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ARTICLE INFORMATION ABSTRACT
Original Research Paper In practice, clearances in the joints are inevitable due to tolerances and defects arising from
Received 18 November 2013 design and manufacturing. It is well-known that in the presence of clearance at one joint, the
Accepted 04 December 2013 linkage gains an additional uncontrollable degree of freedom which is the source of error.
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vailable Online 14 June Moreover, these joints undergo wear and backlash, resulting in poor accuracy and repeatability,

and so cannot be used in precision mechanisms. The model of continuous contact is used here.

léznvﬁir:jt]oims Therefore, joint clearance was modeled as a small link with the length equals to the clearance. In
Clearance this paper, a method is proposed to alleviate the undesirable effects of joints clearances. This
Optimization improvement implemented using compliant joints. The compliances are introduced locally in the
form of flexural hinges at the two oscillating revolute joints of a four-bar crank-rocker linkage.
Moreover, pseudo-rigid body model is used for modeling the flexures. An optimum design of the
flexural hinge for minimum objective function is deduced and used to modify the conventional
mechanism. The PSO method is used for optimization process. An example is included in which
we show that introduction of compliance will modify the dynamics performances of the linkage.
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1- Compliant joint
2- Particle Swarm Optimization (PSO)
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4- RSSR: Revolute, Spherical, Spherical, Revolute
5- Anti-Symmetric Double Leaf-Type Isosceles-Trapezoidal Flexure Joint (ADLIF)
6- Pseudo Rigid Body Model (PRBM)

oy

1- Notch-Type Joints (NTJ)
2- Leaf Springs (LS)
3- Film joint

0 oploud N E 093 AYAY 313 ro ey Suille e



USed 9 (V95 (53l (iR S

Jraie i) iglbols Syl GhalS slrs laxiuo o juille 3 disg 23 Ppb

B, = (A5 — AF)% + (A1° £ ((A1)? + (439)* — (459)7)°5)? )
AY¢ = 2L;(L, sin 6, + rsiny — L, sin 6;) )
AL = 2L5(L, cos @, +1 cosy — L, cos 6;) )
A¥ =12+ 13 +71%2+ 13— L%+ 2L,rcos(6, — ) A
—2L,L, cos(6, — 6,) »

V]G sl ply alawly gac P alais Coxdge cpizxad

P\ %, cos @, cosy cos(83 + )
<Pylc> - (J’o) +L, (Sin 92) tr (Siny) +4p (Sln(93 + B)) QY
OV L (Vo) Yolas 3 ooliinl b 55 p5l5e slagae o, 35 10 Coxdye
IV]anT o conony

xge Xo cosf, sinf,] Uz
(y[1;20> = (}’o) + [— sinf, cos 92] (Vz) )
<x(‘;§) _ (Xo (cos 92) r cosy
ye yo sin 6, sm y
[ cos 6 sin 9 ( 3)
sin03¢ cos0i¢1\V3 avn
<xc4> _ (xo <cos 6, )
y& sin 6,
[ cos@i¢  sinBj° ( )
sin@}¢  cos ;¢ QLY

o Slaise oKiws jo pl i gas pr> 50 Slabe Vv g U oS
<0y 5ol 398 DYoles olad a5 0l dzgr (WO JS) wiib oo
Vol 51 (555 e b arilise 525 () (53lme giae a5l) y 5l (b
Srgac a2 ST Gl g G polie (loy 4 Coed V)L (V)

:[T].A.;J‘so Cawddy 55

xS oxks
ké?> . | a6, ay
L. ]=8 +vy ,i=234
<3’éf 2\ oy ayg:
26, dy QD)
azxm azxm
vlc
2\ 2| 38,2 . | 28,0y
=46 + 26
(Yé?) 2| 0%y 2l azyk
36,% 06,0y
axgs 92%x¢
N ., 0y? .
+y +vy , =234
aysf %y
oy dy? O

Sogon b pille T ¥ lagac sl L g ce e (ien
V)5 aals> (18) 5 (10) ¥oles
.90k a6°

0l = OrggtV 5~ =34 00)
e _ . 0 aelf 467 226} + 26,7 a%0}c Ly a%0}c
i 2730, ' ? 96,2 2 90,0y dy?
91c
+7 3y i=34 %)

69979 )9LS 9 (A 429l dpmlono -Y-F
o pez acd Jas e Jolie giledse slp wd ol o5 jsboles
kgt b (oo 8 Sy alowgs o3 Jade (Jue (nl 53 395 00 ool
oolizul wils (pwlad (2,8 5l 58 3 Jate il doe sl 09300 iiNlr
0 UK aghiee B 3Rl il g S ol 0 45 pdiee
a3 ge GLid ]y 358 slacsila s

o Sle g pr g bgas Job (om polae (23 L A5 ol o
T s &5 > aAlsles I jslaie oyl e Cewsay (A 4l ol
g ge osliial 51,5Y aba, ;|

0 oplosd N E 093 AYAY 313 po ( Hu e Suilke wiie

So 0 ey Jelie Gleoliiul ol Gl S e o a5 jsbiles
@ 428 b Glply oged a2 5 Jake oled e3game 4wl el
S OlFes wndly atdls olS Gl (53959 gas muslyS oo 0)lpen Sy
ol hasly gae b (53555 sae b g ey i b 599)9 g Jlail e
2 oiledl Jade 93 50 Glgioo Ll i yo s I3, e Jolie

g0 oslawl Jolas ! 51BO g Bbls o

(5 Lo ki —1-F

ol s Lol Sla Lo 51 slods iy ol 5o
V]og dales (V) dolae & ygods -0 S 4 bogy o (g 10 alasly s
Lo + el 4 [, — [l — 1,0 =0 o)
giae gl g Job 55 7 9 7 g o1 sde Al g Jsb iS00 5L &S
& Jabe Sy osrs 4 barye polie M gVl aiiloe (B 53l

Ao o sl |y
eelss ol U 5 (1) alaly (ognge 5 ik slaailse 3,5 oz |y
YV Jewsls
B
03¢ = arccos (B—:) D)
03¢ = arccos((L2 cos(8,) + rcos(y)
+ L3 cos(63€) — Ly cos(6,))/L,) )

By = (A = AY) = (A1 + (A1) + (402 = (499 ()

A

Soiled igles (N

Sl Glel (2

o daie 535 & ko 5 b lale i 3050 B JSC

OA



USed 9 (V55 (53l (iR S

Jraie i) iglbols Syl Gals slrs laxiuo o juille 3 disg 23 Ppb

140 Bz
| g SRR Bz
3 - ~.
rea ™y
s =
3 ~
120F S “
L ] N
s ~
I I ~
./ -\l
85, B50 Ry 30® '
(deg) 100

80

60 P I BN i

0 100 200 300

6: (deg)
Bo g B bl Jolas ol,90 00game £ J&

400 P

l St Sl =

L - +— k=10
300 o= 100

200
¥
(deg
100
r SRR AL A ek
[} St st SIS SN AP A 1>
-
N VRN LI RO
400 500 600 700
6:(deg)
400
: —_— =0
I S o
- —-+— k=10
300 == =100
200
¥ L
(rad/s)
100

+
T T
-~

.'l "‘\

P noA G A
AN
W SR

Y] " v

‘100

TR R T B I I 1
400 500 600 700

6z (deg

sl 0 03l L B SE 4o a5 Jlasl 5lSe 99 40 p 5 Lholis (pg33 b
whos el (A agly Olpess (Jolie nl j3 9290 (Fhw Jeoa
b Bl s Jake g0 (e e 4z e Sl b eizes
VY sledSs j0 zay 4 el ol abige it Rl () aysly Ol
59LaS Cglhacl iolidl o)ls 89> g aST (ISie Lol sl oo ools lis A 4

AR

d (aT) or ou o _ 08,
at\ay) "oy Tay Tay T Tout gy v
“4 55 D s ULT sl p)hz gas p o)ly >, ks ladstout a5

SV il g 00 BT &l g il (655 iz (55,

4 4
1 X 1
_ = h2 4= (52 a4 02,
T= Zzzllal +Zzzml(x61+yaz) (\/\)
4 =
v=>y L0, = 05— 0.7 + Ly, — 0,0
—iizmig%;i 2 304 3 s3 7 falbs 54 09)
"4
D—lz(] 62
2i=2 i Vi (Y')

Sl il 1 gae ol los 5 o iS5 C g g oy oS
Jobss sblg; 50 B854 5 853 .ol oo j5Kung 2lpme culyl 5 adl>
doles ;3 (V4) b (VA) SYoles ols,l 3 L s o5 Jolas Sl
Cewddy gl (L5 OS5 > Aol lis e slas S Eie 9 (VY)
Sl

lgo )0 bgac glaygly ceyw 51 230 598y alpe (V0) aoles o
ably cnl UGSy @lee welpe G0 SasS Jdoay andl il
b o Sl a5 Woles o

S asly By 98, T Sl 50, (595,9 gae argly (dg Lasein b
Oyizma 5] ge Cawddy (V) dolae g3as J> b 7,7, 7) o] olinie
Wbl a5 Ly pselSe S5 sl S e s SIS ol
1,59] Cowdds 0y (68959 9l) el 4 Cacns $1,5Y

d(oT\_or ou o __ 06,
dt\os,) 96, 06, ' a4, mT ‘oog, e

P390 Sal o5 Joolio (b 10
A (YY) dlaly o> g solal slaosls L O o slabs Loz 5515
:é}..fab.n EVEp
w, = 600rpm,a, =0
Ly =0.2m,7,, = —1Nm
L, =0.03m,m, = 0.0122 kg
u, = 0.015m,v, =0
I, = 1.82 x 10~%kgm?
L; = 0.18 m,m53 = 0.0737 kg
uz; =0.09m,v; =0
I; = 2.02 X 10~ *kgm?
L, =0.12m,m, = 0.049 kg
u, =006m,v, =0
I, = 6.19 x 10~5kgm? av

w5 b leblez o5 BO 5 Bolie 5l sagima P S o
ol o e delas 03Kl el B el 00l sy YY) alal,y slaosls
255 )13 b)) 090 ala 9

sl Sy |y Jade 90 ply9 00gaome e 7SS 4 4z b
a0 YA Lo,a (JSS 4y 4z g5 L BO ahis o #dly fads ol)90 0d5ume
ol a4z 3 VY Lo ,as sae () B dlals Jake gl a5 I j0

5 p5 Jolie 3y50 0 V-V (25,5 ool dl)l Clnbgs 4 azg b
3925 B0 g B abais g5 ;0 Joolao ol 5l eoliul oSKal dapyT 4l,9 03500
s al sl o5 Loli ol g0 edgamme Ll jI USie 5 0,10

5V slogas o s 5ilSe 4 03 Jolae o380 51 LS g ol o
il S Wsdioe (2 (e s g Jleal Jeolie a5 conl (B gl Y
9935 385 5 O slaugly o (B silre pae aly k=0)
B Ll e o p Jolio Jbo iloit pasy 3 B Y (sla IS5 50 3l 3,50

A.\}..;GA 0&5}:9‘ BO 9

0 oploud N E 093 AYAY 313 ro ey Suille e



Ued 9 (Y95 S)ly e Samw

Jiato i) Caghlast ol sl SIS (5l lainn o 34il5e 5 g o35 A Lsb

i ., —a— k=0
4 - " 24
20 » " - k=1
i s " — = k=10
! / § —=k=100
- »
10__ /s .
L /: \
: D 1\
[ P DT et GG T - L
om) T DR St g
i \ S
-10L * §
L \ f
- \. -"
i Y 7/
<20 \ g
B , /
L h\ /I
E OV
-30L
I P T T,
400 500 600 700
0: (deg)
ol (i canz i (3959 H3lidS Sl poss 4 S
130 . — : . :
600~

800 .
SN < \ 1000 800
™, . 40

\\ 10001200 1

\

120

Bss | 1200
(deg)

110 +
200

100 . . \ N

65 75 Ous (deg) 85 95

(rad/s) & jlme gas Glygly o o Ol s g8l Ve JSCo

130

120

[
(deg)

100

95
65 75 0us (deg) 85

(Nm) 5L3s 50 (539,5 HslutS Sl pass HoulS WY 5B

S 5 domid =Y
ST (e &5 8L Ylgier Lo 99 pille Snlns Julow )
e 85 1y G Silome gde slargly St Wlsige o5 Jolia 5l 5k
ol 520 3 3 Al ayled U5 bl e pilSe Ky o s ol
oF Gl carge 9 )00 5l 3590 699,5 LS (53, 5 (pllasl T Hes
Olyaeis o 45 Sga Dl eS|, Lolin ol oyl cpalplis 59 e
e ol (et Rl s 390 )5lisS w9 Wb RalS (A aul;

O oolads N € 093 AFAY 313 jo0 o )30 SuilSe (wiin

Jolhe saw (il b as ol ool ools las @ JSS jo .csl (99,5
ar gaiajls el ul g wliioe (Rl 53 (9995 59LniS marsSle ke
e b sl oS WS e bl 1) iy Gl b g 5,5 S e eise
“ay oy Jolie Gt slp Sl 5 comlio Jaie o5 cod oYl
A5l Jlade 5 A slagly cepn jlade s (Jole a5yl Cenoay glaisS
a5 il glaigSa g polie b @dly jo S L85 5l 0)5e psliaS
HgaS Slas jlade @ g aied LalS Pl a ) (G agly Sl oe
298 B jlate (a8l i) 095 Jgams ;o8 9 0L (e s 590 (59959
ey oS 85 el 83 0L (e pdlclizl g Jelie (o958l L
Aloe plp Jae 59 50 Glp (e p3le ALY sla s

Jolie cal (Ssbeal Jobss apgly oy Jolin hw 5 ogdle
Jobs agsly ol SIS0 (Seelns sloynll 5y 2 e pdySlasl
3,8 a5 0054 = /2 96053 = /3 ALY Gl IS e Sl
ol 00l

Sy St 4 bgipe (el cuiia M) 5 Ve gladss o
9853 oz 515 0590 (6399 ,9liS DS g (A (3lme e slagl;
k=10 Nm/rad ,l, Jolie cbw o Ss pl o cul ool g, 854
JOMPRCARTR JNIIN

Siludisg -#

il Jate 5o QLS gl a5 Cdlye gl O e Clas
aiess (b glayell lesar plge 1 (V) k), b s
W85 ks gileang

X = [ks, k4, 053, 054] YY)
298 s B agly Sk bele 50 2 4 b Boe b Gusd 6l
g2 WlyS oS Dygon Sup b @8l )0 050 4zl (5999

Minimize F = M, f; + M,f, AAp)
_maxly| | max|ty,|
! |w2| 2 |Taut| (YA>

Sl atlon aloz 95 51 6 e S S Glp Sy el o M2 g ML oS
55 ol ond a8 5 L s M2= 0.05 § M1= 0.95 (g5ludige dine J>
ly bid pgs aloz g wiloa ania e 22l (Lol Sua ol
ool oals J15 Bas mli )5 (639)9 5liiS Jseme yuf Rl (655 sl
ol

J5o @lasls 51T alal, Soe 1l b sleaing s S sl
(PSO) 3 plool s, 3l c63lodings 6l croiad 55 co esliul VY
1y 5]y Al aingy (slo el cdmati o sl o ool

k, = 5.0643 "
3T rad
Nm
Xope = |ke = 460997 —

0,5 = 67.17°
6,, = 100.98° ")

JNogei g (A slagly Coy jloged ((H Al Hlaged AO LAY slases o
Lol 0ah oaoy (VF) alaal) i poliie @ 4295 L 515 3590 (599)9 Hslds
Jolie (05531 b &5 o e VF 5 )Y UK clologai (s, 5|
SBas a5 wbee GRalS wad 4 A agly St e sloyallh Ly
HliS Jlade a5 wes oo plid o2 V0 S casl 00g L5 ol o Lo Lol
sbj 8 of g cel ilate 5 Jshee (il ol Lol anils (233l (5059
Sy Jlg 25y plSe (b ol 990 49550 At e & Cens



USed 9 (V55 (53l (iR S

Jraie i) iglbols Syl Gals slrs laxiuo o juille 3 disg 23 Ppb

400 . R
e el

prdolie b X

300

200

100

L
’
-

}}
(deg)

-100

s 1 1
400 500 600
6> (deg)

-200

£ olie O o bl 5o 0 B (slaygly oo VPSS

4 -
— — = e delie gen

£ Jolia

A N B
6: (deg)
pr olie g 5 b Sl 53 53 5L 90 (639)5 ,3leas 10 JS&

P -
700

T
400

a5 e i py Jolie (509580 Gl e ode] Cewsas slaloged
e 5 428l alS by i) aygly ks o plol o ulad
Debon prile (Saalind o Slas 2900 g o g SIS | ABS cga
s cel sas Q! glaisSa (giluaigs alius Bus &b pisren

el 00,5 (635 gl 55 (69959 ,gliS (lata g Johnal (Al

&lp-A

[1] V. P. Castelli, S. Venanzi, Kinetostatic modeling of the clearance-affected
prismatic pair, Journal of Robotic Systems, Vol. 22, No. 9, pp. 487-496, 2005.

[2] S. Erkaya, I. Uzmay, Determining link parameters using genetic algorithm
in mechanisms with joint clearance, Mechanism and Machine Theory, Vol.
44, pp. 222-234,20009.

[3] T. Furuhashi, N. Morita, M. Matsuura, Research on dynamics of four-bar
linkage with clearances at turning pairs (1st Report, General theory of
continuous contact model), Bulletin of the JSME 21, pp. 518-523, 1978.

[4] K. L. Ting, J. Zhu, D. Watkins, The effects of joint clearance on position and
orientation deviation of linkages and manipulators, Mechanism and
Machine Theory, Vol. 35, pp. 391-401, 2000.

[5] B. Feng, N. Morita, T. Torii, A New Optimization Method for Dynamic
Design of Planar Linkage with Clearances at Joints, ASME, Vol. 124, pp.
68-73,2002.

[6] M. J. Tsai, T. H. Lai, kinematic sensitivity analysis of linkage with joint
clearance based on transmission quality, Mechanism and Machine Theory,
Vol. 39, pp. 1189-1206, 2004.

4l

e Jlo S gy slabos oz 05005 10 050 Jolas 5l oslannl sl

ol 00 |
sl palas sla 2l 255

A0, W0, 81, 8w, a2, g Ca
L1, L2, L3, L4
Mi wi, vi, f, Can, i=2..4

'

lp oyl Comacr b gy

X=Lla, kt, 653, 654]

W aloles so0e >

b b

. -,

©van gabdd dewl=a ol 5 a1l )y Al
L ]

L Surer als Sap gl dslne

T alales

PSO 2,501 §f ealil L
L

Y

(Gbest) Conoz cpl 3l 08 o g wolsel

= s o)l s NY g

400 - J
L . . ~
L - - = A Jelie g P
i pr Jolio b 4
300 P
B rd
. d
- /
- '
ZOOT f
% i ’
- /!
(deg) - P
100 - s
I /
L rd
L~ g.o-""’
Oh
L1 . P R R B
<100 400 50 6 700
6: (deg)

i Jolie (g 5 b 2l g0 0 (8 a5l VY JSC

0 oploud N E 093 AYAY 313 ro ey Suille e



USed 9 (V95 (53l (iR S

Jraie i) iglbols Syl GhalS slrs laxiuo o juille 3 disg 23 Ppb

[14]]. M. Paros, L. Weisbord, How to design flexure hinges, Machine Design,
Vol. 37, pp. 151-156, 1965.

[15] L. L. Howell, Compliant Mechanisms, New York:John Wiley & Sons, 2001.
[16] A. Midha, L. L. Howell, T. W. Norton, Limit positions of compliant

mechanisms using the pseudo-rigid-body model concept, Mechanism
and Machine Theory, Vol. 35, pp. 99-115, 2000.

[17]N. T. Pavlovi'c, N. D. Pavlovi'c, Mobility of the compliant joints and
compliant mechanisms, Theoret. Appl. Mech., Vol. 32, No. 4, pp. 341-357,
2005.

[18] E. Tanik, V. Parlaktas, A new type of compliant spatial four-bar (RSSR)
mechanism, Mechanism and Machine Theory, Vol. 46, No. 5, pp. 593-606,
2011.

[19] X. Pei, ]. Yu, ADLIF: a new large-displacement beam-based flexure joint,
Mech. Sci,, Vol. 2, pp. 183-188, 2011.

[20] Y. Oh, Synthesis of Multistable Equilibrium Compliant Mechanisms, PhD
Dissertation, university of Michigan, 2008.

0 oplosd N E 093 AYAY 313 o« Hu e Suilke wiie

[7] S. A. Kolhatkar, K. S. Yajnik, The effects of play in the joints of a function-
generating mechanism, Jnl. Mechanisms, Vol. 5, pp. 521-632, 1970.

[8] C. Innocenti, Kinematic clearance sensitivity analysis of spatial structures
with revolute joints, Journal of Mechanical Design, Transaction of the
ASME, Vol. 124, No. 1, pp. 52-57, 2002.

[9] S. Venanzi, V. Parenti-Castelli, A new technique for clearance influence
analysis in spatial mechanisms, Journal of Mechanical Design,
Transactions of the ASME, Vol. 127, No. 3, pp. 446-455, 2005.

[10] V. P. Castelli, S. Venanzi, Clearance influence analysis on mechanisms,
Mechanism and Machine Theory, Vol. 40, pp. 1316-1329, 2005.

[11] A. Sardashti, H. M. Daniali, S. M. Varedi, Optimal free-defect synthesis of
four-bar linkage with joint clearance using PSO algorithm, Meccanica,
Vol. 48, pp. 1681-1693, 2013.

[12] S. S. Rao, Engineering Optimization Theory and Practice, Fourth Edition,
New Jersey:John Wiley & Sons, 2009.

[13]Y. M. Moon, B. P. Trease, S. Kota, Design of Large-Displacement
Compliant Joints, ASME 2002 Design Engineering Technical Conferences,
Montreal, Canada, 2002.

7Y



