, and the RMS length 

e m  of the disconnected LinL are a b  depicted. For the purpose of detcnainia 
. 

g the accuracy 

of the proposed methoâ, angular velocities and acceldons  for links O, (3, O and 8 are 

compareci with those computd by KPLAn which is a program dmlopsd using the lwp 

closure methoci (Han and Tsuyuki (1993)). The d t s  am iliustratcd ia Fi' 2.10 and 2.1 1. 

Excellent agreement betwccn two completcly diffierent methods of anaiysis is obtained for ali  

the Iinks. 

Figure 2.12 shows a sin@cdof 22-11lik. 31-joint mcchanism together with its MN incidence 

matrix. The complaity of this IIliLage would pnsent a good challenge to most mechaaism 

analysis programs. The known fked joints and other geomehicai data arc tabulateci in Table 2.5. 



- - -- - - 

Initial Position, =Oo 
(~l=-29.140, RMSLcagthEmn 4 . 9 5  XIO'') 

Joint x Y 2 Y 3 Y 

1 1.00 0.00 0.00 0.00 0.00 0.00 
2 1 -40 0.00 0.00 0.40 -0.40 0.00 
3 1-90 -0.29 -0.006 0.39 -0.12 0.50 
4 2.88 0.99 0.44 0.06 0.43 -0.15 
5 2.39 -0.10 0.06 0.23 -0.08 0.24 
6 2.00 0.00 0.00 0.00 0.00 0.00 
7 3.00 0.00 0.00 0.00 0.00 0.00 

Intermediate Position, B = 1800 
(p , = 23.69: . Lcngth Enor = 2.15 x lus) 

Joint x Y x Y 3 Y 
1 1-00 0.00 0.00 0.00 0.00 0.00 
2 0.60 . 0.00 0.00 -0.40 0.40 0.00 
3 1.15 0.24 -0.09 -0.20 0.20 0.25 
4 2.60 0.92 -0.15 -0.07 0.27 0.09 
5 1.65 0.19 -0.08 -0.15 0.19 0.20 
6 2.00 0.00 0.00 0.00 0.00 0.00 
7 3-00 0.00 0.00 0-00 0.00 0.00 

Final Position, = 35 P 
(pl =7438O, RMSLengthEnor ~ 1 . 3 4  x1~ ' )  



Driver Displacement in Degrees Driver Displacement in Degrees 

Driver Displacernent in Degrees Driver Displacement in Degrees 

Figure 2.10: Cornparison of anguiar velocities computed by two dinaent methods of analysis 
(- NDPLAn, WU). 



Driver Displaceaneiit in Degrees 

O 60 120 180 24û 300 360 

Driver Displacement in Degrces 

O 60 120 180 24û 300 360 

Driver Displacement in Dcgrees 

O 60 120 180 240 300 360 

Driver Disphcement in Depees 

Figure 2.1 1 : Cornparison of anguiar accelcrations cornputcd by two differcnt methods of 
anaiysis (- NDPLAn, KPLAn). 



Fi're 2.12: A 22-link non-dyad mechanism with its MN incidence matrix. 



It is not immediately obvious if the linlragc can rotate at dl. however. using NDPLAii, we 

managed to show that it km turn b m  a minimum vrlw of $ = 44.8' to a maximum value of 

p=572° .~condantnrteof~=1  isimposedontheIinlcPgtdnvna).AsmthepmRous 

Table 2.5: The 22-iink mcchanism -joint positions and iïnk lcngths. 

-- 

Known Joint Positions 

Joint x Y 1 Joint x Y 1 Joint x Y 

Link N u m k  and Link Lengths 



example, the talaance is set at IO-'. Once again, to transfomi the non-dyad mechaniSm iato 

series of d y d  mechanisms, the program automatically sclects two iinks for discomection and 

also, prescribes two dyad drivem. The d t s  for cüsplacemcnts, veloeities and accelnations at 

the startùig and nnal positions an wmmarked in Tables 2.6 and 2.7 respectivcly. Ah, the 

f ial  converged values of the positions 8 ,,O, characterizing the two cornputer-geaerated dyad 

drivers and the RMS length emns of the two discormecteci liaks are listai. Table 2.8 depicts 

angular velocities aad acceldons f9t the various links, eomsponding to the starting and 

final positions. 

2.7 CONCLUSIONS 

A novel approach for a cornputer-aided kincmatic pnalysis of cwiplex nondyad planar 

mechanisms is developeâ here. The o r i g h î  nonayad mechanism is transformeci hto a series 

of dyad mechanisrns, to permit enalysis. This is achieved by di~~~miecthg appropriate links 

and prescniing dyad cirivers to recover the discomected W. An iterative technique is 

employed for this purpose. AU these steps are transparent to the user as they are automaticaily 

generated by NDPLAn. The end result is, a powernil and yet simple to use program for the 

analysis of complex non-dyad planar mechanisms. To demonstrate and assess the accrnacies, 

capabilities and vexsatilities of the program, two nondyad mechanisms are sotvd Excellent 

agreement with KPLAn is obtained. The method c m  be easily extendcd to handle kinematic 

error analysis, mechanism synthesis and mechanism optimizaton. 
- - 
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Table 2.6: The 22-link mcchanism - kinematic d t s  at the initial position. 

Initiai Position, f3 =44B0 
(e, = 14252'. 0, = 10099. RMS Lengtû E K O ~  = 7.41 x 10") 

- - -  - 

Joint x Y i Y R Y 



TWe 2.7: The 22-link mechaniSm - kinemafic d t s  at nnal position. 

Final Position, 9 = 5XZ0 
(8, =135.61°, 0, =11337", RMSLciigthEm~ = 6.67~10.') 

Joint x Y X Y X 3 
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Tabie 2.8: The 22-link mechanism - anguîiu vc1ocities and anguiar accelerations. 



CHAPTER 3 

Higher Order Mechmical Error Sensitivity Analysis and 

Optimum Dimensional Tolerancing of Planar Dyad Mechanisms 

The output performance of mcchanisms depends on clcarances in joints and tolerances on link 

lengths and orientations. Assigning excessive toIe2ailccs d t s  in degraded output motions; 

on the other han& pct~cn'bing extremely tight tolerances is undeSvable as it leads to 

prohibitive manuf'turing cost. A rdstic approah is to aliocate maximum possible 

tolerances to the various linlrs while at the same time, maintahhg mechanical mors to wiihin 

acceptable Limits. Severai attempts to analyre mechanical CKOTS and synthesize dimensionai 

tolerance bands of input parameters for specined output motion have bcen reporteci (Svoboda 

1948, Tuttie 1960, Garrett and Hall 1969, Kolliatltnr  ad Yajaik 1970, Dhande and 

Chakraborty 1973, Dubowsky, Maatuk a d  Panira 1974, Dhande and Chaloaborty 1978, 

Baumgarten and Van Da W& 1985, Mallik and Dhande 1987, Chatterjee and Mallik 1987, 

Fenton, Cleghorn and Fu 1989, Cleghom , Fenton and Fu 1993). 

An aualytical approach for the ann d t i v i t y  raalysis and the subsequent optimum 

dimensional tolerancing of planar dyad mechanisnu are presented, It treats planar 

mechanisms as consisting of an assemblage of cirivas and dyad groups. Sensitivity 

coefficients which relate the output motions to thc input parametas via partial derivatives 
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(similar to the Sacobian matrices of Fenton et al 1989) for cirivers and dyad groups are 

andyticaiiy cornputcd Expressions for thiee types of d t i v i t y  coefficients, namely, that of 

position, velocity and accelaation are prcsentcd Uso. a methoci for the dinet identification 

of the most sensitive crror combination b m  all the 2m possi'biiitics without any necd for 

calculations is proposai. Thus, the synthesis of optimum dimensiod tolenmces can be 

pdormed with sipnincantly rcduced computationai effort The moduiar approach suggested 

h m  p d t s  the d o n  of a genefal multi-purpose program for mor seositivity analysis and 

tolerance synthesis of cornplex planar dyad Iinlrages. To the bcst ofour knowledge, this is the 

first time such a procedine bas becn proposexi for hhsndling general planar dyad linkages. 

Although Fenton et al. (1989) and Cleghorn et al. (1993) have a b  proposeci an analytical 

treatment for an aror-based optimum tolerancing of planar mechanisms, theV method is 

linkage-spdc in the sense that it c a ~ o t  automaticaiiy han& gawal plrmar Iinkagcs- We 

have also cxtended the concept to accommodate plauar non-dyad mechanisrno and M y ,  

cover an even wider category of planer finkages* The method involves a new aualytical 

approach for computing the d t i v i t y  coefficients and the use of disconnectcd Links for the 

kinematics. The details am descn'bed in Chapter 4. 

3.2 TEEORY OF LIIGHER-ORDER ERROR SENSITIVITY ANALYSIS 

The output variable U descriiing the displacement of a g e a d  Linlcage chanicterized by in- 

input variables 0 (j = 1, .. . , m) and n-dimensional parameters qi (i = 1, .. . , n) can be -- 
written as, 

U=U@,, ***, o p  =-=, 0,. q,, -*.. q,, *.-, 9"). (3.1) 

Assuming the input variables arc prcscri'bad uactly, the output position, velocity and 



acceledon e m ~ ~  due to dimensional ettors in the linkage CM be a p p m ~ e d  by the first 

order ternis of a Taylor series expansion as foilows, 

where C,,, , C, and C, arc caild respeztively the position, velocity and acceleration 

seasitivity coefficients co~~esponding ui the dimenpional emn Aq, . Anatytical expressions of 

the sensitivity coefficients for the RR and PR cirivers, the five basic dyad mechanisms first 
C 

identified in Table 2.2 and the various dyad groups arc not difIicuit to obtain and wiil be 

presented next. Note that the term dyad group as used hae comprises a driver h i c  and at least 

one of the 5 basic dyad mcchanisms. Using this appmach, a planar dyad linkage cm be 

represented by a series of the distinct dyad groups and amiyzcd as snch for the mechanical 

- 
3.2.1 Determinatfoa of the Seisitivity Coefficients for the RR and PR Driver Links 

generated b m  geometrical considdons and the resuits are summarized in Table 3.1. 
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Table 3.1: Sensitivity coefficients for the RR and PR driver W. 
. -- 

PR Driver 

Coefficients 

- - -  - 

N A  
NA. 

N.A. 
N A  

N.A. O 
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3.2.2 Detemûnation of the - - Semitivity C o e 5 c i e ~ b  for the Five Dyad Mechankms 

Table 3.2 lis& the five basic dyad mechanisms that can be generated h m  pl- linkages 

with lower pairs, together with th& dimensional aror parameters. Once again, the sensitivity 

coefficients C fi , C, and C ,  can be dcrI.ved in a similar faShion as for the driver links, using 

geometricai considerations. For bmity, oniy the ~ i t ~ u l t s  for the RRR dyad arc given hm. 
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Table 3.2: Five basic dyad mechaaisms togcthcr with thcu dimensional aror parameters. 
- -- 

PRP Dyad 

The mdts for the dimensionai errors of the RRR dyad arc Med as follows. 

Dimensional Enor 4 

RPP Dyad 

where 



The results for 61, can be obtained simply by replacing I, with 4.  

where 
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Expressions for dimensional mors brC,Ayc, etc. are simiiar to those for b;i, ,&y, . 

3.2 J Determination of the Sensitivity Coetacitnts for the Dy.d Groups 

Dyad groups con& of one or more driver Liriks and some combinaiions of the basic dyad 

mechanisms. Thus, they fonn the building block for the cOIlSfLUCtion of the actuai planar 

dyad linkage. This concept of a dyad p u p  is introduced h m  in order to validate the process 

of pdorming the errer aaalysis of a plrmar dyad hicage by a systamtïc tnm-by-term 

assemblage of the individual em>r oomponents of the driver links and the five basic dyad 

mechanisms. Specificdy, it explains how the sdtivity coefficients of any points on the 

Mage with respect to a chosni input parameter cm be compatcd h m  the individuai 

sensitivity coefficients of the chiver links and the basic dyad mcchanisms . For brevity, ody 

the R-dyad groups are discussed h m .  Figure 3.1 depicts the thrrs most commoa R-dyad 

groups which wouid enable the construction ofaimost any R-pl- d .  linkages. 

In order to justiQ a systcmatic term-by-temi summiag of the individual scnsitivity 

coefficients derived in the previous sections, it is necessary to show how the sensitivity 

coefficients of any point on a linlr with respect to a selected input parameter (cg. 1, of the 

driver link) is computed. For example, the foUowing sensitivity coefficients are ~quired: 
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F i p e  34a)  ; Figun 3.1@)-aic,/al, .&/dl,.&/& and Fime 3.l(c)-&,/iVI. 

To determine the fïrst sensitivity coefficient &,/ai'' for the dyad group sketchcd in Figure 

3.1 (a), the following equations apply: 

For the dyad p u p  iuustmted in Figiae 3.l(b), the foiiowing equations for cvaiUafiLlg %/dl, 

cm be used: 

Note tbat in Equation (3.9). &/a, .dy,/&, can be cornputeci via Equatiion (3.8). Likewise, 

,ibc,/q cm be determincd using an quafion Mar to Equorion (3.9). Finally, the 

equations for cvaluating &/dl, fit the dyad p u p  show in Figure 3.l(c) are listed as 

follows: 
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Once again, tenns such as & 1% ,&,lm, can be cornputcd using Equution (3.9). Ail other 

sensitivity coefficients are either c o v d  by the standard founuias for the driver iinks and the 

five basic dyad mcchanisms (cg* &J& ,&JaL, ), or can be easiiy deduced in a simiiar 

fashion as presentd h m  (e-g. %/air, ,Cà,/& ). Using this appmach, the sensitivïty 

coefficients of any point on the plimar dyad h h g e  can ba deterrnined by an appropnate 

combination of the individual scnsitivity coefficients denved for the driver iinks, the basic 

dyad mechanisms and the dyad pps. The ercpftssions for vclocity and acceleration 

sensitivity coefficients can be derived by taking tirne derivatives of the position snisitivity 

coefficients. Anguiar quantities such as iy ,$ ,y cab be readily computed using relationship 

dyad groups and aii combinations of R and P dyad groups. 

3.3 ERROR SENSITIVITY ANALYSIS OF PLANAR DYAD MECHANISMS 

Planar dyad mecbanisms are modeleci as consisting of an assemblage of &vers and dyad 

groups. This appmach permits the handing of cornplex planar dyad linkages. In the cornputer 

implementation, both kinematic and error sensitivity analyses are perfomed simuitaneously 

for the detmniaaton of positions, velocities, acce1craüons and d t i v i t y  coefficients. Output 

mors comspoading to position, velocity and accelcration quantities, due to a singe or any 

combinations of input dimensional mors, can then be easify obtained using Equotiom (3.2)- 
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(3.4). For convcnience, these output m m  are p q c d  into 2 types: M , A V , M  for linear 

guantities and Aiy ,A$ ,Aq for angular quantities. Theu txptCSSions arc as foliows, 



3.4 SENSITiVrrY COEFFICIENTS FOR A FOmBAR LINKAGE 

To demonstrate and asKss the accuracy of the pcocedure, a 4bar linkage is d y z e d .  The 

linkage togetha with its nominal liaL dimensions are shown m Figun 3.2. Since it is intended 

to compare the scnsitivity coefficients witâ those cornputcd by Cleghom et al. (1993), we 

have adopted their iink dimensions for the 4bar hnc. The &ts for the output angular 

displacement SCllSitivity coefficient CH = de,/dl, ; i = 1 , 4 ,  as the iinkage rotates one 

complete revolution arc plotted in Figure 3.3(a). As shown, excellait agreement with 

Cleghorn et ai. is seen. The output angular velocity and accel&ation sdtivity coefficients as 

C imensions 

2, = L, = 1.0ooO0 
4 = L, = 0.40000 
l,=L,=uoooo 

X 
4 = La = 1.03923 

Fime 3.2: A four-bar linkage. 

plotted in Figures 3.3(b) and (c) lcspectively, for the 3600 rotation. However, since these 

higher-order quantitics w m  not cornputeci in Cleghom et al., no cornparisons are given for 
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them. As an additionai indication of the comctness of the mcthod WC note the foiiowing 

obsewations. From the riipampostd position, velocity and acceldon graphs, we see that 

extremum positions for C,, art attained when C, is uactiy zero. Likewise, extremum C, is 

reached precisely at locations of zero Cd. 

As a final check of the proposai technique, the foilowing test is d e d  out. Once again, we 

use the Iuik length crzors All = +û.OZ, 4 = d . 0  10, dl, = +O.O3O, dl, = +OB26 taken h m  

Clegham a al. (1993). Note that for the purpose of perfiomiing tbis test, we assumed only 

positive em>rs. nie test involves two independent steps. In the first step, the method of vimial 

velocity is used to calculate the kincmatic sensitivity coefficients based on the nominal 

dimensions of the mechanism and the p c c s c n i  dirncllsional emn. From these coefficients, 

the output position, velocity and acccldon enor bands ofjoint C (or any otha point for that 

matter) are computed using E q u o t w  (3.1 11, (3.12) and (3.13). In the second step, we employ 

the kinematic analysis pmgram NDPLAn (in Uiupter 2) to calculate the position, velocity 

and acceleration values of joint C dircctiy basai on the a-2 ( i r  nominal plus emr) link 

dimensions as input parameters. Thé &ts of these two steps are then compareci to see if 

good agreement- between them is obtained. Figure 3.4 (a), @) and (c) depicts the position, 

velocity and acceleration of joint C, tespectivcly. Ob-e that the d t s  obtaioed by the two 

independent appmaches agrcc exbremely weli, and thus, confirm the accuracy of the proposed 

method for computing the kinematic snisitivity coefficients. 

3.5 SYNTHESIS FOR OPTIMUM DMENSIONAL TOLERANCES 

In design situations, it is common to chocwe tolerance bands for input parameters based on 

specined output enor limits. Introducing the followhg expression for notational compactness 

(A~,A~,A~,A~,AS,A~,A~,A$,A~)~ = ( A ~ , A F & - , A ~ P ; , A ~ , ) ~  this pactice is descn'bed 

by 



O 60 120 180 240 300 360 
Driver Displacement (deg) 

Figure 3.3 : Anguiar displacement, velocity and acceleration d t i v i t y  coefficients for a 4bar 
linkage (0 Cleghom et al. 1993). 
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where (44)- is the maximum aliowable output am and (AC) is the maximum output 
llllX 

error for a cornpletc cycle of motion as calculateci by Equ4tions (3.2)-(3.4). Also, dq, U the 

binary tolerance band comsponding to the input parameter q,, C, is the semitivity 

coefficient, and n, ,n, mfcl ccsp~ctive1y to the number of kcar and anguiar dimensions. Since 

tbere an n (= n, + %) tolemce bands in each of the ith incquality in Eqttotfon (3.1 7). it is 

necessary to d u c c  the nimiber of unknown Aq, to obtain solutions. To achiwe this 

reduction, we adopt the standard practice (set Fenton r ai., 1989) of puping tolemce bands 

of similar types and then, prescriic within each group. tolerance vaiues that arc proportional 

to a suitably selccted em>r parameter. Assumhg only lincar and angular quautities, the 

maximum input em>t can be computed h m  

where ki is a known weighting fiictot, usualiy p d b e d  in proportion to the nominal values 

of the linear and angular dimeaJions. For example. for a four-bar ünkage with luik lengths 

I,,4,l3,l,, the weighting fictors could be k, = l,k, =4/1, ,k, =b/l, ,k, =l,/l, . Note that in 

our formulation, dq, pQtams not oniy to position, but also to velocity and acceletation, and it 

is assumeâ that they are al1 cxpressïôle hto the fom given by E w o n  (3.18), each with its 

own distinct (Uo, Aa,) pair. Substituthg Equation (3.18) into Equoton (3.17) yielâs an - 
implicit inequaiity for solvïng the (Alo, ~a ,) pair. That is, 



Figure 3.4: Cornparison of the position, velocity and accelaation et joint C 
(-x-component and - y-component via ermr andysis, and NDPLAU). 



The ith inequality in Equation (3.19) is solved for Ai' col~tsponding to a specified value of 

A a ,  such that the resuiting solution produces the kgest manufkturing tolerance (and hence, 

the cheapest cost to the  man^). Having obtahed (A&,A~,), the manufachrring 

tolerance cm be cornputeci using 

in which Gi,47- -ment the actual and nominal dimensions zcspectively. The achial choice of 

the I: sign in Equation (3.20) depends only on the siga of the respective d t i v i t y  coefficient. 

In using Equation (3.20), it is neccssary ta identify the most sensitive enor combination and 

in the next section, a method which will do so directly without quiring the consideration of 

uny of the possibîe mt combinations is descri'bad, 

3.5.1 Identincation of the Most Seasitive Ermr Combination 

The tolerance bands of input paramet- are dways expresscd with binary signs, for example, 

f Al;*& &AyA &Aa , . It is therefon necfssary to consider aii combinations of positive and 

negative input errors in calcuiating the maximum/minimum output nmrs. Assuming m input 

parameters, the total number of such combinations is 2- . To detennine the overaii maximum/ 

minimum output emrs for one complete cycle of motion, all 2- combinations must be 

anaiyzed at evw motion incrcment. This can makc the task computationally very intensive 

and thereby, sigmficantly slowhg the proctss. For example, a mcchanism with m = 12 input 

parameters produces 4,096 combinations and if the meclraniSm is aillzlfyzed at 30' intmral, 

there will be a total of just under 50,000 computations for one 360" rotation! Rescarchers have 

suggestcd severai remdes to address this situation A popuîar technique is to do so 

graphicaliy via an "errer" plot over the entire cycle of motion for ail the 2" combinations. 

Fenton et al. (1989) have proposed an appmximatc method based on the concept of dynamic 

pr0gram.g to solve this problcm. Hat we would üke to put forth the foilowing idea where 

the most sensitive an>r combination of aii the poss1%ilitiies can be identifiecl dinctly 
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without any need for caldations The jmmise of our idea lia in the requinment that aii 

tolcrance bands are spccifïed with binary signs. With this knowledge and noting that the 

sensitivity coefficients can also bc either positive or negative, then the kgest output e m r  

mut  be gim by tûat combination whae the pmduct of its d t i v i t y  ~ocfncients and the 

respective ~ O ~ C I S L I ~ C ~  bands is dways net positive (or net negative)! Also, since the signs of the 

sensitivity coefficients arc known, then it U a simple matter ofadopting these signs when it 

cornes to allocating the dimensional tolcranccs. To demoiicltrae this concept, let us consida 

the &bar ünLage. Assumhg its d t i v i t y  coefficients nt a certain position are 

+C,, .-C,, ,-C,, ,+C', and it is rcquired to determine the most d t i v e  emw combination at 

that position. The total number of combinatons for a Qbar ünlrage is 2' = 16 and these are 

listed in Table 3.3. Fmm the (+.-,-,+) signs of the scnsitivity coefficients, we see h m  Tuble 

3.3 that Combination 7 (9) rcdts in a net positive (net negstive) product and hence. when 

summed together yielàs the Iargest (sxndlest) output amg Thercfore, the conclusion is. due to 

the binary nature of the sip, WC can get the maximum by amiming temis of the same sign, 

and the minimum by adding tams of the uppstte si- 

3.5.2 Optimum Dimensional Tderancing 

In this section, we discuss the optimization of the dimensionai toleratlces based on the 

proposed enor sensitivity analysis- Similar to Fenton a al. (1989), the following objective 

fûnction is chosen: 

where I ( A ~ ) - I  = [(y(@)- lF@)),( W the actual maximum output enor based on the most 

error based on the most sensitive emr combiaation. To carry out the pmccss of optimization, 

the aigorithm depicted in Figure 3.5 is employcd. A kinematic aaalysis for position, v~locity~ 
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Table 33: Tol~ra~~ce baad combinatiotls for a 4-bar linkagt. 
- - 

Combination Nc 

acceleration and their comsponding &tivity coefficients is nRt pcrformeâ- Next, the 

largest of al1 the most sensitive nror combinations for either the complete or part cycle of the 



Get max3aIueofCC,k,. Det. 
initial Al. and A 1, by assumingba. 

I 

Start optimization to search for 
A h . Use the 

Figwe 3.5: Flowchart for tolerance optimization. 
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motion (dependhg on the mechauism) b determincd so that when substituted into Equation 

(3.19) d t s  in computntion of dl, for specificd values of bar,. This is used as the stating - 

of dl, is chosai to match the comsponding sign of C, (net positive) and to obtain the acbial 

minimum output m r  ~ ( A I P ; ) ~ ~ ,  th sign of Al',, b chosen so that it is oppsite to that of the 

corresponding sign of (net negative). For the hrst i t d o n  whae the nominal values are 

useci, the actuai maximum output emn is cqual to actual minimum output emr. Afta the nrSt 

iteration, they wül not be equal since we took hto account only the first term of thc Taylor 

expansion, in calculating the sdtivity coefficients. F i i y ,  a -tic polynomial starch 

optimization technique (Fan and Zhang (1982)) is used to solve E'tion (321) for 

.hq, = (kidl,, , k , ~ a ,  ) ' iterativdy, mtil the prcscn'bed accuracy is attaind. 

The &bar linkage in Figure 3.2 is once again uscd to dernonstrate and assess the accuracy of 

the proposed method of optimum dimensional tolerancing. As an application of the methoâ, a 

2-loop, 6-bar lînkage is studid For both IinLagcs, tolerance bands basad on the position, 

velocity and acceleration requircments are computed and h m  these d t s ,  the smdest is 

chosen for the nnal mcchanism design. 

3.6.1 Four Bar Linkagc 

The foiiowing weighting fkctors A, = 1, 4 = 4 11, = OA,h = S/It  = 12, k, = I' /Il = LO 3923, 

computed fiom the link lengths of the 4bar tinkagt in FigMe 3.2, are uscd to synthesize the 

duneasional tolerances. Adopting the same numericd value for the maximum aliowable 

output bands correspondhg to the position, velocity and acceleraîion rquirements, WC have, 



To gct an idea of which of the 3 rrqullemcnts in Eq-ton (322) would govem, a gmph of the 

weighted seasitivity coefficients b m  the maximum and minimum enor combinations is 

plotted in Figure 3.6. Observe tbat the maximudminimum waghted sensitivity coefficient 

pair caicuiated fbm the acccldon rcquhmcnt is the iargest and thus, governs in the nnal 

design selection 

Driver Displacement & (deg) 

Figure 3.6: Maximum/minimum wcightcd sensitivity coefficient pairs for the &bar linkage 

(- p&tion, -..-.. veiocity, acceIcration). 
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The nsults of the optimization are oummPized in Table 3.4. As shown, the values of Mo 

based on the position, veIocity and accelcrati~ nquimncnts arc givcn, togethct with theù 

respective convergence aron in the objective hction. The latter information is provideci to 

give a measure of the accuracy of the values of dl, obtaioed, CbooQmg the Srnailest value for 

the final design we set that the acctltfation requkment govenis, i.c. bI, = 21482 x IO-' must 

be used for computing the to1crance bands fot ail the the. This conclusion also confùms the 

obsewation in Figive 3.6. 

Table 3.4: Opthkation d t s  for the 4-bar linkagt. 

Position Requisement ( 3.5298 1 0.7929 1 3-67 x 10" 

bl, (lo4) 

It would be interesthg to compare A4 with that of Cleghom a al. (1993). As Iisted in Table 

3.4, the ciifference between the two position-based predictions of No is approximately 3.8%, 

with ours being the Smafler of the two. This implies that if our dl, is adopted, it would lead to 

f ( M ~ )  (10-9 

tighter input tolerance bands which are undesirable as thcy d t  in a more expensive design. 

U' (Cleghom et al.) 

However, upon a closer examination of the output motion plot in Figure 3.7, our design is - 
more accurate than Cleghom et al. (1993). as it satisfits the marrimum/minimum allowable 

output ban& more clostly. Observe that evai though our position and vetocity-based output 

motions have siightly cxcecded the maximdminimum aiiowable output bands, they are 

nevertheIess, smaiicr than the position-based output motion of Cieghom et al.. To comct for 

the smaU inaccmacy in our output motion, the &bar linkage can be rc-synthesizcd using the 
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Driva Displacement Bj  (deg) 

Figrrre 3.7: Reliminary output motion chatacteristics 

(- position, - -- - - - velocity, --• acceleration, . . . Cleghom et al. 1993). 

value of the goveming Alo = 2.1482 x IO-' which is derivecl h m  the acceleration 

requirement, in thM way, the ünk lengths of the 4-bar kkage are rc-adjusteci accordingly. 

The final output motion chai'acteristics bascd on the redesigned lhk lmgths are sketched in 

Figure 3.8. Observe that tbn,ughout the complete cycle of rotation, the nnal output motions 

synthesized in accordance to the position, velocity aud accelcration requirements do not 

exceed the maximdminimum allowable output bands. The naal design is thenfore, a valid 

and an acceptable mechanism. The final designeci iink 1engt.h~ togethcr with th& respective 

tolerance bands are summarizcd h Table 3.5. Note that the signs of the tolerance bands are 

chosen in accordance to the respective signs of the SCILSitivity coefficients as discussed in the 

previous section. 
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0.02 ;. Maximum Allowabk Output B a d  ---- 
I . 

O 

O . . 
Minimum AUowable Output Band ---- 

Driver Displacement 0, (dcg) 

Figuze 3.8: Finai output motion characteristics for the 4-bar Iinkage 

(- position, - .. - .. vclocity, ---- acce1eration). 

Table 3.5: Tolerance ban& for final design for the &bar linkage. 

I 



3.6.2 Si. Bar Linkage 

A ZIoop, &bat linkage together with its nominal dimensions arc dcpicted in Figure 3.9. The 

weighting factors arc kt = 0.25. k, = 0.75, rt, = 050, k, = 050, k, = 0.625, k, = LOO, k, = 0.75 

for the links, and k, = k, = 1.ûû. k, = A,, = 0.0, k,, = k,, = 150 for the fixai joints. Adopting 

the rame numericd value for the maximum dowable output bands comsponding to the 

position, velocity and accelaation nquircments, we have, 

Figwe 3 -9: A six-bar linlage. 

lt is rquVed to synthesize the optimum tolaance band dl, corrtsponding to specined values 

of (AY~,,  dy,, , &,, = 0.ûû 1, 0.003, , O.ûo9 . Weighted sensitivity coefficients from 

the maximum and minimum nror combinations are depictecl in Figure 3.10. As shown, the 

rnaximum/rninimum weighted sensitivity coefficient pair cdcuiatcd h m  the acceleration 



requinment is the large and th-, would be expected to g o v a  in the final desim selection. 

The nsults of the optimization arc summaked m Table 3.6. As show the values of Mo 

based on the position, vcI0city and accelnation requircments an givcn, togetha with theu 

respective convergence enors in the objective fimction. The latter information is provideci to 

give a measme of the accuracy of the values of dl, obtaincd, Note that Alo, f (M,) values for 

the t h e  cases of ht = Ay = 0.005, 0.007 and 0.009 am not Iisted in Table 3.6 due to the 

negative contn%utions by A&. This situation eses beçausc the input mor  6orn 

br, , AyAo, br,, , Ay,, is alnady largcr thau the maximum dowable output enor h m  A 4  - 

Driver Displacement 0, (deg) 

FigMe 3.1 O: Maximum/minimum weighted scllsitivity coefficient pairs for the 6-bar ünkage 
(- position, - - velocity, --Hm acccleration). 
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Table 3.6: Optimization rcsuits for the &bar iinkage. 

Choosing the smallest value of Alo for the nnel design we sec that the acceleration 

requirement govems and thus, its value must be used for cornputhg the tolerance bands for aii 

the links. Table 3.7 shows the final design vaiues for the various link lengths, together with 

theù respective tolerance bands foc the spcined (4,. A~~,, kGo, A~)' = 0.001, 0.003 . For 

brevity, resuits for only 2 of the 5 specified values of (Ax,,, A ~ ,  , kG0, A&)' an listed. 

Note that the sigus of the tolerance bands are chosen in accordance to the respective signs of 

the sensitivity coefficients. On the basis of the designcd link lengths, the nnal output motion 
4 

characteristics computed h m  the govanhg peceleration requitemcnt are plotted in Figrrre 

3.1 1. Observe that they aii codona to within the maximdminjmum output tolerance bands 

and this implies that final mechanian is a valid and an accepeable design. 

3.7 CONCLUSIONS 

An emr seasitivity analysis and the subsequent optimum dimensional tolerancing of planar 
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Table 3.7: Toleranct bands fbr W design for the &bar Mage. 

Nominal Link 

-* 

mechanisms are presmted hem. The approach consists of rnodeling the planar mechanism as 

consisting of an assemblage of drivas and dyad gmups. Position, velocity and accelemtion 

sensitivity coefficients are dcrived for clrivers and dyad groups. A method for the direct 

identification of the most sensitive aror combination without reqWring to consider al2 the 2" 

possibiiities is suggestd This wil l  significantly d u c e  the computational effort associated 

with the synthesis of optimum dimensional tolerancing in mechanisms. The modular approach 

suggested h m  permits the crtation of a g c n d  muiti-purpose program for emr sensitivity 

analysis and toleranct synthesis of cornplex planar dyad îixikages. A 4-bar and a dbar 

Linkages are enelyzcd. The former s a ~ s  to demonstrate aad sssess the acciiracy of the 

method whüt the latter serves as an application of  the technique. From the m o r  sensitivity 



(a) air = Ay = 0.001 

t Maximun Allowabk Output Buid -1 
. -  - - - . - 

9 

- 

4.06 - Minimum Allowable Output Band 
1 1 1 L 

9 

I 

O 60 120 180 240 300 360 

Driver Displacement 8, (deg) 

(b) &= Ay = O.ûû3 
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analysis of the 2 iinkage examples employai h a  it is fomd that the acderation requirement 

govems. Hence, in the synthcsis of the optimum dimensional to1eranciag of the final design, 

the acceleration-basal Al'' should k wd in the wmputation of the 1ZMsed link Icngths. 

Using these rrsults, the position-bas& velocity-bd and rcceleration-basai nnal output 

motion chatactcristics of the two m~~hanisms dl wntwm to within the prescn'bed 

maxixndmhhnum ~ O W & ~ G  output bands. ThiP that the ~ W O  final me~banism~ are 

valid and acceptable ddgns. 



CHAPTER 4 

The Treatment of Planar Non-Dyad Mechanisms for Higher 

Order Mechanical Error Sensitivity Analysis and Optimum 

Dimensional Tolerancing 

4.1 INTRODUCTION 

In this chapter, a method is proposai for caxrying out a higher-order c~for sensitivity anaiysis 

and optimum dimCLlSional tolcrancing OC planar nondyad mechanisms. Unlike the method 

d e s m i  in Chapter 3 which is applicable to dyad mechanisms oniy, the methoci pnsented 

here is valid for both dyad and nondyad mechanisms, and thus, constitutts a more general 

approach for carrying out the mechanical enor d t i v i t y  anaiysis and the syatbesis of 

dimensional tolerance bands. As reported in Chrrpter 3, the methods of Fenton et al. (1989) 

and Cleghom et al. (1993) can be employed for these purposes, but they an applicable to only 

to dyad mechanisms. To the best of our knowledgc, no methods have kai pmposed for the 

matment of nondyad mechapiSmS. 

Our method is made f~a~~'b1e by a unique andytical procedure for the detexnination of the 

position, velocity and acceleration smsitivity coefficients. They arc computd via a kinematic 

analysis of the onginai and as weU as, a supplcmcntd mezhanism. The latta is dtrived fiom 

the original mahanism by Setttog the Wbinl velocity term to either O or f 1, depending on 

the particula. Seasitivity coefficient that is bQng waluated. We d e d  this procedure the 

Method of VirtuclI Vehcity. Once the scnsitivity cafncimts have been determineci, the 
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pmcess of synthesizing for optimum dimensional tolcrancing can be eady carried out 

fouowing the method de~cn'bed in CIIapter 3. It should a h  be pointeci out that to carry out a 

kinematic anaiysis of ma-dyaâ mcchanisms for both the original and tèe supplementai 

iinkagcs, the method of Chapte7 2 and codified into the computa program NDPLAn can be 

ernployeâ. 

4.2 THE METHOD OF VIETUAL VELOClTY 

The output varîabîe U describing the displacement of a g e n d  ünkage characterized by in- 

input variables 0 ,  (J = 1, ... , m) and n-diniensional parameters qi (i = 1, . .., n)  c m  be 

Assuming the input variables are prescnhd exactly, the output position, velocity and 

acceleration errors due to dimensional em>n in the liallage can be appmximated by the nrst 

order tenns of a Taylor series expansion as follows: 

where C, ,C, and C, are tamed respectively as the position, vclocity and accelexation 

sensitivity coefficients comsponding to the dimensionai aror Aq,. Thcy capture the 
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sensitivity of the output paramdm due to smnll changes in the dunensional parametm. Mer 

computing these d t i v i t y  cocfficieats, the dimensionai mors corresponding to position, 

velocity and acceleration tams can k evaluatcd. For the basic mcchanism components 

identifid in Chopter 2, the dyad groups in Cliqpter 3 and aii simple dyad linkages, the 

detcrmination of C',C, and C, is rathcr straightfocward and e5cient. This is not tme for 

complex wndyad iinkagfs as the eomputation of ths d t i v i t y  coefficients can be very 

chaiienging even when numen*cai mdtiods are anployai. Hcacc, it is necessary to develop an 

effective approach to cvaiuatt these coefficients. This will be addnsscd next wh- a unique 

anaiyticai procedure is intmduced 

4.2.1 Determination of the Position SeasitMty Coefficient 

To determine the position d t i v i t y  coefficient, the dimensional parameter qi is assumeci to 

be a fimction of time t, i.e., q, = q,(t) ,  and thus. dinerentiating Equation (4.1) with respect to 

time t yielâs the velocity relationship, 

Setting e ,  = O O' = 1 f ,- 9 -  ,m) and the vimial velocity qi = 1 , we obtain the partial velocity 

temi for the evaluation of the position sensitivity coefficient C,# : 

4.2.2 Determination of the Veiocity SensitIvity CoefBcient 

The velocity sensitivity coefficient C, can be fomd by dinkmtiating EqWon (4.5) once 

more with respect to timc t. seking di = 0 ieads to the acceieration rclationship, 
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Using the lmown values of 0, and 6, (j = 12,--,m) and setting q, = O . we cau compute the 

second partial acceleration t a :  

From the given values of 8 , and 6 , (/ = 12,-• ,nt) and e g  4 = 1, tog* with Eq~tions 

(4.8) aad (4.9). the third partial accelcration temi is obtained: 

The velocity sdtivity cocfncient i s  then detennïned h m  

4.2.3 Determination of the Acceleration SensitiviQr Coefficient 

The acceleration sensitivity cocfnciait C, is detamincd by differentiating Equation (4.7) 
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with respect to time t. Setting 8/ = O (j = 12,- .rn) and 6 = 0 ,  the foiiowing jcrk relaîionship 

is obtained, 

Setting 0 =6 = O (j = I,2,--.m) and = 1. we get the firstpartïal jerk term: 

From the presm'bed values of 9, and 6 (j = 1,2,-.m) and setting qi = -1, we get the second 

p d a l  jerk term: 

- 

Using the givea values o f  9, and 6,G = 1,2,--,m) and setting qi = 1 we have the third partial 

jerk terni: 
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Subtracting Eqwtion (4.14) h m  E p t i o n  (4.15). yields the accelaation snisitivity 

coefficient, 

To summarizt the steps involved in the computation of these 3 kincmatic sensitivity 

coefficients, a kinmatic auaiysis of die ptanat mechwiism with m-dof (degrces of nadom) is 

fïrst performed for positions, velocities and accelerations. NQd the various partial teims 

associated with velocity, acceleration and jerk are obeawd via a kincmatic analysis of a 

supplemental mechanism with (in + 1) -dot The suppIcmcntal mcchanism is dcrived h m  the 

original mdof mechanism by an appropriate settîng of the v i r a  vclocity tj,. = 1,4 or O, 

depending on the particular d t i v i t y  coefficient that is king evaiuated This unique 

procedure of assigning the velocity of the dimeasional parameter q, = 1.4 or O is texmed the 

Method of Kirtual Velociity. It is applicable b both dyad and nondyad planar mechanisms, 

and hcnce, coIlStitutcs a more gencral (and powemil) technique than the analytical method of 

CAopter 3, which is applicable only to dyad mechanisms. If the mechanism being analyzed is 

a dyad Mage, the method of vimial velocity is nlatively simple and yields identical results 

to that of Ciopter 3. If the mechaniSm is a nondyad linkage, the proccss is more complicated 

as the kinematic analysis will now involve tmsforming the non-âysrd mechanism into a series 

of dyad mechanisras. By disconnecting appropriate W p a i r s  and pctscn'bing dyad drivers - 
for the transfomed dyad mechanisnu, the affected geomctric conditions are iteratively 

recovered, and thcrcby. rcstoring the original nondyaâ mcchrmism h m  the &es of 

transfod dyad mechanisms. These steps have bccn desaikd in details in Chupter 2. Once 

the sensitivity coefficients corrcsponding to the dimemional aror dq, have been detexmineci, 

an e m  smitivity sriaiysis for the synthcsis of optimum dimensional tolaancing of planar 

non-àyad mechanisrns can then be pdormd in a similar manner as outlined in Cliupter 3. 
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4.3 COMPUTATION OF SENSITIWIY COEFFiCIENTS FOR SINGLE LINKS 

ANID DYAD MECaANISMS 

To illustrate the ptccedllig mathematical dcrivations for the deteunination of the position, 

velocity and acceleration scnsitivity cocfficieats, the fbiiowing basic hicages arc d y z d  

the RR and PR sin& links, and the RRR dyad ünL. Th& supplementaf liairages with an 

extra-dof due to the application of a virtual vtlocity are a h  p~weated for each of the case 

considered. The d t s  of the SCILSitivity coefficients computed using this mcthod of vimial 

velocity are then cornparcd with Mar solutio~~~ obtained via the totally independent 

approach descriicd in Ciopter 3. Oncc the two sets of d t s  bave bccq confirmed to be 

identical, the solutions of the RRR dyad linkrge are anployed to gcnerafc the mathematical 

equations for the evaluation of the position, velocity and acceleration sensitivity coefficients 

of an 8-bar dyad mechanism. 

4.3.1 Computation of Sensithrity Coenicienb for the RR and PR D&er Links 

The method of Whial velocity is applied to calculate the 3 kinematic sensitivity coefficients 

of the RR driver link due to the following dimensional nnns: Aqi = (Al br, A~~}'. The 

supplementai RR linL with the appropriate Whial ve10city clearly marked is ais0 presented. 

The results are mmmarized in Table 4.1 (a), (ô) and (c) corrtsponding to mrs Ai, AxA , Ay, 

respectivcly. The finai expressions of the 3 sensitivity coefficients of the original iinkage, 

together with the various piihial tcnns ptahhg to velocity, acceleration and jaL of the 

supplemental üiika$t, arc tabulateci as shown. In Table 4.2, similas d t s  but of the PR driva 

Link are presented. Note that for bmrity, the d t i v i t y  coefficients due only to the 

dimensional em>r Aa are prescntd Observe that for bot. the RR aid thc PR cirivers, the 

results computeâ using the method of virtual velocity arc identical to thosc listeci in T i e  3.1 

which have been obtained via a coarplctely differeat procedure. 
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Table 4.1 (a): Sensitivity coefficients for the RR driver aud its supplcmental lialr for dl. 

Scnsitivity 
Coefficient! 
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TabIe 4.1 (b): Sensitivity coefficients for the RR driver and its supplementd lhk for hx, . 

Dimensional 
Error 

Table 4.1 (c): Sensitivity coefficients for the RR driver and its supplemental link for AY, . 

RR Driver 

Dimensional 
Error 

Supplemcntai RR Driva 

CL! 
CL! 

. - 

RR Driver 
- - -  

Supplemental RR Driver 
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Table 4.2: Sensitivity coefficients fbr the PR driver anci its supplemental ünk for da, . 

Dimensioc 
Error 

ial 

L 

I 

I 

PR Driver I Supplernentai PR hiver 

=ssina, +isin(a, +a2) 

y:) =-scosa, -Icos(a, +a,) 
-*m = 3 i h Q  
Xa , -3scosa, 

-ssina, -Isin(a, +a,) 
=-3kosa, -Usina, 

+scosa, +Icos(a, +a,) 

x:) = -Xsina, - 3& cosa , 
+ssina, +Isin(a, +a,) 

===(a - y, -Ucosa,-Usina, 
-scosal -Icos(a, +a,) 
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4.3.2 Computation of Sensltivity Coefacimts for Dyad Links 

Table 4.3: Dimarsionai erron for the RRR dysd and its supplemental dyad links. 

Dimensional Error 

(d) SuppImental 

Dyÿd 

An RRR dyad and its suppIemcntal dyad ünlrs prt skctched in Tabfe 4.3. If the 3 kinematic 

sensitivity coefficients of node B duc b the dimensionai mor Al, arc dcsirtd, a fictitious 

siide dong the direction of 4 is introduced in lïnk I, as shown in Tabfe 4.3 (b), so that the 

partial te- associated with the veloci& acceleration and jerk at B can be computed. 

Likewise, the sensitivity coefficients of node B due to the dimensional erron Ar,, end AyA 

can be evaluated by introducing at the k e d  joint A, a fictitious slide dong the horizontai and 

vertical directions respectiveIy as depicted in Table 4.3 (c) and Table 4.3 (d), and computing 

theu partiai ternis. For the piuposc of illustration, the proccss of calculating the position 

sensitivity coefficients of nooc B is outlincd here. Fmm gameûical considerations, WC have: 

Differentiating Eqmtion (4.17) with respective to t h e  and p u h g  9 = O, we get 3 groups of 

equatiom comsponding to the 3 mity scttings of the Wtoal velocities Le. 4 = 1.4 = l,yA = 1 

for the 3 dunemionai mors Al, Ax, , AyA. That L, 



Dimensionai Error AyA (il = 0,zA = O, ji, = 1) 

where 
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The position sensitivity coefficients of node B due to dimensional enors Al, kA, Ay, can be 

computed via Eqwîzorts (4.19), (421) and (4.23). Obsem that they arr identical to the 

expressions derivai in Cliapter 3 (viz Eptiom (3.5a), (3.6a) and (3.7a)) based on a d i n i t  

formulation. Further time diffèrentiation fiel& the velocity md accelemtion d t i v i t y  

coefficients. The resuits ohouid be identicai to those presented in Chupter 3 (Equutions ( 3 3 ,  

c), (3.6b. c) and (3.7b. c)) and thus, are not rcpcated hm. 

4.3.3 Computation of Sensitivity CoefBcients for Dyrd Mtehubms 

The next step is to demonsirate the p~occdure for a "full-blown" planar rncchanism and the 

dyad mechanism is illustrated kt. Consider the ldof planar dyad mcchanism sketched in 

Figrae 4.1 (a). It is composed of 3 RRR dyads with link 0 being the driver. To calculate the 

sensitivity coefficients with respect to the position, velocity and acceldon due to say, Ai,, 

for aiî the joints, a fictitious slide in direction of the dimensional enw. is insertcd in Iink @ as 

depicted in Figure 4.1 @). The partial tenns are then evaluateû by setting the virtuai velocity 

i, = O  or * 1; and using Eiputio& (4.Q (4.11) end (4.16), the 3 kinematic sensitivity 

coefficients are readily computcd. 

(a) 0rigi .d  machanism @) supplementai mechanism 

Figure 4.1 : An eight-bar dyad mechanism. 



4.4 COMPUTATION OF SENS- COEFFICIENTS FOR NON-DYAD 

MECBANISMS 

To demonstrate the procas of computing the kinemafic SCLISitivity coefficients for a cornplex 

non-dyad mcchanism, the Ldoc 22-bar iinkage of Chrrpter 2 is adopted again. As illusfrafed 

in Figure 4.2, the driva is link 0. It is requmd to cornpute the position, veiocity and 

acceleration sensitivity coefficients of any moving jomt J(  J = 1,. O -  ,3 1; 0th than the numben 

representing the fited joints) due to the dimensional mor in the temary link 0. 
Clearly, this is not as easy a task as in aii the previous examples considemi up to now. 

Figure 4.2: A 22-bar nondyad lialrage. 

A supplcmentai 2dof W a g e  is created fhm the original mechanism by inserting a fictitious 

slider in the ternary iink @ as depictcd. Next, velocity, acceleration and jak analyses are 

perforrned on the supplemcatal Linkage using the virtual input i;, = O or f 1. Unfominately, 
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the supplementd linkage is a nondyad linkage and its kinematic a d y s i s  requires special 

handhg- The novel mcthod that cmploys disco~ccted bkd@airs with pltt~cn'bed dyad 

ârivers and codeâ into the amputer prograra NDPLAn dcscfi'bed in Chapter 2, is suitable for 

usage here. Adopting tbb approach, the mpplementd non-dyad m e  is traasfod into a 

dyad mechaniSm by discomectiag lialu @ a d  @ and prescniing 2 dyad driven 0, and 8, 

for the 2-dof supplemcntai hkage. The coordinates of joints 13 d 14 (of ünL @ ), and 

joints 26 and 27 (of imL @ ) must satisfy the iink-1~11gth condition: 

The velocity? acceleration and jnlr of the pairs 13 and 14, and 26 and 27, c m  be derived by 

differentiating Equaîiora (4.25) to yield the following 3 sets of quaîious rcpresenting: 

Link-Velocitv Con- - - 

Luik-Acceleration Co- 
. . 

Co- 
- * 
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The partial terms pertabhg to the velocity, acccleration aud jerk of joint J of transformed 

dyad tintcage with prescnii inputs 8, and 8, can be obtaincd via the prhciple of 

superposition and the resuits arc. 

Acceleration Partial T- 

Jerk Partial T- 

iJ t&J+~J6i+k&~,  
Y, = Y,, +YA 1 +Y~A 



in which 

Note that the s u p d p t s  (1). (2) and (3) in the adoptai notations refer respectively to the 

fint, second and third partial t n m ~  of the comsponding lcincmatic tam. Assuming the joint 

positions of the 2 discomeaed links have already ban solvcd (via Equations (4.25)). 

Equation (4.29) cca be substitutcd repeatedly for C13,  14,26 and 27 into the link-velacity 

condition in Eqtration (4.2% to obtain the 2 heat equations for the detcrmination of the 

uniaiowns 8, and 0, of the supplanaitd hbge.  SimiMy, Equotr'om (4.30)<4.32) can be 

substituted repeatdy for &13. 14 26 and 27 into the Mc-acceldon condition given by 

Equation (4.27), to arrive at the 2 linear oquations for oolving 6i1),6 ,612),6f),6y) ,0k3) of 

the supplernental linkage. The rrmaimng unlmowns 8;') 7ëy' ,6i2) .6:2),6r) ,&F1 may likewise, 



be found via Eqwtioas (4.33)-(4.35) for Jt13, 14 26 and 27 and the ünk-jerk condition of 

Equation (4.28). Once aii the mrloiown tams have besn cvaiuated, they can be substituted 

into Equrtions (429H4.35). to enable the kinematic partial temis of any joint to be 

detemhed. Finally, the position, vclocity a d  acccleration sensitivity coefficients of any 

moving joint Jdue to dimeilsionai em>r A&* cau be reaâily oomputed using Equon'otts (4.6). 

(4.1 1) and (4.16). rcspcctiveiy. The CCSUlts are, 

Velocitv S m ~ i t i n t v  CafIiçients .. * 

Obviously, the preceding rnethod can be applicd to cornpute the kincmatic sensitivity 

coefficient of any cornplex p b  mechanisms, dyaâ or nondyaâ, by npcating the process for 

each of the dimensional aror under consideration. Once dl d t i v i t y  coefficients have been 

detennined, synthcsizing fw optimum dimensionai tolaancing can be paformed in the 

mauncr outlined m -ter 3. 
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- 4.5 CALCULA'ITONS OF OUTPUT ERRORS OF A MECEANISM DUE TO ïTS  

INPUT PARAMETERS ERRORS 

Having obtained all the kincmtic d t i v i t y  coefficients of a mcchanism arising h m  a 

single or any combinations of dimensional enors, the position, veloaty or acceleration output 

exrors of the mechanism can be evaluatcd To fkilitate the process. these output erron are 

grouped into 2 types: AP. AV. M for Iinear icinematic qyantitics and ~ 0 ,  ~ 0 ,  d6 for anguiar 

kinematic quantities. They are @ v a  by as foliows: 
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C I *  

. . 
=?ma b q m  l =~HtI-  

4.6 COMPARISON CHECK OF THE COMPUTED 0U'fPUT ERRORS 

In order to asse& the accuracy of the proposeci method for cornputkg the bernatic 

- sensitivity coefficients and thus, the cotnputed output mors, the 22-bar non-dyad mechanism 

in Figure 4.2 is wd agah A hic-Iength a o r  of +0.005 mm is specined on each side of 

temary link @ and the d t i n g  actuaî dimensions are Summacized in Table 4.4. Note that for 

performing the test, we have assumeci ody a positive dimaisional enor* 

Table 4.4: A prescri'bod dimensionai mot +O.OS mm in tcrnary Iinlr @ . 
- 

~inlr@ 1 Nominal Dimension Achial Dimension 
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The test coasists of two independent parts. In the nnt part, the methad of Wnial velocity is 

employed to calcuîate tbe kincmafic d t i v i t y  coefficients b d  on the nominai dimensions 

of the mechanism and the pctscn'bed âimdonal mor. From these caefficients, the output 

position, velocity and accckation emx bands are computed using Eqiootions (4.39)-(4.41) for 

a joint, and Equations (4.42K4.44) for a bit. IiI the second part, the kincmatic anaiysis 

program NDPLAIR (in Cliapter 2) is usuî to calculate the position, velocity and accelaation 

values baseci on the actwl (i.e. nomid plus arw) linL dimensions as input parameters. The 

r d t s  of these two parts arc then comparai to sec if g d  agreement bctween them is 

obtained. Figures 4 . 3 4 6  depict the position, velocity and acceleraîion of joint 15, and the 

anguiar velocity and anguiar acct1eration of ItiLs 0, @) and @ . Obsave that the resuits 

fiom these two independent checks agnt ahost ~ c c t i y ,  and thus, confum the accuracy of 

the proposed mcthod for computing the kinematic sensitivity coefficients. In the next section, 

we wil l  âiscuss how to employ the technique to synthesize for optimum dimensional 

tolerancing of cornplex planar mechanisms. 

4.7 SYNTsESIS FOR OPTIMUM DLMENSIONAL TOLERANCES 

To carry out the process of optimization, the flowchait sketched in Figure 3.5 of the previous 

chapter can be rc-usd  This implies that the hncwork for this section can be taken h m  

Section 3.5. Sincc the bulk of the mataials has aircady been prt~ented in that section, it is 

unnecessary to repeat it in h w  again. However, it is stn,ngly aicouragcd that the Rada be re- 

acquainted with that section. Specifïcdy, the mder shouid be W a r  with the concepts and 

notations anployod not only in the main Section 3.5, but a h ,  as wd in its sub-&ctio~ts 3.5.1 

and 3.5.2 on the identiication of the most sensitive m o r  mmbinution and the procedue for 

optimum dimenstond tolenincing, ctspectivdy. It should a h  bc pointcd out that in the 

implementation of the scarch aigorithm wed for wni-dyad mcchanisms, it was found that a 

more robust algorithm cornparrd to the one perfected for dyad mechanisms of  the pnvious 



Acceleration at Joint 15 
x-component (x 10') 

Volocity at Joint 15 
x-componen t 

Accaleration at Joint 15 
y-component (x 103) 

Velocity at Joint 15 
pcomponant 

Position of Joint 1 5 
x-component 

Position of Joint 15 
)"corn ponent 
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44 46 48 50 52 54 56 58 

Driver Displacement (deg) 

-200 1 I I I I 1 I 

44 46 48 50 52 54 56 58 

Driver Displacement (deal 

F@we 4.4: Cornparison of angular velocity and an* acceleration for link @ 

(- Enor Analysis, NDPLAn). 
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Driver Displacement (deg) 

44 46 48 50 52 54 56 58 

Driver Displacement (deg) 

Figure 4.5: Cornparison of angular velocity and anguiar accelcration of linlt 0 
(- Emr Analysis, NDPLAn). 
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44 46 48 50 52 54 56 58 

Driver Displacement (deg) 

Driver Displacement (deg) 

Figure 4.6: Cornparison of anguiar velocity and angular acce1cration of link @ 

(- ~ r n r i  ~naiysis, a NDPLA~). 
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chapter is fcqW.cd, and c~ascquentiy, an improved aigorithm for the qyadratic polynomiai 

approach has beai dtvdoped for this section. The gnprOved aigorithm aisuns that the value 

of objective hction not ody converges pmperly but ab, rapidly. The flowchart of the 

improvcd algorithm, consishg of 3 pax&: (a), (b) and (c), is â m m  m Figure 4.7. Part (a) 

depicts the search for extremum values, Psit (b) charactetizes the appmximatc extremum 

values ushg an interpolation technique, and Part (c) modifies the value of objective hction 

and the lcngth of seerch stq. The artire cycle of iteration is rrpcPted until the value of 

objective fhction saîisfies the pmscnkd tolerancea . 

To illustrate the process of synthesizmg for optimum dimCIlSionaI tolmmcing, the 2-loop. 6- 

bar non-dyad linlrage introduced in -ter 2 is tc-uscd hae. The mechanism and its MN 

incidence matrix are given in Fi- 4.8. The latter information is ~quind since we will be 

using the method of discomected 1uiL and prcscriibed dyad cirivers (see chopter 2) to solve for 

the kinematics of the original and supplerncntal non-dyad mcchanisms. In the synthesis of the 

final design, the tolaance bauds for input parameters bascd on the specined output errer 

limits are determined and h m  thesc d t s ,  the smaücst one chosen. Since the proposed 

method is capable of handling higher-order a o r  sensitivity anaiysis, the tolrrance bands will 

be computed based on the position, velocity and acceleration rcquircmeats. Noting that 

tolerance bands are always specified with binary signs, we wili use the direct approach 

developed in Section 3.5.1,. to idcntiijr the most sensitive emr combinations instead of 

carrying out a very computationatly dcmanding task of chccking aii 2 '' cornbuioitions at every 

motion increment of the &bar iinkage. R e d  that in this d k c t  appmach, no computations are 

requind. Also, we wili adopt the standard practice of grouping tolerance bands of similar 

types together aed ptc~cn'be within each p u p ,  tolersliîe values that are proportionai to a 

suitably selected but still to be ciolved e m ~  parameter. The chosen objective fiinction 

employed for the optimi7rrtion is givcn by the sum-square of the actuai maximum and 

minimum output errots based on the most sensitive error combinations (sec Equmion (3.2 1)). 



Legend 
m : contraction factor 
ho: initial step length 
a : pnscnied tolerance 

Figure 4.7: Flowchart for the Ùnproved quadratic polynomial approach. 



FigMe 4.8: A &bar nonayad mechanism witb its MN incidence ma*. 

The Link lengths aud the joint coordmates arc tabuïated in Table 4.5. Based on this 

information and nommiking with respect to S, , the following weighting faetors k, , - - O ,  kl, 

where k, =l , , /L=O25 ,  k ,=k+ /L=0375 ,  k,=kJl,=l, k4=lJI,=03125, 

k, = I , , / S ,  = O Z ,  k, =[-II, =O2S, Ct, = I , , / S ,  =O.625, fortheiinks; and k, =k, =O, 

k,, = kl, = 1, and k,, = k,, = 2 for the h e d  joints; arc computed for use in pdorming the 

synthens of the dimensional talerance bands. 

Table 4.5: Link lengths and joint positions for the dbar non-dyad mechanism. 

Known Joint Positions 

Joint 1 x Y 

Link Lengths 
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The position, velocity and accekration nquiremcnts aie presaibed by asnimgig the same 

numericd value for ail maximum Duowaôle output a m  bands, as the diiver-link tums b m  

60' at its starting position to 2100 at its fiaai position. That k, 

It is required to synthesize the optimum tolerance band Ai,, wrctspoading to specXed values 

of ( k 0 ,  A&)' = 0.025, 0.00050, 0.00075, 0.001 . AU output anguiar position, velocity and 

acceleration sensitivity coefncients of iink @, co~fcsponding to a dimensional erz~t in cach of 

the link (or edgc for link O) and in cach of the fixeci joint (both x and y directions), for a total 

of 13 inputs an plottecl in Figure 4.9. Multiplying these coefficients with their respective 

weighting fztors kt,-, Al,, the weighted d t i v i t y  coefficients h m  the maximum and 

minimum ermr combinations am detcnnined and the d t s  graphed in FigMe 4.10. It is 

obvious h m  this plot that the maximum/minimum weighttd serisitivity coefficient pair 

calculateci based on the accelcration rcquirement is the largest and thw, wouid be urpected to 

govern in the h a 1  design seleçtion. 

The d t s  of the dimensional opthkation are summarized in Table 4.6. As iisted, the values 

of Mo determined h m  the position, velocity and accc1eration reqairements arc given. As a 

gauge of the accuracy of the computed values of 4, th& respective convergence errors in 

the objective hction f (No) arc alw pmvidd. Note thot the missing A&, f (Alo) values for 

(hr,, A ~ ~ ) '  = 0.00075 and 0.001 arc due to the negative contriihtions of dl,. This situation 

arises for these two cases be«uw the input errer h m  4, Ayl, bx,, Ay,, h, and Ay, is 

aiready larger than the maximum Pllowable output cmr h m  A 4  (= I ( A ~ ,  )- D . That is, 
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60 90 120 150 180 210 

Dnvcr Displacement el (deg) 

Figure 4.9: Anguîar kinematic d t i v i t y  coefncients of link 0 for the 6-bar nondyad linkage. 



Chapta 4: Non-Dyad Mcchauhs: Error Semitivity Ady l i r  a d  Op- Tolerancing 

60 90 120 150 180 210 

Driver Displacement 8, (deg) 

Figure 4.10: Maximum(minimum weighted saisitivity coefficient pairs for the 6-bar 

non-dyad linkagt ( 
. . pomaoq -..--.- velocity, -- acceleration). 

-- 

Choosing the SmaUest vaîue of dlo for use in the fippl design, it is clear h m  Tde 4.6 that 

the value based on the acceleration rcqullcment govaiis and themfore. must be used for 

computing the tolerancc bands of ali the h k s  in the mechanism. Table 4.7 dcpicts the final 

design lnigths of the various linLs, togcthn with UKir rrspeaivc toleraace bands for the two 

cases of (AX~,A~,,)' = 0.00025 and 0.00050. Note that the Pctunl si- of the tolenuice bands 

are chosen in accotdance to the respective signs of the sensitivity coefficients. 



Table 4.6: ûpthizaîion resuits for the &bar non-dyad kkage. 

I Position I velocity 1 ~cce~eration 

Table 4.7: Tolaance bands for the thai design of the &bar nondyad ünkage. 

Nominal Link 

Using the designed link lcngths, the final output motion characteristics cornputai based on the 

governing acceleration re<iuemcnt are pplotted ia Figure 4.1 1. Obsme that they aîi conforni 

to within the prescn'bed rnaXimum/minimum output talerancc bands. The final design is 

therefore, a valid and an acceptable mechanism. 
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(a) Ax0 = Ayo = 0.00025 

4.01 l- , 
Minimum Allowaûle Oulput knd  

-0.02 -----,m. 

Figure 4.1 1 : Final motion charactcristics for the &bar non-dyad linLage 

(- positioa - . . -. . - vdocity, - - - acce1cratiou). 



4.9 CONCLUSIONS 

A mechanid enw seasitivity analysis and the synthesis of dimensionaï tolaana bands of 

planar non-dyad mcchanisms are preseatcd hae. The mcthod is valid for both dyad and non- 

dyad mechanisms, and thus, constitutes a g e ~ d  approach for tinlrage modcüng. A unique 

analytical p~ocedutc nameci as the methd of virftial velocity is dmloped for the 

determination of the position, velocity and accelcration seasitivity coefficients. nie technique 

consists of a kinematic analysis of the original and its sopplerncntal rncchanism. The 1- is 

derived h m  the original mechanism by setting the virtual velocity term to either O or f 1, 

depending on the partic* semitivity coefficient that is king evaluated. After computing 

these sensitivity coefficients, the task of synthcsizing for optimum dimensionai tolerancing 

can be easily camed out. As an exemple, a &bar, non-dyad ünkagc is TC-desigaed for 

optimum dimensional tolerancing. It is fomd h m  the enot saisitivity analysis that the 

acceleration-bas& dl, should be used in the syathesis of the tolenmce bands of the nnal 

desiga Using this dt, the position-baseci, veIocity-basecl and acceIeration-baseci output 

motion characteristics of the designeci mechaaism an generated and fouad to conform to 

within the prescn'bed maximum/minimum allowable output bands. The final design is 

therefore, a valid and an acceptable mechanism. 



CHAPTER 5 

Conclusions 

Severai new approaches for kinematic analysis and the synthesis for optimum dimensionai 

tolerancing of any complex dyad or non-dyad planar mecbanisms have been developed in this 

thesis, The research achievements arc as foliows. 

(1) A fully automatad cornputer program NDPLAn has been developed for performing the 

khematic anaiysis of dyad and nondyaâ mechanisms. The novel method involves 

transfonning the non-dyad mechanïsm into a series of dyad mechanisms by disconnecting 

appropriate link a d o r  joints, and prt~cn'bing dyad drivas for the trausformed ünkage. 

An iterativt technique is then cmployed to rccover the disoonnected iïnks by restoring the 

affected gannetric conditions back to theu oripniai values- Several exampies are useû to 

verify and demonstrate the accuracy of the methoci. 

(2) An appmach for perfonning a mechenical c m ~  savlitivity analysis end the subsequent 

use of the d t s  for canying out the synthesis of optimina dimensional toleraucing of 
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&ad mochariisms h9s been developed. The methoâ mcludes an anaIytical determination of 

the position, velocity and acceldon scnsitivity coefficients. To illustrate the procedure, 

two aamplcs are ptzsentd 

(3) A new and unique method har ben  deviscd for the direct idcntificaîion of tht most 

sensitive mor combination h m  aii the 2" possibilïties whae m is the number of input 

parameters. The k t  that o u  technique does not npuirr any computations is a signincant 

contribution as the task of ideatifying the most SCLlSitivt arot combination cm easily be 

very computationally intensive. For example, a mec- widi m = 12 input parameters 

produces 4,096 combinations and if the machanism is analyzed at 300 intemai, ttme will 

be a total of just under 50,000 computations for one 360' rotation! 

(4) A completely difExent method [hm (211 has b e a  dcvelopcd for carrying out a 

mechanical m o r  sdtivity d y s i s  and synthesis of optimum dimensional tolerancing 

for non-dyad mechanisms. The procedure includes a unique analytical determination of 

the position, velocity and acceleration d t i v i t y  coefficients via the method of vuhial 

velocity. An example is prcsentcd to demonstrate the technique. 
-* 

5.2 FUTURE WORK 

The foliowing hrttrrc work can be considcd as an extension of the cumnt mearch. 
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(1) It wouM be nice to develop a Windows version of NDPLAa so that the cornputer program 

can be more usa-fiicndly. 

(2) ûnly dimensionai to1emcing i s  considercd in this study- It wouid be very usenil to 

consider the effbcts of clearances in estimating the mechanical citors. 

(3) The pmposed mcthod of c ~ o t  sc~lsitivity analysis assumes only rigid Iùiks. In the real 

world, one bas to deal with flmi'ble links. 

(4) The proposeci method is d c t o d  to hcmaîic em>n in the output displacements, 

velocities aud aocclerations. Kinetic quantities such as fo&es and toques are ignored in 

the modeling. 
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1. User Manaai for NDPLAn Program 

1.1 Purpose 

This program WTitfen in FORTRAN can be uscâ to perfomi kinematic anaiysis for 

position, velocity, acceldon and m r  of dyad and nondyad planar mechanisms. 

1.2 Input Parauneters De5ltions: 

Ail the instnictions have becn ammgcd to display on the scrœn for the user to choose the 

values of input parameters. For the pirrpose of clarification, here are huiher explanations 

of the input parametcm definitions 

13.1 MIN=l displacement analysi*s only 

M W 2  displacernent and velocity aaalyses 

-3 displacement, velocity and acceleration analyses 

number of iïnks 

number of joints 

iink number 

joint numba 

If input MN matrix by using ale, the user mut set up a fb namd as 'mndata*' 

("' is any hteger numbcr) which incladcs ail  data of the MN mMix. 

INPUT L( Ji-J2)=? YIN: if the value of length is hown beforc starting the 

calculation, input Y, othenvisc input N. 



1.2.5 Jl,JS,J3,MODEL 
- J* : the joint nmbet of the cumnt linL which has t b  or more sides. 

MODEL= 1 : ail  joints arc arrangecl in the anti-cIockwise dircction 

MODEL= O : all joints are anangcd m the straight line 

MODEL4 : aîI joints are amnged m the cIocLwise direction 

1.2.6 PX(J), PY(J) 

PX(J) : the x coordinate of joint J. 

PY(J) : the y cootdinatt of jomt L 

1.2.7 THETA(JLJ2) : degrec of ande m e a d  h m  the horizontal position to the 

driva in the anti-cloclwise dircction, where JI is tbc starting joint 

and $2 is the mding joint. 

: linear distance measured h m  tht initial starting position of slider 

to its currrnt position, whae J1 is the Starting joint and J2 is the 

cnding joint 

1.2.8 How many times to calculate : the amber of caldations in whole complete cycle 

1.2.9 DTHETA: interval of rotation for rotation driver 

DS : interval of sliding for slida driver 

1.2.10 H: length of stcp for tht itcratioa 

E: tolerance for tht iteration 

1.2.11 V I 0  : angular velocity of rotation driva 

Am : anflar acceleration of rotation &ver 

vsg : iincar velocity of siidn dnwr 

fwl : üntar accelcration of slider driver 



13 Output Dehitions: 

3.1 Output File Name : DATA? 

(1) The n~mbct of the nit dafa_* depends how msmy input parameters the 

mechanism has. 

(2) '*' is the digital numbcr which matches the corresponding numbcr of input 

parameters. 

(3) It includts the solution of displacement, vclocity and accelCTation scrisitivity 
coefficients for ail links and joints of mcchanism due to certain input parameter 

unit mor in the coqlete cycle. 

3.2 Output Fie Name : PVA 

It includes the solution of displacement, vclocity and acce1cration for all Links and 

joints of mechanism by using input patameter nominal values in a complete cycle. 

3 J Output Fie Name : EU 

It includes the solution of displacement, velocity and acceledon output error for ail 

ünks and joints of mechankm due to the acaial input parameter crror in a cornpiete 

cycle. 

3.4 Output File Nam : EPVA 

It includes the solution of displacement, velocity and acceleration for di links and 

joints of mechanian by using input parameter acaial values in a complete cycle 

2. User Manaal for NDPLAs Program 

2.1 Fuaction 

T h i s  pmgram written usine FORTRAN cai be used to solve optimum dimensional 

tolerzlllcing of dyad and non-cîyaà planar mcchanisms. 

2.2 Input Parameters Dehitions: 



AU the instructions have bcen arrangd to display on the serrai for the usa to choose the 

values of the input parameters- For the purpose of ctadication, herc are M e r  

arplanations of the input parameter definitions exccpt fbr those which have alrcady been 

descn'bed Section 1.2- 

: calculate the maximum ailowabfe output cm>r b a d s  of a joint 

EU=2 : caicuiate the maximum allowable output e m r  bands of a link 

JEJ : joint numba 

IEI : iinknumber 

EN0 1 : starhg position of the synthesis calcuiation p&od 

EN02: ending position of the synthcsis calcuiation period 

HOW M M  INPUT PARAMETERS GROUPS? : input 1 for linear or anguiar 

qpantities ody, 0th- inpot 2 .  

HO : lcngth of step for the i t d o n  

E : tolerance for the itcration 

2.3 Output Definitions 

AU naal design solutions will be shown on the saccn. 




