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Shaft Design for Stress
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Fluctuating Stresses
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Shaft Stresses
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m : midrange component
a :alternating component
. fatigue stress-concentration factors for bending

K. - fatigue stress-concentration factors for torsion



Stress Concentrations (1)
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Stress concentration factor K, (bending) and K _ (torsion) for round shaft with shoulder fillet
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Stress Concentrations (2)

Stress concentration factor K, (bending) and K_ (torsion) for grooved round bar
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Stress Concentrations (3)

Stress concentration factor K, (bending) and K

(torsion) of round shaft with flat-bottom groove
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Notch sensitivity ¢

Notch-sensitivity, g
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Notch-sensitivity, Q..
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K., K. for the first iteration
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First Iteration Estimates for Stress-Concentration Factors Kt and Kts

Warning : These factors are only estimates for use when actual dimensions are not

yet determined. Do not use these once actual dimensions are available

Bending Torsional Axial

Shoulder fillet—sharp (r/d = 0.02) 2.7 2.2 3.0
Shoulder fillet—well rounded (r/d = 0.1) 1.7 1.5 1.9
End-mill keyseat (r/d = 0.02) 2.14 3.0 —
Sled runner keyseat 1.7 — —
Retaining ring groove 5.0 3.0 5.0

Missing values in the table are not readily available.



Von Mises Stress
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Fatigue Failure Criteria
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: Midrange stress (von-mises)
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Shaft diameter calculation (1)

LBLNUAIANNLAYK Von-mises adl1 Fatigue failure criteria 32 l@RNANTERILAIWI WA
PNALFURUEUINAINAAI

Modified-Goodman {Z 4 Om _ l}

ut

1 16 |1 5 21 1/2
— = —4K .M Y +3(K.T 4 K M +3(K . T
- n 7Z'd3{Se[( f a) ( ﬁa)] S [( ) ( ﬁm)] }
LﬁﬂuiugﬂLé”umugmﬁﬂmwzvlﬁ

ST

ut

wnla criteria 849 AT Al TwABING



Shaft diameter calculation (2)
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Fatigue failure criteria Equation used to determine shaft diameter
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Checking for yielding
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Fatigue strength S, kpsi
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The Endurance Limit (1)
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The Endurance Limit (2)
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Endurance Limit Modifying Factors

@ endurance limit 71ld1nN1Maass gnusuuilas factors 614 AIEUNN3

S, =k k,k k kK S

S :endurance limit at the critical
location of a machine part
: rotary-beam test specimen

endurance limit

: surface condition modification factor
: size modification factor

: load modification factor

: temperature modification factor

: reliability factor

: miscellaneous-effects modification factor

Surface factor, k_

k, =aS,

(%
a =

FUITWNAROUAZH NIV 08190 Tt uTuswna L

260930 Factor LANULLNN LNOTALTYNAVDIRATNRA

Factor a Exponent
Surface Finish Sut, kpsi Sut, MPa b
Ground 1.34 1.58 —0.085
Machined or cold-drawn 2.70 451 —0.265
Hot-rolled 14.4 57.7 —0.718
As-forged 39.9 272. —0.995

Size factor, ki,

kb RIIMNNNINIARDY LASH Nﬂﬁﬂﬁﬂu’lmvlﬁﬂ"lﬂ

~(d/03)*7  0.11<d<2in
k=< 0914 2<d<10in
’ (d/7.62)°" 2.79<d <51 mm
" 1.51d7*"7"  51<d <254mm

#1%3L axial loading 32 144 size effect, k, =1




Modifying Factors, k,, k_, ki

Loading factor, k_

Fatigue test Ny rotating bending load,
N3l load Tiiaduazdasdasuun
1 : bending
kc = 0.85 : axial

0.59 : pure torsion

N30 torsion + bending Tkl k. =1

Effect of operating temperature

on the tensile strength of steel.

k, =—1
© Su

S, = Tensile strength at operating temp.

S = Tensile strength at room temp.

Temperature factor, k ,

WWuwaanmsidaouniiad tensile strength Lie
aawnndilfouudadly

k, =0.975+0.432(107)T,. —0.115(107)T;
+0.104(10°*)T; —0.595(10~"*) T}

i 70 < T_ < 1000°F

Temperature, °C St/Srt Temperature, °F
20 1.000 70
50 1.010 100

100 1.020 200
150 1.025 300
200 1.020 400
250 1.000 500
300 0.975 600
350 0.943 700
400 0.900 800
450 0.843 900
500 0.768 1000
550 0.672 1100
600 0.549

S1/Srr

1.000
1.008
1.020
1.024
1.018
0.995
0.963
0.927
0.872
0.797
0.698
0.567




Modifying Factors, k., k;

Reliability factor, k_

Lﬁaaﬁnﬂi’agamaa endurance limit ¥131NNIINA[DY %aﬁﬁmimzmﬂﬁamaam”agaagj
factor %2 mmL%ﬂﬂ’nuvlajl,muamaaiaga

Reliability, % Transformation Variate z, Reliability Factor k.
50 0 1.000
90 1.288 0.897
95 1.645 0.868
99 2.326 0.814
99.9 3.091 0.753 Reliability factor ke corresponding
99.99 3.719 0.702
9 ndar viation of th
99.999 4265 0.659 to 8% standard deviation of the
99.9999 4.753 0.620 endurance limit.

Miscellaneous factor, kf

WINAUITBAUNNNTMIUAIINANAADNTAARIVDY endurance limit haNLABAIINTNINEIINN
TGN L% NILUIRMINEG NINANTEU (corrosion) AMNATEILTINTYIN ThAN K, 1 1Y
nyoif Lifidadnausg Nlna 17k, = 1 (lufad k)



Deflection Considerations
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I 1 cc vaximum Ranges for Siopes and

Tapered roller 0.0005—0.0012 rad Transverse Deflections
Cylindrical roller 0.0008—0.0012 rad
Deep-groove ball 0.001—0.003 rad _ _
Spherical ball 0.026—0.052 rad P = diametral pitch
Self-align ball 0.026—0.052 rad = No. of teeth/ pitch diameter
Uncrowned spur gear < 0.0005 rad
Transverse Deflections
Spur gears with P < 10 teeth/in 0.010 in
Spur gears with 11 < P < 19 0.005 in

Spur gears with 20 < P < 50 0.003 in




Shaft Design Procedure (1)
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* RToNEuRIINazI a9

* aanuuuIUTIWaT shoulder, fillet LA EMTT A A TR LN key, retaining ring,
lock nut

* 1§anIxg TIUTINTBNAIEY Sut, Sy, Se

* MuNUtaysuRiiiannusuilsznauuwiwan Waw FBD (Ianzvusida) SFD uas
BMD (3ta312%#n13LA4) wag3In Torque Waz Bending moment L3z tU6N4 9 LTNe8n

* PFURIIINge (1alnaudILAI) taLAGILALIN Torque 138 Bending moment 1N
waztdudunisiwandnmsidfousy u dniwan S48 384 retaining ring



Shaft Design Procedure (2)
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MAUATILAZIDUATBILNA PWIARK 384 retaining ring (ABIZIWIALWANTIBN)
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X.10- igiey's viechanica ngineerin esign Iion.
[Ex.16-2 Shigley’s Mechanical Engineering Design 9™ Editi

Exa m p | e Richard G. Budynas and J. Keith Nisbett]

Wiy = 540 1bf W!, = 24311bf
Ws, = 197 1bf WL, = 8851bf

where the superscripts t and r represent tangential and radial directions,
respectively; and, the subscripts 23 and 54 represent the forces exerted
by gears 2 and 5 (not shown) on gears 3 and 4, respectively.

Proceed with the next phase of the design, in which a suitable material
is selected, and appropriate diameters for each section of the shaft are
estimated, based on providing sufficient fatigue and static stress capacity
for infinite life of the shaft, with minimum safety factors of 1.5,

—
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e e Y et I L 4 I8 7 g 7 g o) = [ Dimensions in inches
Algl ol = —lei (] o ~ oo ol = =] = |—
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Solution

Perform free body diagram
analysis to get reaction forces
at the bearings.

Ry = 115.01bf
R4y = 356.7Ibf
Ry- = 1776.0 Ibf
Rp, = 725.31bf

From X M,, find the forque in
the shaft between the gears,
T = W53(a’3/2) =540(12/2)
32401bf - in.

Generate shear-moment
diagrams for two planes.

Combine orthogonal planes as
vectors to get total moments,
e.g., at J, v/39962 + 16322 =
43161bf - in.

W3,
y Wi
L/ Wi,
Rg,
R/h J ¢
h /WT
A 4 b B
=N ™ —
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/ I T |
I i I
z | | iy |
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o | 655 T |
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I I
I I I
| | |
| I |
X-z I ; ||
| L1776
Plan | | I | | |
©\u : P L1006
| ‘ ! 7')’>I
1230 i ,‘/"'P
' I HN:
} | | ! |
I |
I l 1 !
| | | | | |
. 357 ALl L |
' 160 A ]
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Start with Point I, where the bending moment is high, there is a stress con-

Aa A a A
centration at the shoulder, and the torque is present. Dl [ Dl L Y IRy el
At I, M, = 3651 Ibf - fin, T), = 3240 Ibf - in, My, = T, = 0 fiyatiazle D5
Assume generous fillet radius for gear at T. lisawawan Tdasauyddi K,
From Table 7-1, estimate K; = 1.7, K;; = 1.5. For quick, conservative first " mI@‘IEl@ﬁ]’]ﬂ@l’]i’Nﬁau !
pass, assume Ky = K;, K¢y = K. ts 4
Choose inexpensive steel, 1020 €D, with S,; = 68 kpsi. For S, P .
LRONIRAUAZWIA S, S,
Eq. (6-19) ke = aS?, = 2.7(68)70265 = 0,883 “
Guess k, = 0.9. Check later when d|is known.
ke =kyg =k, =1
Eq. (6-18) Se = (0.883)(0.9)(0.5)(68) = 27.0 kpsi
For first estimate of the small diameter at the shoulder at point I, use the [t ?j i
DE-Goodman criterion of Eq. (7-8). This criterion is good for the initial design,  |© ? i il - O
o 5 o o 5 o | 1 - T | D B T
since it is simple and conservative. With M,, = T, = 0, Eq. (7-8) reduces to L?_ﬂﬂ ﬁ; T 'S T i_ﬂ]
»71/2 1/3 o =10
16n | 2(K/M,) [3 (KrsTn) } | ]
d = 4 —|—
T S() Suf || v v
y Blelred o o
2 3 C|A D EF G H 1 J KL M B N
,_J1eas) (2aneesy | Bis) (3240)1%}" i L
— | |
- 27000 63 000 3240 SR
| |
| |

3651

|

|

|

|

d = 1.65in ;
|

o o |

LRaN criteria RRITUATWITAAINULRLAL !

ABI TRV PIALANR

11.50



All estimates have probably been conservative, so select the next standard size LRONVUIGLNRT D5
below 1.65 in. and check, d = 1.625 in.

A typical D/d ratio for support at a shoulder is D/d = 1.2, thus, D = 1.2(1.625) =
1.95 in. Increase to D = 2.0in. A nominal 2 in. cold-drawn shaft diameter can be
used. Check if estimates were acceptable.

D/d =2/1.625=1.23
Assume fillet radius ¥ =d/10=0.16in. r/d = 0.1
K, = 1.6 (Fig. A-15-9), g = 0.82 (Fig. 6-20)
Eq. (6-32) Ky=1+0.82(1.6—1) =1.49
Kis =135 (Fig. A=15=8), ¢; = 0.85 (Fig. 6-21)
Kig =1+0.85(1.35-1) = 1.30
k, = 0.883 (no change)

TMRBAVUIALNAT D4

NNuean fillet radius
e K, K, ﬁ@mﬁugﬁiww%a

1 625 79407 A 1 2K o 1
Eq. (6-20) = (_) —0.835 k, taguau3lg 9w nelval
0.3

Se = (0.883)(0.835)(0.5)(68) = 25.1 kpsi
32K/ M, (32(1.49)(3651)

161 Se ny

Eq. (7-5 ol = = = 12910 psi 4 da
4 a md3 7(1.625)3 . A323RDY stress N1 D5 NLaaN
1/2
16K 1T, \* V3(16)(1.30)(3240) _
Eq. (7-6 e g g L = = 8659
T i [ ( 7 d’ )} 7(1.625)° pet

Using Goodman criterion
1 o, ol 12910 8659

—| 3 4 2= + = (.642 Goodman criterion

ng S, Su 25100 ' 68000
nf = 1.56

9" factor of safety auLIan b

ATIVROUIN LUNINANE



Note that we could have used Eq. (7-7) directly.
Check yielding.
Oy 5y 57000

- > - = e
Opax 040, 129104 8659
Also check this diameter at the end of the keyway, just o the right of point 7,
and at the groove at point K. From moment diagram, estimate M at end of
keyway to be M = 3750 Ibf-in.

Assume the radius at the bottom of the keyway will be the standard
r/d = 0.02, r=0.02 d = 0.02 (1.625) = 0.0325 in.

K, = 2.14 (Table 7-1), ¢ = 0.65 (Fig. 6-20)
Kr=1+0652.14—1) =174

Kis = 3.0 (Table 7-1), ¢s = 0.71 (Fig. 6-21)
Kiy=140713-1) =242

. 32K;M,  32(174)(3750)

2.64

n_\v —

- — — 15490 psi
KRNIEZE 7(1.625)° Bt

KTy A/3(16)(2.42)(3240) _

= {3(16) 2L — — 16120

o = ¥3(16) d 7(1.625)° pst
1 o o, 15490 16120
= L al, O _ — (.854
n; S, o S 25100 68000
ny = 1.17

The keyway turns out to be more critical than the shoulder. We can either
increase the diameter or use a higher strength material, Unless the deflection
analysis shows a need for larger diameters, let us choose to increase the
strength. We started with a very low strength and can afford to increase it
some to avoid larger sizes. Try 1050 €D with S,; = 100 kpsi.

Safety factor NTasandA1as a1audlauiy diameter wIalldouiag
A A o
lunihaowiag

Datum

Check yielding

ATIIROLF AN ADY N
Lﬁ%b«'ﬂg{uﬁnmq D5 "L@i”LLﬁq@ﬂmﬂ
0984

.50

3651

11.50



Recalculate factors affected by S.:, i.e., ks — Se; ¢ - Ky — o,

ke = 2.7(100)7%%%° = 0.797, S, = 0.797(0.835)(0.5)(100) = 33.3 kpsi
g =072, Kr =14+0.722.14 — 1) = 1.82

1 32(1.82)(3750)
% = T 7 (1.625)°
1 16200 16120

Ry — 0.648 WIAMNLAY LAE safety factor
ng 33300 i 100000

np =154

WallAewiag uazen S,
EADIAIWITRAN k., LRZAN K. Tny

= 16200 psi

Tnidnasg

Since the Goodman criterion is conservative, we will accept this as close enough
to the requested 1.5.

Check at the groove at K, since K; for flat-bottomed grooves are often very
high. From the torque diagram, note that no torque is present at the groove.
From the moment diagram, M, = 2398 Ibf - in, M,, = T,, = T, = 0. To quickly Lrng.+— -
check if this location is potentially critical, just use Ky = K, = 5.0 as an :

w

>
w
19
=]

. o,
estimate, from Table 7-1. ]Tﬂﬂ : T i HIT
o[} : il
DK M| G - S N A .
g, = - = =
e 7 7(1.625)° P . .
S 33300 24 E »cb\»\’; I
”f = T T == 1'17 D:( c/\ _D _]:“l" ”G ”il I\[ x,l QKaL _M—B —N
ou 28460

dl 1 dld dv ¥ 1 A ¥
ATIIRDUNIG K IWINEIDINUANUATWRILIL D (Imﬂsznatu

nu retaining ring) ANA stress concentration N

|
|
|
|
1
|
|
|
3651 |
I
|
|
|
|
|
|

11.50



This is low. We will look up data for a specific retaining ring to obtain K more
accurately. With a quick online search of a retaining ring specification using the
website www.globalspec.com, appropriate groove specifications for a retaining ring
for a shaft diameter of 1.625 in are obtained as follows: width, a = 0.068in;
depth, 1 = 0.048in; and corner radius at bottom of groove, » = 0.01 in. From

Fig. A-15-16, with r/f = 0.01/0.048 = 0.208, and a/t = 0.068/0.048 = 1.42

K: =4.3,9 = 0.65 (Fig. 6-20)

K;=1406543—1)=3.15 A3INNVUINIIVDIIBY retaining ring

WA Kt
32KyM,  32(3.15)(2398 : : >
o= 752’3 = ;(1.6)55)3 ) = 17930 psi AMUIUANNLAK LT safety factor
Se 33300
ng= —+ = ——=F = 1.86



Quickly check if point M might be critical. Only bending is present, and the moment

is small, but the diameter is small and the stress concentration is high for a sharp
fillet required for a bearing. From the moment diagram,
M, =959 Ibf -in,and M,, = T,, = T, = 0.

Estimate K, = 2.7 from Table 7-1, d = 1.0 in, and fillet radius r o fit a typical
bearing.

r/d = 0.02, r =0.02(1) = 0.02
g = 0.7 (Fig. 6-20)
Ke=14+01D27~-1) =2.19
32Ky M, | 32(2.19)(959)

a—— = = 21390 psi
SEREZE (1)} il
S, 33300
_= —— — = 1_
n= = rag o0

Should be OK. Close enough to recheck after bearing is selected.

With the diameters specified for the critical locations, fill in trial values for
the rest of the diameters, taking into account typical shoulder heights for
bearing and gear support.

Di=D;=101n
Dy =Dg=141n
Dy =2.01n

The bending moments are much less on the left end of shaft, so Dy, D>, and D3
could be smaller. However, unless weight is an issue, there is little advantage to
requiring more material removal. Also, the extra rigidity may be needed to keep
deflections small.

d 1
ATIFDLIA M FUIULIUNA VD9
memuﬁlﬁnﬁq@

MARAVUNA D7, fillet radius
v K
LRIIINR Safety factor

w

>
w
19
=]

wnh | RN AN 3
I E I 2y

Datum
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