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‘Chapter 9 .
- Static-Force Analysis

/
b

»

R ol

o] |

9.1 INTRODUCTION

A machine is a device that performs work and, as such, transmits energy by means of
mechanical force from a power source to a driven load. It is necessary in the design of
machine mechanisms to know the manner in which forces 2re transmitted from the
input to the output, so that the components of the machine can be properly sized to
withstand the stresses that are developed. 1f the members are not designed to be
strong enough, then failure will occur during machine operation: if, on the other
hand, the machine is cverdesigned to have much more strength than required, then
the machine may not be competitive with others in terms of cost, weight, size, power
requirements, or other criteria. i

§ Various 2ssumptions must be made during the course of ai force analysis

< reflecting the specific characteristics of the particular system being investigated.
Whenever possible, these assumptions should be verified 2s the design proceeds. A
major assumption concerns dynamic or iﬁ“éﬁii‘fﬁfé’s?hﬂ machines have mass, 2nd if
parts of a machine are accelerating, there will be inertia forces associated with this

. motion. If the magnitudes of these ipertia;forgessare smallzrelative toextermally
_+* - applied loads, then they can be neglected in the force analysis. Such an analysis is
.. referred to as static-force analysis-and is the topic of this chapter. For example,
i, during normal operation of a front-end loader, such as that shown later in the
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chapter in Figure 9.13A, the bucket load and static weight loads may far exceed any
ynamic loads due to accelerating mas&,@’&‘ag‘}s_ta_ticlfgrﬁe‘»amlysis -woild“be
jtistifigd. An analysis that includes inertia effects is called 2 dynamic-force analysis
and ‘will be discussed in the next chapter. An example of an application where a
dynamic-force 2nalysis would be required is in the design of an ‘autbmalic-sewing-
‘machihe; where, due to-high-eperatingspeads; the inertia forces may be greater than
thé extergaldodds on the machine. =< .
Another assumption deals with the rigidity of the machine components. No~
ateridlAs Z:ﬂ’l:{z-figfd}hnd all materials will experience significant deformationif the
forcks, ‘eithet exteriial or inertial Th-ifature, are gfeat’epoygh. It will be assumed in
this chapter and the next that deformations are so small 2s to be negligible and,
therefore, the members will be treated as though they are rigid. The subject of
mechanical vibrations, which is beyond the scope of this book, considers the
Béxibility of machine components and the resulting effects on machine behavior.

A third major assumption that is often made is that friction effects are
negligible Friction is inherent in all devices, and its degree is dependent upor many
factors, including types of bearings, lubrication, loads, environmental conditions,
and so on. Friction will be neglected in the first few sections of this chapter, with an
introduction to the subject presented in Section 9.5.

In addition to assumptions of the types discussed above, other assumptions may
be necessary, and some of these will be addressed at various points throughout the
chapter. :

The first part of this chapter is a rétiew pfgenetal farce-dndtysis principtés and

£~ i - - - - g
il ulss estabiish some of the monvention and terminology to be wsed in suaczeding

Q sections. The remainder of the chapter will then present both graphical and

analytical methods for static-force analysis of machines. ) |
| :
o 9.2 BASIC PRINCIPLES OF FORCE ANALYSIS

9.2.1 Force and Torque

A force-sa vector quantity; it has a magnitude, a direction or line of action, and a
sense. Figure 9.1 shows-a force vector F, which can be expressed in terms of
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Figure 9.1 A force vector F in a Cartesian coordinate system.
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Figure 9.2 The resultant force F of two forces F, and Fy.

-

Cartésian coordinates as follows:
. F=Fi+F,j+Fk : Ay (s.1)

where F,, F,, and F. are the components of the force in the x, y, and z directions,
. 5 3 F 3 & + LR 1

respectively, with thess directions represented by unit vactors { j, and k. The

vestbtant fnrae Foof two forees Fy and F. s the voctor sum of those forves This i

expressed graphicaliy in Figure 9.2 2nd mathematically as foilows:
F=F, 4+ Fy=(F), + Fpo.Ji + (Fy, + Fao,)j + (F\. + Fo.)k (8.2)

where F,_ is the x component of force F), 2nd so on. i
7* A torque or moment T is defined 2s the moment of a force about 2 point, and it
also is a vector quantity. Using the vector cross product notation, we have

l T-RXEIE/ ' . (8.3

where lﬁlEﬂ!ﬁoﬁ'fﬁibﬁ”ﬁ?‘eﬁtﬁrﬁif‘ec’iéa-f'rpfm*g%égqigt.gbpuwgch&-hé morient istaken

tb/aniy paint on‘the liné of action of forcé F:See Figure 9.3. The magnitude of T is
T = RF|sin 8|

where 0 is the angle between vectors R and F, and R and F are the magnitudes of the

vectors. The direction of T is perpendiculat-to the plane containing R and F and the
sense is giver by the right-hand rule. Alternatively, in determinant form,

/s
=
~¥,

& i k
T B & | | (9.4)
F. F, F. '

- (R,F, - R,F,)i + (R.F, — R.F.)j + R.F, — R,F.)k
K efimivefigiber bhucombindtions 6f s feg veet@r Frand, _=taGment arm.
vaefor B existy @Wd@We- that is, different values® of
‘vectors R and F ¢an le4d to the same cross product as given by Eq. 9.3. The resultant’
Pl of two or more momeents is the vector sum of the moments.

532 STATIC-FORCE ANALYSIS
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Figure 6.5 Torque T s the moment of iorce F zbout point 0. Vector R locates the line of
;&ttion of the forée relative to point 0.

Figure 9.4 shows two forces, F, and F,, which have equal magnitudes but
different lines of zction:. Eurthermore the two forces have parallel directions and are
of opposite sense. Such a of forces is called a couple. Phesesultant force of 2 Loy
c{:}uﬁle‘u’ze;@ Howevet,; the 7esilfant moment about.an arbitrary’point is not zero.  £%7
For example, if moments aiﬁont the origin in Figure 9.4 are summed, the 7
resultant moment T is

T-R,x F, +Ryx F, "-\
But F, = — F,, and, therefore, L
T-R x(-F)+BR,xF,-(R,—R)xF,-RxF, (9.5)

where R - B, — R,is'a-vector from any. point gh the line of action of F, to.any point
_onthe’ line of actionof F;:Fhe direction of the torque is perpendicular-to-the planie of

z b
z B % )
]
2 F,
N 2
~
\\
~ R 315\
R, N ," \
k 7 S h \
B, P
1 ~N

x

“Figure 9.4 Forces F, and F, form a couple, which has zero resultant force but a nonzero
resultant moment.

9.2 BASIC PRINCIPLES OF FORCE ANALYSIS 533




)\

Jwllulll eladill - S 4ilSnll fis ) ¢

- ——

/
b

©

o el

the couple and the magnitude is given by
T = RF,|sin 6| = hF, o (e)

where h = R.sin 81is the perpendiciilar distance between the lines of action. It can
be seen that the resultant moment of a couple, Eq. 9.5, is independent of the point
.about. which moments are taken.. Conversely, thednsmEnt of aZeotpleoue =
ticy arﬁ;ﬁgiﬁéﬁdﬁp@h@sﬁ@&tﬁe couple relative to the point. For ;
iese reasons, a couple is sometimes referred to as a pure moment or pure torque. As
will be seen, the concept of a couple is very useful in force 2nalysis applications.

8.2.2 Free-Body Diagrams

Engineering experience has demonstrated the importance and usefulness of free-
body diagrams in foree analysis. Afrée-body-diagram is-asskéich or drawing pipait
orZllofamystes, isolated in order to determine the nature of forces acting on that .
body. Sometimes 2 free-body diagram may take the form of a méntal-picturs
however, actual sketches are strongly recommended, especially for complex

mechanical svstems. n e
Generally, the first, and one of the most important, steps in a successful force
analysis is the identification of the free bodies to be used. Figures 9.5B through 9.5E
show examples of various free bodies that might be considered in the analysis of the
fonr-bar linkace shown in Figure 9.5A. In Figure 9.5B, the free body consists of theé
‘y thiss maving wmembers olated fram the frame herz, the forces acting on the ez

2 H PR : 5 ¢ i A plan Fiyeospe gt
body satiude a dnving force ur jorque, external 1oads, «nd he Tarces tran i)

5e] |

1C

»n OF%N O3
Figure 9.5(A) A four-bar linkage.

-
(B) Fox\ (C)

Figure 9.5(B) Free-body diagram of the three moving links. (C) Free-body diagram of two
connected Jinks.

sl /? | #Fiy
, F
o) 22 : / o®m

Figure 9.5(D) Free-body diagram of a single link. (E) Free-body diagram of part of 2 link

Fox
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r from the frame at bearings O, and O,. The force convention is defined as follows: F,
répresents the force exerted by member i on member j. This convention will be usex
throughout the text. Figure 9.5C is a free-body diagram of two links, which are acted
upori-by. the forces transmitted from adjoining links as well as other applied loads.
Probably the most commonly used form of 2 free-body diagram is-that of a single
link. See Figure 9.5D. Most force analyses can be accomplished by examining each of
"the individual members that make up the system. Such an dpproach leads to the
. determination of all of the bearing forces between members as well as the required
input force or torque for a given output load or set of loads. For investigating internal
forces or stresses in members, free bodies consisting of portions of members; as in
Figure 9.5E, are useful.

s —

9.2.3 Static Equilibrium

Fora free body in static equilibrium. the vector sum of all forces acting on the body
must be zero and the vector sum ¢f zll moments sbout any arbitrary point must also
be Zero. These conditions can be expressed mathematically as follows:-

Y Ew0 ; ' (9.7A)
. o : : . (9.7B)

Since each of these vector equations represents three scalar equations, there are a
total of six independent scalar conditions that must be satisfied for the general case of
equilibrium under three-dimensional loading -

There are many situations where the loading is essentially planar;-in which case,
forcescan’ be described by two-dimensional vectors. If the xy plane designates the
plane of loading, then the applicable form of Eqs. 9.7A and 9.7B is

2 5, =0 . {9.8A)
Z ‘F! -0 ; (Q-BB)
T~ ; (9.8C)

~ -
. Eqgs. 9.8A to 2.8C are three scalar equations that state that, for the case of
‘two-dimensional xy loading, the summations of forces in the x and y directions must
individually equal zero and the summation of moments about any arbitrary point in

the plane must also equal zero. The remainder of this chapter deals with two-

dimensional force analysis. A common example of three-dimensional forces is gear
forces, which were discussed in Chapter 7.

5> 9.2.4 Superposition

The principle of superposition of forces is an extremely useful concept, particularly
in graphical force analysis. Basically, the principle states that, for linear systems, the

net effect of multiple loads on a system is equal to the superposition {ie., vector
summation) of the eflects of the individual foads considered one at a time

Physically, linearity refers to a direct proportionality befween input force and output -

force. Its mathematical characteristics will be discussed in the section on analytical
force analysis. Generally, in the absence of Coulomb or dry friction, most mecha-
nisuis are- lirigar; for forc Amalysis purposps, despite the fact that many of these

9.2 BASIC PRINCIPLES OF FORCE ANALYSIS 535




01

1C

£\

/
b

Jwlliulll elasll

L) £

=

mechanisms exhibit very nonlinear motions. Examples and further discussion in later
sections will demonstrate the application of this principle. '

9.3_. GRAPHICAL FORCE ANALYSIS . E ‘
Graphical force analysis employs scdled-Freebodydiagranis’ NecioT-gTaphicyin-
thié-detérimination of unkapsmranachine f6rEes-"The graphical approach is best suited
for planar force systems. Since forces are normally not constant during machine
motion, analyses may be required for 2 number of mechanism positions; however, in
many cases, critical maximum-force positions can be identified and graphical
analyses performed for these positions only. An important advantage of the graphical
approach is that it provides useful insight as to the nature of the forces in the physical
system.

This approach suffers from disadvantages related to accuracy and time. As is
true of any graphical procedure, the results are susceptible to drawing 2nd
rmeasurement errors. Further, a great amount of graphics time 2nd effort can be
expended in the iterative design of a machine mechanism for which fairly thorough
knowledge of force-time relationships is required. In recent years, the physical
insight of the-graphics 2pproach and the speed and accuracy inherent in the
computer-based analytical approach have been brou ght together through computer
graphics systems, which have proven to be very effective engineering design tools.

Thers ate a few special tvpes of member lozdings that are repeatedly
snsouetaced in the faoe- anajvis of mechanisms Thasz ini-lnde 2 meamber subjected
to two forces, a member subjected to three forces, and 2 member subjected 10 two
forces and a couple. These special cases will be considered in the following
paragraphs, before proceeding to the graphical analysis of complete mechanisms.

9.3.1 Analysis of a Two-Force Member

A member subjected to two forces is in equilibrium if and only if the two forces (1)
have the same magnitude, (2) act along the same line, and (3) are opposiie in sense.
Figure 9.6A shows a free-body diagram of a member acted upon by forces F, and F.,
where the points of application of these forces are points A and B. For equilibrium,

the directions of F, and F, must be 2long line AB and F, must equal {—=F,). A

graphical vector addition of forces F; and F; is shownin Figure 9.6B, and, obviously,
the resultant net force on the member is zero when F, = — Fa. The resultant moment
about any point will also be zero, as can be seen from inspection or by 2pplication of
Eq. 95

Thus, if the load application points for a two-force member are known, the line
of action of the forces is defined, and if the magnitude and sense of one of the forces
are known, then the other force can immediately be determined. Such 2 member
will either be in tension or compression.

(A)

Figure 9.6(A) A two-force member. The resultant force and the resultant moment both
equal zero. (B) Force summation for a two-force member. h

"536  STATIC-FORCE ANALYSIS
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9.3.2 Analysis of a Three-Force Member

A member subjected to three forces is in equilibrium if and only if (1) the resultant

of the three forces is zero, and (2) the lines of action of the forces all intersect ot the

same point.The fifst condition guarantees equilibrium of fofees; whilé theé sécond

/éendition guararitees equilibrium of moments. The second condition can be under-

stood by considering the case when it is not satisfied. See Figure 9.7A.-1f moments are

summed about point P, the intersection of forces F, and F,, then the moments. of

these forces will be zero, but F; will produce a nonzero moment, resulting in 2

nonzero net moment onthe member. On the other hand, if the line of action of force

F, also passes through point P (Figure 9.7B), the net moment will be zero. This

common point of intersection of the three forces is called the point of concurrency.

— A typical situation encountered is that when one of the forces, F,, is known

v, completely, magnitude and direction, a second force, F., has known direction but

unknown magnitude, and force F; has unknown magnitude and direction. The

wraphica) solutinn of this cuse i depicted in Figures 8.84 through 9.8C. First, the

free-body diagram is drawn to a convenient scale and the points of application of the

three forces are identified. These are points A, B, and C. Next, the known force F, is

drawn on the diagram with the proper direction and a suitable magnitude scale. The

direction of force F, is then drawn, and the intersection of this line. with an extension
of the line of action of force F, is the concurrency point P. For equilibrium, the line

of action of force F; must pass through points C and P and is therefore as shown in
Figure 9.8A. :

The force equilibrium coadition states that

(o

o |

Fl + FA_! + F:, _— 0 . |
S Since the directions of all three forces are now known and the magnitude of F, was i‘
- H given, this equation can be solved for the remaining two magnitudes. A graphical

i solution follows from the fact that the three forces must form a closed vector loop,
called a force polygon. The procedure is shown in Figure 9.8B. Vector F, is redrawn.
From the head of this vector, a line is drawn in the direction of force F,. and from the
tail, a line is drawn parzllel to F;. The intersection of these lines closes the vector loop.
and determines the magnitudes of forces F, and F,. Note that the same solution is
obtained if, instead, a line parallel to F; is drawn from the head of F), and a line
pasallel to F. is drawn from the tail of F,. See Figure 9.8C. This is so because vector

(8)

(A) .
P Figure 9.7(A) The three forces on the member do not intersect at a common point and
H “there is 2 nonzero resultant moment. (B) The three forces intersect at the same point P,

called the concurrency poin?, and the net moment is zero.
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Concurrency
point P’

Line of action of F,

(A)  Line of action of F,
Figure 9.8(A) Graphical {orce anzlysis of a three-force member.*

Direclion of F,

Direction of Fy
—

Lrraction of F-; (C

(B) Directfém of F,

Flgure 9.8(B) Force polygon for the three-force member. (C) An equivalent lorce polygon
for the three-force member.

addition is commutative, and, therefore, both force polygons are equivalent to the
vector equation above.

It is important to remember that, by the definition of vector addition, the force
polygon corresponding to the general force equation

YF=0

will have adjacent vectors connected head to tail. This principle is used in identifying
the sense of forces F, and F, in Figures 9.8B and 9.8C. Also, if the lines of action of F,
and F, are parallel, then the point of concurrency is at infinity, and the third force F,
must be parallel to the other two. In this case, the force polvgon collapses to a straight
line.

9.3.3 Anzlysis of a Member with Two Forces and a Couplel

In performing force analyses, it is imperative that we know the nature of forces that

_drive the system or that act zs loads on the system. Only by knowing where these
“Torces act and how they act can we proceed with a complete force analysis of the

system:

' This point czn be illustrated by considering two ways by which the input crank

{ {/ of a four-bar linkage can be driven. See Flguresmg 9B. In F1gu}fa%-§§{'fﬁe
3,- bell crank is driven by a hydraulic cylinder attached at the point shown. In this case,
“the crank is a three-force member and the analysis proceeds according to the
preceding section. If, on the other hand, the crank is driven by a shaft with a direct

538 STATIC-FORCE ANALYSIS
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Figure 9.9(A) The crank is driven by 2 piston and cylinder and is a three-force member. -
(B) The crank is driven by an électric motor and-is subjected to two forces and a pure torque.

connection to an electric motor, as shown in Figure 9.9B, then the applied shaft

-torque takes the form of a couple, and the crank is subjected to f lus this
H " +1. 1 g P -i"“‘""':“f'. 1. R e I | . L] A 5. P rte 5
input couple. Both of thess drive systenss can Le designed Lo proguce ihe ssme 16

*about pivor O, but the forces experienced by the crank will differ in the two cases. .
‘_fgf?mm and F, plus an applied
couple, the forces F, and F, must form a couplé that is equal end opposite to the
applied couple. Hence, if force F, is kriown in magnitude and direction, then force
F, will be equal in magnitude, parallel in direction, and opposite in sense, 2nd the
moment of the applied couple must be equal and opgosite to the moment of couple
F,, F. Thisis illustrated in Figure 9.9B, in which the magnitude of couple T'is equal
to the oroduct hF, = AF., where £, and £, are the magnitudes of forces F,and F,

respectively.

9.3.4 Graphical Force Analysis of the Slider Crank Mecharism

The slider crank mechanism fnds extensive application in reciprocating compres-
sors, piston engines. presses, toggle devices, and other machines where force
characteristics are important. The force analysis of this mechanism employs most of
the principles described in previous sections, as demonstrated by the following

example. ; .

Example Problem 8.1

Static-force analysis of a slider crank mechanism is discussed. Consider the slider
crank linkage shown in Figure 9.10A, representing a compressor, which is operating

08 =30 mm
BC =70 mm !
¢ '___450 -
B
® 8
P ™ @
'Oc —_ o C *———P :
/- ; @‘ FITTT

Figure 9.10{A) Graphical force analysis of a slider crank mechanism, which is acted on by

piston force P and crank torque T.
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_at 50 low a speed that ?ﬁ%.wﬁ?m_lt is also assumed that gravity
forces are small compared with other forces and that 21l forces lie in the same plane.
The dimensions are OB = 30 mm 2nd BC = 70 mm. We wish to find the required
crankshaft torque T and the bearing forces for a total gas pressure force P.= 40N at

the instant when the crank angle ¢ = 45°. - "

SOLUTION
The graphical analysis is shown in Figure 9.10B. First, consider connecting rod 2..In
the absence of gravity and inertia forces, this link is acted on by two forces only, at
pins B and C. These pins are assumed to be frictionless and, therefore, transmit no
torque. Thus, link 2 is a two-forée member loaded at each end 2s shown. The forces
¥ F\. and Fy, lie along the link, producing zero net moment, and must be equal and
opposite for equilibrium of the link. At this point, the magnitude and serse of these
forces are unknown.
* Next, examine piston 3, which is a three-force member. The pressure {orce P is
completely known and is assumed to act through the center of the piston {i.e., the

third Jaw, which states that for every action there is an equal and opposite reaction, it ’

- friction, the force of the cylinder on the piston, Fy,, is perpendicular te the cylinder
wall, and it 2lso must pass through the concurrency point, which is the piston pin C.
Now. knowing the force directions, we can construct the force polygon for member 3
(Flaurs 910K Siaigg from this dizgram, the contact Torce between the cvlinder

P and pistun s by - 2.7 N ascng upwiteeard the mugninds of the bearing faree s
- C is Fp3 = F3, = 42.0 N. This is also the bearing force al crankpin B, because £),.=
ZF,.. Further, thé force directions for the connecting rod shown in the figure are

correct, and the h’ﬁkﬁifirfeéhijqsi?n.
O Finzlly, crank 1 is subjected to two forces and a coupleé T (the shaft torque T is

assurned to be a couple). The force at B is F,, = —F,, and is now known. For {orce
equiiibrium, Fy; = — F.,, as shown on the free-body diagram of link-1. However,
these forces are not colinear, and for equilibrium, the moment of this couple must be

P \8

Eﬁur: 9.10(B) Static force balances for the three moving links, each considered 2s a free
¥- 1

. 540 STAT!C-FORCE ANALYSIS

pressure distribution on the piston face is assumed to be symm etric). From Newton's :

follows that F., = — Fa,, and the direction of Fy, is therefore known. Ini theczbseapegf- 2
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balanced by torque T. Thus, the required torque is clockwise and has magnitude
T = Fyh = (42.0 N) (26.6 mm) = 1120 N - mm = 112N - m -

It should be emphasized that this is the torque'required for static equilibrium in the
position shown in Figure 9.10A. If torque information is needed for a complete
compression cycle, then the apalysis must be repeated at other crank positions
throughout the cycle. In general, the torque will vary with position. :

9.3.5 Graphical Force Analysis of the F our-Bar Lini(age

The force analysis of the four-bar linkage proceeds in miuch the same manner as that
of the slider crank mechanism. However, in the following example, we will consider
the case of external forces-on both the coupler-and followef links and will'utilizé the
principle of superposition.

Example Problem 8.2

Static-force analysis of a four-bar linkage is considered. The link lengths for the
four-bar linkage of Figure 9.11A are given in the Figure. In the position-stiown,
codpler link 2 is subjected to force F. of magnitude 47 N, and follower link 3 is
subjec_tecfﬁ: force F, of magnitude 30 N. Determine the shaft torque T, on input link
1 and the bearing loads for static equilibrinm. : -

SOLUTION 1 -
As shown in Figure 9.11A, the solution of the stated problem can be obtained by

- superposition of the solutions of subproblems [ and II. In subproblem I, force Fj is

neglected, and in subproblem (I, force F, is neglected. This process facilitates the

solution by dividing a more difficult problem into two simpler ones. ' :
The analysis of subproblem 1 is shown in Figure 9.1 1B. with quantities

designated by superscript |. Here, member 3 is a two- force member becavseforce F; -

is neglectéd. The direction of forces Fu' and Fy' are as shown, and the forces are

equal and opposite {note t

hat the magnitude and sense of these forces are as yet

unknown). This information a

llows the analysis of member 2, which is a three-force

member with completely known force Fs, known direction for F,,, and, using the
concurrency point, known direction for F,,\. Scaling from the force polygon. the

el
0,053 =10 mm -

015 = 30 mim 'E-(-, - = .3 g(:'L;"-
BC =100mm =5 #51"(' v g 08 T b

O;c =50 mm 4 £ Bg S I

Total problem = subproblem I + subproblem 11
Figure 9.11(A) Craphical force analysis of a four-bar linkage, utilizing the principle of

superposition.
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.. following force magnitudes a:e.determinéd (the force directions are shown in Figure
“9.11B):

| Fy'=Fy) = Fyl = 21N
F, = Fy' =36 N , | |
Link 1 is subjected to two forces and couple T}', and for ei;uilﬁbri_um,
Fo:’ = ,_Fﬂl : ;
and
T, = .k = (36 N)(11 mm) = 296 N - mm cw

The analysis of subproblem II is very similar and is shown in Figure 8.11C,
where superscript I1 is vsed. In this case, link 2 is a two-force member znd link 8 is a
three-force member, and the following results are obtained:

Fo' = 29N
B b B BN 17N
and e
T)" = Fo,"h" = (17 N)(26 mm) = 442 N - mm cw
The superposition of the results of Figures 9.11B and 9.11C is shown in Figure

o 311D The resnlts mest be added vzctorially, as shown. By scaling from the
o
_ c o
lo.a. = line of action Lo
O |
T

Figure 9.11(B) The solution of subprobiem L
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Lo.a. = line of action

Figure 9.1 1{C) The solution of subproblem 11.

free-body diagrams, the overall bearing force magnitudes are
'{.,, ~50N Fuy=31N
Fiz=50N Fp=-49N

and the net crankshait torque is
T,-T,'+T"=838N:-mmcw

The directions of the bearing forces are as shown in the figure. These resultant
quantities represent the actual forces experienced by the mechanism. -

It can be seen from the analysis that the effect of the superposition principle, in
this example, was to create subproblems containing two-force members, from which
the separate analyses could begin. In an attempt of a graphical analysis of the
original problem without superposition, there is not enough intuitive force informa-
tion to analyze three-force members 2 and 3, because none of the bearing force

directions can be determined by inspection.

9.3.6 Graphical Force Analysis of Complex Linkages

[n this section, an example is presented involving the static-force analysis of a
mechanical system that is somewhat more complex than the previous cases consid-
ered. This example will demonstrate that, although each force analysis problem has
its own special characteristics, the solution procedure for a broad range of mecha-
nisms is essentially unchanged, relying on the basic force analysis groundwork that

has been developed s . B
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Figure 9.11{D) The solutions combine to give the total solution.

Example Problem 9.3

Force analysis of an industrial door mechanism is presented. Figure 9.12A shows the -
plan view of a fourfold industrial door. The door, which opens at the center, has four
panels, two of which fold to the left side and two of which fold to the right side. The
door is shown in the closed position with the open position of the panels inserted for
reference as dashed lines. Figure 9.12A also shows the electrically powered operating
system, mounted above the doors and consisting of two symmetric linkages driven by
the same motor. = :
Figure 9.12B is a schematic drawing of the right half of the system, drawn to
scale for an intermediate position between the open and closed door positions.

- Including the door frame and the two door panels 2s links, the mechanism is an

éight-bar linkage. Member 0 is the frame and members 1 2nd 2 are the door panels --
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Figure 9.12(A) An industrial door mechanism. (sounce: Electric Power Door Company )
(B) Schematic linkage diagram. 3 >

hinged together at point-B. Slider 3 is pinned to panel 2 and moves along a fixed track
as the doors open and close. Power is transmitted to the door by means of drivearm 7,
connecting rod 6, and links 4 and 5. Member 4 is connected to door panel 1 at point
E, and member 5 is connected to the door frame at point D.

For the position of Figure 9.12B, determine the required shaft torque on drive
arm 7 for static equilibrium against applied load F,, which has a magmtude of 1000

N and acts on door panel 2 as shown in the figure. . i

SOLUTION _ _
It is assumed that inertia forces and friction effects are negligible. A planar force
analysis will be performed considering those forces that act in planes parallel to that
shown in Figure 9.12B. Gravity loads, which act perpendlcu!ar to these planes, are

" not included in the analysis.

The graphical analysis, presented in Figure 9.12C, starts with slider 3, which isa
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Figure 9.32(C) Graphical force 2nalysis of an industrizl door mechanism.

two-force member. Since friction is neglected, these Torces must act perpendicular to
the guide track, thus establishing the directions of forces F and Fa,. Door panel 2 is
a three-force member with known force F, and known direction of force Fz,. From
this information, the concurrency point can be found and the force polygon
constructed, yielding the following force magnitudes:

Fy,=420N F,,=730N

Member 1 is also a three-force member; acted on by force Fy,, which is now
completely known, and the forces Fy and Fj, both of which have unknown
direction and magnitude. In order that the analysis of this member be completed, the
direction of either F,, or F,, must be determined. y

The direction of F,, can be found by considering link 4, which is another
three-force member, acted upon by force Fy, from link 1 at point E, force Fy, from
link 5 at point F, and force Fg, from link 6 at point G. Since links 5 and 6 are

two-force members, the lines of action of forces Fy, and Fe, are along the respective

links, and the iritersection of these lines.is the concurrency point for member 4 (see
Figure 9.12C). This leads to the line of action for F), and, in turn, the direction of
Fa ; ' ’

‘The force polygon can-now be constructed for member 1, as shown in Figure
9.12C, yielding the following force magnitudes:

: 546 STATIC-FORCE ANALYSIS

am




/
b

Jwllulll elaill - S uilSnll fis)

(o

o] |

| [®]

aasinems

R od

‘Next, the polygon is constructed for member 4 (see Figure 9.12C), from which

Fg=210N. Fg = 220N

Finally, member 7 is acted upon by two forces, known force F; and equal and
opposite force Fy, (see Figure 9.12C), and shaft torque T7, which must be equal and
opposite to the mioment of the couple Fy;, Fr. Therefore, the forque is counterclock-
wise, and, scaling the moment arm from Figure 9.12B, the magnitude is -

T, = hF = (0.27 m)(220 N) = 59.4 N - m ecw

If the other half of the door syﬁtem’i's Joaded symmetrically, a total torque double
that above would be required. From this and knowledge of the speed reduction unit,

the necessary motor torque can be found.
Similar analyses can be performed throughout the-range of motion of the

mechanism in order to size components for proper operation under various loading
conditions, such as wind loads, which would be represented by external loads on both

door panels.

9.4 ANALYTICAL STATICS

Analytical methods for investigating static and dynamic forces in machines employ

mathematical models that are solved either (1) for unknown forces and torgues’

associated with known mechanism maotion, or (2) for unknown motion of a given
meachanism resulting from knowr driving forces sr torgues. This test deals almost
exclusively with the former analysis category; however, there is a brief discussion of
the litter category in Chapter 10. There are two approaches to formulating
mathematical models; one approach is b;seJ—cTﬁ'fEEcE;ﬁ-d_r%omcnt equilibrium, and
the second is based on en2rgy principles. Methods utilizing force 2nd moment

equilibrium equations parallel very closely the graphical method that has been

presented. Both rely heavily on free-body diagrams, but the graphical force polygons

are replaced in the analytical approach by equivalent vector equations. Energy
methods utilize the principle of conservation of energy, one of the best-known
examples being the method of virtual work. . e
The mathematical basis of the analytical approach lends itself well to computer
implementation. Solutions can be obtained quickly and accurately for many
positions of a mechanism, and the computer is particularly useful in design situations
where many mechanism variations are to be considered. This facilitates design

optimization, wherein those values of design parameters are determined such that

selected performance criteria are optimized. - : :
. The designer may choose to write his own computer program for analysis or
apply one of 2 numbeft of general-puirpose programs that are available. Examples of

large programs that have been developed for various kinematic analysis, static-force

analysis, and dynamic-force analysis tasks associated with planar and/or spatial
machinery are Automatic Dynamic Analysis of Mechanical Systems (ADAMS),'
Dynamic Response of Articulated Machinery (DRAM),” and Integrated Mechanisms
Program (IMP).® These computer codes are very general and, therefore, are
applicable to a broad range of mechanical systems. '

'Marketed by Mackagical Dynamics Inc,, Ann Arbor, Michigan. ~
*Marketed by Mechanical Dynamics Inc., Ann Arbor, Michigan.
"M:rketed by Structural Dynamics Research Corporation, Cincinnati, Ohio.
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