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Abstract

In the design of high speed machinery, designers must consider the problem of possible struc-
tural failure due to excessive dynamically varying stresses, which are induced by the varying
external loads and internal inertia forces, in the links of the mechanism. A study of the dynamical-
ly induced stresses would indicate what values of the minimum permissible fatigue strength
should be for safe mechanism operation. This paper investigates the nature of the stress fluctua-
tion in high speed mechanism on the basis of the effects of both the loads and the friction. The
latter is apt to be neglected in the usual analysis in spite of the fact that it is always generated
in the operating machinery. The analysis is performed on the coupler of the slider-crank
mechanism for illustrative purposes and the results are expressed in a non-dimensional form for

design applications.
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Fig. 1 Schematic diagram of the slider-crank me-
chanism

TEE s 2e A8 AFFA9 sjax
£ cﬂzd%d] IAHH x—yz384 (Fig.2)& 3133}
o
agx= — Rwi’cos (¢p+ 8) — Lws?/2 (3
aey=— Rwlsin(¢+8) + Las/2
2 " A7 andt ane Fig. 2014 B upsh
o] ALY FY2 ABol 474 e o 423
HEEAEENL, atr dFEY 7 JErz 4y
a=w:"[ (Rsing) / (Lcos @) ~ (ws/ w2) tanf] o] o},
Fig. 2& A3 %3 &alolvol 283t B,
Fof, 38, 749, o4y o slAdre ag e
W AFEA L, shAR Yol FE upae] 2}
3t Aoz st AL Latolo] Wil
TEHAAE ASH, ALY 2JE A e
she AWy oo U p, ZQE Bl F
S AR Lo WYY p, 2En Ll

r_{

rr

fa

x' ulfal

Fig. 2 Free-body diagrams of the coupler and slider



406 7

tol] &t FANE 452 F4AE O H R
PAAEE A 4 Uk
fatfo=ms(an+gcosb)
Pat+ po=m3{asx— gsinf)
fosind+ pocos+sgn(v) | fi
+ PF=—muas
focos8— pssinf— fi+mig=0
fo(L/2) — f2(L/2) —sgn(ws— w2) pral/ f+ pa
—sgn (ws) urod/ fo+ Ps? = (ms[?/12) s
A7 met mes AR LI Lebelvie] Awke]
3 opE RQELY vpaAslH, 73 r,e A%
BAA sAzE 2E WSt gv F
Hrle s o2 sgn(w) =w/ |ofolth, =3 PFE A
drigdyol o7 2ol
7 ZQER Ad A4 Est FEHHER o] Fo
A FAAFES b Fol A
singe=5sgn(ws— we) fo!/ V fa* + b
€08 @a =SgN (ws— w2) pa/V fa*+ D’
sings =sgn (ws) fo/ v f*+ ps”
cos @» =5gN (ws) po/V s>+ po°
v=sgn(v,) fi/|fil
A (3= 5)F ol&dA A (4)«]
AR Eo RUE Aol #E3l=
s p,, ZUE Bel HEote “o“’o“‘ fost
Zurakd p, 22 £olHo] AEe FH4H
fix oheE Aol Tl
fa=ms(— Rwlsin(¢+ 8) + Las/2+ gcosf)
—{[mi{aut pvg) + PF{ prscos oy
— 17408 @a) — (cos @ — vpsind) { (ms L?/12) o
+ ms(— Rwsin(¢+ 8) + Lan/2+ gcos6)[L/2
+ presinga) — Mmapracos ga ( Rwilcos (¢+ 6)
+ Lws?/2+gsind) }}/AA (6)
pa=—ma(Rws*cos ($+ 8) + Lws*/2+ gsiné)
+{[ma(at pvg) + PF)[prssings— presinga
— L] (sin8+ vucos ) { (msL?/12) as
+ ms(— Rwsin (¢+ 8) + Las/2+ gcos6) [L/2
Map¥acos Pa (Rws'cos (¢+6)
)

(4)

(5

+ pr.sings]—
+ Lws?/2+gsind)}}/ AA
fo={(mi(ast nvg) + PF) (urscos@s
— uracos@a)— (cos§—vusing) { (msL?/12) as
+ m3(— Rw?sin(¢+ 8) + Las/2+ gcos 6)
(L/2+ pre.singa) — mapracos @a (Rw.cos

(¢+ 8) + Lws?/2+gsing) }}/ AA (8)

A 3

Al

3 A

po={—[mui(ait nvg) + PF)purssinp,— pura
sings— L]+ (sin@+ vucos 8) { (msL?/12) as
+ms(— Rws’sin(¢+ ) + Les/2+ gcos§)
[L/2+ presing.)— mapracos o (Rws’cos
(¢+ 8) + Lws?/2+ gsind) }}/ AA

fi=fscosO— pesinf+mug

71 A

AA=—cos8L+ psinf| — 7+cos @»+ 7aCOSPa

(9)
(10)

— yuresings+ vurasinga+ vL]

+ ucos 0] resings— 7a8inga
— YUY sCOS Pb+ VLY 2COS Pa)
ojc},
Fig. 3& AR %9 949 A xo & vlass

of thg AfFEAEolch mlaasd HAAAYH 2
Heeg FANY, vlaosdl dite g 2
= \:101-24/5]0 A},

f—(f+(3f/0x) dx) — (ms/L) g dx cos §=

(ms/L) dx asy (11
—p+ (p+ (8p/dx) dx) + (ms/L) g dx sin 8=
(ms/L) dx ass (12)
(M+ (oM /dx) dx) — M — fdx=0 (13)

ANA £, ph M AR %9 =UE ARH d
o 9 xabZ BoAA e vlasad @ gl
Agste AWy, S48y 4 FIEEcxn
xSt ant vlA849] x, yiEe] 7 7M4E2A o
Aoz A
asx= — Rwscos (¢+ 0) — xws’
asy= — Rws’sin(¢+ 8) +xas

(14)
(15)

po-._L

NEUTRAL leS

ye-hr2

Fig. 3 Free-body diagram of a differential mass ele-
ment of the coupler



14 AR B £ WE 407

A (149 15F 4 (11)~13) o) AYshd o
+3 2L dAHE9 vlas it e u)E =y
AL de,

af /3x= (ma/ L) [ Rws’sin(¢+ )

+ gcos 6 — xas) (16)
0p/dx = — (ms/ L) [ Rws*cos ($+ 6)

— gsinf + xwy?] 17)
oM/ox=f (18)

A7) el gAY AAzAL
fO, @) =fa 50, §) =—pq,
M0, ¢) = prosingafe+ 1172C0S Papa
FL, @) =—fo, p(L,&)=ps,
M(L, ¢) = — purisingsfo— 17sCOSPsbs
E FHHI, o]EE o83 4 (16)~(18)Y
£ T3 o3 2] ol
f=rfo+ (max/ L) [Rwsin(¢+ 6)

+gcos 8 —xws/2) (19)
p=—pa— (max/ L) [Rws’cos (¢+ )
—gsinf+xw#/2] (20)

M= preSin@afa+ 17208 Popa+ fox
+ (msx?/ (2L)) [Rws’sin (¢ + 6)
+gcos — xas/3) (21)
Fig. 30 A3 9 3ol apz2dd, p7l +4
W A8 W gollA A& wm, prt —Ys
4&E& A o

3. FAY Bt FEZHE

ok

gulak o) Zulzkel FYPEnled T3]
A3, AFEH Fx9 4 (normalized non-
dimensional variable) & 4] (22)8} zto] =3
o},
7=R/L
©=ws/ w2=—ncos$/cos b
a= s/ Wt
= plsingcos§— p(cos$) tanf)/ (cos §)?
a=as/ (Rw?) = —[cos (¢+ 8) (cos§)*?
+7(cos$)?]/ (cos6)? (22)
r=ms/ms, p=PF/(msRw?), va=7./L
rn=rs/L, e=g/(Rw?), x=x/L
4 (22)F ol&dlH A5 4wt A9 Bel 7}
A Aeekn ke JE58 FaYsted o
&3 Zel,
Fo=fof (msRw??)

=—sin(¢+6§) +a/(27) +ecosf

—{[7(a+uve) + pll 17508 P — 117ac0S @a)

—(cos6— vusind) {a/ (127)

+ (—sin(¢+8) +a/(27)

+ecos ) [1/2+ pyesingal

— pyacos@a (cos(@+ )

+w*/ (27) +esind) }}/ AAA (23)
Fo=fo/ (msRwy?)

={[7(a+pve) + o}l nyscos @s

~— 17208 @a]— (cos 8 — vusind) {a/ (127)

+ (—sin{¢+8) +a/(27) +ecos8)[1/2

+ y.8in@a] — pyacos pa (cos (p+ 6)

+@*/ (27) +esin®) }}/ AAA (24)
Po=po/ (msRws?)

=—cos(¢+0) —?/(27) —esind

+{{x(a+ pve) + ol yssings — py.sing,

~1]~ (sin@+ yucos8) {a/ (127)

+ (—sin(¢+8) + o/ (27) +ecos§)[1/2

+ 1ye5inga]— p7acos @a (cos (¢ + )

+w?/ (279) +esind) }}/ AAA (25)
Po=ps/ (msRw,")

={—[x(a+pve) + o) pyssing,

— uyesinge— 11+ (sind+ vpcos8) {a/ (127)

+ (—sin(¢+6) +a/(27) +ecos8)[1/2

+ 1y.8in@e] — p7acos @4 (cos (p+ 8)

+?/ (27) +esind) )}/ AAA (26)

o714

AAA=—cos@+ usin@[— yscos@s

+ 74C08 Qo — VU YsSiN@s + VU YSIN@s+ v]

+ pcos 8 yssings — yesinga — v ysCoS @b

+ V17408 @a)

o] o},

e AR B oo HA xo w4 gol FHE
e AUy f, 2UTgY p o SYRENE ME
4 (19) ~ 2D 24 4433 ohda 22 4
o Hc},

F=f/(maRa)22)
=Fa+xlsin(¢+6) +ecosb—ax/(27)]
27
P=p/(m;Rws?)
=—P,—x[cos(¢+ 8) —esinf+ yw?/ (27) ]
(28)
Mn=M/ (WLaRszz)
= (x+ uresinga) Fat #7.c08 paPa



408 4

+x¥sin($+8) +ecosf—ax/ (35)1/2 (29)

%3} )5l b9} hal
W2 Hzz =34
CELES

Sa= (bh) 0o/ (msRws®) = P (30

W g FU%(y=0)olA yatd Holx

A3 5392 a.=p/
289 Sk 93 2ol

o AZle Ag $HL r=6f(h¥/4—3) /(b)) =
se Fad Ay e 4 QU 3d9ch
r=-00t, _6p(1/4-1%) (31)
q714 v y/heldh,

S goll F43hE THEWE Mol o8, 33
ZolA yukE "dolA $Ao) WA= 7Y L7
oot Fig.39) Y38 Ao wew g,=—12My/

(o) 2 Vel & gt 339 3 29 S,=
2 HI, orA A=p/Le AARZY ARy

(slenderness ratio) o} o},
4 (303 (32) & ol&3hd x4 YA %39
S+

S=8Sa+So=P—12Mav/A (33)
2 Hr
¥4 FEH St A&® dHF 57, ve re v
AW 10,6, 0,6 2T YA yo AL
& 4 Ut
AAFoll A &sht Fx9 A 329 S 3
& F58 Sv
Su=gt/(S) +ry (34
olx, ¥ F¥H WU & tan(2))=-2I/S=2
Href,

TR Al A Ias A (35) 9} R,

Fmax:"_‘\li?i (P)z (35)

an AR A Ao A yelAY H
W 328d 0 A4 739 ok FEHoE Fof
A5,

01= (m3Rew.?) Si/ (bh)

36

oz= (M3R(l)22) Sz/ (bh) ( )

=3 Hl A o &Aooz Fola
o= maR(t)zzpmax/ (bh) (37)

A 35

Al

9 A

5. X84 Hot ¥ nF

obAH A s E Y JE g 4 (59
g5 T e A (6)~10), A (19
(213 A (23)~(26) ¥IAY WA Fo|},
e ALRsle ol E WAl dlE T
HA vlRAG w7b 0 F vhEo) gle ASE A
7+ Ao g FEm, o HES A Gl o
B3 @ 0o vE FETE 2L OJE @4 0
% vE oAl A7 A A di])ete] 2 A
A M2 WE TR, olm AL ulE
Fdsle] A =HE e 237 HEREW F
H AAE FAGL 2 e S5 YA H=
Eide

o] A9

ook

t

TR S o] whAH H3iob B3t
Qe AR g FAEde VEFH AH
AR} 2g3te P2 2gess 4
(6)~(10) 2 4] (19)~ (2D elA F& 4 9t}

Al (5) 9 gq, pu2t vE 2] (22)~(26)0 Folal

SolEE AHRE b} Fo) FAdez 349
.
@a=sin"'{sgn(—ncos¢/cos§—1) F./
JF2+P7)
eo=sin"[sgn(—cos¢/cos8) Fu/VFoi+ By’

(38)
v=sgn(sing+cos¢tand) (Pssind
— Focos 0 — ne)
T2 A3 FIREAEES

A (5)=RA 4 (38)

& olgsel A%T A FAALL +Hsu
s} obEE DAY A9 $AY Y3} FYe
WESS A (23)~@6)olA e 4 3ok

) 728 S, $9 Mol ABBe ARoE
Ae 7A 717 HARBEA Fasc AAE
& 0 Amo et yt AAD AFol glolA

Sy, S29F Imex®) HABE oH33 22 223wy
(optimization method) & Al-&3le] 78 <4 9lc},

Maximize | S; or S; or Inax |
v

Subject to 0< <1, —0.5<v<0.5,
0< ¢<360°
Given data 7, 1, A, 1, 0, Ya, 7»
A Mg R=7cm, L=28cm, b=1lcm, k=
3cm, ms=m,=1.5kg, ra=7r,=1.5cm<l Ze}o]r]

(39)



1]

LOAD { KN )

1) = g
CRANK ANGLE (Degree)

Fig. 4 Load on slider head

-zdar]Ts "o, FEs A (pe=0)lA
whRAlS 2=0.02, 2B HASF 4000rpmal 7
o A (399 WA Az FE A FEH S
x=0.5235, v=0.50, ¢=55.8383"°14 =& izt
5.9093%, #H4& F¥4 S x=0.5535, v=0.50,
$=271.4404°o14 HAzt —5.5176% @A =
g1 Ho) AL H e A F5HA 22 4
dloff 4] Hozk 2.95462 Ak, A BN
e dRye) wpgsel y=h/2d4 A7z, 2
2gulgke oA Hol Fubdkyl A jc

A7) 71 Leholriol Wil Aladvghy
ol 93 Fig. 48} e ¥} #ALske Aol 7}
Aol 2HEHE ALY SHFHE vlH e I
&9 ngch, =3y} 2000rpme 2 AT o

8 120
—— : UNLOADED
: LOADED

X
0
[=3

n
]
o

g

<

-]
STRESS (MPa)

STRESS (Normalized)
1
]
8

1
1
@
o

1
{
]
o

n
o

- ¥

¥
CRANK ANGLE (Degree)

{a) 2000rpa

Fig. 5 Stress fluctuation(7=0.25 7=1, 1=0.107,

4 W% 409
Bgl o 23 Aeolld x=0.5535, v=0.50%%
Fig. 5(a)oll 3

5}31:} FRaAol g 89.91MPa,
£# 87.54MPa, HF2 2.38MPa, S| —
0.9501) Hksted, ¥-3pAlele ZwdtFel AR
71.89MPa, =¥-¢# 79.81MPa, ¥ #-¢4 —7.91
MPa, ¢3u] —1.22¢] aylgde= w3t
Z £efojriol] 2HEsbe $319) FFe2 AA LY
Ajgee FR3AY AN SHue 20.04%74
sta, H4$de 3.0%F7hehAch = HdEeH ol
Agshe aya AR 55°5ToX WHFTL
Z SR e FA4He] AEAAE 242 3
A% 275°2 YAt 53 F Kt ALt

F-Zol e Fotol s FHe| AEuiFo) uiA
3 2] <k 61.20MPay %= Z7}3ich Fig. 5(b)
£ 4000rpmol A o) SHWFE FA G, FF3H4
o= H1n3Hel 362.84MPa, m-33 350.14
MPa, 3#28 12.71MPa, $3u] —0.93a1d 4t
dlo}, FalAlolle HmgHo| 342.53MPa, 2 S
2 341.25MPa, B#3% 1.20MPa, 3-3»] —0.99
Qd mSHAeNz A=A}, F AEF e I
Fog odyye HHFHL 5.6%7L Ha
$#& 0.75%F7 ek A=k 2000rpme} 7S ¥ohe
AgH =7} Ao,

Fig. 5(a)2} (b)o Azzie 2AEF37 F4
9 Sl mlxde A% &N Bt
2 &4 EHOM a2 9G] 2A vEhta,
% Falrcke 7179 B E4Se A *

oﬁ

a2,

- 9

_,—_r_—-o] L

sl $HAFel 2A H$Ackn AAHc)
367
—— ¢ UNLOADED
oD lokE
Tos2
< 1
g :157 =
s g
E I / Is2 =
O C i wn
7 ] a
Jss
21 1 h
Wz p
r J1sa
7 ]
- 3-283
psggsgg N TR - 2 A

CRANK ANGLE (Degree)

(b) 4000Tpe

2=0.01, 7,=0.054, 7,=0.054, v=0.5 x=0.5235)



410 A A =
;]
L — 4 =00 4s61
o, -—~:u =01
of T |- § =02
/4 N 3
/,/ \\ 3393
= 4k
© \,
g E’ kN J225 ©
LN 4 a
2 2 N o 3 Z
g \ N 2'/ LA
a " / 3
=z GE \‘\\\ 7 3 m
F 3 7 ESTRI g
&"7' \\\ d E ]
w 2 4
E & \\‘\\ . /; ai—zn
RN
F e 3
-& 1=
- 5515
CRANK ANGLE (Degree)
(a) S

Fig. 6 The effect of friction on the stress fluctuation. (=0.25, 7=2, A=0.107, 7,=0.054,

rpm and unloaded)

Fig. 6(a)s} ()&= 431 AeldlolA =14 8l

A9t o] gl Af FAY A FE&Ho
J1E A e AR Bol WA}E FAA U
23 9 AsHY WEE ol dis el
o A shdel gv 7S vishA mlaA s
7b 0.103 0.20 A% Ao FAY 94T §9
2 Ackeae 3.76%, 9.23% o 3.69%,9.27%4
72 F7petzn, mHEH-L 2.58%, 6.20%4 F7t
At dulE —0.87~-0.934 501} 2
g3 ol E wiael ol i AR H F
So] WA= XY AP Y Aol
ok 110% AE ZolAch

Fig. 7(a) s} (b)& #3F Aefjslols mhFe] gl

__YL ok on l‘[l“

ASsh shol Y& A4 AL A 870l A
8
3 — i u =00 3561
r -m =~ p =01 3
T N R k=02 3303
S N E
o/ N E
] Pl . 225 T
= / RN 1 o
2 5 o
E 2 357
S & N 1A
z 0 A 7 “
= r DY I4 3 wi
n F ) J 3-111 E
. N g 3 n
= N / -
Y 3-2;
5—45 \\\ // %
_GE e -3—“7
2 3
- 4 \ 5615

1
CRANK  ANGLE (Degree)
(a) S

6
i — p = 0P
[ i T g.1
T : 2
s R
~F
ot b
S 2500
=L 3 o
o [ ] =
£} <
st 200
25' ST &
~r 7 o4
o b Jiso
ul 3
&2 p
,m_ 4100
]
4
Is0
)

8 5208 T

CRANK ANGLE (Degree)
(b} Tmax

75=0.054, 4000

71 ARelM AR gl dAdE FAL U
<8 9 AP WEE Jetlch 2 A3 A
ol e Aol HsA =PRAS7} 0.102 0.20
A As HAd FA H4g 3 o AdSHL
0.92%, 4.27% = 2.16%, 3.84%4 77 %7}3
3, e —6.81%, 4.05%4 F7tetglAlqt
SHule —0.992 A AL AN F
SHo] HAsle e 2da AAAY At
£ TR Ades 2L g4 23k

Table 157} 2% F338 o F-3pateiolx obitsA
F9) wislol) @2 Fx4 HA4FEH S AR
o 2 AN AE vdetdeh T4 Aol ot
A4 w7 0.05 0.1, 0.15 0.28] A$E =HF

o @t Afue TAY $AUE Adgel
i —_— = 0.07135%0
-—=—:ip =011
st ] H T 0'2—300
e ]
He 2509
S g
£ 200 ,
&t P g
w | v /<\\ 150 £
Lo . 7
2 :
et 100
[%2]

y [ 3
CRANK  ANGLE (Degree)
{(b) T max

Fig. 7 The effect of friction on the stress fluctuation.(=0.25, 7=1, A=0.107, 7.,=0.054, 7,=0.054, 4000

rpm and loaded)



24 4%

Table 1 The effect of the coefficient of friction on the

stress

Coeff. of | Normalized

friction stress(S,) x g
0.00 5.8982 0.529226 —0.5
0.01 5.8859 0.524700 0.5
0.05 5.9833 0.519746 0.5
0.10 6.1202 0.513465 0.5
0.15 6.2735 0.507039 0.5
0.20 6.4428 0.500442 0.5

{4000rpm and unloaded)

Table 2 The effect of the coefficient of friction on the

stress

Coeff. of Normalized

friction Stress(S;) * v
0.00 5.6506 0.553161 -0.5
0.01 5.6603 0.553473 0.5
0.05 5.7025 0.554350 0.5
0.10 5.7620 0.554683 0.5
0.15 5.7701 0.548244 0.5
0.20 5.8916 0.549641 0.5

(4000rpm and loaded)
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REVOLUTION OF CRANK (RPM)

Fig. 8 The effect of the crank revolution of the

stress.(7=0.25, 7=1, A=0.107, £=0.02,
7a=0.054, 7,=0.054, v=0.5 and y=
0.5235)
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