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ABSTRACT

Synthesis method of a static balancer using truss

Sanghyung Kim

Advisor: Prof. Changhyun Cho, Ph.D.
Dept. of Control & Instrumentation Eng.
Graduate School of Chosun University

This research presents a synthesis method by which a static balancer of a truss is
transformed into static balancers of various mechanisms. For conventional design methods the
kinematics and potential energy of every mechanism should be computed to design a static
balancer. To overcome this limitation the concepts of kinematic syntheses (e.g., Baranov truss
and associated linkage) are adopted to the design of a static balancer. The space mapping method
is used to design a static balancer in this paper. A sliding mechanism can be derived from a
Baranov truss combining two concepts of the Baranov truss and associated linkage. For example,
elimination of a link at the 5-link Baranov truss results in a 4-bar linkage and a slider-crank
mechanism can be derived from a 4-bar linkage when replacing a revolute joint by a prismatic
joint. Variations of kinematic parameters and joint variables are investigated in the viewpoint of
the static balancing during transforming a truss (or an associated linkage) to an associated linkage
(or a sliding mechanism). The conversion rules are determined in which variations of kinematic
parameters and joint variables are summarized in the viewpoint of the potential energy or
gravitational torques. When applying the conversion rules to the design equation of the space
mapping method, successive deletions of row and column vectors of the design equation occur.
These deletion procedures are referred as the deletion rules in this paper. Static balancers of

various mechanisms (four-bar linkage, Watt mechanism, Stephenson mechanism and sliding

1X
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mechanisms) are derived from those of the five-link and seven-link Baranov trusses using the
deletion rules. Thus, no computation of kinematics and potential energy is necessary to obtain
static balancers of various mechanisms, once a static balancer of a truss has been designed.
Simulations results showed that complete gravity compensation is achieved for all derived
mechanisms from Baranov trusses. Experiments are conducted with the sliding mechanism
derived from the seven-link Braranov truss and show that gravitational torques are effectively

counterbalanced.
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Table 1. Previous researches for a design method of the gravity compensator
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Fig. 1 -1. The proposed design procedure.
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Fig. 1 -2. Relationship of between the five-link Baranov truss and mechanisms [35].
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Fig. 1 -3. Relationship of between the seven-link Baranov truss and mechanisms [34].
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A22 F FAAY XRE X

A mol et 2" oA off el Zol Atttk

=2 mg-"P, )
=1

7|1, g= STEHE ol o= {0} Yol that = i) COM(Center of mass) <
A S yERdT P [OP; 1] = OTi[Py; 1] 2B AAFE o, OT; = 0T 1T,-HTi= W& 3y
& gudth Tie A7 0ol gaiA 2 H 7] wiiel, 2 (2)= HEFFAA ]
SR o LA & LhERITE

STYHRA7] FeA e LA oUAE AARETE ol AN 1AFE F
W A7) 7 ARS-EH[11], Fig. 2 -13 2ok AXZy ol g - ug® Aol A
Aol ZoAH, T2 E4L Ao A Bol F&RAHET H A (= B)E 94 0o
e Ag h (= b) wF Y93 Fig. 21914 k= zero-length A~Z o], W
Zol7} 94 w x7]|Zdol7} Jo|t}. zero-length AXZ & A4 T3S a4, & A
s} A B Atolg gfoloZ ME AFstal, AxYL A" Aoy HAe A
Ht [20]9 zero-length A~ & o] 2pA|E &l Aol Qi)

szl T oYX Vi(6) = kSA(@)/2 = C + kbhcosd 2. 2 AIAHE M, C = k(h? +
b?)/201t}. k& S= Zhzt AZwAbarel A wgdolE oudit FERAY] F

A ZEA oA A (3)S SEshh

m
i-L

017141, Cj=ki(h? + b)/201 ™, hy, by 12131 k= j° S EAA7] 9] S| ot
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(0] 0 y

Fig. 2 -1. A 1-DOF gravity compensator [11].

A 3728 2AA EH

I FHERAAV] F3 T ZRIA oHATE V(0,0) = Vi(B) + V(@) =

e,
o
e
£
e
29
rot
olN
an
f
o
o
o
il
™

th @y = JO + ¢ °] 22, V(0,00 V(O) =

Vin(®) + Vi(JO + ¢)o] ot V(@)= acll tisll Hv|Fato] HRE Hejstd ofgel A

fO)V, o —J MK=0 4)

m_

B\

o] 7] 4, f(®) € R™ ¥} Vi max = [Vimt, Vimz,, Vn]" € R™OJTh Vo= #H4 jollA] 545
Ao Ho A oy AolH g ot fi(@)= FoIX iy EolE o A
Al AL (e, Bzt e Wt Astelke fto = Aol gt Vil WskES o
o}, w3k M3 K& ZHZE M = diag[sin(Ji® + ¢i), sin(d20 + ¢),, sin(dm® + ¢n)] =
diag[sin(6ha), sin(652),, sin(Gm)] € R™™9} K = [kibihy, kebzha,, kbwhu] T € R™10] T}, 017]
A1 diag[xy, -, Xn]<= nxn i@ E S ousity. TEa 3T Jo] AABHS ov e

THE, I e R™™M). MellA] ARIghgEs= 4 (3)9] T8 RAA7] FitelA 'l o9

Hu) Rol e b EH T,
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A 42 AVIBE] 23

ok

AP 7S 8 FHRAA] AR AP Y I AAske Ao

I d WY g de] SHEYY

I
=
—r
fuj
1o
=
r {
H
(&)
e
s
12
=
)
rlr
vy
o

FHEA7Y] A (Ee 717 Alokx)E vebdoh £ 09 AYo® el F
HEA79 Aok AAE TAlC AT 5 ok

Folzl 7179 B4 ouvA #AelA #Esh f(e)7F 4 A e 54 @
AE AEeA e oA Rz &S onlsta®E, f(0)2 Ik Aol dieh
FElA oA EAS YeEPITH f(O)2] 1LRFko] A=A, A2, AT € R0 g} 3t

thomek, Wl Rl @4 4T EA @ 5 vk, wel FER)

Rt

M). o]& g el A,
NATEE FHEAAT] B3] P4 ARIFFEA AeuEnh 4s 2 (5)% 2
of AR TS, 714 EF)

2,(0) =3 d, sin(0,) = >.d; sin(3,0+ 4,) (5)
i1 i1

o714, dy Qlele] A% glolth me Wl FEBAY AFelw J= [y I, Iyl €
RU0S A 39 9 MEE et 2 AGE Ik SR Bel 7Y
229 f0)9 LHRE PAFORA Bae Qrth A ol 4 = sin(@)cos(®)
SR e ARRIGS BN 4= Sin(6h+ @) + sin( - @)2EA FaHk o]

Aol A m=2,01=[1,1], & =[1,-1]°]™ j=1,2 Bk g=00]th 39 4 #E g} g

e

AEAY @9 ZFRAY] AJolo 7] tEA AdEAS JERIL, = A2 o]
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A 37 HME A
A 18 Baranov truss$} 7] Alo]2] #A

7174 AAIEA Y Agtst 7|5 AAEH] SElA FF AFEET oS
P74 HEL 3B EZ o] Fo] 7 1-dof basic closed kinematic chaing ©]-8-3}3,
AARZY et 7198 471 f8liA sl d#EE thE kinematic pair® g shoh

[34]. & 59 42 HA7|F9 AL S

d

119 ez w4 o, 48 g7
TollA Eetolr ARArt f=E F Stk oW, 48 FAT]T= ds BTl
sty w3, EYal] YaE AAsH &% 7bed B9 fFRdh oA
A+l A Baranov truss= ¥ 7] B kinematic chaine =4l AFEE] SITH36].

2 AFgME 1IAFE A7 TE 1HFEE, EY oA binary linkWk #] A
ste}, o]w Ao A= Baranov truss /i@ ¥ S HA7]|F JHES F%slo], Baranov
trussell Al -8 FA71T9F Eetold 799 FHEAAIIVE fFrHs s AW
=

A 22 HFTH

THEA A B 0%, Baranov trussell A EEtold 7197 fFEE = F ol A
vtepulE e e e] WgkE Atk Baranov truss®t o WAL7|T Abel 9
HAAE 13, Baranov trussell A F A i7F AAE W], Al I, g 183 mis
Yoz HAAEH, AAY B39 IARLEES FAEH S, BEFe] H47

3

AT s BATE S8l VIR R
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a7t My B gAdn. o] B #EEIS F4HH, A ke Sekoly
I

gholrj o] A7k m= SAdudE Add A3

= WA EY q47]A, geold 7t dZdFeAd

i

>

&k offset= 7FHA A ¢k o,
Bl WtE, 9k g FAE
th Wi =, &gtold j7t AgF Aol st offsete 7HA o, &dtold jo] A
m= S AAEE AdE AR Faol HEEHA o, 19 = FAEA 2
th BE 7oA @, nA R A AR aeEA ket

Y EA #HoA Baranov trusst-El &Etold 714 7HA], TEHEA AAle] HQ

g shefelelel SR od WA S e ol qobath

ot

o
2. s HA7179 B iF AT offsets 7HAA ke EFtol®
w, 9 lige Folvk 7179 B iz AA= wl, s} g w2 Folth olg]el |;
s} lige= FAIE ik
3. AFTAY offsets 7HAA ¢ Edtelte A™ mis s WERE A4d
AFe FaE WaEth myt 1P g2 wl, ms FAST AFFA
o] offsets 74 mi= FAE 5 Qlth
BE Ao SAE AXtsr] g8 deskA v HEA s FAEL 3
ABd vk vind #EE dAsEr 2E Ao x| g Aite] o4
o, 3ded 9 AR soholr ] wedde UEde e A4t
th 719 B3 ik AAE o, BE selE (5 G 28
=3

e
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A 38 A7

A A el ME A A8t BEET 0=[6, 6, 6] e RS THAE
Baranov trusso} A1 A7 215 wEE38H= Baranov trussell ot = BNV 7F EA) S
3 7PgskAk &, APdaE I AR E Q1) Baranov truss®] 3 A g7 FA]E o
ddyite] H4E o), Baranov trussell that ARG Jo] it A ME oL it & WH
7F AART AAEA A (@) it B WE = gol % E'lA oA 9 Hn|
e WERAT

Baranovtrussoll Al H=17F AlAE w, P39 gt E g 283 mis= o] §
PR, Vmis 9ol "tk Vw7h 94 W, f(©)9] it 4 WEZp FAET AR 39
i A WO A= I it A WE 9 A9l At T i 3 #E oAb 7}
LA W, Kok MO it 4 WE 7L FAET M2tz FEe]7] wiiel, Mo it
B U= MO i A HE ] AbAe] osf A€ A ow, Mo i 3 HE <
AAE I i A HEE AAE opr]dd. Setoltrt AT Aol offsets 7HA
A k2 o, Setolv e ¥A detrEES o] Hn (S, binary link7} &etolt 7}

2w, Eefold e AR e 3o WEFEHO Ve Fol k. Etolyrt

=

AzFZ Aol A offsets 72wl (5, ternary link (or quaternary link and pentagonal link etc.))
7 Efolt7t & off), Setelt] e ¥ S HES dLeEo|oF SERE, Vi maxits
%A (zero)o] ottt W Al oA, ARG W G WEFo] KK E
AAlE T Fig. 3-12 AARAE A ] B3 4 e AR S veRdt AR A

= Uat 2ol Qokdth

1L #d o] dagown, Jio it @ MEs Aok

2. 14l Sl8)A, in A} 3 WEEE A7 ST
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3.29e] &M, Kis AFAISHe
4.2%1e] oJafA,JTe] i A HEE A A g,

5. #E I A oA f(O)9 it 3 WE S A A3}

ki

6. =etold i i A 09 v EIE F(zero)d W, Vimais AR &
oy i A ABES TH A FAol HEEH

7.6% ] 23, f(@)°] it A WEE A S

k>

to

AeFzio] offsetd] HA7F Sefold =2 @ o, A3 A2 A9

o

=9 BdE go® thAdn. Ao AAAA A AT aset WEEH =

e Aue A 1M swe] Asbe] Al o] Fol 7tk

11;(97 flf 0 - fm(e) P
Tat0) %, ‘F?“@) o7\
I .

nl(e) n%(g) fnn (9) an
Fig. 3 -1. A new design equation from the design equation of an associated linkage.

J'ek f(@)°] k™ & WE7E dE e Fael i AA"T TR skAk I
o k-1mek ki A HEZF FLAE W, frenwen, Vmmaxks, Meen,gen L2 KaZb Q149

Q47 AgHc) olu ko thit 24

o
rO
X
£
to
b~
il
flo
ok
d
i,
v
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Al 4 & Baranov truss® F8XHAF7] A4

I

2
=
X
rr
ok

AW 719 S AFESEed, 5-link 2l 7-link Baranov trusses®] %8 &
A71S AA G} 4% 1804 FEF7F 0.2 F 5-link Baranov truss] F2 B A7 o
st ARG A S AArsith 4% 242 0.9 A BE T (5, Or)= A5,
01,02 % 5-link Baranov truss2] & A7)0 tjsh A A S Airsit 44 3d 3}
48 247 BE I 0,9 032 % 7-link Baranov truss®] 2 B A7) o ofdk A A =
A S Attt 4% 5788 7F dellA Ate A WA E E3lA, 5-linkgk 7-link
Baranov trussesoll Al 14+ 5= ©9 SHRAAV|E A 9 JleE dAske] A,
Fig. 4 -1 Baranov trussess YEFHATH37]. Fig. 4 -1(a):= 5-link Baranov truss®| ™,
Fig. 4 -1(b)-(c)= 7-link Baranov trusse] t}. Fig. 4 -1(a) (\£ = Fig. 4 -1(b)-(c))°I A link 5 (*
= link 7)7F 124 " Aot} Fig. 4-1(a)2] A%, A= my, my, mz 183 mo] YA E
AR 1A= 678 Sl ABE FolA s AdEafol ot Fig. 4 -1(b)-(c) 7-link
Baranov trussell Al 7} ® 3 A=) A& ALtstr] fsiAAE 97 A3 FollA

2t7]

f
@

670 = Adgelor dot. wA

ok

s

flo

1=[61, 6, O, 4]", O2=[61, G, 65, Ou, 65, 66"}

O3 = [, 6, 6, 64, &, &]" ©|T} Fig. 4-114 582 g=g[c,s,]" oItk
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v X

(b) 7-link Baranov truss for ©, (c) 7-link Baranov truss for ©,

Fig. 4 -1. Baranov trusses [37].

A 172 @9 3t 5-link Baranov truss

O1=[61, &, 6, O] T83}99, Fig. 4 -1(a) 5-link Baranov trussell A A& my, my, ms

22 Al meell thE SIAIEE S AAbe:

5 P]_ _ I1g [Cl’ Sl]T (6)
5 P =l, [Cl+w1 1Stigy ]T + IZQ [Cl+2+a1 Sti2ig ]T @
19
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° Py =l [Cl+,8l Slp ]T + I3g [C1+3+/i1 S13ep ]T &
° I:)4 = Ila [C’.L+oq J Sl+a1 ]T + |2 [C’.L+2+a1 ! Sl+2+a1 ]T + |4g [C’-|-+2+4+0‘1 ! Sl+2+4+“1 ]T ©

A7IA, ¢ (B s1) T Cre2 (B sp)2 ZHZE cos(@r) (FE sin(A) T cos(6r + &) (=

rir
i)

sin(y + B))= Smlgtth A (2)= ©]&35to, B

o xdd oy (Be B4

3 oA EHA o|A)E AAgk:

n=4
Vi =—2mg-P,
i1

==CiCy = 9(Molyg +Myly)C1 04 0y — IMal3gCrnipyy) = IMalagCliniai,—y)

(10)

o] 7] A, C1 = sqrt(A:2 + B1?), ¢ = tan"}(B1/A1), A1 = gmiligC, + g(M2 + Ma)l1aCea—y + gMslisCrny
18] 3L By = —gmiligs, + g(Mz + Ma)liaSea—y + gMalisp—, 1T olw, 2 (10)= HAw|F st

T}

oV, 106, = C151+¢11 + g(m2|29 + m4|2)51+2+(a1—;/)
+ gm3|3g Sisi(p-y) T gm4|4g St2+4+(ay—7)
Ny 1060, = g(Mylyg +Myly)S1 000y + IMslagSiisi(p—y) + IMalagSiioras,—y) (11)
N 1005 = 9MslygS1,315-) + IMalagSiizias(e )
N 100, =gmyl,, S142441(ag—7)

A (W)= dEH = i, A (9] f(O)Vmm 22 EART:

Sl+¢ﬁ Sl+2+(a1—y) Sl+3+(ﬂ1—y) Sl+2+4+(111*}’) Cl
0 Sl+2+(a1—;/) 0 sl+2+4+(0t1—7) g(mZIZQ + m4|2) —f (@)V (12)
- _max
0 0 Sl+3+(ﬂ1—;/) Sl+2+4+(a1—y) gm3|3g
0 0 0 s gm,l,g

14+2+4+(ay—y)
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21 (12)9 A f(@)°ll thsh TRz 24 (13)o. 2 At

T
;" = [Sl+¢1 ' Sl+2+(a1—y) ’ Sl+3+(ﬂl—y) ’ Sl+2+4+(a1—7)] (13)

2 @M M FALE AE EE AAgEE Adc A (6)F FasE, m=4,
J1=01,0,0,0],32=11,1,0,0], Js=[1,0,1,0], Ja=[1, 1,0, 1], b1 = ¢, b2 = bs = cu—y L]
I s = -y o1tk A (D)F 20, Fig. 4-1@)2 0.3 04 Atolo] BAE A H I}

AG2hE AHgste] A (s ol AT

10 0 0](q é
110 0|6 -

0,=J0,+¢= 2l Ay (14)
101 0ll6 |8-r
11 0 1]|6, o, -y

M3} KE ZHZE M = diag[Suegn, St+2+(a1—y), S1+3+(s1—y), Si24a+(aa—p] € R¥4$F K = [kib1hy, kabzhs,
ksbshs, kabshs]" € R¥L o]t} 2] (12), M, K 12|31 2] (14)9 J& AA W42 @)l o

deto], Fig. 4 -1()2] THEA7I gk AA WA S FEdth

S Swai(mr)  SL3H(A-r)  Sle2+di(m—y) C,

0 Suzwn 0 Suzraray) || 9(Mlyg +Myl,)

0 0 Sl+3+(ﬂ1—y) Sl+2+4+(a1—;/) gmBISg

0 0 0 Sl+2+4+(a1 ) gm4l4g 15
111 17| 5%« 0 0 kbh o

_ 0101 1+2+((11 ) 0 0 k,b,h, ~0

0010 Sha(an) 0 kbsh, [
0001 0 Ste2+4+(a-7) SO

A @5)ell GefA, 2xe et Thg T gol AR
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k =C,/(bh) (16)

k, =g(myl,, +m,l,)/ (b,h,) a7
k3 = gm3|3g /(b3ha) (18)
k, =gm,,, /(b,h,) (19)

A 242 0.9 tA #2553

Joint space

Alternative Base Gravity Compensator
joint space joint space

Fig. 4 -2. Relationships between the base and alternative joint space and gravity compensator space
[32].

@ € R™8} @, € R olgtal 7H st o 7|4, n3t pi= 44 7% BE I3
A w3l wEe 5 dEhduh old, Yz dd et giAl dd et

Aol 8] APge A (20)0. 2 A F

0, =J,.0, (20)

A71A, Jpa € R 7] 2 HE 3 A S 23 Aol 9] AlokS yERTH 2] (4)
= WEsh el et kigk b EAEHa skl A 0y AA WEA A
(4)01] @%atﬂ f(Jba®a)Vm_max*JTM(JJbaG)a+(I))K:OO] ‘IQI‘E%E]' O]Iﬂ], JbaT'% :1':116‘]'0:]

Alrkstd 24 (21)0] FEETH

22

Collection @ chosun



‘]ban(‘] ba®a)vm_max - (‘]Jba)T M(JJba®a + ¢)K =0 (21)

O b 27 WA (5, (@) ol RHIY] wEel, 4 (21)2 0.0 Aelo]

T3 ) JJas 0a0] H3E A2 AP E S YERdTE Fig. 4 -2+ 72 #FE

ok

3 oA B a8 SHEAAY] F3F Aol #AIE BARY PR,
7o) BEINY FHEAGY] FIF ARl APMEE Oy = IO +¢7 Oy =
JJba®a + ¢ o=z A" 4 Qi

Fig. 4 -1()°llA 3 AH g2 4 (2207 ZdT 4 9t
- +6,+0,-f,=n+6,+a, (22)
2 (22)2 Fig. 4-1(a)2 717784 Aloke dEbdnh 2 (22)= A (9)°l tidste], mg
of tg 1AMl oA gl ek
5 _ T T T
I:)4 - Ila[c’.L+o:1 ! Sl+al] + IZ[C’.L+2+oo1 ! Sl+2+a1] + |4g [C6+(;r+ﬂ2+a2—;/) ! SG+(7r+ﬁ2+a2—y)] (23)

2l (22)2 @0 3k, Al BEEFD HE Oa=[64, &, &, 6] & FE8E 0.7
@1,a/\}°]94 DA Qe A, AP E Jpa = [1,0,0,0;0,1,0,0;0,0,1,0; -1, -1, 0, 1]T 1=

Ré4o]l At Al #A3} FHEALY] $3F Apolo] APEE A (407 A

2]k
1 0 0 0}[6 b,
110 0}|6 o -y
0,=33,,0,,+¢,= + (24)
’ ’ 1 01 0|6 p-r
0 0 0 1]\6 T+a,+p, -
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21 (15)llA Job ¢ thAlell, 2 (24)9] AEE AMFEE Jdnt ARH das YD)

o 4 Qe FEwk

Sieg,  Sw2ea—y)  Su3e(sn) 0 C,
0 St 2+(ay-7) 0 0 gm2|2g
0 0 S13+(8-7) 0 gm3|3g
0 0 0 Seprumepy | 9Malig -
111 0][8%s O 0 0 ks,
010 0l 0O Supuwy 0 0 k,b,h,
oo 10| o0 0 S34(8-7) 0 kibsh, [~
0 00 1 o 0 0 s k,b,h,

6+(m+ay+fr-y)

ojuf, 21 (23)ell 2JaiA 2 (15)2] Vi max18F Vimmax2i= ZH2E Co%k gmalygo] o oF Shtt.
o] 7] A, Cp = sqrt(Az2 + B2?), ¢ = tan~'(B2/A2), A2 = gMuligCy + gMal1aCai—y + gMalinCpm-, L2 3L
B2 = —gMulygS;, + gM2liaSaa—y + gMslisSp—y, ©1TH 2] (25)= 7|HtCo R, AR A4E 44

Shok:

k,=C,/(bh) (26)
k, =gmyl,, / (b,h,) (27)
k3 = ng'Sg /(b3ha) (28)
k, =gm,,, /(b,h,) (29)

A 32 @,9] th3t 7-link Baranov truss

©2= [, &, &, O, &, G]'= &85, Fig. 4 -1(b) 7-link Baranov trussell A A& my,
Mz, M3, Mg, ms 12 3L meel] st 12 ¥WE| 5 Ak

Ry
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P = gl 5] (30)

7 T T T
P2 = I7 [Cﬂ ' Sﬂ] + |3a [C3+a3 ! 53+a3] + IZQ [C3+8+oz3 ' S3+8+053] (31)
Py =l[c,.s,]" + l54[Cs ss]' (32)
7 U T T
Py=hlc. s 1 +lylCap 83,51 +laglCaiaip, Sa1a1p] (33)
Py =il s 1 +laplCs, 850017 +haalCorai(p iy Ssvar (v | (34)
T
+l5g[Ca1a154(p,40,) S3ear5+(Byran)]
7 T T
P6 = I1a [Cl-%—al ! Sl+ool] + |6g [C.I.+6+a1 ! Sl+6+al] (35)
2 (= olgste], B AR 2RlA oyA (e #EF 0004 ZRA oY
g Alrtksttt
n=6
Vi = _Z mg- P,
i=
==CiChy —IMyl14Cai84(0,—1) — CoCarg, — CaCaiary, (36)

= OMslsgCaai5e(pyray—) — IMelogCribi(ey—yy) — 9(My + My + My +mg)loC

o714, Ci = sqrt(A? + Bi?), ¢ = tan’(Bi/Ai), A1 = gmaligC, + gMeliaCar—y, B1 = —gMaligs, +
OMel1aSea—y A2 = gmalsgC, + gMalzaCuz—, + g(Ma+ms)lanCr-y, B2 = —gmalsgs, + gmalzaSea—, +
g(Ma+ms)lapS sy, Az = gMalagCrs—y + OMslaaCparaa—y LBI L Bz = gMalagSp—y + MslaaSmras—y ©]

o ol 4 (36)& Wrl® Bk

N 106, =Cis,y +IMglgyS, 6.4(0, )

6Vm /6498 = gm2|2953+8+(a3—7)

Ny 106, =Cysy,, + gm2|2953+8+(0,3,7) +C383,40, T gm5|5953+4+5+(ﬂ3+a4*7)
(37)
oV, 106, = C3S31a1, T gm5|5g53+4+5+(ﬁ’3+a477)

oV, 106; = gm5|5953+4+5+(ﬁ3+a4—7)

N 1005 = Mgl Sy 6.4(0,—1)
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21 @72 dEste], 2 (4)9 f(O)Vmmx o %

Al
&

Al

A (5=

Sty 0
0 S3:8+(-7)
0 S3+8+(a3—;/)
0 0
0 0
0 0

SS+¢2

0
0
0

Ay

0 0
0
S3+4+¢$3 SS+4+5+(/33 +a,-y)

s3+4+¢>3 S3-¢-4+5-¢-(ﬂ3 +a,-y)

0 s3+4+5+(,6’3 +a,—y)

0 0

ar

Azt
sl+6+(a1—y) Cl
O ngIZg
0 C,
0 c,
0 gm5|5g
m.|
sl+6+(a1—}/)_ g 6769

(38)°ll Al f(@)°ll st Tk 2 (39)C= Ak o

_ T
A= [Sl+¢1 ' SS+8+(u3—;/) ' S3+¢Z ! S3+4+@ ’ s3+4+5+(ﬂ3+a4 -7)? Sl+6+(al—y)]

=f(@)V

max

(38)

(39)

sk, m=6,J:=[1,0,0,0,0,0],J.=[0,1,1,0,0,0],J3=[0,0, 1, 0,0, 0], Js

=[0,0,1,1,0,0],J5=00,0,1,1,1,0],J4=[1,0,0,0,0, 1], d1 = ¢1, ¢p2 = 3=, ¢3 = ¢, s = 3,

¢s = Batau—y 183 ¢ = an—y It} A ()3} Zol, Fig. 4 -1(b)e] 0,7 @4 Alolo] #*

A=

AbgE T 947

&

R O O O O B
O O O O+~ O
oSO - = = O
O B B O O O
O B O O O O

=, O O O O O

& AHgstel 4 @)% 2ol vehdeh

)
Oy =7y
%,
¢,
Bi+a,—y
o -y

(40)

M} K= ZH2E M = diag[Siegt, Sa+8+(ad—y), S3+g2, S3+4+48, Sa+ats+(fB+ad—p), Si+6+(al—p] € REEZ} K

= [k1b1h1, kobohsy, kabshs, kabsha, kshshs, kabshs]T e R6x1 O]E]‘ )—‘J (38), M, K :La_l—l /—‘1] (40)
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ol 35 AA WA @)l tdste, Fig.4-1(b)Q SR A7 thst AA g

Fig. 4 -3= =8tk Fig. 4 -39 QJallX, ~x29 Ao thad o] 24k

k, =C,/(bh) (41)
kz = gmzlzg /(bzhz) (42)
k; =C, / (bh,) (43)
k4 =C3/ (b4h4) (44)
k5 = gmslsg /(bshs) (45)
ks = gmgls, / (bshy) (46)
EW 0 0 0 0 S16s(eyr) | C,
0 Sipigpn O 0 0 0 gm, |l
0 S3+8+(n{3—y) S3+¢Z S3+4+¢3 S3+4+5+(ﬁ3+n{4—y) 0 C2
0 0 0 53+4+¢3 53+4+5+(ﬁ3+a4—y) 0 C3
0 0 0 0 S31445+(fy+as—7) 0 9mels,
0 0 0 o0 0 S UL
10000 1% 0 o 0 0 O lrkph
010000| 9 Suwn 0 0 0 0 k,b,h,
o1 1110]0 0 Sy, 0 0 0 k,b,h, o
000110/ 0 0 0 Sppg 0 0 k,b,h,
000010 0 0 0 0 31 445+(fy+a-7) 0 k5b5h5
00000 1) 0 0 0 0 Spory | Ksbobs

Fig. 4 -3. The design equation of ®;

Al 4 2 @9 th3t 7-link Baranov truss

Q3= [0, s, &, O, 6, G]™S B3}, Fig. 4 -1(c) 7-link Baranov trussoll A 22 my,

Mz, M3, Mg, Ms 12 1L meell thk X EEE AAksio),

Collection @ chosun



7 T T
Pl = I7 [Czr ! s/r] + ISa [CS+a3 ! 53+a3]

47
+12a[Cai84 (0 ) S3+8+(a3+ﬁ2)]T +hglCoi384(ap4) 52+3+8+(a3+ﬂ2)]T “
Py =li[c,,s, 1"+l [Cs.0; 5310, I+ log[Cs 810, S3481a, I (48)
"Py=l[c,,s, 1 +lylcs, 5] (49)
! P, =klc,.s, I+ I3y [CS+/?3 1534, I+ l4q [C3+4+ﬂ3 1534444, I (50)
"Py=hlc,,s,1 +ly [Cs. 5,531, 1"+l [Csav(py e SS+4+(,B3+a4)]T 51)

+lsg [C3+4+5+(ﬁ3+a4) 15344454+ (B +ay) I

"Ps =k[c,,s, 1 +1g [C. 5,831, 1+l [C31ae(8,0,) S3var(p,+) I (52)

T
+ IGg [03+4+9+(ﬁ3 +h4)! S3+4+9+(ﬂ3+ﬂ4) ]

2 (22 ol&std, B AFe] 2dlA ouA (EE 0004 ZHA oUA)E Al

Avsit,

n=6
Vm = _Z mig : Pi
i1
= _gmlllg C318+2+(az+,7) _Clc3+3+¢1 _CZC3+¢Z _C303+4+¢3 (53)
— OMslsg .45 (5,0 —7) — IMelogCararor(se,—r)
—g(my +m, +my +m, +mg +mg)l,c,
o1 7] A, Ci = sqrt(A? + B?), ¢ = tan(Bi/Ai), A1 = gMalagCas—y + gM1l2aCogs oy B1 = gMalogSea—y +
gMileaSeatp—y A2 = gMslsgCy + g(M1eM2)lzaCos-y + g(Ma+Ms+Me)laCrs-y B2 = —gMslsgs, +
9(M1+M2)lsaSca—y + 9(Ma+Ms+Me)lsoS -, Az = gMalagCps— + GMslaaCpaeaa—y, + GMelanCpeps, 12 1L

B3 = gMalagSm—y + gMslaaSmraa—y + OMelapSpmepm-, 01T ©lwl, 2 (53)= Au|F shrk:
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N 1060, =9yl S3.8,5. (0,4,
Ny 1005 = 9MilyS3.8.9. (0,4 p,—y) + CiS31844
Ny 1005 =9MilyS3. 6004 (0,1 p,-1) T CiSsea1g4 + CoS31g, T CsSa1a0g,
+ OMslsg Sgs 4450 (s 40,—y) T IMelogSarares(sp-n) (54)
Ny 106, = C3S31a1, T gmsls, S3: 445+ (fyrag—r) T gm6|6953+4+9+(ﬁ3+ﬂry)
N 1065 = gmglg, S34445+(B,+as-7)

Ny 1060 = IMglegSs,av01,45,-7)

A (B4 FEAE FEst, 4 (92 f(O)Vmmx 2= FAIIT
OV, yux =
S318+24(az+,-7) 0 0 0 0 0 gmlllg
53+8+2+(a3+ﬂ2—7) SS+8+¢§ 0 0 0 0 Cl
S3+8+2+(a3+ﬂ2—7) SS+8+¢§ S3+@ SS+4+¢3 83+4+5+(ﬁ3+a4—y) S3+4+9+(ﬁ3+ﬁ4—y) Cz (55)
0 0 0 s3+4+¢3 S3+4+5+(ﬂ3+a4—;/) S3+4+9+(/}3+ﬂ4—7) C3
0 0 0 0 Spgusi(pray 0 gms:s,g
m
L 0 O O O 0 S3+4-¢—9-¢-(,6'3+ﬂ4—;/)_ g 669
21 (65)el A f(@)o thgt ke 2 (39)C.& ALt T
T
)\' = I:s3-¢-8-+-2-+-(oz3 +B-7)? S3+8+¢1 ' SS+¢§ ' s3-*—4-¢-¢§ ' s3+4+5+(ﬁ3+a4—7) ' S3-¢-4-¢-9+(ﬁ3-¢-ﬁ4 —y)] (56)

2 5% #Fashd, m=6,J1=[1,1,1,0,0,0],J2=[0,1,1,0,0,0],J3=[0,0, 1,0, 0, 0], Ja
=[0,0,1,1,0,0],J5=[0,0,1,1,1,0],J2=[0,0,1, 1,0, 1], &1 = s+, 2= 1, b3 = ¢bo, hs =
#s, §s = Patou—y 1B 6 = fatSu—y ©1TF 2 (D) o], Fig. 4-1(c)8] 037} ©4 Aol

o BAE AMFB A g ARgEte] 4 (57)ek 2ol vEhdh
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11100 0](6,) [a+B—-r
01100 0|6 @
@Q:J®3+¢=0 0100 o0fal | 4
00110 0llg é,
0011106 |B+a-r
00110 1]\6) [B+B-7

(57)

M} KE ZHZE M = diag[Sz+s+a+(as+/m—r), Se+3+g1, S3+g2, Sa+a+g3, S3+4+5+(fB+ad—p), S3+4+0+(f+—p)] €

R669} K = [kibih1, kobohy, ksbshs, Kabsha, ksbshs, kabsha]T e R&1lo]t}, A (55), M, K A=

21 (57)9 JE A A2 (4)ol thdshed, Fig. 4 -1(c)e] THHA7]o thet A w1

2 Fig. 4-4% SFET Fig.4-40] O, AT g5t thgat go] AL

k = gml, / (bh)
k,=C, /(bh,)
k; =C, /(bh,)
k, =C,/(bh,)

Ks = gmylg, 7 (Bshy)

ke = gmeleg /(behe)

_Ss+s+z+(a3+,3fy) 0 ] gm1|1g
S3i8120(agifyy) OBy C,
S3+8+2+((13+[32*;/) SS+8+¢{ SS+¢2 s3+4+¢3 SS+4+5+(B3+a47y) SS+4+9+(ﬂ3+ﬂAf;w) Cz
0 0 0 Saiaig,  Sndisi(Bras-y)  O34494(fy+fa-r) G
0 0 0 0 Sppsgpomy 0 gmgls,
0 0 0 0 0 S514194(s 1) OMeg
1 0 0 0 O O__s3+8+2+(a3+ﬁ2—y) 0 0 0 0 0
110000 0 Sueg O 0 0 0
111111 0 0 s, 0 0 0
joo0oo0111 0 0 0 s, 0 0
000010 0 0 0 0 Supsgmasy 0
000001 o 0 0 0 0 S344494 (8 f—1)

Fig. 4 -4. The design equation of ©3
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kibh
k;b,h,
ksbsh,
k,b,h,
ksghg
ks

(58)
(59)
(60)
(61)
(62)
(63)



A 5 & Baranov truss®] T HA7]

HEFE O O1a, 02 1L 032 THHRAL7| 52 Fig. 4 -5()-(d)oll 2+ Z1H o
APPSR E S @9 FEHEATVIES A e dEFN B SHRAA7Y S d7

5 Atole] 71rEA AekE vERTE A (14)9] AP Y J& gk, g el
O O+ 00N, O i+ 50l > i+ &+ uoll M2 F-H AT Gp= i+ &, Op= &
+6 1T O =6 + 6+ 5 HE A 2K(parallel constraint)o] = 2 5w, F PAPA

712 Fig. 4 -5(2) ¢k 2ol @I Fig. 4 -5@) 14 g2 A (14)e14 $1/d7 oo},
A B 0128 AFel tigh 2789] ™ Aloko] QSR R, Fig. 4-5(b)ell 274
o] BHAAY 7|77 FAE T 0.9 09 Aol et 4a7ie] ¥E Alefo] d st

B Fig. 4-5(c)9 Fig. 4 5(d)el 247k 4709 ey 777k g3
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(c) 7-link Baranov truss for ®, (d) 7-link Baranov truss for @3

Fig. 4 -5. Gravity compensators of Baranov trusses
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A 5% A o

B ol e Alotd AT S Al 473 Al AlE Baranov truss®] 2 KAL) o
Aggtet. ArAarR A gl oA, thFEt 719 SYHEAVIE 7178 2 ey A
AxE glo] S HFE At £ =Tl 48 YA 7]+, Stephenson 7]+ 1E]

I Watt 71750l tle BT E ARESHH, WS BAaITEolA aAdE = S
olg 7179 M= & 1671014

Baranov truss®] S R/7o A AA oAl g THRAVF FEEE 23
& Fig.5-1, Fig.5-2 183 Fig.5-3° Q°F AEatlrh. AA oA FHEA]
fFedgel B3 Ay &g Aol AAE] ZEskdth 58 1EelAM = 6link
Baranov truss®] F = BHA7|ZHE 44 HA7|T9] TEHEAVIE 25, T EE 4
4 "ar179 59
A 28 (FE+= 38)olA = 7-link Baranov truss®] 2 B}V ZFE| Stephenson(FE
Watt) 7172 T8 REAA7] F-E8ka, =% Stephenson((:+ Watt) 7179 SRS
Z|ZHE vekst &dbold
Baranov truss®] & EA7|OA 44 HA7] g0 gt FHEAVIE FE8H, 57 1

Aol 48 HA7]50] THRATe vlad
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( The alternative joint space ®;, j

(b) Gravity compensator of 5-link Baranov
truss ©4

The base joint space O,

! Deletion rules ‘
.

Design equation

5%+ 1™ 4. Case 4: Gravity compensator of
the turning block linkage

5% 13 1. Case 1: Gravity compensator of

5% 17 1. Case 2: Gravity compensator of
the slider crank

!
associated linkage(four bar linkage) |
I
\

[ Link 4 is replaced by slider 4 (6, is ignored) | !
\ — Eliminated k4 )

‘ { Link 1 is replaced by slider 1 (6; is ignored) |
l — Eliminated k; /’—’

5%t 13 3. Case 3: Gravity compensator of
the swinging block linkage

Lmk 4 is replaced by slider 4 (6, is |gnored)

— Eliminated k,

“Link 1and 4 are replaced by slider L and 4 )
(61, 6, and 65 are ignored) }
— Eliminated k; and k, |

5%+ 13 5. Case 5: Gravity compensator of
the cardanic motion mechanism

Fig. 5 -1. Design overview |: gravity compensators of derived mechanisms from the five-link
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Design equation

| Link 3 is replaced by slider 3 (6, is ignored)
| — Eliminated k, (ks is merged into ks)

: Link 6 is replaced by slider 6 (& is ignored) 5

— Eliminated kg !

5% 23 6. Case 6: Gravity compensator of the
sliding mechanism 5

5% 27 1. Case 1: Gravity compensator of the

associated linkage(Stephenson mechanism)

5% 2" 2. Case 2: Gravity compensator of the
sliding mechanism 1

e — L .

| Link 2 s replaced by slider 2 (& is ignored)
| — Eliminated k,

Link 4 is replaced by slider 4 (6, is ignored) |
— Eliminated kg |

5% 28 3. Case 3: Gravity compensator of the
sliding mechanism 2

5% 2" 5. Case 5: Gravity compensator of the
sliding mechanism 4

5% 28 4. Case 4: Gravity compensator of the
sliding mechanism 3

Fig. 5 -2. Design overview II: gravity compensators of derived mechanisms from the seven-link
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I Eliminated link 6 (6 is ignored)
— Eliminated kg

Link 2 is replaced by slider 2 (& is ignored) \}
— Eliminated k; (k; is merged into k;) ;

Eliminated link 6 (6 is ignored)
— Eliminated kg ;

Link 1 is replaced by slider 1 (&, is ignored) S
— Eliminated k;

5% 3H 1. Case 1: Gravity compensator of

associated linkage(Watt mechanism)

5% 3% 4. Case 4: Gravity compensator of the

sliding mechanism 3 )

X
5% 3F 5. Case 5: Gravity compensator of the

sliding mechanism 4 )

| Link 5 is replaced by slider 5 (& is ignored)
\ — Eliminated ks

Link 3 is replaced by slider 3 (6 is ignored)
— Eliminated k; (k. is merged into ks)

5% 3H 2. Case 2: Gravity compensator of the
sliding mechanism 1

J

5%+ 3™ 3. Case 3: Gravity compensator of the

sliding mechanism 2

\

J

\
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Baranov truss

36

Design equation

Fig. 5 -3. Design overview Il1: gravity compensators of derived mechanisms from the seven-link



A 1 A 5-link Baranov trussollA] 3" 7|+&

ol AL 4 (15) Eis 4 @5)) AATHE Aol 44 Fa7) 79 o

&gt getold 7ol WE TYHRAVIE FEU Fig. 542 48 HAV]T 8
gt Eetold Ve WERAT Fig. 5-4914 TH 2 g=g[c, ] °Ith

S 6,

I >Slider 4 lg

P -""'--""'--'"'--SIiderl@7

(d) Turning block linkage (e) Cardanic motion

Fig. 5 -4. Four bar linkage and sliding mechanisms [35].

1. Case 1: Associated linkage

Fig. 5-4 (a) 42 ¥ A7)+ Fig. 4-1(@)°1H A 32 AATgo=ZHAN gk A
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a2 o] 93|, Fig. 4-1(a)2] H = 30] AAZN7] Wl 13 Iy < (zero)o] =

M YA 3o A3 3} e FAIEE BEET A 01004, Fig. 5 -4(@)ol the #

o O = .
AFE TRk

0=[6,6,0,T (64)

AbA = 1-70] 2] (15)°l A&, Fig. 5 -5 2HA A4S yERdTE 3EF3ke] 7
2ol QaA, A (15)°1A4 JTek f(@)°] 3¢ & WEE AFAIS JTe] 3¢ ¥ wE 7}
ARAE 7] wiEell, Me] 3¢ 3t A WSS AATH MO Ape ZRAel o EA,
Ko} JT2] 3¢ A WE|= AAETE Vimaxsd f(©)2] 3¢ 4 eSS 242) AbA| 3
#7463 7 o3l AALDTE HA 30 AAE] mgo] FAIEERE, Vi xS Cz =
sqrt(Az2? + B2?), Az = gmaligCy + g(M2 + Ma)laCor—y 12| 31 Bp = —gMaligs, + g(Mz + Ma)laSea—, 7F

Atk Fig. 5 -4@°] ther APITHA = 2] (65)3 2o] 2w}

10 0(f4 @,
0,=J0+¢=1 1 016, p+ya,—7 (65)
11 1)\6, o -y

oI71AM, ¢ = tan(Bo/A2)CI T A~ H AdF ko ke 2 2 (17)9F A (19)0] FL 35}

t}. ki< Cz/ (b:hi)©] T},

7 4
Sy Sizi(m-y)  Susdp—y)  Stzedr(a—y) C, 11 17| S 0 2 0
0 51+2+(ar,v) 51+2+4+(:zry) g(m2|2g +m4|z) _ 01 1 0 sl+2+(arr)/ 0
0 | S BTy S, A7) /_gm]]:'g_ 6 8 31*31”1’” 6
\‘ 0 0 }1 5 51+2+4+<arr)J 6 gmAIAQ 1 00 L 0 0 Sl+2+4+(arr)

Fig. 5 -5. The design equation for Fig. 5 -4(a)

38

Collection @ chosun



2. Case 2: Slider crank

Fig. 5-4(b) slider crank+= Fig. 5-4(a)ollA] 3|4 go] miid #d= thA|go
2R Frech Wyt siA, Fig. 5-4@@)°1 A H 42 binary linkoll A &2to)
U2 HAEJOTE 19} g F(zero)o] Hrh &etoly 49 A& mpe HA 29

Wk th Fig. 5 -4(@)°1 A Fig. 5-4(b)oll ot #42 37HS =3

©=[6,6,T (66)

AA TR 1-70] Fig. 5-501 AE¥ W, Fig.5-62 2A A4S yepdch 38331k
Aol 93A, Fig. 5-5914 JT¢} §(@)2] 4t 3 WMEE 2bA ko) JTO] 4t 3 WE| 7}
AAE 7] wzell, M) 4 3 o WEHES AATE MO AR FHael <JEA,
Kao} JT9] 4 & WE] = AAETh Vimaa T £(©)2] 40 4 9B 52 212 AA 94

63 72l A A AT Fig. 5 -4(b)oll thet AMSEA= thS 2ol A4 ¥

0,=J0+¢= 1 olja + & (67)
o 1 1]|6, -y

MMz A WA Fig.5-65 7IREOR, AXY AT kgl ke AXMET 714,

ki®h ko= ZH2E Al 5 A 1 A10lM ket kol & sttt

NN

751% Sii2e(a—y)  Sieasd /;]7,)7m +(@-7) 1 C, 11 St 0 2 J
0 Ste24(ay-7) D Ste24di(en—r) g(mzlzg +m,l,) 01 0 St 24(cy-7)
6 8 SEE ne e 6% R 6 © ST /w)/ P
o 0 ] o] o0 0 o Sy

Fig. 5 -6. The design equation for Fig. 5 -4(b)
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3. Case 3: Swinging block linkage

Fig. 5 -4(c) Swinging block linkage:= Fig. 5-4(a)°1X 3 A #4 go] My AE=
A o= Fdh AP rA 28l A, Fig. 5-4(@)°llA P 47} binary linkel 4]
Fetolt 2 MAHNCEE, 8 Ly P(zero)e] k. Hetolr 49 A me> ¥
A 5 (5, 2dHA) BETHEZ, mii= FAISHE 5, Fig. 5-4(c)°] T2 F7H 2
(66)7 FL3stct AR 1-70] Fig. 5501 A&stw, Az AAGA A FEI
4L Fig. 5-69F Zok AR meZb FAIE PR Vi maxt = C33F Vin_max2 = gMalag©] F T}
o] 7], Cs = sqrt(As? + Ba?), @3 = tan(Ba/As), As = gmiligC, + gMaol1aCen—, L2 I B3 =

—gMiligs, + gMzliaSa—, ©1TF Fig. 5 -4(c)oll st A3 AI= a3 o] A E

0, =J®+¢=E ﬂ{gl}+{a¢iy} (68)

‘{[\“l{f ki=Cs/ (blhl)ﬂ— ko = gm2|2g / (bzhz) O] E]'

1 ;
o
0%

4, Case 4: Turning block linkage

Fig. 5 -4(d) Turing block linkage:= Fig.5-4(a)°llA] 3| A4 go] vy Hd=
Ao =M FEdTh AP el a4, Fig. 5-4(@)°lA == 2= binary linkel A
ZofoltE WAEHJO TR 9} Ly %(zero)o] Hrh &toly) 29 A mye
A 1] HEA Fig. 5-4(d)e] Ee HAES &S A3 ddlME a2t a7t
Aottt &, dA BHE T 0wt Fig. 5-4d)ol A5, 9 e AARL F,

Fig. 5-4(d)ell thst #ATHE 4] (69) 0. A L)
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0=[0,6T (69)

AATHE 1-70] Fig. 5-591 AEE M, Fig.5-7= 2HABE S vebdd. #E 39
el A (5, &8 6 #171), Fig. 55014 JT9} f(©)2] 2mM¢h 3¢9 3 WE|E A4A
gt} JTe] 2nde} 3rd 3 WE] 7} AR E Q17] wiimel, Mo 2w9) 3¢ Fat o WE S-S
AAzE MO 2 FHao] 98 A, Ky, Kz 28] 3l JT] 20de} 3 o wlEj= AbAE
CF Vimax2, Vinmaxs “LE1 3L f(©)<] 2W9} 39 & WE 52 242 A3 63 7934
AART FA 30] AAEUMOCE R, Vi maxa = Co7F Tt 91714, Ca = sqrt(Az? + B2?),
¢ = tan"}(B2/A2), Az = gmiligC, + gMalaCoa-y L8131 Bz = — gmalygs, + gmalaSe-, ©1 T, Fig.

5-4(d)el thidk AMFBAl= ot o]l A2tk

0,=)0+¢= 104 + /: (70)
g 1116 T+a,+ B, -y

o714, B A 4% binary link®] B2, @y = f=00]th. 2327 A5 ki = Co/ (bihh)o] ™, ke

= 58249 4 (29)7 stk

T 6 4

Sig, Suzda-p  Susdp-n 0 C, 1 11 0] 751+¢2 D D 0
5 Stz e B 6 H| sz, Y 6
8 REE e 8 cl o ® 4 St B 6

0 Sos (et +f5-7) gm“l“g L0 1] o p p Sei(rrar 1)

Fig. 5 -7. The design equatioh for Fig. 5 -4(d)

5. Case 5: Cardanic motion

Fig. 5 -4(e) Cardanic motion Fig. 5-4(b)oll A A #A go] vy BE=E thA
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"oz FreEd. WS 43, Fig. 5-4(b)ollA] HA 1] binary linkol A

HAOEE, L g F(zero)o] Hrh EFtold 19 AT m2 I
A 2] WekEh Fig. 5-4(e)2] TAF2 @ =[] °Ith 2HA|9+3 1-7°] Fig. 5-6¢]
245, Fig. 5-8% A HE-& verdch BE 3] Fhael o3)A, Fig. 5 -6°14]
J'ek f(@©)2 1t & WE S abA|gc) g7 1t & WE v} AA|E 7] wiEel, M| 1%t
Py A WEHES AAE M2 A Fhael A, Kegk I 1t d WE &= 24
ok Vimaa @ f(©)2 10 A WE 52 7h2h AhA9d 63 7984 Al AR Fig.
5-4(e)oll A 6 = a201™, &gtoly 19 58S yEbdTh Tej2®, 19 6(e)°l

Wet AMFTALE @ = 6 + (72— ) oItk 22 A% ki 58189 24 (177 5

st
[ s, 5 g s, 16 o A lgareb—2 g b 3
H St vty —Stramd g —Stra ety - Y Stx 0 klorhr
sl+2+(ar,v) J Stizs +Ha-7) g(m2|29 +m, | ) 1 b 51+2+(a177) D k2b2h2 _
0 Sre STty —gal— & B © Sy p Hhshs
5 b St ] 00y ¢ P ° Lz er) by

Fig. 5 -8. The design equation for Fig. 5 -4(e)

6. 5-link Baranov trussoll Al ItAE 7]+ SEHHEAY]

Fig. 5-9<> Fig. 5-4(a)-(e)2 THRA7= Ebit}. Case 1 7-%-, Fig. 4 -1(a)°ll
Al " 30] AAERAT] Wl (5, & FAI), Fig. 4-1@)°1A s (= &+ &) T
ZHRA7|7F F-A1 ¥} Case 29} Case 391 -9, Fig. 5 -4(a)oll A &= 42 Aol <l
e Q7] Wil (F, 6 F-A), Fig. 5-9@)ON A Gu(= o+ o+ ) T
] At} Case 4 4, Fig. 5-4(@)ol A #H=L 29 #zko] <143 &

‘%l__
FH 7] 2ol (5, 6 FA). Fig. 4 -1(b)oll A G (= i+ &) G (= 6+ 6)2)
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@Gl TEHEAA7I 7 F-AIET Case 5 79, Fig. 5-9(b)ell A F= 18] "ol <Q1xst
72

HEEAY] 2ol Fig. 5-9(b)I A Gu (= )] &9l T=HEAVI7E AA R

0,
>Slider 4

(c) Case 3: swinging block linkage

vX
(d) Case 4: turning block linkage (e) Case 5: cardanic motion

Fig. 5 -9. Gravity compensators for Fig. 5 -4(a)-(e)

7. WY #d9 1y

Fig. 5-4(e) A%, 7179 AAl ALbA] w11yl #de] WS 1HoF dtrtut

ehd, T ouA = vimd #Edo welel wel Wssith & AgtellA] AlRbst

A2 B ARAr Rl S ybde] vy #ER WAYE A e EHla,
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)

il

Base 44g 24e7) AaA Aol
o WA, g gAe) Wt zad ouA A Bed A9, xaa oy
A BB e Al AAAE R, A A AR ol

| Z 5] Fig.5 -4(e) cardanic motion 7|75 1#H A THL g =g[c, s’ O =

pAE A ddE s|dAHo] FQE3

Folxttal 7F4 3kt Fig. 4 -1() S 122 & w, cardanic motion 7] -2 &A= Al (6)-
(9)3] ‘ﬂj] H—“.Ei oﬂj\i & = 72, lia = lip = —12S142, 8 |1g = —¢|z$1+22.§ Eﬂiﬂ f}f.}iiéﬁ
AR 7 Ak o7A, o= I/holth 2 (10)ellA e A Cicreas el SH

of, 4 (ThHe= A/Nget

n=4
=-2mg-P,

i1
=-—myghyC, —g(My + M)l Cp, —M30lyCrp (71)

—g(Mylyg +Myly)Cr 000, —M30l3Clisgi gy — My OlagCriniain, s

2D =2, lha=lw=—lS12, ca= =0 1B lig=—glsio= WY 3F, cardanic

motion 7]l thek A&e] Tl oyx] 4 (72)= FEEuh

Vi =9g(Me +m, +my +my)lys;,,C,5,

(72)
= g(Mylyg +Myly)Co, 10, —MaOl3gCa o), =My GlygCorairiae,

82
ot
=
iy

(5. M3 =lsg=lag =0 12|31 6> WAFIFNA FAEH o, F= 13}

ot

A 4+ binary linko] 22, m3} my

rlr
rO
Y
ok
o
A0
N
=2
ok
e
i)
-
S}
I
o
&
|
>,

(72)° A &3t

Vi =4S4 212C212-) —1Couzr2, (73)
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oI 71 A, 1= g(my + ma + ma)l, L2 3Lt = g(mal2g + mal)ol Tk &} yoll #3k o= e

hus

at7] f1aliAM, A (73)9] A E el B g g

4851 7212Cr10-y ~1Coizioy =8CCrnm, 1 (CoursaC, +S510/28,)
=1,CoCro-, 1 (Cor /o€, +C58,) (74)
=(t; —t,)C,S, —t,Cy,4/5C,

A @ 17 S t9)Ete], cardanic motion 7]l thek ZEIA oA A (75)&
i

Vm = _Vm_ prismaticcz _Vm_revoluteC2+7r/2 (75)

o] 7] A, Vin_prismatic = —g((M1 + m2)l2 — malzg)s, A=k Vin_revolute = g(mM2lzg + m4|2)CyO] =

(75)°ll st AA BAEAS A (76)9 2ol xHDT F Aot

Vm rismati S 0 k
[ Soenre]{ ) e -1 1][ . H A }:0 (76)
Vm _revolute 0 S2+7r/ 2 k2 b2 h2

Vi prismatic & Vim revoute 2l -2 = yoll wepd wh=2vh AFFBA Y 917342 o9
gl Sl %Ol Vi prismatic 2k Vin revoles 1418 =5 A Hojok gt} A& &1, y
= m20lekal 7 e ), ¢, > 09} 5,> 0 O] =L, Vin prismatic < 0 ¥+ Vi revotute > 0 ©] T, ©]
dEelA, A (15)9 e o=, 2 % WA Vi prismaic= O #e 7HIT —co=s

O Z FTU37] wWjiol, & (75)¥} (76)°lA W3l WAsA] ko, @A Azt

&

rr

7t ZgE A (716) 2 FH, AT Ay 2 (717)3 A (78)°] AAtEM, 4 (76)el

r <
o
ofN

R AMY]) = Fig. 5-1000 #| A&k ch
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klzg((mNLmz)lz_mzlzg)|5y|/(b1hl) (77)
ko = 9(Mplyg +myl,)[c, |/ (byhy) (78)

I Slider 4 >g\ I Slider 4 %

}] I, e }n I, 7y
’ mz ! m;
A Lik2\ ke “1 Link 2 ko
Izg 92 kl % 62
my. k
xS Slider 1 y X Slider 1 My
(@y>0 (b) ¥<O

Fig. 5 -10. Gravity compensators of the cardanic motion with the offset angle yin the gravity

A 2 A 7-link Baranov truss?llA] AR 7|75 |

ol e A= Fig. 4-3 = Fig. 440 2MAF2 S 2 8-3F], Stephenson 7]
o} thF

T9} theFst &efold 7G5S yERATh Fig. 5-11°14 T3 g=g[c,s]" It

ok

Zgtold 7] o] thet FYRAV|E FE3th Fig. 5-11S Stephenson 7]
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(e) Case 4: ©, (f) Case 5: ©,
Fig. 5 -11. Stephenson mechanism and sliding mechanisms [34].
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1. Case 1: Associated linkage

Fig. 5 -11(a) Stephenson 7|*i= Fig. 4 -1(b) (]2 Fig. 4 -1(c))°lA ¥ 5& A|AF
o224 fFrech WPt oJ8lA, Fig. 4 -1(b) (= Fig. 4 -1(c))°llA H= 57F A
A= A7) Wizl 153 Isg>- (zero)o] H™ W= 5o w5t A 43 = FA

Aok BA T 02 AEste] Fig. 5-11(a)2) #HE T 2 (79)S =g

®=[01’98'03!04'06]T (79)

AR FA 1-70] Fig. 4 -39 A€E™, Fig.5-12% 2HA3A4 S yebdith 38 3719
el oJallA, Fig. 4-3°14 JT¢} f(@)2] 51 3 WlE] = 2bAstc), JTo] 5t &Y w7}
APAE 7] wEell, Me] 5 3t A B S-S AT MO 2R Fhael 9fsiA,
Kso} J7¢] 5" & W = AARTE Vinmast f(©)2 5" & W52 242 2] 94
63 7o) oalA AAR. HA 57F AAEH] ms©] FAHER, Vinmaxs = CaS} V
Vin_maxa = gMalag®] ETF 01714, Cq = sqrt(As? + Bs?), ¢u = tan " (Ba/As), As = gmalseC, +
gM2lzaCoay + gMalanCps—, 12 31 Ba = —gMalsgS, + gMalzaSsa—, + gMalsssm-, ©1 T, Fig. 5 -11(a)

of that AbdaAE v 2ol Ak

(1 0 0 0 0](6, s
0 1 10 0}|6 o, -y
0,=J0+¢=/0 0 1 0 06, ¢+ 4, (80)
0 011 0}|6 -y
11 0 0 0 1](6; o -y

AMEL A7 A2 Fig. 5-122 7|9ro 2, AT AFE Ky, ke 283 ke 247} 5%
349 2 (41), 4 (42) ¥ Al 2 (46)% FL3IH, ks = Cal (bsha)9F ka = Maglag/ (Daha)
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Fig. 5 -12. The design equation of Fig. 5 -11(a)

2. Case 2: Sliding mechanism 1

Fig. 5-11(b)= Fig. 5-11(@)°A 3|d#4 go] vy #AEAZ giAlg o2 M

%
Aot wa e 9 alA, Fig. 5-11(a)el A = 6°] binary linkell Al &gfold® W

AENO TR 169} leg> F(zero)o]l Tt Etold 69 HAH meS H I 40 HEH
th #E T 0,2 AEEto] Fig. 5-11(b)e] BAEZ 4 (81)S S E ).

0=[6,.6,.6,0,T (81)

2FA| A 1-79] Fig. 4 -4° A 8% v, Fig. 5-13% 2FAl S UERATE o 7] A,

AAdo] m1y HEZ A B 5 AA7 Ao meEojol it BAEF

o

N

o] Fhaell el M (F, 69+ & A A),Fig. 4 -4l 4 JTs} f(@©)<] 5%} 61 F WE]F0
AbA|ghe), JT2] sthel gth &) wlE] So] 2MA| ¥ Q7] wF-of, M| 5the} eth s x} o wlE]

52 AABTEME AL ga A, Kesh Ks 1) JT9) 599} 60 2 e 5L
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APAI RS Vi maxs, Vi maxe L2 3L f(@)°] 5Mel 6" A WE 52 22 Al 63} 7
of oA AAR B 57F AAE] mso] FAEHE R Vi maxs = Ca®F Vin maxa = Cs
o] it} 07|14, i=4, 5% w, Ci = sqrt(A? + B?), ¢ = tan-Y(Bi/A)°]1 ™, As = gmalagc, +
g(m1+m2)lzaCaz—y + g(Mat+me)lanCpz-y, Ba = —gmalagS, + g(M1+M2)lzaSea-, + g(Matme)lznSs—y As =
gMalagCm— + gMelanCraepy L2 3L Bs = gMalagSps— + gMelavS s, ©1TF Fig. 5 -11(b)th &+ A}

FEAE et ol APk

111 0](6) [e+p-r
011 0|6
0,=J0+¢= S+ % (82)
¢ 001 0}]l6 ¢
001 1]l6 &

AMES AA BAHA Fig.5-13S 7|§to g, AxE A k9l ke Zh7E 24 (58)3

21 (59)°ll &L 3k, ks = Cal(bshs) 2} ks = Cs/(bsha) ©] T}

SZ+8+3+(a3+ﬂz—y) 0 0 0 D 7 D gmlllg
Spigisiaisyy) Saseg O 0 D D o}
S2i813t(asifyr)  S34Br  S3rgy  Sdwdrgy  S3dsSi(Birasy)  S344s9:(fiifa-y) C,
0 0 O SQ+4+¢@ S3+4+5+ 15+, -7) S3+4+9+ B3+ Ba—7) c3
a a h gm,l
Y Y Y Y S3:+445+(f, +as-7) 4 5 6
5 5 a a gMgls,
d d Y Y P ©3:4+9+(f,+,7) |
5 M 00 0 7| S2v8+3+(ay+-7) 0 0 0 J J khh
1100 0 S 00 , P by,
11111 0 0 S3iq, 0 b J ksbsh, 0
00011 0 0 0 Sy ] ] k,b,h,
1 lb-h
vy U U U U O34 445+ By +as—7) \ 4 TEEETE N 3
A et
RS - v U U U Ssearorl gy | L 060
4

Fig. 5 -13. The design equation of Fig. 5 -11(b)
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3. Case 3: Sliding mechanism 2
Fig. 5-11(c)& Fig. 5-11(a)°llAl &A#4 @7} vy #HE =2 tAllg o =4

i
Hot " ol A, Fig. 5-11(@)el 4] ® = 27} binary linkell A &2eltf=2 HA

>

HPOERE L9} Iy (zero)o] Bk TA T A (79)l4] Fig. 5-11(c) ] 4 Z7)

2 (83

0=[6,6,06,,6,] (83)

AR TFA 1-70] Fig. 5-120] A& %W, Fig. 5-14= 2FA| 34 & VEbdTh #3Hd 2719

N

el <A (5, ol AA), Fig. 512014 ISk f(@)2] 2% F WEl7L AA sk J7
o 20 & WEl7L ARG WEe], Mo 29 W3 A WEES AAUTE M 2
2 ol S, Kook I 20 A ME S AA T Vi e £(©)9] 200 A )

B 52 ZH2F 219 63 7o oA Al A E T Fig. 5-11(c)ell tist ASEAl=

10 0 0](4 ¢
010 0lfe

®,=J0+¢= JO (84)
0110l | -
100 1)|6) |a-7

AMEL AA BF2 Fig. 5-142 7|Ho =z, A

H:
oft
;

T ki, ks, ke TLEIAL ke 22

A5 7A 2 419 Ky, ks, ke 18] 3L ket L3}
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E™ 70 0 5 t Sptr(ony) | c,
6 Syer = 0 el ng!ZQ
0 Sygdus) Sug Staess Sseassedsras) 0 c, 6
0 Ssiarg,  Sziarsi(pyras—y) 0 C3
8 6 6 Ssraer = 6 gmhlbg
L 0 0 0 Sii6i(ey1) | gmeleg
L 1000 ¢ 1] Sl:‘ea . ° 2 2 kbh,
© 0—6 0| Y T ) o o 6 s
0111 of O 2 s, 0 0 kb, | g,
jopo1tolo 0 Sy 0 |lkbn [~
¢ ¢ 8 & B 6 O3+ 445+ (Byray—7) & !‘sbshs
704 00 o 0 0 Stig+(ay-7) Kebshs

Fig. 5 -14. The design equation of Fig. 5 -11(c)

4, Case 4: Sliding mechanism 3

Fig. 5-11(d)= Fig.5-11(@)°lA 3|d#4 go] vid #AEZ Ao 2ZN fF
Sk Wy arAR e 9alA, Fig. 5-11(@)l A F A 12 ternary linkoll A &Eefolti = W
A

th AT @0 ZHE Fig. 5-11(d)S] A F7F 2 (85)S Fsht)

0=[6,,6,6,6,06,] (85)

AA TR 172 Fig. 4 -4°] A%, Fig. 5-15%= 2|38 vebdch 3d 1k
7rael SJBlA (5, &), Fig. 4 -4°4 J79} f(@)2] 50 3 WE & 2Agtc) JTe] 5 3

HE7F AAE Q7] WEel, Mo 5N 3 A ME S AT MO AR 2o

T~

A, KsSh 7€) 5% & MBI ALAIHTE Vi s 1(©)9] 50 A MEIEL 22t A
A2 634 701 2lalA AADL Fig. 5-10Q)e] Bek ATAE T3 o] A4
e,
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1110 0f{6 o+, -y
0110 0}l6 ¢
©,=J0+¢=[0 0 1 0 046, + é, (86)
0011 0}lg ¢,
10 011 1|(6] |B+B-7

—

I

M2 A7 A2 Fig. 5-159 7|RFO R, A AL Ky ky, ks, ke 283 ke 2

ZF 4] (58)-(61) 1¥aL 4 (63)¥ F L3ttt

52+8+3+(a3+/xry) 0 0 0 )/7 0
Spgiaiiais-r)  Smsrg 0 0 b 0
S2i83t(aptfo-r) 3Bl S3eg  S3ededy  S3sselfrayy)  S34s9+(h+f—7)
0 0 0 Sy Snasiniar)  S3ar0i(hisi-rn
U 6 0 S3+4+5+(f +ay—7) 6
0 0 0 ) S34449+(fs+fs-7)
5 1000 0 2483+ (ag+ fy—7) 0 0
110000 0 S31844 0 ——> 0
111111 0 0 s, O 0
L 000111 0 0 0 Spyy 0
[u 0—0—0 O 19) 19) 19) U S3 a5+ (pras—1) Y
00 20/ 1 0 0 0 0 5344494+ 1)

Fig. 5 -15. The design equation of Fig. 5 -11(d)

S. Case 5: Sliding mechanism 4

Fig. 5-11(e)+= Fig. 5-11(a)°llA 3]A#4E @7t v1d #HE=Z A g oz2H oA
Aot Wl o)A, Fig. 5-11(a)°l A = 42 binary linkellA] &glolt)® W7
HROEZ 18} g Y(zero)o]l =W, HA 4e B3I g FAIEH &Eholy 49
A me> F3 30 Wdnh #EFIE A (79) S 2FE Fig. 5-11(e)ell thst #4¥

72 @7 =g,
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0=[6,6,,0,0,] (87)

AA TR 1-70] Fig. 5-12° A €% W, Fig. 5-16= AHA| 34 S vepdc, A2y
ko) kel &siA (5, o A7), Fig. 5-12¢14 J79} £(©)2] 40 3 HE]E AA| gt
Jro] gt g HE7F AA|E Q7] witel, MO 40 3} A AE S Al AT Mo 2

A Aol ofsfiA, Kek 379 4 A MEj= A E T Vi maxa 2t f(©)°] 4" 4 HE =

2 717 A A A 63 79 oA AAE . Fig. 5-11(e)oll thE ARYEAE o2
o] A4}

100 0ff6 3
B 011 0||6 a;—y
©,=J0+¢= + (88)
¢ 0 01 0}|6 é,
1 00 1]|6 o -y

Mz A7 WA Fig.5-162 7|NEC R, AEY A Ky ke, ks 1L ke ZH

A5 A 2 219 ki, ko, ks 12 3L keT} TS}

_sl+¢) 0 0 c sl+6+(a1~/) ] Cl

0 Siugen O ! ¢ 0 gmyl,,

0 S3+E+(a3—y) Sa+¢22 33+ by SS+4+5+( htay—y) 5 0 Cz

& & B S3ibigy V344454 (Paras-y) & r‘a 6

6 0 6 53+4+5+( htay—y) 0 gmf’l g

0 0 0 q Sutuiery | 9Meles
100 1% 0 O Irkpn
010 o © Ses@n O 0 k,b,h,

o111 1 0fo 0 S3p, 2 0 k,b,h, o

—0—0 | —6 o s 6 kbt
—6—% & B B 6 ©3:+4+5+(By+ary ) B ksbehs 3
*0 0 91 1*_ 0 0 0 Sl+6+(ary)_ ksbihe

Fig. 5 -16. The design equation for Fig. 5 -11(e)
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6. Case 6: Sliding mechanism 5

Fig. 5 -11(f)= Fig. 5-11(a)°llA 3| AAE g7F vy A2 Agoz4 A
Ak AR o] 9 3)A, Fig. 5-11(a)ol Al H A 3 ternary linkell A &gloltl 2 WA

Hotth BHEEE A (790 2 5E, Fig. 5-11(H°] st BEF7F 2 (89)S - E s}

0=[0.6,.6,6,] (89)

Al 4 7A 3N, HA 49 A= meell dist AANHE JdBE aE VITloR
2l (3= R (F, Fig. 5-11(H)NA 2 (33)= muoll tish X HE7F & 5

A Th). Fig. 4 -1(b)ell gt 7|40 AeFzxz 2] (90)0] EA| e,

O - +6,+0,—y,+0,=m+6,+ f, (90)

HAFZE A (89)CF meoll e AXHE S FH3] alA, 4 (90)= o] &3},

2 (33)= A (91)3 o] thA] Aot

7 T T T
P4 = Ila [Clﬂzl 'Sl+al] + I6 [C1+6+a4_ ! Sl+6+al] + I4g [CS+4+(7z+ﬂ3+y/2) 'S3+4+(7r+,33+|//2)] (91)

21 91)S A WA Fig. 5-12¢f 1128 5HA, fas = fas = Masa = Saeas(zr g+ p2-, Vi maxt = Cs
18131 Vmmaxsz=Ce o2 7|= ¥tk o7]A],i=5,62 ), Ci=sqrt(A+B?), ¢ = tan"1(Bi/A),
As = gmuligc, + g(Ma+me)l1aCat—y, Bs = —gmaligS, + g(Ma+me)l1aSaa—y, As = gMalzgC, + gM2l3aCos-y
12| 3L Bs = —gmalsgs, + gMalsases—, ©1TF ol ®lf, 2hAl4f2] 1-8& Fig. 5-12¢] 2] &3},
Fig. 5-17% AHAl & yebdith, 2HAl9RA 10 27 5ko], JTe] 40 3 #E| 7} A7
drt oluf, JTe] gl 4 A WE[Zo] M2 FAdsH v PR, I i
+ fa3, Vinmaxa, Mz 18] 31 K02 AR AT A7, f33Vim maxs + f3aVim maxa 2 MasKs +
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MuKa= hbsh ARRISH R T ¥, A7]9F 42> 212 Cr=sqrt(A2 + B2 St &
= tan(B7/A7)°l . 91714, A7 = gmalsgCy + gMalsaCosy + OMalagCasrimeye, LB 3L B =
—gMalsgS, + OMalaaSaa—y + gMalagSas i yo—y ©1TF. T332k Mss = TF sin(G+¢r) 0.2 o A 5w,
Vin_maxa_new= C701th AltH7E, Ks Cooll dattt. &9 THRALY] 4717F a8k,

AFRAE Tt ol ATk

1 00 0}[4 &
B 10011 06 o, -y
0,=J0+¢= + (92)
0 01 0}|6 /8
1 00 1]|6 o -y

AMEL AA B84 Fig. 5-172 7|40 2, A Ab: o9} kex= 22t A 5 A 2

19 ko8t keoll FL 3, ki = Cs/(b1h1) 2} Ks_new = C/(bshs)©] Tt

Sip 0 8 0 . ( Sig+(ay-7) o
0 sy (a5-7) 0 ¢ 0 9m2|2g 8
””” \ SR
0 S3+5+( az=7) \?gfﬁ/ S gy 53+4+5+( ) 50 \\7927/}
A A A A Il
5 1% U S3ilig, 93:4:5+(fhras-r) Y 6
S, oml
6 6 6 I ) 6 TR0
ml
K 0 0 q Sisstay) | L6100
r 0 0 0
100 17| S kbh
010 0| O Seswn 04 0 k,b,h,
1 B S S | ’
011 0| 0 0 &) 2 0 | Jibhit®
000 o|—e 0 s 0 kbh
Ao n a o o o ™ o 3
v My U Y S3:4+5+ (B +as7) v 55
00O 1 kgb;h,
L 4 0 0 0 Shge(@—y) | 000

Fig. 5 -17. The design equation for Fig. 5 -11(f)
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7. 7-link Baranov trussellA] 3B 7|59 FHHA7] |

Fig. 5-182 Fig.5-11(a)-(e)oll thdt T RA7|ES JERATE Case 1 7%, Fig.
4-1(b) (2= Fig. 4-1(d)°llX B2 57F AAHA7] wZel (5, &St 6 FA), Fig.
4-5(c) (£ Fig. 4 -5(d) oA 6 (= s+ 65+ &)l Th3t @9 TR 7|7} FA L)
Case 2 79, Fig. 5-11(a)°ll#] B 6] Aol gt Ha=z W=7 wiel
(5, 6 A1), Fig. 4 -5(d)°1 X s (=65 + 64+ ) S} G (= 61+ )] 9] THEAF7|=0]
F-AlE T} Case 3 74-%, Fig. 5-11(a)°llA] &= 29 AZo] A3 A= o
7ol (5, & FA1), O (= 6+ )2 G T BV 7 FA E U Case 4 7 -$, Fig.
5-11(a)°llA "= 10] &2tolr® WAV wWel (5, 6 7)), Fig. 4 -5(d)°ll A
Oss AlQlet 3] FERAV|EC] AFE-E T Case 5 4%, Fig. 5-11(a)ell Al H = 42
Aego]l et FAZ WFHAY] Wl u (= 6+ )] TS SHRALV|7F FAH
t}. Case 6 7d-F-, Fig. 5-11(a)°l A H = 30| &&oltd & WA ES 7] wWiEoll, Gu (= &+
6)2] &9 THRAVIZF FAE olul, ket ka7t S, ke AMEE AZH A

o

T (5, Fig. 5-18() 1A ks new) 2k =2 21742 o] Ata
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s
2

Slider

6

(d) Case 4: Sliding mechanism 3

(e) Case 5: Sliding mechanism 4 (f) Case 6: Sliding mechanism 5

Fig. 5 -18. Gravity compensators for Fig. 5 -11(a)-(f)
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A 3 A 7-link Baranov trussolA] AE 7]4= |11

ol el At Fig.4-3 B Fig. 4-49] AHAIT2 & 2 gafo], Watt 7179} the}

st Eefold 7]l tidk FHEAVIE FEstth Fig. 5-19<> Watt 7] -8} Thekst

>

ghold 71 7ES vebdTh Fig. 5-19904 %22 g=qg[c,s,]” oItk
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(d) Case 4: O3

Slider 1
v X

(e) Case 5: O3
Fig. 5-19. Watt mechanism and sliding mechanisms [34].
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1. Case 1: Associated linkage

Fig. 5-19(a) Watt 7] 7-+= Fig. 4 -1(b) (2% Fig. 4 -1(c))°lA 3= 62 A7t =

A Fedd AR 98, Fig. 4 -1(b) (== Fig. 4-1(c))°llA H= 60] AAH
A7) wEoll, I3} lgg> A(zero)o]l Hv HA 6o B3 FAHAE 43 4= FAHL
HH T3 0,5 A¥ate] Fig. 5-19(a)] #HAF7F A (93)S FEgt

0=[6,6,,6,6,0]1 (93)

2HAlTHE 1-70] Fig. 4 -39 284%™, Fig. 5-20&= 2434 S Yebdch #8379
el oJ&llA, Fig. 4-3°14 JT¢} f(@)2] 6t 3 WlE] S 2bAstc), JTo] 6t @Y w7}
AAE A7 wizel, Me] 6 A3 A WEES AATE M2 AR Fhael 9JEA,
Ks2k J7] 6" & ¥El= AAlEth Vimxst f(©)2] 6" & WE 2 Z2F 244 94
63 7o]e A AAE A 60] A meo] FAE R, Vin maxi = gmilig©] F T

Fig. 5-19(a)°ll T3t APdaAl = o33 o] AAH):

100 0 0](g —y
0110 0}l Bi—y

©,=J0+¢=|0 0 1L 0 0|6+ é, (94)
0011 0flg é,
0011 1l6) |B+a,-7

7| A, AZE A4 Ky ks ke 1T ke ZH7F 53] A (42)-(45)T EA3HH, Ky

= mlgllg/ (blhl)O] E}
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51% 0 0 0 0 Siigs -7)
0 Sypen O 0 0 7
0 S3i8i(ayr)  S3ed,  S3rdrsy  S3asSi(firasr)
0 0 0 Saiarg,  S3iassi(pyras—r)
0 0 0 0 53+4+5+(ﬂ3+ury)
o o a a
\v) \v) \v) \v)

0
0 0 S
6

Fig. 5 -20. The design equation of Fig. 5 -19(a)

2. Case 2: Sliding mechanism 1

Fig. 5-19(b)i= Fig. 5-19()°lA 3| d#d go] vy ALZ dAHOEZHN F
SHT HEY F o o)A, Fig. 5-19(a)°ll A & = 57F binary linkell A4 &&told = W
BERQOEZ 158} Isg> Fo] Ak Eefolr] 52 A% me> P 4o WA #

A7 A (93)ellA, Fig. 5-19(b) 2] #AF3F A (95)S fEETh

0= [91'98’93’04]T (95)

2AFATFZ] 1-79] Fig. 5-20° €% ™, Fig. 5-21= 2|34 S vebdch 32 37k
el oA (5, & AA), Fig. 5-20014 IJTe}F f(©)2] 51 & wlE| 7} 2bA| skt T
sth & wlE]7} 2FA| % Q7] wiol, M) 5t 3} A WEES AAZ MO 2

I~

aefl o)A, Keb JT] 5 & WE 5 AAE T Vi maxs St f(©)2] 510 A HE = 7
7 AR 63 72)eA Al A E L Fig. 5-19(b) thd AR BAE o1 o] A4
=3

it
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10 0 0](4 —y
011 0(¢ -

®,=J0+¢= el (96)
001 0|6 ¢,
00 1 1]lg ¢,

AMEL A WA Fig. 5218 7|WHO R, AXE A ki, ke, ks 283 keim ZH7)

A5 A 3810 A AT ka ke, ks 1P| AL ka2l AT

_sw 0 0 0 7| Sptalusy | c
0 S3:84(a5-7) 0 0 gmzl29
0 Spswn Sss Ssans Ssassiran C,
0 0 5 0 Supy Suasidpias C, 6
U U U U 934454y +ay—7) J "5=59
® & —b Stofmn | O whe
10 0 0 S O 0o 0 b D Tikpn
0100 0 Sugpgen O b k,b,h,
o111l 0 0 Syy, O D k,b,h, o
L0001 0 0 0 Sy 2 D k.b,h,
0000 0 0 0 Sl R
AA A & & —b 6 s Ve

Fig. 5-21. The deS|gn equation of Fig. 5 -19(b)

3. Case 3: Sliding mechanism 2

Fig. 5-19(c)= Fig.5-19(a)°llA 3 A4 @o] vnny #EZ Ao =EZH
THth HEFE S #8314, Fig. 5-19@)°lA H A 271 ternary linkell A &&ko|g 2

HAEQPOB R, A mp> e ofof sty #AH I3 2 (93)°lA, Fig. 5-19(b)2

®=[91183’94’05]T 97)
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A4gA 3o, B2 29 A mel dF A HEHE FAPRE 4 NEow
A @no® ARk (5 Fig. 5-190)°14 A (1) meel e X e} 2 5

ATh. Fig. 4 -1(b)oll A 71F+A 1 Aekze 2] (98)°] =43t}

6+p+60,+y, +6,=6,—a,+7 (98)

BEIT A (97DE moll Wt M E T3] YA, 4 (98)2 4 (31)d &

&atol, 2 (99)7F 2ol Al et

7 T T
Py =kplCp.8u 5] +1glCo a1 (rasv): So+a,+(r-a-1y ] (99)

21 (99)S A WA Fig. 5-200 11838, foe = fap = M2z = Sges+(r-08-pa—p) Vim_max1 = Ca
I8 Vnmaxz=Cs 2.2 7|8 o17]A4,i=4,59 ufl, Ci=sqrt(A? + B?), 4 = tan’(Bi/Ai),
Aq = gmiligC, + gMalisCpy, Ba = —gmiligs, + gmalinSpm-y, As = gMalsgC, + g(Ma+ms)lapCpm, L2
L Bs = —gMalsgs, + g(Ma+ms)lassps-, ©1 Tk o] w], 2Fll5F2] 1-89] Fig. 5-20°] 2 &%,
Fig. 5-22v= AHA| 3 = dhebdith, AHAAFA 1o 271ske], JTe] 2 3 WE 7} A
Hrt ojw, JTe] 2nde}l 3 F HE|Fo] AE FdsA k. 28EE, AP .4
= 13, Vi max3, Mas 18] 31 KO 2 AP AT A7}, f33Vim maxs + faoVm max2 2 MaoKo +
MasKai= Zhebsh ARQISH R T3 ¥, A7]9F 9147 22 Co=sqrt(Ae® + Be?) S} ¢
=tan"}(Bs /As) 1 TF. 17141, As = gmalagC, + g(Ma+Ms)labCpay + OMalogCesraa-y1y L2 I Be=
—gmalsgs, + g(Ma+ms)laSpsy + gMalogCeirazyay O1TF fz¥ Maz & TF sin(Gst+gs) O 2 T
A =™, Vin_max3_new = Ce©l Tk AITH7F, K Ceoll & U3kt Fig. 5-19(c)oll thsh AR
Ae v Zol A9tk
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1 0 0 0](6 b,
010 0}l6 ¢,
0,=J0+¢= + (100)
011 0}lg, &,
011 1|6 Bitoa,—y
M2 AA B84 Fig.5-21S 7|Wto®, AZE AE k9 ke ZH2 Al 5 @A 3

19 k@t ksoll T 3FH, ki = Cal(b1h1) 2} Ks new = Col(bshz)= 7FZI T}

S 0 0 5 Stigifar—)
S0 )
(U a3-7) / Ssig ‘ S3iarg,  S3eas5i(pyrasr)
0 7 0 S3iarg, S3as5i(Byras—r)
0 0 0 83,4154y vay—r)
L £ B B & P16+]er—7) | 8
- - 2
7 Lo b oo Ilse b 0o /o 0 kon ] 5
ray 4 A ra¥ 0 0 0 0 Jada
O—*% 0—0 MERET ) hd / hd d kb o
01 11 0 D Sarg, | 0 0 Ksbsh, 0
00 11 0 D 0 Sy 0 k,b,h,
1 00 01 0 0 0 0 Se+4+5+(,33+ary) k5b5h5
1
7U U U U4 | G ) G G G S — GGG

Fig. 5-22. The design equation of Fig. 5 -19(c)

4, Case 4: Sliding mechanism 3

Fig. 5-19(d)= Fig. 5-19(a)el A 334 a7 vl117] #E=Z gAEo 2N fF
T AW o) oelA, Fig. 5-19@)°l A H A 12 ternary linkoll A &2folri = W
Atk FHFI @0 ZHE, Fig. 5-19(d)oll tidt ¥4 F37F 2] (101)S F =38t
©=[6,6,6,.6] (101)

Al 477 3deNA, B 19 AdF meol dig AAHEHE JAAE 6E VIFow
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2 (@@= FdsRlH (5, Fig. 5-19(d)oll Al 2] (47)> meell sk X HE 7 d 5
o). #EFT A 1o)E meoll e AAHEEHE F28sk7] faEA, A (98)= A

@nel Agsk, 2 (102)% 2ol oAl A sith

7 T
Pl = Ilg [C93+98+02+(7r70137/317|//1) ! 593+98+02+(7r7a3—ﬂl—u/1)] (102)

2 (99)= A B84 Fig.5-200 e w, AHA|Tt 1-8°] Fig. 4 -4 283t
Fig. 5-23% 2HAIE S YebATh AAE F3 60l #e #AIN Fael 93)A
(5, & A7), Fig. 4 -4°14 JTe} f(©)°] 6" 3 WE = 2FAIT J7] 6 & WE 7} 2
AF A7 Wtel, Mo e At A WMEES A M2 AR ZEAell 9 siA, Ke
oF JTe] 6 A WE = AA AT Vi masdt f(©)2] 6 & HE &2 247F 2 A9 6
2 798 AAR o)u], fu = for = fa1 = Mu1 = Saege24(ras-p1-pa), Vi max2 = GMalag, Vin_max.3
= Cs L)AL Vinmaxa = Cs &2 7l ®Th 91714, i =4, 59 o, Ci = sqrt(A? + B?), ¢ =
tan~1(Bi/Ai), As = gmslsgCy + gMalsaCos—y + g(Ma+Ms)lauCps-yy Ba = —gMalsgS, + gMalsaSes—, +
g(Ma+ms) IS5 As = gMalagCrn—y + OMslaaCrpraa—y L2 L Bs = gMalagSm—y + gMslaaSmras—y ©l
o ARG ot vy BAE gABoRA (5, HABE 6 FA), ITY 1

FHE 7L AA T, oju), JTe] 19} 20 A MBS0l M2 FAdsHA Hrh TP,

o
X
z

QAE f, f, Vnmaxz, Mz 1813 K02 AR A AY7, fauVi maxa +
f2oVm_max2 (B2 f31Vin_max1 + f32Vin_max2) S8 MuKi + MKz = ZFebsh ARRISH R 13 Y
w, 2719 947 A7) Co = sqri(A + B ¢ = tan'(Bs /A9)OITE. o174, Ag =
gMalagCy + gMaligCorr-aa-p-y1-y “LE 3L Be = gMalags, + gMiligSaras-p-ya—y O1TH a2, f22 17

I Mz & T sin(@s +6 +¢6) &2 WA= 9 2™, Vi max2 newt= Ce©lTh A7} Ko Co

of Fdstth Fig. 5-19(d)ell thet AMFBA= vt o] A d
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110 0]f6 &
010 0|6 @,
®,=J0+¢= + (103)
¢ 011 0|6 &
011 1||6 Bitoa,—y

Mz AA WA Fig.5-232 7o R, AXH A ket A (62)9) U3}

Ujly k2_new = Ce/(bzhz), ks = C4/(b3h3) 1‘:'4 3 ke = C5/(b4h4)ol 1—4'

/ﬁ»sm( 3+ fy gm.1|1g
318424 ( 3+ | 0 i,———c—l——\: 6
5 53+8+2+( 3+ Py i Cz 8
0 0 Ssrav  Sseasse(pra—y)  Saeds0e(piepi—r) C,
0 0 S5 4454(Byrau—) gms:sg 6
oam.
0 0 0 Sz Q‘Wo_Y)J IeTeg
a[s o0 0 o
0—0—0—b6 3+8+2+(t3+ o —7)
1 000 [53+M) 0 0 0
1111 8 S0 s, s 0 0
1 0011 0 0 S 0
0001 2 0 0 0 S34a54(fy s 1)
A o o o
— 4

Fig. 5-23. The design equation of Fig. 5 -19(d)

S. Case 5: Sliding mechanism 4

Fig. 5-19(e)= Fig. 5-19(a)°ll Al 3| d &4 go] vlid #HEZ AFgo 2N

}’_3'_
Sk Wy arER e 9ElA, Fig. 5-19(a)°ll Al ©B =L 1 binary linkell 4] &efolti = W

o,
i

Atk AT HA3 @02 HE, Fig. 5-19()el that AT 2] (101)3F 7

£

AFA A 1-70] Fig. 4 -40) Z-£% 1, Fig. 5-24= AA3HS UeEbdLh @83 6

o AA 4 IABA g0l Mnd BHEE RAPOEN (5, ast 6 AA), Fig. 4 -4
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o A1 I8} f(@)2] 1t} 6 3 WE & AHASTE JTO] 199} 6 3 WE o] AhA|Y]
7] wEol, Me] 1t el o 6" I A HE S-S AAZTE MO Ak FHasel o)
A Ky Ke 2830 372 19t} 6 A WE =& AA R T Vin maxt, Vinmaxs L2 2L f(©)<]
1teh 6 A WME] S ZH2) A 63 7oA AlAE T ol W, Vin maxs? Vin_maxa
T ZH7) Co%t Co7t "Yh 97]A], i = 4,59 d, Ci = sqrt(A? + B), ¢ = tan'}(Bi/A), As =
gMslsgCy + g(M1+M2)l3aCos-y + G(Ma+Ms)ls6C -5 Ba = —gMslagS, + g(M1+M2)lzaSes-y + 9(Ma+Ms)lspS s
5 As = gMalagCr—y + gMslsaCpraay LB I Bs = gMalagSp—y + gMslaaSssaa-y ©1 TF. Fig. 5 -19(e)

of that AbdaA= w3 2ol 24 drh

110 0]f6 "3
010 0|6 &,
0,=J0+¢= + (104)
’ 011 0}6 &
011 1||6 Bota,—y

AMEL A WAA Fig. 5-248 7Moo AXE A kI ke Z2F 2] (59)3

'{I':
21 (62)°l &L 3k, ks = Cal(bshs) 22 31 ks = Cs/(bshs)©] T}

93+8+2+(frs+,-7) hd

am.
G 6
S3i8:24( 7)) S38eg 0 0 C,
5 S318424(lufo-r)  S3Bra Sdeg,  Sdrdrg  S3deSi(fyrar-y)  S34r9+(+fi-r) C,
0 0 Saiarg,  Saeassi(Bras—r)  S3+4+9+(B+B—7) G,
0 0 0 S344450(By4as—7) gm5:59 6
am
0 0 0 0 S, ) I76'6g
0 0 o) Fa) 3
0—0—0—0 1| S3+8+2+ (a3 + 8, —7) N A Y N !1b‘1'h'1
1000 Spgy 0 0 0 k,b,h,
1111 0 8, O 0 Kbshs | _ o
1 0011 0 0 3444, 0 k,b,h,
0001 2 0 0 0 S3eav5:(+ay-7) ksbshy
A—0—0—0 v hh 3
_ O—0—0—0 n n n n KeBsHs
T4

Fig. 5 -24. The design equation of Fig. 5 -19(e)
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6. 7-link Baranov trussol|lA] I E 7178 SEHEAM] I

Fig. 5-25+ Fig.5-19(a)-(e)°l Widt T H R A7 ES eIt Case 1 7, Fig.
4-1(c) (== Fig. 4-1(d)ollA F=L 60 AAHUY] Wzl (5, &< & A1), Fig.
4 -5(c) (Fe+= Fig. 4 -5(d)) oAl G (= O+ 6 == G+ G+ G)oll TS 9] S HALY
7} FA ) Case 2 7%, Fig. 5-19(a)°l A &= 59 AFo] <lfs a2 WyeEe]
7] wjitell, Fig. 5-25@)°N A s (=6 + 65 + &)l gt 9] SHRAL7|7F FA )
Case 3 7%, Fig. 5-19(a)°ll Al ® = 30] &kl = WHAE 7] wlell, Fig. 5-25(a)°ll
A O (= 6+ G)2 9 FTHEAFVE FAE old], Fig. 5-25(@) 2] ko9t ke7F
3o, O (= B2 T2 FTHRAIE AT ko] AZ 2ZF A (5, Fig. 5 -25(c)
Al A Ksnew) 2t MZEE $737F g7} AlALE ) Case 4 -9, Fig. 5-19()N1 A ©H A 19]
Zetolo = AR E ) WiEel, Fig. 4 5(d)oH G (56 + G+ 6)2] &9 FH R
7b Al ek o w, Fig. 4 -5(d) 2] kit ko7t B, G (= G5+ )2 T FHEAY]
= 93t ko ME A2 A (Fig. 5-25(d)NA ko new) 2 AMZS 187 g0l Al
Attt Case 5 74-9-, Fig. 5-19(a)ol Al &= 19] Aol Q143 WAz HEEA] o

=, Fig. 4 -5(d)21 A Op (= G+ G+ &) F9 SHRAZ7F FA H
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(d) Case 4: Sliding mechanism 3

ifel '

Slider 1

(e) Case 5: Sliding mechanism 4

Fig. 5 -25. Gravity compensators for Fig. 5 -19(a)-(e)
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A4AE 7 FHEAT]

A 5 %A 1 A1, Cass1oll A, Fig. 4 -1(a) 5-link Baranov truss= %€ Fig. 5 -4(a) 42
A7 75 Adrh 997)A, 42 A7) Fig. 4 -1(b) (2= Fig. 4 -1(c)) 7-link Baranov
truss®] H 4,56 AATOZN AS 4= At} 5-link Baranov truss$} 7-link Baranov
trussZHE] T8 ZH7he] 48 HAr]Tel dd FEHRAVES AR STkl

=

EE FUsHA A ok Stk Fig. 4-1(b)ZFH 48 P37 H37)

il

%
T3k, Fig. 5-9(a) 42 HA7| 79 THHAY e} vl w st

Fig. 4 -1(b) 7-link Baranov trussZ 58 44 HA7]55 F X3t} 7-link Baranov
trussell Al HA 4,5 283 62 AASTE WG F ol a4, ms, ms, M, lag, lsg, leg, lsa,

lan, Is “L2]3L 167} F(zero)ol™, 6, &, &, ¢ “LT|aL o] FAlET ojmf, H 2=

J

ternary link®l| A binary link7} 1t} (5, o= 5 =0). &4 F3+ 0,5 A5}, Fig. 4 -1(b)

Z2HE ¥ 4 Y|l ddeit 4 (105 A

0=[4,6,,6,] eR* (105)

Fig. 4 -394 4th—eth P} o A EL 2FA 1 F o] oA 2FA ¥ ™, Fig. 5-27= A
29 A A FEAAS Yepdt dE I ael oA (5, 6, 6 1

213l 6 A7), Fig. 4 -394 J'9} f(©)2] 4th—eth 3 WE S 21A g} JTo| 4th-eth 3

o

HE 7 A = Q7] wEell, M) 46t 3} A WSS A AT M A TEA
of o9& A, Ky, Ks, Ke 1832 JT] 4thpth I WMEEL 2A DT Vi maxa, Vi maxs,
Vimaxs 1213 f(@)2] 46t d HE = 27 A 63 7234 AART B
A 4,5 283 67 AAENCTE, Vi maxt D Vinmaxa> 272 Vinmaxy = Mgl

Vin_max3 = Ca ©] Tk 017141, Ca = sqrt(As? + B4?), ¢ = tan'y(Ba/As), As = gmalsgCy + gMalsaCoz
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123l Bs = —gmihigs, + gMalzases-, ©1tE. olwl, a7l #sk ARG EAlIE 4] (106)

JE
10 0](6) (-r
©,=J0+¢=|0 1 1[4 t+{7 (106)
00 1|6, |g

Fig. 5-26+ Fig. 4 -1(b) 7-link Baranov trussZ 58] 5% 44 ¥ 37|79 T8
A5 etk A28 AA Wg A Fig. 5278 7o R, AXE A ky, ke L

)l ke ZH7F A (107)-2) (109)C. & AAtd ),

k= gm, /bh (107)
k, =gm,l,, /b,h, (108)
k, =C, /bh, (109)

Fig. 5 -26. Gravity compensator of the four bar linkage derived from 7-link Baranov truss.
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S, 0 0
O SS+8+((137;«) O
O 53+8+(u37;/) S3+¢2 SS+ +dy
al al al 53
n
5 “ 6
al al al
6 © © 2
r S 0 0 ]
100 14 kibihy
010 0 Supen O b k,b,h,
011 0 0 S314, ) kyb,h, 0
0—0—0 5] © sy O Kbyt
1 H—0—6 o o a \ \ h lbh-h
vy i A U S3:445+ (B +eg—7) 4 e
00— 5 o o bt 3
= N Y v 1464} ary)J 6TeTe

4
Fig. 5-27. The design equation for Fig. 5 -26

Fig. 5-9(a) ¢} Fig.5-26% 44 HA7|Fo U3 THREJ7|C]2Z, Fig. 5-9(a) 2t
Fig. 526 A2 S7Fojok St Fig. 5-269 H A 32 Fig. 5-9a)2] A 49 L3
t} (&, Fig.5-269 &3 &= Z+7F Fig. 5-262 st ol 5<). Fig. 5-9(a)9} Fig.
5-265 Hlwg W, Fig.5-9@)2 ki¥} Fig.5-269 k= MZ 7L $Xolt}. Fig.
5-9(a)2t Fig. 5-2604 7+7he] #d ¥k vlw e u, Fig. 5-262] #E¥ 7t 2] (105)
= Fig. 5-4(a)] Al BHEF37 @a=[6, 6 ] sFetch. AE 3t 2 (64)7 @a=

6, O, G]'= 2 (20)°ll #-&3hH, Ja=1[1,0,0;-1,-1,0;0,1,0] € R>3 o]t} thA &4

—

ok

Zhell dhek AMFAE 2 33a=1[1,0,0;-1,-1,1;0,0,1] e R®3 o]tk 4 (21)= 7|HEe

2, Fig. 5 -5 2 HE A= A g2 (110)s =3}

S, 0 0 |[mgl,
0 —Seseqmuprrs O [1M0ly
Serar(a+fyin-y) bt CZ (110)
1 0 0]s, 0 0 |[kbh,
~[0 =1 0|| 0 Syumupeny O |{kbyh, =0
0 1 1 0 0 So.4, k,b,h,
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o] 7] A, C2=sqrt(A2? + B2?), ¢ = tan}(B2/Az), A2 = gMalagC, + gMalanCaz, 1] 3L B1=—gMualags,
+ gMalaSca-y O1TF ANZE AP E Jdeoll 23, ket ka= 242 S| BE ast 6

of AzatEt) 2] (110) S 2 H-E], Ax & A 2 (111)-(113)= AlAkstt,

k, =mgl, /(bh) (111)
k, = gmyl,, / (b,h,) (112)
k, =C, / (b,h,) (113)

Artel Ax FREL Fig. 5-269] AXH A 2] (107) -4 (109)3 FL 3}

=

S
o} =, theFstk Baranov trussZH-E A E 22 Z|FEe Wit 57 SHEAVIE
[e3]
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A6d 2L

iz
o

5] ©
54 meage

Korea)= AF-&3Fo] A8k}, Fig. 6 -1, Fig. 6 -2 18] 3L Fig. 6 -3 F2]2 3

ok
ey

A M 43 E 9]o] Recurdyn (FunctionBay Inc., Seoul,

=]
=

o

=
=

o

LPEROITh Table 262 29189 mlo] AHER StebvlElel 914 ES ek,

I
©«

6-2(d), Fig. 6-2(f) 22| 3L Fig. 6-3(c)°ll ATk Z}7} lig = 0.209m, lsg = 0.314m 12| 3L lpg =
0.213mE AHE-3IT} Table 7= R AP olA ARG A2 eSS Aelsh Aol
o171l A, bigk hi= ZH2F 0.15m<e} 0.1mol™, F ¥ g=[9.807m/s?,0]" (y=0)°olt}. =9

Aol A BE g 7HEEEE e E T, Table 8= 2424 A REE

1o

oM A+gE 7MIEE 45 83l Fig. 6 -4, Fig.6-5 183 Fig. 6 -6 717}
Zeoj gl RE(Fig. 6 -1, Fig. 6 -2 ZL2]al Fig. 6 -3)°l ¥#3t dytss HERT:
e 7} g=9.807m/sc, s,]"01H, y 7} y= A6, A4 13 A3 L W, F71H 0
2 vnd dol aed FHEAY] Fig. 5-100] thaid Rejdds T o
w, Ry el Table2o] stehvlE S o] &3k, AW E 6= THIRHE 6(t) =

0.4-sin(27t/30) + 2.4253(radian) ©. = -5 3IT}. Table 9% TFFSE poll A ARE-SE A32E

s YERATE Fig. 6 -7% TR yollA Fig. 5-100] #E RO ARE e
pul=g

wo) Ao A Axo] ot TelA oUAS AT F zeld o
VA (2, VetV 2] Tad oux] (2, Vst 2289 TaA oy (£, V)
galo] Aatdnt RE A3 78 o)A (Fig. 6 -4, Fig. 6 -5, Fig. 6 -6 “12] 3L Fig. 6 -7),

oY B AAZE veketAl Wstsitete § EHA ouATE A TS
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.

% Slider 4 ig 'V\SEder 4 lg
®
I S| T Link 2 &0 Link 2

(a) Case 1 (b) Case 2 (c) Case 3

I _2@< Slider 4 ig
s

__ i

(d) Case 4 (e) Case 5
Fig. 6 -1. Simulation models |

76

(«/Collection @ chosun



(e) Case 5 (f) Case 6
Fig. 6 -2. Simulation models |1
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Z= MO Sl

CHOSUN UNIVERSITY
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Table 2. Parameters and phase angles (radian) for the five-link Baranov truss
m; I lia lio lig ai B
Link1 | 1kg - 0.510m | 0.250m | 0.242m | 0.237 | 0.600
Link 2 | 0.75kg | 0.490m - - 0.245m - -
Link 3 | 0.25kg | 0.229m - - 0.114m - -
Link 4 | 0.50kg - 0.255m | 0.430m | 0.219m | 0.180 | 0.179
Link 5 - 0.560m - - - - -

Table 3. Parameters and phase angles (radian) for the seven-link Baranov truss

mi li lia li lig ai B
Link 1 2kg - 1.000m | 0.500m | 0.486m | 0.185 | 0.426
Link 2 1kg - 0.460m | 0.350m | 0.303m | 0.829 | 0.387
Link 3 | 0.50kg - 0.400m | 0.550m | 0.298m | 0.316 | 0.208
Link 4 | 0.75kg - 0.572m | 0.700m | 0.396m | 0.194 | 0.178
Link 5 | 0.30kg | 0.500m - - 0.250m - -
Link 6 | 0.65kg | 0.900m - - 0.450m - -
Link 7 - 0.840m - - - - -

Table 4. Phase angles (radian) for Fig. 5 -9

Casel | Case2 | Case 3 | Case 4 | Case 5
¢ | -0.172 | -0.172 - -0.146 -
& - - -0.146 - -

Table 5. Phase angles (radian) for Fig. 5 -18

Casel | Case2 | Case3 | Case4 | Case5 | Case6
¢ | -0.0739 - -0.0739 | -0.2921 | -0.0739 | -0.3344
b - - - -0.1044 - -
¢3 - - - - - -
¢ | -0.0420 | -0.1044 | -0.0420 | 0.0893 | -0.0420 -
&s - 0.0893 - - - -0.1090
¢6 - - - - - -
& - - - - - -0.3344
wi - - - - - -
) - - - - - 0.3346

Table 6. Phase angles (radian) for Fig. 5 -25
Casel | Case?2 | Case3 | Case4 | Case5
- - - - -0.2921
-0.0047 | -0.0047 - - -
-0.0708 | -0.0708 | -0.0708 - -
-0.1439 | -0.0047 | -0.1360
- - - -0.0708 | -0.0708
- - 0.3125 | 1.1653 -
- - 0.9539 | 0.9539 -

S S [&&SSF&
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Table 7. Spring constans k; (N/m).

Simulation models k1 ko ks Ka ks ks
Case 1 | 571.693 | 280.307 71.613
Case 2 | 571.693 | 280.307 -

Fig.6-1 | Case 3 | 405.778 | 120.131 - - - -
Case 4 | 405.778 - 71.245
Case 5 - 280.307 -
Case 1 | 1055.996 | 197.983 | 610.376 | 194.304 191.230
Case 2 | 273.315 | 788.363 | 1342.989 | 490.492 -

Fig. 6 -2 Case 3 | 1055.996 | 197.983 | 610.376 | 194.304 i 191.230
Case 4 | 273.315 | 788.363 | 1342.989 | 490.492 191.230
Case 5 | 1055.996 | 197.983 | 610.376 - 191.230
Case 6 | 1554.280 | 197.983 | 204.201 - 632.529
Case 1 | 635.374 | 197.983 | 715.400 | 305.213 | 49.033
Case 2 | 635.374 | 197.983 | 715.400 | 305.213 -

Fig.6-3 | Case 3 | 942.745 - 588.765 | 305.219 | 49.033 -
Case 4 - 686.867 | 715.400 | 305.213 | 49.033
Case 5 - 788.363 | 1223.826 | 305.213 | 49.033

Table 8. Virtual motors for simulation models

Simulation models

Virtual motors

Fig. 6 -1

Case 1

&(t) = 0.4-sin(22/30) + 1.962(radian)

Case 2

&(t) = 0.3-sin(27/30) + 2.421(radian)

Case 3

&(t) = 0.4-sin(22/30) + 2.421(radian)

Case 4

6i(t) = 0.4-sin(22t/30) + 2.547(radian)

Case 5

(1) = 0.4-sin(22t/30) + 2.425(radian)

Fig. 6 -2

Case 1

6i(t) = 0.4-sin(22t/30) +1.827(radian)

Case 2

A(t) = 0.4-sin(22/30) +1.828(radian)

Case 3

6(t) = 0.3-sin(22t/30) +1.828(radian)

Case 4

&(t) = 0.4-sin(22t/30) +1.725(radian)

Case 5

A(t) = 0.17-sin(2 #/30) +1.581(radian)

Case 6

O4(t) = 0.4-sin(24/30)

Fig. 6 -3

Case 1

Case 2

Case 3

Case 4

&(t) = 0.4-sin(22t/30) +1.828(radian)

Case 5

65(t) = 0.4-sin(2t/30) +1.207(radian)
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Table 9. Spring constants (N/m)

y= 76

y=a4 | y= 3

ki | 220.241
ko | 242.753

311.468
198.207

381.469
140.153
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ki link3 a

Parallelogram,,, 2
ks link4 -l

Parallelogram
link 1

(a) The equivalent mechanism of Fig. 5-18(f) (b) The practical model
Fig. 7 -1. The fabricated gravity compensator of Fig. 5 -18(f)

Fig. 7 -1 Fig. 5-18(f)ell oist A&= LS vebdT Fig. 5-18() 2] #1&& 11e
st Fig. 5 -18(f)oll Al H = 4%} H = 29 FF/+ binary linkell SlE3 (5, a2, as, B
I3 pi= Dzero)olth). AFEDe= AlA el dlFpeo]El7t AR A okttt
Table 10> W= Iepv|HE Ytk Al &R dof] ok 91772 ¢ = -0.129% ¢ =
0.0520] AAFE ™, or = 0.197, A = 0501, as= 0.308 18] 3 B =0.128 ©]t}. Fig. 5-18(f)
N ko8l ke BAAAY FA7|TE AHEsH] S7F f1Aol F-2E T zero-length
AxYS FEE] fl8lA ekoloj gk Eh ARSI

HaAe Fae AHFES I AXH A ko= Co/hiby, ke = g(malyy +
(Mpslp,3g + Mp 4l 3))/b2h2, K3 new = Calbshs “L2] 3 ke = g((Meleg + Mals) — (Mp,1lp.1g + Mp 2lp 1))/bshs
2 AR o1 7] A, Ci = sqrt(A2 + B?), ¢ = tan(Bi /A), A1 = gmiligC, + g(Mp2lp2g + (M4 +
Me)l1a)Cat-y, B1 = —gMiligS, + g(Mp2lp2g + (Ma + Me)l1a)Sat-y Az = gMalzgCy + gMalagCas repa-y +
9(Mpalpag + Mal3a)Coay L2 3L By = —gMalsgSy, + gMalagSas zm-y + 9(Mpalpag + Malsa)Ses, ©1 T

Mo 0 BAAAG I AvIF, 1ys) gt 27 0 FBAAY P9 o)
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of A&FAo AgE yehdit}, AZa A k= 0.387N/m, ko = 0.158N/m, Kz new =

0.249N/m “12] 1L ks = 0.053N/mS AFE3tt} Fig. 7 2= A2 o] thakdk A A S B

2
N
=
1>
o
tlo
off

4, Ag o] kst AHE /AT 5 LS BRAA,

(a) Pose 1 (b) Pose 2 (c) Pose 3 (d) Pose 4

Fig. 7 -2. Various poses of the fabricated gravity compensator.

Table 10. Parameters for the fabricated gravity compensator

Link 1 Link 2 Link 3 Link 4 Link 6 Link 7
mi | 0315kg | 0.064kg | 036lky | O0112kg | 0146kg | -

I :1: - 8:;;(1) " | 0150m :zz - 8:;22 M| 0232m | 0.170m | 0288 m
ly | 0110m | 0075m | 0144m | 0091m | 0.039m | -
mo; | 0.087kg | 0.073kg - 0.068kg | 0.113kg | -
bis | 0059m | 0.110m - 0.090m | 0081 m | -
l; | 0090m |0220m - 0.180m | 0.150m | -
h | 0050m |0050m | 0.050m = | o0o060m | -
b | 0050m | 0030m | 0.050m - | o0o040m| -
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A8 =2

[11]elA 122 T BT ' olyAl= 2 (1142 AXbeksitt

PE =

2 2
@Jr kbh cos(6) (114)

A7IA, kek o= A7 AxY A AR SRV A EE o]t

SRl oAU A = k(he + b0l G gholl A AR S5 7HAY Depxith ol <

a8k 7N AR FYEHEAVIES Z'A U X]= PEy = kibihicos(6) +
ki(hi? + b12)/28} PE; = kobohocos(8+ @) + ka(h2? + bp2)2 2 AALETE o714, g= 91 9] 9
QXA ZATE uyErdth F7F YRV 2R oUAE FASHA PEe =
KebeheCOS(O+ ¢) + Ke(he? + be?)/2 0.5 A3 4= Itk hy=hy=he=h$} by =by =be =be}

A 7P o, 4 (115)S RESsoF gt

k,bhcos(d) + k,bhcos(@ + ¢) = k.bhcos(6 + ¢.) (115)

ke®F gi= k, =k +k,2 + 2kk, cos(¢) 2 ¢ = tan(kasin(d)/(ks + kacos())-O- = F-E]
A Ak k= ¢ D] Fholl A (ki + ko) =ke=|ky—ko| 2] W9 E 7HITEH g=0 &
o, ket ki + ko] HfjghS 7hATh 5, @ I A Zh v} o] obd wi(F, ¢#0), ke T
74 kit koBk Bk A

A 1AFE FERAV F LA oUXE A (115)S 1este] PE; +
PE; = kebhcos(0+ @) + (ki + ko)(h? + b?)22 AArRAT 571 T8 8A7] 9 el oy
A e ke(h? + 022 A AT g# 008 ki + ko > ke©] 7] W0l ke(h? + b2) 0] L E
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A U Aee Y (kt+k)(h?+bY)2 3 1ok Aok oy 1A= SHEAAV7F

(c) Original form of k;_new in Fig. 5-25(d)

Fig. 8 -1. The original of ki new for the three simulation models

2oy BREoA kinwd AEH AFE AZ OE F O AZYEERE
HEEh o5 59, Fig. 5-18(f) 1A ks newt= ke ke W 3halo] dojxith. ojuf, ks
T ke Kanew©l OSE Ao AXHES YERATH Fig. 8-12> 2oAE R EoA
Kinew®l ThEF o] A ES YepdTh Fig.8-2v Al 678 AN SHT

vl AZHE] A AT AE kinew®] ERE oA ZS HHERITE Table 112
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Kinew®] ZRIA oA = 2l Azl xeld o« ot vwstd o
& 7+s 7FAT) Fig. 5 -18(f), Fig. 5-25(c)-(d) 28] 1 Fig. 8 -15 3123}, Fig. 5 -18(f)
9} Fig. 5-25(c)-(d)e A kinewt= Fig. 8 -104] ] AXEZ Afolo] FiHAo=® 9
28t F, kinewd] WEZo)E T4 2 AZFE] WP ol FHn Ak x
QI o A= A~y Wyzlo]o] A7]9} A2y Ao vlHEhy] Wil KinewSt
I

w2 A~ Afo]e]
o, BE Ay E 7] Wygdol= FA3lt Fig. 5-18(H) 2] ks pewoll that 2

EWd i g o= Atk sk hvk BE iolA DA}

# AZHEE Aol 7t F7bel7] wiiel, Fig. 8 -2(a)oll A & A oux]
o] 7} ¥k EHLL. Fig. 5-25(¢) 2] ks new Fig. 5-25(d)] ko new©l THEF 22| AZHE A}
o] o] Ztwrt o Zfel 7] wiiEell, Fig. 8 -2(b)9t Fig. 8 -2(c)olA] A 2= Ll oy
A 2o 7k MY SHCE, ks new’d T, Table 1107 213HH ks new] 2T AFE HE A
ks w2 FTh Ksnew®t konewd G, Kinew?] 2ZH A B AZHYE )t
wrp gk v XA ouAs F2 wgdo] i 2 ANy

ok &, 22 o] 7)o ZgEY| i, AZYPES Wets A A A

oA frolattt.

Table 11. Original spring constants k; (N/m) for Ki new

ki ka ks Ks
Fig.5-18(f) | - ~ | 355362 | 153.723
Fig.5-25(c) | - | 139.164 | 473270 | -
Fig. 5 -25(d) | 635.374 | 197.983 | - i
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(c) Potential energy of the kz new in Fig. 5-25(d) and k; in Fig. 8-1(c)
Fig. 8 -2. Temporal variations of potential energy for the k;_new and original springs.
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