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1rsa9daYelun1sAUI (Computational Tools)

° ARUNANBsYIUNI9IAINTTY (Computer-Aided Engineering -CAE)
° ANSLYLATDIADUNAADSLALHDNALISNALYIIUNTLUIUNITNINIAINT U
AauNmasdelunsaanu Computer-Aided Design (CAD)

* Drafting, 3-D solid modeling, etc.

AauNmasdelun1suan Computer-Aided Manufacturing (CAM)

* CNC tool path, rapid prototyping, etc.

N15ILASIZIUATNISINAD9IUNISIAINTTY Engineering analysis & simulation

* Finite element, fluid flow, dynamic analysis, motion, etc.

[ =Y -1
NNFLLAAUNTITININAUAFAIENT Math solvers

* Spreadsheet, procedural programming language, equation solver, etc.




widatayananaila (Acquiring Technical Information)

ORGHE

° Engineering handbooks, textbooks, journals, patents, etc.

VIYAINUNAITNTUNS

° Government agencies, U.S. Patent and Trademark, National Institute for Standards
and Technology, etc.

dU1ANAYITN (conferences, publications, etc.)

° American Society of Mechanical Engineers, Society of Manufacturing Engineers,

Society of Automotive Engineers, etc.
HATW8IYE Commercial vendors
© (atalogs, technical literature, test data, etc.
dULMBILIN

Access to much of the above information
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Aluminum Association (AA)

American Gear Manufacturers Association (AGMA)
American Institute of Steel Construction (AISC)
American Iron and Steel Institute (AISI)

American National Standards Institute (ANSI)’

ASM International®

American Society of Mechanical Engineers (ASME)
American Society of Testing and Materials (ASTM)
American Welding Society (AWS)

American Bearing Manufacturers Association (ABMA)’
British Standards Institution (BSI)

Industrial Fasteners Institute (IFI)

Institution of Mechanical Engineers (I. Mech. E.)
International Bureau of Weights and Measures (BIPM)
International Standards Organization (ISO)

National Institute for Standards and Technology (NIST)®
Society of Automotive Engineers (SAE)
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NNRAND (Tolerances)

400 —

e Close tolerances generally -

360 —

Increase cost 340 L
320

o Require additional 300 |-

280
processing steps 260 |-
240
220
200
180
160
140

> Require machines with =
lower production rates [

80 - |
60 :
40 |- |

|

Material: steel

o Require additional
inspection

Costs, %

20 —

| I | | | |

120,030 [ £0.015 [ £0.010 | 0.005 | +0.003 | 0.001 [£0.0005 [ +0.00025

Nominal tolerances (inches) | I I I
| I | |

| £0.75 | 2050 | 2050 [=0.125 | £0.063 | =0.025 ! +0.012 | +0.006

; I I | |
Nominal tolerance (mm) | | I |

Semi- | Finish
Flg ] 1 _2 Rough turn finish —_— Grind | Hone
turn

Machining operations



nAUNU (Breakeven Points)

® A cost comparison between two possible production methods

® Often there is a breakeven point on quantity of production

EXAMPLE
® Automatic screw machine
140 —
® 25 parts/hr
120 Breakeven point
® 3 hr setup \
100 Automatic screw
v
® $20/hr labor cost & gl machine
%
® Hand screw machine =
() 10 parts/hr a0 1B Hand screw machine
® Minimal setup 20
0 ' I i | i
® $20/hr labor cost 0 20 40 60 30 -

. Production
Fig. 1-3
® Breakeven at 50 units 9



Stress and Strength

e Strength
> An inherent property of a material or of a mechanical element
> Depends on treatment and processing

> May or may not be uniform throughout the part

(0]

Examples: Ultimate strength, yield strength

e Stress
o A state property at a specific point within a body
o Primarily a function of load and geometry

> Sometimes also a function of temperature and processing
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Example 1-1

Consider that the maximum load on a structure is known with an uncertainty of
+20 percent, and the load causing failure is known within =15 percent. If the load
causing failure is nominally 10 kKN, determine the design factor and the maximum
allowable load that will offset the absolute uncertainties.

Solution

To account for its uncertainty, the loss-of-function load must increase to 1/0.85,
whereas the maximum allowable load must decrease to 1/1.2. Thus to offset the
absolute uncertainties the design factor, from Eq. (1-1), should be

ny = 1/0.85 =14 Answer
1/1.2

From Eq. (1-2). the maximum allowable load is found to be

Maximum allowable load = o = 7.1kN  Answer

Shigley’s Mechanical Engineering Design



Design Factor Method

Often used when statistical data is not available

Since stress may not vary linearly with load, it is more common to

express the design factor in terms of strength and stress.

L oss-of-function strength S
nd = e —
Allowable stress o (or 7)

All loss-of-function modes must be analyzed, and the mode with the

smallest design factor coverns.
Stress and strength terms must be of the same type and units.
Stress and strength must apply to the same critical location in the part.

The factor of safety is the realized design factor of the final design,

including rounding up to standard size or available components.



Example 1-2

A solid circular rod of diameter d undergoes a bending moment M = 100 N - m induc-
ing a stress o = 16M/(7td?). Using a material strength of 170 MPa and a design factor
of 2.5, determine the minimum diameter of the rod. Using Table A—17, select a pre-
ferred fractional diameter and determine the resulting factor of safety.

Solution
From Eq. (1-3), 0 = §/n,4. then

oM S

Solving for d yields

16Mny\'"? [ 16(100)2.5 \'°
d = = 5 = 0.02111 m = 21.11 mm Answer
S 170(10)°2.5

From Table A—17, the next higher preferred size is 22 mm. Thus, when ny 1s replaced
with n in the equation developed above, the factor of safety n is

3 6 3
n'— wSd _ m(170)(107)0.022 _ 3155 Answer

1eM 16(100)

Shigley’s Mechanical Engineering Design



Example 1-3

A vertical round rod is to be used to support a hanging weight. A person will place
the weight on the end without dropping it. The diameter of the rod can be manu-
factured within =1 percent of its nominal dimension. The support ends can be
centered within £1.5 percent of the nominal diameter dimension. The weight
is known within *=2 percent of the nominal weight. The strength of the material is
known within *£3.5 percent of the nominal strength value. If the designer is using
nominal values and the nominal stress equation, o,,, = P/A (as in the previous
example). determine what design factor should be used so that the stress does not
exceed the strength.
Solution
There are two hidden factors to consider here. The first, due to the possibility of
eccentric loading, the maximum stress is not o = P/A (review Chap. 3). Second, the
person may not be placing the weight onto the rod support end gradually, and the
load application would then be considered dynamic.

Consider the eccentricity first. With eccentricity, a bending moment will exist giving
an additional stress of o = 32 M/(wd") (see Sec. 3—10). The bending moment is given
by M = Pe. where ¢ is the eccentricity. Thus, the maximum stress in the rod is given by

P  32Pe P 32Pe
o=—+ = T 2 (1)
A wd md” /4  wd

Shigley’s Mechanical Engineering Design




Example 1-3 (continued)

Since the eccentricity tolerance i1s expressed as a function of the diameter, we will
write the eccentricity as a percentage of d. Let ¢ = k.d. where k, is a constant. Thus,

Eq. (1) is rewritten as

4P 32Pk,d 4P
o = + = - (1 + 8k,) (2)
ad

md? md>

Applying the tolerances to achieve the maximum the stress can reach gives
+2% normal weight  +1.5% eccentricity

N\~
4P(1 + 0.02) Vi ( 4P )
= + . = . —
T — 0'01)]2[1 8(0.015)] = 1.166 — 3)

+1% nominal diameter

= 11660,

Suddenly applied loading is covered in Sec. 4-17. If a weight 1s dropped from a
height, h, from the support end, the maximum load in the rod is given by Eq. (4-39)

which is
ni\1/2
F=W+ W(l + W) (Suddenly impact load)

where F is the force in the rod, W is the weight, and k is the rod’s spring constant.
Since the person is not dropping the weight, # = 0, and with W = P, then F = 2P.
This assumes the person is not gradually placing the weight on, and there is no

Shigley’s Mechanical Engineering Design




Example 1-3 (continued)

damping in the rod. Thus Eq. (3) is modified by substituting 2P for P and the maxi-
mum stress is

Omax — 2(1.1606) 0o = 2.332 0 pom
The minimum strength is + 3.5% normal strength
Stmin = (I — 0.035) Spom = 0.965 Shom
Equating the maximum stress to the minimum strength gives
2.332 o pom = 0.965 S;om
From Eq. (1-3). the design factor using nominal values should be

Spom  2.332

= =242 Answer
‘-Tnum 0.965

ny; =

Shigley’s Mechanical Engineering Design



Example 1-3 (continued)

Obviously, if the designer takes into account all of the uncertainties in this
example and accounts for all of the tolerances in the stress and strength in the calcu-
lations. a design factor of one would suffice. However. in practice. the designer would
probably use the nominal geometric and strength values with the simple o = P/A
calculation. The designer would probably not go through the calculations given in
the example and would assign a design factor. This is where the experience factor
comes in. The designer should make a list of the loss-of-function modes and estimate

Loss-of-function Estimated accuracy n;
Geometry dimensions Good tolerances 1.05

Stress calculation

Dynamic load Not gradual loading 2.0%
Bending Slight possibility 1.1
Strength data Well known 1.05
FMinimum

Each term directly affects the results. Therefore, for an estimate, we evaluate the
product of each term

ng= [Jn = 1.05(2.0)(1.1)(1.05) = 2.43

Shigley’s Mechanical Engineering Design
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YUIRLLAZNNNAIATULND (Dimension & Tolerances)

NAAAIAILLN LD ULSRINE AL

v

TUIUBDALUUNIIAINTIH NISIAVUIALALH
waza L Juagnauin
gNAIDEIY
(Nominal size) : wAluMIMuiuLAnAnIuIATialdase Wy vnRasan
PUINDIIUNFAYVDINDIUIA 40-mm UIBLUANVUIA 12-mm LRUIYAIUDIVIBVUIA
47.5-mm 158luanuuia 11.8-mm
(Limits) : ﬂquaﬂﬁwmmmmqqqmLLawi"']gj@
(Tolerance) : AIAIULANANTEUNINADIVDULYH)
(Bilateral tolerance) : wuARAARSTULULTOUWA 2 61U Wy 25+0.05 mm
(Unilateral tolerance) : vuafifaRoluLUUTOUS 1 §1U 19U 257 0 mm
(Clearance) : TUIABI9BIANINBFVDITUAIUNTINTEUBN W Tudnuayv
(Interference) : Bund1eBaaLliineRvosTuadUNTINTTUBN WU TUIIUAWSA

(Allowance) : 9u1aa198gausula



Dimensioning

Choice of Dimensions

a part 1s the designer’s responsibility.

Include just enough dimensions
Avoid extraneous information that can lead to confusion or
multiple interpretations.

Example of over-specified dimensions. With +/— 1 tolerances,
two dimensions are incompatible.

< 150 > - 149 >
- 100 - - Iﬁz -
- §() —»=— 5() —»{=— 5() —> 4—‘2|—r—-¢—5|—1——1—;‘}-§{—r—
R a an B
AT A iy LN
\ | / \ |/ \ |/ \ |/

(a) (b)
Fig. 1-8



Choice of Dimensions

* Four examples of which dimensions to specify

- 150+ 1

Y

‘*—Sﬂil 50+1 SDJ_r]A»{

(a)

Fig. 1-9

Shigley’s Mechanical Engineering Design




Example 1-7

A shouldered screw contains three hollow right circular cylindrical parts on the screw
before a nut is tightened against the shoulder. To sustain the function, the gap w must
equal or exceed 0.08 mm. The parts in the assembly depicted in Fig. 1-10 have
dimensions and tolerances as follows:

a = 44.50 = 0.08 mm b= 19.05 = 0.02 mm
¢ = 3.05*0.13 mm d= 2223+ 0.02 mm

A
=
Y

— Fig. 1-10

L

All parts except the part with the dimension d are supplied by vendors. The part
containing the dimension d is made in-house.

(a) Estimate the mean and tolerance on the gap w.

(b) What basic value of d will assure that w = 0.08 mm?

Shigley’s Mechanical Engineering Design




Example 1-7 (Continued)

Solution

(a) The mean value of w is given by
w=a—b—c¢—d=4450 — 19.05 — 3.05 — 22.23 = 0.17 mm Answer

For equal bilateral tolerances, the tolerance of the gap is

ty = > 1 =008+ 0.02 + 0.13 + 0.02 = 0.25mm Answer
all

Then, w = 0.17 £ 0.25, and
Wpax = W + 1, = 0.17 + 0.25 = 0.42 mm
Wiy =W — 1, = 0.17 — 0.25 = —0.08 mm

Thus, both clearance and interference are possible.
(b) If w,y, is to be 0.08 mm, then, w = w, + 1, = 0.08 + 0.25 = 0.33 mm. Thus,

d=a—b—c¢—w=4450 — 19.05 — 3.05 — 0.33 = 22.07 mm Answer

Shigley’s Mechanical Engineering Design
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TABLE B.1 Principal SI Units Used in Mechanics

Quantity Unit Svmbol Formula
Acceleration Meter per second squared m/s”
Angular acceleration Radian per second squared rad/s”
Angular velocity Radian per second rad/s
Area Square meter m*
Density Kilogram per cubic meter kg/m’
Energy Joule ] N-m
Force Newton N kg-m/s®
Frequency Hertz Hz 5!
Impulse, linear Newton-second N-s
Length Meter m (base unit)
Mass Kilogram kg (base unit)
Moment of a force Newton-meter N-m
Power Watt W Ifs
Pressure Pascal Pa N/m*
Specilic weight Newton per cubic meter N/m’
Stress Pascal Pa N/m*
Time Second 5 (base unit)
Velocity Meter per second m/s
Volume, solids Cubic meter m
Liquids Liter L 107" m’
Work Joule ] N-m

Shigley’s Mechanical Engineering Design



AMSLUaINRUQY

TABLE B.3 Conversion Factors between U.S. Customary and SI Units

Quantity U.S. Customary Units SI Equivalent
Acceleration fi/s* 0.3048 m/s”

in./s” 0.0254 m/s”
Area ft® 0.0929 m*

in.? 645.2 mm*
Energy ft-1b 1.356 ]
Force kip 4448 kN

Ib 4448 N

0z 0.2780 N
Impulse, linear Ib-s 4448 N-s
Intensity of distributed force Ib/ft 14.5939 N/m
Length ft 0.3048 m

in. 25.40 mm

mi 1.609 km
Mass 0Z mass 2835 ¢

Ib mass 0.4536 kg

slug 14.59 kg

ton 907.2 kg




AMSLUaINRUQY

Moment of a force: torque Ib-ft 1.356 N-m
Ib-in. 0.1130 N-m
Moment of inertia
Of an area in* 04162 x 10° mm*
Of a mass Ib-ft-s 1.356 lv;g-m2
Power ft-Ib/s 1.356 W
hp 7457 W
Pressure; stress Ib/ft? 47.88 Pa
Ib/in? (psi) 6.895 kPa
Specific weight Ib/ft? 157.087 N/m*
Velocity ft/s 0.3048 m/s
in./s 0.0254 m/s
mi/h (mph) 0.4470 m/s
mi/h (mph) 1.609 km/h
Volume, solids ft’ 0.02832 m*
in? 16.39 ¢m’
Liquids gal 3785 L
qt 09464 L
Work ft1b 1.356 ]

Shigley’s Mechanical Engineering Design



S| Prefixes

TAELE B.2 SI Prefixes

Prefix Symbol Factor

tera T 102 = 1 000 000 000 000

giga G 10° = 1 000 000 000

mega M 10° = 1 000 000

kilo k 100 = 1 000

hecto h 102 = 100

deka da 100 = 10

deci d 107! = 0.1

centi ¢ 1072 = 0.01

milli m 107 = 0.001

micro m 107 = 0.000 001
nano n 1077 = 0.000 000 001
pico p 10712 = 0.000 000 000 001

Shigley’s Mechanical Engineering Design
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TAELE E.4 Properties of Selected Engineering Materials” (U.S. Customary Units)

Ultimate Sirength, Yield Strength,’ Coef. of  Ductility,
Specific ksi ksi Modulus of  Modulus | Thermal — Percent
Weight, Elasticity,  of Rigidity, | Expans., Elongation

Material Ib/in.* Tens. Comp.” Shear | Tens.  Shear | jpb 10 psi 10°%FF  in 2in.
Steel

Structural, ASTM-A36 0284 58 . 36 21 29 11.5 6.5 30

High strength, ASTM-A242 | 0284 0 . 50 30 29 11.5 6.5 21

Stainless (302), cold-rolled | 0286 125 . 75 28 10.6 9.6 12
Cast iron

Gray, ASTM A-48 0260 25 95 5 10 4.1 67 05

Malleable, ASTM A-47 0264 50 90 48 33 24 9.3 67 10
Aluminum

Alloy 2014-T6 0.101 00 . 42 60 32 10.6 4.1 128 13

Alloy 6061-T6 0098 423 . 27 38 20 10.0 38 121 17

Alloy 7075-T6 0.101 83 . 48 73 10.4 4 1321 11
Brass, vellow

Cold-rolled 0306 7 43 63 36 15 5.6 113 8

Annealed 0306 48 . 32 15 9 15 5.6 113 60
Copper

Annealed 0322 2 . 22 10 17 6.4 9.4 45

Hard-drawn 0322 57 29 53 17 6.4 94 4
Bronze, cold-rolled (510) 0320 81 75 40 16 5.9 99 10
Magnesium 0065 2049 24 1140 - 6.5 24 15 2-20

Alloy AZS0 0.065 50 23 i6 6.5 24 14 6

Alloy AZ31 0.064 37 19 29 6.5 24 14 12
Concrele

Medium strength 0084 4 3.5 55

High strength 0084 6 4.3 55
Timber® (air dry)

Douglas fir 0020 7.9 11 1.7 22

Southern pine 0,021 8.6 14 1.6 22
Glass, 98% silica 0079 7 9.6 4.1 4
Nylon, molded 0.040 8 0.3 45 50
Rubber 0033 2 . 90 600
Vinyl, rigid PVC 0052 6 10 65 - 0.45 75 40




TAELE B.4 Properties of Selected Engineering Materials® (SI Units)

Coef of  Ductility,
Ultimate Strength, Yield Strength,’ | p0 00 Modulus Thermal  Percent
Density, MPa MPa Elasticity,  of Rigidity, Expans, Elongation
Material Mg/m® | Tens. Comp.”  Shear Tems.  Shear  GPa GPa W0%AC i 50 mm
Steel
Structural, ASTM-A36 7.8 400 250 145 200 79 11.7 30
High strength, ASTM-A242 | 7.86 480 345 210 | 200 79 11.7 21
Stainless (302), cold-rolled | 7.92 860 520 190 73 17.3 12
Casl iron
Gray, ASTM A-48 7.2 170 650 240 70 28 12.1 0.5
Malleable, ASTM A-47 73 340 620 330 | 230 165 64 12.1 10
Alurminum
Alloy 2014-T6 2.8 480 290 | 410 220 72 28 23 13
Alloy 6061-T6 2.71 300 185 260 140 70 26 236 17
Alloy 7075-T6 2.80 570 330 500 72 28 236 11
Brass, vellow
Cold-rolled 847 540 - 300 | 435 250 105 39 20 ]
Annealed 847 330 220 105 65 105 39 20 60
Copper
Annealed .91 220 150 70 120 44 16.9 45
Hard-drawn 8.91 390 200 | 265 120 44 16.9 4
Bronze, cold-rolled (510} 5.86 560 520 275 110 41 17.8 10
Magnesium 1.8 140-340 .. 165 RO-280 .. 45 17 27 220
Alloy AZ8O 1.8 345 160 | 2% 45 16 252 6
Alloy AZ31 1.77 255 130 | 200 45 16 252 12
Concete
Medium strength 232 28 24 10
High strength 232 40 30 10
Timber* (air dry)
Daouglas fir 0.54 35 16 12 4
Southern pine 0.58 60 10 11 4
Glass, 98% silica 2.19 50 65 28 80
Nylon, molded 1.1 55 2 &1 50
Rubber 0.91 14 162 600
Vinyl, figid PVC 1.44 40 70 45 3.1 135 40




TABLE B.5 Materials and Selected Members of Each Class

Class Members Abbreviation
Engineering alloys Aluminum alloys Al alloys
(the metals and alloys Copper alloys Cu alloys
of engineering) Lead alloys Lead alloys
Magnesium alloys Mg alloys
Molybdenum alloys Mo alloys
Nickel alloys Ni alloys
Steels Steels
Tin alloys Tin alloys
Titanium alloys T1 alloys
Tungsten alloys W alloys
Zine alloys Zn alloys
Engineering polvmers Epoxies EP
(the thermoplastics and Melamines MEL
thermosets of engineering) Polycarbonate PC
Polyesters PEST
Polyethylene, high-density HDPE
Polyethylene, low-density LDPE
Polyformaldehyde PF
Polymethylmethacrylate PMMA
Polypropylene PP
Polytetrafluoroethylene PTFE
Polyvinyl chloride PVC



Engineering ceramics Alurmina Als0s
(fine ceramics capable Diamond C
of load-bearing Sialons Sialons
applications) Silicon carbide SiC

Silicon nitnde SigN,
Zirconia 210,

Engineering composiles Carbon-fiber-reinforced polymer CFRP
(the composites of engineering Glass-fiber-reinforced polymer GFRP
practice) Kevlar-fiber-reinforced polymer KFRP
A distinction 15 drawn between
the properties of a ply (uniply)
and of a laminate (laminates).

Porous ceramics Brick Brick
(traditional ceramics, Cement Cement
cements, rocks, and Common rocks Rocks
minerals) Concrete Concrete

Porcelain Pcln
Pottery Pot

Glasses Borosilicate glass B-glass

(ordinary silicate glass) Soda glass Na-glass
Silica 5105




TABLE B.5 Materials and Selected Members of Each Class (Continued)

Class Members Abbreviation
Woods Ash Ash
Separate envelopes” describe Balsa Balsa
properties: parallel to the grain, Fir Fir
normal to it, and wood Oak Oak
products. Pine Pine
Wood products (ply, etc.) Wood products
Elastomers Natural rubber Rubber
(natural and artificial rubbers) Hard butyl rubber Hard butyl
Polyurethanes PU
Silicone rubber Silicone
Soft butyl rubber Soft butyl
Polymer foams Cork Cork
(foamed polymers of Polyester PEST
engineering ) Polystyrene PS
Polyurethane PU




