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Part 1 Mechanisms

1.1 Machine Elements

Complex machines are made up of moving parts such as inclined planes, levers, gears, cams,
cranks, springs, belts, and wheels. Machines deliver a certain type of movement to a desired location
from an input force applied somewhere. Some machines simply convert one type of motion to another
type, such as rotary to linear. While there are a seemingly endless variety of machines, they are all
based upon simple machine elements. The common machine elements discussed here include inclined
planes, levers, wheels and axles, pulleys, and screws.

Inclined Plane and the Lever

An inclined plane decreases the force required to raise an object a given height by increasing the
distance over which a force must be applied (see Figure 1.1.1). You can imagine lifting something
twice your weight to a 4 feet high shelf, or rolling the same mass up a gently sloping surface. The
latter would be much easier. For example, if lifting a 300-kilogram machine two and one-half meters
into a truck, then 750 meter-kilograms of work is required. If you use an inclined plane as a loading
ramp, which is 10 meters long, and neglect the small friction force, then 75 kilograms of force will be
required to roll the machine up to the ramp. The total work is still 750 meter-kilograms, but the effort
has been modified so that the maximum force required is only 75 kilograms and not 300 kilograms.

Full effort

Figure 1.1.1 Inclined plane

Inclined planes are commonly put to use in cutting devices (e.g. an axe) and often two inclined
planes are put back-to-back to form a wedge. In a wedge, forward movement is converted into a
parting movement acting perpendicularly to the face of the blade. A zipper is simply a combination of
two lower wedges for closing and an upper wedge for opening, as shown in Figure 1.1.2.

There are three factors in manipulating a lever: the fulcrum, the load, and the effort applied to the
lever. The fulcrum is the point around which the lever pivots rotationally. The load is what we wish to
manipulate with the lever, and usually is described by its position relative to the fulcrum, and the force
(magnitude and direction) it exerts at that point. The effort is also a force that has a magnitude and a
direction, and a position with respect to the fulcrum. A lever is used to change the direction of
movement, and to change the magnitude of the effort.
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(a) (b)
Figure 1.1.2  The inclined plane at work
(a) Axe; (b) Zipper

As shown in Figure 1.1.3, there are three different classes of levers defined by the relative
positions of the fulcrum, effort, and load. The first class lever has the fulcrum positioned between the
effort and the load. Examples of first class levers include: a balance, a crow bar, and scissors, etc. In
the second class lever the load is placed between the fulcrum and the effort. Examples of second class
levers include: a wheelbarrow, a bottle opener, and a nutcracker, etc. The third class levers place the
effort between the fulcrum and the load. Examples of third class levers are a hammer, a fishing rod,

and tweezers, etc. Most machines that employ levers use a combination of several levers or often of
different classes.

This end of the
Load=4 Effort= Load=4 Effort=2 ! lever moves

H H twice as far as
H l the other end
T moves
/\ A

Fulenm Centered Fulcrum Offcenter

‘ Load will move 3 times
Load=2| the distance that the
effort is applied moves
l at a greater speed

Effort applied 3 times
one third the force
futher from fulerum: ’

three times the distance |Effort=2

Eftort=6
(b) (©)
Figure 1.1.3 Classes of levers

(a) First class levers; (b) Second class levers; (c) Third class levers

Wheel and Axle

Both the inclined plane and levers could lower the force required for a task at the price of having
to apply that force over a longer distance. With wheels and axles the same is true: a force and
movement of the axle is converted to a greater movement, but less force, at the circumference of the
wheel. In a circular geometry, torque is a more useful concept than force and distance. The wheel and
axle can be thought of as simply a circular lever, as shown in Figure 1.1.4. Many common items rely
on the wheel and axle such as the screwdriver, the steering wheel, the wrench, and the faucet, etc.

Pulley

Pulleys can be used to simply change the direction of an applied force or to provide a
force/distance tradeoff in addition to a directional change, as shown in Figure 1.1.5. Pulleys are very
flexible because they use ropes or chain to transfer force rather than a rigid object such as a rod.
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Ropes can be routed through virtually any path. They are able to abruptly change directions in
three-dimensions without consequence, except, of course, additional friction. [1] Ropes can be wrapped

around a motor’s shaft and either wound up or let out as the motor turns. 2}

Effort \ Effort
Load

Rope is attached
Wrench to the bottom of
pulley

movement of axle
Load

(a) (b)
Figure 1.1.5 Pulleys

movement of wheel

(a) Single Pulley:No force/distance tradeoff, only directional change;:
The wheel and axle is like a circular lever (b) Double Pulley Load moves half of the distance rope is

Figure 1.1.4 The wheel and axle pulled, but the effort is halved

Figure 1.1.6 illustrates how a compound pulley “trades” force for distance through an
action/reaction force pair. In a double pulley, as the rope passes over the pulley the force is transmitted
entirely but the direction has changed. The effort is now pulling up on the left side of the bottom
pulley. The end of the rope is tied to the bottom of the top pulley which is fixed to the ceiling. The
mechanics are the same as the rope is fixed to the ceiling. The important thing is that the end of the
rope is immobile. The effort is once again transmitted entirely as the rope passes over the bottom
pulley and there is a direction change. The end of the rope is attached to the ceiling so the rope is
pulling down on the ceiling with the force of the effort (and half of the force of the load). We assume
that the ceiling holds up, so this must mean that there is a force balancing out this downward force.
The ceiling pulls up on the rope as a reaction force. This upward force is equal to the effort and now
there is an upward force on the right side of the bottom pulley. From the perspective of a free-body
diagram the compound pulley system could be replaced by tying two ropes to the load and pulling up
on each with a force equal to the effort.

bottom of pulley Eftort Eflort

The end of the rope pulls
down on the bottom of

. 1_.0'3 pulley the top pulley.which is
Effort simply changes . bil
The bottom of the the dire ction Immobile

There is a reaction force
from the bottom pulley
on the rope.

The bottom of the pulley
pulls up on the rope with
the force of the effort

The rope pulls
down on the
bottom of the
top pulley with
the force of the
eftort

pulley pulls up on the of the effort
rope with a force
of the magnitude
(a rcaction force)

end of rope

Load

Load

Figure 1.1.6 How compound pulleys work

The disadvantages of pulleys, in contrast to machines that use rigid objects to transfer force, are
slipping and stretching. A rope will permanently stretch under tension, which may affect the future
performance of a device. If a line becomes slack, then the operation of a machine may change entirely.
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Also, ropes will slip and stick along pulley wheels just like belts. One solution to the problems
associated with rope is to use chain. Chain is pliable like rope, and is able to transfer force along many
directions, but the chain links are inflexible in tension, so that the chain will not stretch. Chains may
also be made to fit on gears so that slipping is avoided.

Screw

The screw is basically an inclined plane (see Figure 1.1.7) wrapped around a cylinder. In an
inclined plane, a linear force in the horizontal plane is converted to a vertical “lifting” force. With a
screw, a rotary force in the horizontal plane is converted to a vertical “lifting” force. When a wood
screw is turned, the threads of the screw push up on the wood. A reaction force from the wood pushes
back down on the screw threads and in this way the screw moves down even though the force of
turning the screw is in the horizontal plane. Screws are known for high friction, which is why they are
used to hold things together. A worm gear is sometimes used in machines, it also has high friction that
can waste considerable power.

Screw Effect
A screw is simply a

spiraled inclined plane Effect of wedge

Force on wood '

Raw effort t

. LI v

Figure 1.1.7 The screw

Key Words & Expressions

element ['elimant] » J0#, 0 crow bar &kl

lever ['lizvs, 'leval n ¥, ¥4 slipping ['slipin] a. ##TAA S IY,ETEF AT 119
gear [gia] n 46, TEENEEE slack [sleek] n. Failh, #ik

cam [keem] n 58 wheelbarrow ['wi:lbeerau] n. M5 THEA. T
crank {kreenk| . [HLIHTI4% nutcracker ['natkreeka(n)] . HIBEET

spring [sprin]  ». 0 tweezers ['twiizez] n BT, /DI

axle ['eksl] »n fE4b. 750 circumference [sa'kamfarans] . BIK, J
pulley [pulil  n. #3177 HHEE. WAvEe torque [tork] n HIUHT, 4550

wedge [wed3] n # screwdriver ['skru:draive] n MR T
perpendicularly [pa:pan'dikjulali] ad. EHH. [ wrench lrentf] . REL BT

A n LR faucet ['forsit] n JBJs, BEZE, GERE T-IRDH 1L
blade [bleid] n. JJY), JJ)Y tradeoff ['treid.o:f] n (4 |)/>C}171 Hrep, Bt
zipper [zipa]l n. $E% rigid ['rid3id]  a WIBU. WIvER. Pem
fulcrum ['falkrem] n. FIAFO9 XA, S8 wound-up a. FAGhIT

pivot ['pivet] »n  MRE&NL S8, GHEM SO E. & pliable ['plaisbl]  a FHH. BIHTH. W0
balance ['beelons] n. V-
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Notes

[1] They are able to abruptly change directions in three-dimensions without consequence, except, of
course, additional friction.  FZARATEH J377 1) AT DAL ZHES [RINAE RSO, 2988, B I ERAb.
[2] Ropes can be wrapped around a motor’ s shaft and either wound up or let out as the motor turns.

SR LA GE A WHLAOR Bl L, U BN, R A 0l B T .

Comprehension Exercises

Write a T in front of a statement if it is true or write an F if it is false according to the text.

(1) The function of an inclined plane is to save energy and increase efficiency.

(2) A lever consists of the load, the effort and the fulcrum.

(3) Both effort and load are means with which people can manipulate the lever.

(4) The fulcrum is always situated between the effecting points of both effort and load on a lever.

(5) The wheel and axle can convert a powerful force and movement to a greater movement, but less
force.

(6) The disadvantages of pulleys are slipping and stretching of the rope.

(7) A pulley uses rigid objects to transfer force.

(8) Both a screw and an inclined plane work under the same principle.

1.2 Tolerances and Fits

Machine parts are manufactured so they are interchangeable. In other words, each part of a
machine or mechanism is made to a certain size and shape so it will fit into any other machine or
mechanism of the same type. To make the part interchangeable, each individual part must be made to
a size that will fit the mating part in the correct way. It is not only impossible, but also impractical to
make many parts to an exact size. This is because machines are not perfect, and the tools become
worn. A slight variation from the exact size is always allowed. The amount of this variation depends
on the kind of part being manufactured. For example, a part might be made 1.5 inches in diameter
with a variation allowed 0.001 inch, above and below this size. Therefore, the part could be 1.499 to
1.501 inches and still be the correct size. These are known as the limits. The difference between upper
and lower limits is called the tolerance.

Quality and accuracy are major considerations in making machine parts. Interchangeable parts
require suitable accuracy to fit together. Both of dimensions of parts given on engineering drawings
and manufactured dimensions should be exactly the same and fit properly. t Unfortunately, it is
impossible and unnecessary to make things to an exact shape or dimension. Most dimensions have a
varying degree of accuracy and means of specifying acceptable limitations in dimensional variance

that an object will tolerate and still have its function. 2l

Size, Tolerance and Allowance
Size usually includes nominal, basic, design, and actual size, etc.
Nominal size generally identifies the overall size of an object without any error.
Basic size is the size from which the limits of size are derived by the application of allowances
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and tolerances.
Design size is the size from which you derive the limits of size by the use of tolerances.
Actual size is the manufactured size of the object that may be larger or smaller than the nominal

size. See Figure 1.2.1.

[
1

1.500
1.500—
1.501 ——

1

I

l

-:,)_um —"]
l -5;:;400]———‘

1

i

!._1.5

il
B B0

(@ (b)

Figure 1.2.1 Indicating object size

|
1
B

—_
O
~

(a) Basic size; (b) Actual size; (¢} Design size

Tolerance is the total permissible variation in the size of a part or the total amount of a specific
dimension that may vary from a minimum limit to a maximum limit.

Unilateral tolerances indicate variation from the basic size in one direction.

Bilateral tolerances indicate variation from the basic size in both directions. See Figure 1.2.2.

Allowance is the intentional difference between the maximum material limits of mating parts (a
hole and a shaft) . This is a minimum clearance (positive allowance) or maximum interference

(negative allowance) between mating parts.

( ] (. ]
2 ] ) ]

1.498 ¢ 1.500 1.498+0.001 1.5001+0.001

=0.00} =0.001

(a) (b)
Figure 1.2.2 Indicating tolerance
(a) Unilateral tolerance; (b) Bilateral tolerance
Fit
Fit is the general range of tightness resulting from the application of a specific combination of
allowance and tolerances in the design of mating parts. How mating parts or assemblies fit together with
component parts could be referred to as different fits: clearance fit, interference fit, or transition fit.
Clearance fit is a fit that always enables a clearance between the hole and shaft in the coupling.
The lower limit size of the hole is greater or at least equal to the upper limit size of the shaft.
Transition fit is a fit where (depending on the actual sizes of the hole and shaft) both clearance
and interference may occur in the coupling. Tolerance zones of the hole and shaft partly or completely
interfere.
Interference fit is a fit always ensuring some interference between the hole and shaft in the
coupling. The upper limit size of the hole is smaller or at least equal to the lower limit size of the

shaft.
Figure 1.2.3 illustrates the difference among three fits.
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N
Lol Ll / / LLLILi N

T — L e —
(a) (b) (c)

Figure 1.2.3 The difference among clearance fit, transition fit, and interference fit

(2) Clearance fit; (b) Transition fit; (c) Interference fit

Basic hole system

The basic hole system is a system of fits in which the design of the hole’s lower limit is the basic
size and has a unilateral tolerance. When specifying the tolerances for a hole and cylinder and
determining their dimensions, you should begin calculating by assuming either the minimum (smallest)
hole or the maximum (largest) shaft size if they are to fit together well. Figure 1.2.4 illustrates the
basic hole system.

In the illustration, the minimum hole size is the basic size. To calculate the maximum diameter of

the shaft, assume an allowance of 0.003 inch and subtract that from the basic hole size. ts}

PP
70

44 (02
f

——1.497—

)
/

Figure 1.2.4 The basic hole system (tolerance=0.002)

——1.500

L
LSS S

If selecting a tolerance of 0.002 inch, apply the tolerance to both the hole and the shaft. This
gives a maximum hole (1.502 inches) and minimum shaft (1.495 inches). The minimum clearance fit
is the difference between the smallest hole (1.500 inches) and the largest shaft (1.497 inches) that is
0.003 inch. The maximum clearance fit is the difference between the largest hole (1.502 inches) and
the smallest shaft (1.495 inches) that is 0.007 inch.

Determine the maximum shaft size of an interference fit by adding the allowance (0.003 inch) to
the basic hole size (1.500 inches), which is 1.503 inches.

Basic shaft system

It will be the same as the basic hole system. The basic shaft system still is a system of fits in
which the design size of the shaft’s upper limit is the basic size and also has a unilateral tolerance.
Figure 1.2.5 illustrates the basic shaft system.

From the illustration, we clearly know that the maximum shaft size is the basic size. To obtain
the minimum hole diameter, assume an allowance of 0.003 inch and add that to the basic shaft size. If
selecting a tolerance of 0.002 inch, add the tolerance to the hole and shaft to obtain the maximum hole
(1.505 inches) and the minimum shaft (1.498 inches). The clearance fit is the difference between the
smallest hole (1.503 inches) and the largest shaft (1.500 inches) that is 0.003 inch. The maximum

clearance fit is the difference between the largest hole (1.505 inches) and the smallest shaft (1.498
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inches) that is 0.007 inches. Determine the minimum hole size of an interference fit by subtracting the

allowance (0.003 inch) from the basic shaft size (1.500 inches) that is 1.497 inches.

Figure 1.2.5 The basic shaft system (tolerance=0.002)
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Key Words & Expressions

tolerance ['tolarans] n. A%, X2 v LB clearance ['klisrens] n. [HIBH, WP

A E 2 22 decimal ['desimal]l a. ¥, ANEUK n AN A-HE
nominal ['nominll a. 4 X |- equivalent [i'kwivalont] o MM, LM n FNY,
unilateral ['ju:nileetarall o HJ7M. $UAM, )70 5

bilateral [bai'leetoral]l o A M, XA arbitrarily ['a:bitrarilil] ad allrih, {FiHh, LRt
Notes

[1] Both of dimensions of parts given on engineering drawings and manufactured dimensions should
be exactly the same and fit properly. Il ["H{ KR TN 2L &t & ERrs i Z 1R
SR EGE, JF HAEW S

[2] Most dimensions have a varying degree of accuracy and means of specifying acceptable
limitations in dimensional variance that an object will tolerate and still have its function. A
WERA R IEH LR RS, H AL BT EAT AR RS RERK, It T T 283G R bRE
R AR .

[3] To calculate the maximum diameter of the shaft, assume an allowance of 0.003 inch and subtract
that from the basic hole size. R AZE 0.003 H~F, AR NERN SR FLAFEA
T2z 0.003 HE~F

Comprehension Exercises

Answer the following questions briefly.

(1) What are tolerance and fit?

(2) What is the difference between basic size and nominal size?

(3) Please give an example to illustrating the concept of limits.

(4) How do you determine the minimum dimension of a hole and the maximum dimension of a shaft
in a basic hole system?

(5) How do you determine the minimum dimension of a hole and the maximum dimension of a shaft
in a basic shaft system?
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1.3 Gears and Cams

Gears

Gears are machine elements that transmit motion by means of successively engaging teeth, Gears
can transmit motion from one rotating shaft to another, or to a rack that translates. Gears can change
the rate of rotation of a machinery shaft and also can change the direction of the axis of rotation and
can change rotary motion to linear motion when mating with racks.

There are a number of different standard gear types. Examples include spur gears, change gears,
cluster gears, helical gears, herringbone gears, straight bevel or spiral bevel gears, worm gears, and so
on and so forth.

® Spur gears are straight-toothed and among the most common type of gears. They have

straight teeth, and are mounted on parallel shafts. Sometimes, many spur gears are used at
once to create very large gear reductions.

® Change gears resemble spur gears with a keyway that mates with a hub for rapid changing.m

® Cluster gears are spur gears with an integral hub whose end can accept others, hubless

gears.m

® The teeth on helical gears are cut at an angle to the face of the gear. When two teeth on a

helical gear system engage, the contact starts at one end of the tooth and gradually spreads as
the gears rotate, until the two teeth are in full engagement.

® In herringbone gears, each tooth comprises of two opposing helices. They transmit power and

motion between parallel axes and may or may not have a center groove.

e Straight bevel gears are straight-toothed and transmit power and motion between intersecting

shafts.

® Spiral bevel gears are the bevel counterpart of the helical gears and can give a much smoother

tooth action than straight bevel gears, but they are difficult to manufacture.

® Worm gears are used when large gear reductions are needed. It is common for worm gears to

have reductions of 20:1, and even up to 300:1 or greater.

o B

{w
!—;’//’

(a) (b) (c) (d)
Figure 1.3.1 Classification of gears

(a) spur gears; (b) helical gears; (c) spiral bevel gears; (d) worm gears

Gears differ in terms of related components, tooth type, and materials of construction.
Anti-backlash gears have a mechanical assist such as a spring to take up any play between meshing
gear teeth, thus avoiding backlash when gears direction changes. Ground teeth provide smoother,
higher-precision tooth form. Materials for gears may include aluminum, brass, bronze, cast iron,
carbon or alloy steel, hardened steel, stainless steel, and a wide variety of plastic materials. A rack is a
straight component with gear teeth; typically straight-toothed that mate with pinion (spur gear).
Pinions usually are drive gears that drive racks or larger gears. They can be physically similar to spur
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gears, and occasionally helical gears. So the “pinion™ designation is primarily used to indicate that the
device is the driving gear in a rack and pinion configuration.

Cams

A cam is a convenient device for transforming one motion into another. The transformation of
one of the simple motions, such as rotation, into any other motions is often conveniently
accomplished by means of a cam mechanism. A cam mechanism usually consists of two moving
elements, the cam and the follower. Cam devices are versatile and almost any arbitrarily-specified
motion can be obtained. In some instances, they offer the simplest and the most compact way to
transform motions.

A cam may be defined as a machine element having a curved outline or a curved groove, which,
by its oscillation or rotation motion, gives a predetermined specified motion to another element called
the follower. The cam has a very important function in the operation of many classes of machines,
especially those of the automatic typés, such as printing presses, shoe machinery, textile machinery,
gear-cutting machines, and screw machines. In any class of machinery in which automatic control and
accurate timing are paramount, the cam is a kind of indispensable parts of mechanism. The possible
applications of cams are unlimited, and their shapes occur in a great variety.

We can classify cam mechanisms by the modes of input/output motion, the configuration and
arrangement of the follower, and the shape of the cam. We can also classify cams by the different
types of motion events of the follower and by means of a great variety of the motion characteristics of
the cam profile. For example, cam mechanisms can be classified into four categories by the modes of
input/output motions (see Figure 1.3.2).

Figure 1.3.2 Classification of cam mechanisms

1. follower; 2. cam; 3. frame
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® Rotating cam-translating follower (Figure 1.3.2 (a), (b), (c), (d), (e)). In this kind of
cam-follower system, the follower can be classified into four types: central opposite follower
(Figure 1.3.2(a)), follower with wheel (Figure 1.3.2(b). (c)), flat bottom follower (Figure
1.3.2(d)) and offset follower (Figure 1.3.2(e)).

* Rotating follower (Figure 1.3.2 (f)). The follower arm swings or oscillates in a circular arc

with respect to the follower pivot.

® Translating cam-translating follower (Figure 1.3.2 (g)).

® Stationary cam-rotating follower: the follower system revolves with respect to the center line

of the vertical shaft.

In a cam mechanism, when the cam turns through one motion cycle, the follower executes a
series of events consisting of rises, dwells and returns. Rise is the motion of the follower away from
the cam center, dwell is the motion during which the follower is at rest, and return is the motion of the
follower toward the cam center.

Key Words & Expressions

hubless ['hablis] a. FEEELI brass [bra:s] n. EHl, EHIHL

keyway ['kizweil n 874 bronze [bronz] n. FHHIED B4, HB
hub [hab] . 4 rack n %

right-angle n. Hff pinion ['pinjan] n. /INki%e

herringbone ['herinbaun]  n. 22 X880, A& follower n. Mzhff

comprise [kam'praiz] v 7%, - 4ik oscillation [osi'leifan] n. $#3h, &)
groove [grusv] n. IMIHNY, 31 paramount ['peersmaunt] a. R E M
mesh [mef]l n [HLIWEGE v B, SREE vii 3K, indispensable [indispensabl] n ARIEAZY a
AR AR, Ha Xt b E (1

backlash ['baeklee[] n Kj translate v ##; TB, VB

play n [WLIHER. Biah revolve [ri'volv] v (E)HesE, % B, FREFIHIN
Notes

[1] Change gears resemble spur gears with a keyway that mates with a hub for rapid changing. ¥
LA AR RS SR, Btk e SR A L S T S ok SE IR B e (5D
[2] Cluster gears are spur gears with an integral hub whose end can accept others, hubless gears. A

RAUE L e B B EN R AL A58, B4R A L oAb T 4 L R4

Comprehension Exercises

Match the items in Column A with their Chinese equivalents in Column B.

ap
A B
spur gear (@) Wik %&
helical gear (b) kst
change gears (0) ToiA(Hu)BR ik &
cluster gear (d) Rk




