CHAPTER 9: Static Equilibrium; Elasticity and Fracture

Answersto Questions

1. If the object hasanet force on it of zero, then its center of mass does not accelerate. But sinceitis
not in equilibrium, it must have a net torque, and therefore have an angular acceleration. Some
examples are:

a) A compact disk in aplayer asit comes up to speed, after just being put in the player.
b) A hard drive on a computer when the computer isfirst turned on.
¢) A window fan immediately after the power to it has been shut off.

The bungee jumper is not in equilibrium, because the net force on the jumper is not zero. If the
jumper were at rest and the net force were zero, then the jumper would stay at rest by Newton’s 1%
law. The jumper has a net upward force when at the bottom of the dive, and that is why the jumper
isthen pulled back upwards.

3. If thefingers are not the same distance from the CG, the finger closer to the CG will support alarger

fraction of the weight of the meter stick so that the net torque on the stick is zero. That larger

vertical force means there will be more friction between the stick and that closer finger, and thus the

finger further from the CG will be easier to move. The more distant finger will slide easier, and
therefore movein closer to the CG. That finger, when it becomes the one closest to the CG, will
then have more friction and will “stick”. The other finger will then slide. Y ou then repeat the
process. Whichever finger is farther from the CG will dide closer to it, until the two fingers
eventually meet at the CG.

4. Like amost any beam balance, the movable weights are connected to the fulcrum point by relatively

long lever arms, while the platform on which you stand is connected to the fulcrum point by a very
short lever arm. The scale “balances” when the torque provided by your weight (large mass, small
lever arm) is equal to that provided by the dliding weights (small mass, large lever arm).

5. (a) If weassume that the pivot point of rotation isthe lower left corner of the wall in the picture,

then the gravity force acting through the CM provides the torque to keep the wall upright. Note

that the gravity force would have arelatively small lever arm (about half the width of the wall)
and so the sideways force would not have to be particularly large to start to move the wall.
(b) With the horizontal extension, there are factors that make the wall less likely to overturn.
e The mass of the second wall is larger, and so the torque caused by gravity (helping to
keep the wall upright) will be larger for the second wall.
e The center of gravity of the second wall is further to the right of the pivot point and so

gravity exerts alarger torgue to counteract the torque due to F.
o Theweight of the ground above the new part of the wall provides alarge clockwise

torque that helps to counteract the torque due to F.

6. For rotating the upper half body, the pivot point is near the waist and hips. In that
position, the arms have arelatively small torque, even when extended, due to their
smaller mass, and the more massive trunk—head combination has a very short lever
arm, and so aso has arelatively small torque. Thusthe force of gravity on the j
upper body causes relatively little torque about the hips tending to rotate you
forward, and so the back muscles need to produce little torque to keep you from
rotating forward. The force on the upper half body due to the back musclesis small, and so the
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(partialy rightward) force at the base of the spinal column, to keep the spinein equilibrium, will be
small.

When standing and bending over, the lever arm for the upper body is much
larger than while sitting, and so causes a much larger torque. The CM of the
arms is also further from the support point, and so causes more torque. The
back muscles, assumed to act at the center of the back, do not have avery
long lever arm. Thus the back muscles will have to exert alarge force to
cause a counter-torgque that keeps you from falling over. And accordingly,
there will have to be alarge force (mostly to the right in the picture) at the base of the spine to keep
the spinein equilibrium.

7. When the person stands near the top, the ladder is more likely to
dip. Inthe accompanying diagram, the force of the person

pushing down on the ladder (Mg) causes a clockwise torque

about the contact point with the ground, with lever arm d,. The
only force causing a counterclockwise torque about that same L,

point is the reaction force of the wall on the ladder, IEW. While

the ladder isin equilibrium, IEW will be the same magnitude as the

R Ty .

frictional force at the ground, F,, . Since F,, hasamaximum

value, F,, will have the same maximum value, and so F,, will d,

have a maximum counterclockwise torque that it can exert. Asthe
person climbs the ladder, their lever arm gets longer and so the torque due to their weight gets larger.

Eventually, if the torque caused by the person is larger than the maximum torque caused by F,, , the
ladder will start to slip — it will not stay in equilibrium.

8. Themass of the meter stick isequal to that of the rock. For purposes of calculating torques, the
meter stick can be treated asif al of its mass were at the 50 cm mark. Thusthe CM of the meter
stick is the same distance from the pivot point as the rock, and so their masses must be the samein
order to exert the same torque.

9. If the sum of the forces on an abject are not zero, then the CM of the object will accelerate in the
direction of the net force. If the sum of the torques on the object are zero, then the object has no
angular acceleration. Some examples are:

a) A satellitein acircular orbit around the Earth.

b) A block diding down an inclined plane.

¢) An object that isin projectile motion but not rotating

d) The startup motion of an elevator, changing from rest to having a non-zero velocity.

Ao

stable unstable  neutral
equilib. equilib.  equilib.
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11. Configuration (b) ismore likely to be stable. In configuration (a), the CG of the bottom brick is at

the edge of the table, and the CG of the top brick isto the right of the edge of the table. Thusthe CG
of the two-brick system is not above the base of support, and so gravity will exert atorque to roll the
bricks clockwise off the table. Another way to see thisis that more than 50% of the brick massis not
above the base of support — 50% of the bottom brick and 75% of the top brick are to the right of the
edge of thetable. Itisnotin stable, neutral, or unstable equilibrium.

In configuration (b), exactly half of the mass (75% of the top brick and 25% of the bottom brick) is
over the edge of thetable. Thusthe CG of the pair is at the edge of the table— it isin unstable
equilibrium.

When walking, you must keep your CG over your feet. |f you have a heavy load in your arms, your
CG is shifted forward, and so you must lean backwards to realign your CG over your feet.

When you rise on your tiptoes, your CM shifts forward. Since you are already standing with your

14.

15.

16.

17.

18.

19.

nose and abdomen against the door, your CM cannot shift forward. Thus gravity exerts atorque on
you and you are unable to stay on your tiptoes — you will return to being flat-footed on the floor.

When you start to stand up from anormal sitting position, your CM is not over your point of support
(your feet), and so gravity will exert atorque about your feet that rotates you back down into the
chair. You must lean forward in order that your CM be over your feet so that you can stand up.

In the midst of doing a sit-up, the abdomen muscles provide a torque to rotate you up away from the
floor, while the force of gravity on your upper half-body istending to pull you back down to the
floor, providing the difficulty for doing sit-ups. The force of gravity on your lower half-body
provides atorque that opposes the torque caused by the force of gravity on your upper half-body,
making the sit-up alittle easier. With the legs bent, the lever arm for the lower half-body is shorter,
and so less counter-torque is available.

Position “A” is unstable equilibrium, position “B” is stable equilibrium, and position “C” is neutral
equilibrium.

The Y oung’s modulus for a bungee cord is much smaller than that for ordinary rope. From its
behavior, we know that the bungee cord stretches relatively easily, compared to ordinary rope. From
F/A
AL/L,
change in length of a material under atension. Since the change in length of a bungee cord is much

larger than that of an ordinary ropeif other conditions are identical (stressing force, unstretched
length, cross-sectional area of rope or cord), it must have a smaller Y oung’s modulus.

Eqg. 9-4, wehave E = . Thevalue of Young’s modulusisinversely proportional to the

An object under shear stress has equal and opposite forces applied acrossit. One blade of the
scissors pushes down on the cardboard while the other arm pushes up. These two forces cause the
cardboard to shear between the two blades. Thus the name “shears” isjustified.

The left support is under tension, since the force from the support pulls on the beam. Thusit would
not be wise to use concrete or stone for that support. The right support is under compression, since it
pushes on the beam. Concrete or stone would be acceptable for that support.
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Solutionsto Problems

1. If thetreeisnot accelerating, then the net force in all directionsisO.
> F =F, +F,cosl10+F,, =0 — Fy \-110°
F., =-F, —F,cos110=-310 N —(425 N)cosllO: -164.6 N \
> F =FsntF, =0 - 9 ﬂ

F., =—F,sin110=—(425N)sin110= -399.4 N .

I:C
F2.+F, = \/(—164.6 N)* +(-399.4 N)* = 432.0 N ~|4.3x10°N
F —-399.4N
O=tan'—L = tan o~ _67.6° , ¢ =180° — 67.6° =112.4° ~
- -164.6N
Andso F. is430 N, at an angle of 112° clockwise from F, .
2. Thetorqueisthe forcetimesthe lever arm.
7= Fr =(58kg)(9.8m/s’)(3.0 m) =|[1.7x10°m-N, clockwise
3. Becausethe mass mis stationary, the tension in the rope -
pulling up on the sling must be mg, and so the force of the € Xp cmmmmme o mg
dling on the leg must be mg, upward. Calculate torques about 5
the hip joint, with counterclockwise torque taken as positive. | ’ / ,
See the free-body diagram for the leg. Note that the forces on 54---. X ----» Mg

the leg exerted by the hip joint are not drawn, because they do
not exert atorque about the hip joint.

X, (35.0cm)
= —~Mgx =0 =M —==(15.0kg)—==(6.52k
2.7 =Mgx, —Mgx =0 - m X, (150kg) (80.5cm) .

4. Thetorqueistheforcetimesthe lever arm.

T 1100meN
=F =—= =-1.9
T TR (58 kg)(9.8m/s°) =

5. Write Newton’s 2™ law for the junction, in both the x and y directions.
D F =F,—F, cos45° =0
From this, weseethat F, > F,. Thusset F, =1550 N.
D> F, =F,sn45’-mg=0

mg = F, Sin45° = (1550 N)sin45° =[1.1x10°N
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6. (a) Letm=0. Calculate the net torque about the left end of the .
diving board, with counterclockwise torques positive. Since the 1':3
board isin equilibrium, the net torque is zero. :
D> r=F,(1.0m)-Mg(40m)=0 - Foleloms  |mg Mg
F, =4Mg = 4(58 kg)(9.80m/s" ) = 2274N ~|2.3x10°N ;"Z-Om"”o :
*------- 40m------- >

Use Newton’s 2™ law in the vertical direction to find F, .
Y F =F-Mg-F, —

F, = F, - Mg = 4Mg - Mg = 3Mg = 3(58 kg) (9.80m/s*) = 1705N ~[1.7x10°N]
(b) Repeat the basic process, but with m= 35 kg. The weight of the board will add more clockwise
torque.
Y r=F,(L0m)-mg(20m)-Mg(40m)=0 —
F, = 4Mg + 2mg =[4(58 kg) + 2(35 kg)](9.80m/s’ ) = 2960N ~
> F =F-Mg-mg-F, —
F, = F, —Mg-mg = 4Mg + 2mg - Mg - mg = 3Mg +mg

~[3(58 kg)+ 35 kg] (9.80my's’) = 2048N ~[2.0x10°N]

7. TheCG of each beam isat its center. Calculate torques about the
left end of the beam, and take counterclockwise torques to be Fa l
positive. The conditions of equilibrium for the beam are used to
find the forces that the support exerts on the beam.

> r=Fl-Mg(l/2)-iMg(I/4)=0 —
F, =£Mg =£(940kg)(9.80m/s’) = 5758N = [5.8x10°N
> F =F +F-Mg-iMg=0 -

F, =$Mg-F, =ZMg =2(940 kg)(9.80m/s’ ) = 8061N ~[8.1x10°N

8. Let mbe the mass of the beam, and M be the mass of the *------------- L----------- >
piano. Calculate torques about the left end of the beam, with i b
counterclockwise torgques positive. The conditions of :
equilibrium for the beam are used to find the forces that the l
support exerts on the beam. | E

2. 7=FL-mg($L)-Mg($L)=0 i Mg mg )
F.=(4m+3M)g=[4(140 kg) +%(320 kg)](9.80m/s’) =1.47x10°N
D> F =F +F,-my-Mg=0
F. =(m+M)g-F, =(460 kg)(9.80m/sz)—1.47x103N =3.04x10°N
The forces on the supports are equal in magnitude and opposite in direction to the above two results.
F, =1.5x10°N down F._ =3.0x10°N down
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9. The pivot should be placed so that the net torque on the board is  <«---------- L-------------- >
zero. We calculate torques about the pivot point, with e X oo L xommmm e .
counterclockwise torques as positive. The upward force F, at
the pivot point is shown, but it exerts no torque about the pivot Mg ﬁPI lmBg mg
point. The massof the board is m,, and the CG is at the middle L Y
of the board. L/2-x

(a) Ignoretheforce m,g.
D r=Mgx-mg(L-x)=0 —
__m (25kg)
m+M  (25kg+75kg)
(b) Includetheforce m,g.
D r=Mgx-mg(L-x)-m,g(L/2-x)=0
__(m+m,/2) L (25kg+7.5kg)
(M+m+m,)  (75kg+25kg+15kg)

(9.0 m) = 2.25m = [2.3 m from adult|

(9.0 m) = 2.54m ~ [2.5 m from adult|

10. Calculate torques about the left end of the beam, with counterclockwise ~ ~
torques positive. The conditions of equilibrium for the beam areusedto | R F,
find the forces that the support exerts on the beam. 00 m ] '
Y r=F,(200m)-mg(25.0m)=0 — Bl l -
2 - oo >
F, = %mg (1.25)(1250 kg) (9.80m/s’ ) = [1.53x10* N 20m

Y F =F+F,-mg=0

F, = mg - F, = mg —1.25mg = ~0.25mg = —(0.25) (1250 kg) (9.80m/s’) =

Noticethat F, points down.

11. Using the free-body diagram, write Newton’s second law for both the
horizontal and vertical directions, with net forces of zero.

Z Fx = FT2 - FTl cosf=0 — FT2 - FTl cos®

. mg
D F,=F,snd-mg=0 — Fn:%
170 kg)(9.80m/s?
F., = F., 0080 =—9cos = —2 | 9)(9.80m )= 2.6x10°N
sné tan @ tan33°
170 kg)(9.80m/s
LB g?( /¥) _Eoaon
sing sin33°
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12.

13.

14.

15.

Draw afree-body diagram of the junction of thethree wires. --g----------------------2----
The tensions can be found from the conditions for force
equilibrium.

cos37°
cos53°

D F =F,c0s37°—F,cos53 =0 - F,=

T1

D F,=F,sin37°+F,sin53° -mg =0

0

. cos37
F,,sin37° +
cos53°

33kg)(9.8m/s’
r __(Bkg)(98rys) ~1.946x10°N ~ [L9x10°N]

T1 0
an37 + 37 gnsz

F,sn53-mg=0 —

0

cos53

cos37° cos37°
F, = F,= (1.946x10°N) = 2.583x10°N ~[2.6x10°N

0853 0053

Thetableis symmetric, so the person can sit near either edge and 060m x
the same distance will result. We assume that the person (mass | D il
M) is on the right side of the table, and that the table (massm) is l ~ lM 3

on the verge of tipping, so that the left leg is on the verge of
lifting off the floor. There will then be no normal force between
the left leg of the table and the floor. Calculate torques about the _
right leg of the table, so that the normal force between the table Fy
and the floor causes no torque. Counterclockwise torques are

taken to be positive. The conditions of equilibrium for the table are used to find the person’s
location.

20.0k
3z =mg(0.60m)-Mgx=0 — x=(0.60 m)% =(060 m) = 9 _o0182m
Thus the distance from the edge of the tableis 0.50 m—0.182 m =
Draw aforce diagram for the sheet, and write Newton’s = F,
second law for the vertical direction. Note that the 358 T~ - 35°
tension is the same in both parts of the clothesline.
D> F =Fsn35 +F sn35-my=0 — T

PR

0.60 kg)(9.80m/s’
f o m___ (Ok)(eRons) oy
2(sin35°) 2(sin35°)
The 48-N tension is much higher than the ~ 6-N weight of the sheet because of the angle. Only the
vertical components of the tension are supporting the sheet, and since the angle is small, the tension
has to be large to have alarge enough vertical component.

The beam isin equilibrium, and so both the net torque and F F, F,

net force on it must be zero. From the free-body diagram, ~

calculate the net torque about the center of the left support,  Fa [* "¢ 775" ’l‘ s ’l‘ X F.
with counterclockwise torques as positive. Calculate the : :

net force, with upward as positive. Use those two j--- - X '--->l Mg L
equationsto findF, and F,.
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DT =R (X% 4% %) = Fx = F, (% 4%, ) = Fy (X 4%, + X, ) - mgx,
F X R (o) F R (6% %) mex
i (%%, + X, +X,)
(4300 N)(2.0 m)+(3100 N) (6.0 m)+(2200 N)(9.0 m)+(250 kg)(9.8m/s” ) (5.0 m)
100m

=5925N ~[5.9x10° N
Y F=F +F,-F-F,-F,-mg=0

F, =F +F, +F,+mg—F, =9600 N +(250 kg)(9.8m/s*) - 5925 N = 6125N ~

16. From the free-body diagram, the conditions of equilibrium e I -
are used to find the location of the girl (mass m.). The 50-
kg boy isrepresented by m, , and the 35-kg girl by m, . | I‘ X "l |
Calculate torques about the center of the see-saw, and take  m,g E md mg

counterclockwise torques to be positive. The upward force
of the fulcrum on the see-saw (IE) causes no torgque about the center.

Y r=mg(4L)-mox-mg(4L)=0

(m,-m,) (50 kg—35kg)
=——-=(3L)= ~(3.6m)=[L1
(Bt (01859 g

17. Since each haf of the forcepsisin equilibrium, the net
torque on each half of the forcepsis zero. Calculate torqueswith
respect to an axis perpendicular to the plane of the forceps,
through point P, counterclockwise being positive. Consider a

force diagram for one half of the forceps. IEl isthe force on the

half-forceps due to the plastic rod, and force F, isthe force on

the half-forceps from the pin joint. IEP does not exert any torque

about point P.
8.50 cm

70cm

=346N

d
Y r=Fd, cosf-Fd,cosf=0 — F = FT?T: (11.0N)

1

The force that the forceps exerts on the rod is the opposite of I*:1 ,and soisalso [34.6 N|.

18. Thebeam isin equilibrium, and so the net force and net torque onthebeam E
must be zero. From the free-body diagram for the beam, calculate the net y \
torque (counterclockwise positive) about the wall support point to find IET , 4 40 )
| mo

and calculate the net force in both the x and y directions to find the
components of F,, .

Y r=FLsn40’-mgL/2=0 —

27 kg)(9.80m/s’

F=— =( )( / )=205.8Nz 2.1x10°N
2sin40° 2sin40°
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> F =F, —Fcos40°=0 — F,, =F, cos40° =(205.8 N)cos40’ =157.7 N
D> F =F,, +F sn40’-mg=0 —
0, =My - F, sin40° = (27 kg) (9.80m/s’) - (205.8 N)sin 40° =132.3N

=[R2 +F2 = (1577 N) +(132.3N)’ = 205.8 N ~ [21x10°N]

R 132.3
0 —tan* 22— 2223 _[4g7]
F 157

Wx

19. The personisin equilibrium, and so both the net torque and net force O
must be zero. From the free-body diagram, calculate the net torque
about the center of gravity, with counterclockwise torques as E 1‘ kox -l' X >I
positive. Use that calculation to find the location of the center of A 2
gravity, adistancex from the feet. mg

Y r=Fx-F,(L-x)=0

F .
xe—ta o MO MBI 50 [o05x10'm

F.+F m,g+m,g m, +m, 31.6 kg +35.1kg
The center of gravity is about 90.5 cm from the feet.

T~

T

20. Thebeamisinequilibrium. Use the conditions of equilibrium to E
calculate the tension in the wire and the forces at the hinge. Calculate F,
torques about the hinge, and take counterclockwise torques to be positive. /

I T
207 (R and)l oz ol -0 - L 12 Jm@ . |ma
_zmgl + ngll _ 4(155N)(1.70 m)+ (245 N)(1.70 m) AR |

! l,sno (1.35m)(sin35.0°) !
— 708.0N ~[7.08x10°N]
> F =F,-Fcos0=0 — F, =F, cos0=(708N)cos350° =579.99N ~|5.80x10°N]|
D F =F,+Fsnd-mg-mg=0 —
=mg+mg-F, sn@=155N+245N - (708 N)sin35.0° = —6.092N ~ [-6 N (down)

21. (a) Thepoleisin equilibrium, and so the net torgue on it must
be zero. From the free-body diagram, calculate the net
torque about the lower end of the pole, with
counterclockwise torques as positive. Use that calculation to
find the tension in the cable. The length of the poleisL.

Y 7 =Fh-mg(L/2)cosf - MgL cosd =0
(ny2+M) gL coso
h

6.0 kg +21.5 kg)(9.80m/s? ) (7.50 m) cos37°
=( g g)(380 / )( ) = 424.8N ~|4.25x10°N
. m

(b) The net force on the poleis also zero sinceit isin equilibrium. Write Newton’s 2™ law in both
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22.

23.

the x and y directions to solve for the forces at the pivot.

ZFXZFPX_FTZO - FPx:FT=
>F =F, -my-Mg=0 — pr=(m+M)g=(33.5kg)(9.80m/sz)=

The man isin equilibrium, so the net force and the net torque on him are
both zero. From the force diagram, write an expression for the net torque /
about avertical axisthrough his right hand, with counterclockwise mg
torques as positive. Also write an expression for the net force in the ,
vertical direction. S .
Y r=F, (036 m)-mg(027m)=0 — o el
ot 0.36m

F, —mgo—26=(72kg )(9.80m/s ) 22L 36—5292N~

left

D F=F +F, -my=0 —

left right

F, =mg-F, =(72kg)(9.80m/s?)-520.2N =

right left

(&) The meter stick isin equilibrium, so the net torque and the -
net force are both zero. From the force diagram, write an Frole--o---. 090 m----- .I Freo
expression for the net torque about the 90-cm mark, with |
counterclockwise torques as positive. «--050m- ,‘ -

> r=mg(040m)-F,(0.90m)=0 —

FTO=mgggg (0.180 kg) (9.80m/s*) 38—

(b) Write Newton’s 2™ |law for the vertical direction with a net force of 0 to find the other tension.
D F =F,+Fe-my=0 —

=mg- F, =(0.180 kg)(9.80m/s’)-0.78 N =

Since the backpack is midway between the two trees, the anglesin the
diagram are equal. Write Newton’s 2™ law for the vertical direction for
the point at which the backpack is attached to the cord, with the weight
of the backpack being the downward vertical force. Theangleis
determined by the distance between the trees and the amount of sag at
the midpoint, asillustrated in the second diagram.

an Y Y 1.5m
L/ 2 3.8m

D F,=2Fsing-mg=0 —

19 kg)(9.80 ?
mg _ (19kg)( m/S):

@@ 6= =215

Fr=— :
2sing, 2sin21.5°
) o=tan'Lctan? 2 oo g -9 _@eko)(osoms) P
L/2 3sm T 2sng, 2sin 2.26° '
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The forces on the door are due to gravity and the hinges. Since the door D VY E— >
isin equilibrium, the net torque and net force must be zero. Write the T

|

|

three equations of equilibrium. Calculate torques about the bottom
hinge, with counterclockwise torques as positive. From the statement of
the problem, F, =F, =+mg.

h
w
Zrzmgz—FAx(h—Zd)zo i g
mgw  (130kg)(9.80m/s*)(1.30 m) !
E = - =552 N '
™ 2(h-2d) 2(2.30 m-0.80 m) 5521 Y

ZFX:FAX_FBXZO - FBX=FAX=

ZFy = FAy + I:By -mg = 0 - FAy = FBy :% :%(13'0 kg)(9'8m/32) -

26. Write the conditions of equilibrium for the ladder, with torques taken

about the bottom of the ladder, and counterclockwise torques as s Fu
positive. :
D> r=F,lsnd- mglcosé? 0 > F, ﬂ ,
“tand Ising
n‘g |
= — = — —_i_= [
ZFX_FGX FW_O_> FGX_FW_ZtanH E Gy v y
- _ _ : mg X
Y F=F,-my=0 > F,_=nmg 1/ e \
For the ladder to not dlip, the force at the ground F_, must be less than * I 2 p
*“--"lcosf~--*

or equal to the maximum force of static friction.

1
Fo, SukR =uk,, — < Mg <umg —» —<tand - taan_l(l/Z,u)
tané 24

Thusthe minimum angleis |0, = tan™(3/2u)].

The ladder isin equilibrium, so the net torque and net force must be
zero. By stating that the ladder is on the verge of dlipping, the static
frictional force at the ground, F_, isat its maximum value and so

Fe, = #,F.,. Sincethe person is standing 70% of the way up the
ladder, the height of the ladder is L, = dy/0.7 =28m/0.7=40m.

The width of the ladder is L, =d /0.7=2.1m/0.7=30m. Torques

are taken about the point of contact of the ladder with the ground,
and counterclockwise torques are taken as positive. The three
conditions of equilibrium are as follows.

ZFX:FCX_FWZO - FCX:FW
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> F =F,-Mg-mg=0 —
F,=(M+m)g= (67.0 kg)(9.80m/s’) =656.6N

> r=F,L,-mg(%L,)-Mgd, =0

Solving the torque equation gives

imL, +Md, - 1(12.0kg)(3.0m)+(55.0 kg)(2.1m)
L 40m

y
The coefficient of friction then isfound to be

F,, 327.1N
po=— -[o50].
F. 656.6N

Gy

F, =

(9.80m/s")=327.1N.

28. If thelampisjust at the point of tipping, then the normal force will be acting at the edge of the base,
12 cm from the lamp stand pole. We assume the lamp isin equilibrium and just on the verge of
tipping, and is being pushed sideways at a constant speed. Take torques about the center of the base,
with counterclockwise torques positive. Also write Newton’s 2™ law for both the vertical and
horizontal directions.

> F=F-mg=0 »> F,=mg D> F=F-F =0 - F=F =uF, =umg

F mg 0.12m
> r=F,(012m)-Fx=0 — X:F:(O.12 m) =E(o.12 m) = "

29. First consider the triangle made by the pole and one of the wires (first
diagram). It hasavertical leg of 2.6 m, and ahorizontal leg of 2.0 m. The 0

angle that the tension (along the wire) makes with the vertical is -
.om

2.0
0= tan’lg =37.6°. The part of the tension that is parallel to the ground is

therefore F,, = F, sind. Now consider atop view of the pole, showing only

20m
force parallel to the ground (second diagram). The horizontal parts of the tension _
lie as the sides of an equilateral triangle, and so each make a 30° angle with the Foe
tension force of the net. Write the equilibrium equation for the forces along the
direction of the tension in the net. = "\ &
o Fri '\ Fri
> F=F,-2F, cos30°=0 — !
F_ = 2F, sinfcos30° = 2(95 N)sin37.6° cos30° =[1.0x10° N 30°;30°
30. Thearmisin equilibrium. Take torques about the elbow joint (the dot _
in the free-body diagram), so that the force at the elbow joint does not Py
enter the calculation. Counterclockwise torgues are positive. The . —
mass of the lower arm is m= 2.0 kg, and the mass of theloadis M . F lmg Mg
Itisgiventhat F, =450 N. .*--“-'d ;
w---d, --» .
zszMdl—mgdz—Mgd3=0 - eo---- 2----'---‘d3 ---»
v Fudi—mgd, (450 N)(0.060 m) - (2.0 kg)(9.80m/s*)(0.15 m) =
- gd, (9.80m/s’)(0.35m) -
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31. Calculate the torques about the elbow joint (the dot in the free body L)
diagram). Thearm isin equilibrium. Counterclockwise torques are L mg Mg
positive. Fu |
Y. r=F,d-mgD-MgL =0 P4 Do |
' R L ------ >
mD+ML _ (2.8kg)(0.12m)+(7.3kg)(0.300 m) ) >
E = = 9.8m/s” | = -9.9><10 N
. a0 0.025m (98m/<")
32. (a) Cadculatethetorques about the elbow joint (the dot in the free- E
body diagram). Thearm isin equilibrium. Take counterclockwise ) M
torques as positive.  — .
(F,sing)d-mgD =0 SN 5
2.7 =( mgD =0 — }\ lmg
3.3kg)(9.80m/s’}(0.24 m | ! |
_mb _(33ko)esomS)0aum) pemel L d D

" dsng (0.12m)sin15°
(b) Tofind the components of F,, write Newton’s 2" law for both the x and y directions. Then
combine them to find the magnitude.
Z F =F,-F,cos0=0 — F, =F,cosf=(250N)cosl5’ = 241N
> F =F,sng-mg-F, =0 —
F, =F,snd-mg = (250 N)sin15° - (3.3 kg)(9.80m/sz) =32N

F2+F2 =(241N) +(32N)’ = 2435N = [24x10°N|

33. Calculate the torques about the shoulder joint, which is at the | eft ‘\FM
end of the free-body diagram of the arm. Sincethearmisin 0
equilibrium, the sum of the torques will be zero. Take
counterclockwise torques to be positive. The force dueto the
shoulder joint is drawn, but it does not exert any torque about the

P
--- -

_"—T—Iy
——
&
<
«Q

shoulder joint. LI :
3 r=F,dsing—mgD-MgL =0 Db
_ mD + ML g- (3.3kg)(0.24 cm) +(15 kg)(0.52 m) (9.8m/sz) _
dsing (0.12m)sin15°

34. Therewill be anormal force upwards at the ball of the foot, equal
to the person’sweight (F, =mg). Calculate torques about a point
on the floor directly below the leg bone (and so in line with the leg
bone force, IEB ). Sincethefoot isin equilibrium, the sum of the
torques will be zero. Take counterclockwise torques as positive.

Y r=F,(2d)-F,d=0 —

F, = 2F, = 2mg = 2(72 kg) (2.80ys’) = [L4x10°N]

The net force in they direction must be zero. Usethat to find F; .

> F =F +F,-F,=0 > F,=F,+F, =2mg+mg =3mg =|21x10°N
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35.

36.

37.

Figures 9-14 (b) and (c) are redrawn here with the person 45° from the
horizontal, instead of the original 30°. The distances are all the same asin the
original problem. We till assume that the back muscles pull at a12° angleto
the spine. The 18° angle from the original problem becomes 33°. Torques are
taken about the same point at the base of the spine, with counterclockwise
torques as positive.

D r=(048m)F, sin12’ -(0.72 m)(w, )sin45°
—(0.48 m)(w, )sin45° —(0.36 m)(w, )sin45° =0
Asintheoriginal problem, w, =0.07w,w, =0.12w, w, =0.46w. With

this, the torque equation gives the following result.

- [(0.72m)(0.07)+(0.48 m)(.0.12) +(036m)(046)] o o
(0.48 m)sin12°

Take the sum of the forcesin the vertical direction, set equal to zero.

D> F =F,, —F,sn33-0.07w-0.12w-046w=0 - F, =17lw
Take the sum of the forcesin the horizontal direction, set equal to zero.

> F=F,-F,cos3¥=0 > F, =163w
Thefina resultis

F,=yF/, +F; =

This compares to 2.5w for the more bent position.

From Section 9-4: “An object whose CG is above its base of support will be stable if avertical line
projected downward from the CG falls within the base of support.” For the tower, the base of
support isacircle of radius 3.5 m. If thetop is4.5 m off center, then the CG will be 2.25 m off
center, and avertica line downward from the CG will be 2.25 m from the center of the base. Thus

thetower isin |stable equilibrium|. To be unstable, the CG has to be more than 3.5 m off center, and

thus the top must be more than 7.0 m off center. Thus the top will have to lean further to
reach the verge of instability.

(@ The maximum distance for brick #1 to remain on brick #2 will be —L—
reached when the CM of brick #1 is directly over the edge of brick 1 hd |
#2. Thus brick #1 will overhang brick #2 by x, = L/2. 2o | X
The maximum distance for the top two bricks to remain on brick +—VL—
#3 will be reached when the center of mass of the top two bricks K |
isdirectly over the edge of brick #3. The CM of the top two 73 [#2 . ° Xﬁl X
bricksis (obvioudly) at the point labeled x on brick #2, a %

distance of L/4 from theright edge of brick #2. Thus x, = L/4.

The maximum distance for the top three bricks to remain on
brick #4 will be reached when the center of mass of the top
three bricks is directly over the edge of brick #4. The CM of E |
the top three bricks is at the point labeled x on brick #3, and is [#2 e X | X

i : #3 X
found relative to the center of brick # 3 by | #|4 ° 2 |x3| %
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m(0)+2m(L/2)
3m

CM =

=L/3, or L/6 fromtheright edge of brick #3. Thus x, = L/6.

The maximum distance for the four bricksto remain on a
tabletop will be reached when the center of mass of the

— | —

four bricksisdirectly over the edge of the table. The CM [#2 .l#l X |. X |

of all four bricksis at the point labeled x on brick #4, and [#3 ° X @

isfound relative to the center of brick #4 by [#4 o X %
m(0)+3m(L/2) | X,

CM =3L/8, or L/8 from theright

4m
edge of brick #4. Thus x, = L/8.
(b) From thelast diagram, the distance from the edge of the tabletop to the right edge of brick #1 is
X, + % + % +X =(L/8)+(L/6)+(L/4)+(L/2)=25L/24 > L
Since this distanceis greater than L, the answer is , thefirst brick is completely beyond the
edge of the table.

(c) From thework in part (a), we see that the genera formulafor the total distance spanned by n
bricksis

L
X%+ %+, = (L/2) +(L/4) +(L/6) +--+(L/2n) = 2=
i=1
(d) Thearchisto span 1.0 m, so the span from one side will be 0.50 m. Thus we must solve
Z”:O.BOm
o 2

will span a distance of 0.498 m, and that 16 bricks will span a distance of 0.507 m. Thusit
takes 16 bricks for each half-span, plus 1 brick on top and 1 brick as the base on each side (asin

Fig. 9-67(b)), for atotal of |35 bricks| .

38. Theamount of stretch can be found using the elastic modulus in Eq. 9-4.

ey = (0300 m) - [2.10x107m|

>0.50m. Evaluation of this expression for various values of n showsthat 15 bricks

EA "’ 5x<10°N/m’ 7(5.00x10*)
25000 kg)(9.8m/s’
(@) Streﬁ=%=%=( 192)(2 m/s)=2.042><105N/m2z 2.0x10° N/m?
.Z2Mm

. Stress 2.042x10° N/m*
(b) Strain= = . / =14.1x10"°

Young'sModulus  50x10° N/m?

40. Thechangein length isfound from the strain.

Strain =AL—L > AL =L, (Strain) = (9.6 m)(4.1x10°) =

0

2100 kg)(9.8m/s”
41. (a) suess— £ - _ (Z10k9)( : /9) 1 a1 N/m? ~[L4x10° N/m?
A A 0.15m
. st 1.372x10° N/m?
(b) Strain= ress  _L32ACN/M_ oo 100 [oonio?

YoungsModulus  200x10° N/m?
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42.

43.

45,

46.

47.

(© AL=(Strain)(L,)=(6.86x10")(9.50 m)=

The change in volume is given by Eq. 9-7. We assume the original pressure is atmospheric pressure,
1.0x10° N/m?.

AP

6 2 5 2
= 2o (2N 10710 )

=-25cm’
1.0x10° N/m?

V =V, +AV =1000cm’ - 2.5cm’ =[997 cm®

The Young’s Modulus is the stress divided by the strain.

Sress  F/a (134 N)/[ﬂ(ixs.sxlo*m)z}
Srain AL/L,  (3.7x10°m)/(15x107m)

—[9.6x10° N/m?

Y oung's Modulus =

The relationship between pressure change and volume change is given by Eqg. 9-7.

AV =—VOA—BP - APz—f/—VBz—(O.lelo2)(90><109 N/m*) =9.0x10" N/m’

0

7 2
AP 3 9.0x10 N/m _

P 1.0x10°N/m’

am

The percentage change in volume is found by multiplying the relative change in volume by 100. The
change in pressure is 199 times atmospheric pressure, since it increases from atmospheric pressure to
200 times atmospheric pressure.

AV AP 199(1.0x10° N/m?)
100— = -100— =-100 = -—2>< 107°%
B 90x10° N/m?
The negative sign indicates that the interior space got smaller.

(o]

Elastic potential energy isgiven by PE,_, =<k (Ax)’ =2FAx. Theforceisfound from Eq. 9-4,

using AL as AX.

elastic

EA 2.0x10° N/m?)(0.50x10™*m? _
PE,.. =§FAX=§[L—OALJAL = ;( (3.0ngam) )(1.0><10 "m)’
=|1.7x10?%J

(@) Thetorque dueto the signisthe product of the weight of the sign and the distance of the sign
from the wall. W

7 =mgd = (5.1kg)(9.80m/s*) (2.2 m) =|L.1x10°m-N , clockwise

(b) Sincethewall isthe only other object that can put force onthepole  “wal @ l mg
(ignoring the weight of the pole), then the wall must put a torque on the pole.
Thetorque due to the sign is clockwise, so the torque due to the wall must be counterclockwise.
See the diagram. Also note that the wall must put an upward force on the pole as well, so that
the net force on the pole will be zero.

'Ewal |
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48.

49,

50.

51.

52.

(c) Thetorque on the rod can be considered as the wall pulling horizontally to the left on the top
left corner of the rod and pushing horizontally to the right at the bottom left corner of the rod.
The reaction forces to these put a shear on the wall at the point of contact. Also, since the wall
is pulling upwards on the rod, the rod is pulling down on the wall at the top surface of contact,
causing tension. Likewise the rod is pushing down on the wall at the bottom surface of contact,
causing compression. Thusiall three are present|.

Set the compressive strength of the bone equal to the stress of the bone.

Compressive Strength = F)”:X - F. = (17O><106 N/mz)(?:.0><10’4 mz) =

(@ The maximum tension can be found from the ultimate tensile strength of the material.

F
Tensile Strength = % -

F.... = (Tensile Strength) A= (500x10° N/m?) z(5.00x10*m)’ = [393 N]

(b) To prevent breakage, should be used, which will increase the cross-sectional area
of the strings, and thus increase the maximum force. Breakage occurs because when the strings
are hit by the ball, they stretch, increasing the tension. The strings are reasonably tight in the
normal racket configuration, so when the tension isincreased by a particularly hard hit, the
tension may exceed the maximum force.

(a) Compare the stress on the bone to the compressive strength to see if the bone breaks.

F  3.6x10°N :
Stress = — = ———_~__1.0x10’ N/m? < Compressive Strength of bone

|The bone will not break.|
(b) Thechangein lengthis calculated from Eqg. 9-4.

A= F (ﬂj (1.0x120° N/m?) =

E A (15x10° N/m?

(@) Theareacan be found from the ultimate tensile strength of the material.
Tensile Strength  F

Safety Factor A

A:F( Sy Fador j=(320kg)(9.8m/s2)L=

Tensile Strength 500x10° N/m?
(b) The change in length can be found from the stress-strain relationship, equation (9-5).

7.5m)(320 kg)(9.8m/s’
E_ghl |, LE__(SmE0k(EsmY) pomr

A . AE  (4.4x10°m®)(200x10° N/m?)
For each support, to find the minimum cross-sectional areawith a B I )
F F
safety factor means that F__Stength . where either the tensile or ! 2 |
A Safety Factor T o00m | -
compressive strength is used, as appropriate for each force. To find the - d l mg

force on each support, use the conditions of equilibrium for the beam.
Take torques about the left end of the beam, calling counterclockwise
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torques positive, and also sum the vertical forces, taking upward forces as positive.
D r=F,(200m)-mg(25.0m)=0 — F,=22mg=1.25mg
D F =FR+F,-mg=0 — F =mg-F,=mg-1.25mg=-0.25mg
Notice that the forces on the supports are the opposite of IE1 and Ia:2 . Sotheforce on support #1is

directed upwards, which means that support # 1 isintension. The force on support # 2 is directed
downwards, so support # 2 isin compression.

F, _ Tensile Strength
A 85
A -85 (0.25mg) 8E(0.25)(2.6x103kg)(9.8om/52) R
“TensileStrength 40x10° N/m? 1.4x10°m?|
F, _ Compressive Strength
A 8.5
125 1.25)(2.6x10°kg)(9.80m/s’ -
A=85 Compr(vrzgszrength - ! )( 35x10° N}En ) =

53. The diameter can be found from the ultimate shear strength of the material.
Shear Strength F__F

Sdfety Factor A 7z'(d/2)

; :\/ﬁ( Safety Factor j:\/4(3200 N) 6.0 iz
T

Shear Strength r  170x10° N/m?

54. Seethefree-body diagram. The largest tension will occur when the elevator has an -
upward acceleration. Use that with the maximum tension to cal culate the diameter of F;

the bolt, d. Write Newton’s second law for the elevator to find the tension. dlevator
DY F =F-mg=ma —
F, =mg+ma=m(g+a)=m(9.8m/s’ +1.2m/s’) =11.0m mg
F F
—L =—L —=1(Tenslestrength) —
A x(d/2)

28(11.0)(3.1x10°k
d:J( 2F, -J< )(31:10kg) [

7 (Tensilestrength) || 7(500x10° N/m?)

55. Draw free-body diagrams similar to Figures 9-31(a) and 9-31(b) for the
forces on the right half of around arch and a pointed arch. The load force
is placed at the same horizontal position on each arch. For each half-arch,
take torques about the lower right hand corner, with counterclockwise as
positive.

For the round arch:

Yr=F_(R-x)-F, R=0 »> F, =F_,

round round R

R-x
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56.

57.

For the pointed arch:
R-x
dYr=F_(R-x)-F, y=0 - F, =F_,
pointed pointed y
Solvefory, giventhat F, =<F,
pointed round
R—x R-x
F, =3F - F =<F, -
;‘ointed : :und toxd y § " Lod R

y=3R=3(£80m)=[12m

Write Newton’s 2™ law for the horizontal direction.

D> F =F,cos0-Fcosf=0 - F,=F
Thus the two forces are the same size. Now write Newton’s 2™ law for
the vertica direction.

. . F 4.3x10°N
D> F =Fsno+Fsnd-F, =0 — F=—tu=- - =[25x10°N
2sing 2(S|n5°)

Each crossbar in the mobileisin equilibrium, and so the net torque about the suspension point for
each crosshar must be 0. Counterclockwise torques will be taken as positive. The suspension point
is used so that the tension in the suspension string need not be known initially. The net vertical force
must also be 0.

The bottom bar:
DT =mgx, ~mg, =0 - 2
mC:mDﬁ:msz&SOmD <--—XD-—-->E<- X
Xe 5.00cm !
Y F =F,-mg-mg=0 - F,=(m+m,)g=450mg m,d Mg
The middle bar:
>t = FgXey ~ MG, =0 — Foy =Mg—2 — 450m,g = m,g—= IF
D D '
0.885 kg)(5.00 ¢ Yoo %
m = % _ (0885Kkg)(50m) _ ecee 5 56-107kg :
450 x,,  (4.50)(15.00 cm) E. m,g
m, = 3.50m, = (3.50)(0.06555kg) = 2.29x10 kg
ZFy =FRw-Fp—-mg=0 - K, = FCD+rnt:(4'5ornD+rnB)g
Thetop bar: I_
ZT =m,gX, — FBCDXBCD =0 > } Faoco
450 e o= X - — e — ——p]
m, =50 M) Oen i o ) NS e
gXA XA 74 | IE
m g BCD
7.50 cm A
=[(4.50)(0.06555 kq) + 0.885 kg|————— =[2.94x 10"k
[( )( g) g] 30.00 cm g
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58. From the free-body diagram (not to scale), write the
force equilibrium condition for the vertical direction. -

D F,=2Tsnd-mg=0
60.0 kg)(9.80m/s’
7 _(600kg)(980m/ )=3.1><103N
2siné 2(2.2mj
23m
It is not possible to increase the tension so that there is no sag.

There must always be a vertical

component of the tension to balance the gravity force. The larger the tension gets, the smaller the
sag angle will be, however.

59. (a) If thewhedl isjust lifted off the lowest level, then the only
forces on the wheel are the horizontal pull, its weight, and the
contact force F, at the corner. Take torques about the corner
point, for the wheel just barely off the ground, being held in
equilibrium. The contact force at the corner exerts no torque
and so does not enter the calculation. The pulling force has a
lever aam of R+ R—h=2R-h, and gravity hasalever arm of

X, found from the triangle shown.

x=4/R’ —(R-h)’ = /h(2R-h)

Y r=Mgx-F(2R-h)=0 —

h(2R-h
_ _Mgx _M \/ ( ): Mg h
2R-h 2R-h 2R—h
(b) Theonly differenceisthat now the pulling force has alever arm
of R—h.
D> r=Mgx-F(R-h)=0 —
h(2R-h
FoMox | Jh(2R-N)
R-h R-h

60. The massisto be placed symmetrically between two legs of the table.
When enough massis added, the table will rise up off of the third leg,
and then the normal force on the table will all be on just two legs.
Since the table legs are equally spaced, the angle marked in the
diagram is 30°. Take torques about a line connecting the two legs that
remain on the floor, so that the normal forces cause no torque. Itis
seen from the second diagram (a portion of the first diagram but
enlarged) that the two forces are equidistant from the line joining the .
two legson the floor. Sincethe lever arms are equal, then the torques will be

equal if theforcesare equal. Thus, to bein equilibrium, the two forces must 30% R

be the same. If the force on the edge of the table is any bigger than the M . N

weight of thetable, it will tip. Thus [M > 25 kg| will cause the table to tip. .g_____:_____:\.m
Ri2  Rf2
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61.

62.

63.

clockwise torque about the point where the shelf F
touchesthe wall. Thus there must be an upward force

(@) Theweight of the shelf exertsadownward forceanda  _ l
Left
and a counterclockwise torque exerted by the slot for % | '
7

the shelf to be in equilibrium. Since any force exerted
by the slot will have a short lever arm relative to the
point where the shelf touches the wall, the upward force
must be larger than the gravity force. Accordingly, there then must be a downward force
exerted by the dlot at its left edge, exerting no torque, but balancing the vertical forces.

(b) Cdculate the values of the three forces by first taking torques about the left end of the shelf,
with the net torque being zero, and then sum the vertical forces, with the sum being zero.

> 7= Fog (20x10°m) -mg (17.0x10°m) =0 —
2
Fuge = (5.0kg)(9.80 m/sﬂ(%} — 4165N ~
.UX m
Z I:y = FRight - FLeﬂ -mg —

Fru = Fugs — M0 = 4165 N - (5.0 kg) (9.80m/s*) =

(c) Thetorque exerted by the support about the left end of therod is
7= Foy, (20x10°m) = (4165 N)(2.0x10”m) = [8.3m-N

2.0cm

Assume that the building has just begun to tip, so that it is
essentially vertical, but that all of the force on the building due to
contact with the Earth is at the lower |eft corner, as shown in the

figure. Take torques about that corner, with counterclockwise F.
torques as positive. 20.0m y [
7 =F, (100.0 m)-mg(20.0 m mg '
2 7=F.( )-mg(20.0m) 1000l

I:E

y

=(950N/m?)(200.0 m)(70.0 m)(100.0 m)
~(1.8x107kg)(9.80m/s’)(20.0 m) -
F

= -2.2x10°meN =
Since thisis a negative torque, the building will tend to rotate clockwise, which meansit will rotate

back down to the ground. Thus |the building will not topple .

— — —

The truck will not tip aslong as avertical line down from the CG is between
the wheels. When that vertical lineis at thewhed, it isin unstable
equilibrium and will tip if the road isinclined any more. See the diagram for
the truck at the tipping angle, showing the truck’s weight vector.

1.2
tnd==> > O=tan'>=tan =22 [0
h h 2.2m

Draw aforce diagram for the cable that is supporting the right-hand section. The forceswill be the
tension at the left end, F._, thetension at theright end, F.., and the weight of the section, mg. The

T2 T1?
weight acts at the midpoint of the horizontal span of the cable. The system isin equilibrium. Write
Newton’s 2™ law in both the x and y directions to find the tensions.
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65.

D> F =F,cosl9°-F,sin60°=0 —
60° |
T2 = Fry C.OS:Lg ‘5* _______ dp------
sin60° 2
D F, =F,cos60° - F,sn19°-mg=0 —

_F,cos60"-mg " ™sineo° N

sin19° sin19°
sin60°

c0s19° cos60° —sin19° sin60° )

T1

= 4539mg ~[4.5mg

Flem(

_F. 0.08190 _ 4539 09319°
60° sin60

an

F. mg = 4.956mg ~[5.0mg

2

E
To find the height of the tower, take torques about the point ] 2y
where the roadway meetsthe ground, at theright sideof the  F, <=——I&------- d----- >A

roadway. Notethat then F., will exert no torque. Take h
counterclockwise torques as positive. For purposes of |
calculating the torque due to lq:T2 , split it into x and y components.
ZT = m(%dl)-i- Fszh_ FTZydl =0 -
. (F,,-tmg)  (F,cos60°-img)  (4.956mgcos60° —0.50mg)

d, = ——d, = — (343 m)
Fro. F,,sn60 4.956 mg sin 60

= [158 m|

The radius of the wire can be determined from the relationship between stress and strain, expressed
by equation (9-5).

F AL FL [TFL,
—=FE— 5 A=—2=3r® 5 r=, [|———=
AL EAL 7 E AL

Use the free-body diagram for the point of connection of the
mass to the wire to determine the tension force in the wire.

mg  (25kg)(9.8m/s’)

2.F, =25 ™ T 2sng 2sin12°
The fractional change in the length of the wire can be found from the geometry Lo/2 !
of the problem. 7 !
L,/2 AL 1 1 l
cosf) =—4— —» —-= -1= —-1=2234x10" \
L, +AL L, cosé cos12° # |
2 |

Thustheradiusis

1F 1 589.2N 1
r:\/ ET L‘E :\/ =135x10"m
T

7 70x10° N/m’ (2.234x10°)
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66. Theairplaneisin equilibrium, and so the net forcein _
each direction and the net torque are al equal to zero.
First write Newton’s 2™ law for both the horizontal and

| :
vertical directions, to find the values of the forces. —_—-- 'hL _____ ' _________ i_ -1
1
Y F=F-F=0 > F,=F =|50x10°N LI T """"" CTE
> F =F-mg=0 — 1 T
F. =mg=(6.7x10'g)(9.8m/s*) =[6.6x10°N
Calculate the torques about the CM, calling counterclockwise torques positive.
Y r=Fd-Fh-Fh=0
Fd-F 6.6x10°N)(3.2m)—(5.0x10°N)(1.6 m
L RA-Fn_(60N)@2m) (s0a0N)aom)
F, (5.0x10°N)
67. Draw afree-body diagram for half of the cable. Write Newton’s Fry
2" aw for both the vertical and horizontal directions, with the net 60°
forceequd to O in each direction. T B
: o 1 , Mg FT2
> F =F,sn60’-img=0 — F, =1 =0.58mg —

sin60°

> F =F,-F,c0s60°=0 — F,=058mg (cos60°) =0.29mg
So theresults are:
(@ F,=10.29mg

N
a

(b) F,, =(0.58mg
(c) Thedirection of the tension force is tangent to the cable at al points on the cable. Thusthe
direction of the tension force is |horizontal at the lowest point|, and is

60°above the horizontal at the attachment point|.

68. (a) For the extreme case of the beam being ready to tip,

there would be no normal force at point A from the . A B D
support. Use the free-body diagram to write the 30m I 7.0m 1 50m I 50m

equation of rotational equilibrium under that _ = _ -
condition to find the weight of the person, with Fa Mg Fs W

F, =0. Take torques about the location of support

B, and call counterclockwise torques positive. W is the weight of the person.
> r=mg(50m)-W(5.0m)=0 —
W=m,g=[550N

(b) With the person standing at point D, we have aready assumed that [F, =0[. The net forcein

A

the vertical direction must also be zero.
sz= F,.+F,-mg-W=0 - F,=mg+W=550N+550N=|1100 N
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69.

70.

(c) Now the person movesto adifferent spot, so the

free-body diagram changes as shown. Again use the c A 5 20m D
net torque about support B and then use the net —— .
vertical force. I 1 om I i 1

> r=m,g(50m)-W (2.0 m)-F,(12.0 m)
m,g(5.0m)-W(2.0m) (550N)(3.0 m)
120m ~ 120m

F =

A

=140 N
ZFy:FA+FB_mBg—W=O - F,=mg+W-F, =1100 N-140 N =1960 N

(d) Again the person moves to a different spot, so the 20m

free-body diagram changes again as shown. Again C A B D
use the net torque about support B and then use the som 1’ | soml som | -
net vertical force. ' I ' ‘ l ' ] Fs

> r=mg(5.0m)+W(10.0m)-F,(120m)=0 Fo \y MO

50m)+W(10.0 m 550 N)(5.0m)+(550 N)(10.0 m
£ _Mo(50m)-W(100m) (S50N)(50m)+(S50N)(100m) o
120 m 120m

SF =F,+F,-mg-W=0 - F,=mg+W-F, =1100N-690N =[410N

If the block is on the verge of tipping, the normal forcewill beactingatthe . |jp «—
lower right corner of the block, as shown in the free-body diagram. The =

block will begin to rotate when the torque caused by the pulling forceis —r> F
larger than the torque caused by gravity. For the block to be able to slide, ' h
the pulling force must be as large as the maximum static frictional force. | 4 g
Write the equations of equilibrium for forcesin the x and y directions and mg 1 f fr
for torque with the conditions as stated above. IfN

> F =F,-my=0 —» F,=mg

ZFXZ F_Ffr =0 - F = Ffr :lusFN =Iusrrg

Se=mye-Fh=0 - M9 _Fh- ,mo

2 2

Solve for the coefficient of friction in this limiting case, to find z, =—
(@ If|u < I/2h , then dliding will happen before tipping.
(b) If |u, > I/2h , then tipping will happen before diding.
The limiting condition for the safety of the painter isthe FE -0 E )
tension in the ropes. The ropes can only exert an upward et o
tension on the scaffold. Thetension will beleast in the 1 10m

rope that is farther from the painter. The mass of the pail is ! T T T —
m,, the mass of the scaffold is m, and the mass of the 1.0m;1.0 ml 10 ml 20m ! X 1

painter is M . m,g mg Mg
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Find the distance to the right that the painter can walk before the tension in the left rope becomes
zero. Take torques about the point where the right-side tension is attached to the scaffold, so that its
value need not be known. Take counterclockwise torques as positive.

> r=mg(20m)+mg(30m)-Mgx=0 —
m(2.0m)+m,(3.0m) (25kg)(2.0 m)+(4.0kg)(3.0m)

X = = =1.03m
M 60.0 kg
Since the maximum value for x is 1.0 m, the painter can walk to the right edge of the scaffold safely.
Now find the distance to the | ft that the painter can walk Fie Fign =0
before the tension in the right rope becomes zero. Take 10 1
torques about the point where the left-side tension is — m : _ _ ,
attached to the scaffold, so that its value need not be l Xi10ml1om| 20m '10m
known. Take counterclockwise torques as positive. ' '
— Mox— _ _ M3 mg mg
> r=Mgx-mg(1.0m)-mg(20m)=0 — m,g
. m(2.0m)+m, (1.0m) (25kg)(2.0m)+(4.0kg)(1.0m) 0.90m
- M - 60.0 kg o
Thus the [l€eft end| is dangerous, and he can get within of the left end safely.
71. (a) Thepolewill exert adownward force and a T .
clockwise torque about the woman’s right hand. ' Flat
Thus there must be an upward force exerted by the . kozom= I '
left hand to cause a counterclockwise torque for the  Frige ' ' l mg
pole to have a net torque of zero. The force exerted «----10m---+

by the right hand is then of such a magnitude and
direction for the net vertical force on the pole to be zero.

> r=F,(030m)-mg(1.0m)=0 —
( 10m j _ (10.0kg)(9.80m/s’)

=326.7N ~|3.3x10”N, upward

Left

0.30m 0.30
sz:FLeﬂ_FRight_rngo -
Frage = Fux —Mg =326.7 N —(10.0 kg)(9.80m/s’) = 228.7 N = [2.3x10° N, downward

Right

(b) We seethat the force due to the left hand is larger
than the force due to the right hand, since both the I Flu
= -

right hand and gravity are downward. Set the |eft
hand force equal to 150 N and calculatethelocation g [F7 X~ 7- B

of theleft hand, by setting the net torque equal to e Lome-aa O
Zero. '

> r=F x-mg(1L.0m)=0 —
mg 98.0N
X= 10m)= 1.0 m)=]0.65m
(Lom)=———(10m)=[065m

Left

As acheck, calculate the force due to the right hand.
Fop = Fe —Mg =150 N-980N=52N OK

Right
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(c) Follow the same procedure, setting the left hand force equal to 85 N.
98.0N
Y r=F x-mg(LO0m)=0 — x=—03

- (10m)=1153m~

(1.0m)=
Left

Foge = Fle —Mg =85N-980N=-13N OK
Note that now the force due to the right hand must be pulling upwards.

The man isin equilibrium, so the net force and the net torque on him must be
zero. We represent the force on the hands as twice the force on one hand, and mg
the force on the feet as twice the force on one foot. Take torques about the
point where his hands touch the ground, with counterclockwise as positive.

=2F (d d,)- d =0 — 4 | -
2= (ds 2() mg)l( /s) 2Fhld1 | d, Iz f
mgd, 75kg)(9.8m/s*)(0.40 m) - !
F = = =109 N ~[1.1x10*N
" 2(d,+d,) 2(1.35m)

D> F, =2F +2F -mg=0

F,=4mg—F, =(75kg)(28m/s’)~100 N = 259 N ~ [26x10°N]

73. Theforce on the sphere from each plane will be normal to the sphere, and so
perpendicular to the plane at the point of contact. Use Newton’s 2™ law in
both the horizontal and vertical directions to determine the magnitudes of the
forces.

sng, e sin70°

F =F sing —-F,snf, =0 —» F,=F =
Zx L L R R R LSiﬂHR Lsin30°

in70°
D F, =F_cosf +F,cosf, -my=0 — F. (005700 + :n30° COS?’OOJ =mg

20kg)(9.80 ;
e om0 o foaon]

[cos7o° _3n 0 cosBO"j [cos7o° _sn 0 cosBO"j

. 0 H o}

sn30 sn30

Fo=F 3079 _ (9951N)307% _1870N ~ [Lox10°N

" sin30° sin30

74. To find the normal force exerted on the road by the trailer tires, take the
torques about point B, with counterclockwise torques as positive. |

= — = m
S z=mg(55m)-F, (80m)=0 — 5 I
55m 55m
F, = —— [=(2200 kg)(9.80m/s” )| —— |=14,823 N
=g 220 (2200 kg ss0mys ) 22 1

A |
z 25m 55m

The net force in the vertical direction must be zero.

S F =F,+F,-mg=0 - F, =mg—F, = (2200 kg)(9.80m/s’) ~14,823 N = [6.7x10°N]
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75. Assume a constant acceleration as the person is brought to rest, with up as the positive _
direction. Use Eq. 2-11c to find the acceleration. From the acceleration, find the average Foow
force of the snow on the person, and compare the force per area to the strength of body (]
tissue.

V-2 0-(60my/s)’

2 _\? —2a(x— - = =1800m/s’ mg
V=V, -2a(x-x) — a %) 2(-1om) m/s

F_ma_(75kg)(1800m/s’)

e o = 45x10° N/m’ < Tissue strength = 5x10° N/m’
.oum

Since the average force on the person is less than the strength of body tissue, the person may escape
seriousinjury. Certain parts of the body, such asthe legsif landing feet first, may get more than the
average force, though, and so still sustain injury.

76. The mass can be calculated from the equation for the relationship between stress and strain. The
force causing the strain is the weight of the mass suspended from the wire.

. 2
AL_1F_mg EAAL 7(1.0x10°m) 0,030

_9 - _ 9 2 —
L,L, EA EA - g L, (200x10" /') (9.80m/s’) 100 Dk

77. (&) From Example 7-6, the total force of the ground on one leg for a “tiff-legged landing” is
2.1x10°N/2=1.05x10°N. Thestressin the tibia bone is the force divided by the cross-
sectional area of the bone.
5
Stress = — = &13'\'2 =3.5x10° N/m?
A 3.0x10"m
(b) Sincethe stress from above is greater than the compressive strength of bone (1.7 x10° N/ mz) ,

the [bone will break|.

(c) From Example 7-6, the total force of the ground on one leg for a“bent-legged landing” is
4.9x10°N/2 = 2.45x10°N . The stress in the tibia bone is the force divided by the cross-
sectional area of the bone.

3
Streﬁszizwz 8.2x10° N/m’
A 3.0x10"m
Since the stress from above is less than the compressive strength of bone (1.7 x10° N/ m’ ) ,

the [bone will not break|.

78. The number of supports can be found from the compressive strength of the wood. Since the wood
will be oriented longitudinally, the stresswill be parallel to the grain.

Compressive Strength  Load force on supports Weight of roof
Safety Factor Area of supports (# supports) (area per support)
( " supports) _ Weight of roof Safet;I/ Factor
(@rea per support) Compressive Strength
(1.26x10'kg)(9.80m/s%) 12

= =12 supports
(0.040m)(0.090m) (35x10° N/m’) P
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79.

80.

Since there are to be 12 supports, there will be |6 supports on each side|. That means there will be 5
100m
5 gaps

2.0m/gap|.

gaps on each side between the supports, and so Spacing =

Thetension in the string when it breaks is found from the ultimate strength of nylon under tension,
from Table 9-2. -

F .
XT =Tensle Strength —

F. = A(Tensile Strength)

= 7(5.00x10*m)’ (500x10° N/m?) = 392.7 N

From the force diagram for the box, we calculate the angle of the rope relative to the horizontal from
Newton’s 2™ law in the vertical direction. Note that since the tension is the same throughout the
string, the angles must be the same so that the object does not accelerate horizontally.

D> F =2Fsng-mg=0 — 5 hT
25 kg)(9.80m/<? v

0=sn* 29 _ 'n’l( )(980ny )=18.18° 4
] 2(392.7 N) h

v

To find the height above the ground, consider the
second diagram.

tang=>0m=-N h=3.00m-2.00m(tang) = 3.00m-2.00m(tan18.18° ) =[2.34 m|

2.00m

The maximum compressive force in a column will occur at the bottom. The bottom layer supports
the entire weight of the column, and so the compressive force on that layer is mg . For the column to
be on the verge of buckling, the weight divided by the area of the column will be the compressive
strength of the material. The mass of the column isits volume (area x height) timesits density.

% — Compressive Strength = hApg L he Compressive Strength
£9

Note that the area of the column cancels out of the expression, and so the height does not depend on
the cross-sectional area of the column.

Compressive Strength 500x10° N/m? 6510
@ h P (7.8x10°kg/m®)(9.80m/s’) =
o] 6 2
b) h...- Compressive Strength _ 170x10 N/ m _[6ax10°m
’ P9 (2.7x10°kg/m®)(9.80m/s*)
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