Problem 17.1 In Active Example 17.1, suppose that
at a given instant the hook H is moving downward at
2 m/s. What is the angular velocity of gear A at that
instant?

Solution: The angular velocity of gear B is

VH 2m/s

= = = 20 rad/s. |
@B rH 0.1lm |
The gears are connected through the common velocity of the contact t
points
O
rRWB = raws = w4 = Log = — m(20rad/s)=80rad/s
BOB = IACA = oA = Y T 006 m

| w4 = 80 rad/s counterclockwise. |

Problem 17.2 The angle 6 (in radians) is given as a

function of time by 0 = 0.2772. At t = 4 s, determine /\ X
the magnitudes of (a) the velocity of point A and (b) the @ A
tangential and normal components of acceleration of ks

point A.
£

Solution: We have
do d
0 =027t2, w=— =04rt, o= @ 0.4rx.
dt dt

Then

(8 v=ro=(2)0.47)4 =101 m/s.

an = rw? = (2)[(0.47)(4)]? = 50.5 m/s?, a, = 50.5 m/s?,
a; = ra = (2)(0.47) = 2.51 m/s% a; = 2.51 m/s2.

(b)

Problem 17.3 Themass A startsfromrest at r = 0 and
falls with a constant acceleration of 8 m/s>. When the
mass has fallen one meter, determine the magnitudes of
(a) the angular velocity of the pulley and (b) the tangen-
tial and normal components of acceleration of a point at
the outer edge of the pulley.

Solution: We have

a=8ms%, v=+2as =/2(8 M) (1 m) =4 ms,

w=2=4mls=40rad/s,
r 0.1lm

L S
r 0.1lm

(@ |w=40radls.

a; = ra = (0.1 m)(80 rad/s?) = 8 m/s?, a; =8 mis,
ay = ra? = (0.1 m)(40 rad/s)? = 160 m/?. | a, = 160 m/s’.

(b)
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Problem 17.4 At the instant shown, the left disk has
an angular velocity of 3 rad/s counterclockwise and an
angular acceleration of 1 rad/s® clockwise.

(@ What are the angular velocity and angular accel-
eration of the right disk? (Assume that there is
no relative motion between the disks at their point
of contact.)

(b) What are the magnitudes of the velocity and accel-
eration of point A?

Solution:

1
—r:n(3 rad/s) = 1.2 rad/s

IR
FL@Wp = FRWR = WR = r—a)LZ 25
L .

@

1m
riar = rrag = ag = Fap = — (1 rad/?) = 0.4 rad/S
rp 25 m

(b) va = (2m)L2radls) =24 m/s
as = (2 m)(0.4 rad/s?) = 0.8 m/s

axn = (2 m)(L.2 rad/s)? = 2.88 m/s?

vy =24 m/s

as = /(0.8)2 + (2.88)2 m/s® = 2.99 m/s?

3rad/s f Ae
1rad/s? /V \ oA
/£ 25m 2m

Tmgy
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Problem 17.5 The angular velocity of the left disk is
given as a function of time by w, = 4+ 0.2¢ rad/s.

(@ What are the angular velocities wp and w¢ at
t=5¢5?

(b) Through what angle does the right disk turn from
t=0tor= 5s?

Solution:
wp = (44 0.2r) rad/s

0.2m

rAwpA =rpwp = wWp = ws = 0.5 wy

0.1
rpwp =rcwc = wc = ma)B =0.25 wy

(& Attr=5s w4 = (4+0.2[5)) rad/s= 5 rad/s

wp = 0.5(5 rad/s) = 2.5 rad/s
wce = 0.25(5 rad/s) = 1.25 rad/s

(b) wc =0.25 wy = 0.25(4 4 0.2r) rad/s = (1 + 0.05¢) rad/s

5s
Oc = / wcdt = [t +0.025:%]3 © = 5.625 rad
0

100 mm )Y T
- (@)
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Problem 17.6 (@) If the bicycle’s 120-mm sprocket
whedl rotates through one revolution, through how many
revolutions does the 45-mm gear turn? (b) If the angu-
lar velocity of the sprocket wheel is 1 rad/s, what is the
angular velocity of the gear?

Solution: The key is that the tangential accelerations and tangen-
tial velocities along the chain are of constant magnitude

(@) 6p =2.67rev

() vp=rowp VA =TAWA
VA = Up
g
A v B %
vg = (0.045)wp va = (0.120)(1) ; . B yn V/,
B

wp = (E) rad/s = 2.67 rad/s

dfp doy
rg—— =rp——
Boar ="

Integrating, we get
rgfp =raba ra=0120 m

rg = 0.045m

120
O = <4—5> 1) rev 04 = 1rev.

Problem 17.7 The rear wheel of the bicycle in Prob-
lem 17.6 has a 330-mm radius and is rigidly attached to
the 45-mm gear. It the rider turns the pedals, which are
rigidly attached to the 120-mm sprocket wheel, at one
revolution per second, what is the bicycle's velocity?

Solution: The angular velocity of the 120 mm sprocket whesl is
w = 1 revls = 2z rad/s. Use the solution to Problem 17.6. The angular
velocity of the 45 mm gear is

120
w45 = 21 (E) = 16.76 rad/s.

This is aso the angular velocity of the rear wheel, from which the
velocity of the bicycle is

v = w45(330) = 5.53 m/s.
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Problem 17.8 The disk is rotating about the origin
with a constant clockwise angular velocity of 100 rpm. ‘
Determine the x and y components of velocity of points

A and B (in cm/s).

Solution:

Working with point A

8 o
ra=+/(8cm)2+(B@cm)2 =11.3cm, 65 = tan‘1< cm) =45

27 rad 1 min
® = 100 rpm (W) <m> = 10.5 rad/s.

8cm/

vg = raw = (11.3 cm)(10.5 rad/s) = 118 cm/s

V4 = v4(C0SOai + SiNBaj) = (118 cm/s)(cos45’i + sin45%))

v4 = (83.8i + 83.8)) cm/s.

Working with point B
rg =161in, vg = rgw = (16 cm)(10.5 rad/s) = 168 cm/s

vg = —(168j) cm/s.

Solution:

Working with point A

8cm
ra =/ (8cm)2+ (8cm)2= 113 cm, Oa = tan‘l( ) =45

Problem 17.9 The disk is rotating about the origin y
with a constant clockwise angular velocity of 100 rpm.
Determine the x and y components of acceleration of
points A and B (in cm/s).

27 rad 1 min
o =100 rpm(W> <m> = 10.5 rad/s.

8cm/

as = raw? = (11.3 cm)(10.5 rad/)?= 1240 cm/s?

aq = aa(Cosf4i — SinBaj) = (1240 cm/s) (cos45°i — sin45°%))

|as = @771 — 877) e

Working with point B
rg =16 in, ag = rpw® = (16 cm)(10.5 rad/sy’= 1750 cm/s?

ag = —(1750i) cm/s?
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Problem 17.10 The radius of the Corvette's tires is
30 cm. It is traveling at 80 km/h when the driver applies
the brakes, subjecting the car to adeceleration of 25 m/s’
Assume that the tires continue to roll, not skid, on the
road surface. At that instant, what are the magnitudes
of the tangential and normal components of acceleration
(in m/s?) of a point at the outer edge of a tire relative
to a nonrotating coordinate system with its origin at the
center of the tire?

Solution: We have

80x 1000
v 3600

w=—-=——"—7+ =T741radls,
r (0.3 m)
L)
r (0.3 m)

Relative to the given coordinate system (which is not an inertial coor-
dinate system)

a, =ra= (0.3m)(83.33 rad/s?) = 25 m/s? PRp—"

a, = 1647.2 m/s%.

ay = ro? = (0.3m) (74.1 rad/s)? = 1647.2 m/s?.

Problem 17.11 If the bar has a counterclockwise
angular velocity of 8rad/s and a clockwise angular
acceleration of 40 rad/s?, what are the magnitudes of
the accelerations of points A and B?

S
°)

0.4 m

Solution:

2
ag =o XTgo0—wTa0

= (—40 rad/s’k) x (—0.4i + 0.4)) m — (8 rad/s)?(—0.4i 4+ 0.4)) m

= (41.6i — 9.6)) m/s?
ap =o XIp/o —w2r3/0
= (—40 rad/s’k) x (0.4i — 0.2) m— (8 rad/s)?(0.4i — 0.2)) m

= (—33.6i — 3.2)) m/$

as = /(41.6)2 + (—9.6)2 m/s? = 42.7 m/s?
ap = /(—33.6)2 + (—3.2)2 m/s> = 33.8 m/s

0.4 m ‘ 0.4 m ‘
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Problem 17.12 Consider the bar shown in Problem
17.11.If |v4| = 3 m/sand |a,| = 28 m/s?, what are |v;|
and |ag|?

Solution:
va = or = 3m/s= wy(0.4)2+ (0.42 m= w = 5.30 rad/s

apn = 0’r = (5.3 rad/s)?\/(0.4)2 + (0.4)2 m = 15.9 m/&

apn = Va2 — a2 = /(282 — (15.9)2 m/s? = 23.0 m/s?

asn = ar = 23.0 /2 = ay/(0.4)2 + (0.4)2 m = o = 40.7 rad/s

vg = wy/(0.4)2 + (—0.22 m = 2.37 m/s‘

ap: = a+v/(0.42 + (—0.2)2 = 182 m/s?
agn = 0?v/(0.4)2 + (—=0.2)2 = 12.6 m/s>

ap = /(18.22 + (12.6)2 m/s? = 22.1 m/s?

Problem 17.13 A disk of radius R = 0.5 m rolls on

a horizontal surface. The relationship between the

horizontal distance x the center of the disk moves and / % \
the angle B through which the disk rotates is x = Rp.

Suppose that the center of the disk is moving to the right (

with a constant velocity of 2 m/s. B

(8 What isthe disk’s angular velocity?

(b) Relative to a nonrotating reference frame with
its origin at the center of the disk, what are the |
magnitudes of the velocity and acceleration of a
point on the edge of the disk?

Solution:

(@ x=RB=>i=RE=>v=Ro= w=x5= = 4 radls

v = Rw = (0.5 m)(4 rad/s) = 2 m/s
(b)
a = a, = Ro? = (0.5 m)(4 rad/s)2 = 8 m/s?

Problem 17.14 Theturbine rotates relative to the coor-
dinate system at 30 rad/s about a fixed axis coincident
with the x axis. What is its angular velocity vector?

Solution: The angular velocity vector is paralel to the x axis,
with magnitude 30 rad/s. By the right hand rule, the positive direction
coincides with the positive direction of the x axis.

=] s
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Problem 17.15 Therectangular plate swingsinthe x—y
plane from arms of equal length. What is the angular
velocity of (@) the rectangular plate and (b) the bar AB?

Solution: Denote the upper corners of the plate by B and B', and
denote the distance between these points (the length of the plate) by
L. Denate the suspension points by A and A’, the distance separating
them by L’. By inspection, since the arms are of equal length, and
since L = L', thefigure AA’ B’ B is aparallelogram. By definition, the
opposite sides of a parallelogram remain parallel, and since the fixed
side AA’ does not rotate, then BB’ cannot rotate, so that the plate does
not rotate and

wBB/:O -

Similarly, by inspection the angular velocity of the bar AB is

)

where by the right hand rule the direction is along the positive z axis
(out of the paper).

Problem 17.16 Bar OQ is rotating in the clockwise
direction at 4 rad/s. What are the angular velocity vectors
of the bars OQ and PQ?

Strategy: Notice that if you know the angular velocity
of bar OQ, you aso know the angular velocity of bar

PQ.

Solution:  The magnitudes of the angular velocities are the same.
The directions are opposite

woQ = —(4 rad/s)k, wpg = 4 rad/s)k,
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Problem 17.17 A disk of radius R = 0.5 m rolls on y
a horizontal surface. The relationship between the hor-
izontal distance x the center of the disk moves and the
angle 8 through which the disk rotates is x = RS. Sup- / ,\ﬁ \
pose that the center of the disk is moving to the right (\

with a constant velocity of 2 m/s.

(@ What isthe disk’s angular velocity? R -
(b) What is the disk’s angular velocity vector?

Solution:

(@ x=RB=%=Rf=v=Ro

v 2mis
=>|lw= E = —05m = 4 rad/s CW
®
Problem 17.18 The rigid body rotates with angular y

velocity w = 12 rad/s. The distance r4/p = 0.4 m.

(@) Determine the x and y components of the velocity
of A relative to B by representing the velocity as
shown in Fig. 17.10b.

(b) What is the angular velocity vector of the B A

rigid body? —— X
(c) Use Eq. (17.5) to determine the velocity of A rel- "ae

ative to B.
Solution:

vay =0
vay = (12 rad/s)(0.4 m) = 4.8 m/s

N e I W

(€) va =wxryp=(12radlsk x (0.4 mi

Va = (4.8 m/g)j

@

12 rad/s
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Problem 17.19 The bar isrotating in the counterclock-
wise direction with angular velocity w. The magnitude of
the velocity of point A is 6 m/s. Determine the velocity
of point B.

Solution:

w="o 58S 106 rads

r Y2004 m)

Vg = w x rg = (10.6 rad/s)k x (0.4i — 0.2)) m

|vB = (2.12i + 4.24)) mis.

0.4

IS

0.4 m

0.4 m

Problem 17.20 The bar isrotating in the counterclock-
wise direction with angular velocity . The magnitude
of the velocity of point A relative to point B is 6 m/s.
Determine the velocity of point B.

Solution:
rajp =+ (08m2+ (0.6m2=1m

6 m/
w=— =—S=6rad/s.
rA/B im

Vg =w x g = (6radls)k x (0.4i — 0.2)) m

vp = (1.2i + 2.4j)) m/s.

0.4

S

Y

0.4 m

0.4m

Problem 17.21 The bracket is rotating about point O
with counterclockwise angular velocity w. The magni-
tude of the velocity of point A relative to point B is
4 m/s. Determine w.

Solution:
raja = v/(0.18 + 0.12c0s48°)2 + (0.125in48°)2 = 0.275 m

UB/A 4 m/s

o TB/A o 0.275 m

w = 14.5 rad/s.

= 14.5 rad/s.
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Problem 17.22 Determine the x and y components of
the velocity of point A.

Solution: The velocity of point A is given by:
VA=Vo+®XTl4/0-
i i K
Hence, v4 =0+ 0 0 5
2c0s30° 2sin30° 0

= —10sin30°i + 10cos30°j,

or vy = —5i + 8.66 (M/s).

Problem 17.23 If the angular velocity of the bar in
Problem 17.22 is constant, what are the x and y com-
ponents of the velocity of Point A 0.1 s after the instant
shown?

Solution: The angular velocity is given by

w = dj =5 rad/s,
dt
6 '
f de =/ 5dt,
0 0
and 6 = 5¢ rad.

Atr=01s 60 =05rad=286".

i i k
0 0 5.
2c0s28.6°  2sn286° 0

Va=Vo+®xTrao=0+

Hence, v4 = —10sin28.6°i + 10c0s28.6°] = —4.78i + 8.7§j.
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Problem 17.24 The disk is rotating about the z axis at
50 rad/s in the clockwise direction. Determine the x and
y components of the velocities of points A, B, and C.

Solution: The velocity of A isgiven by v4 = Vo +® X I 40, OF
Va = 0+ (—50k) x (0.1]) = 5i (M/s).

For B, we have

i i k

VB=V0+w><I'B/()=O+ 0 0 -50

0.1cos45° —0.1sin45° 0

= —3.54i — 3.54j (m/s),
For C, we have

i i k
VC=V0+(0><I’C/0=0+ 0 0 -50
—0.1cos45° —0.1sin45° 0

= —3.54i 4 3.54j (m/s).

Problem 17.25 Consider the rotating disk shown in
Problem 17.24. If the magnitude of the velocity of
point A relative to point B is 4 m/s, what is the
magnitude of the disk’s angular velocity?
Solution:
Vo=0 w=wk r=01m
Vg =Vo+wk xTop
= wk x (r cos45°i — r sin45°j)
= (rwcos45°%)j + (ro sin45°)i.
VA =Vo+wk XxTrps = wk x rj
= —rwi.
VA =Vp +Va/B,
Va/B =Va — Vg,
Va/ = (—rw — rosinds’)i — rw cos45’j
=rw(—1—sin45%)i — rocos45’j.
We know

[Va/pl=4m/s, r=01m

Va/l = VIro(—=1—sin45°)]2 + [—rw cos45°]2

Solving for w, w = 21.6 rad/s (direction undetermined).
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Problem 17.26 The radius of the Corvette's tires is
30 cm. Itistraveling at 200 km/h. Assume that the tires
roll, not skid, on the road surface.

(8 What isthe angular velocity of its wheels?

(b) Intermsof the earth-fixed coordinate system shown,
determine the velocity (in m/s) of the point of the
tire with coordinates (—30 cm, 0,0).

Solution:
( 100 xlOOO)
@ o="= N 0 J _g6rals [o=96rmds
r 03
(b)

Vp =Vp +@ XTI

< 100 x1000
Vp=—|— 7

3500 m/s) i +(92.6 rad/s)k x <— [03m] i)

| Vp = (—27.8i — 27.8) m/s|

Problem 17.27 Point A of the rolling disk is moving
toward the right. The magnitude of the velocity of point
C is 5 m/s. determine the velocities of points B and D.

Solution: Point B is the center of rotation (zero velocity). &

45°

reyp = ~/2(0.6 m) = 0.849 m, 0.6m

| e
ve 5m/s A
= — =_——" =589rad/
“= s 0849m redis
Therefore
Vp =@ x Ip/p = —(5.89 rad/s)k x [—0.600s45°i + (0.6 + 0.65in45°)j] B
y

Vp = (6.04i + 2.5)) m/s, vg = 0. |

Problem 17.28 The helicopter is in planar motion in

the x—y plane. At the instant shown, the position
of its center of mass, G, is x=2m, y=25m,
and its velocity is vg = 12i + 4j (m/s). The position
of point T, where the tail rotor is mounted, is x = T T

—3.5m, y = 4.5 m. The helicopter’s angular velocity is G
0.2 (rad/s) clockwise. What is the velocity of point 77 )

Solution: The position of T relative to G is X

rr/6 = (35— 2)i + (45— 2.5)j = —5.5i + 2j (m).

The velocity of T is

i k
VT=VG+(4)XTT/G=12i+4j+ 0 0 -02
-55 2 0

= 12.4i + 5.1j (M/9)
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Problem 17.29 The bar is moving in the x—y plane
and is rotating in the counterclockwise direction. The
velocity of point A relative to the reference frame is
Va4 = 12i — 2} (m/s). The magnitude of the velocity of
point A relative to point B is 8 m/s. what is the velocity
of point B relative to the reference frame?

Solution:
w=-= 8m/s=4rad/s,
r 2m

Vg =V4 + @ xIpg/a = (12 — 2)) m/s+ (4 rad/sk x (2 m)(cos30°i + sin30°j)

vp = (8i + 4.93)) m/s.

Problem 17.30 Points A and B of the 2-m bar dide

on the plane surfaces. Point B is moving to the right at
3 m/s. What isthe velocity of the midpoint G of the bar?
Strategy: First apply Eq. (17.6) to points A and B
to determine the bar’s angular velocity. Then apply A
Eqg. (17.6) to points B and G.
Solution: Take advantage of the constraints (B stays on the floor,
A stays on the wall)
G

VA =Vp+®XT4/B \2
vaj = (3 MI9)i + wk x (2 M)(— cos70%i + sin70%))

= (3— 1.88 w)i + (—0.684 w)j /70° 5
Equating i components we find 3—1.88 w = 0= »w = 1.60 rad/s X
Now find the velocity of point G
Vg =V +® X TIg/B

= (3 m/9)i + (1.60 rad/s)k x (1 m)(—cos70’i 4+ sin70°j)

Vg = (1.5i — 0.546j) m/s
Problem 17.31 Bar AB rotates at 6 rad/s in the clock- Solution:

wise direction. Determine the velocity (in cm/s) of the
slider C.

L4cm 10 cm 1

Vp =VA +®ap X IB/A
vp = 0— (6 rad/s)k x (4i +4j) cm

Vg = (24i — 24j) cml/s.

Ve =Vp +®pc XTc/B
Ve = (24i — 24)) + wpck x (10i — 7j)

Ve = (2447 wpe)i + (=24 + 10 wpe)j

Slider C cannot move in the j direction, therefore

24
= — =24radls.
WRC 0 ad/s

Ve = (24 + 7(2.4))i = (43.8 cm/9)i | ve = 43.8 cm/s to the right.
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Problem 17.32 If & = 45° and the Sleeve P is moving
to the right at 2 m/s, what are the angular velocities of
the bars OQ and PQ?

Solution:  From the figure, vo = 0, vp = vpi =2 (m/s)
Vg = Vo + wogk x (L cosbi 4 L singj)

i v, = —wOQLSinG 1)
j: vg, = wOQLCC)Sg 2

Vp = Vg +wgopk x (L coséi — L sinbj)
i 2=vQX+a)QpLS'n¢9 ()]
j: 0= v, + prL0059 4

Eaqns (1)—(4) are 4 egns in the 4 unknowns wo g, wgp, Vo, Vo,
Solving, we get

vo, =1mls, wvg, =-1m/s
woQ = —1.18k (rad/s),

wWop = 1.18k (rad/s).

346

Problem 17.33 In Active Example 17.2, consider the
instant when bar AB is vertical and rotating in the clock-
wise direction at 10 rad/s. Draw a sketch showing the
positions of the two bars at that instant. Determine the
angular velocity of bar BC and the velocity of point C.

Solution: The sketch is shown. We have

Vp =V4 +®ap XTp/A
= 0— (10 rad/s)k x (0.566 m)j

= (5.66 m/s)i

Vc =Vp +®pc X I'pc
= (5.66 m/s)i
+ wpck x (0.693i — 0.566)) m

= (5.66 + 0.566 wpc)i + (0.693 wpc)j

Point C cannot move in the j direction, therefore

wpc = 0,ve = (5.66 m/s)i

B
0.4 m .
J Ad ~ “10rad/s 3 C
,,7’_;. ,
‘«——0.4 m—we——08 m—>

B
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Problem 17.34 Bar AB rotatesin the counterclockwise
direction at 6 rad/s. Determine the angular velocity of
bar BD and the velocity of point D.

Solution:

Vyg = 0 WAB = 6 k
Vg =V + wapk x rp/a = 6k x 0.32i = 1.92] m/s.

Ve = vl = Vg + wppk x fc/p:

vei = 1.92] + wgpk x (0.24i + 0.48)). X
{ i ve = —0.48wpp —0.32 maL 0.24 m-0.16 m~—
j: 0 =192+ 0.24wpp
Solving, wpp = —8,
rad
wpp = —8K <?>
ve = 3.84i (m/s).
Now for the velocity of point D
Vp =Vp +®pp X I'p/B
= 1.92) + (—8k) x (0.4i + 0.8))
vp = 6.40i — 1.28] (m/s).
Problem 17.35 At theinstant shown, the piston’svelo- y

city isve = —14i(m/s). What is the angular velocity of
the crank AB?

Solution:
Vp =VA +®ap X IB/A

= 0+ wapk x (0.05 + 0.05)) m

= —0.05w4gi + OOS(DABJ

Vc =Vp +wpc XTI

= (—0.05w4 i + 0.05w45))
+ wpck x (0.175i — 0.05))

= (—0.05wap + 0.05wpc)i + (0.05wap + 0.175wpc)j

We can now separate components and produce two equations in two
unknowns

—14 = —0.05wap + 0.05wpc, 0 = 0.05wsp + 0.175wpc
Solving we find
wpCc = —62.2 rad/s, WAB = 218 rad/s.

Thus | wap = 218 rad/s counterclockwise.
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Problem 17.36 In Example 17.3, determine the angu-
lar velocity fo the bar AB that would be necessary so
that the downward velocity of the rack Vx = 120 cm/s

at the

12 cm

instant shown.

6cm 16 cm

Solution: We have

wcp =

Then

r

120 cm/s
6 cm

= 20 rad/s.

Ve =Va+wap XIp/a

=0+ wapk x (6 + 12)) = —12wapi + 6wapj

Ve =Vp+wpc XIcp

= (—12wpi + GCUABj) + wpck x (16i — 2])

= (12w + 2wpc)i + (Bwap + 16wpc)]

Vp=V¢c+wcp XIp/c

= [(—12wap + 2wpc)i + (6wap + 16wpc)j] — (20)k x (61 — 10j)

= (—12wap + 2wpc — 200)i + (Bwap + 16wpc — 120)]

Point D cannot move, therefore

—12wap + 2wpc — 200 =0, 6wap + 16wpc — 120 = 0.

Solving, we find

wap = —14.5radls, wpc = 12.9 rad/s.

wap = 14.5 rad/s counterclockwise.
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Problem 17.37 Bar AB rotates a 12 rad/s in the I
clockwise direction. Determine the angular velocities of
bars BC and CD.

Solution: The strategy is analogous to that used in Problem 17.36.
The radius vector AB istp;4 = 200] (mm). The angular velocity of
AB isw = —12k (rad/s). The velocity of point B is

i k
Vp=Va+wxrga=0+|0 0 —12| =2400i (mnm/s).
0 200 0

The radius vector BC is r¢/p = 300i + (350 — 200)j = 300i + 150j
(mm). The velocity of point C is

i j k
Ve =Vp+wpc xrcp=Vg+| O 0 wsc
300 150 0

= (2400 — 150wp )i + wpc300j] (MNVs).

The radius vector DC isr¢;p = —350i 4+ 350] (mm). The velocity of
point C is

i j k
Vc=V[)+(A)CDXfC/[)=O+ 0 0 wcp
—350 350 0

= —350wcp (i +j).

Equate the two expressions for v, and separate components:
(2400 — 150wp¢ + 350w¢p)i = 0,
and (300wpc + 350wcp)j = 0.

Solve:  wpc = 5.33 rad/s,

| wsc = 5.33k (radls) |

wcp = —4.57 rad/s,

| wcp = —4.57k (radls) |
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Problem 17.38 Bar AB is rotating at 10 rad/s in the
counterclockwise direction. The disk rolls on the circular
surface. Determine the angular velocities of bar BC and
the disk at the instant shown.

Solution:
ity.

Thepoint “ D" at the bottom of the wheel has zero veloc-

Vg =V4 +@ap X Tp/a

=0+ (10)k x (1i — 2j) = (20i + 10}) m/s.

Vc =Vp +wpc XIc/p

= (20i 4 10j) + wpck x (3i) = (20)i + (10 + 3wpc)j

Vp =Vc +®cp XTIp/c

Since the velocity of D is zero, we can set the components of velocity
equal to zero and solve to find

wdik = wcp = —20radls, wpgc = 3.33 rad/s.

| wdisk = 20 rad/s clockwise, wpc = 3.33 rad/s clockwise. |

3m

= (20)i + (10+ 3wpc)j + wcpk x (=1j) = (204 wcp)i + (10 + 3wpc)j

Problem 17.39 Bar AB rotates at 2 rad/s in the coun-
terclockwise direction. Determine the velocity of the
midpoint G of bar BC.

Solution: We first need to find the angular velocities of BC
and CD

Vg = V4 +@ap X g/ = (2 rad/s)k x (0.254 m)(cos45°i + sin45°j)
= (—0.354i + 0.354j) m/s
Ve =Vp+wpc x c/p = (—0.354i + 0.354) ) m/s + wpck x (0.305m)i
= [(—=0.354 m/s)i + (0.354 m/s + {0.305 m}w c)j]
Vp =Vc +@®cp XIp/c
= [(—0.354 m/s)i + (0.354 m/s + {0.305 m}w pc)j]
+ wepk x (0.254 m)[sin45° cot 30°i — sin45°%j]

= [(—0.354 m/s+ {0.18 m}wcp)i + (0.354 m/s

+{0.305 m} wgc + {0.3L mjwcp)]

[+ 305 mm ——
B G C
() I - N (

Since D is fixed, we set both components to zero and solve for the
angular velocities

—0.354 m/s + {0.18 Mjwcp =0
0.354 m/s+ {0.305 m} wgc + {0.31 Mjwep =0

wpc=—3.22 rad/s
wcp =2.00 rad/s

Now we can find the velocity of point G.

VG =Vp +®pc XTIG/B

= (—0.354i + 0354))m/s + (—3.22 rad/9)k x (0.152 mm)i

Vg = (—0.354i1—0.132)) m/s
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Problem 17.40 Bar AB rotates at 10 rad/s in the y
counterclockwise direction. Determine the velocity of

point E.
B
O
400 mm
C D E
l A 10rad/s > an 5
el e,
#— 700 mm 400 —=~—— 700 mm
mm

Solution:  The radius vector AB ist g4 = 400j (mm). The angu-
lar velocity of bar AB iswap = 10k (rad/s). The velocity of point B

IS
i j ok

VB =wap XFap=1|0 0 10 | = —4000i (mm/s)‘
0 400 O

The radius vector BC is r¢/p = 700i — 400] (mm). The velocity of
point C is

i j k
Ve =Vp +w®wpc XTc/p = —4000i + 0 0 wBC
700 —400 0

= (—4000 + 400wpc )i + 700wp(j.

The radius vector CD isr¢/p = —400i (mm). The point D is fixed
(cannot translate). The velocity at point C is

i j k
Ve =wcp X I'eyp = (wocp(K) x (—4000)) = 0 O wcp
—400 O 0

= —400wcpj.

Equate the two expressions for the velocity at point C, and separate
components. 0 = (—4000 + 400wpgc)i, 0= (700wpc + 400wcp)j.
Solve: wpe = 10 radls, wcp = —17.5 rad/s. The radius vector DE
isrp/e = 700i (mm). The velocity of point E is

[ k
VE =wcp X rD/E = 0 0 -175
700 O 0

Vi = —12250] (mm/s) |

X
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Problem 17.41 Bar AB rotates at 4 rad/s in the y
counterclockwise direction. Determine the velocity of
point C.

Solution: The angular velocity of bar AB is @ = 4k (rad/s). The
radiusvector ABisrpg;4 = 300i + 600j (mm). The velocity of point B
is

i i k
Vg =wap Xrga=| 0 0 4],

300 600 O

from which v = —2400i + 1200] (mm/s). The vector radius from B
to C isr¢/p = 600i + (900 — 600)j = 600i + 300j (mm). The veloc-
ity of point C is

i j k
Vve=vp+| O 0 wse
600 300 O

= (—2400 — 300wpc)i + (1200 + 600wpc)j (MM/s).

The radius vector from C to D is rp,c = 200i — 400j (mm). The
velocity of point D is

i j k
Vp=Vc+| O 0 wBC
200 —-400 O
= V¢ + 400wpgci + ZOOwgcj (mm/s).

The radius vector from E to D isrp,g = —300i + 500] (mm). The
velocity of point D is

i j k
Vp = wpg X rD/E = 0 0 WDE
—-300 500 O

= —500601)Ei — 300&)[)15] (mm/s).

Equate the expressions for the velocity of point D; solve for v¢, to
obtain one of two expressions for the velocity of point C. Equate the
two expressions for v¢, and separate components: 0 = (—500wpg —
100wp ¢ + 2400)i, 0 = (1200 + 300wp + 800wpc)j. Solve wpr =
5.51 rad/s, wpc = —3.57 rad/s. Substitute into the expression for the
velocity of point C to obtain

Ve = —1330i — 941 (mmV/s).
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Problem 17.42 The upper grip and jaw of the pli- Stationary
ers ABC is stationary. The lower grip DEF is rotating
a 0.2 rad/s in the clockwise direction. At the instant
shown, what is the angular velocity of the lower jaw
CFG?

B

Q

>

Solution: D ‘

VE =Vp +@pe X T3 = 0+ wpgpk x (0.07 — 0.03) m 30 mm 30 mm|
= wpr(0.03i + 0.07) m
Vi =Vg +@per X I pp = wpp(0.03i +0.07) m
+ (—0.2 rad/s)k x (0.03 my)i
= [(0.03 Mwggi + (—0.006 M/s+ {0.07 Mjwgr)j]
Ve =Vr +®crG XIc/G
=[(0.03 mwggi + (—0.006 m/s+ {0.07 mjwpE)j]

+ wcrck x (0.03 m)j

=[(0.03 m)(wpg — wcrg)i+ (—0.006 m/s+ {0.07 mwpk)j]
Since C is fixed we have

(0.03 M)(wpg — WCFG) = 0 WBE = 0.0857 rad/s
—0.006 m/s+ {0.07 m}wgg =0 wcrc = 0.0857 rad/s

So we have| wcrG = 0.0857 rad/s CCW |

Problem 17.43 The horizontal member ADE support-
ing the scoop is stationary. If the link BD is rotating in
the clockwise direction at 1 rad/s, what is the angular
velocity of the scoop?

Solution: The velocity of B isvg =Vp + wpp X I g/p. Expand-
ing, we get

i k
0 0 -03l
031 061 O

vg =0+ =061 —0.31j (m/s).

The velocity of C is

ik
Vc =Vp +®pc XTc/p = 061I—031] + 10 0 +wpc Q).
0.76 —015 O

We can also express the velocity of C asve = Vg + wcg X ¢/ Of

i j k
Vve=04+1|0 0 +Hocg 2.
0 0.46 0

Equating i and j components in Equations (1) and (2) and solving, we
obtain wgc = 0.4 rad/s and wcr = —1.47 rad/s.

(© 2008 Pearson Education South Asia PteLtd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
to any prohibited reproduction, storage in aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.

353



Problem 17.44 The diameter of the disk is 1 m, and
the length of the bar AB is1 m. The disk isrolling, and
point B slides on the plane surface. Determine the angu- 4 radls
lar velocity of the bar AB and the velocity of point B.

Solution: Choose a coordinate system with the origin at O, the
center of the disk, with x axis parallel to the horizontal surface. The |y
point P of contact with the surface is stationary, from which

i j k
Vp=0=Vvog+wgx - R=vg+ | 0 0 wo | =Vo+ 2,
0 -05 O

from which vo = —2i (m/s). The velocity at A is v4 = Vo + wo X
rA/().

i ok
Va=-2i+| 0 0 wo|=-2i+2 (.
05 0 0

The vector from B to A isr/p = —icosé +jsing (m), where 6 =

sin~10.5 = 30°. The motion at point B is parallel to the x axis. The
velocity at A is

i j k
vA:vBi+w><rA/B: 0 0 wasp
—-0866 05 O

= (v — O.SC()AB)i — 0.86640;,3] (m/s)

Equate and solve: (—2 — 0.866wap)j = 0, (vg — 0.5wap + 2)i =0,
from which w4 = —2.31k (rad/s), vg = —3.151 (m/s).
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Problem 17.45 A motor rotates the circular disk
mounted at A, moving the saw back and forth. (The saw
is supported by a horizontal slot so that point C moves
horizontally). The radiusA B is101.6 mm, and thelink BC s=—1o C
355.6 mm long. In the position shown, 6 =45° and the
link BC is horizontal. If the angular velocity of the disk
is one revolution per second counterclockwise, what is
the velocity of the saw? e

“w W

Solution: The radius vector from A to B is The saw is constrained to move parallel to the x axis, hence
0.453 — 0.284 wpc = 0, and the saw velocity is

rg/a = 01016 (i c0s45° + j in45°) = 0.051V/2(i +j) (m).

Vs = — 0.453i (m/s) |-
The angular velocity of B is § 04531 (M/s)

Vp =VA +®ap X TB/A,

i j ok
v = 0+ 27(0.051/2) [o 0 1} =0.1027/2(—i +]) (M/s).
110

The radius vector from B to C isr¢,p = (0.1016 cos45°— 0.356)i. = — 0.284i
The velocity of point C is

i j k
Ve =V +wpc xrfcp=vp+| O 0 wsc
—0284—-14 0 0

= —0453i + 0.453] + | (—0.284wzc)

= —0.453i +(0.453 — 0.284 wpC)

Problem 17.46 In Problem 17.45, if the angular
velocity of the disk is one revolution per second counter-
clockwiseand # = 270°, what isthe velocity of the saw?

Solution: The radius vector from A to B isrg/a = —4 (m). Since the saw is constrained to move paralel to the x axis,
The velocity of B is —0.3lwpcj = 0, fromwhich wpc = 0, and the velocity of the saw is

| Ve = 0.2037i = 0.638] (m/s)|

ik
VB:wxrB/A:ZN(—O.lOIG){O 0 1j|:0.203ni (m/s).
010

[Note: Since the vertical velocity at B reverses direction at 6 = 270°,
) ) the angular velocity wgc = 0 can be determined on physical grounds
The coordinates of point C are by inspection, simplifying the solution.]

(—0.356 cosp, + 0.1016 sin45°) = (—0.31, 0.072) m,

where g =sin"! w — 29.19°.
0.356

The coordinates of point B are (0, —0.1016) in. The vector from C to B is

rep = (—0.3L— 0)i + (0.072— (~0.1016))j = — 0.31i + 0.173j (m)

The velocity at point C is

i j k
Ve =Vp +wpc XTc/p =Vp + 0 0 wpC
-031 0173 O©

= (0.2037 — 0.18wpc)i — 03Llwpcj.
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Problem 17.47 The disks roll on a plane surface. 2 rad/s
The angular velocity of the left disk is 2 rad/s in the

clockwise direction. What is the angular velocity of the

right disk?

Solution: The velocity at the point of contact P of the left disk
is zero. The vector from this point of contact to the center of the left
disk isro,p = 031j (m). The velocity of the center of the left disk is

| R
i j k
Vo =w XTlo/p= 0 0 -2 | =061 (m/s).
00310
The vector from the center of the left disk to the point of attachment P Q

of therodisr;,o = 0.31i (m). The velocity of the point of attachment
of the rod to the left disk is

i j k
VL=V0+(U><TL/0:0.61i+ 0 0 -2
031 0 O
= 0.61i — 0.61j (m/s),

The vector from the point of attachment of the left disk to the point
of attachment of the right disk is

rr/r = 0.91(i cosé 4 j sind) (m),

0.31
h =snt (=) =19.47.
where 6 =si (0.91> 9

The velocity of the point on attachment on the right disk is

i j k
VR =VL +®rod X IR/ =VL + 0 0 wrod
0863 1 O
= (0.61— wrod)i + (— 0.61+ 0.863wrod)j (M/S).
The velocity of point R is also expressed in terms of the contact
point Q,
i ] k
VR =Wro XIg/o =wro(2) |0 0 1
0 0310

= —O.BleOi (m/s).

Equate the two expressions for the velocity vg and separate
components:

(0.61— wrod + 2wr0)i = 0,

(—0.61+ 0.863wrod)j = 0,

from which | wgo = —0.65k (rad/s) |

and  wrog = 0.707 rad/s.
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Problem 17.48 The disk rolls on the curved surface. y
The bar rotates at 10 rad/s in the counterclockwise
direction. Determine the velocity of point A.
A
10 rad/s
Soluti The radi f he left point of h f "
ution: e radius vector from the t point of attachment o
the bar to the center of the disk is rpy = 120i (mm). The velocity of _)° B@ X
the center of the disk is
ok 120
Vo = par X Foar = 10(120) | 0 0 1 | = 1200 (mmvs). mm
100

The radius vector from the point of contact with the disk and the curved
surface to the center of the disk isro,p = —40i (m). The velocity of
the point of contact of the disk with the curved surface is zero, from
which y

10rad/s

NN
CJ
Y
l

i j k
Vo =wo XTo/p = 0 0 wo :—40a)()j.
—-40 0 O

Equate the two expressions for the velocity of the center of the disk
and solve: wp = —30 rad/s. The radius vector from the center of the
disk to point A isrs,0 = 40j (mm). The velocity of point A is

ik
Vg =Vo +wo XFA/0=1200j — (30)(40) |:0 0 1:|
010

[ = 12001 + 1200} (mn/s)|

Problem 1749 If wsp =2 radls and wgc = 4 rad/s, y
what is the velocity of point C, where the excavator's =
bucket is attached?

Solution: The radius vector AB is

- 3i+ (55— 1.6)] =3i + 3.9 (m).

The velocity of point B is

ik
VB = @A X /A = 0 0 2|=-78+6 (m/s).
3 39 0

The radius vector BC isr¢/p = 2.3i + (5—5.5)] = 2.3i — 0.5] (m).
The velocity at point C is

i j k
Vc =Vp +@wpc ><rc/3=—7.8i+6j + 0 0 —4
23 -05 O

— 98 — 3.2 (mly |
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Problem 17.50 In Problem 17.49, if wsp = 2 rad/s,
what clockwise angular velocity wge will cause the
vertical component of the velocity of point C to be zero?
What is the resulting velocity of point C?

Solution: Use the solution to Problem 17.49. The velocity of
point B is

vp = —7.8i + 6 (m/s).

The velocity of point C is

Ve =Vp +wpc X T¢c/B
i k
=—-7.8 + Gj =+ 0 0 —wpcC | »
23 -05 0

Ve = (=7.8 - 0.5wp¢)i + (6 — 2.3wpc)j (M/9).

For the vertical component to be zero,

6

= 2.61 rad/s clockwise.
2.3

WBC =

The velocity of point C is

Ve = —9.1i (m/s)

Problem 17.51 The steering linkage of a car is shown.
Member DE rotates about fixed pin E. The right brake
disk isrigidly attached to member DE. Thetierod CD is
pinned at C and D. At the instant shown, the Pitman arm
AB has a counterclockwise angular velocity of 1 rad/s.
What is the angular velocity of the right brake disk?

Brake disks

A
B 220 mm |
N 200
c _ mm
NREY
Steering link 460 340 4‘ 70
mm mm mm

Solution: Note that the steering link moves in translation only. Point E is not moving. Equating the components of the velocity of
Thusvg = v¢. point E to zero, we have

Ve =Vp =V +wap X Ip/a = 0+ (1k) X (7018]) = 0.18i 0.18 + 0.08wcp — 0.2wpr = 0, 0.34wcp + 0.07wpg = 0.
Solving these equations simultaneously, we find that
Vp =Vc +®cp XIp/c= 0.18i + wepk x (0.34i —0.08)) wep = —0.171 radls, wpr = 0.832 rad/s.

= (0.18 + 0.08w¢ p)i + (0.34w¢ p)j The angular velocity of the right brake disk is then

wdik = wpg = 0.832 rad/s counterclockwise.

VE =Vp +®pE XTE/D

= (0.18 4 0.08w¢ p)i + (0.34wcp)j + wprek x (0.07i 4+ 0.2))

= (0.18 4+ 0.08wcp — 0.2wpE)i + (0.34wcp + 0.07wpE)j

(© 2008 Pearson Education South Asia Pte Ltd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
to any prohibited reproduction, storage in aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.

358




Problem 17.52 An athlete exercises hisarm by raising
the massm. The shoulder joint A is stationary. The
distance AB is 300 mm, and the distance BC is400 mm.
At the instant shown, w,z = 1 rad/sand wgc = 2 rad/s.
How fast is the mass m rising?

Solution: The magnitude of the velocity of the point C paralel to
the cable at C is also the magnitude of the velocity of the mass m. The
radius vector AB isr g4 = 300i (mm). The velocity of point B is

ij ok
Vp=wap XIga=| 0 0 wap | =300 (mm/s).
300 0 O

The radius vector BC is r¢,p = 400(i cos60° + j sin60°) = 200i +
346.4j (mm). The velocity of point C is

i j k
Ve =Vp + @wpc XFC/B=3OOj + 0 0 2
200 3464 0

= —692.8i + 700j (mm/s).

The unit vector parallel to the cable a C is ec = —icos30° +
jsin30° = —0.866i + 0.5). The component of the velocity paralel to
the cable at C is

Ve - €c = 950 mm/s |,

which is the velocity of the mass m.

Problem 17.53 Thedistance AB is305mm, thedistance
BC is 406.4 mm, wsp = 0.6 rad/s, and the mass m is
rising at 610 mm/s. What is the angular velocity wpc?

Solution: The radius vector AB isr g, 4 = 0.305i (m). The velocity ~ The unit vector paralel to the cable at C is
a point B is
ec = —icos30° + j sin60° = —0.866i + 0.5j.

i ik
VB = @ap X Igja = |: 0O O 0.6:| =219j (m/s). The component of the velocity at C paralel to the cable is
0305 0 0

Vepl =V - €c = +3.67wpc + L2wpc + 11 (M/s).
The radius vector BC is

This is also the velocity of the rising mass, from which
rc/p = 0.4064 (i cos60 + j sin60) = 0.2032i + 0.3531j (m)

4.89wpc + 11 = 0.61,

wpc = 1.28 rad/s

The velocity at C is

i i k
Ve =Vp +®wpc XTc/p = 7.2 + 0 0 wpc
0.2032 0.3531 0

= —0.3531wpci + (2.19 4 0.2032wp()j -
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Problem 17.54 Points B and C are in the x—y plane. y
The angular velocity vectors of the arms AB and BC are
wap = —0.2k (rad/s), and wpc = 0.4k (rad/s). What is
the velocity of point C.

Solution:  Locations of Points:

A: (0,0,00 m

B: (0.76c0s40°,0.76sin40°, 0) m

C: (xp+0.92c0s30°, yg —0.92sn30°,0) m
or B: (0.582,0.489, 0),

C: (1.379,0.0285,0) m

Ip/a= 0.582i + 0.489; (m)

resp = 0.797i — 0.460] (M)

Vag =0,wsp = —0.2k (%) . wpc = 0.4k <%>

Vp =V4 +wap XTp/A

Vc =Vp +wpc XTc/B

vp = (—0.2k) x (0.582i 4 0.489)
v = 0.0977i — 0.116] (m/s).

Vc =Vp +®pc XIc/B

Ve = vg + 0.184i + 0.319] (m/s)

Ve = 0.282i + 0.202] (m/s).
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Problem 17.55 If the velocity at point C of the
robotic arm shown in Problem 17.54 is v = 0.15i +
0.42j (m/s), what are the angular velocities of the arms
AB and BC?

Solution:  From the solution to Problem 17.54,
ra/4 = 0.582i +0.489) (m)
rcsg = 0.797i — 0.460] (m)
Ve =wapK X Tg/a (V4 =0)
Ve =Vp +wpcK XTI/
We are given

Ve = —0.15i + 0.42] + Ok (m/s).

Thus, we know everything in the v¢ equation except wap and wpc.

Ve = wapK X I'g/a +wpcK X resp

This yields two scalar equations in two unknowns i and j components.
Solving, we get

wsp = 0.476k (rad/s),

wpc = 0.179 (rad/s).

Problem 17.56 Thelink AB of therobot’sarm isrotat-
ing at 2 rad/s in the counterclockwise direction, the link
BC isrotating at 3 rad/s in the clockwise direction, and
thelink CD isrotating at 4 rad/sin the counterclockwise
direction. What is the velocity of point D?

Solution: The velocity of B is

Vp =VA +®ap XTp/A,

i i k
0 0 2
0.3cos30° 0.3sin30° 0

o v =0+

= —0.3i + 0.520) (M/s).

The velocity of C is
Vc =Vp +wpc XIc/p
i i k

0 0 -3
0.25c0s20° —0.25sin20° O

or ve =-0.3i 4+ 0.520] +

— —0.557i — 0.185 (M/9).

The velocity of D is

ik
Vp =Vc +®cp XIp/c = —0.557i — 0.185 +| O 0 4],
025 0 O

or vp = —0.557i + 0.815] (m/s).
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Problem 17.57 The person sgueezes the grips of the
shears, causing the angular velocities shown. What is
the resulting angular velocity of the jaw BD?

Solution:
Vp =Vc +wcp XIp/c = 0 — (0.12 rad/s)k x (0.025i + 0.018)) m

= (0.00216i — 0.003j) m/s
VB =Vp +®pp X Ip/D
= (0.00216i — 0.003)) m/s+ wppk x (—0.05i — 0.018)) m

= (0.00216 m/s+{0.018 Mjws p )i+ (—0.003 m/s—{0.05 Mjwpp)j

From symmetry we know that C and B do not move vertically

wgp = —0.06 rad/s

~0003 mis — (005 Mgy =0=| “P0 ~ 0V L

0.12 rad /s

25 mm |25 mm
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Problem 17.58 Determine the velocity vy and the
angular velocity of the small pulley.

Solution:  Since the radius of the bottom pulley is not given, we
cannot use Eq (17.6) (or the equivalent). The strategy is to use the fact
(derived from elementary principles) that the velocity of the center of
a pulley is the mean of the velocities of the extreme edges, where
the edges lie on a line normal to the motion, taking into account the
directions of the velocities at the extreme edges. The center rope from
the bottom pulley to the upper pulley moves upward at a velocity
of vy. Since the small pulley is fixed, the velocity of the center is
zero, and the rope to the left moves downward at a velocity vy,
from which the left edge of the bottom pulley is moving at a velocity
vy downward. The right edge of the bottom pulley moves upward
at a velocity of 0.6 m/s. The velocity of the center of the bottom
pulley is the mean of the velocities at the extreme edges, from which
0.6 — vy
2

w =

Solve: | vy = %5 =0.2m/s}

The angular velocity of the small pulley is

0.2
—— =4r
= oos — Arads

e
|

|
I
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Problem 17.59 Determine the velocity of the block

51
and the angular velocity of the small pulley. ngggszégﬁ”ﬁm/ s

76.2 mm

Solution: Denote the velocity of the block by vg. The strategy
is to determine the velocities of the extreme edges of a pulley by
determining the velocity of the element of rope in contact with the
pulley. The upper rope isfixed to the block, so that it movesto the right
a the velocity of the block, from which the upper edge of the small
pulley moves to the right at the velocity of the block. The fixed end
of the rope at the bottom is stationary, so that the bottom edge of
the large pulley is stationary. The center of the large pulley moves at
the velocity of the block, from which the upper edge of the bottom
pulley moves at twice the velocity of the block (since the velocity of
the center is equal to the mean of the velocities of the extreme edges,
one of which is stationary) from which the bottom edge of the small
pulley moves at twice the velocity of the block. The center of the small
pulley moves to the right at 9 in/s. The velocity of the center of the
small pulley is the mean of the velocities at the extreme edges, from

which
0.051vp + 0.025vp 0.076
0.2286 = — ool 005l vg,
from which
0.051
= = = 0.152 m/s|.
B 0,076 0.2286 S

The angular velocity of small pulley is given by

ik
0.22861 = 0.051vpi + @ x 0.051j = [ 0 O w | = 0.051vgi — 0.051wi,
0 0051 O
from which | & = 0.305— 0.2286 =15radls
0.051
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Problem 17.60 The device shown is used in the semi-
conductor industry to polish silicon wafers. The wafers
are placed on the faces of the carriers. The outer and
inner rings are then rotated, causing the wafers to move
and rotate against an abrasive surface. If the outer ring
rotates in the clockwise direction at 7 rpm and the inner
ring rotates in the counterclockwise direction at 12 rpm,
what is the angular velocity of the carriers?

Solution: The velocity of pt. B is vz = (1 M)woi = wpi. The
velocity of pt. A isvq = —(0.6 m)w;i. Then

ik
Vp = Vy +a)c><rB/A:w0i:—0.6w,~i+ 0 0 wcl.

0 04 O

The i component of this equation is wp = —0.6w; — 0.4wc,

Carriers (3)

Inner ring

© _ —0.6w; — wo
we 0.4
_ —0.6(12 rpm) — 7 rpm
- 0.4
= —35.5 rpm.
Problem 17.61 In Problem 17.60, suppose that the

outer ring rotates in the clockwise direction at 5 rpm
and you want the centerpoints of the carriers to remain
stationary during the polishing process. What is the
necessary angular velocity of the inner ring?

Solution:  Seethe solution of Problem 17.60. The velocity of pt. B
isvp = wpi and the angular velocity of the carrier is

_ 70.66()1' — @0
YT T 04

We want the velocity of pt. C to be zero:

ik
VC20=VB+wc><rC/B=w0i+ 0 0 wc | .
0 -02 O

Carriers (3)

Inner ring

From this equation we see that wc = —5wp. Therefore the velocity of
pt. Ais

VA =Ve+oc XTy/c
= 0+ (—5wok) x (—0.2))
= —woi
We aso know that vy = —(0.6 m)w;i,

wo 5 rpm
O w=—= P

=8.33 rpm.

0.6 0.6
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Problem 17.62 The ring gear is fixed and the hub
and planet gears are bonded together. The connecting
rod rotates in the counterclockwise direction at 60 rpm.
Determine the angular velocity of the sun gear and the
magnitude of the velocity of point A.

Solution: Denote the centers of the sun, hub and planet gears by
the subscripts Sun, Hub, and Planet, respectively. Denote the contact
points between the sun gear and the planet gear by the subscript SP
and the point of contact between the hub gear and the ring gear by the
subscript HR. The angular velocity of the connecting rod is wcg =
6.28 rad/s. The vector distance from the center of the sun gear to the
center of the hub gear is ryup/sun = (720 — 140)j =580 (mm). The
velocity of the center of the hub gear is

ik
VHub = ®@CR X lHub/Sun = 0 O 2 | = —3644i (mm/s)
0 580 0

The angular velocity of the hub gear is found from

[ k
Vg = 0= VHup + @Hup x 140] = [0 0 wHub:| + VHub

0 140 O
= —3644i — 140wHupi,
from which
3644
=——— = -26.03 rad/s.
WHUb 140 6.03 rad/s.

Thisis aso the angular velocity of the planet gear. The linear velocity
of point A is

i k
VA =wHb X (340—140)j =0 0 —26.03
0 200 0

= 52061 (mm/s)

The velocity of the point of contact with the sun gear is

i j k
Vps = wHup X (—480)) = | 0 0 —26.03
0 -—480 0

= —12494.6i (mm/s).

The angular velocity of the sun gear is found from

i k
Vps = —12494.6i = wgn X (240)) = | 0 O  wsin
0 240 O

= —240wgni,

12494.6

from which | wgyn = = 52.06 rad/s

240
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Problem 17.63 The large gear is fixed. Bar AB has a —l4cm 16 cm L 10cm—-
counterclockwise angular velocity of 2 rad/s. What are |
the angular velocities of bars CD and DE?

Solution: The strategy is to express vector velocity of point D in
terms of the unknown angular velocities of CD and DE, and then
to solve the resulting vector equations for the unknowns. The vector
distance AB isrp/4 = 14j (cm) The linear velocity of point B is

ij ok
Vp=wxrpga=|0 0 2|=-28 (cm/s).
0 14 0

The lower edge of gear B is stationary. The radius vector from the
lower edge to B isrp = 4j (cm), The angular velocity of B is

i j ok
Vp=wp xXrg=|0 0 wp |=—4wsi (cm/s),
04 0

from which wp = _B 7 rad/s. The vector distance from B to C

isrc/p = 4i (cm). The velocity of point C is

o N X

i
VC2VB+wBXFC/B=—28i+ 00
4 0

= —28i + 28] (cm/s).

The vector distance from C to D isrp,c = 16i (cm), and from E to
D isrp,p = —10i + 14j (cm). The linear velocity of point D is

i k
Vp = V¢ +wCD><I’D/C=—28i+28j+ 0 0 wep
16 0 0

= —28i + (16wcp + 28)j (cm/s).

The velocity of point D is aso given by

i i k
Vp =@pg XIp/E= 0 0 wpe
-10 14 0

= 714wDEi — lOa)DEj (cm/s)‘

Equate components:
(—28+ 14wpEg)i =0,

(16wep + 28+ 10wpg)j = 0.

Solve: | wpr = 2 radls || wcp = —3radls|

The negative sign means a clockwise rotation.
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Problem 17.64 If the bar has a clockwise angular
velocity of 10rad/s and v4 = 20 m/s, what are the
coordinates of its instantaneous center of the bar, and
what is the value of vg?

U Up

Solution:  Assume that the coordinates of the instantaneous center
are (xc, yc), @ = —wk = —10K. The distance to point A isr4,c = |

Im

(1 —x¢)i+ ycj. The velocity at A is

i ik
VAZZOj =wXTlygc= 0 0 —w

1—x¢c yc¢ O

= ycowi —w(l—xc)j,
from which ycwi =0, and (20 + (1 — x¢))j = 0.

Substitute w = 10 rad/s to obtain yc = 0 and xc = 3 m. The coordi-
nates of the instantaneous center are| (3, 0) (m) |. The vector distance
from C to B isrp,c = (2 —3)i = —i (m). The velocity of point B is

i k
Vp=w X Ig/c= |: 0 O —10} = —10(—)) | = 10j (m/s)

-1 0 O

RENG
T e

Problem 17.65 In Problem 17.64, if vy =24 m/s y
and vy =36 m/s, what are the coordinates of the
instantaneous center of the bar, and what is its angular
velocity?

U Vg

Solution: Let (xc, yc) bethe coordinates of the instantaneous cen-

ter. The vectors from the instantaneous center and the points A and ‘r 1m
Baeryc=(1- xc)i + ycj (m) and rp/c = (2—x¢)i+ ycj. The
velocity of A is given by

i j k
VA:24j:(4’AB><rA/C: 0 0 wap
l-xc yc¢ O

= —wapyci + wap(l - xc)j (M)

The velocity of B is
i j k
VB=3Gj = WAB XFB/C: 0 0 WAB
2—-xc yc O

= —ycwapi + wap(2 — xc)j (M/S).

Separate components:
24 — wap(1—xc) =0,
36 — wap(2—xc) =0,

wapyc = 0.

Solve: |xC=—l,| |yc=0,|

and counter clockwise.

e
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Problem 17.66 The velocity of point O of the bat is y
Vo = —1.83i—4.27j (m/s), and the bat rotates about the z
axis with a counterclockwise angular velocity of 4 rad/s.
What are the x and y coordinates of the bat’'s instanta-
neous center?

Solution: Let (xc, y¢) bethe coordinates of the instantaneous cen-
ter. The vector from the instantaneous center to point O isrp/c =
—xci — ycj (m). The velocity of point O is

vo=—-183i —4.27] = w x ro/jc = 0 0 w

= ycwi — xcwj (M/s).

Equate terms and solve:

1.83 1.83
Ye=—"—=-"=-046m,
427 4.27
xc=—=——=107m,

from which the coordinates are| (1.07, —0.46) m
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Problem 17.67 Points A and B of the 1-m bar side on
the plane surfaces. The velocity of B isvg = 2i (m/s).

(@) What are the coordinates of the instantaneous cen-
ter of the bar?

(b) Use the instantaneous center to determine the A
velocity at A.

70°

Solution:

<

(8 A is constrained to move paralel to the y axis, and B is con-
strained to move parallel to the x axis. Draw perpendiculars to the

velocity vectors at A and B. From geometry, the perpendiculars
intersect at

| (cos70°, sin70°) = (0.3420, 0.9397) m|.

(b) The vector from the instantaneous center to point B is

rp/c =Trg—rc = 0.34200 — (0.3420i + 0.9397) = —0.9397]

N S S S S

The angular velocity of bar AB is obtained from

i i k
VB=2i:wABXI’B/C=|:O 0 wAB:|

0 -09397 O

= WAB (09397)|,

2
from which = ——— =213 radls.
om which wap 09397 3 rad/s.

The vector from the instantaneous center to point A isr,,c =
ra —rc = —0.3420i (m). The velocity at A is

i ik
VA:wAerA/C:|: 0 0 2‘13:|

—-03420 0 O

= —0.7279 (m/s).
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Problem 17.68 The bar is in two-dimensional motion
in the x—y plane. The velocity of point A is v, =
8i (m/s), and B is moving in the direction parallel to the
bar. Determine the velocity of B (a) by using Eq. (17.6)
and (b) by using the instantaneous center of the bar.

Solution:

(@ The unit vector paralel to the bar is
esp = (icos30° +j sin30°) = 0.866i + 0.5j.
The vector from A t0 B isrp 4 = 4esp = 3.46i + 2j (m). The
velocity of point B is
e b]
Vp=Va+wap xIga=8+| 0 0 wsp
346 2 O
Vg = (8 — 2wap)i + 3.46wapj.
But v is also moving paralel to the bar,
Vp = vgesp = vp(0.866i + 0.5)).
Equate, and separate components:
(8 — 2wap — 0.866v5)i = 0,
(3.46w4p — 0.5vp)j = 0.

Solve: wap = 1 radls, vg = 6.93 m/s, from which

|v3 = vgeap = 6i + 3.46) (M/9) |

(b) Let (xc, yc) be the coordinates of the instantaneous center. The
vector from the center to A is

rajc =fa—rc=—rc=—xci—ycj (m).

The vector from the instantaneous center to B is

fp/jc=rp—Trc= (3.46 — x0)i + (2 — yo)j.

y

| 30°

The velocity of point A is

i j k
VA=8i=wA3><I’A/C=|: 0 0 CL)AB:|
—x¢c —yc O

= wapycl — wapxcj (M/s).

From which , and wapyc =8. The velocity of

point B is

i j k
VB = Vp€ap = ®WAB X g/c = 0 0 wAB
346 —xc 2—yc¢ 0

= —wap(2— yc)i + wap(3.46 — x¢)j.
Equate terms and substitute

wapyc = 8, and x¢c = 0, to obtain: (0.866vg + 2w — 8)i =0,
and (0.5v¢ — 3.46w4p)j = 0. These equations are algebraicaly
identical with those obtained in Part (a) above (as can be shown
by multiplying al terms by —1). Thus wsp = 1radls, vg =
6.93 (m/s), and the velocity of B is that obtained in Part (a)

Vp = vgeap = 61 + 3.46] (m/s)|.
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Problem 17.69 Point A of the bar is moving at 8 m/s y
in the direction of the unit vector 0.966i — 0.259j, and
point B is moving in the direction of the unit vector
0.766i + 0.643].

(@ What are the coordinates of the bar's instanta-
neous center?
(b) What is the bar’s angular velocity?

Solution:  Assume the instantaneous center Q is located at (X, y).
Then

Va=wXTa/0, VB=®XTIp/0
(8 M/9)(0.966i — 0.259)) = wk x (—xi — yj)
v5(0.766i + 0.643)) = wk x ([{2 M} cos30° — x]i

+[{2 m/s} sin30° — y]j)
Expanding we have the four equations

7.73 m/s = wy
—2.07 m/s= —wx | x= 0.623 m
0.766vp = w(y — 1 m) y=232m

0.643vp = w(1.73 m — x)
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Problem 17.70 Bar AB rotates with a counterclock-
wise angular velocity of 10 rad/s. At the instant shown,
what are the angular velocities of bars BC and CD? (See
Active Example 17.4.)

Solution: Thelocation of theinstantaneous center for BC is shown,
adong with the relevant distances. Using the concept of the instanta-
neous centers we have

vp = (10)(2) = wpc(4)

wpec =5 rad/s

ve = (4.472)(5) = 2.236(wcp)

wcp = 10 rad/s

We determine the directions by inspection

wpc = 5 rad/s clockwise.
wcp = 10 rad/s counterclockwise.

B.s c -
2m
10rad/s 4 !
A (1‘777777777777777777777 3 ‘77— —
k,,,,,,z Mm— e 1m—.
0
4.472 m
4 m
Vg 2m
< C
B A
Ve 2.236 m
2m
A4 U 3m D
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Problem 17.71 Useinstantaneous centersto determine
the horizontal velocity of B.

Solution: The instantaneous center of OA lies at 0, by definition,
since O is the point of zero velocity, and the velocity at point A is
parallel to the x-axis:

ik
VA =®woa XTa/0 = 0 0 —woa | = 6i (cm/s).
0 6 0

A line perpendicular to thismotion is parallel to the y axis. The point B
is constrained to move on the x axis, and a line perpendicular to this
motion is also parallel to the y axis. These two lines will not intersect
at any finite distance from the origin, hence at the instant shown the
instantaneous center of bar AB isat infinity and the angular velocity of
bar AB is zero. At the instant shown, the bar AB translates only, from
which the horizontal velocity of B is the horizontal velocity at A:

Vg =Va = 6i (cm/s) |.
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Problem 17.72 When the mechanism in Problem
17.71 is in the position shown here, use instantaneous
centers to determine the horizontal velocity of B.

Solution: The strategy is to determine the intersection of lines
perpendicular to the motions at A and B. The velocity of A is parallel
to the bar AB. A line perpendicular to the motion at A will be parallel
to the bar OA. From the dimensions given in Problem 17.71, the length
of bar AB israp = /62 + 122 = 13.42cm. Consider the triangle OAB.
The interior angle a B is

6
g =tan~! (—) =24.1°,

rAB

and the interior angle at O is # = 90° — B = 65.9°. The unit vector
parallel to the handle OA iseps = icosh + j sind, and a point on the
lineisLopa = Loa€oa, Where Lo, is the magnitude of the distance
of the point from the origin. A line perpendicular to the motion at B
is parallel to the y axis. At the intersection of the two lines

rAB
cosp’

LopaCOSH =

from which L4 = 36 cm. The coordinates of the instantaneous center
are (14.7, 32.9) (in.).

Check: From geometry, the triangle OAB and the triangle formed by
the intersecting lines and the base are similar, and thus the interior
angles are known for the larger triangle. From the law of sines
_Tos _ __ras
sing  singcosp

Loa
sin90°

=36 cm,

and the coordinates follow immediately fromLos = Loa€oa. check.
The vector distance from O to A is ry 0 = 6(icosf +jsing) =
2.450i + 5.478j (cm). The angular velocity of the bar AB is determined
from the known linear velocity at A.

i ik
0 0o -1
2450 5477 0

VA =woa XTaj0 =

= 5.48i — 2.45j (cm/s).

The vector from the instantaneous center to point A is
rajc =foa—"rc =6e04 — (14.7i + 32.86))

= —12.25i — 27.39j (cm)

The velocity at point A is

i i k
VA =@ XTa/c = 0 0 WAB
—12.25 -—-27.39 0

= wap(27.39 — 12.25)) (cm/s).

Equate the two expressions for the velocity at point A and separate
components, 5.48i = 27.3%9w4p, —2.45] = —12.25w4 ] (one of these
conditions is superfluous) and solve to obtain wsp = 0.2 rad/s, coun-
terclockwise.

[Check: The distance OA is 6 cm. The magnitude of the velocity at A
is wpa(6) = (1)(6) = 6 cm/s. The distance to the instantaneous cen-
ter from O is +/14.72 +32.92 = 36 cm, and from C to A is (36 —

6) = 30 cm from which 30w, g = 6 cm/s, from which wsp = 0.2 rad/s.

check.]. The vector from the instantaneous center to point B is

fgjc=rg—Tc= 14.7i — (14.7i + 32.86) = —32.86) (cm)

The velocity at point B is

T
Vi =wsp xrgc=|0 0 02|[=657icms|
0 -328 0
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Problem 17.73 The angle 8 = 45°, and the bar OQ is
rotating in the counterclockwise direction at 0.2 rad/s.
Use instantaneous centers to determine the velocity of
the dleeve P.

Solution: The velocity of Q is
Instantaneou:
(03 < center of %)
vg = 2wop = 2(0.2) = 0.4 m/s. bar PQ

Therefore

_ _U_Q_oil_ 22m
lwpo| = am= 2 = 0.2 radls

(clockwise) and |vp| = 2\/§pr = 0.566 m/s (vp is to the left).

Problem 17.74 Bar AB isrotating in the counterclock-
wise direction at 5 rad/s. The disk rolls on the horizontal
surface. Determine the angular velocity of bar BC. B

Solution: First locate the instantaneous center

From the geometry we have

BC QB
AE =~ QA
06m OB

04m  QB-J02+04m
Solving we find BQ = 1.342m

Now
vp = wap(AB) = wpc(QB)
Q
NS
AB £/0.2240.42 m NS
=—(5radls)=——————— (5 rad/s) =1.67 rad/s CCW
wBC QB( ) 132 m ( )
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Problem 17.75 Bar AB rotates at 6 rad/s in the clock- B
wise direction. Use instantaneous centers to determine o
the angular velocity of bar BC.

4 cm
LA
e o 6rad/s
3cm ‘
i o C
4cm 10 cm 1
Solution:  Choose a coordinate system with origin at A and y axis
vertical. Let C’ denote the instantaneous center. The instantaneous c’
center for bar AB is the point A, by definition, since A is the point of /T
zero velocity. The vector AB is T4 = 4i + 4j (cm). The velocity at // 1
o / I
i j k B/
VB = waB X Tp/a = 0 0 -6 =24i—24j (CI’T'I/S). l
4 4 0 ‘
o I
The unit vector parallel to AB is also the unit vector perpendicular to
the velocity at B, C

€p = %(i +J).

The vector location of a point on a line perpendicular to the velocity
at BisLap = Lageap, Where L,p is the magnitude of the distance
from point A to the point on the line. The vector location of a point
on a perpendicular to the velocity at C isL¢ = (14i + yj) where y is
the y-coordinate of the point referenced to an origin at A. When the
two lines intersect,

Lup. .
AB|:14|,

L
andy =28 _14

V2

from which L5 = 19.8 cm, and the coordinates of the instantaneous
center are (14, 14) (cm).

[Check: The line AC’ is the hypotenuse of aright triangle with a base
of 14 cm and interior angles of 45°, from which the coordinates of C’
are (14, 14) cm check.]. The angular velocity of bar BC is determined
from the known velocity at B. The vector from the instantaneous center
to point B is
rp/jc=rp—rc= 4i + 4 — 14i — 14) = —10i — 10j.
The velocity of point B is
i j k

Vg =wpc xTgc=| O 0  wpc

-10 -10 O

= wpc(10i — 10j) (cm/s).

Equate the two expressions for the velocity: 24 = 10wp¢, from which

WRC = 2.4 radls A
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Problem 17.76 The crank AB is rotating in the clock- y
wise direction at 2000 rpm (revolutions per minute).

(@) At the instant shown, what are the coordinates of
the instantaneous center of the connecting rod BC ?
(b) Useinstantaneous centers to determine the angular
velocity of the connecting rod BC at the

instant shown.
Solution: A
27 rad\ / min 1R
= — ) = 7/ |
wap = 2000 rpm( =y ) <60 s> 209 rad/s o :
// |
7 |
(8 The instantaneous center of BC is located at point Q e :
4 I
/// !
_ |
| 0 = (225, 225) mm| S | 225 mm
/// |
(b) v =wap(AB) = wpc(QB) e |
B . |
|
|
wope = 2By = —DOVZMM 0o ) — 50.8 rads |
0B (225 — 50)+/2 mm !
]
ve = wpc(QC) = (59.8 rad/s)(0.225 m) = 13.5 m/s A 225 mm ¢

ve = (13.5 m/s)i
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Problem 17.77 The disks roll on the plane surface.
The left disk rotates at 2 rad/s in the clockwise direction.
Use the instantaneous centers to determine the angular
velocities of the bar and the right disk.

Solution:  Choose a coordinate system with the origin at the point
of contact of the left disk with the surface, and the x axis paralel to
the plane surface. Denote the point of attachment of the bar to the left
disk by A, and the point of attachment to the right disk by B. The
instantaneous center of the left disk is the point of contact with the
surface. The vector distance from the point of contact to the point A is
ra/p =i-+j (m). The velocity of point A is

ik
Va=wrLp XTa/p= 0 0 -2 =2i—2j (m/s).
11 O

The point on a line perpendicular to the velocity at A isLa = La(i +
i), where L 4 is the distance of the point from the origin. The point B
is at the top of the right disk, and the velocity is constrained to be
parallel to the x axis. A point on a line perpendicular to the velocity
a BisLp = (1+ 3cosh)i + yj (m), where

1
§=snt(=)=195".
sin (3)

At the intersection of these two lines L, = 1+ 3cosd = 3.83 ft,
and the coordinates of the instantaneous center of the bar are (3.83,
3.83) (m). The angular velocity of the bar is determined from the
known velocity of point A. The vector from the instantaneous center
to point A is

rajc=ra—rc= i+j—3.83i —3.83 =—2.83i — 2.83] (M).
The velocity of point A is
i j k
VA =wap XTa/c = 0 0 WAB
—-283 -283 0

= wap(2.831 — 2.83)) (M/S).

Equate the two expressions and solve:

2 .
WAB = 288 = 0.7071 (rad/s) | counterclockwise.

The vector from the instantaneous center to point B is

rg/c =rp—rc = (1+43cos)i + 2j —3.83i — 3.83) = —1.83].

2radls
3m

1m ‘ im

\

The velocity of point B is
i i k

VB = waAB X Ip/a = 0 0 0.7071 | = 1.294i (m/s).
0 -1.83 0

Using the fixed center at point of contact:

i j ok
VB = wRrp X I'p/p = 0 0 wgp | = 72a>RDi (m/s)
02 O

Equate the two expressions for vg and solve:

wrp = —0.647 rad/s, clockwise. |
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Problem 17.78 Bar AB rotatesat 12 rad/sin the clock-
wise direction. Use instantaneous centers to determine
the angular velocities of bars BC and CD.

Solution:  Choose a coordinate system with the origin at A and the
x axis paralel to AD. The instantaneous center of bar AB is point A,
by definition. The velocity of point B is normal to the bar AB. Using
the instantaneous center A and the known angular velocity of bar AB
the velocity of B is

i k
Vg=wxrga=|[0 0 =12 | =2400i (mm/s).
0 200 O
The unit vector perpendicular to the velocity of B is esp =], and

a point on a line perpendicular to the velocity at B iSLap = Lagj
(mm). The instantaneous center of bar CD is point D, by definition.
The velocity of point C is constrained to be normal to bar CD. The
interior angle at D is 45°, by inspection. The unit vector parallel to
DC (and perpendicular to the velocity at C) is

1
epc = —icos45° +jsin4g5® = (—) —i+j).
DC | NG ( 1))

The point on aline paralel to DC is

Lpc\. Lpc.
L =650 - — )i+ ——j (mm).
e < ﬁ) ﬁj( )

At the intersection of these lines L 45 = L p¢, from which
LDC)
650 — — ) =0
(w0~
Lpc
—ﬁ )

from which Lpc = 919.2 mm, and L3 = 650 mm. The coordinates
of the instantaneous center of bar BC are (0, 650) (mm). Denote this
center by C’. The vector from C’ to point B is

and Lap =

rgc =rp —re = 200) — 650] = —450;.
The vector from C’ to point C is
rejcr = 300i + 350] — 650] = 300i — 300j (mm).

The velocity of point B is

i k
VB =wpc X I'p/cr = 0 0 wpc | = 450wpci (MMYS).
0 —-450 O

mm

| /igjz radls

%— 300 mm

Equate and solve: 2400 = 450wp¢, from which

350 mm }

2400

wpCc = = 5.33 (rad/s) |-

450

The angular velocity of bar CD is determined from the known velocity
at point C. The velocity at C is

i j k
Ve = wpc X rc/cr = 0 0 5.33
300 -300 O

= 1600i + 1600j (mm/s).

The vector from D to point C is r¢/p = —350i + 350) (mm). The
velocity at C is

i j k
Ve =wcp XTe/p = 0 0 wcp
—-350 350 O

= —350wc[)i — 3506()c[)j (mm/s).

Equate and solve: | wcp = —4.57 rad/s | clockwise.
1
I

N\
N
N
P

B
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Problem 17.79 The horizontal member ADE support-
ing the scoop is stationary. The link BD isrotating in the
clockwise direction at 1 rad/s. Use instantaneous centers
to determine the angular velocity of the scoop.

Solution: Thedistancefrom D to B isrgp = +/0.312+ 0.612= 0.68 m.

The distance from B to H is I nstantaneous
H center of
1.07 bar BC
FBH = ——F>—5 —Tsp =17 m,
c0s63.4° Lw (Wgc

and the distance from C to H isrcy = 1.07tan63.4° —rcp = 1.68 m.
Thevelocity of B isvg = rgpwpp = (0.68)(1) = 0.68 m/s. Therefore

0.68
wpc = B _ 22 04radss Wgp = lrad/s (= s
rBH 1.7
_ _ g Wee
The velocny'of Cis v = repwpe = (1.68)(0.4) = 0.67, so the D "—,E
angular velocity of the scoop is 1.07m
ve 0.67
=—=_—— =147 rad/
CCE= o T 046 redrs

(© 2008 Pearson Education South Asia PteLtd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
to any prohibited reproduction, storage in aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.

379




Problem 17.80 The disk is in planar motion. The y
directions of the velocities of points A and B are shown.
The velocity of point A isvy =2 m/s.

(@ What are the coordinates of the disk’s instanta-
neous center?
(b) Determine the velocity vg and the disk’s angular

velacity.
X
Solution: y Vg
@ = wk

Te/A = Xel + Yej

le/p = (xc — xp)i + (Yo — yB)j

The velocity of C, the instantaneous center, is zero. ==~ (0.5,04) m

Ve ZOZVA + wk x Fe/A

0=v4, —oye (1)
0=va, +x. (2

where vs, = v c0s30° = 2c0s30° m/s
vA, = U4 sin30° =1 m/s
vp, = vp COS70°
vg, = vg Sin70°
Also v =0=vVvp+wK xTrp
0=vpcos70° —w(y. —yg)
0=vpsiN70° +w(x. —xp) (4)
Eqgns (1) — (4) are 4 egns in the four unknowns w, vg, x., and y..
Solving,

w = 2.351 rad/s,

w = 2.351k rad/s,

vp = 2.31 m/s,
x. = —0.425 m,
ye = 0.737 m.
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Problem 17.81 Therigid body rotates about the z axis y
with counterclockwise angular velocity o = 4 rad/s and
counterclockwise angular acceleration « = 2 rad/s®. The
distance r, /5 = 0.6 m.

(@ What are the rigid body’s angular velocity and

angular acceleration vectors? B A

(b) Determine the acceleration of point A relative to —r—' X
point B, first by using Eq. (17.9) and then by using ot
Eqg. (17.10).

Solution: y

(a) By definition,
w = 4k, +

o = 6k.

() as/p=wx (@ xTrap)+axrap
as/B = 4k x (4k x 0.6i) + 2k x 0.6i

ayp = —9.6 + 12 (/S).

Using Eg. (17.10),
as/B =0 XTa/B —a)er/B

= 2k x 0.6i — 16(0.6)i

as/p = —9.61 + 1.2 (/).
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Problem 17.82 The bar rotates with a counterclock-

wise angular velocity of 5 rad/s and a counterclockwise !

angular acceleration of 30 rad/s®. Determine the accel- Srads A
eration of A (a) by using Eq. (17.9) and (b) by using z
Eq. (17.10). 30 rad/s?

=
\ 30°

2m

Solution:
(@ Eg (179 a4 =ap+a xrap+ox (@ XT4p).
Substitute values:
ap=0. o«=30k (rad/s),
ra/s = 2(icos30° +jsin30°) = 1.732i +j (m).
@ = 5k (rad/s).

Expand the cross products:

i j k
axrap=| 0 0 30|=-30i+52 (M.
1732 1 0
i i k
oxrayp=| 0 0 5|=-5i+866 (ms).
1732 1 0
Ci ok
wx (@xrap)=| 0 0 5|[=-433—25 (m/s).
| -5 866 0

Collect terms: | a4 = —73.3i + 27] (m/sY) ‘

(b) Eq. (17.10): a4y = ap + a X ra/B 7602I‘A/B.

Substitute values, and expand the cross product as in Part (b) to
obtain

ay = —30i + 52 — (52)(1.732i +j) = —73.3i + 27] (M/SD)

(© 2008 Pearson Education South Asia Pte Ltd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
382 to any prohibited reproduction, storage in aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.




Problem 17.83 The bar rotates with a counterclock- y
wise angular velocity of 20 rad/s and a counterclockwise
angular acceleration of 6 rad/s?.

(@ By applying Eq. (17.10) to point A and the fixed
point O, determine the acceleration of A.

(b) By using the result of part (a) and Eq. (17.10), 20radls 6rad/s .
to points A and B, determine the acceleration

) OI- ° -I—
point B. I\ ! X

Solution:
(@ as=ap+axrao-— wer/O

where

® = 20K rad/s
o = 6k rad/s?
a0 = 1i, and as =0
as = O + 6k x 1i —400(1i)

as = —400i + 6 (M/S).
(b) ap =ag +oa Xrp/a —wzl’B/A

where

/A= 1i

ag = —400i + 6] + 6k x 1i — 400(1i)

ag = —800i + 12 (M/S).
Problem 17.84 The helicopter is in planar mation in y
the x—y plane. At the instant shown, the position of its
center of mass G isx =2 m, y = 2.5 m, its velocity is
Vg = 12i + 4j (m/s), and its acceleration is ag = 2i +
3j (m/s®). The position of point 7 where the tail rotor T T
ismounted isx = —3.5m, y = 4.5 m. The helicopter’s .
angular velocity is 0.2 rad/s clockwise, and its angular <
acceleration is 0.1 rad/s> counterclockwise. What is the C
acceleration of point 77?

Solution: The acceleration of T is

ar =ag t+a xXIr/c *wzl’r/c:

i ]k
ar=2+3+| 0 0 01— (022355 +2))
-55 2 0

=2.02i + 2.37] (m/s?).
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Problem 17.85 Point A of the rolling disk is moving

y
toward the right and accelerating toward the right. The
magnitude of the velocity of point C is 2 m/s, and the
magnitude of the acceleration of point C is 14 m/s’.
Determine the acceleration of points B and D. (See
Active Example 17.5.) D
‘/‘5° 300 mm
| [c
A
B X

Solution: First the velocity analysis

Ve =Va+oXTc/a

=rwi — ok x (—ri) = roi + roj

2m/s
=V + 02 = Vo= o= —— = —° 471 radls.
ve= V@S e =Vae S 0= = o m

Now the acceleration analysis

2
ac =a4 +o Xlc/a—oTc/a

= rai — ak x (=ri) — @?(=ri) = (ra + ©?r)i + (ar)j

ac = (@r + 2r)2 + (@r)2 = r/(a + 0?)2 + o2

(14 m/s?)? = (0.3 M (o + [4.711%)? + &7
Solving this quadratic equation for o we find o = 20.0 rad/s.

Now

ap = ro? = (0.3 m)(471 radl9? | ap = 6.67) (/D)
ap =as+a xrIp/a —erD/A
= rai — ak x (—r c0s45°i + 4sin45°)) — w?(—r cos45°i + 4sin45%))

= (r[1+ sin45°]a + rw? cos45°%)i + (ra cos45° — rw? sin4s°)j

Putting in the numbers we find | ap = 14.9i — 0.480j (M/<).
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Problem 17.86 The disk rolls on the circular surface
with a constant clockwise angular velocity of 1 rad/s.
What are the accelerations of points A and B?

Strategy: Begin by determining the acceleration of the

center of the disk. Notice that the center moves in acir-
cular path and the magnitude of its velocity is constant.

Solution:
Vp = 0
Vo = Vg + wk x ro/p = (—1k) x (0.4))

Vo = 0.4i m/s

Point O moves in a circle at constant speed. The acceleration of O is
ag = —v3/(R+r)j = (—0.16)/(1.2 + 0.4)}

ap = —0.1j (m/s?).

ag = a0 — 0?rgo = —0.1j — ()*(—0.4)j

ag = 0.3] (M/s?).

as = a0 — 0?ra 0 = —0.1j — (12(0.9)j

ay = —0.5) (M/s).

12m

Problem 17.87 The length of the bar is L =4 m and
the angle & = 30°. The bar's angular velocity is w =
1.8 rad/s and its angular acceleration is o = 6 rad/s.
The endpoints of the bar dlide on the plane surfaces.
Determine the acceleration of the midpoint G.

Strategy: Begin by applying Eq. (17.10) to the end-
points of the bar to determine their accelerations.

Solution: cCall the top point D and the bottom point B.

ap =apg+o XrIp/p —w2f0/3
Put in the known constraints
apj = api + ak x L(—sin6i + cos6j) — »’L(— sinbi + cosbj)
apj = (ag — aL c0S0 + w’L sin@)i 4+ (—aL sinf — w?L cos6)j
Equating components we have
ap = aL cosf — w?L sinf = (6)(4) cos30° — (1.8)%(4) sin30°
=143 m/s?

ap = aLsind — w?L cosé = (6)(4) sin30° — (1.8)%(4) cos30°
=232 m/$?

Now we can use either point as a base point to find the acceleration
of point G. We will use B as the base point.

ac =ap +a xXrg/p —werB
= 14.3i + 6k x (2)(—sin30°i + cos30°j)

— (1.8)%(2)(— Sin30°i + cos30°%))

ag = 7.151 — 11.6j(m/s2)
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Problem 17.88 The angular velocity and angular
acceleration of bar AB are wyp = 2 rad/s and a5 =
10 rad/s>. The dimensions of the rectangular plate are
1m x 2 m. What are the angular velocity and angular
acceleration of the rectangular plate?

Solution: The instantaneous center for bar AB is point B, by def-
inition. The instantaneous center for bar C D is point D, by definition.
The velocities at points A and C are normal to the bars AB and
CD, respectively. However, by inspection these bars are pardlel at
the instant shown, so that lines perpendicular to the velocities at A
and C will never intersect— the instantaneous center of the plate AC
is at infinity, hence the plate only translates at the instant shown, and
. If the plate is not rotating, the velocity at every point on
the plate must be the same, and in particular, the vector velocity at A
and C must be identical. The vector A/B is

ra/p = —icos45’ —jsin4s’ = <;—;) @i+j) (m).
The velocity at point A is
—ons i j k
VA =WAB XTa/Bp = \/_ 0 0 1 =\/§(Ifj) (m/s).
2 1110

The vector C/D is
resp = (1.67) (—icosds® —jsind5®) = —1.179( +j) (m).

The velocity at point C is

i ok
Ve =—117%wcp |0 0 1| = 1.179wCD(i 7]) (m/s).
110

Equate the velocitiesve = vy, separate components and solve: wep =
1.2 rad/s. Use Eq. (17.10) to determine the accelerations. The accel-
eration of point A is

. 101 K 2
as =oap XTI — w5 pl =——]0 0 1|4+|—)(+]
A AB X TA/B — @557 A/B 7 >0 s <\/§>( D)

= 9.9 — 4.24] (m/s?).

/

/>\ 167m o/D
1m
\</ o/ B
v :
AN .
AL s e 45

oc

The acceleration of point C relative to point A is

i k
ac =as taac Xfca=as+ |0 0 aac
2 0 O

=9.9i + (2uac — 4.24)] (MIs?).

The acceleration of point C relative to point D isac = ap + acp X
rc/p 7CL)%D|’C/D. Noting ap =0,

k

P o—

i
ac = —1.17%¢p [0 1} + 117902, (i + )
1 0

= (1.179%cp + 1.697)i + (—1.179%c p + 1.697)j (/).

Equate the two expressions for the acceleration at point C and separate
components:

(=9.9+ 1179 ¢cp + 1.697)i =0,

(Roac —4.24+ 1.179%cp — 1.697)j = 0.

Solve: |0lAc = —1.13 (rad/$?) | (clockwise), acp = 6.96 (rad/s?)

(counterclockwise).
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Problem 17.89 The ring gear is stationary, and the
sun gear has an angular acceleration of 10 rad/s? in the
counterclockwise direction. Determine the angular accel-
eration of the planet gears.

Planet gears (3)

Sun gear

Solution: The strategy is to use the tangential acceleration at the
point of contact of the sun and planet gears, together with the constraint
that the point of contact of the planet gear and ring gear is stationary,
to determine the angular acceleration of the planet gear. The tangential

acceleration of the sun gear at the point of contact with the top planet asr
gear is

i j ok
asr =axrg=|0 0 10 |=—200i (cm/s?).

0 20 O

This is aso the tangential acceleration of the planet gear at the point
of contact. At the contact with the ring gear, the planet gears are
stationary, hence the angular acceleration of the planet gear satisfies

ik
ap X (—2rp)=1|0 0 ap | = —200i
0 -14 0 |
from which
ap = _% = —14.29 (rad/s?) | (clockwise).
Problem 17.90 In Example 17.6, what is the acceler- Solution: From Example 17.6 we know that

ation of the midpoint of bar BC? s — —10 radss,

y apc = 100 rad/s?,
B 5 y -’)C wcp = 10 rad/s
ocp = —100 rad/52
2 To find the acceleration of the midpoint “G” of bar BC, we have
10 rad/s | 2
ap =a-+oap XIp/a — ®WABTB/A
300 rad/s?
ay— 1 N = 0— (300 rad/s?) k x (2 m)j — (10 rad/s)?(2 m)j
{3 ‘——x
-‘ = (600i — 200j) m/s>
~—2m B )
m—

2
ac =ap +apc XIg/B —wpc'G/B

= (600i — 200)) + (100k) x (1i) — (=10)>(1i)

ag = (500i — 100j) m/s.
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Problem 17.91 The 1-m-diameter disk rolls, and point
B of the 1-m-long bar slides, on the plane surface. Deter-
mine the angular acceleration of the bar and the accel-
eration of point B.

Solution: Choose a coordinate system with the origin a 0, the
center of the disk, with x axis parallel to the horizontal surface. The
point P of contact with the surface is stationary, from which

i j k
Vp=0=vVvp+wpopx—-R=vp+ |0 0 wo | =vo + 2,
0 -05 O

from which vp = —2i (m/s). The velocity at A is

i ] kK

V4 = Vo +w0><r,4/0:—2i+ 0 0 wo |=-2+2 (Ml

05 0 O
The motion at point B is constrained to be parallel to the x axis. The
line perpendicular to the velocity of B is parallel to they axis. The line
perpendicular to the velocity at A forms an angle at 45° with the x axis.
From geometry, the line from A to the fixed center is the hypotenuse
of aright triangle with base cos30° = 0.866 and interior angles 45°.
The coordinates of the fixed center are (0.5 + 0.866, 0.866) = (1.366,
0.866) in. The vector from the instantaneous center to the point A is
rajc =ra —rc =—0.866i — 0.866] (m). The angular velocity of the
bar AB is obtained from

i i K
VA =@ap X T4/c = 0 0 wAB
—0.866 —0.866 0
= O.866a)ABi — O.866wABj (m/s),

from which

2
©AB =~ 536 = —2.31 (red/s).

The acceleration of the center of the rolling disk is ap = —aRi =
—10(0.5)i = —5i (M/s?). The acceleration of point A is

as =ap +ao Xrao— a%l’A/o

i
=-5i+( 0
0.5

= —13i 4+ 5 (m/s?).

o o—

k
o | —16(0.5)i
0

The vector B/A is

rg/a=rp—rs=(054cosh)i — 0.5 — 0.5

= 0.866i — 0.5 (m).

10 rad/s?

4radls

S

The acceleration of point B is
ap =ag +aap XTa/B— wiBrA/B
i j k
=-13i+5 + 0 0 QAB
—cosé snf 0

— w? p(—icosd +jsing).

The constraint on B insures that the acceleration of B will be parallel
to the x axis. Separate components:

ag = —13+ 05045 — w? ;(0.866),

0=5+0.866a45 + 0.502 ;.

Solve: |aAB = —8.85 (rad/s) | where the negative sign means a

clockwise rotation. ‘ ap = —22.04i (M/s?) ‘

388

(© 2008 Pearson Education South Asia Pte Ltd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
to any prohibited reproduction, storage in aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.




Problem 17.92 If 9 = 45° and sleeve P is moving to
the right with a constant velocity of 2 m/s, what are the
angular accelerations of the bars OQ and PQ?

Solution:
Vo=a=0,v,=2i,a,=0
rojo = 1.2c0s45%i +1.2sin45°j m
rp/o = 1.2c0s45°i — 1.2sin45°j m
Vo = wepK X Ig/, = w,pk x (0.848i + 0.848))

vgx = —0.848w,9 (1)
Voy = 0.8480J0Q (2)

Vp = Vo + w0k x (0.8481 — 0.848))

2=vg, +0.848w,p (3)
0 =vgy + 0.848w,p (4

Solving egns. (1)—(4),

wo9 = —1.179 radls, wyo = 1.179 rad/s

vox =1 misvg, =—-1mis

g =00 XTgjo — wfgrQ/o
ag. = —0.848a,¢ — 0.848w7, (5)
agy = 0.848a,0 — 0.848w7%, (6)

Also,

a, =0=ag +apok X /0 — @5l p/0
0= ag, +0.848x,¢ — 0.8480%, (7)
0=agy + 0.848x,0 + 0.84803, (8)

Solving egns. (5)—(8), we get

agx =0,ag9, =0

a0 = 1.39 rad/s  (clockwise)

apo = 1.39 rad/s?  (counterclockwise)
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Problem 17.93 Consider the system shown in Prob-
lem 17.92. If 8 = 50° and bar OQ has a constant clock-
wise angular velocity of 1 rad/s, what is the acceleration
of deeve P?

Solution:
w,0 = —1k rad/s, a,p = 0,80 =0

ag =80+ X g/ — g/

ap =0+ 0— (1)?(1.2cos50°% + 1.2sin50%)

ap = —0.771i — 0.919) m/s?

a, =ag +agpk xTp/0 — wp,Tp/0
where a, = a,i

rp/o = 1.2c0s50°i — 1.2sin50°%j

i1 ap,=—0771+12a0,sn50° — w3, (1.2)cos50° (1)
j: 0=-0919+ 12ug, cos50° + wp,(1.2)sin50° (2)
We have two eqgns in three unknowns aj,, ag,, wgp.

We need ancther egn. To get it, we use the velocity relationships and
determine wgp. Note v, = v,i.

Vo =Vo+wog Xrgjo Vo= 0

(—1k) x [(1.2c0s50%)i + (1.2sin50)j]

= .919i — 0.771j (m/s).
Vp =Vg +@wgp XTp/g
=Vp +wgpk x (1.2c0s50°i — 1.2sin50°%)).
i1 vp=0919+ 1.2wgp sin50°

j: O0=-0771+ 1.2wgpp cos50°

Solving, vp = 1.839 m/s, wgp = 1 rad/s. Now going back to egns. (1)
and (2), we solve to get

ap = —1.54 m/$?

agp = 0, (tothe left)
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Problem 17.94 The angle 6 = 60°, and bar OQ has
a constant counterclockwise angular velocity of 2 rad/s. Q/\
What is the angular acceleration of the bar PQ?

Solution: By applying the law of sines, the angle g = 25.7° v
The velocity of Q isvp =Vo+wog X Ig/0

i j k
vo =0+ 0 0 2

0.2cos60° 0.2sin60° 0

= —0.4sin60°i + 0.4 cos60°j.

The velocity of P is

vpi =Vg t+twpg XTIp/g
i j k
= —0.4sin60°i + 0.4cos60°j + 0 0 wpg |-
0.4cosp —0.4sinp 0

Equating j components, we get 0 = 0.4cos60° + 0.4wp( cosB, and
obtain wpop = —0.555 rad/s. The acceleration of Q is

ap = a0 +aop X Fg/0 — Whl 0/0,
or ag = 0+ 0— (2)?(0.2¢cos60°i + 0.2sn60%)
= —0.8c0s60°i — 0.8sin60°j.
The acceleration of P is
api =ag +apg X /g — Wpolp/0
i i k
= —0.8¢0s60°i — 0.8sin60°j + 0 0 apg
0.4cosp —-04sinp 0
— (—0.555)%(0.4cos gi — 0.4sin gj).
Equating j components

0= —0.8siN60° + 0.4ap( COSB + (0.555)20.4sin B.

Solving, we obtain apo = 1.77 rad/s?.
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Problem 17.95 At theinstant shown, the piston’svelo- y
city and acceleration are v¢ = —14i (m/s) and ac =

—2200i (m/s%). What is the angular acceleration of the

crank AB?

Solution: The velocity analysis:

Vg =Va+wap X Ip/a
= 0+ wapk x (0.05i + 0.05))

= (—0.05w4pi + 0.05w45))

V¢ =Vp +wpc XTc/B
= (—0.05w4pi + 0.05w45)) + wpck x (0.175i — 0.05))

= (—0.05wap + 0.05w4p)i + (0.05w4 5 + 0.175wpc)j = —14i

Equating components and solving we find that wap = 218 rad/s,
wpc = —62.2 rad/s. The acceleration analysis:

ap =ag +aap XIp/a— wABZrB/A
= 0+ aapk x (0.05i + 0.05)) — (218)%(0.05i + 0.05))

= (—0.0504 5 — 2370)i + (0.05045 — 2370)]

ac =ap +apc Xrlc/p— wBCZrC/B
= (—0.05a4p — 2370)i + (0.05a4 3 — 2370)j + apck x (0.175i — 0.05))
— (—62.2)2(0.175i — 0.05))
= (—0.05a4 3 — 2370 + 0.05ap¢ — 678)i
+ (0.0504 5 — 2370 + 0.175apc + 194)j

= —2200i
Equating components and solving, we find

asp = —3530 rad/s?, apc = 13,500 rad/s?

Thus | ayp = 3530 rad/s* clockwise.
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Problem 17.96 The angular velocity and angular
acceleration of bar AB are wap =4 radls and a5 =
—6 rad/s®. Determine the angular accelerations of bars
BC and CD.

Solution: From 17.38 we know wgc = 2.67 radls CCW, wcp =
2.67 rad/s CW

2
ap =aa +oap XIp/a —WABTB/A

=0+ (—6 rad/s?)k x (2 m)i — (4 rad/s)2(2 m)i = (—32i — 12j) m/<?

2
ac =ap +apc XIc/p —wpcrc/s

= (=32 — 12)) M/ + ak x (=i —]) m — (2.67 rad/s)>(—i — ) m

=[—249 M/S? + {1 mlagcli + [—4.89 M/S® — {1 mjapcl]
ap =ac +acp XI'p/c— CUCDZrD/C
=[-24.9 M/$? + {1 mjagcli + [—4.89 m/s® — (1 m)agcl]
+acpk x (2i —j) m— (2.67 radis)®(2i —j) m
=[-39.1 M/ + {1 m}(apc + acp)li

+[2.22 m/s* — {1 mjapc + {2 Mhacplj
Since point D is fixed we have

2.22 m/s? — {1 mjage + {2 Macp =0
—39.1 m/s? + {1 mj(apc +acp) =0

apc = 26.8 rad/s> CCW
acp = 12.30 rad/s> CCW

~—1m ‘ 2m |
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Problem 17.97 The angular velocity and angular y
acceleration of bar AB are w g = 2 rad/s and a5 =
8 rad/s>. What is the acceleration of point D?

0.48 m

wsp *AB

~—0.32m 4>L 0.24 m=0.16 m~=—

Solution:  First we must do a velocity analysis to find the angular
velocity of BCD

VB =V +@ap X g4 =0+ (2rad/s)k x (0.32 m)i = (0.64 m/s)j
Ve =Vp+wpcp X rC/B:(O.64 m/s)j + wpcpk x (0.24i + 0.48)) m

= (—0.48 mwpcpi + (0.64 m/s+ {0.24 m}wpcp)j

Since C cannot move in the j direction we know
0.64 m/s+ {0.24 mjwpcp = 0 = wpep = —2.67 rad/s

Now we do the acceleration analysis
ap =as +oap XIp/a— U)ABZrB/A

=0+ (8 rad/sdHk x (0.32 m)i — (2 rad/9)?(0.32 m)i

= (—1.28i +2.56)) m/s?
ac =ap +apc Xrc/p — wBCZrC/B

= (—1.28i + 2.56)) M/$ + apcpk x (0.24i 4+ 0.48)) m

— (—2.67 rad/s)?(0.24i + 0.48j) m

= (—2.99 M/$ — {0.48 Mjagcp)i

+ (—0.853 m/s? + {0.24 M}agcp)
Since C cannot move in the j direction we know

—0.853 m/s” + {0.24 mjagcp = 0= apcp = 3.56 rad/s’
Now we can find the acceleration of point D

ap =ap +apcp XIp/p — U)BCDzrD/B
= (—1.28i + 2.56)) M/s® + (3.56 rad/s?)k x (0.4i + 0.8)) m

— (—2.67 rad/s)?(0.4i + 0.8)) m

ap = (—.697i — 1.71j) m/s?
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Problem 17.98 The angular velocity wap = 6 rad/s. If y
the acceleration of the dider C is zero at the instant
shown, what is the angular acceleration «45? B

Vp =VA +®ap X IB/A

10 cm |

Solution: The velocity analysis: MC I
L4cm

=0+ (—6)k x (4i +4))

= (24i — 24j)

Ve =Vp +wpc +Tc/B

= (24i — 24)) + wpck x (10i — 7)) = (24 + Twpc)i + (24 + 10wpc)j

Since C cannot move in the j direction, we set the j component to

zero and find that
wpe = —2.4 rad/s.

The acceleration anaysis:

2
ap =aa +oap XIp/a —WABTB/A

= 0—aapk x (4 +4§) — (6)2(4i + 4)) = (Aaap — 148)i + (—dayp — 144)]

ac =ap +apc XIc/p — wBCZTC/B
= (Aopp — 184)i 4+ (—dasp — 144)] + apck x (100 — 7)) — (—2.4)%(10i — 7))

= (dapp — 144 + Tagc — 57.6)i + (—dasp — 144 + 10agc + 40.3)]

The acceleration of C is zero. Equating both components to zero and
solving, we find that

OAB = 19.0 rad/sz, opc = 18.0 f&d/SZ

Thus | aypz = 19.0 rad/s® clockwise.
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Problem 17.99 The angular velocity and angular
acceleration of bar AB are w g = 5radls and a5 =
10 rad/s®. Determine the angular acceleration of bar BC.

Solution: Do a velocity analysis first to find all of the angular
velocities. Let point E be the point on the wheel that isin contact with
the ground.

Vg =Va +wap xIg/a =0+ (5radisk x (=0.4i +0.2)) m
= (—i—2)) m/s
Ve = Vg +wpe X ey = (—i — 2)) m/s+ wpck x (0.6 m)i
= (=1 m/s)i + (—2 m/s+ {0.6 M}wpc)j
VE = Ve +®whed X g/c =(—1 m/9)i + (=2 m/s+ {0.6 mjwpc)j
+ owheak x (0.2 — 0.2)) m

= (=1 m/s+ {0.2 Mjowhed )i

+ (=2 m/s+ {0.6 Mjwpc + {0.2 Mjowhed)j
Point E is the instantaneous center of the wheel. Therefore

—1 m/s+ {0.2 M}wwhed =0
—2 m/s+ {0.6 mlwpc + {0.2 Mlwwhed =0

wpc = 1.67 rad/s
wwhed = 5 rad/s

Now we do the acceleration analysis

ap =ag +aap XIp/a— CUABZrB/A
=0+ (10 rad/sH)k x (—0.4i +0.2) m

— (5 rad/s)?(—0.4i + 0.2)) m = (8i — 9) m/s

ac =ap +oapc XIc/p— wBCZrC/B
= (8i — 9) M/S? + apck x (0.6 m)i — (1.67 rad/s)2(0.6 my)i
= (6.33 M/S)i + (-9 M/S? + {0.6 Mjapc)j

ap = ac + dwheed X I'p/c — wwheelzrD/C

= (6.33 M/S)i + (—9 M/S? + {0.6 Mjapc)j + awheak x (0.2 )i

— (5 rad/s)?(0.2 m)i

= (1.33 m/S)i 4 (—9 M/s? + {0.6 Mjapc + {0.2 Mjawhed)]

K
TO

2m \\
l asp N

1 0.4 m

o

! 0.2 m+‘+0 2 m+‘

Finally we work down to point E

ag =ap + owhed X NE/D — CUwheeier/D
= (1.33 m/S)i + (—9 M/ + {0.6 M}agc + (0.2 Mjawwhed )]
+ awheak x (—=0.2 m)j — (5 rad/s)?(—0.2 m)j
= (1.33 m/s? + {0.2 Marwhea)i

+ (—4 /s’ + {0.6 Myapc + {0.2 Matwhed)j

D moves horizontally thereforeap -j =0
The wheel does not dlip therefore ag -i =0
We have

—9 m/< + {0.6 Mjage + {0.2 Mjawhed = 0
1.33 m/s® 4 {0.2 M}awhee = 0

otwhed = —6.67 rad/s®

e raradg | sc =172l cew |
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Problem 17.100 At the instant shown, bar AB is rotat-

ing a 10 rad/s in the counterclockwise direction and im am
has a counterclockwise angular acceleration of 20 rad/s?. f
The disk rolls on the circular surface. Determine the A \
angular accelerations of bar BC and the disk. o -
v | ,J\.
B )
N b,

Solution: The velocity analysis:
Vg =VA +@ap XTp/a = 0+ (10k) x (L —2]) = 20i + 10j

Vc =Vp +®pc XTc/p = (20i + 10j) + wpck x (3i) = (20)i + (10 + 3wpc)j

Ve = @disk X I = wdiskK x (1)) = —wdix (Di

Equating the components of these two expressions for v and solving,
we find

wpe = —3.33radls, wgk = —20rad/ls, ve =20 m/s.

The acceleration analysis (note that point C is moving in a circle of
radius 2 m):

2
ap =aa +oap XIp/a —wAB"T

=0+ (20k) x (1i — 2j) — (10)2(Li — 2j) = (—60i + 220j)

2
ac =ap +oapc XIc/p —wpcrc/s

= (—60i + 220)) + agck x (3) — (—3.33)2(3i) = (—93.3)i + (220 + 3apc)j

v (02, . .
ac = sk X 1+ o f = agisk x (1)) + — 1= —adix(1)i 4 200)

Equating the components of these two expressions for ac and solving,
we find

agc = —6.67 rad/s, agig = 93.3 rad/s.

apc = 6.67 rad/is? clockwise, agig = 93.3 rad/s? counterclockwise.
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Problem 17.101 If wap = 2radls, asp = 2 rad/s’,
wpe = —1radls, and agc = —4 rad/s?, what is the
acceleration of point C where the scoop of the excavator
is attached?

Solution: The vector locations of points A, B, C are
ra =4i+16j (m),
rg =7+ 55 (m).

re =93+ 5 (m).

The vectors

rg/a=rp—ra=3i+39 (m),

rcyp="rc—rp=23i—-05 (m).

The acceleration of point B is

ap = AR X I'p/aA —wiBrB/A-
i j k

ap = [o 0 2} — (2%)(3.0i + 3.9)),
3 39 0

ap =+2(—3.91 +3) — (D@ +3.9)

= —19.8 — 9.6] (M/SD).
The acceleration of point C in terms of the acceleration at point B is

ac =ag +apc X rc/p — 05:(Tc/B)

[ j k
=-198-96+| 0 0 —4|-1%3i-05),
23 —05 0

ac = —19.8i — 9.6] — 2i — 9.2) — 2.3i + 0.5

— 241 — 183 (/D ‘
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Problem 17.102 If the velocity of point C of the exca- y
vator in Problem 17.101 is v¢ = 4i (m/s) and is con-
stant, what are wap, @ap, wpc, apc?

l 4 m l 3m l 2.3 m—»‘

Solution: The strategy is to determine the angular velocities w, , The acceleration of C in terms of the acceleration of B is
wpc from the known velocity at point C, and the angular velocities
aag, apc from the data that the linear acceleration at point C is ac = ap +apc X Fe/p — 03cTesB

constant.
The angular velocities: The vector locations of points A, B, C are i ] k i i
=ag+| 0 0 —apc |- w3 (23 —05)
23 -05 0

ra =4+ 16 (m),

tp = 7i +55 (m), ac = (—39uap —3w],)i + (30as —3.90],)]

rc = 9.3i + 5 (m). + (—0.5ap¢c — 2.3&)[2;C)i + (—2.30!BC + 0560%,(:)]

The vectors Substitute ac = 0 from the conditions of the problem, and separate
components:

rg/a=rp—ras=23+39 (m), , ,
0= —39usp — 0.5apc — 3wy — 2.3w5,

rcyp =rc—rp =23 —05 (m). ) ,
0=3usp — 2.3apc — 3.9wAB +0.5a)BC.

The velocity of point B is

Solve: | ape = —2.406 rad/s? ‘ ‘ app = —1.06 rad/s?.

i j k
Vg = wap X Ip/ja = 0 O wap | =—-39w4pi + 3waspj.
3 39 0

The velocity of C in terms of the velocity of B

Vc =Vp +wpc XIc/p

i j k
= —39wupi +3wapj+| O 0 —wpc
23 -05 0

Ve = —3.9wuBi + 3wABj — 0.5wpci — 2.3wgcj (m/s)

Substitute ve = 4i (m/s), and separate components:
4= —3.9&)AB — 0.5603(‘,

0= 36(),43 - 2.3(ugc.

Solve: | wap = —0.8787 radis | | wse = —1.146 radls |

The angular accelerations: The acceleration of point B is

apg = aap X Ip/a —wiBrB/A

i j k
=0 0 oaap —(w%B) 3Bi+39),
339 0

ag = —39pi + 3uap] — 304 5i — 3907 5 (M/S).
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Problem 17.103 The steering linkage of a car is shown.
Member DE rotates about the fixed pin E. The right
brake disk is rigidly attached to member DE. The tie
rod CD ispinned at C and D. At the instant shown, the
Pitman arm AB has a counterclockwise angular veloc-
ity of 1rad/s and a clockwise angular acceleration of
2 rad/s>. What is the angular acceleration of the right
brake disk?

()

Steering link

Solution: Note that the steering link translates, but does not rotate.
The velocity analysis:

Ve =V =V4 +wap X /4 =04 (1k) x (-0.18)) = 0.18i

Vp =Vc +wcp xI'p/c = 0.18 + wcpk x (0.34i — 0.08j)
= (0.18 + 0.08wc p)i + (0.34wc p)j

VE =Vp + ®@pE XTE/D

= (0.18 4 0.08w¢ p)i + (0.34wcp)j + wprek x (0.07i 4+ 0.2))

= (0.18 + 0.08wcp — 0.20pE)i + (0.34wcp + 0.07wpE)j

Since point E is fixed, we can set both components to zero and solve.
We find

wcp = —0.171 rad/s, wpr = 0.832 rad/s.

The acceleration analysis:

ac =ap =a4 +aap XIc/p— (UABZrB/A
=0+ (—2k) x (=0.18) — (1)?(—0.18]) = (—0.36i + 0.18))
ap =ac +acp XI'p/c— wCDzrD/C
= (—0.36i + 0.18)) + acpk x (0.34i
= (—0.370+ 0.08ccc p)i + (0.182 + 0.34acp)j
ag =ap +ape Xlg/p — wDEZrE/D
= (—0.370 + 0.08uc p)i + (0.182 + 0.34wxc p)j

+ apgk x (0.07i 4+ 0.2)) — (0.832)2(0.07i + 0.2))

= (—.418 + 0.08xcp — 0.2apE)i + (0.0436 + 0.34ccp + 0.070pE)j

Brake disks
/ \
0O
ANfiso' i 100 mm E
5 B \180 mm o
S 200

L 460 340 ‘

Since point E cannot move, we set both components of ag to zero

and solve. We find:
acp = 0278 radls?, app = —1.98 rad/s.

The angular acceleration of the right brake is the same as the angular
acceleration of DE.

aright brake = 1.98 rad/s® clockwise.

—0.08)) — (—0.171)%(0.34i — 0.08j)
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Problem 17.104 At the instant shown, bar AB has y
no angular velocity but has a counterclockwise angular
acceleration of 10 rad/s?. Determine the acceleration of

oint E.
P B
O
400 mm
l C D E
A o [\ D] X
sy
% 700 mm —»==— 400 —~—— 700 mm —|
mm
Solution: The vector locations of A, B, C and D are The acceleration of point C in terms of the acceleration of
ra =0, rg =400 (mm), rc = 700i (mm), rp = 1100i (mm). rg = point D:
1800i (mm) The vectors
i i k
Ip/ja=TIp—T4a :400j (mm). ac:aCDxrc/D—w%Drc/D: 0 0 acp
—400 0 O

rcyp=Tc—TIp= 700i —400j (mm),
= —400acpj (MM/S).
fcyp=Trc—rIp= —400i (mm)
Equate the expressions and separate components. —4000 +
(8) Get the angular velocities wpc, wep. The velocity of point B is 400cpc = 0, 700apc = —400ccp.

zero. The velocity of C in terms of the velocity of B is Solve: apc = 10 rad/s?, acp = —17.5 rad/s?, The acceleration
of point E in terms of the acceleration of point D is

i j k
Ve =Vp+wpc xrcp=| 0 0 wBC i k
700 —400 O ag =acp xrgyp=| 0 0 =175

700 0O 0
= +400wpci + 700wpcj (MmM/s).

= ~12250] (') | (clockwise)

The velocity of C in terms of the velocity of point D

i j k
Vc =wcp XTc/p = 0 0 wcp
—400 0 O

= —400wcpj (Mm/s).
Equate the expressions for v and separate components:
400(1)30 =0, 700603C = —400(05‘0. Solve: WRC = 0 rad/s,
wcp =0 rad/s.
(b) Get the angular accelerations. The acceleration of point B is

i k
a3=aAerB/Afw§BrB/A= 0 0 10
0 400 O

= —4000i (mmM/s2).

The acceleration of point C in terms of the acceleration of
point B:

ac =ap +opc XIc/p _w%CrC/B

i K
= —4000i + 0 0 apgc |-

700 —-400 O

ac = —4000i + 400agci + 7000 pc] (MM/S?).
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Problem 17.105 If wsp = 12rad/s and asp = 100
rad/s?>, what are the angular accelerations of bars BC
and CD?

Solution: The vector locations of A, B, C and D are ry =
0, rp = 200j (mm), r¢ = 300i + 350] (mm), rp = 650i (mm). The
vectors

Fp/ja=1Ip—Ta :200] (mm)

‘H 300mm =~ 350mm —-{

The acceleration of point C in terms of the acceleration of
rc/p =rc —rp = —350i + 350] (mm) point D:

ress =re —rp = 300i +150] (mm),

(8 Get the angular velocities wpc, wcp. The velocity of point B is ac =acp X Tejp — w%DFC/D

[ k i K
VB = wap X Ig/a = |:0 0 —12:| = 2400i (mm/s). _ 0 g) acp | — w%D(7350i + 350])
0200 0 ~350 350 0

The velocity of C in terms of the velocity of B is . . . .
ac = —3500cpi — 350acpj + 35002 i — 35002 pj (MM/S?).
Equate the expressions and separate components:

i j k
Ve =Vp+wpc xfcp=Vp+| O 0  wsc
300 150 0

—20,000 — 150ag¢ — 3003, = —350acp + 35002,

= 2400i — 150wpci + 300wpcj (Mm/s).
—28,800 + 300ep¢ — 15002, = —350acp — 35002 .

The velocity of C in terms of the velocity of point D

Solve: ‘ ape = —22.43 radi ‘

acp = 92.8 rad/< |,

= —350wcpi — 350wcpj (MMV/S). where the negative sign means a clockwise acceleration.

i j k
Vc =wcp XTc/p = 0 0 wcp
—350 350 0

Equate the expressions for v and separate components: 2400 —
150wpc = —350wcp, 300wpc = —350wcp. Solve: WBC =
5.33 rad/s, wcp = —4.57 rad/s.

(b) Get the angular accelerations. The acceleration of point B is

i k
ag :OIABXTB/A—Q)%BTB/AZ 0 0 100
0 200 O
— w? 5(200))
= —20,000i — 28,800] (mm/s%).

The acceleration of point C in terms of the acceleration of
point B:

ac =ag t+oapc XIc/p— w%CrC/B

i i k
=ag+| 0 0 apc |—w5-(300i + 150).
300 150 O

ac = (—20,000 — 15005 — 30003 )i

+ (—28,800 + 300ctpc — 15003 )] (MM/s).
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Problem 17.106 If wsp = 4 rad/s counterclockwise
and «a,p = 12 rad/s®> counterclockwise, what is the
acceleration of point C?

Solution: The velocity of B is

Vg =VA +waB X Tp/a

ik
=0+|0 0 wup
03 06 0

= —0.6wapi + 0.3wapj.

The velocity of D is

Vp =Vp +wpp X Ip/B

i i k
= —0.6wapi +0.3wap] +| O 0 wgp|. Q)
08 -01 O
We can also express the velocity of D as
i i k
Vp =Vg +wpg XIp/g=0+| 0 0 wpe|. (@
-03 05 O

Equating i and j components in Egns. (1) and (2), we obtain
— 0.6wap +0.1wgp = —0.5wpg, (3)

0.3wsp + 0.8wpp = —0.3wpE. 4

Solving these two egns with wsp = 4 rad/s, we obtain

wpp = —3.57 radls, wpg = 5.51 rad/s.

The acceleration of B is

ap = a4 +oap XIp/a— wiBrB/A

i k
=0+|0 0 asp|—®3,(0.3+086)
03 06 O

= (—0.6a45 — 0.304 )i + (0.3045 — 0.603 ,)j.
The acceleration of D is
ap =ap +app XIp/p — wlngl’D/B

= (—0.6asp — 0.3w%3)i + (0.30pp — 0.6&)%3)].

P k
0 0 aBD

—w%,(0.8 —0.1). (5

200
300~ M =-300-+

We can also express the acceleration of D as

ap =ag +ape XIp/E —wZDErD/E

i 0k
=0+| 0 0 apg|—wd (—03i+05). (6
-03 05 0

Equating i and j components in Egns. (5) and (6), we obtain
—0.6a4p — 0.304 ; + 0.1agp — 0.80%
= —0.5apg + 0.30%, @)
0.3a4p — 0.603 5 + 0.805p + 0.103
= —0.30pg — 0.50% . )
Solving these two egns with a4 3 = 12 rad/s?, we obtain

opp = —-39.5 f&d/SZ

The acceleration of C is
ac =ap +oapp Xlc/p — w%DrC/B

= (—0.6a4p — 0.3w§3)i + (0.3wsp — O.GwiB)j

ik
+1 0 0 app|—w3,(0.6i +0.3). 9
06 03 0

ac = —7.78i — 33.5) (M/S).
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Problem 17.107 The angular velocities and angular
accelerations of the grips of the shears are shown. What
is the resulting angular acceleration of the jaw BD?

2
l 0.12 rad/s 0.08 rad/s

18 mm

0.12 rad/s
0.08 rad/s’

=5

25 mm |25 mm

Solution: From 17.57 we know that wgp = —0.06 rad/s

ap =ac +acp XI'p/c— wCDZrD/C
= 0— (0.08 rad/?)k x (0.025i + 0.018)) m
— (0.12 rad/s)?(0.025i + 0.018)) m
= (0.00108i — 0.00226j) m/s’
ap =ap +app Xrp/p— CUBDZrB/D
= (0.00108i — 0.00226j) mM/s? + appk x (—0.05i — 0.018)) m
— (—0.06 rad/s)?(—0.05i — 0.018)) m
= (0.00126 m/s> + {0.018 m}agp)i

+ (—0.00219 m/s? — {0.05 M}z p)j
From symmetry, B cannot accelerate in the j direction. Therefore

—0.00219 m/s® — {0.05 Mjagp =0 => agp = —0.0439 rad/s?

agp = 0.0439 rad/? CW
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Problem 17.108 If arm AB has a constant clockwise y
angular velocity of 0.8 rad/s, aam BC has a constant
angular velocity of 0.2 rad/s, and arm CD remains ver-
tical, what is the acceleration of part D?

Solution: The constraint that the arm CD remain vertical means
that the angular velocity of arm CD is zero. Thisimplies that arm CD
translates only, and in a trandlating, non-rotating element the velocity
and acceleration at any point is the same, and the velocity and accel-
eration of arm CD is the velocity and acceleration of point C. The
vectors:

rg/4 = 300(i cos50° + j sin50°) = 192.8i 4 229.8] (mm).

reys = 300(i cos15° — j sin15°) = 289.78i — 77.6 (mm).

The acceleration of point B is

ap = @ap X Fa/p — W3 gl asp = —w3 5 (192.8i + 229.8)) (MM/S?),

sinceaqp = 0.ag = —123.4i — 147.1j (mm/s). The acceleration of C
in terms of the acceleration of B is

ac =ap +oapc XIc/p— w%CrC/B
= —123.4i — 147.1] — 0’ -(289.8i — 77.6)),

sinceapc = 0. ac = —135i — 144j (mm/s%). Since C D istrandating:

ap = ac = —135i — 144j (mm/s>)
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Problem 17.109 In Problem 17.108, if arm AB has a
constant clockwise angular velocity of 0.8 rad/s and you
want D to have zero velocity and acceleration, what are
the necessary angular velocities and angular accelera-
tions of arms BC and CD?

Solution: Except for numerical values, the solution follows the
same strategy as the solution strategy for Problem 17.105. The vectors:

rg/a = 300(i cos50° + j sin50°) = 192.8i + 229.8] (mm).
reyp = 300(i cos15° — j sin15°) = 289.78i — 77.6j (mm),
fc/p = 170j (mm).
The velocity of point B is
i i k
VB = ®WAB X /A = 0 0 -0.8
1928 2298 O
= 183.8i — 154.3] (mm/s).
The velocity of C in terms of the velocity of B is
i j k
Ve =Vp +wpc XTc/p =Vp + 0 0 wpc | -
2808 —-776 O

Ve = 183.9i — 154.3] + wpc (77.6i + 289.8)) (Mm/s).

The velocity of C in terms of the velocity of point D:

ik
Vc =wcp XTc/p = 0 0 wcp | = —l70a)CDi (mm/s).
0 170 O

Equate the expressions for v¢ and separate components:
183.9 + 77.6wpc = —170wcp,

— 154.3 + 289.8wpc = 0.

Solve: | wpe = 0.532 radls | | wep = —1.325 rad/s|.

Get the angular accelerations. The acceleration of point B is

ap = oap XTIpg/a —wiBrB/A = —w%3(192.8i + 229.8))

= —123.4i — 147.1j (mm/S).

The acceleration of point C in terms of the acceleration of point B:
ac =ap t+oapc XIc/p— w%CfC/B =ap — w%CrC/B-
ac = —123.4i — 147.1j + 77.6apci + 289.8xpcj — 289.803 i

+ 77.6w2 ) (MM/).

The acceleration of point C in terms of the acceleration of point D:

ik
ac =acp xlep—wiplep=|0 0 acp | —w,(170).
0 170 O

ac = —170wcpi — 17002 pj (MM/S).

Equate the expressions and separate components:
—123.4 4 77.6apc — 289.803 . = —170ucp,
— 147.1+ 289.8upc + 77.603, = —1700% 5.

Solve:

anc = 0598 radl$? | |acp = 1482 rads |

where the negative sign means a clockwise angular acceleration.
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Problem 17.110 In Problem 17.108, if you want arm
CD to remain vertical and you want part D to have
velocity vp = 1.0i (m/s) and zero acceleration, what are
the necessary angular velocities and angular accelera
tions of arms AB and BC?

Solution: The constraint that CD remain vertical with zero accel-
eration means that every point on aam CD is trandating, without
rotation, at avelocity of 1 m/s. This means that the velocity of point C
isve = 1.0i (m/s), and the acceleration of point C iszero. The vectors:

r /4 = 300(i cos50° + j sin50%) = 192.8i 4 229.8] (mm).
resp = 300(i cos15° — j sin15°) = 289.78i — 77.6) (mm).
The angular velocities of AB and BC: The velocity of point B is
i i k
VB = waB X Tp/a = 0 0 WAB
1928 2298 O

= wap(—229.81 4+ 192.8)) (mm/s).

The velocity of C in terms of the velocity of B is

i j k
Ve =Vp +®wpc XTc/p =Vp + 0 0 wpc | -
289.8 -77.6 0

Ve = —229.8wapi + 192.8wap] + wpc (77.6i + 289.8)) (mm/s).
The velocity of C is known, ve = 1000i (mm/s). Equate the

expressions for v¢ and separate components: 1000 = —229.8w4p +
77.6wpc, 0= 192.8wsp + 289.8wpc. Solve:

wap = —3.55 radls | | wpc = 2.36 radls |

where the negative sign means a clockwise angular velocity.

The accelerations of AB and BC: The acceleration of point B is
i j k
ag =oap X Tpa— @2l p/a = 0 0 aap
1928 2298 O
i ) ) 2
w4 5(192.8i 4 229.8) (Mm/s%).
ap = aap(—229.8i + 192.8) — w? 5(192.8 + 229.8)) (mm/s?)
The acceleration of C in terms of the acceleration of B is
ac =ap +apc XIc/p— w%CrC/B
i j k
=ag+| O 0 apc | — w3 (289.8i — 77.6)),
2898 -776 O

ac = ag + apc(77.6 + 289.8)) — w2 (289.81 — 77.6]) (MM/S?).

The acceleration of point C is known to be zero. Substitute this value
for ac, and separate components:

—229.80 4 — 192.803 ; + 77.6apc — 289.802% . =0,

192.80 45 — 229.802 , + 289.8a 3¢ + 77.602 . = 0.

Solve:

OAB = —-121 rad/52 ‘, ‘ oapc = 16.5 rad/52 s

where the negative sign means a clockwise angular acceleration.
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Problem 17.111 Link AB of the robot’s arm is rotat-
ing with a constant counterclockwise angular velocity of
2 rad/s, and link BC is rotating with a constant clock-
wise angular velocity of 3 rad/s. Link CD is rotating
at 4 rad/s in the counterclockwise direction and has a
counterclockwise angular acceleration of 6 rad/s®. What
is the acceleration of point D?

Solution: The acceleration of B is ag = ax + aap X Ip/a —
@? p 5/ Evaluating, we get

ap = 0+ 0— (2)%(0.3c0s30% + 0.3sin30°%)
= —1.039i — 0.600] (M/?).

The acceleration of C isac =ag +agc X ¢/ — a)%cl’c/g. Evalu-
ating, we get

ac = —1.039 — 0.600] — (3)2(0.25¢c0520°i — 0.25sin20%)
= —3.154i + 0.170} (m/s?).

The acceleration of D isap = ac +acp x I'pjc — w2l pyc. Eval-

uating, we get
i ] ok

ap =—3154i +0170j +| 0 0 6|— (4%(0.250)
025 0 0

= —7.154i + 1.67] (/)
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Problem 17.112 The upper grip and jaw of the pliers Stationary
ABC is stationary. The lower grip DEF is rotating in
the clockwise direction with a constant angular velocity
of 0.2 rad/s. At the instant shown, what is the angular
acceleration of the lower jaw CFG?

B

Q

>

30 mm | 30 mm |

Solution: From 17.42 we know that wgr = wc g = 0.0857 rad/s.

ag =ap +apeg Xlg/p — wBEZrE/B
= O+apgk x (0.07i — 0.03j) m— (0.0857 rad/s)?(0.07i — 0.03)) m
= (—0.000514 m/s® + {0.03 mMjap)i
+ (0.0002204 m/s? + {0.07 M}z )j
aF =ag +agfF X F/g — wEFZI'F/E
= (—0.000514 m/s? + {0.03 mjap)i
+ (0.0002204 m/<* + {0.07 m}agg)j + O
— (0.0857 rad/s)2(0.03 m)i
= (—0.00171 m/s® + {0.03 m}apg)i
+ (0.0002204 m/s® + {0.07 M}z )j
ac =ar +acrG XIc/F — wCFGer/F
= (—0.00171 mM/s? + {0.03 M}arp )i
+ (0.0002204 M/s? + {0.07 Mjapr)j + acrck x (0.03 mM)j
— (0.0857 rad/s)?(0.03 m)j

= (—0.00171 M/ + {0.03 m}{[apr — acrc])i + (0.07 Mgz
Since C is fixed we have

—0.00171 m/s? + {0.03 m}[agr — acrg] =0
(0.07 m)chE =0

agp =0
OCFG = —0.0571 rad/52

agep =0
acrg = 0.0571 rad/s> CW
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Problem 17.113 The horizontal member ADE sup-
porting the scoop is stationary. If the link BD has a
clockwise angular velocity of 1 rad/s and a counterclock-
wise angular acceleration of 2 rad/s?, what is the angular
acceleration of the scoop?

Solution: The velocity of B is
ik
0 0 -1

031 061 O

Vg =Vp +wpp XTpg/p =0+

= 0.61i — 0.31j (m/s).

The velocity of C is

i ik
Ve =Vp + wpc X I’C/BZO.Gli—O.\?)lj +0+1| 0 0 wWBC (1)
0.76 —015 O

We can also express v, as

Ve =VE +@cE XTc/E = 0+ (wcek) x (0.46]) = —0.46wcEi. (2
Equating i and j components in Equations (1) and (2) we get
0.61+ 0.15wpc = —0.46wcg, and — 031+ 0.76w gc = 0. Solving,
we obtain wgc = 0.400 rad/s and wcr = —1.467 rad/s.

The acceleration of B is

2
ap=ap +oapp XIp/p —wplB/D;

i j ok
o ag=0+4+| 0 0 2|-(1)?(0.3%i +0.61j)
031 061 0

= —1.52i (m/s?).

The acceleration of C is

ac =ap t+oapc Xrc/p *w%ch/B

i j k
ac=-152i+| 0 0 wapc|— (0.42(0.76i — 0.15). (3)
0.76 —0.15 0

We can also express ac as
ac =ag +acp x r¢jp — 0250 ¢/ = 0+ (acek)
x (0.46]) — (—1.467)2(0.46))

= —0.46 acgi — 0.98j. 4)

Equating i and j components in Equations (3) and (4), we get
—152+ 0.15apc — (0.4)%(0.76) = —0.46acE,

and 0.76apc + (0.4)2(0.15)= — 0.98.

Solving, we obtain
apc = —1.32 rad/s?

QCE = 4.04 rad/sz
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Problem 17.114 The ring gear is fixed, and the hub A
and planet gears are bonded together. The connectingrod ~ Planet gear — R
has a counterclockwise angular acceleration of 10 rad/s?.

Determine the angular acceleration of the planet and sun Hub gear &
gesrs. o A
Connecting i

rod S

)

Sun gear

Ring gear —
Solution: The x components of the accelerations of pts B and y
C are ‘
A
apx = Ov

acx = —(10 rad/s?)(0.58 m)
= —5.8m/s. ﬂ

Let op and as be the angular accelerations of the planet and sun gears.

ag =ac +ap xgc—wipgc

X
i k
=ac+|0 0 ap|—w3(0.14).
0 014 0

The i component of this equation is

0= -5.8—-0.14ap.

We obtain
ap = —41.4 rad/S.

Also, ap =ac+ap xTp/c— o3l p/c

i j k
=ac+|0 0 —414|-w3(-0.34)).
0 -034 0

The i component of this equation is

apy = —5.8 — (41.4)(0.34) = —19.9 m/S.

Therefore

19.9
= —=829r .
as = 82.9 rad/s?
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Problem 17.115 The connecting rod in Problem A
17.114 has a counterclockwise angular velocity of  Planet gear — i
4rad/s and a clockwise angular acceleration of

12 rad/s?. Determine the magnitude of the acceleration Hub gear
at point A.
P Connecting /ngak
rod S

D

Sun gear

Ring gear 7

Solution:  See the solution of Problem 17.114. The velocities of The acceleration of C is
pts B and C are

ac = ag + (=12k) x ree — D%rcye
vg =0,ve = —(4)(0.58)i = —2.32i (m/s)

i j k
Let wp and ws be the angular velocities of the planet and sun gears. —0+]0 i) ~12| — (42(0.58))
0 058 O

Vg =Vc+wp XTIp/c:
= 6.96 — 9.28] (M/S).
0O = —2.32i + (wpk) x (0.14))
Then the acceleration of A is
= (—2.32 — 0.14wp)i.

as =ac+ap xrac—wslac
We see that wp = —16.6 rad/s. Also, / PrA/

i k
Vp =Vc +@p xXTp/c =6.96i—928 +|0 0 49.7|— (—16.6)2(0.34))
0 034 0

= —2.32i + (—16.6k) x (—0.34))
= —9.94i — 102.65] (M/S).

= —7.95 (m/s),
795 |aa| = 103 m/s.
S0 ws = 024 = 33.1 rad/s.

The x components of the accelerations of pts B and C are
apy =0,
acx = (12 rad/s?)(0.58 m)

=6.96 m/s?.

ap =ac t+oap XIp/c *w%l’ls/c

ik
=ac+|0 0 ap|—wi(0.14).
0 014 0

The i component is

0=16.96—0.14cp,

0 ap = 49.7 rad/s.
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Problem 17.116 The large gear is fixed. The angu-
lar velocity and angular acceleration of the bar AB are
wap = 2 rad/lsand a5 = 4 rad/s?. Determine the angu-
lar acceleration of the bars CD and DE.

Solution: The strategy is to express vector velocity of point D in
terms of the unknown angular velocities and accelerations of C D and
DE, and then to solve the resulting vector eguations for the unknowns.
Theangular velocities wep and wp k. (See solution to Problem 17.51).
The linear velocity of point B is

i j k
Ve =wap xlap=|0 0 2 |=-28i(infs).
0 14 O
The lower edge of gear B is stationary. The velocity of B is aso
i j k
Vp=wp xrg=|0 0 wg |= —4(1)Bi (|n/s)
04 O
Equate the velocities vy to obtain the angular velocity of B:
v
wp = —ZB =7 rad/s.
The velocity of point C is
k
7
0

|
Ve =Vg +wp XTge =—28 + {0 0 } = —28i + 28] (in/s).
4 0

The velocity of point D is
i
Vp=Vc+ocp Xrcp=-28+28+| 0 0 wcp
16 0 O

= —28i + (16wcp + 28)j (in/s).
The velocity of point D is aso given by

i Kk
Vp=wpe Xlfgp=| 0 0 wpg

-10 14 O
= —1ldwpgi — 10wpgj (infs).
Equate and separate components:
(—28 + 14wpp)i = 0, (16wcp + 28 + 10wp)j = 0.
Solve:  wpg =2 radls,
wcp = —3 radls.

The negative sign means a clockwise rotation. The angular accelera-
tions. The tangential acceleration of point B is

i j k
ag = o0sp X Tg/a= 0 0 4|=-56i (|n/52)
0 14 O

16in |

The tangential acceleration at the point of contact between the gears A
and B is zero, from which

i k
ag =opc X 4j =10 0 opc | = —4a35i (il’]/Sz)7
04 O

from which agc = 14 rad/2. The acceleration of point C in terms of
the acceleration of point B is

i j k
ac = ap +apc x 4 — w? (4i) = —56i + {o 0 14} — 49(4i)
40 0

= —252i + 56j (in/s).
The acceleration of point D in terms of the acceleration of point C is
ap =ac +acp x 16i — a)éD(16i)
i k
=ac+| 0 0 acp |—w2,(160),
16 0 O

ap = —396i + (16acp + 56)j (in/s?).

The acceleration of point D in terms of the acceleration of point E is

i j k
ap=| 0 0 apg |—w5(—10i+14)
-10 14 0

= (40 — 14apE)i — (W0apg + 56)j (i/s?)

Equate the expressions for ap and separate components:

— 396 =40 — 14apg, 16acp + 56 = —10apr — 56.

Solve: | app =311 rad/s? |,

| acp = —26.5 radl? |

where the negative sign means a clockwise angular acceleration.
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Problem 17.117 In Active Example 17.7, suppose that

the distance from point C to the pin A on the vertical bar A gls
AC is 300 mm instead of 400 mm. Draw a sketch of the 1orad/@ 7 (
linkage with its new geometry. Determine the angular 2rad/s :
velocity of the bar AC and the velocity of the pin A 400 mm
relative to the dot in bar AB. \
B (a) \

P Lo (300N \ Cla|

Solution: In the new position 6 = tan <800> =20.6°. R—— T — \

The velocity analysis:

Va=Vc+wac X Ta/c

=0+ wack x (0.3)) = —0.3waci

Va=Vp+Vad +® xTa/p

= 0+ vara (COSOi + SiNGj)
+(2k) x (0.8 +0.3)) B 800mm (

= (vard €0SO — 0.6)i + (varel SINO + 1.6)j
Equating the components of the two expressions for v4 we have
—0.3wac = vard €0SO — 0.6, 0 = varg SINO + 1.6.
Solving these two equations, we find
vard = —4.56 m/s, wac = 16.2 rad/s.

Thus

A ismoving at 4.56 m/s from B toward A,
wac = 16.2 rad/s counterclockwise.

Problem 17.118 The bar rotates with a constant Solution: Eq. (17.15) is
counterclockwise angular velocity of 10 rad/s and sleeve
A dides a a constant velocity of 4 m/s relative to the  ay = ap + aara + 20 X Vard +a@ X T 478 — @21 4/5.
bar. Use Eq. (17.15) to determine the acceleration of A.
i ] ok
Subgtitute: a4 =0+0+2 |:O 0 10} + 0 — 100(2i)
40 0

| — _200i + 80j (m/sz)‘

Problem 17.119 Sleeve C dlides a 1 m/s relative to Solution: The velocity of point B is
bar BD. Use the body-fixed coordinate system shown to

determine the velocity of C. i j ok
VB = WaAB X Ip/a = 0 0 2| = 712000 7]) (mm/s).
600 600 O
y
| 4rad/s  1m/s Use Eq. (17.11). The velocity of sleeve C is
B —) D
9 I ) —X
C Vc =Vp +Vared +@pp X Ic/B-
400
mm i j k
g?rg Ve = —1200i 4+ 1200j + 1000i +| O 0O 4 |.
2 rad/s 400 0 0

A Ve = —200i 4 2800j (mmy/s) |.
|
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Problem 17.120 In Problem 17.119, the angular accel- y

erations of the two bars are zero and the sleeve C dlides | 4radfs  1m s
at a constant velocity of 1 m/s relative to bar BD. What B — D
p I——— ) —

is the acceleration of C?

Solution: From Problem 17.119, wap = 2 radls, wgc = 4 rad/s.

The acceleration of point B is 600
mm
ap = —a)iBfB/A = —4(600i + 600j)
. . i ]k
= —2400i — 2400 (MM/S?). ac = —2400i —2400j +2| O 0 wpp | — w3, (400,
1000 0 O
Use Eq. (17.15). The acceleration of C is
ac = ap +acre +20pp X Vcrd +opp X o/ — W%DrC/B- ‘ ac = —8800i + 5600] (mm/s’) |
Problem 17.121 Bar AC has an angular velocity DA
of 2rad/s in the counterclockwise direction that is
decreasing at 4 rad/s?>. The pin at C dlides in the slot
in bar BD. cll
(@) Determine the angular velocity of bar BD and the

velocity of the pin relative to the slot.

(b) Determine the angular acceleration of bar BD and 4cm
the acceleration of the pin relative to the slot.

. A (e B(o .
Solution: The coordinate system is fixed with respect to the ver- J_L
tical bar.

} 7 cm }
ik
(@ vec=va +(A)Ac><l’c/A:0+ 0 0 wacl- Q)
74 0

Equating i and j components in Egs. (5) and (6),
Vc =Vp +Vcerd +@pp X Tc/B
—dosc — T, = —2wppvcd — dapp,  (7)
i
0 0 wgpl.
04 O

=0+ vcraj + (2 Tasc — 4w’ = acra — 403 . (6)]

We obtain agp = —11 rad/?, acra = —28 cm/s2.

Equating i and j components in Egs. (1) and (2),

—4wac = —dwpp, (3 l
D o~

Twac = vcrd, 4

We obtain wgp = 2 radls, verg = 14 cm/s. c

(b) ac=as+aac xrcja— wicfcm

A —

4cm
ik
=0+|0 0 asc|— 3o (Ti+4). ©)
74 0
A BIS) X
ac = ap +acrd +20pp X Verd +app X Fe/p — 0 pless W\/—/ ’
7cm
ik ik
=0+acaj+2|0 0 wgp|+|0 0 app|—wi,(4).(6)
0 verg O 04 0

(© 2008 Pearson Education South Asia PteLtd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
to any prohibited reproduction, storage in aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.

415




Problem 17.122 In the system shown in Prob- D A
lem 17.121, the velocity of the pin C relative to the slot
is21cm/s upward and is decreasing at 42 cm/s?. What are
the angular velocity and acceleration of bar AC?

Solution: See the solution of Problem 17.121. Solving Egs. (3),
(4), (7), and (8) with vcre = 21 cm/s and acre = —42 cm/s?, we obtain

wac =3 rad/s,

| 7 cm |
asc = —6 rad/sz.

Problem 17.123 In the system shown in Prob-
lem 17.121, what should the angular velocity and accel-
eration of bar AC beif you want the angular velocity and
acceleration of bar BD to be 4 rad/s counterclockwise
and 24 rad/s® counterclockwise, respectively?

Solution:  See the solution of Problem 17.121. Solving Egs. (3),
(@), (7), and (8) with wgp = 4 radis® and azp = 24 rad/s, we obtain

wac =4 rad/s,

asc =52 I’M/SZ.

Problem 17.124 Bar AB has an angular velocity of
4 rad/s in the clockwise direction. What is the velocity
of pin B relative to the slot?

60 mm

Solution: The velocity of point B is

i i k
Vp=wap xIga=| 0 0 —wup | =240 —460j (mm/s).
115 60 0

The velocity of point B is aso determined from bar CB
Vp = Vprd + wcp x (351 + 60j),

i k
Vg = Vprd + 0 0 WCB

35 60 0

Vp = vprdl — 60wcpi + 35wcpj (MM/S).

Equate like terms: 240 = vprg — 60w g, —460 = 35w from which

wpc = —13.14 rads,| vgrg = —548.6 mmvs |
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Problem 17.125 In the system shown in Prob-
lem 17.124, the bar AB has an angular velocity of
4 rad/s in the clockwise direction and an angular accel-
eration of 10 rad/s® in the counterclockwise direction.
What is the acceleration of pin B relative to the slot?

Solution: Usethe solution to Problem 17.124, from which wgc =
—13.14 rad/s, vgrq = —548.6 mm/s. Theangular acceleration and the
relative acceleration. The acceleration of point B is

ap = oaB XI'p/a —wiBrB/A

i ik
0 0 10 |- (16)(115 + 60j) (MM/sY),
115 60 0

ap = —600i + 1150] — 1840i — 960j = —2440i + 190 (MM/D).

The acceleration of pin B in terms of bar BC is

ap = aprdi + 20pc X Vpre + 0pc X I/ — W3l B/Cs

60 mm

1 80 mm 1

i j k
ag = aprdl + 2 0 0 -1314
—5486 0 0

i k

+] 0 0 apc |- (13.14%) (35 + 60j).
35 60 0

ap = aprai + 14,419.5) + 35apcj — 60 (i

— 6045.7i — 10, 364.1j.

Equate expressions for ag and separate components. —2440 = agrg —
60apc — 6045.7, 190 = 14,419.6 + 35a5c — 10364.1. Solve:

apre = —3021 (MM/L) |, apc = —110.4 rad/s’.

Problem 17.126 The hydraulic actuator BC of the
crane is extending (increasing in length) at a constant
rate of 0.2 m/s. At the instant shown, what is the angular
velocity of the crane's boom AD?

Strategy: Use Eq. (17.8) to write the velocity of point
C interms of the velocity of point A, and use Eq. (17.11)
to write the velocity of point C in terms of the velocity
of point B. Then equate your two expressions for the
velocity of point C.

Solution: Using Bar ACD

Ve =VA+wap XTc/a = O+ wapk x (3i+ 1.4)) m
=wap(—14i+3)) m
Using cylinder BC

Vc = VB + VBrel + ®pc X Tc/B

1.2i 4 2.4
V1221 2.2

= (0.0894 m/s — {2.4 Mjwpc)i + (0.1789 m/s+ {1.2 Mwpc)j

=0+ (0.2 mls) ( ) + wpck x (1.2i + 2.4)) m

Equating the components of the two expressions we have

wpc =0.0940 rad/s

(=14 Mwap =0.0894 m/s — (24 Mwgsc | _
WAD = 0.0972 rad/s

(B M)wap=0.1789 m/s+ (1.2 Mwpc

wap = 0.0972 rad/s CCW

| i
24m /[of(

1
L 5
| |
1T
~1.8m—~1.2m~—
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Problem 17.127 In Problem 17.126, what is the D
angular acceleration of the crane's boom AD at the 5
instant shown? Q)

~1.8m—=12m~—

Solution: Use the angular velocities from 17.126

Bar ACD

ac =as +aacp Xrc/a— wACDZrC/A
=0+ aacpk x Bi +1.4)) M— wscp?@Gi+1.4) m
= (—{L4 Mjaacp — {3 Mwacpdi + (3 Maacn

— {14 Mwacpdi
Cylinder BC

ac =ap +aprel +pc Xrc/p — wBCZFC/B + 2wBc X VBrel
=040+ agck x (1.2l + 2.4)) m — wpc?(1.2i + 2.4) m

42 wpck x (0.2 mls) ( 12i+24 )

VIZ 328
= (—{24 magc — {L.79 MiSjwpc — {1.2 Mlopcd)i

+ ({1.2 mjapc + {0.894 m/slwpc — {2.4 m}chz)j
Equating the two expressions for the acceleration of C we have

—{LAmjaap — {3 Mwap? = —{24 Mlapc
— {179 mislwgc — {1.2 Mwpc?
{3 m}(XAD — {14 m}wADZ = {12 m}()lBC

+ {0.894 M/Sjwpc — (2.4 Mwpc?
Solving (using the angular velocities from 17.126) we find

apc = —0.0624 rad/s, oAD = 0.000397 rad/s

| aap = 0.000397 rad/s CCW
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Problem 17.128 The angular velocity wac = 5° per
second. Determine the angular velocity of the hydraulic
actuator BC and the rate at which the actuator is
extending.

Solution: The point C effectively sides in a slot in the arm BC.

The angular velocity of Verel
b
wac = 5(17‘0) = 0.0873 rads.

The velocity of point C with respect to arm AC is

i i K
VC=CUAC><rC/A=|:O 0 U)AC:|

26 24 O

= —0.2094i + 0.2269; (m/s),

The unit vector parallel to the actuator BC is

1.2i + 2.4 ) .
e= —————_ = 0.4472i + 0.8944j.
V1224242 !

The velocity of point C in terms of the velocity of the actuator is

Ve = vcrd®+ wpe X Ic/B-

i j k
Ve = vere (0.44721 + 0.8944)) +| O 0 wpc
1.2 24 0

Ve = vere (0.44720 + 0.8944)) + wpc (—2.4i + 1.2)).

Equate like terms in the two expressions:
—0.2094 = 0.4472vcrel — 2.4wpC,

0.2269 = 0.8944vcre + 1.2wpc.

| wge = 0.1076 rad/s = 6.17 deg/s),

verg = 0.209 (m/s) |,

which is also the velocity of extension of the actuator.
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Problem 17.129 In Problem 17.128, if the angular
velocity wuc =5° per second and the angular
acceleration a ¢ = —2° per second sguared, determine
the angular acceleration of the hydraulic actuator BC
and the rate of change of the actuator’s rate of extension.

Solution: Use the solution to Problem 17.128 for the velocities:
wpc = 0.1076 rad/s,

WAC = 0.0873 rad/s

verg = 0.1093 (m/s).

The angular acceleration

b
wac =2 (@) = —0.03491 rad/s?.
The acceleration of point C is
ac =aac Xrc/a — wiCrC/A
i i k
=] 0 0 aac |—ad.(26i+24),
26 24 0
ac = aac(—24i + 2.6)) — 03 (2.6 + 2.4)
= 0.064i — 0.109] (M/S%).
The acceleration of point C in terms of the hydraulic actuator is
ac = acrd€+ 2wpc X Verd +ope X /g — wécfcw,

i i k
ac = acrg€+2 0 0 wBC
0.4472vcre 0.8944vc g 0

+ [ (I) é) aic} — w5 (L2 + 2.4))
12 24 O
ac = acrel (0.4472i 4 0.8944)) + 2wpc (—0.0977i + 0.0489))
+apc(—2.4i +1.2) — 03 (1.2 + 2.4)).
Equate like terms in the two expressions for ac.

0.0640 = 0.4472acrq — 0.0139 — 2.403c — 0.0210,

—0.1090 = 0.8944acre — 0.0278 4 1.20p¢ + 0.0105.

Solve: ‘ac.vd = —0.0378 (M/S) ‘

which is the rate of change of the rate of extension of the actuator,
and

| asc = —0.0483 (radl) = ~2.77 deg’¥ |
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Problem 17.130 The deeve at A dides upward at a
constant velocity of 10 m/s. Bar AC dlides through the
sleeve at B. Determine the angular velocity of bar AC
and the velocity at which the bar dlides relative to the
sleeve at B. (See Example 17.8.)

Solution: The velocity of the sleeve at A is given to be vy =
10j (m/s). The unit vector paralel to the bar (toward A) is

e = 1(cos30°i +sin30°)) = 0.866i + 0.5j.

Choose a coordinate system with origin at B that rotates with the bar.
The velocity at A is

VA =Vp + vard€+ ®wac X Ta/B
i j k
=0+ varg€+ 0 0 wap
0866 05 O

V4 = (0.866i + 0.5))vare + wac(—0.5i + 0.866]) (M/s).

The given velocity is v4 = 10j (m/s). Equate like components in the
two expressions for vu:

0= 0.866vArq — 0.5w4c,

10 = 0.5v4r¢ + 0.866wac-

Solve: | wac = 8.66 rad/s | (counterclockwise),
from B toward A.

]um/s

Problem 17.131 In Problem 17.130, the Sleeve a A
dlides upward at a constant velocity of 10 m/s. Deter-
mine the angular acceleration of bar AC and the rate of
change of the velocity at which the bar dlides relative to
the sleeve at B. (See Example 17.8.)

Solution: Use the solution of Problem 17.130:
e = 0.866i + 0.5,
WAB = 8.66 f&d/S,

vard = 5 m/s.

The acceleration of the leeve at A isgiven to be zero. The acceleration
in terms of the motion of the arm is

ap =0=aure€+ 2wap X vargd€+ AR X T4/B _wiBrA/B-

i j k
ay = 0=aure€+ 2vare 0 0 was
0866 05 O

i j k
+] 0 0 aup |- 3,(0.866i + 0.5)
0.866 05 0
0 = (0.866i + 0.5))aure — 43.3i + 75

+ aa(—0.5i + 0.866j) — 64.95i — 37.5].

]10m/s

Separate components:
0= 0.866a4re —43.3 — 0.5c4p — 64.95,

0= 0.5a4re + 75+ 0.866cc4 5 — 37.5.

Solve: | ayg = 75 (M/SY) | (toward A).

‘ oap = —86.6 rad/s® ‘ (clockwise).
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Problem 17.132 Block A slidesup theinclined surface y
at 2 m/s. Determinethe angular velocity of bar AC and
the velocity of point C.

Solution: The velocity at A is given to be

V4 = 2(—ic0s20° +j sin20°) = —1.879i + 0.6840j (m/s).

From geometry, the coordinates of point C are

<7, 2.5(%)) = (7.3.89) (m).

The unit vector parallel to the bar (toward A) is

e= (7% + 3.89%)V/2(—7i — 3.89)) = —0.8742i — 0.4856;.
The velocity at A in terms of the motion of the bar is
i j k

VA = VArd€+ @AB X T4/ = Vard€+ 0 0 wac |

—-45 -25 0
va = —0.8742v 4101 — 0.4856v41a] + 2.5waci — 4.5wac) (MIS).
Equate the two expressions for v4 and separate components:
—1.879 = —0.8742v41g + 2.5wac,

0.6840 = —0.4856v4re — 4.504c¢ -

Solve:  varg = 1.311 m/s,

wac = —0.293 rad/s| (clockwise).

Noting that v4 = 2 m/s, the velocity at point C is

i j k
Ve = v4(—0.8742i — 0.4856)) + | O 0 —0.293 |,
25 389-25 0

Ve = —0.738i — 1.37) (m/s) ‘
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Problem 17.133 In Problem 17.132, block A sidesup
the inclined surface at a constant velocity of 2 m/s.
Determine the angular acceleration of bar AC and the
acceleration of point C.

Solution: The velocities: The velocity at A is given to be

V4 = 2(—icos20° +j sin20°) = —1.879i + 0.6840j (m/s).

From geometry, the coordinates of point C are

(7, 25 <4—75>> = (7.3.89) (m).

The unit vector paralel to the bar (toward A) is

—7i — 3.89 . !
e= ———— = —0.8742i — 0.4856].
V7% 4 3.89° )

The velocity at A in terms of the motion of the bar is

i i k
VA = vard€+ @WAC X FA/B = Vard €+ 0 0  wac |.
—-45 -25 0

V4 = —0.8742v a1 — 0.4856v41e] + 2.5waci — 4.5wac) (M/9).
Equate the two expressions and separate components:

—1.879 = —0.8742v4ra + 2.5wac,

0.6842 = —0.4856vpr4 — 4.50ac.

Solve: varg = 1.311 m/s, wac = —0.293 rad/s (clockwise).

The accelerations: The acceleration of block A is given to be zero. In
terms of the bar AC, the acceleration of A is

ay =0 =ase€+20ac X Vard€+ ®ac X 4/ — W4T A/B-

i j k
0= aure€+ 2wacvard 0 0 1
—0.8742 —-0.4856 O

i j k
+] 0 0  aac | — @3 (—450 —2.5).
-45 -25 0

y
C
A
(4 X
F*Z.Sm e 2.5m —»

0= aare€+ 2wacvare (—eyi + exj) + ac (251 — 4.5)
— 03 (—4.5 — 2.5)).

Separate components to obtain:

0= —0.8742a4rg — 0.3736 + 2.5 4¢ + 0.3875,

0= —0.4856a4rg + 0.6742 — 4.5 4¢ + 0.2153.

Solve:  aug = 0.4433 (m/s?) (toward A).

asc = 0.1494 rad/s | (counterclockwise).

The acceleration of point C is

ac = aard €+ 2wac X Vare +0ac X I/ — wf\CTC/B

i ]k
ac = asre€+2wacvarg | 0 0 1
ey ey 0

i i k
+| 0 0 dac | — @3, (2.51 + (3.89 — 2.5))).
25 389-25 0

Substitute numerical values: ‘ ac = —1.184i + 0.711j (m/s%)
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Problem 17.134 The angular velocity of the scoop is
1 rad/s clockwise. Determine the rate at which the hy-
draulic actuator AB is extending.

Solution: The point B dides in the arm AB. The velocity of point
Cis

i ok
Ve = osoop X (0.46) = | 0 0 1 | =0.46i (mls).
0 046 0

Point B is constrained to move normally to the arm DB: The unit
vector parallel to DB is

0.31i 4 0.61j

= o= 0.4472i + 0.8944].

€pa

The unit vector normal to epp is eypp = 0.8944i — 0.4472j, from
which the velocity of C in terms of BC is

Vc = vpenpp + @pc X Tc/B

i i k
=vp(0.8944i —0.4472))+ | O 0 wpe |-
076 —0.15 0

Ve = vp(0.8944i — 0.4472)) + wpc(0.15i + 0.76j).

Equate terms in v, 0.46 = 0.8944vp + 0.15wpc, O = —0.4472vp +
0.76wpc. Solve: wge = 0.2727 rad/s, vg = 0.465 m/s, from which
VB = VgE€NnpB = 1.364i — 0.6818j (m/s).

The unit vector parallel to the arm AB is

183i+ 0.61]
e\p = —————
V18324 0.612

Choose a coordinate system with origin at A rotating with arm AB.
The velocity of point B is

= 0.9487i + 0.3162j

VB = Uprd€4AB + @WAB X I'B/A
i j k
= vpe(0.94871 +0.3162)) + | O O wap |-
183 061 O

Vg = vpre (0.9487i + 0.3162)) + w4 5(—0.61i + 1.83)).

Equate the expressions and separate components:

0.416 = 0.9487vgrg — 0.61w4 3,

—0.208 = 0.3162vpre + 1.83wa 5.

Solve: wap = —0.1704 rad/s, | vprg = 0.329 m/q which is the rate

of extension of the actuator.
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Problem 17.135 The angular velocity of the scoop is
1 rad/s clockwise and its angular acceleration is zero.
Determine the rate of change of the rate at which the
hydraulic actuator AB is extending.

Solution:  Choose a coordinate system with the origin at D and the
x axis paralel to ADE. The vector locations of points A, B, C, and
E aery = —152i m, rg = 03Lli + 0.61j m, rc =107i + 0.46]j m,
rg = 1.07i m. The vector AB is

Fp/a="rp—r4=183i+0.61j (ft),
rp/p="rp—rp=03li+061j (m).

Assume that the scoop rotates at 1 rad/s about point E. The accelera-
tion of point C is

ac = dscoop X 457 — w%0(0.46]) = —0.46] (M/s?),

since agoop = 0. The vector from C to Bis rg/c =rp—rc =
—0.76 i+ 0.15] (m). The acceleration of point B in terms of point C is

2
ap =ac +apc XIp/c —wpclB/C

i ]k
= 0.46 + 0 0 apc |- (—076i+0.15),
—076 0.15 0
from which

ap = —(0.155apc —0.76 w3 )i — (0.46+ 0.76a5¢ + 0.50%.)j.

The acceleration of B interms of D is

2
ap =ap +app Xg/p —WgplB/D

i ik
=ap+| 0 0 app |—wd, (03li+061)).
031061 O
The acceleration of point D is zero, from which ag = —(0.61app +

0.31w3 )i + (0.31app — 0.61w3,)j. Equate like terms in the two
expressions for ag, —(0.15a5c — 0.76w3 ) = —(0.6lagp + 03w,
—(0.46 4+ 0.76apc + 0.15w2.) = (0.3lopp — 0.61wZ,). From the
solution to Problem 17.134, wgc = 0.2727 rad/s, and vg = 0.465m/s.
The velocity of point B isnormal to the link BD, from which

vp
wBp = ﬁ = 0.6818 rad/s.

10.31/m

Substitute and solve for the angular accelerations. apc =
—0.1026 rad/, app = —0.3511 rad/s?. From which the acceleration
of point B is
ag = —(20pp + w3 ;)i + (@pp — 205 p)j

=0.072i — 0.39] (m/9)2
The acceleration of point B in terms of the arm AB is
ap = aprel€p/a + 0.6lwap X Vprei€p/a + ®ap X Igja — CU%BrB/A'

From the solution to Problem 17.134: ep,4 = 0.9487i 4 0.3162],
vpred] = 0.33 m/s, wyp = —0.1705 rad/s. From which

ap = apre (0.94871 + 0.3162)) + 0.1162i — 0.3487]

+ a4p(—0.61i + 183j)— 0.1743i — 0.0581;.
Equate the accelerations of point B and separate components:
0.072= 0.9487aprg — 0.61cs g — 0.018,

— 0.39= 0.3162apr¢ + 183asp — 0.124.

Solve: |gpg = 0.00116 m/s3, which is the rate of change of the rate

at which the actuator is extending.
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Problem 17.136 Suppose that the curved bar in

Example 17.9 rotates with a counterclockwise angular B
velocity of 2 rad/s. 1rad/s
) ] 500 350 mm
(8 What isthe angular velocity of bar AB? A ? mm_ JlC
(b) What isthe velocity of block B relative to the slot? < D

Solution: The angle defining the position of B in the circular
dot is

350
= i 71 —_— = ©
B =sn (500) 44.4°.

The vectors are

r3/a = (500 + 5000 B)i + 350] = 857 + 350j (mm).

rg/c = (=500 + 500cosB)i + 350 (mm).

The unit vector tangent to the slot at B is given by

ep = —sSingi + cosBj = —0.7i + 0.714j.
The velocity of B interms of AB is
i i k
Vg =wap xrga=| 0 0 wap
857 350 O
= wap(—350i + 857j) (mm/s).
The velocity of B interms of BC is

Vp = Uprd€B + @Wpc X I'p/C

i j k
= v (—0.7I + 0.714]) + 0 0 wpc |,
—-1429 350 O

Vp = vpra (—0.7i 4+ 0.714j) + (—700i — 285.8j) (mm/s)

Equate the expressions for the velocity of B and separate components:
— 350wsp = —0.7vprg — 700,

— 857wsp = 0.714vprg — 285.8.

Solve:

@ (ko)

(®) | vsre = —2000 ms | (toward C).
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Problem 17.137 Suppose that the curved bar in
Example 17.9 has a clockwise angular velocity of
4 rad/s and a counterclockwise angular acceleration of
10 rad/s?>. What is the angular acceleration of bar AB?

Solution: Use the solution to Problem 17.118 with new data.

Get the velocities: The angle defining the position of B in the circular
dotis

350
N °
=gn — | =44.4°,
p <500)

The vectors

rg/a = (500 4+ 500 cos B)i + 350 = 857i 4+ 350 (mm).
rg/c = (—500 + 500 cos B)i + 350 (mm).

The unit vector tangent to the slot at B

ep = —sinBi + cosBj = —0.7i + 0.714;.

The component normal to the slot a B is
eyp = cospi +sinBj = 0.7141i + 0.7].
The velocity of B in terms of AB

i j k
VB =wap xIpa=| 0 0  was
857 350 O

= wap(—350i + 857)) (mm/s).

The velocity of B in terms of BC is

Vp = Uprd€p + @pc X I'p/C

| ] k
= vpred (—0.7i + 0.714)) + 0 0 —wpe |,
—1429 350 0

Vg = vpre(—=0.7i + 0.714)) + (1400i + 571.6) (mmys).

Equate the expressions for the velocity of B and separate compo-
nents: —350wsp = —0.7vprg + 1400, 857w p = 0.714vpg + 571.6.
Solve: wap = 4 rad/s (counterclockwise). vgrg = 4000 mm/s (away
from C).

Get the accelerations: The acceleration of point B in terms of the
AB is

ag = oaB X I'pg/a *wiBrB/A

i i k
0 0 aup |— ?,(857i +350)),
857 350 O

— 5665 (MM/s?).

ap = asp(—350i + 857)) — 138713

1 rad/s

500 350 mm

500
mm
1000 mm

The acceleration in terms of the arm BC is

ap = aprel + 2wpc X VBrel€B +0pc X I'g/c — w%cl’ls/c

Expanding term by term:

2
v
Brel
agrel = aprel€p — ( SOrO ) Eng

= apre (—0.7i + 0.7141j) — 22,852.6i — 22,400;.

Other terms:

2wpc X vpra€p = 22852i + 22,400],

agc x Ip/c = —3500i — 1429.3),

— w2 T pjc = 2286.81 — 5600].

Collect terms:

ap = apre (—0.7i + 0.7141)) — 22852.6i — 22400j + 22852.6i
+ 22400j — 3500i — 1429.3j + 2286.9i — 5600

ap = aprg (—0.7i + 0.7141j) — 1213 — 7029.3].

Equate the two expressions for the acceleration of B to obtain the two
equations:

— 350a4p — 13,871 = —0.7apreg — 1213.1,

857a4p — 5665 = 0.7141aprg — 7029.3.

Solve:

agre = 29180 (Mm/s?),

aap = 22.65 rad/s’ | (counterclockwise).
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Problem 17.138* The disk rolls on the plane surface

with a counterclockwise angular velocity of 10 rad/s. 024/ /‘\
Bar AB slides on the surface of the disk at A. Determine 2
the angular velocity of bar AB.

Solution:  Choose a coordinate system with the origin at the point
of contact between the disk and the plane surface, with the x axis y
parallel to the plane surface. Let A be the point of the bar in contact
with the disk. The vector location of point A on the disk is A

ra =icos45’ +j(1+ sin45°) = 0.707i + 1.707] (m).

The unit vector parallel to the radius of the disk is

e, = cos45°i + sin45°j = 0.707i + 0.707j.

The unit vector tangent to the surface of the disk at A is

eva = isin45° —j cos45° = 0.707i — 0.707].

The angle formed by the bar AB with the horizontal is

g=snt (sm;lS ) =20.7°.

The velocity of point A in terms of the motion of bar AB is
i i k
VA = wap XTa/p = 0 0 WAB | -
—2cosB 2snBg 0
V4 = wap(—0.707i — 1.871j) (m/s).

The velocity of point A in terms of the point of the disk in contact
with the plane surface is

VA = Vare€nvA + @disk X T4

i j k
= v4re(0.707i — 0.707)) + 0 0 wdisk | »
0.707 1.707 0
V4 = vare (0.707i — 0.707)) + (—17.07i + 7.07}).
Equate the expressions and separate components:

—0.707wap = 0.707v4rg — 17.07,

—1.871wap = —0.707vprq + 7.07.

Solve:

vare = 20.3 m/s,

wap = 3.88 rad/s| (counterclockwise).
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Problem 17.139* In Problem 17.138, the disk rollson
the plane surface with a constant countercl ockwise angu-
lar velocity of 10 rad/s. Determine the angular acceler-
ation of bar AB.

Solution: Use the results of the solution to Problem 17.138.
Choose a coordinate system with the origin at the point of contact
between the disk and the plane surface, with the x axis parallel to the
plane surface. The vector location of point A on the disk is

ra =icos45’ +j(1+ sin45°) = 0.707i + 1.707j (m).
The unit vector tangent to the surface of the disk at A is
eva = isind5’ —j cos45° = 0.707i — 0.707].

The angle formed by the bar AB with the horizontal is
B =sin"1(sin45°/2) = 20.7°.

Get the velocities: The velocity of point A in terms of the motion of
bar AB is

i i k
Vo =@ap XTa/B = 0 0 wAB
—2cosp 2snp O
= wap(—0.707i — 1.871j) (m/s).

The acceleration of the center of the disk is zero. The velocity of point
A in terms of the center of the disk is

VA = VArd€NA + @disk X T4

i j k
= vara (0.707i — 0.707)) + 0 0 wdik | »
0.707 1.707 0

Vi = varg(0.707i — 0.707)) + (—17.07i + 7.07)).

Equate the expressions and separate components:

—0.707wap = 0.707varg — 17.07, —1.871wpp = —0.707v4re + 7.07.

Solve:
vard = 20.3 m/s,

wap = 3.88 rad/s (counterclockwise).

Get the accelerations: The acceleration of point A in terms of the arm
AB is

as = oA X Ta/B *wiBrA/B

i j k
=| o0 0  aup | +28.15 — 10.64) (M/sD),
—1.87 0707 O

as = app(—0.707i — 1.87)) + 28.15i — 10.64) (M/S).

10 rad/s

The acceleration of point A in terms of the disk is

aa = Aard + 20disk X VArd€NA + Adisk X Fa/C — wﬁiska/c-

Expanding term by term: The acceleration a4g is composed of a
tangential component and a radial component:

2
_ Varel
Aare = dArd€NA — 1 €a

= aure (0.707 — 0.707)) — 290.3i — 290.3;.

2wdisk X vard€np = 286.6i + 286.6], atgisk X r4 = 0,

since the acceleration of the disk is zero.

—w5gl a/c = —T70.7i — 70.7].

Collect terms and separate components to obtain:
—0.7070pp + 28.15 = 0.707a,re — 290.3 + 286.6 — 70.7,

—1.87app — 10.64 = —0.707a,re — 290.3 4 286.6 — 70.7.

Solve:

asrd = 80.6 m/s?,

asp = 64.6 rad/s? | (counterclockwise).
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Problem 17.140* Bar BC rotates with a counterclock-
wise angular velocity of 2 rad/s. A pin at B didesin a
circular slot in the rectangular plate. Determine the angu-
lar velocity of the plate and the velocity at which the pin LA B
slides relative to the circular slot. T
40 mm
30 mm
R\
_el.
+—40 mm 60 mm }

Solution: Choose a coordinate system with the origin O at the
lower left pin and the x axis parallel to the plane surface. The unit
vector paralel to AB isesp = i. The unit vector tangent to the slot at
B iseyap =j. The velocity of the pin in terms of the motion of BC
iSVB =wpc XIp/c.

i j k
vg=| 0 0 wpc |=2(—30i —60j) =—60i —120j (mnV/s).
—-60 30 O

The velocity of the pin in terms of the plate is

i k
Vp =Uprelj + @ap XTpa=| 0 0 wsp
40 30 0

= vpra] -+ wap(—30i + 40)) (Mm/s).

Equate the expressions and separate components to obtain
—60 = —30wa35,

—120 = vpre + 40w 4.

Solve:

Vprgd = —200) mm/s,

(counterclockwise).
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Problem 17.141* Bar BC in Problem 17.140 rotates
with a constant counterclockwise angular velocity of
2 rad/s. Determine the angular acceleration of the plate.

Solution: Choose the same coordinate system as in Problem
17.140. Get the velocities: The unit vector parallel to AB isesp =i.
The unit vector tangent to the slot a B is eyap = j. The velocity of
the pin in terms of the motion of BC is

VB =wpc X Ip/C

ik
= 0 0 WBC
—60 30 O

= (—60i — 120j) (mm/s).

The velocity of the pin in terms of the plate is
B
Vp=uvprej +| O O wup
40 30 O

= Uprd€NAB + ®@AB X TB/0

= vgrd] + wap(—30i + 40)) (mm/s).
Equate the expressions and separate components to obtain

—60 = —30w4p,

—120 = vpre + 40wap.

Solve:
Vpreg = —200] mm/s,

wap = 2 rad/s (counterclockwise).
BC is

ag =oapc X Ip/c —wﬁcfs/c

= 0— 4(—60i + 30))

= 240i — 120] (mm/s?).

Get the accelerations: The acceleration of the pin in terms of the arm

LA B,
T 40 mm
30 mm
B\
_tA_"l_
+—40 mm 60 mm }

The acceleration of the pin in terms of the plate AB is

2
ap = aprel + 2048 X Vprd€VAB +®aB X B/0 — W4T B/O-

Expand term by term:

Ulzi‘rd
aprel = Apre€NAB — €aB

= apraj — 10000 (MM/s?),
2wap X Vpre€vap = 800i (mm/sz)
i k
s X TIgjo = 0 0 owap
40 30 O
= ap(—30i + 40j) (mm/s?),
—w? 5 (40i + 30j) = —160i — 120 (MM/s?).
Collect terms and separate components to obtain:
240 = —1000 + 800 — 30xp4 — 160,

—120 = aprg + 40cps — 120.

Solve:

agrg = 800 mm/s®  (upward),

app = —20 rad/s® |, (clockwise).
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Problem 17.142* By taking the derivative of
Eqg. (17.11) with respect to time and using Eq. (17.12),
derive Eq. (17.13).

Solution: Eq (17.11) is

VA =VB +Vard +® X I4/B.

Eq (17.12) is

dx\\ . dy\ . dz
Vard = (dt>l+ (dz)] +k<dt>k'
Assume that the coordinate system is body fixed and that B is a point
on the rigid body, (A is not necessarily a point on the rigid body),
suchthatrq =rp +ra/p, wWherer,/p = xi + yj +zk, and x, y, z are
the coordinates of A in body fixed coordinates. Take the derivative of
both sides of Eq (17.11):

dva dvp dV arel dw dI’A/B
—_— = — — xTr .
dt dt dt +dt X Tasp+@x dt
By definition,
dv dv d
—A:aA,—BzaB, mdiza.
dt dt dt
The derivative:

dVare dzxi N d?y. N dzzk+ dx di N dy dj N dz dk
ar a2 T a2 T a2 T arar Tarar Tdrar

Using the fact that the derivative of a unit vector represents a rotation
of the unit vector,

di . dj o dk
—=wXxi, —=eoxj,—=wxk.
dt dt dt

Substitute into the derivative:

dav
A A + © X Varel.
dt
. dra/p dx. dy. dz
Notin — = —i+ = —k
g @x dt wx(dt +dtj+dt

di dj dk
+wx x—t+y—+z—

=@ X Varg + @ X (@ X ['4/B).

Collect and combine terms: the derivative of Eq (17.11) is

ap =ap +ae +20 X Vargd + @ XTa/p+® X (@ X Ta/B) |,

which is Eq (17.13).
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Problem 17.143 In Active Example 17.10, suppose
that the merry-go-round has counterclockwise angular
velocity w and counterclockwise angular acceleration «.
The person A is standing still on the ground. Determine
her acceleration relative to your reference frame at the
instant shown.

Q™=

Solution: First the velocity analysis

VA =Vp +Vad +® X T4/p
0= 0+ vae + ok x (Ri)

Vard = —@R]
Now the acceleration analysis

as = ap +axd +ax T/ — 0T a5 + 20 X Vad
0=0+ aae +ak x (Ri) — ®?(Ri) + 2(wk) x (—wRi)

aad = —aRj + w?Ri + 20?Ri

ang = —w?Ri — aRj

Problem 17.144 The x—y coordinate system is body Solution: We have
fixed with respect to the bar. The angle 6 (in radians) is
give as a function of time by 6 = 0.2+ 0.04¢>. The x
coordinate of the sleeve A (in metre) isgivenasafunction
of timeby x = 1+ 0.03¢3. Use Eq. (17.16) to determine
thevelocity of thesleeve at r = 4 srelativeto anonrotat-  Attheinstant: =4s, 6 =032, x=292 i=144
ing reference frame with its origin a B. (Although you o

are determining the velocity of A relative to a nonrotat-

ing reference frame, your answer will be expressed in Va =Vp +Vare + @ X Ta/p

components in terms of the body-fixed reference frame.)

6 =0.2+0.042, 6 =0.08

x=1+0033 i=009°

=0+ xi + 6k x (xi):)'ci—i—xéj

= (L44)i + (2.92)(0.32)]

V4 = (1.44i 4+ 0.934)) m/s.
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Problem 17.145 The meta plate is attached to a fixed
ball-and-socket support at O. The pin A didesin a slot
in the plate. At the instant shown, x4 = 1 m, dx,/dt =
2m/s, and d?x,/dt> =0, and the plate’s angular
velocity and angular acceleration are w = 2k (rad/s) and
a = 0. What are the x, y, and z components of the
velocity and acceleration of A relative to a nonrotating
reference frame with its origin at O?

Solution: The velocity iSva = Vo 4 Vard +® X F 4/0. The rela
tive velocity is

v _dxi+dy.+dzk
Aard =\t ar )’ dr)

d dy d d dz
where d—’t‘zzm/s, d—f:—to.zsﬁzo.sx—lern/s % _o,

dr
andru 0 =xi+yj +zj =i+ 0.25 + 0, from which

Va=2i+j+okx(i+0.25)) =2 +j +2(—0.25{ +j)
= 1.5 + 3j (m/s).

The acceleration is

as = ap + aarg + 20 X Varg + @ XTa/0 +(4)><(a)><I’A/0).

Noting
o= (52 (52)0+ (5
dr? dr2 a2
where
<%> =0 % = %0-25)62 = 0.5(2_):)2 -2 (%) _o
Substitute:

axr =2 +20(k x (2 +])) + 0?(k x (k x (i + 0.25))))

ik i j ok
= 0 4|+4x|0 0 1
10 1025 0

N O —

i k
aA=2j4i+4wJ'+4[ 0 0 l:| =-8+9 (m/SZ)
10
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Problem 17.146 Suppose that at the instant shown in
Problem 17.145, x4 =1m, dx,/dt = =3 mls,
d?x,/dt? = 4 m/$%, and the plate’s angular velocity and \
angular acceleration are w = —4j + 2k (rad/s), and « =

3i — 6] (rad/s?). What are the x, y, z components of the
velocity and acceleration of A relative to a nonrotating
reference frame that is stationary with respect to O?

Solution: The velocity isva = Vo + Vara + @ X F 4/0. The rela
tive velocity is

v _dxi+dy.+dzk
ard =\ a )’ dat)

d dy d d dz
where - = —3mis, & = C025:2 = 055 = —15mis, & =

dt . odr o dt . . dt.
0,and ry,0 = xi+yj +zj =i+ 0.25 + 0, from which vy = —3i —
1.5 +w x (i +0.25)).

i j ok
Va=-3i—15+|0 -4 2|=-3—15—05i+2 +4ak
1 025 0

= —3.5i + 0.5 + 4k (m/s) |

The acceleration isay = ap + are + 20 X Vard + 0 X 470 + @ X
(@ xTa/0). Noting

N d?x i d?y - d?z K
A =\ a2 az )V \az )

where

d2y 42 dx\? d2x
L — —_025x2=05( = . ~~ ) =6
0.25x 05<d1> +05x(dt2> 6.5 (M/'s),

d?;
<7> =0,a = 3i — 6 (radls?), varg = —3i — 1.5],

and from above:  x 14,0 = —0.5i + 2j + 4k. Substitute:
i j k i j k
as=4i+65+2| 0 -4 2(+|13 -6 0
-3 -15 0 1 025 0

i j k
+| 0o -4 2].
-05 2 4

ay = 4i + 6.5 + 2(3i + 6 — 12K) + (6.75k) + (—20i — j — 2K)

a1 = 100 - 65 — 1925 ') |

(© 2008 Pearson Education South Asia PteLtd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
to any prohibited reproduction, storage in aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.

435




Problem 17.147 The coordinate system is fixed
relative to the ship B. At the instant shown, the ship
is sailing north at 5 m/s relative to the earth, and its
angular velocity is 0.26 rad/s counterclockwise. Using
radar, it is determined that the position of the airplane is
1080i + 1220j + 6300k (m) and its velocity relative to
the ship’s coordinate system is 870i — 45] — 21k (m/s).
What is the airplane’s velocity relative to the earth? (See
Example 17.11.)

Z. —p——

Solution:

VA =VB +Vare +® XTA/B
= 5] + (870i — 45] — 21K) + (0.26k) x (1080i + 1220 + 6300k)

i i k

0 0 026
1080 1220 6300

= (870i — 40j — 21K) +

V4 = (553 + 241j — 21k) m/s. |

Problem 17.148 The space shuttle is attempting to
recover a satellite for repair. At the current time, the
satellite’s position relative to a coordinate system fixed
to the shuttle is 50i (m). The rate gyros on the shuttle
indicate that its current angular velocity is 0.05 +
0.03k (rad/s). The Shuttle pilot measures the velocity of
the satellite relative to the body-fixed coordinate system
and determines it to be —2i — 1.5 + 2.5k (rad/s). What
arethe x, y, and z components of the satellite’s velocity
relative to a nonrotating coordinate system with its origin
fixed to the shuttle’s center of mass?

Solution: The velocity of the satellite is

VA =Vp +Vard +® X T4/B

i j k
=0-2—15+25+| 0O 005 0.03
50 0 0

— —2i + 1.5] + 2.5k — 1.5) — 2.5k = —2i (m/9) |
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Problem 17.149 The train on the circular track is
traveling at a constant speed of 50 m/s in the direction
shown. The train on the straight track is traveling at
20 m/sin the direction shown and is increasing its speed
at 2 m/s’. Determine the velocity of passenger A that
passenger B observes relative to the given coordinate
system, which is fixed to the car in which B isriding.

Solution:

The angular velocity of B isw = 5—% = 0.1 rad/s.

50!
The velocity of A iSvy =V +Vard +® X I'4/p.
At the instant shown, v4 = —20j (m/s), v = +50j (m/s),

and r4,p = 500i (m), from which

i j k
Vg = —20) —50 —| O 0 0.1 |=—20] —50j —50j,
500 0 O

Vard = —120j (m/s)

Problem 17.150 In Problem 17.149, determine the
acceleration of passenger A that passenger B observes
relative to the coordinate system fixed to the car in which
B isriding.

Solution:
Use the solution to Problem 17.149:

Vard = —120j (m/s),

50
= — =0.1radls,
19} 500 0.1 rad/s,

ra/p = 500i (m).

The acceleration of A isas = —2j (m/s),
The acceleration of B is

ap = —500(w?)i = —5i m/&,

and « = 0, from which

as =ag + aare + 20 X Vard + @ X (@ X I 4/p).

Rearrange:

Qard = a4 —ag — 2w X Vard — @ X (w x rA/B)-

i j K i j ok
agRg =—-2+5—-2|0 0 w|-o?|lkx| 0 0 1]].
0 —-120 © 500 0 0

i j k
ary = —2j + 5 —2(120w)i —w? |0 O 1],
0 500 0

aug = —141 — 2 (M/sd) ‘
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Problem 17.151 The satellite A is in a circular polar y

orhit (a circular orbit that intersects the earth’'s axis of

rotation). The radius of the orbit is R, and the magnitude N

of the satellite’ s velocity relative to a non-rotating refer- | A
ence frame with its origin at the center of the earthisv,.
At the instant shown, the satellite is above the equator.

An observer B on the earth directly below the satellite Re B /A §
measures its motion using the earth-fixed coordinate sys- < R
tem shown. What are the velocity and acceleration of the \

satellite relative to B’s earth-fixed coordinate system?
The radius of the earth is Rg and the angular velocity of
the earth is wg. (See Example 17.12.)

Solution: From the sketch, in the coordinate system shown, the
location of the satellite in this system isr4 = (R — Rg)i, from which
ra/p =ra—0= (R — Rp)i. The angular velocity of the observer is
wp = —wgk. The velocity of the observer is vg = —wgRgk. The
velocity of the satellite isva = vaj.

The relative velocity is

Vared =VA — VB —WE X TA/B,

i j k
Vard = va] + g ReK — (0E) |: 0 1 0:|

= v4j + Rogk |

From Egs (17.26) and (17.27)

AQard =84 — @B — 20F X Vared — & X [ 4/ — @F X (@F X I A/B).

The accelerations:

2
. va\ . . .
ay = —wiRi = — (é‘) i,ap = —w2Rei, @ = 0, from which

2 i k
Apre = — EA +iw%RE—2 0 wg O
0 va Rwg

i ik
— WE X 0 wE 0f.
R—Rg 0 O

Aare = —a)iRi +w%REi

i k
—202Ri— | 0 wg 0
0 0 —wg(R—RE)

2
- <%> i + w2 Rgi — 202 Ri + wZ(R — Rp)i

va .
awd =— (|2 +wZR|i
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Problem 17.152 A car A a north latitude L drives N

north on a north—south highway with constant speed v.

The earth’sradiusis Rg, and the earth’s angular velocity Y

is we. (The earth’ s angular velocity vector points north.) v
The coordinate system is earth fixed, and the x axis

passes through the car’'s position at the instant shown.

Determine the car’ s velocity and acceleration (@) relative

to the earth-fixed coordinate system and (b) relative to a L
nonrotating reference frame with its origin at the center B
of the earth. Re

Solution:

(@) In earth fixed coords, y

Vrel = V],

= vj + (wg SNLi + wg COSLj) x Rgi

V4 = vj — wg R cosLK .'\\/

ap = ap + aard + 20F X Vard + 0 X T4/

ag = —v2/Rgi. (motion in acircle) /
(b) Vi =Varea +@g XT3 +Vp(p =0)

+wg X (Wg X Ta/B)
where g = wg SiNLi + wg cOSLj
and ra/B = REi

2
ay =0-— U—i + 2vwg SIN LK
RE

+ (wg SINLi + wg cOSLj) x (—wg R cos LK)
U2
ay=— (R—E +wiRg cosZL> i

+ (w2 Rg SN L cosL)j

+ 2vwg sin Lk
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Problem 17.153 The airplane B conducts flight tests
of a missile. At the instant shown, the airplane is trav-
eling a 200 m/s relative to the earth in a circular path
of 2000-m radius in the horizontal plane. The coordinate
system isfixed relative to the airplane. The x axisistan-
gent to the plane's path and points forward. The y axis
points out the plane's right side, and the z axis points
out the bottom of the plane. The plane’s bank angle (the
inclination of the z axis from the vertical) is constant
and equal to 20°. Relative to the airplan€e’s coordinate
system, the pilot measures the missile’s position and
velocity and determines them to be r 4,5 = 1000i (m)
and v4,p = 100.0i + 94.0j + 34.2k (m/s).

(8 What are the x,y, and z components of the air-
plane' s angular velocity vector?

(b) What are the x, y, and z components of the mis-
sile’s velocity relative to the earth?

Solution:

(@ The bank angle is a rotation about the x axis; assume that the
rotation is counterclockwise, so that the z axis is rotated toward
the positive y axis. The magnitude of the angular velocity is

200
w = m = 0.1 rad/s.

In terms of airplane fixed coordinates,

® = 0.1(isin20° — j cos20°) (rad/s).

| ® = 0.03242j — 0.0940k rad/s|

(b) The velocity of the airplane in earth fixed coordinates is
VA =Vp +Vard +® X T4/p
= 200i + 100i + 94.0j + 34.2k

i j k
+ 0 0.0342 —0.0940
1000 0 0

| V4 = 300i + 94.0 + 34.2k — 94.0j — 34.2k = 300i (m/s) |

2000 m

20°
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Problem 17.154 To conduct experiments related to y
long-term spaceflight, engineers construct a laboratory )
on earth that rotates about the vertical axis at B with

a constant angular velocity w of one revolution every

6 s. They establish a laboratory-fixed coordinate system

with its origin at B and the z axis pointing upward.

An engineer holds an object stationary relative to the

laboratory at point A, 3 m from the axis of rotation, and B A
releases it. At the instant he drops the object, determine —_—
its acceleration relative to the laboratory-fixed coordinate
system,

(@) assuming that the laboratory-fixed coordinate sys-
tem is inertial and

(b) not assuming that the laboratory-fixed coordinate
system is inertial, but assuming that an earth-fixed
coordinate system with its origin a B is inertial.

(See Example 17.13))

Solution: (a) If the laboratory system is inertial, Newton’ s second
law is F = ma. The only force is the force of gravity; so that as the
object free fals the acceleration is

—gk = —9.81k (M/) |

If the earth fixed system is inertial, the acceleration observed is the
centripetal acceleration and the acceleration of gravity:

® X (0 xTrp)—g,

where the angular velocity is the angular velocity of the coordinate
system relative to the inertial frame.

27\ 2 i j k
wx(a)xrA/B)—g:—(?> kx|0 0 1 —9.81k
3 00
2
:(%)i—gﬁlk

‘ = 3.20 — 9.81k (M/s?)
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Problem 17.155 The disk rotates in the horizontal y
plane about a fixed shaft at the origin with constant
angular velocity w = 10rad/s. The 2-kg dider A
moves in a smooth dot in the disk. The spring
is unstretched when x =0 and its constant is k =
400 N/m. Determine the acceleration of A relative to
the body-fixed coordinate system when x = 0.4 m.

Strategy: UseEq. (17.30) to express Newton's second
law for the dider in terms of the body-fixed coordinate
system.

Solution: y
T = —kx = (—400)(0.4) yq 1

T = —160i Newtons

> F = —160i = mae + m[a}, + 26° x Via B
-‘rolo XTaA/B+®X (@ x rA/B)]
where @ = —10k, ry =04, m=2
— 160i = 2a,g — 80i

A = —40i (M/S).
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Problem 17.156* Engineers conduct flight tests of a
rocket at 30° north latitude. They measure the rocket’'s
motion using an earth-fixed coordinate system with
the x axis pointing upward and the y axis directed
northward. At a particular instant, the mass of the rocket
is 4000 kg, the velocity of the rocket relative to the
engineers coordinate system is 2000i + 2000] (m/s),
and the sum of the forces exerted on the rocket by its
thrust, weight, and aerodynamic forces is 400i + 400;
(N). Determine the rocket’s acceleration relative to the
engineers coordinate system,
(@) assuming that their earth-fixed coordinate system
isinertial and
(b) not assuming that their earth-fixed coordinate
system is inertial.

Solution: Use Eq. (17.22):

ZF—m[aB+2wvare| +axryp+ox(@xrap)]

= mayrd.
(a) If the earth fixed coordinate system is assumed to be inertial, this

reduces to ) F = mayre, from which

1 1 | ]
Aard = n_/[ZF = M(MOI +400])

|=01i +01j () |

(b) If the earth fixed system is not assumed to be inertial, ag =
—Rpw? cos? i + Rpw? cosi sinAj, the angular velocity of the
rotating coordinate system is @ = wg SINAi + wg cosAj (rad/s).
The relative velocity in the earth fixed system isvag = 2000i +
2000j (mVs), and rx/p = Rgi (m).

i i k
2w X Vard = 2w | SinA cosa 0O
2000 2000 O

= 4000wE (SiNA — cosA)k

i j k
@ X (wXTyp)=wX | wpsnk wgcosi 0
Rg 0 0

= @ X (—Rpwg cosA)k

i j k
® % (—Rpwg c0sMK = Rpw? cosA |:sink cosr O j|
0 0 -1

= (—Rpw? c0s? )i + (Rgw? COSASINA)j.

30°

Collect terms,
Aard = +(RELU% COS2 )L)l — (RELU% COS)LS‘n)»)j

— 4000wg (sinA — cosA)k + 0.1i + 0.1j.

Substitute values:

R = 6336 x 10° m, wg = 0.73 x 10~ rad/s, » = 30°,

‘ aarg = 0.125i + 0.0854j + 0.1069k (M/s)

Note: The last two terms in the parenthetic expression for a4 in

ZF —mlag + 20 X Vard + 0 X T 478 + @ X (@ X [ 4/)]

= mayre

can be neglected without significant change in the answers.
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Problem 17.157* Consider apoint A on the surface of
the earth at north latitude L. Theradius of the earth is R

N
and its angular velocity is we. A plumb bob suspended Y X
just above the ground at point A will hang at a small A B
angle B relative to the vertica because of the earth’'s
rotation. Show that g is related to the latitude by L

w2ResinL cosL R
g — w2RegCo? L’

x

tanp =

Strategy: Using the earth-fixed coordinate system
shown, express Newton’s second law in the form given
by Eqg. (17.22).

Solution: UseEq. (17.25). " F — m[ag + 20 X Vare + & X [ 4/p

+® X (@ X r4/p)] = maarg. The bob is stationary, so that varg = 0.

The origin of the coordinate system is stationary, so that az = 0. The I

externa force isthe weight of thebob )" F = mg. The relative acceler- t

ation is the apparent acceleration due to gravity, maure = mgapparent- l B

Substitute: ) C

Gapparent =3 — @ X (@ X I o/B)

i i k
=gi—@wx | wgsSNL wgcosL O
Rg 0 0

Gapparent = g — @ X (—Rpwg COSL)K

i j k
=gi+ RgwicosL | snL cosL 0
0 0o -1

Onpparent = &1 — (Rpw? c0s? L)i + (Rpw? cosL sin L)].

The vertical component of the apparent acceleration due to gravity
iS guatica = § — Rw? cos? L. The horizontal component of the
apparent acceleration due to gravity iS ghorizontd = REw'g’ cosLsinL.
From eguation of angular motion, the moments about the
bob suspension are Myertica = (A SN B)mgvertica @A Mhorizontal =
(A cosB)mgnorizonta, Where A is the length of the bob, and m is the
mass of the bob. In equilibrium, Myertica = Mhorizontal, from which
gvertical SIN B = ghorizontal COSB. Substitute and rearrange:

2 .
_ 8horizontd Rpwf cosLsinL

tan B

gvetticd g — Rpw% o L |
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Problem 17.158* Suppose that a space station is in
orbit around the earth and two astronauts on the station
toss a ball back and forth. They observe that the ball
appears to travel between them in a straight line at
constant velocity.

(@) Write Newton's second law for the ball asit travels
between the astronauts in terms of a nonrotating
coordinate system with its origin fixed to the
station. What is the term ) F? Use the equation
you wrote to explain the behavior of the ball
observed by the astronauts.

(b) Write Newton's second law for the ball asit travels
between the astronauts in terms of a nonrotating
coordinate system with its origin fixed to the center
of the earth. What is the term ) F? Explain the
difference between this equation and the one you
obtained in part (a).

Solution: An earth-centered, non-rotating coordinate system can
be treated as inertial for analyzing the motions of objects near the
earth (See Section 17.2.) Let O be the reference point of this refer-
ence frame, and let B be the origin of the non-rotating reference frame
fixed to the space station, and let A denote the ball. The orbiting sta-
tion and its contents and the station-fixed non-rotating frame are in
free fall about the earth (they accelerate relative to the earth due to
the earth’s gravitational attraction), so that the forces on the ball in
the fixed reference frame exclude the earth’s gravitational attraction.
Let gp be the station’s acceleration, and let g4 be the ball’s accelera-
tion relative to the earth due to the earth’s gravitational attraction. Let
> F be the sum of al forces on the ball, not including the earth’s
gravitational attraction. Newton's second law for the ball of mass m
is Y F+mgy =may =m(ag +aa ) = mgp +may,p. Since the
ball is within a space station whose dimensions are small compared to
the distance from the earth, g, is equal to gz within a close approxi-
mation, from which 3~ F = may, 3. The sum of the forces on the ball
not including the force exerted by the earth’s gravitational attraction
equals the mass times the ball’s acceleration relative to a reference
frame fixed with respect to the station. As the astronauts toss the ball
back and forth, the only other force on it is aerodynamic drag. Neglect-
ing aerodynamic drag, a4,z = 0, from which the ball will travel in a
straight line with constant velocity.

(b) Relative to the earth-centered non-rotating reference frame, New-
ton’'s second law for the ball is > F = mas where ) F is the sum
of al forces on the ball, including aerodynamic drag and the force
due to the earth’s gravitational attraction. Neglect drag, from which
as = ga; the ball’'s acceleration is its acceleration due to the earth’s
gravitationa attraction, because in this case we are determining the
ball’s motion relative to the earth.

Note: An obvious unstated assumption is that the time of flight of the
ball asit is tossed between the astronauts is much less than the period
of an orbit. Thus the very small acceleration differences g4 — gp will
have a negligible effect on the path of the ball over the short time
interval.
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Problem 17.159 If 6 = 60° and bar O Q rotates in the
counterclockwise direction at 5 rad/s, what is the angular
velocity of bar PQ?

Solution: By applying the law of sines, § = 25.7°. The velocity
of Qis y

Vg =Vo+®wogp XTg/0 OF
i i K

0 0 5
0.2c0os60° 0.2sin60° 0

vo =0+ = —sin60°i + cos60°j.

The velocity of P is

vpi =Vg +wpg XIp/Q

i i k
= —sin60°i + cos60°j + 0 0 wpg |-
0.4cosp —0.4sinp O

Equating i and j components vp = —sin60° + 0.4wpp sing, and
0 = cos60° + 0.4wp ¢ cosB. Solving, we obtain vp = —1.11 m/s and
wpg = —1.39 rad/s.

Problem 17.160 Consider the system shown in Prob-
lem 17.159. If & = 55° and the deeve P is moving to
the left at 2 m/s, what are the angular velocities of bars
0Q and PQ?

Solution: By applying the law of sines, 8 = 24.2° The velocity

of Qis
i i K
Vo =V0+w0Q><I’Q/0:O+ 0 0 @00
0.2cos55° 0.2sin55° 0

= —0.2w0 ¢ Sin55°i + 0.2w( ¢ cOs55°j 1)

We can also express vy as

Vo =Vp +w@pg XTg/p

i i k
=2+ 0 0 wpQ |-
—0.4cosg 0.4sng 0

Equating i and j components in Equations (1) and (2), we
get —O.Zw()Q sin55° = -2 — O.4a)pQ sinﬂ, and 0.20)()Q c0s55° =
—0.4wp o cosB. Solving, we obtain

woQ = 9.29 I’ad/Spr = —2.92 rad/s.
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Problem 17.161 Determine the vertical velocity vy of
the hook and the angular velocity of the small pulley.

Solution: The upper pulley is fixed so that it cannot move, from
which the upward velocity of the rope on the right is equal to the
downward velocity on the left, and the upward velocity of the rope on
the right of the lower pulley is 120 mm/s. The small pulley is fixed so
that it does not move. The upward velocity on the right of the small
pulley is vy mm/s, from which the downward velocity on the left is
vy mm/s. The upward velocity of the center of the bottom pulley is
the mean of the difference of the velocities on the right and Ieft, from
which

120 — vy
Vg = T

The angular velocity of the small pulley is

40
= —=— =1rads}|
“TR T
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Problem 17.162 If the crankshaft AB isturning in the y
counterclockwise direction at 2000 rpm, what is the ve-
locity of the piston?

Solution: The angle of the crank with the vertical is 45°. The Equate expressions for vg and separate components:
angular velocity of the crankshaft is
—296.2 = 4.7%6wpc,

2
w = 2000 <—”> — 200.44 rads.
60 —296.2 = ve — 1.414wpc.

The vector location of point B (the main rod bearing) rp =
2(—isin45° + j cos45°) = 1.414(—i + j) cm. The velocity of point B
(the main rod bearing) is

From the law if sines the interior angle between the connecting rod

Solve: [ve =-383.5 (cm/s) = —3.835] (m/9)],

wBC = —61.8 rad/s.

i
VB =® X TIp/A :1.4l4a)|: 0
-1

o
o x

= —296.2(i +j) (cmls).
and the vertical at the piston is obtained from — = 5 from

i sng ~ sin45°’
which

25in45°
9=sin*1< 5'2 ):16.43".

The location of the piston isr¢ = (2sin45° + 5co0s6)j = 6.21j (cm).
The vector rg/c =rp —rc = —1.414i — 4.796j (cm). The piston is
constrained to move along the y axis. In terms of the connecting rod
the velocity of the point B is

i j k
Vg =Vc+wpc xrpc=vcj+| O 0 wpc
1.414 —-4.796 0

= vcj + 4.7%wpci — 1.414wpcj (cmls).
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Problem 17.163 In Problem 17.162, if the piston is
moving with velocity ve = 240j (cm/s), what are theangu-
lar velocities of the crankshaft AB and the connecting
rod BC?

Solution: Usethe solution to Problem 17.162. The vector location
of point B (the main rod bearing) r g = 1.414(—i + j) cm. From the law
if sines the interior angle between the connecting rod and the vertical
at the piston is

2sin45°
0= sin*1< S”; > = 16.4%°.

The location of the piston isr¢ = (2sin45° + 5c0s)j = 6.21j (cm).
The piston is constrained to move along the y axis. In terms of the
connecting rod the velocity of the point B is

i j k
Vg =Vc +wpc X I'g/c = 240] + 0 0 wBC
—1.414 —-4.796 0

Vp = 240 + 4.79%6wpci — 1.414wpcj (CcM/s).

In terms of the crank angular velocity, the velocity of point B is

k
1
0

o

i
VB = waB X Ip/a = 1.414w4p |: 0
-1

= —1.414wap(i +)) (cm/s).

Equate expressions and separate components:

4.79%wpc = —1.414wpc = —1.414wap.

Solve:

wpc = 38.65 rad/s | (counterclockwise).

| wap = 131.1 rad/s = —12515 rpm | (clockwise).

Problem 17.164 In Problem 17.162, if the piston
is moving with veocity ve = 240j (cm/s), and its
acceleration is zero, what are the angular accelerations
of crankshaft AB and the connecting rod BC?

Solution:  Usethe solution to Problem 17.163.15/4 = 1.414(—i +
jem, wap = —13L1 radls, rp,c =rp — rc=—1.414i — 4.796] (cm),
wpc = 38.65 rad/s. For point B,

ap =aa +oap XIp/a _wiBrB/A

i ok
=1414asp | 0 0 1|—14140%,(—i+]),
-1 10

ap = —1.414a,p( +]) + 24291¢i — |) (cm/s?).

In terms of the angular velocity of the connecting rod,

ap =ac t+apc XIp/c —wﬁcfs/c,

i j k
ap = apc 0 0 1|-—awd (—1.414i — 4.795) (cm/s?),
1414 -479% 0

ap = 4.79%wpci — L4l4agcj + 2112.3i 4 71630] (cm/sD).

Equate expressions and separate components:
—1.41404p + 24291 = 4.79%6a ¢ + 2112.3,

—14140 0 p — 24291 = 1.414apc + 7163.

Solve: ‘ oap = —13,605 rad/s? ‘ (clockwise).

‘ apc = 8636.5 rad/s? ‘ (counterclockwise).
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Problem 17.165 Bar AB rotates at 6 rad/s in the
counterclockwise direction. Use instantaneous centers
to determine the angular velocity of bar BC D and the
velocity of point D.

Solution: The strategy is to determine the angular velocity of bar
BC from the instantaneous center; using the constraint on the motion
of C. The vector rg/qp =rp —ra = (8 +4j) —4j = 8i (cm). The
velocity of point B isvp=wap x I'g/a = wap(k x 8i) = 48 (cm/s).
The velocity of point B is normal to the x axis, and the velocity of C
is parallel to the x axis. The instantaneous center of bar BC has the
coordinates (14, 0). The vector

rp/ic =rp—ric= 8i +4]) — (14i —4]) = —6i (cm).

The velocity of point B is

i k
VB =@gc X Tp/ic = 0 0 wpc | =—6wpcj =48,
-6 0 O
from which
48
wpc = —— = —8radls|
6
The velocity of point C is
i k
Ve =wpc XTcjic=|0 0 wpc | =96 (cm/s).
0 12 0

The velocity of point D is normal to the unit vector parallel to BCD

e= 211 _ 644721 4 08045
pivCas -

The intersection of the projection of this unit vector with the projection
of the unit vector normal to velocity of C is occurs at point C, from
which the coordinates of the instantaneous center for the part of the
bar C D are (14, 12). The instantaneous center istrandating at velocity
V¢, from which the velocity of point D is

Vp =Vc +®pc X I'p/icp = 96i — 8(k x (4i +8]))

= 160i — 32} (cm/s).
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Problem 17.166 In Problem 17.165, bar AB rotates
with a constant angular velocity of 6 rad/s in the
counterclockwise direction. Determine the acceleration
of point D.

«—38 cm—»L6 cm— 4 cm («—

Solution: Use the solution to Problem 17.165. The accelerations
are determined from the angular velocity, the known accelerations of
B, and the constraint on the motion of C. The vector rz;q =rp —
ro = 8i (cm). The acceleration of point B is

ag = oap X Tg/a — a)ZI’A/B =0-— 36(8i) = —288i (cm/sz).
From the solution to Problem 17.165, wgc = —8 rad/s. (clockwise).
frc/p=Tc—Vp = (14i + 12j) — (8i) = 6i + 12j (cm).

The vector rg,c = —rc,p. The acceleration of point B in terms of the
angular acceleration of point C is

ap =ac +oapc X Ipc *wﬁcfs/c

i j k
=aci + 0 0 apc | — 64(—61 — 12)).
-6 -12 0

ap = aci + 12apci — 6apcj + 384i + 768].
Equate the expressions and separate components:
— 288 =ac +12apc +384, 0= —6apc + 768.

Solve ape = 128 rad/s® (counterclockwise), ac = —2208 cm/s?. The
acceleration of point D is

ap = ac +apc X [pjc — w3 pj/c

ik
=-2208i+ |0 O apc |— w3 (4i+8).
48 0

ap = —2208i + (128)(—8i + 4j) — (64)(4i + 8j)
= —3490i (cm/s) i
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Problem 17.167 Point C is moving to the right at y

20 cm/s. What is the velocity of the midpoint G of bar B
BC?
4 cm
G
# 5
Solution: 3cm
i MC —x
VB:VA-I—WABXI'B/A:O-‘F 0 0 wap]|- L ‘
4 4 0 4 cm 10 cm |
Also,
i ] K
VB=Vc+WB(;><I'B/C=20i+ 0 0 wpc|.
-10 7 O

Equating i and j components in these two expressions, —4wsp = 20 —
Twpc, 4wap = —10wpc, and solving, we obtain wap = —2.94 rad/s,
wpc = 1.18 rad/s. Then the velocity of G is

i j ok
Vg = V¢ + wpc ><I’G/C=20i+ 0 0 wpc
-5 35 0
=15.88i—5.88] (cm/s).
Problem 17.168 In Problem 17.167, point C is mov- y
ing to the right with aconstant velocity of 20 cm/s.What B
is the acceleration of the midpoint G of bar BC?
4 cm
) G
Solution:  See the solution of Problem 17.167. l A )
I~
ap = as +aap XrB/A*CU%BrB/A 3fm |
e
ik |
=0+|0 0 aap|— o, + 4. 4cm 10 cm |
4 4 0

Also, ag = ac +apc X p/c — 0ol p)c

ik
—0+| 0 0 apc|—wde(~10i+7)).
-10 7 0

Equating i and j components in these two expressions,
—dasp — 4w’y = —Toge + 1002 .,

dayp — 4w’ g = —100pc — Tl .,
and solving yields ey = —4.56 rad/s, apc = 4.32 rad/S.

Then ag = ac + apc X rg/c — w3 cIG)c

ik
=0+|0 0 apc|—wd(—5i+35)
-5 35 0

= —8.18i — 26.4j (cm/s).
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Problem 17.169 In Problem 17.167, if the velocity of y
point C isve = 1.0i (cm/s), what are the angular veloc- B
ity vectors of aams AB and BC?

4 cm
G
| 4 &
Solution:  Use the solution to Problem 17.167: The velocity of the —
point B is determined from the known velocity of point C and the 3em |
known velocity of C: i M cC|—~x
i j k ‘k4 cm 10 cm }
Vg = V¢ +w3c><l’3/c=1'0i+ 0 0 wpc
-10 7 0

= 1.0i — Twpci — 10wpcj.

The angular velocity of bar AB is determined from the velocity of B.

ik
Vp=wap xTpa=|0 0 wap | =—4wasl —]) (cm/s)
4 4 0

Equate expressions, separate components,

10— 7wpc = —4wap, —10wpc = dwap.

Solve: wap = —0.147 rad/s, wpc = 0.0588 rad/s, from which

wap = —0.147k (rad/s) | | wgc = 0.0588k (rad/s)

Problem 17.170 Points B and C are in the x—y
plane. The angular velocity vectors of aams AB and
BC are wsp = —0.5k (rad/s) and wgc = —2.0k (rad/s).
Determine the velocity of point C.

Solution: The vector

rg/a = 760(i cos15° —j sin15°) = 734.1i — 196.7j (mm).
The vector
resp = 900(i cos50° + j sin50°) = 578.5i + 689.4j (mm).

The velocity of point B is

7341 -196.7 O

i j k
VBZwABXFB/A=—0.5|: 0 0 1i|

vp = —98.35 — 367.1) (mm/s).
The velocity of point C
Vc =Vp +wpc XIc/p

= —98.35i — 367.1j + (2)(k x (578.5i + 689.4))),

Ve = —98.351 — 367.1) — 1378.9i + 1157.0j
= —1477.2i + 790 (mm/s)
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Problem 17.171 In Problem 17.170, if the velocity
vector of point C is vc = 1.0i (m/s), what are the
angular velocity vectors of aslms AB and BC?

Solution:  Use the solution to Problem 17.170.

The vector

rg/a = 760(i cos15° — j sin15°) = 734.1i — 196.7) (mm).
The vector

ress = 900(i cos50° 4 j sin50°) = 578.5i 4 689.4j (mm).
The velocity of point B is

i i K
VB:wAerB/A: 0 0 WAB

7341 -19.7 O

=196.7w4pi + 734.1w4p] (MM/S).

The velocity of point C is Separate components:

Ve =Vp +wpc XIc/p 1000 = 196.7w4 3 — 687.4wpc, 0 = 7341w p + 578.5w5¢.

[ i k Solve: | wap = 0.933K (rad/s) | | wgc = —1.184k (rad/s)
=196.7wapi + 734.10w4p] + 0 0 wpc |,
5785 687.4 0

1000i = 196.7w4pi + 734.1wap] — 687.4wpci + 578.5wpcj (MmM/s).

Problem 17.172 The angular velocity vectors of arms v
AB and BC ae wup = —0.5k (rad/s) and wpc = [
2.0k (rad/s), and their angular accelerations are asp =
1.0k (rad/is?), and apc = 1.0k (rad/s?). What is the
acceleration of point C?

Solution: Use the solution to Problem 17.170.

The vector

rg/a = 760(i cos15° — j sin15°) = 734.1i — 196.7] (mm).

The vector

. P, . . The acceleration of point C is
rc/p = 900(i cos50° + j sin50°) = 578.5i 4 689.4j (mm).

_ _ .2
The acceleration of point B is ac =ap +apc X Tc/p— wWpcle/s

i j k ! ] . .
ap =aap X Tp/a—@3pTpa | 0O 0 1 =ag+ [ 0 0 1|-—(2%)(578.5i +689.4)
7341 -196.7 0 5785 6894 0
ap = 196.7i + 734.1) — 183.51 + 49.7) = 13.2i + 783.28) (mm/<). ‘ ac = —2990i — 1396j (mm/s?) ‘
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Problem 17.173 The velocity of point C is v¢c =
1.0i (m/s) and ac = 0. What are the angular velocity
and angular acceleration vectors of arm BC?

Solution:  Use the solution to Problem 17.171. The vector rg 4 =
760(i cos15° — j sin15°) = 734.1i — 196.7j (mm). The vector r¢/p =
900(i cos50° + j Sin50°) = 578.5i + 689.4j (mm). The velocity of
point B is

i j k
VB =wap X I'g/a = 0 0 wAB
734.1 -196.7 0

= 196.7w i + 734.1a)A3j (mm/s).

The velocity of point C is
Vc =Vp +®pc X Ic/B
i j k
= 196.7wapi + 734.1wapj + 0 0  wse
5785 689.4 O
1000i = 196.7wpi + 734.1wapj — 689.4wp i

+ 578.5wpcj (MM/S).

Separate components:
1000 = 196.7wsp — 689.4wpc,

0= 734.10)AB + 578-5(‘)36-

Solve: wap = 0.933k (rad/s), | wpc = —1.184k (rad/s) |

The acceleration of point B is

i j k
ag =oap X Ig/a — w%BrB/A = 0 0 aAB
7341 —196.7 0

— (@2 5)(734.1i — 196.7)) (mm/s)2.

ap = 196.7a45i + 734.1a 4 pj — 639.0i + 171.3) (mm/%)

The acceleration of point C is

ac =ap +apc XIc/p— w%CFC/B

i j k

=ag+| O 0  apc | — (@%)(578.50 + 689.4)
5785 689.4 0

ac = 0= 045(196.7i + 734.1j) + arpc (—689.4i + 578.5))

— 811.0i — 966.5) — 639.0i 4+ 171.3] (mm/s)

Separate components:
196.7a4p — 689.40pc — 811.3 — 639.0 = 0,

7341 + 578.50pc — 966.5+ 171.3 = 0.

Solve: aqp = 2.24 rad/S, | ape = —1.465 (rad/s?)
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Problem 17.174 The crank AB has a constant
clockwise angular velocity of 200 rpm. What are the
velocity and acceleration of the piston P?

Solution:

200 rpm = 200(27)/60 = 20.9 rad/s.

ik
Vp :VA+wAB><rB/A:O+ 0 0 —-20.9|.
2 2 0
ik
Also, vp :Vp+w3pXFB/P:vpi+ 0 O wgp]|.
-6 2 O

Equating i and j components in these two expressions,
—(=20.9)(2) = vp — 2wpp, (—20.9)(2) = —6wpp,
we obtain wgp = 6.98 rad/s and vp = 55.9 cm/s.
ap =as +aap XIp/a— wiBfB/A

=0+ 0— (—20.92(2i + 2)).

Also, ap =ap+app X Tg/p—w3plp/p

ik
=api+| 0 0 oapp —w%P(—6i+2j).
-6 2 0

Equating i and j components,
—2(20.9)% = ap — 2app + 603 p,
—2(20.9)? = —6app — 202,

and solving, we obtain ap = —910 cm/s?.
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Problem 17.175 Bar AB has a counterclockwise

y
angular velocity of 10 rad/s and a clockwise angular |
acceleration of 20rad/s’>. Determine the angular gcm 6.cm
acceleration of bar BC and the acceleration of point C.
10rad/s

A

€ =
Solution: Choose a coordinate system with the origin at the left |
end of the horizontal rod and the x axis paralle to the horizontal rod. 20 rad/s?

The strategy is to determine the angular velocity of bar BC from the
instantaneous center; using the angular velocity and the constraint on
the motion of C, the accelerations are determined.

The vector rg/q =rp — 14 = (8 +4j) — 4 = 8i (cm).

The velocity of point B is

i j ok
Vg =wap XIga=|0 0 10| =80 (cm/s).
8 0 O
The acceleration of point B is
i j ok
ag =aup X g4 —wap=|0 0 —20|—100(8i)
8 0 O

= —800i — 160j (cm/s?).

The velocity of point B is normal to the x axis, and the velocity of
C is pardlel to the x axis. The line perpendicular to the velocity at
B is pardld to the x-axis, and the line perpendicular to the velocity
at C is paralel to the y axis. The intercept is at (14, 4), which is
the instantaneous center of bar BC. Denote the instantaneous center
by C”.

The vector rg,cr =rp —rer = (8i + 4)) — (14i — 4j) = —6i (cm).

The velocity of point B is

ik
Vp=wpc xrgyc=| 0 0 wpc | =—6wpcj=80j,
-6 0 0

. 80
from which wge = 5 = —13.33 rad/s.

The vector reyp = e —rp = (14i) — (8i + 4j) = 6i — 4j (cm).

The acceleration of point C is

ac =ap +oapc XIc/p— w%ch/B

ij Kk
= —800i — 160j + [o 0 (XBC:| — 1066.7i + 711.1j (cm/s?).
6 -4 0

The acceleration of point C is constrained to be paralel to the x axis.
Separate components:

ac = —800 + 4apc — 1066.7, 0= —160+ 6agc + 711.1.

Solve:

ac = 2234 €) | | apc = —91.9 rad/? | (clockwise)
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Problem 17.176 The angular velocity of arm AC is 1m
1 rad/s counterclockwise. What is the angular velocity
of the scoop?

Solution: Choose a coordinate system with the origin at A and
the y axis vertical. The vector locations of B, C and D are rg =
0.6i (m), r¢ = —0.15i +0.6] (M), rp = (1 — 0.15)i 4+ 1j = 0.85i +
j (m), from which rp,c=rp—rc=1+04 (m), and rp/;p =
rp —rp =0.25 +j (m). The velocity of point C is

i j k
Ve =wac X Tcja = 0 0 wac
-015 06 O
= —0.6i — 0.15] (m/s).
The velocity of D in terms of the velocity of C is
i k
Vp =Vc +@wcp ><I’[)/C:—O.6i—0.15j +10 0 wep
104 O

= —0.6i — 0.15] + wcp(—0.4i +j).

The velocity of point D in terms of the angular velocity of the scoop is

i j k
Vp = @pp XIp/p = 0 0 wpp | =wpp(—i+0.25).
025 1 0

Equate expressions and separate components:

—0.6 — 0.4wcp = —wpp, —0.15+ wcp = 0.25wpp.

Solve:

wcp = 0.333 rad/s,| wpp = 0.733 rad/s | (counterclockwise).
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Problem 17.177 The angular velocity of arm AC in
Problem 17.176 is 2 rad/s counterclockwise, and its
angular acceleration is 4 rad/s®> clockwise. What is the
angular acceleration of the scoop?

Solution: Use the solution to Problem 17.176. Choose a
coordinate system with the origin a¢ A and the y axis vertical. The
vector locations of B, C and D are rg = 0.6 (m), rc = —0.15i +
0.6) (m), rp = (1—0.15)i + 1j = 0.85i +j (m), from whichrp,c =
rp—rc=1+04 (m),andrp,p =rp—rp=0.25 4| (m). The
velocity of point C is

i ik
Ve = wac XTc/a = 0 0 wac | = —-1.2i — O.3j (m/s).
-015 06 O

The velocity of D in terms of the velocity of C is

i k
Vp =Vc +wcp XFD/C:—l.Zi—O‘3j+ 0 0 wep
1 04 0

=—12i — 0.3] + wcp(—0.4i +j).

The velocity of point D in terms of the angular velocity of the scoop
is

i ik
Vp =@pp XIp/p = 0 0 wpp | =wpp(—i+0.25).
025 1 O

Equate expressions and separate components:

—1.2—-0.4wcp = —wpp, —0.34+ wcp = 0.25wpp.

Solve: wep = 0.667 rad/s, wpp = 1.47 rad/s. The angular accelera-
tion of the point C is

ac = oac XTcja — wich/A

i j k
=| 0 0 aac | — w3 (—0.15 +0.6),
-015 06 O

ac = 2.4 + 0.6] + 0.61 — 2.4 = 3i — 1.8 (m/s°).

The acceleration of point D in terms of the acceleration of point C is

ap =ac +oacp XIp/c —w%DrD/C

i k
=3-18+|0 0 acp |—a2,G+0.4.
104 0

ac = acp(—0.4i +j) + 2.56 — 1.98] (M/s?).

The acceleration of point D in terms of the angular acceleration of
point B is

ap =agp XI'p/pB — wf—,»DfD/B
i i k
=| 0 0 acp |—w3,(0.25 +]).
025 1 O
ap = app(—i+ 0.25)) — 0.538i — 2.15].
Equate expressions for ap and separate components:
—0.40[CD +2.56 = —OBD — 0538,

acp —1.98 = 0.25app — 2.15.

Solve:

acp = —1.052 rad/$, | app = —3.51 radi? |

where the negative sign means a clockwise acceleration.
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Problem 17.178 If you want to program the robot so
that, at the instant shown, the velocity of point D is
vp = 0.2i + 0.8) (m/s) and the angular velocity of arm
CD is 0.3 rad/s counterclockwise, what are the neces-
sary angular velocities of arms AB and BC?

Solution: The position vectors are:

rg/a = 300(i cos30° + j sin30°) = 259.8i + 150 (mm),
resp = 250(i c0s20° — j sin20°) = 234.9i — 85.5) (mm),
reyp = —250i (mm).

The velocity of the point B is

i j k
VB = wap XTg/a = 0 0 WAB
2598 150 O

Vg = —150wa i + 2598wABJ
The velocity of point C in terms of the velocity of B is
i j k
Ve =Vp +wpc X Ic/p=Vp + 0 0 wsc
2349 -85 0

= —150w4gi + 259.8wA3j + 85.5wpci + 234.9wgcj (mm/s).

The velocity of point C in terms of the velocity of point D is
i j k

Ve =Vp +®cp XTc/p =200|+800] +0.3 0 01
00

= 200i + 725] (mmV/s).

Equate the expressions for v¢ and separate components:

—150wap + 85.5wpc = 200, and 259.8wap + 234.9wpc = 725.

Solve: | wap = 0.261 rad/s | | wpc = 2.80 rad/s |.
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Problem 17.179 The ring gear is stationary, and the
sun gear rotates at 120 rpm (revolutions per minute) in
the counterclockwise direction. Determine the angular
velocity of the planet gears and the magnitude of the
velocity of their centerpoints.

Solution: Denote the point O be the center of the sun gear, point
S to be the point of contact between the upper planet gear and the sun y
gear, point P be the center of the upper planet gear, and point C be c l
the point of contact between the upper planet gear and the ring gear.
The angular velocity of the sun gear is
12027 * (
= (2r) = 4x rad/s,

@5 60

from which wg = 4k (rad/s). At the point of contact between the sun
gear and the upper planet gear the velocities are equal. The vectors
are: from center of sun gear to S isrp,s = 20j (cm), and from center —
of planet gear to S isrg/p = —7j (cm). The velocities are:

Vs/o =Vo + @5 X (20)) = 04 ws(20)(k x j)

i ok
Vs/o = 20&)5 0 0 1|= —20(605)
010

i=—2513i (cm/s).
From equality of the velocities, vg/p = Vg0 = —251.3i (cm/s). The

point of contact C between the upper planet gear and the ring gear is
stationary, from which

Vs/p = —251.3i = V¢ + wp X rcss

i j k
=0+| 0 0 wp |=1ldwpi=—2513i
-14 0 0

from which | wp = 17.95 rad/s.

The velocity of the centerpoint of the top most planet gear is

Vp =Vs/p +@p XTIp/s = —251.3i + (—17.95) (=7 (k x })

i j ok
= 25131 +12565| 0 0 1
010

vp = —125.7i (cm/s)

The magnitude is| vpp = 125.7 cm/s

By symmetry, the magnitudes of the velocities of the centerpoints of
the other planetary gears is the same.
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Problem 17.180 Arm AB isrotating at 10 rad/sin the
clockwise direction. Determine the angular velocity of /\ B
the arm BC and the velocity at which the arm dides
relative to the dleeve at C.

Solution: The position vectors are
rp/a = 1.8(icos30° +j sin30°) = 1.56i + 0.9j (m).
rp/c =rp/a— 2i = —0.441i 4+ 0.9 (m).

The velocity of point B is

ik
Ve=wap xTpa=| 0 0 —10|=09 —156) (M)
156 09 O

The unit vector from B to C is

—r
esc = —2LC — 0.4401i — 0.8979;.

Irp/cl

The relative velocity is paralel to this vector:

Vcrd = verd €8¢ = vere (044010 — 08979]) (m/s)

The velocity of B in terms of the velocity of C is
i j k
VB = Vre + @gc X I'g/c = Vid + 0 0 wpc |,
—-0441 09 O

Vg = 0'4401vCre|i — 0.89791)Cre|j — O.ga)gci — 0.441w3cj (m/s)

Equate the expressions for v and separate components:
9= 0-4401UCreI — O.ngc, and

—15.6 = —0.897%¢rg — 0.441wpc.

Solve:

verd = 17.96 m/s | (toward C).
wpc = —1.22 rad/s | (clockwise)
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Problem 17.181 In Problem 17.180, arm AB is rotat-
ing with an angular velocity of 10 rad/s and an angular
acceleration of 20 rad/s?, both in the clockwise direction.
Determine the angular acceleration of arm BC.

Solution:  Use the solution to 17.180. The vector
rg/a = 1.8(icos30° +j sin30%) = 1.56i + 0.9j (m).
rg/c =rp/a—2i =—0.441i + 0.9 (m).

The angular velocity:

wBCc = —-1.22 rad/s,
and the relative velocity is verg = 17.96 m/s.
The unit vector parallel to bar BC is e = 0.4401i — 0.8979j

The acceleration of point B is

ap = oap X I'p/a _w%BrB/A

= |: CI) i) WI:Bi| —wiB(l.SGi +0.9),
156 09 O

ag = 18i — 31.2j — 155.91 — 90j = —137.9i — 121.2f (M/<?).

The acceleration of point B in terms of the acceleration of bar BC is

ap = acrel + 2wpc X Vcre + ®pc X Fp/c — w%CrB/o

Expanding term by term:

acrd = acre (0.44010 — 0.8979)) (m/s?),

i j k
2wpc X Verd = 2vcrd Wpe 0 0 1
0.440 -08979 O

= —39.26i — 19.25] (m/s?),
i ik
opc X rB/C = 0 0 oBC
—0.4411 09 O
= apc(—0.9i — 0.4411)) (M/F)

— w2 (—0.4411i + 0.9))

= 0.65391 — 1.334j (M/s?).

Collecting terms,

ap = acra (0.4401i — 0.8979)) — apc(0.9i + 0.4411))
— 38.6i — 20.6] (M/S).

Equate the two expressions for ag and separate components:
—137.9 = 0.4401acrg — 0.90pc — 38.6,

and — 121.2 = —0.8979%crg — 0.4411apc — 20.6.

Solve: acry = 46.6 m/s> (toward C)

agc = 133.1 rad/s?

(© 2008 Pearson Education South Asia PteLtd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
to any prohibited reproduction, storage in aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.

463




Problem 17.182 Arm AB is rotating with a constant
counterclockwise angular velocity of 10 rad/s. Deter-
mine the vertical velocity and acceleration of the rack R
of the rack-and-pinion gear.

Solution: The vectors:

rg/a =6i +12j (cm). rc,p = 16i — 2j (cm).

The velocity of point B is

i j k
Vg =wap xIga=|0 0 10| =—120i +60j (cm/s).
6 12 0

from which ac = +apc(2i + 16j) — 1873i — 1041j (cm/s?)

The velocity of point C in terms of the velocity of point B is The accdleration of point C in terms of the gear arm is

i j k _ 2
Ve =Vp+wpc Xrc/p=Vp+| 0 0 wpe ac =acp X Tc/p —weple/p
16 -2 0
i j k
_ 2 :
— —120i + 60] + wpc (2 + 16)) (cm/s) = 06 1% ec Zp(—6i +10j) (cm/s?),

The velocity of point C in terms of the velocity of the gear arm CD is
ac = —10a¢ pi — 6acpj + 11401 — 1900 (cm/S).
i j k
Ve=wocp xTepp=| 0 0 wep Equate expressions for ac and separate components:
-6 10 O
20pc — 1873 = —10a¢p + 1140,
= 710(1)(;Di — GCUCDj (cm/s).
16apc — 1041 = —6acp — 1900.
Equate the two expressions for v and separate components:
Solve:  acp = 337.3 rad/$?, and apc = —180.2 rad/s’.

— 120+ 2wpc = —10wcp, 60+ 16wpc = —6wcep.
The acceleration of the rack R is the tangential component of the

Solve: wpc = —8.92radls, wcp = 13.78 rad/s, acceleration of the gear at the point of contact with the rack:
where the negative sign means a clockwise rotation. The velocity of ik
the rack is ag =acp XIr/p = |:0 0 OlCD:| ZGOICDj (cm/sz).

6 00

i k
VR=wcp XIg/p=|0 0 wcp | =6wcpj,
6 0 0

| ax = 2024 (cVs?) = 20.24 (/D) |

Ve = 82.7) (cmls) = 0.827] (m/s)| c

»

\

The angular acceleration of point B is
ap = —w? 3l p/a = —100(6i + 12j) = —600i — 1200j (cm/s?). o
The acceleration of point C is

ac =ap +apc Xrc/p *w%CFC/B,

i j k
ac=ag+| 0 0O apc |- w5 (16i —2))
16 -2 0

= ag + 20pci + 16apc] — w3 (161 — 2)).
Noting

ag — w2 (16i — 2j) = —600i — 1200j — 1272.7i + 159.1]

= —1872.7i — 1040.9;,
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Problem 17.183 The rack R of the rack-and-pinion
gear is moving upward with a constant velocity of
120 cm/s. What are the angular velocity and angular
acceleration of bar BC?

Solution: The constant velocity of the rack R implies that the
angular acceleration of the gear is zero, and the angular velocity of

. 12 . . .
the gear is wcp = —— = 20 rad/s. The velocity of point C in terms
of the gear angular velocity is

i ik
Ve=wcp Xfeyp=| 0 0 20| =—200i —120j (cm/s).
-6 10 O

The velocity of point B in terms of the velocity of point C is

i j k
Vg =Vc +wpc XTg/c =Vc+ 0 0 wpc |,
-16 2 0
Vg = —200i — 120j — 2wpci — 16wpcj (cm/s).
The velocity of point B in terms of the angular velocity of the arm
AB is
i k
VB = waB X Ip/a = 0 O wap
6 12 0
= —12wxpi + 6wy pj (cM/S).

Equate the expressions for vz and separate components

— 200 — 2wpc = —12wap, —120 — 16wpc = 6wap.

Solve: wap = 14.5 radls, | wpc = —12.94 rad/s | where the negative
sign means a clockwise rotation. The angular acceleration of the point
C in terms of the angular velocity of the gear is

ac =ocp XI¢c/p —a%Drc/D = O—w%n(—Gi + 10j)

= 2400i — 4000j (cm/s?).

The acceleration of point B in terms of the acceleration of C is
ap =ac +oapc XIp/c— w%CrB/C
i i k
=ac + 0 0 apc —w%c(—16i+2j).
-16 2 0
ag = apc(—2i — 16j) + 2400i — 4000 + 2680 — 335 .

ap = —2wpci — 16apcj + 5080i — 433.5) (cm/s).

The acceleration of point B in terms of the angular acceleration of arm
AB is

ap = oap X Tg/a— w%BrB/A
= aap(K x (6i +12))) — w (61 + 12)) (cm/s?)

ap = ap(—12i + 6)) — 1263.2i — 2526.4j (cm/s?).

Equate the expressions for ag and separate components:
— 2apc + 5080 = —1204p — 1263.2,

— 16apc — 4335 = 6usp — 2526.4.

Solve: wap = —515.2 radl&, | apc = 80.17 rad/s
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Problem 17.184 Bar AB has a constant counterclock-
wise angular velocity of 2 rad/s. The 1-kg collar C slides
on the smooth horizontal bar. At the instant shown, what
is the tension in the cable BC?

Solution:
i j k

Vg =Va +waB X /A =040 0 2|=-4i+2 (M.
1 2 0

Vc =Vp +wpc XIc/p:

i j k
vei=—4i+2/+|0 0 wpc|-
2 -2 0

From the i and j components of this equation,
ve = —4+ 2wpc,

0=2+42wpc,

we obtain wpc = —1 rad/s.

ap =aa +aap XIp/A —wiBrB/A
=0+0- (2% +2)
= —4i — 8 (m/s).

ac =ap +apc XIc/p —w%cl’c/g :

i j 0k
aci=—4i—8 +[0 0 apcl|— (=122 -2)).
2 -2 0

From the i and j components of this equation,
ac = —4+20pc — 2,

0=-8+4+2apc + 2,

we obtain ac = 0. The force exerted on the collar at this instant is
zero, so Tge = 0.
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Problem 17.185 An athlete exercises his arm by rais-
ing the 8-kg mass m. The shoulder joint A is stationary.
The distance AB is 300 mm, the distance BC is400 mm,
and the distance from C to the pulley is 340 mm. The
angular velocities w,p = 1.5 rad/s and wpc = 2 rad/s
are constant. What is the tension in the cable?

Solution:
e
ag = —wiBVB/Ai = —(1.5)2(0.3)i 1 \ C
/ ) 30°
— _0.6751 (M/D). /
/
ac = ap — w3-Ic/B /
/N 60°
= —0.675i — (2)2(0.4c0s60° + 0.4sin60°%j) / \
9 X
A B

= —1.475 — 1.386) (M/S).
ac -e= (—1.475)(— cos30°) + (—1.386)(sin30°)

= 0.585 m/s°.

This is the upward acceleration of the mass, so
T —mg = m(0.585),
T = (8)(9.81 + 0.585)

=83.2N.
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Problem 17.186 The hydraulic actuator BC of the
crane is extending (increasing in length) at a constant
rate of 0.2 m/s. When the angle 8 = 35°, what is the
angular velocity of the crane's boom AD?

Solution: Using AD we have

Ve =VaA +®ap X Tc/a
=0+ wapk x (3 M)(cos35°i + sin35°j)

= (B3 M)wap(—sin35°i + cos35°j)
Using cylinder BC

Vc =VB +Vcrel +®pc X Tc/B

0402 m/s)( [3cos35° — 2)i + [3sin35°];] )

V/[3cos35° — 2]2 + [3sin35°]2
+ wpck x [3c0s35° — 2]i 4 [3sin35°]j

= (0.0514 m/s — {1.72 m}jwpc)i + (0.193 m/s — {0.457 m}wpc)j
Equating components and solving we find

WBC = 0.133 rad/& wAD = 0.103 rad/s

wap = 0.103 rad/s

Problem 17.187 The coordinate system shown is fixed y
relative to the ship B. The ship uses its radar to measure
the position of a stationary buoy A and determines it to
be 400i 4+ 200j (m). The ship also measures the velocity
of the buoy relative to its body-fixed coordinate sys-
tem and determines it to be 2i — 8} (m/s). What are the
ship’s velocity and angular velocity relative to the earth?
(Assume that the ship’s velocity isin the direction of the
y axis).

Solution:

Va=0=Vp +Vared + @ X T4/p

i i ok
=vpj+20—8 +| 0 0 w]l.
400 200 O

Equating i and j components to zero, 0 =2 — 200w 0 =vg — 8+
400w we obtain w = 0.01 rad/s and vg = 4 m/s.
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