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Sample Problem 3/1

A 75-kg man stands on a spring scale in an elevator. During the first 3 sec-
onds of motion from rest, the tension T in the hoisting cable is 8300 N. Find the
reading R of the scale in newtons during this interval and the upward velocity v
of the elevator at the end of the 3 seconds. The total mass of the elevator, man,
and scale is 750 kg.

Y

I
I
T=8300N
y
Solution. The force registered by the scale and the velocity both depend on |

the acceleration of the elevator, which is constant during the interval for which 4 | ] I |
the forces are constant. From the free-body diagram of the elevator, scale, and 1 Tay
man taken together, the acceleration is found to be T \
' 75(9.81) =736 N
[ZF, = ma,] 8300 — 7360 = 750a, a, = 1.257 m/s®
The scale reads the downward force exerted on it by the man’s feet. The equal 5 )

and opposite reaction R to this action is shown on the free-body diagram of the

man alone together with his weight, and the equation of motion for him gives

R
[SF, = ma,] R — 1736 =175(1.257) R =830N Ans.  750(9.81)=7360 N

The velocity reached at the end of the 3 seconds is .
Helpful Hint

3
[Av = f a dt] v—Q= f 1.257 dt v =3.77 m/s Ans. (1) If the scale were calibrated in kilo-
’ grams it would read 830/9.81
84.6 kg which, of course, is not his
true mass since the measurement
was made in a noninertial (accelerat-
ing) system. Suggestion: Rework this
problem in U.S. customary units.
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Given

* Man's mass: m = 75 kg. 3;

e Total mass of elevator, man, and scale: M = 750 kg. I
e Constant cable tension: 7' = 8300 N during the first 3 s.
e The elevator starts from rest: vg = 0. y

e Gravitational acceleration: g = 9.81 m/sz. |

T =8300N

a,
Required l T a,
(@ Scale reading R, in newtons, during this interval. 75(9.81) =736 N
@ Upward velocity v att = 3 s. "
N i P
Strategy ¢
Choose upward as +¥y and apply Newton’s second law: 750(9.81) = 7360 N R

ZF = Mmay |.

1. Complete assembly: Find a,, from the external cable tension and total weight.

2. Man alone: Use the same a,, to determine the supporting force R.

3. Kinematics: Use constant acceleration to determine the final velocity.

Key distinction: The scale measures the contact force, or apparent weight, which need not equal mg.
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@D Isolate the elevator, man, and scale together
The external vertical forces are:

e Cable tension T', upward.

e Total weight M g, downward.

The contact forces between the man, scale, and elevator are internal to this system and do not appear on its free-body

diagram. y
l
@ Apply Newton'’s second law [
S F, = Ma, : T - Mg = Ma, T:=8300'N
~~ ~~
upward  downward
|
Substitute: a,
8300 — 750(9.81) = 750a, 1
8300 — 7357.5 = 750a,.
Therefore, b= 2 ]
a, = 79;152(']5 —=1.257m/s° upward *

750(9.81) = 7360 N

Interpretation: The cable tension exceeds the total weight, producing upward acceleration. Since both forces are

constant, the acceleration is constant throughout the 3 s interval.
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@ Draw the man'’s free-body diagram
The forces on the man are:

* Scale reaction R, upward.

» Weight mg = 75(9.81) = 735.75 N, downward.

The man remains at rest relative to the elevator, so he has the same upward acceleration.

@ Apply Newton's second law |
I
ZFy:may: R — mg = ma,.
a
Rearrange: T ¥

R =m(g + ay). 75(9.81)=T36 N

Using the unrounded acceleration,

942.5
= 81 -
R=15 (98 + s )

(= s30n)

By Newton's third law, the man pushes downward on the scale with this same magnitude—the scale reading.

R

(@ Calculate the elevator’s velocity after 3 s

Helpful Hint

For constant acceleration, (1) If the scale were calibrated in kilo-

grams it would read 830/9.81
v = vg + ayt. o e J : ' ]
84.6 kg which, of course, is not his
942 .5 true mass since the measurement
v=0+ 50 (3) was made in a noninertial (accelerat-
ing) system. Suggestion: Rework this
v=23.7Tm/s upward problem in U.S. customary units.

Check: R = 830N > mg = 735.75 N. The man’s apparent weight increases because he accelerates upward; his 10

mass remains 75 kg.



Sample Problem 3/2

A small inspection car with a mass of 200 kg runs along the fixed overhead
cable and is controlled by the attached cable at A. Determine the acceleration of
the car when the control cable is horizontal and under a tension 7' = 2.4 kN.
Also find the total force P exerted by the supporting cable on the wheels.

Solution. The free-body diagram of the car and wheels taken together and

treated as a particle discloses the 2.4-kN tension 7', the weight W = mg = y
200(9.81) = 1962 N, and the force P exerted on the wheel assembly by the cable. \

The car is in equilibrium in the y-direction since there is no acceleration in 12 B\
this direction. Thus, il

o

[SF, = 0] P-24(3) —1962(;2) =0  P=273kN Ans. ar =

In the x-direction the equation of motion gives -7 12

T=24kN

[SF, = ma,] 2400(12) — 1962(;3) = 200 a = 7.30 m/s? Ans.

Helpful Hint

@ By choosing our coordinate axes
along and normal to the direction of
the acceleration, we are able to solve
the two equations independently.
Would this be so if x and y were cho-
sen as horizontal and vertical?
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Given

Car mass: m = 200 kg.

e Horizontal control-cable tension:

T =2.4kN = 2400 N.

e The fixed supporting cable has a slope of 5 vertical to 12 horizontal.
* Take g = 9.81 m/s2.
¢ Neglect resistance to rolling; the supporting force acts perpendicular to the cable.

Required

(@ Acceleration a of the car.
2 Total force P exerted by the supporting cable on the wheels.

Strategy

Treat the car and wheels together as a particle. Choose:

¢ +x2:along the supporting cable, uphill.

e +y: perpendicular to the cable, upward and left.

Because the car follows a fixed straight path,

Apply Newton's second law:




@ Identify the three external forces

e T = 2400 N, horizontally right.
o W =mg=200(9.81) = 1962 N, vertically downward.
e P, perpendicular to the supporting cable, along +.

@ Use the slope triangle

Let o be the cable’s inclination above horizontal:

5
\ + sSin o 13

12
cosa = — |.

13

3 Resolve along the selected axes
|

Force xz-component: uphill positive
T +T cos a = +2400 (%)
W —Wsina = —1962 (%)
P 0

W=mg= 1962 N

y-component: outward normal positive
—T'sina = —2400 (%)
—W cosa = —1962 (%)

+P

Interpretation: Both tension and weight have components opposite 4+, balanced by P. Along the cable, tension acts

uphill while the weight component acts downhill.

11/4/2026

Chapter 3 — Kinetics of Particles 13



-Find the supporting force and acceleration
@ Perpendicular to the cable: Find P

Sincea, = 0,

ZF =ma, =0:

5 12
P ) ) —o.
2400(13) 1962(13) 0

P =923.1 +1811.1 = 2734.2N

Therefore,

P =273kN|

@ Along the cable: Find a

Zszma:

2400 = 1962 > = 200
13 13 -
—_— —
uphill pull downhill weight component

2215.4 — 754.6 = 200a

a=7.30m/s’° uphill along the cable |.

Teaching takeaway: The car has zero acceleration perpendicular to the cable, but it is not in overall equilibrium.

Choosing axes along and perpendicular to its path lets us solve for P and a independently.
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Thus

X(trf;}i)_: (Gll?gq Fﬁg"i:“) (95):} . (@-{fﬁﬁ_}‘g ""]@3} (35)3

Vo X(X=es) = 498 m
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Sample Problem 3/3

The 250-1b concrete block A is released from rest in the position shown and
pulls the 400-1b log up the 30° ramp. If the coefficient of kinetic friction between
the log and the ramp is 0.5, determine the velocity of the block as it hits the
ground at B.

Solution. The motions of the log and the block A are clearly dependent. Al-
though by now it should be evident that the acceleration of the log up the incline
is half the downward acceleration of A, we may prove it formally. The constant
total length of the cable is L = 2s, + s, + constant, where the constant accounts
for the cable portions wrapped around the pulleys. Differentiating twice with re-
spect to time gives 0 = 2§, + § 4, or

0=2a,+a,

We assume here that the masses of the pulleys are negligible and that they
turn with negligible friction. With these assumptions the free-body diagram of
the pulley C discloses force and moment equilibrium. Thus, the tension in the
cable attached to the log is twice that applied to the block. Note that the acceler-
ations of the log and the center of pulley C are identical.

The free-body diagram of the log shows the friction force p; N for motion up
the plane. Equilibrium of the log in the y-direction gives

[ZF, = 0] N — 400 cos 30° = 0 N =3461b
and its equation of motion in the x-direction gives

B = fnag] 0.5(346) — 2T + 400 sin 30° = ;—;’% ag
For the block in the positive downward direction, we have

i _ o 250
[+ | 3F = ma] 250 —T'= o0y

Solving the three equations in a., a,, and T gives us
a, = 5.83 ft/sec? apc = —2.92 ft/sec? T =2051b
For the 20-ft drop with constant acceleration, the block acquires a velocity

[v? = 2ax] vy = V2(5.83)(20) = 15.27 ft/sec Ans.

Helpful Hints

() The coordinates used in expressing
the final kinematic constraint rela-
tionship must be consistent with
those used for the kinetic equations
of motion.

(@) We can verify that the log will in-
deed move up the ramp by calculat-
ing the force in the cable necessary
to initiate motion from the equilib-
rium condition. This force is 2T
0.5N + 400 sin 30° = 373 lbor T
186.5 1b, which is less than the 250-
Ib weight of block A. Hence, the log
will move up.

T (@) Note the serious error in assuming
that T = 250 lb, in which case, block
A would not accelerate.

T

(@) Because the forces on this system re-
main constant, the resulting acceler-
ations also remain constant.

T
A

250 1b |+ 25



Given

® Block weight: W4 = 250 1b.
e Log weight: W = 400 Ib.

e Ramp inclination: 30°.

e Coefficient of kinetic friction: pj. = 0.5.
e Block A starts from rest and drops 20 ft.

¢ Assume massless, frictionless pulleys and an inextensible cable.

e Useg = 32.2 ft/sz.

Required

Find the velocity of block A immediately before it reaches the ground at B.
Strategy

@ Use constant cable length to relate the accelerations.
@ Analyze pulley C' to relate the cable forces.
3 Apply Newton's second law separately to the log and block.

@ Use constant-acceleration kinematics over the 20 ft drop.
Units reminder

The given values are weights, so the masses are

250 400

= —, - ]_ .
32.2 ML= 399 SU&°

ma

26




Relate the lengths, velocities, and accelerations
@ Define coordinates consistent with the cable geometry

® S 4:measured vertically downward from a fixed reference.

® Sc: measured down the ramp from a fixed reference to pulley C.

The log and pulley C' move together.

@ Write the constant cable length

Two inclined cable portions change with s&; one vertical portion changes with s 4:

L= 2s C + SA + K 3
v d S~
two inclined portions  vertical portion

where K contains the constant lengths.

@ Differentiate with respect to time

Since L and K are constant,

. . V4
0=28¢c+s4 = v = —— |

L q
Differentiate again:

0=2ac+ay, = ac = ——— |

Interpretation: When block A accelerates downward, the log accelerates up the ramp at half that magnitude. Its

acceleration a( is negative because our positive direction is down the ramp. 27



Pulley C' and log: Determine the force equation ‘
@ Analyze the ideal moving pulley

The main cable has tension 1" on both sides of pulley C. Its two parallel portions pull uphill. -

For the negligible-mass pulley,

T+T—-Fin=0 = |Fi=2T|

Thus, the pulley pulls the log uphill with force 27"

@ Find the normal force and kinetic friction

Perpendicular to the straight ramp, acceleration is zero:

N —400c0s30°=0 = |N =346.41b]. -
Since the log slides uphill, friction acts downbhill:

F, = N = 0.5(346.4) = 173.21b |. oT r

Q) Apply Newton's second law along the ramp

Using downhill as positive, consistent with s¢:

4
400sin30° +173.2— 2T = ﬂac.
S——— SN—— ~~ 32.2
weight component friction uphill pull
Substitute ac = —a 4 /2:
200
373.2 - 2T = ——32.2@1.
Rearrange:
200 . )
2T — 373.2 = 35994 .etics of Particles 28




Block A: Acceleration and final velocity
(D Apply Newton'’s second law to block A

Taking downward as positive,

950 250
<& <o o322t
weight upward tension

Hence,
250
T=250—- —agu.
07 gpp™

(@ Substitute into the log equation

250 200
2 (250 — 327OEA) —373.2 = 3270.)4.

Collect terms:

700
500 — 373.2 = 35994

ay = 5.83ft/s° downward

Consequently,

ac = —2.92ft/s’, T ~205b.

@ Find the velocity after the 20 ft drop
The forces—and therefore the accelerations—remain constant during the motion:

vi = vy + 2a4As4.

Starting from rest,

va = /0 + 2(5.83)(20)

‘vA =15.3ft/s downward ‘

Check: T' < 250 1b, allowing the block to accelerate downward, while 27" > 373.2 b, allowing the log to accelerate
uphill.

250 1b |+

29




(1D — Advanced)

Sample Problem 3/4

8
Vi

The design model for a new ship has a mass of 10 kg and is tested in an exper- v
imental towing tank to determine its resistance to motion through the water at 9 ol
various speeds. The test results are plotted on the accompanying graph, and the Z /
resistance R may be closely approximated by the dashed parabolic curve shown. If > 4 7
the model is released when it has a speed of 2 m/s, determine the time ¢ required /4’
for it to reduce its speed to 1 m/s and the corresponding travel distance x. 2 Py

~4 X

Solution. We approximate the resistance-velocity relation by R = kv* and 0 1 2
find & by substituting R = 8 N and v = 2 m/s into the equation, which gives T

k = 8/2° = 2 N-s%/m2 Thus, R = 2v%

The only horizontal force on the model is R, so that

[EF, = ma,] —R = ma, or —2v% = 10 %lti

We separate the variables and integrate to obtain

t v
dv (e
t=-5]| 2 t=5=-=
fod 2 v2 (U 2)8

Thus, when v = vy/2 = 1 m/s, the time is ¢ = 5(— — —) =2.58. Ans. Helpful Hints
The distance traveled during the 2.5 seconds is obtained by integrating v = (1) Be careful to observe the minus sign
dx/dt. Thus, v = 10/(5 + 2t) so that for R.
x 25 10 10 (2) Suggestion: Express the distance x
f dx = j 5+ 9 2 - In (5 + 2t)| =347Tm Ans. after release in terms of the velocity

v and see if you agree with the re-
sulting relation x = 5 In (v, /v).
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(2D — Advanced)

Sample Problem 3/5

The collar of mass m slides up the vertical shaft under the action of a force
F of constant magnitude but variable direction. If § = kt where % is a constant
and if the collar starts from rest with # = 0, determine the magnitude F of the
force which will result in the collar coming to rest as # reaches 7/2. The coeffi-
cient of kinetic friction between the collar and shatft is p;.

Solution. After drawing the free-body diagram, we apply the equation of mo-
tion in the y-direction to get

3F, = Fcos — u,N — =
[EF, = ma,] cos i, mg=m

where equilibrium in the horizontal direction requires N = F sin 6. Substituting
) = kt and integrating first between general limits give

4 v
f (Fcos kt — u, F sin kt —mg)dt = m f dv
0 0
which becomes
i
E [sin kt + p(cos kt — 1)] — mgt = mv

For # = /2 the time becomes ¢ = w/2k, and v = 0 so that

mgm -0 il mgm

F
=l + — — T —
rdlil s e =

11/4/2026 Chapter 3 — Kinetics of Particles

Helpful Hints

(1) If 6 were expressed as a function of
the vertical displacement y instead
of the time £, the acceleration would
become a function of the displace-
ment and we would use v dv = a dy,

(2) We see that the results do not de-
pend on %, the rate at which the
force changes direction.

31



K|net|cs — Curvilinear Motion

Rectangular coordinates

/\

where a, =X and a, =y

where a, = sz = vz/p = Ué, a; =70, and g = PB

Polar coordinates

11/4/2026 where a,=r —ro? and a, =rb + 276 32




Sample Problem 3/6

Determine the maximum speed v which the sliding block may have as it
passes point A without losing contact with the surface.

Solution. The condition for loss of contact is that the normal force N which
the surface exerts on the block goes to zero. Summing forces in the normal direc-
tion gives

2 —
[EF, = ma,] mg =m % v = Jgp Ans.

If the speed at A were less than Vv"‘g_p, then an upward normal force exerted by the
surface on the block would exist. In order for the block to have a speed at A
which is greater than V-";gp, some type of constraint, such as a second curved sur-
face above the block, would have to be introduced to provide additional down-
ward force.

11/4/2026 Chapter 3 — Kinetics of Particles
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Given

e Ablock slides over the crest at A.
¢ The radius of curvature at A is p.
e Gravitational acceleration is g.

e The surface can push on the block but cannot pull it toward the surface.

Required
Find the maximum speed tmay at A without losing contact.

Strategy

@ Draw the free-body diagram at A: mg

e Weight mg, downward.

e Contact force N, upward. I:I:F sty

@ Choose +n downward toward the center of curvature; the tangent at A is horizontal.

3 Apply Newton's second law in the normal direction:

v
E F, = ma,, a, = — |
p

@ At the limiting condition for maintaining contact,

N =0\

Only the normal equation is needed to determine the limiting speed. 34



(1) Write the normal equation while contact is maintained

Taking downward as positive,

mg - N —mZ.
~~ ~~ P

toward the center away from the center

2
N—m(gv).
p

As speed increases, the required inward acceleration increases, and the contact force decreases.

Rearrange:

@ Apply the limiting condition N = 0
max

mg=m—-—.

Cancel m and solve:

Umax = /9P |-

@ Interpret the result

Speed at A Contact condition

v < ,/gp N > 0: contact is maintained.

v=.,/gp N = (0 limiting contact condition.

v > ./9p Following the surface would require N < 0, so the block loses contact.

Key takeaway: At the limiting speed, the contact force is zero, but the normal acceleration is not:

Gravity alone provides the required inward acceleration.

mg

35
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Sample Problem 3/7

Small objects are released from rest at A and slide down the smooth circular
surface of radius R to a conveyor B. Determine the expression for the normal
contact force N between the guide and each object in terms of # and specify the
correct angular velocity w of the conveyor pulley of radius r to prevent any slid-
ing on the belt as the objects transfer to the conveyor.

Solution. The free-body diagram of the object is shown together with the coor-
dinate directions n and £. The normal force N depends on the n-component of the
acceleration which, in turn, depends on the velocity. The velocity will be cumula-
tive according to the tangential acceleration a;,. Hence, we will find @, first for
any general position.

[ZF, = ma,] mg cos 0 = ma, a; = gcost

Now we can find the velocity by integrating
v (]

[vdv = a,ds] f vdv = f g cos 0 d(R0) v? = 2gR sin 0
0 0

We obtain the normal force by summing forces in the positive n-direction, which
is the direction of the n-component of acceleration.

2
[EF, = ma,] N -—mgsinfl =m % N = 3mg sin 0 Ans.

The conveyor pulley must turn at the rate v = rw for 6§ = 7/2, so that

w = J2gRIr Ans.

Helpful Hint

() It is essential here that we recognize
the need to express the tangential ac-
celeration as a function of position so
that v may be found by integrating
the kinematical relation v dv = q, ds,
in which all quantities are measured
along the path.



Given

* Objects start from restat A: vy = 0.

® The circular guide is smooth: no friction.
* Guide radius: R.

¢ Conveyor-pulley radius: 7.

* Let each object have mass m.

* The angular position increases from § = 0 at Ato 8§ = /2 at B.

Required

(1) Normal contact force N as a function of 6.

(@) Conveyor-pulley angular velocity w for transfer without sliding.

Strategy
Choose +t down the guide and +n toward its center of curvature.

1. Apply > F; = may, then integrate to find v(8).
2. Apply 3 F,, = mv?/R to find N (6).
3. Match the belt speed to the object’s speed at B:

rw = vg|

Free-body diagram: Only two forces act on the object—weight mg downward and contact force N toward the center.
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Tangential equation: Find the speed
(D Apply Newton's second law along the tangent

The contact force has no tangential component:

Zﬂzmat : mg cos = may.

a; = gcost

This acceleration varies with position, so constant-acceleration formulas do not apply.

(@) Relate acceleration to speed and distance

Using the chain rule,
dv dv ds
a’ﬁ - = — —
dt ds dt
~

v

=  vdv=a;ds.

Along the circular guide,

s=RO = ds=Rdf (# in radians). R -~ &
P
Therefore, ~ ﬁ
vdv = gRcosdf. /\>\
N \
@ Integrate from rest at A to a general position A\ ¢

v a
/ udu:ng cos pdo
0 0

2

v

— = gRsin6.
5 = gRsin
v® = 2gRsinf

At B, 0 = 7r/2:
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Normal force and conveyor angular velocity

@ Apply Newton's second law toward the center

M F v N inf Z
n=Mm—: — mg sin =m—.
R ~ \_gv_/ R
toward the center away from the center
Substitute v? = 2gR sin 6:
2gRsinf
N —mgsinf = mgT = 2mgsin 6.
Thus,
N(0) = 3mgsinb |.
Check at the bottom of the guide:
™ mg T @
6=_- = |Npg=23mg| b,
2 R -~
-
7

This is the contact force just before leaving the curved guide. It exceeds the weight because an upward normal

N
acceleration is required. /\>
\
\

@ Match the belt speed to the arrival speed N \
For transfer without sliding, d
Vhelt = UB-
Assuming no slip between belt and pulley,
rw = v/ 2gR.

w= rad/s, clockwise

V2gR
r

Clockwise rotation moves the upper belt to the right, matching the object’s velocity at B.

39
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Sample Problem 3/8

A 1500-kg car enters a section of curved road in the horizontal plane and
slows down at a uniform rate from a speed of 100 km/h at A to a speed of 50
km/h as it passes C. The radius of curvature p of the road at A is 400 m and at C
is 80 m. Determine the total horizontal force exerted by the road on the tires at
positions A, B, and C. Point B is the inflection point where the curvature
changes direction.

Solution. The car will be treated as a particle so that the effect of all forces ex-
erted by the road on the tires will be treated as a single force. Since the motion is
described along the direction of the road, normal and tangential coordinates will
be used to specify the acceleration of the car. We will then determine the forces
from the accelerations.

The constant tangential acceleration is in the negative #-direction, and its
magnitude is given by

_ | (50/3.6)* — (100/3.6)*

> 2
2(200) 1.447 m/s

[ve? = vy 2 + 2a, As] a,

The normal components of acceleration at A, B, and C are

- (100/3.6)%

i = 2
[a, = v/pl At A, a, 200 1.929 m/s
AtB, a,=0

2
ALC, a,-= @%%@— = 2.41 m/s?

11/4/2026 Chapter 3 — Kinetics of Particles

Helpful Hints

(1) Recognize the numerical value of
the conversion factor from km/h to
m/s as 1000/3600 or 1/3.6.

@ Note that a, is always directed to-
ward the center of curvature.
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\‘/

Application of Newton’s second law in both the n- and ¢-directions to the
free-body diagrams of the car gives

[EF, = ma,] F, = 1500(1.447) = 2170 N
@ [EF, = ma,] At A, F, = 1500(1.929) = 2890 N

AtB, F,=0

At C, F, = 1500(2.41) = 3620 N (@) Note that the direction of F, must

agree with that of a,,.
Thus, the total horizontal force acting on the tires becomes

AtA, F=JF2+F2=/(2890)% + (2170)2 = 3620 N Ans.
AtB, F=F,=2170N Ans.
@ At C, F=JFz2+F2= /(36202 + (2170)2 = 4220 N Ans. (4) The angle made by a and F with the

direction of the path can be com-
puted if desired.
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Given

e Carmass:m = 1500 kg.
* Speed decreases uniformly from 100 km /h at A to 50km /h at C'.
e Distance along the road: s4¢ = 200 m.

e Radii of curvature:

pa = 400m, pc = 80m.

e B isaninflection point.

® The road lies in a horizontal plane.

Required

Determine the total horizontal force exerted by the road on the tires at A, B, and C.

Strategy

Choose +t along the motion and +n toward the local center of curvature.

(@ Find the constant tangential acceleration from
’U% = ’Ui + 2a;84C.
@ Calculate a,, = v?/p at each point.

@ Apply Newton's second law:

Fy = may, F, = may, |

@ Combine the perpendicular components:

F=/F+F?|

Particles
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Kinematics: Tangential and normal accelerations

@ Convert the speeds

100 20
Vg = ﬁ = 27.778 m/S,

@ Determine the constant tangential acceleration

(50/3.6)2 — (100/3.6)>

_ Ve _
B 2(200)

a;

23AO

a; = —1.447m/s’

The negative sign means acceleration opposite the direction of motion.

() Determine the normal acceleration at each point

Position Normal acceleration a,, = '02/,0
A (100/3.6)? 2
L 7 —11.929
400 m/s
B Zero curvature:
= 2
c % —2.411m/s

Observation: We do not need vp, because the curvature at B is zero.

11/4/2026 Chapter 3 — Kinetics of Particles

U= e = 13.889m/s.

Tangential acceleration a;

~1.447m/s

—1.447m/s*

—1.447m/s>
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Kinetics: Tangential and normal force components
@ Identify the horizontal forces

Treat the combined action of the road on all tires as one horizontal resultant:

F = F;et + Fnen.

The vertical support force balances the weight and is not part of the requested horizontal force.
@ Apply Newton's second law along the tangent

At all three positions,

Y F=ma,:  F =1500(—1.447).
n
F, = -2170N /
/
Thus, the tangential force has magnitude 2.17 kIN and acts backward along the road. (A )/ Ft

@ Apply Newton’s second law toward the center of curvature

Z Erz = may,.

Position Normal force component

A Foa = 1500(1.929) ~
B Fop = 1500(0) =[0]

C Fne = 1500(2.411) ~

Important distinction: Here, F}, is the horizontal turning-force component, directed toward the center of curvature. It

is different from the vertical support force exerted by the road.
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Resultant horizontal force at A, B, and C

The tangential and normal directions are perpendicular:

F=/F2+F2|

At A: Braking and turning

Fy = +/(—2170)2 + 28902

Fy ~ 3620N = 3.62kN

At B: Braking only

Fp = +/(-2170)2 + 02 (A)///
Fp = 2170N = 2.17kN F/*\E\ .
At C: Braking and sharper turning : ' g
Fo = /(—2170)2 + 3620? F

Fo ~ 4220N = 4.22kN

At A and C, the resultant points backward and inward; at B, it points directly backward along the tangent.

Teaching takeaway: Although the speed at C'is half that at A, its radius of curvature is only one-fifth as large:

I = (%)2(5) —1.25.

apA

The tighter turn therefore requires a larger normal force—and a larger total horizontal force—at C. 45



Sample Problem 3/10

Tube A rotates about the vertical O-axis with a constant angular rate 6 = o
and contains a small cylindrical plug B of mass m whose radial position is con-
trolled by the cord which passes freely through the tube and shaft and is wound
around the drum of radius b. Determine the tension T in the cord and the hori-
zontal component F), of force exerted by the tube on the plug if the constant an-
gular rate of rotation of the drum is w, first in the direction for case (a) and
second in the direction for case (b). Neglect friction.

Solution. With r a variable, we use the polar-coordinate form of the equations
of motion, Egs. 3/8. The free-body diagram of B is shown in the horizontal plane
and discloses only T and F,. The equations of motion are

[EF, = ma,] —T = m(¥ —r6?

[EF, = ma,] F,=m(ri + 2i0)

Case (a). With 7 = +bw,, ¥ = 0, and 6 = 0, the forces become

T = mro*  F,=2mbww Ans.
Helpful Hint
(1) Case (b). With 7 = —bw,, © = 0, and i = 0, the forces become (1) The minus sign shows that F, is in
the direction opposite to that shown
T = mrw® F, = —2mbwyw Ans. on the free-body diagram.
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Given

¢ Plug B has mass m and radial position 7.

® The horizontal tube rotates at constant angular rate:

ézw, 6 =0.

e A drum of radius b controls the cord at constant angular speed wy.

® Neglect friction; assume the cord remains taut and does not slip on the drum.

Required
For each drum-rotation direction, determine:

(1 Cord tension T'.

@ Horizontal force component Fy exerted by the tube on the plug.

Strategy

Choose +7 outward along the tube and +8 in the direction of tube rotation.

1. Relate the plug’s radial speed to the drum speed:

7 = Fbwy |

2. Draw the plug’s free-body diagram in the horizontal plane.

3. Apply Newton's second law in polar coordinates:

ZF“" = m(# — r6?)

Z Fy = m(rf + 270) |.

| f)
e
O on

’ case (b)

case (a)

Radial/Transverse
Components

vV=re, + .*"E.bﬁ
q = (F — 18’ }; +(rffj + fofr')eﬂ

ticles 47



Radial and transverse equations of motion
@ Identify the forces
In the horizontal plane:

e Tension T acts inward, opposite +7.

e The frictionless tube exerts Fy perpendicular to its axis.

Vertically, the tube's supporting force balances the plug’s weight.
@ Apply the radial equation

ZF’" = ma, : ~T = m(# — r6?).
Since the drum speed and radius are constant,

r = +bwy = constant = ¥ =0.

With § = w,

T = —mrw = T = mrw

@ Apply the transverse equation
Z Fy = may : Fy = m(ré + 2?"9).

Because 6 = 0,

Fy =2mrw)|

Key observation: Constant angular speed does not make the transverse acceleration zero:

ap = 21 w|.

The plug is also moving radially while the tube rotates.

+6

case (a)

f=0w

48



Evaluate cases (a) and (b)
Case (a): Cord pays out; the plug moves outward
?:' = +bw0, '}." — 0.

Therefore,

T = mrw?®

Fy =2m(+bwy)w = |Fy=+2mbwyw |

The tube pushes the plug in the positive transverse direction, as assumed in the free-body diagram.
Case (b): Cord winds in; the plug moves inward

= —bw(}, r = 0.

Therefore,

2

T =mrw

Fy =2m(—bwy)w = |Fyp=—2mbwyw|

The negative sign means that the tube’s horizontal force acts opposite the direction assumed in the free-body

diagram.

Compare the cases: At the same radial position 7, reversing the drum leaves the tension unchanged but reverses Fj.

As the plug moves, T = mrw? increases outward and decreases inward.

11/4/2026 Chapter 3 — Kinetics of Particles 49



2. Work and Energy Principles
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Sample Problem 3/11

Calculate the velocity v of the 50-kg crate when it reaches the bottom of the
chute at B if it is given an initial velocity of 4 m/s down the chute at A. The coef-
ficient of kinetic friction is 0.30.

Solution. The free-hbody diagram of the crate is drawn and includes the nor-
mal force R and the kinetic friction force F calculated in the usual manner. The
work done by the weight is positive, whereas that done by the friction force is
negative. The total work done on the crate during the motion is

[U = Fs] U,, = 50(9.81)(10 sin 15°) — 142.1(10) = —151.94J
The work-energy equation gives
T+ Uyps =T smu 2+ Upy = 5 moy?
1(50)(4)% - 151.9 = § (5000,
vy = 3.15 m/s Ans.

Since the net work done is negative, we obtain a decrease in the kinetic energy.

11/4/2026 Chapter 3 — Kinetics of Particles

50(9.81) N

uR=1421N i
R=474N

Helpful Hint

(1) The work due to the weight depends
only on the vertical distance traveled.
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Given ‘

* Crate mass: m = 50kg o
e |Initial velocity: v4 = 4m/s, down the chute -
e Distance traveled: s = 10m

* Inclination: @ = 15°

e Coefficient of kinetic friction: pr. = 0.30

Required

The velocity v when the crate reaches B.

Strategy

(D Find the normal reaction and kinetic friction:

N = mgcos#, F. = . N
@) Calculate the work of each force over A — B:
Uw = mg ssinb, U = —Fys, Unv =0

@ Apply the principle of work and energy:

1 2 1 2
—muvy + U = —Mmu
2 A A—B 9 B
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(@ Determine the contact forces

There is no acceleration perpendicular to the straight chute:

N =50(9.81) cos 15° = 473.8 N

Fr = 0.30(473.8) = 142.1N

®) Calculate the work

Uy = mgssinlh® = 1269.5]
———
weight assists the motion
Ug = —ppmgcosls’s = —1421.4]

~~
friction opposes the motion

The normal reaction is perpendicular to the displacement, so Uy = 0.

Us,p =1269.5 —1421.4 = —151.9J

@ Apply PWE

1

2 L 2
5 (50)(4)° = 151.9 = £ (50)u},

vp = 3.15m/s down the chute

50(9.81) N

1R =142.1N .
R=474N

Negative net work reduces kinetic energy: the crate slows down from 4.00 to 3.15 m/s, even while moving downhill.
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Sample Problem 3/12

The flatbed truck, which carries an 80-kg crate, starts from rest and attains
a speed of 72 km/h in a distance of 75 m on a level road with constant accelera-
tion. Calculate the work done by the friction force acting on the crate during this
interval if the static and kinetic coefficients of friction between the crate and the
truck bed are (@) 0.30 and 0.28, respectively, or (b) 0.25 and 0.20, respectively.

Solution. If the crate does not slip on the bed, its acceleration will be that of
the truck, which is
e = (72/3.6)*

[v% = 2as] a=_—

= 2
55 oo e

Case (a). This acceleration requires a friction force on the block of

[F = mal F = 80(2.67) = 213 N

which is less than the maximum possible value of u,N = 0.30(80)(9.81) = 235 N.
Therefore, the crate does not slip and the work done by the actual static friction
force of 213 N is

[U = Fs] U, = 213(75) = 16 000 J or 16 kJ Ans.
Case (b). For u, = 0.25, the maximum possible friction force is 0.25(80)(9.81) =
196.2 N, which is slightly less than the value of 213 N required for no slipping.
Therefore, we conclude that the crate slips, and the friction force is governed by the

kinetic coefficient and is F = 0.20(80)(9.81) = 157.0 N. The acceleration becomes

[F = ma] a = Fim = 157.0/80 = 1.962 m/s2

The distances traveled by the crate and the truck are in proportion to their ac-
celerations. Thus, the crate has a displacement of (1.962/2.67)75 = 55.2 m, and
the work done by kinetic friction is

[U = Fs] U, = 1567.0(55.2) = 8660 J or 8.66 k.J Ans.

80(9.81) N

ﬁa
I s

80(9.81) N

Helpful Hints

(1) We note that static friction forces do

no work when the contacting sur-
faces are both at rest. When they are
in motion, however, as in this prob-
lem, the static friction force acting
on the erate does positive work and
that acting on the truck bed does
negative work.

(2) This problem shows that a kinetic

friction force can do positive work
when the surface which supports the
object and
force is in motion. If the supporting
surface iz at rest, then the kinetie

generates the friction

friction force acting on the moving
part always does negative work.



Given

me = 80kg, v = Voo = 0

vp = 72km/h = 20m/s, s =T75m

The truck accelerates uniformly on a level road.

Case Hs i
(a) 0.30 0.28
(b) 0.25 0.20

Required: Work done by friction on the crate during the truck’s 75-m displacement.

Strategy

(1) Calculate the truck’'s acceleration.
(2 Assume no slipping and compare marp with s IN.

3 Determine the actual friction force and the crate’s displacement.
@ Calculate Uy = F'sc.

Use the ground reference frame. Assume the crate remains on the truck bed throughout the interval.
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Truck kinematics and the no-slip requirement

(D Calculate the truck’s acceleration

2 2
v = Vg + 2arST

ar = 207 _ 2.667m/s”
7o) — 7
S80(9.81) N
(@ Determine the normal reaction on the crate ¢
Y F,=0: N-mcg=0 —
) T
N = 80(9.81) — 784.8 N
80(9.81) N

@ Find the friction required for no slipping

If the crate moves with the truck, ao = ar:

Frequirea = mear = 80(2.667) = 213.3N

Friction acts forward, preventing the crate from slipping backward relative to the bed. 66




Case (a): No slipping ‘

s = 0.30, pr = 0.28

(@ Check the available static friction | ‘

Fs?maac _— }LSN = 030(7848) — 2354N 80(9.81) N

. . i
213.3N < 235.4N —> |No slipping F_}Ij_I:’

required available maximum

80(9.81) N
@) Calculate the work of actual static friction

F, =213.3N, Sg =8 =175m

U = Fys0 — [80 (;S;)] (75)

Ur =16000J = 16.0kJ

Static friction does positive work: both the force and the crate's displacement point forward.
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Case (b): Slipping and crate acceleration ‘

s = 0.25, pr = 0.20

@ Test the no-slip assumption

Fymax = 0.25(784.8) = 196.2N ‘

B80(9.81) N
213.3N >  196.2N — | The crate slips .
required available maximum i
@ Use kinetic friction 80(9.81) N

Fy, = u N = 0.20(784.8) = 156.96 N

@ Apply Newton’s second law to the crate

Fk = mMmeac

15696
“7 80

—1.962m/s’ forward

Since ac < ar, the truck moves ahead of the crate. The crate slides backward relative to the bed.
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Case (b): Crate displacement and friction work

@ Find the crate’s ground displacement

Both start from rest and move for the same time with constant accelerations:

So = 5a0t2, ST = Eath

Dividing eliminates time:

¢ _ 4¢ 80(9.81) N

ST ar ¢

1.962 (75) 55.18 O ’
S = ———————— = 55.18m
“ 7 202/[2(75)] 1\
@ Calculate the work on the crate
Uf = F; Sc = 156.96(55.18)

~~ ~~

forward forward ground displacement

U; = 8.66kJ

Use the crate’s displacement—not the truck’s 75 m or the relative sliding distance. Kinetic friction does positive work

on the crate because it accelerates the crate forward.

Instructor note: The implied backward displacement relative to the truck is 75 — 55.18 = 19.82 m. Thus, the textbook

solution assumes a sufficiently long bed and ignores the possibility of the crate falling off. 69



Power — Efficiency

Accordingly, the power P developed by a force F which does an
amount of work U is P = dU/dt = F -dr/dt. Because dr/dt is the velocity v
of the point of application of the force, we have

[P = F-‘J (3/16)

Power is clearly a scalar quantity, and in SI it has the units of N-m/s = J/s.
The special unit for power is the watt (W), which equals one joule per sec-
ond (J/s). In U.S. customary units, the unit for mechanical power is the
horsepower (hp). These units and their numerical equivalences are

1W=1J/s

1 hp = 550 ft-1b/sec = 33,000 ft-1Ib/min

1 hp = 746 W = 0.746 kW

11/4/2026 Chapter 3 — Kinetics of Particles

70




Power — Efficiency (cont.)

Efficiency

The ratio of the work done by a machine to the work done on the
machine during the same time interval is called the mechanical effi-
ciency e, of the machine. This definition assumes that the machine op-
erates uniformly so that there is no accumulation or depletion of energy
within it. Efficiency is always less than unity since every device operates
with some loss of energy and since energy cannot be created within the
machine. In mechanical devices which involve moving parts, there will
always be some loss of energy due to the negative work of kinetic fric-
tion forces. This work is converted to heat energy which, in turn, is dis-

sipated to the surroundings. The mechanical efficiency at any instant of
time may be expressed in terms of mechanical power P by

POU u
= (3/17)

input

11/4/2026 Chapter 3 — Kinetics of Particles
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Sample Problem 3/14

The power winch A hoists the 800-1b log up the 30° incline at a constant speed
of 4 ft/sec. If the power output of the winch is 6 hp, compute the coefficient of ki-
netic friction u, between the log and the incline. If the power is suddenly increased
to 8 hp, what is the corresponding instantaneous acceleration a of the log?

Solution. From the free-body diagram of the log, we get N = 800 cos 30° =
693 1b, and the kinetic friction force becomes 693y;. For constant speed, the
forces are in equilibrium so that

[EF, =0] T — 693w, —800sin30°=0 T = 693u, + 400

The power output of the winch gives the tension in the cable

[P = Tv] T = Pfv = 6(550)/4 = 8251b
Substituting T gives

825 = 693, + 400 = 0.613 Ans.

When the power is increased, the tension momentarily becomes
[P = Tv] T = Pjv = 8(550)/4 = 1100 1b
and the corresponding acceleration is given by
[SF, = ma,] 1100 — 693(0.613) — 800 sin 30° = %’92— a
a = 11.07 ft/sec® Ans.

11/4/2026 Chapter 3 — Kinetics of Particles

Helpful Hints
(1) Note the conversion from horse-
power to ft-lb/sec.

(2) As the speed increases, the accelera-
tion will drop until the speed stabi-
lizes at a value higher than 4 ft/sec.
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Given

e Log weight W = 800 Ib

¢ Incline angle: 8 = 30°

* Initial constant speed: v = 4 ft /s
¢ Initial power: P; = 6 hp

* Increased power: P, = 8 hp

Required: p. and the acceleration immediately after the power increase.
Strategy

1. Draw the FBD: tension uphill, friction downhill, weight vertically downward, and normal reaction perpendicular to
the incline.
2. Use P = T'v and the initial condition a = 0 to determine L.

3. Calculate the new tension at the unchanged instantaneous speed, then apply Y F, = ma.

Include the unit reminders:

1 hp = 550 ft - Ib/s, sz, g =32.2ft/s".
g
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Determine the coefficient of kinetic friction

Taking + uphill:

The initial cable tension is

Since the speed is constant:

Therefore,

11/4/2026

N = W cos 30° = 800 cos 30° = 692.82 1b.

Ty — N — Wsin 30° = 0.

825 — 800sin 30°
Hie = 692.82

= 0.6134|.

Chapter 3 — Kinetics of Particles
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Determine the instantaneous acceleration

Immediately after the increase, v = 4 ft /s, so

75 = — = ———= = 1100 1b.

Using the unrounded friction force from slide 2:

Apply Newton's second law:

. . 800
1100 — 425 — 800sin 30° = 399 a,

a = 11.07 ft/s* up the incline |

Close with one short observation: At constant power, T' = P /v decreases as the speed increases, so this

acceleration is instantaneous—not constant throughout the subsequent motion.
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Sample Problem 3/16

The 6-1b slider is released from rest at position 1 and slides with negligible
friction in a vertical plane along the circular rod. The attached spring has a stiff-
ness of 2 1b/in. and has an unstretched length of 24 in. Determine the velocity of
the slider as it passes position 2.

Solution. The work done by the weight and the spring force on the slider will
be treated using potential-energy methods. The reaction of the rod on the slider
is normal to the motion and does no work. Hence, Uy, = 0. We define the datum
to be at the level of position 1, so that the gravitational potential energies are

V,=0

=0 ST < 4
V, = —mgh 6(12) 12 ft-1b

The initial and final elastic (spring) potential energies are

Vi=ghe?=1 (2)(12)( ) = 48 ft-1b

24, /2 2
Vy=Llhx,2=1 (2)(12)( f‘é) = 8.24 ft-1b
Substitution into the alternative work-energy equation yields
y 1{ 6
[T, +V, + U, =T, +V,l 0+48+0=2(322) 2_-12+824
vy = 23.6 ft/sec Ans.

11/4/2026 Chapter 3 — Kinetics of Particles

Helpful Hint

(1) Note that if we evaluated the work

done by the spring force acting on
the slider by means of the integral
[F -dr, it would necessitate a lengthy
computation to account for the
change in the magnitude of the force,
along with the change in the angle
between the force and the tangent to
the path. Note further that v, de-
pends only on the end conditions of
the motion and does not require
knowledge of the shape of the path.
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Given

e Sliderweight W =61b

e Released from rest: v; = ()

e Circular-rod radius: R = 24 in = 2 ft

e Spring stiffness: k = 2 1b/in = 24 b /ft

e Unstretched spring length: Ly = 24 in = 2 ft
e Negligible friction

Required: velocity at position 2.

Strategy

1. Choose the gravitational datum at position 1.
2. Calculate gravitational and spring potential energies at both positions.

3. Apply the energy equation to determine vs.

The rod’s normal reaction is perpendicular to the motion and does no work. With negligible friction,

nc
Ul »2 T M
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Gravitational potential energy

Taking position 1 as the datum:

Y = 0, Yos = —2 ft.

Using V, = Wy

V= 6(—2) = —12ft - Ib|.

The negative value means position 2 lies below the chosen datum.
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Spring potential energy

Use

1
VS:Eka, x =L — Ly,

where x is the spring extension, not its total length.

At position 1:
Li=24+24=148in=4ft,

$1:4—2:2ft,

1
Vi = 5(24)(2)° = 48ft - Ib|

At position 2, the spring forms the hypotenuse of a right triangle:

Ly = /22 4+ 22 = 24/2 ft,

T = 22 — 2 =0.8284 ft,

1
Vi = 5(24)(2\/5 —2)2=8.24ft-1b|.

les
The spring shortens but remains stretched at position 2.
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‘Apply the energy equation

Retain every term explicitly:

T1+%1+E1+U }2—TQ+V2+V32

Since the slider starts from rest:

g2

Thus,

1/ 6
(322)% 48 + 12 — 8.24 = 51.76 ft - Ib,

vo = 23.6 ft/s to the right |

Both gravity and the spring release potential energy, increasing the slider’s kinetic energy. Their work is already

represented by the potential-energy terms and must not be added again to U, ,,.
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3. Impulse and Momentum
Methods

11/4/2026 Chapter 3 — Kinetics of Particles

99




Prm::.g{:le o% Lmpulse - Mowmentum

e hove alfeady seen

WorK - Enz':y

Pﬁﬂc..iPIe osf

Im?ui&& - Mowertum

ﬁ - Ml‘i ) SI(\ )-'35 = P\'iﬂLiP\d 1:&5
\

Now, U yoe —

|

F= f%(mﬁ)

L

n€at m OMZTup

11/4/2026 Chapter 3 — Kinetics of Particles 100




Sample Problem 3/20 R

A 2-lb particle moves in the vertical y-z plane (z up, y horizontal) under the
action of its weight and a force F which varies with time. The linear momentum F
of the particle in pound-seconds is given by the expression G = g(t2 + .33 =
g(f* — 4)K, where ¢ is the time in seconds. Determine F and its magnitude for the

instant when ¢ = 2 sec. Up
Solution. The weight expressed as a vector is —2k Ib. Thus, the force-momentum -2k 1b
equation becomes y
[=F = G] F—2k=§t~[g(t2+3)j—§(t3—4)k]
= 3tj — 2¢%k Helpful Hint
B dim il nac F = 2k + 3(2)j — 222k = 6j — 6k Ib Kria (1) Don’t forget that XF includes all ex-
4 = ternal forces acting on the particle,
Thus, F=J62+62=6/21b Ans. including the weight.
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Given

e Particle weight: W = 2 Ib.
e Motion in the vertical y-z plane, with +2z upward.
e External forces: applied force F'(¢) and weight W = —2k Ib.

e [inear momentum:

G(t) = %(tz +3)j — g(t'f" —4)k

where t is in seconds.

Required: F and its magnitude att = 2 s.
Strategy

1. Differentiate momentum using > F = dG/dt.
2. Include the weight and isolate F'(¢).
3. Substitute £ = 2 s and calculate the magnitude.

Place the supplied force diagram alongside these points.

11/4/2026 Chapter 3 — Kinetics of Particles

[lb ) SI'.!

-2k 1b
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Force from the rate of change of momentum

Differentiate the momentum:

dG
F=_"—— —|3tj—2t’k [Ib]|.
> F=— j Ib]

-2k 1b

The resultant includes both the applied force and weight: y

F -2k =3tj—2t°k.

Therefore,

F(t)=3tj+ (2 -2tk [Ib]|

Att =2s:

F(2) =3(2)j+ [2—2(2)°| k=|6j — 6k 1b|.

Its magnitude is

|F| = /62 + (—6)2 = 6v/2 = 8.49 1b |,

Teaching takeaway: At this instant, the resultant vertical force is 8 b downward: 6 1b from the applied force plus 2 1b
from the weight. 3
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Impulse — Momentum Diagram

< G, =mv,

G, =mv, ?//
+r & = y
initial momentum mwv, final linear

. : momentum mv,
external linear impulses
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Sample Problem 3/19

A tennis player strikes the tennis ball with her racket when the ball is at the
uppermost point of its trajectory as shown. The horizontal velocity of the ball
Jjust before impact with the racket is v, = 50 ft/sec and just after impact its veloc-
ity is v, = 70 ft/sec directed at the 15° angle as shown. If the 4-oz ball is in con-
tact with the racket for 0.02 sec, determine the magnitude of the average force R

exerted by the racket on the ball. Also determine the angle 8 made by R with the
horizontal.

Solution. We construct the impulse-momentum diagrams for the ball as follows:

I
b—"
92

o
=

11/4/2026 Chapter 3 — Kinetics of Particles

Helpful Hints

(1) Recall that for the impulse-momentum
diagrams, initial linear momentum
goes in the first diagram, all exter-
nal linear impulses go in the second
diagram, and final linear momen-
tum goes in the third diagram.
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ty
4/16 4/16
2 m,), + s IF. dt = m(v,),] ~ 3.5 (80 + R,(0.02) = o= (70 cos 15°)

i

[m(v,), + ; IF,dt = m(v, ),

4/16 . 1L .
399 (0) + Ry(0.02) (4/16)(0.02) 329 (70 8in 157)

We can now solve for the impact forces as

R, =457
R, =17281b

We note that the impact force R, = 7.28 Ib is considerably larger than the
0.25-1b weight of the ball. Thus, the weight mg, a nonimpulsive force, could have
been neglected as small in comparison with R,. Had we neglected the weight, the
computed value of R, would have been 7.03 Ib.

We now determine the magnitude and direction of R as

R=JRZ+R2= /457 + 7282 = 462 1b Ans.
R
U . L e
B = tan R tan 457 9.06 Ans.

11/4/2026 Chapter 3 — Kinetics of Particles

(2) For the linear impulse J

ol

i R, dt, the

f
average impact force R, is a constant,
s0 that it can be brought outside the
integral sign, resulting in R, [ dt
J,

R (t, — t;) = R At. The linear impulse
in the y-direction has been similarly
treated.
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Given

Ball weight:

W 025
g 322

4
=40z=—=0.251b =
w 0% T 0.25 1b, m

slugs.

Before impact: v; = 50 ft /s, horizontally to the left.

After impact: v = 70 ft /s, 15° above the positive horizontal.
Contact duration: At = 0.020 s.

Required: magnitude R and direction 3 of the average force exerted by the racket on the ball.

Strategy

1. Draw the impulse-momentum diagram.
2. Apply linear impulse-momentum in & and y.
3. Determine R, R, then calculate R and j3.

Take +x rightward and % upward.
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| o
=

Initial momentum + external impulses = final momentum

R, dt e
Y —
! mvy + Fdt = mvs.
4 > :
The racket's average force components satisfy
t . ts .
f R.(t)dt = RAt, f R,(t)dt = B, At.
Horizontal direction : "
For simplicity, denote these averages by R, and R,

m(vg)1 + R At = m(v;)2

—m(50) + R,(0.020) = m(70cos 15°) |.

Vertical direction

m(vy )1 + RyAt — WAt = m(vy),

Im(o) + R,(0.020) — 0.25(0.020) = m(70sin 15°)

Sign reminder: the incoming ball moves left, and its vertical velocity is zero at the highest point
117
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Uy
Average racket force and direction T
Uy
From the horizontal equation:

R — m(70 cos 15° + 50)
T 0.020

R, =45.71b|.

From the vertical equation:

~ m(70sin 15°)

Ry = 0.020 +0.25

R, = 7.281b].

Therefore,

R=,/R:+R2=4621b

and

B = tan ! (%) = 9.06° above the positive z-axis |.

Closing observation: the force angle 3 differs from the outgoing velocity angle 15°, because impulse depends on the

118
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Sample Problem 3/21

A particle with a mass of 0.5 kg has a velocity of 10 m/s in the x-direction at
time ¢ = 0. Forces F; and F; act on the particle, and their magnitudes change
with time according to the graphical schedule shown. Determine the velocity v,
of the particle at the end of the 3-s interval. The motion occurs in the horizontal
x-y plane.

Solution. First, we construct the impulse-momentum diagrams as shown.

m(vy), =0

t, m(y),
f Fydt
tl

O— + = O—=mlwy),
t!
/r, F,dt

m(ty), =
Then the impulse-momentum equations follow as

0.5 (10) kg-m/s

Iy
@ [mwy, + | EF, dt = m,),] 0.5(10) — [4(1) + 2(3 — 1)] = 0.5(v),
ty
(vg), = —6m/s
ty
(m(y), + | XF,dt = m(,),] 0.5(0) + [1(2) + 23 — 2)] = 0.5(vy),
4

(vy), = 8 m/s

11/4/2026 Chapter 3 — Kinetics of Particles
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: F,N
| 4
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e e Y. B :
T i -
0O 1 2
F2 f, s
8j m/s
[~ 6, = 126.9°
\l
.--l—‘
t=38
8 .
!
61 \
y.m 3
4 t=2s"
\
21 |
t=1§.
4;»—*‘_ |
00 2 4 6
X, m
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Thus,

e Helpful Hint
v,=—6i+8m/s and v,=/6%°+8"=10m/s e

(1) The impulse in each direction is the

0, = tan~! 25 126.9° Ans. cgn‘esponding area under t.he‘force-
—6 time graph. Note that F, is in the
Although not called for, the path of the particle for the first 3 seconds is plot- negative x-direction, so its impulse is
ted in the figure. The velocity at f = 3 s is shown together with its components. negative.
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Given

: 4
|
I
I

Mass: m = 0.5 kg.
L —— :
T F, 10 m/s

Initial velocity: vi = 10i m/s. e

Time interval: 0 <t < 3 s.

F acts in the negative x-direction. F,
F5 acts in the positive y-direction.

Force magnitudes vary according to the supplied graph.

Motion occurs in the horizontal -y plane.

Required: velocity vy, its magnitude, and its direction at £ = 3 s.

Strategy

1. Calculate each impulse from the area under its force-time curve.

2. Apply impulse-momentum separately in  and y.

3. Combine the final velocity components.

Place the small particle-and-force diagram beside these points.

11/4/2026 Chapter 3 — Kinetics of Particles

121



Impulses from the force-time graph

For F}, the area comprises two rectangles:

) —— —— — X
3 < Fl 10 l‘ll/S
lefFldt:4(l)+2(3—l):8N*S. T
0
F,
Since F} acts leftward:
F,N
J;=-8iN-s| 4
For F5, the area comprises a rectangle and a trapezoid: 9
3 P
1+3 ‘
JF/Fth:1(2)+i(3—2):4N-s. 0 .
0 2 0 1 2 3
. . . [, S
Since F5 acts upward in the diagram:
J2 — —|—4j N-s|

Key point: the graph gives force magnitudes; assign impulse signs from the force directions.
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Impulse-momentum diagram and equations

m(vy), =0

t, m(uy), { )e— — —x
f F, dt " F, 10m/s
tl

< O— + = (O =——mlvy), T

m(y), = P

0.5 (10) kg-m/s 2

3
mv1+/ Zth:mvz
0

In the x-direction

m(vy)z — J1 = m(v2),

0.5(10) — 8 = 0.5(vs)., |

In the y-direction

m(v1)y + Jo = m(v2)y

0.5(0) +4 = 0.5(vy), |

The final component arrows in the supplied diagram represent assumed positive directions. A negative answer means

the actual component points oppositely.



Final velocity and direction

Solving the component equations:

(1’2)21 =—6 m/s ) (’Uz)y =8 m/s .

Therefore,

vy = —6i+ 8 m/s

By

41 t=2s"

vy = /(—6)2+8 =10m/s|.

Because v, < 0 and v, > 0, the velocity lies in quadrant II:

6 = 180° — tan ! (2) — 1126.9° counterclockwise from + z|.

Closing observation: the final speed equals the initial speed, but the velocity has changed because its direction has

changed.
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Sample Problem 3/22

The loaded 150-kg skip is rolling down the incline at 4 m/s when a force P is
applied to the cable as shown at time £ = 0. The force P is increased uniformly
with the time until it reaches 600 N at ¢ = 4 s, after which time it remains con-
stant at this value. Calculate (a) the time ¢’ at which the skip reverses its direc-
tion and (b) the velocity v of the skip at ¢ = 8 s. Treat the skip as a particle.

Solution. The stated variation of P with the time is plotted, and the impulse-
momentum diagrams of the skip are drawn.

15027
f150(9 81)d; fzpdt =
150(4) kg-m/s /; d “
30° f N,dt “30°
fN, dt

Part (a). The skip reverses direction when its velocity becomes zero. We will as-
sume that this condition occurs at t = 4 + At s. The impulse-momentum equa-
tion applied consistently in the positive x-direction gives

m(v,), + f IF, dt = m(v,),
150(—4) + é(4)(2)(600) + 2(600)At — 150(9.81) sin 30°(4 + At) = 150(0)
At = 246s ' =4+246=646s Ans.
Part (b). Applying the momentum equation to the entire 8-s interval gives
m(v,), + f IF. dt = m(v,),
150(—4) + %(4)(2)(600) + 4(2)(600) — 150(9.81) sin 30°(8) = 150(v,),
(vy), = 4.76 m/s Ans.

The same result is obtained by analyzing the interval from t' to 8 s.

Helpful Hint

(1) The impulse-momentum diagram
keeps us from making the error of
using the impulse of P rather than
2P or of forgetting the impulse of the
component of the weight. The first
term in the linear impulse is the tri-
angular area of the P-f relation for the
first 4 s, doubled for the force of 2P,



Given

e Skip mass: m = 150 kg
* Incline angle: 30°

e Initial velocity: 4 m /s down the incline

e Applied cable force:

150t N <t <4 ‘
P(t) = o0t N, 0<t<4s,
600N, 4 <t <8s.

Treat the skip as a particle; neglect rolling resistance and use ideal pulleys and cable.

P,N
Required "
1. Time t’ when the skip reverses direction. 600———— |
2. Velocity att = 8 s.
Strategy
e Take + up the incline, so v, = —4 m/s. 00 4 ¥ 8 t,s

e Obtain cable impulse from twice the area under the P-t graph.
* Apply impulse-momentum along the incline.

e Atreversal, v, = 0.
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[15009.81) dt 15007,

P [2pP dt A
150(4) kg-m/s /<; <£ <;

“30° 3 Nz dt 30°
_/ N,dt

Forces on the skip

e Cable pull: two parallel cable segments each exert P, giving 2P uphill.

e Weight: mg vertically downward; its downhill component is

mgsin 30° = 150(9.81) sin 30° = 735.75 N. P.N
e Normal reactions: Ny, N, perpendicular to the incline. They contribute no z-impulse. e N .
Therefore, Ve
% € ¢ 8

ZF = 2P — mgsin 30°.

The impulse-momentum equation from ¢ = 0 to any time £ is

t
mui, + / F, dt = mu,(t),
2

t
—600 + 2/ P dt — 735.75t = 1500,(¢) |
0

Diagram reminder: initial momentum points downhill; cable impulse points uphill; the weight component contributes a

downhill impulse.



[15009.81) dt

P [2pP dt
150(4) kg-m/s </// <i
30°

\ szdt
[N, dt

-Part (a): Time of reversal

First check the velocity at the end of the force ramp:

600 + 2 [%(4)(600)] _ 735.75(4) = 1500, (4),

v,(4) = —7.62m/s|

The skip is still moving downhill. Since the net force increases steadily during the ramp, changing from downhill to

uphill, the skip has not reversed during this interval.

Let
t =4+ At
At reversal, v, (") = 0. Applying impulse-momentum over the entire interval:

—600 + 2 [;(4)(600)} +  2(600)At — 735.75(4+At) =0.

S—— -~
S—— cable impulse after 4 s weight-component impulse
cable impulse, 0—4 s

Simplifying:

—1143 + 464.25At = 0,

At = 2.46 s, t' =6.46s|.
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_ 1502
[150(9.81) dt 2
= /

j & I:\ /fZPdt
150(4) kg'm/s .~ /// ¥ \ — ::

30° 30\ [Nyt 30°
[N, dt

Part (b): Velocity att = 8 s

Apply impulse-momentum over the full eight seconds: P.N
5 oG
muie + / (2P — mgsin 30°) dt = muw,,.
0 e AL >
The cable impulse is twice the triangular-plus-rectangular area: 00 4 ¢ 8

2/8Pdt =2 [%(4)(600) + (8 —4)(600)| = 7200 N - s.

Hence,

150(—4) + 7200 — 150(9.81) sin 30°(8) = 150vs,,

—600 + 7200 — 5886 = 150vy,,

Vo, = +4.76 m /s |.

The positive sign indicates motion up the incline. 129
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Sample Problem 3/23

The 50-g bullet traveling at 600 m/s strikes the 4-kg block centrally and is
embedded within it. If the block slides on a smooth horizontal plane with a veloc-
ity of 12 m/s in the direction shown prior to impact, determine the velocity v, of
the block and embedded bullet immediately after impact.

Solution. Since the force of impact is internal to the system composed of the
block and bullet and since there are no other external forces acting on the sys-
tem in the plane of motion, it follows that the linear momentum of the system is
conserved. Thus,

[G, = G,] 0.050(600j) + 4(12)(cos 30°i + sin 30%) = (4 + 0.050)v,

v, = 10.26i + 13.33j m/s Ans.
The final velocity and its direction are given by
[v=v2+v2 v, = /(10.26) + (13.33)% = 16.83 m/s Ans.
= _ 1333 _ = o
[tan 0 = v, /v,] tan f = 10.26 1.299 0 =524 Ans.
11/4/2026 Chapter 3 — Kinetics of Particles

y

I
| 12 m/s
- ————

0.050 kg || | 600 m/s
|
|

/16.83 m/s
/ 9=52.4°

s R A
e *
SO R 1% o

N T

'

Helpful Hint

(1) Working with the vector form of the
principle of conservation of linear
momentum is clearly equivalent to
working with the component form.
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Given y

12 m/s

|
Bullet mass: m; = 50 g = 0.050 kg 4k P
Bullet velocity: o X
Vp = 600j II]/S '.
0.050 kg || | 600 m/s

Block mass: mp = 4 kg |
|

Initial block velocity:
vpr = 12¢0s30°i+ 12sin30° j m/s

Smooth horizontal plane.

The bullet embeds in the block, so both have the same final velocity.

Required: common velocity v, its magnitude, and its direction immediately after impact.

Strategy

1. Select the bullet and block together as the system.

2. Apply conservation of linear momentum in the horizontal -y plane.

3.

Determine the final velocity components, magnitude, and direction.
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The bullet-block contact impulses are internal and cancel; weight and normal reactions act perpendicular to the plane, so

there (s no external impulse in  or y.

Thus,
G + cht?my = G25
——
0
0.050 kg | Il 1 600 m/s
mypVer +mpvpr = (Mmp +mp)vs | ‘
|
Substitute: |
0.050(600j) + 4(12) (cos 30° 1 + sin 30° j) = 4.050v>. / 16.83 m/s
Collect components: DV @ T 02.4°
A% I
41.5691 + 54.000j = 4.050v5 |. \VL’I,

Physical distinction: momentum is conserved, but kinetic energy is not conserved because the bullet embeds in the
block.
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Final velocity, magnitude, and direction

Divide by the combined mass:

The speed is

_ {2 2 _
Uy = vzm—i—vzy—

41.569,  54.000
4.050 1 4.050 ¥

Vo —

vy = 10.261 + 13.33j m/s |

16.83 m/s |.

Both components are positive, placing the velocity in quadrant I:

6 = tan 1( 2

f
| 12 m/s
0.050 kg || | 600 m/s
|
|

16.83 m/s
A 6:524°
/// -——x
€ s /
\ O
N LT
sl

Use the final figure or a component triangle beside these results.

) = |52.4° counterclockwise from + z|.

Closing observation: the bullet adds momentum in +y, turning the combined motion from the block’s initial 30°

direction toward +y.
11/4/2026
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3/16 A small package is deposited by the conveyor belt
onto the 30° ramp at A with a velocity of 0.8 m/s.
Calculate the distance s on the level surface BC at
which the package comes to rest. The coefficient of

kinetic friction for the package and supporting sur-
face from A to C is 0.3.

Problem 3/16
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3/17 The steel ball is suspended from the accelerating
frame by the two cords A and B. Determine the ac-
celeration a of the frame which will cause the ten-
sion in A to be twice that in B.

Ans.a = —g—,_
3~"'3
a
—

Problem 3/17
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3/27 The system is released from rest with the cable taut.
For the friction coefficients p, = 0.25 and p; = 0.20,
calculate the acceleration of each body and the ten-
sion T in the cable. Neglect the small mass and fric-

tion of the pulleys.
Ans. ay = 1.450 m/s* down incline
ag = 0.725 m/s” up
T=1054 N

Problem 3/27
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3/31 A force P is applied to the initially stationary cart.
Determine the velocity and displacement at time
t = 5 s for each of the force histories P, and P,. Ne-
& glect friction.
Ans. For P;:v = 12.5 m/s,s = 20.8 m
For P,:v = 833 m/s,s = 10.42 m

P, N le
e
// Pl

50 ——————

Parabolic

|
1
|
|
-
y S

5

Problem 3/31
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3/71 The cars of an amusement park ride have a speed

vy = 22m/sat Aand aspeedvg = 12 m/sat B. If a
75-kg rider sits on a spring scale (which registers
the normal force exerted on it), determine the scale
readings as the car passes points A and B. Assume
that the person’s arms and legs do not support ap-

preciable force.
Ans. Ny = 1643 N, N = 195.8 N

11/4/2026

Problem 3/71
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3/91 The 3000-b car is traveling at 60 mi/hr on the
straight portion of the road, and then its speed is re-
duced uniformly from A to C, at which point it comes
to rest. Compute the magnitude F of the total fric-

N

o tion force exerted by the road on the car (a) just be-
fore it passes point B, (b) just after it passes point B,
and (c) just before it stops at point C.
Ans. (a) F = 1562 1b, (b) F = 2260 1b
(c) F = 1562 1b

|
RN m/ /
|
|
|
|/\
- /(3/
Al ‘B

1007
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3/86 The slotted arm revolves in the horizontal plane
about the fixed vertical axis through point O. The
3-1b slider C is drawn toward O at the constant rate
of 2 in./sec by pulling the cord S. At the instant for
which r = 9 in., the arm has a counterclockwise an-
gular velocity w = 6 rad/sec and is slowing down at
the rate of 2 rad/sec?. For this instant, determine the
tension 7 in the cord and the magnitude N of the
force exerted on the slider by the sides of the smooth
radial slot. Indicate which side, A or B, of the slot
contacts the slider.

Problem 3/86

Chapter 3 — Kinetics of Particles
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3/93 A small vehicle enters the top A of the circular path
with a horizontal velocity v, and gathers speed as it
moves down the path. Determine an expression for
the angle 8 which locates the point where the vehicle
leaves the path and becomes a projectile. Evaluate
your expression for v, = 0. Neglect friction and treat
the vehicle as a particle.

2

(2 _lzo_) = 4o
Ans. B = cos (3+3gR’B 48.2

Problem 3/93

Chapter 3 — Kinetics of Particles
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3/109 The car is moving with a speed vy = 65 mi/hr up
the 6-percent grade, and the driver applies the
brakes at point A, causing all wheels to skid. The

<+ coefficient of kinetic friction for the rain-slicked
road is u; = 0.6. Determine the stopping distance
sap- Repeat your calculations for the case when the

car is moving downhill from B to A.
Ans. SAR & 214 ft, SBA &= 262 ft

B
A _____-——s—————’_"
3 s
M
100

Problem 3/109
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3/122 The resistance R to penetration x of a 0.25-kg pro-
jectile fired with a velocity of 600 m/s into a certain
block of fibrous material is shown in the graph.

G Represent this resistance by the dashed line and
compute the velocity v of the projectile for the in-
stant when x = 25 mm if the projectile is brought
to rest after a total penetration of 75 mm.

|
Rmax :_ o

¥ | | |

- RN |

/'> ‘

l

Problem 3/122
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3/130 The 300-Ib carriage has an initial velocity of 9 ft/sec
down the incline at A, when a constant force of 110 Ib
is applied to the hoisting cable as shown. Calculate
the velocity of the carriage when it reaches B. Show
that in the absence of friction this velocity is indepen-
dent of whether the initial velocity of the carriage at
A was up or down the incline.

11/4/2026

Problem 3/130
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3/121 A car with a mass of 1500 kg starts from rest at the
bottom of a 10-percent grade and acquires a speed
of 50 km/h in a distance of 100 m with constant ac-

= celeration up the grade. What is the power P deliv-

ered to the drive wheels by the engine when the car
reaches this speed?
Ans. P = 40.4 KW

11/4/2026 Chapter 3 — Kinetics of Particles 146




3/149 The 1.2-kg slider is released from rest in position A
and slides without friction along the vertical-plane
guide shown. Determine (a) the speed vy of the
slider as it passes position B and (b) the maximum

N

% deflection & of the spring.
Ans. (@) vg = 940 m/s, (b) 6 = 54.2 mm

1.2 kg

Problem 3/149
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3/156 The 10-kg collar slides on the smooth vertical rod
and has a velocity v; = 2 m/s in position A where
each spring is stretched 0.1 m. Calculate the veloc-
ity v, of the collar as it passes point B.

| 04m—> _ = 0.4m- -
| &k =800N/m - k =800 N/m

Problem 3/156
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3/152 A bead with a mass of 0.25 kg is released from rest
at A and slides down and around the fixed smooth
wire. Determine the force N between the wire and
the bead as it passes point B.

Al —r

0.6 m

Problem 3/152
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3/166 The collar has a mass of 2 kg and is attached to the
light spring, which has a stiffness of 30 N/m and an
unstretched length of 1.5 m. The collar is released
from rest at A and slides up the smooth rod under
the action of the constant 50-N force. Calculate the
velocity v of the collar as it passes position B.

1.5 m

Problem 3/166

Chapter 3 — Kinetics of Particles
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3/207 Car B is initially stationary and is struck by car A
moving with initial speed v; = 20 mi/hr. The cars
become entangled and move together with speed v’
after the collision. If the time duration of the colli-
gsion is 0.1 sec, determine (a) the common final
speed v', (b) the average acceleration of each car
during the collision, and (¢) the magnitude R of the
average force exerted by each car on the other car
during the impact. All brakes are released duiring
the collision.

Ans. (a) v’ = 13.33 mi/hr
(b) a,= —97.8 ft/sec?, ag = 195.6 ft/sec?
(c) R = 12,150 1b

2000 1b

Problem 3/207
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3/222 A tennis player strikes the tennis ball with her
racket while the ball is still rising. The ball speed
before impact with the racket is v; = 15 m/s and

€ after impact its speed is v, = 22 m/s, with direc-
tions as shown in the figure. If the 60-g ball is in
contact with the racket for 0.05 s, determine the
magnitude of the average force R exerted by the
racket on the ball. Find the angle § made by R with
the horizontal. Comment on the treatment of the
ball weight during impact.

v Ug _ -
/ Tae
—

Problem 3/222
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3/205 The 2.4-kg particle moves in the horizontal x-y
plane and has the velocity shown at time £ = 0. If
the force F = 2 + 3t°/4 newtons, where f is time in
seconds, is applied to the particle in the y-direction

G beginning at time f = 0, determine the velocity v of
the particle 4 seconds after F is applied and specify
the corresponding angle # measured counterclock-

wise from the x-axis to the direction of the velocity.
Ans. v = 8.06 m/s, # = 60.3°

5 m/s

Problem 3/205
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3/214 The force P, which is applied to the 10-kg block ini-
tially at rest, varies linearly with the time as indi-
cated. If the coefficients of static and kinetic

4 friction between the block and the horizontal sur-
face are 0.6 and 0.4, respectively, determine the ve-
locity of the block when ¢ = 4 s.

P, N

100

10kg [—>

=06, u, =04

0
0 4

t, s

Problem 3/214
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3/208 Car B weighing 3200 lb and traveling west at
30 mi/hr collides with car A weighing 3400 lb and
traveling north at 20 mi/hr as shown. If the two
cars become entangled and move together as a
unit after the crash, compute the magnitude v of
their common velocity immediately after the im-
pact and the angle # made by the velocity vector
with the north direction.

Problem 3/208

Chapter 3 — Kinetics of Particles
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3/218 The ballistic pendulum is a simple device to measure
projectile velocity v by observing the maximum
angle # to which the box of sand with embedded pro-
jectile swings. Calculate the angle 6 if the 2-0z pro-
jectile is fired horizontally into the suspended 50-lb
box of sand with a velocity v = 2000 ft/sec. Also find
the percentage of energy lost during impact.

6'
= — R A
——
v
Problem 3/218
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