Problem 17.1 The disk rotates relative to the coordi- v
nate system about a fixed shaft that is coincident with the ]
z axis. At the instant shown, the disk has a counterclock-
wise angular velocity of 3 rad/s and a counterclockwise
angular acceleration of 4 rad/s>. What are the x and y
components of the velocity and acceleration of point A?

Strategy: Use Eqgs. (17.2) and (17.3) and Fig. 17.8 to
determine the velocity and acceleration of point A.

Solution:
vV=rw -

=@B)=6m/s

,//
\
A
vy =0,v, =6 m/s { Q ’Tx
S —
\ 2m 7
a = ay = ra = (2)(4) m/s* = 8 m/s \ /
\\ \\_—//,/

ay = —ay =re? = 2)3)?2 =18 rn/s2

a, = —18 m/s?
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Problem 17.2 If the angular acceleration of the disk in
Problem 17.1 is constant, what are the x and y compo-
nents of the velocity and acceleration of point A when
the disk has rotated 45° relative to the position shown?

Solution: y
o = 4 rad/s> = constant
wo =3rad/s,0p =0,r =2 m

dw
o=—
dt

= wo + at =3 + 4t rad/s

do
w=—
dt

0 = 6y + wot +a72/2 rad
6 =043t +4r2/2 rad

Set & = m /4 and solve for ¢, + = 0.227 s. Find w at this time. w =
3.91 rad/s

45°

v=ro, a=ra, a,=r>/r

Solving,

v=7.82m/s, a =8 m/s?>, a,=30.57m/s?

We now need to write the xy components of velocity and accelerations.:

v = —vsin45°i + v cos 45°]

b= 553 mys y
a; = —a, sin45°i + a; cos 45°j

ay = —ay cos45°i — ay sin45°j

ay = —a; sin45° — ay cos 45°

ay = —+a, cos45° — ay sin45°
ay = —27.3 m/s?

ay =—16.0 m/s?
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Problem 17.3 The weight A starts from rest at t =0
and falls with a constant acceleration of 2 m/s>.

(a) What is the magnitude of the disk’s angular veloc-
ityatt =1 s?

(b) What are the magnitudes of the velocity and accel-
eration of a point at the outer edge of the disk at

t=15s?
Solution:
ay = -2 m/s? + )
vy =-21tm/s

Att=1s,vy=-2m/s
vy =rw
—2m/s = (0.)w

(a) o = —20 rad/s (clockwise)

) v =rw=(0.1)(20) =2 m/s

Use Point P — |a,| = ra = 2 m/s?

jal = Ja? + a2 = V1600 + 4

|a] = 40.0 m/s?
lay| = @?r = (20)2(0.1) = 40 m/s?
Problem 17.4 The weight A shown in Problem 17.3
is released from rest and falls with constant accelera-
tion a4. An accelerometer attached to the disk at 50 mm
from the center measures a total acceleration of 12 m/s?
magnitude at r = 0.5 s. What is a,?
Solution:
R=0.1m R
r =0.05m L *
\orrynnd
r
ay constant (negative) \\
vy =ayt (1) ™~
vy =Ro (2 Z‘+
ay = Ra (3)

For accelerometer
a, =ra )

a, = w*r 3)

la'| = V(re)? + (@?r)?  (6),

la] = 12 m/s?

We have 6 eqns in the 6 unknowns vy, ay, o, «, d, d,

Solving, we get

ay = —3.09 m/s?, = —15.43 rad/s

a, =119m/s? a}, =—-154m/s? «

30.86 rad/s*
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Problem 17.5 The angular velocity w, is zero att = 0
and increases at a constant rate until w4 = 100 rad/s at
t=35s.

(a) What are the angular velocities wp and w¢ at t =
5s?

(b) Through what angle does the right disk turn from
t=0tot=155s?

Solution: 100 mm
100 mm == @ N —F
o4 = constant “ ¢ S
o /U \aidi) g
WA = aat, P ’ \ ‘
\
At1=5s ws =100 rad/s 200mm 200 mm

a4 = 20 rad/s?

ws =20t rad/s

The key is that the velocity magnitudes at all points on any one belt
are the same.

(@) vp =rpwy ra=0.1m
vg=vp =Rpwp rp=0.1m
VR =rpwp Rp=02m
Vs = VR =Trcwc rc =02m
wp =100rad/s att =5s

Solving, we get wp = 50 rad/s, wc = 25 rad/s

(b) Disc C started at rest and went from w, = 0 to w. = 25 rad/s in
5 sec

o, = constant
We =0 t

ae =5 rad/s?
w: =5t rad/c
6 = 2.5 t* rad

Att=5s,

0, = (2.5)(5)2 = 62.5 rad
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Problem 17.6 (a) If the bicycle’s 120-mm sprocket
wheel 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

(a) 6Op =2.67 rev

(b) vp=rwp VA =rawa
VA =B

v = (0.045)wp va = (0.120)(1)

120
wp = (H) rad/s = 2.67 rad/s
dép dfy
rp—B A
Bt A

Integrating, we get

rgp =raba ra=0.120m
rg = 0.045 m
120
O = Ve (1) rev 04 =1 rev.

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 wheel is
o =1 rev/s = 2 rad/s. Use the solution to Problem 17.6. The angular
velocity of the 45 mm gear is

120
wys = 2 5 = 16.76 rad/s.

This is also 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 Relative to the given coordinate system,
the disk rotates about the origin with a constant coun-
terclockwise angular velocity of 10 rad/s. What are the
x and y components of the velocity and acceleration of
points A and B at the instant shown?

Solution: The radial distances to A and B are y
ra=+/84+82=1131in=0.943 ft

rg =16 in = 1.33 ft.

The velocity and acceleration of A are shown: In terms of x and y
components,

VA = —wr4 cos45°i — wry cos 45°)

= —(10)(0.943) cos 45°(i + j) = —6.67(i + j) ft/s.

214 cos 45°1 — w?ry cos 45°]

ay = w

= (10)2(0.943) cos 45° (i — j) = 66.7(i — j) ft/s>.
vp = orgj = (10)(1.33)j = 13.3j (f/s);

The velocity and acceleration of B are shown: In terms of x and y
components, ap = w?rpi = —(10)2(1.33)i = —133i (ft/s?).

Problem 17.9 The car is traveling at a constant speed
of 120 km/hr. Its tires are 610 mm in diameter.

(a) What is the angular velocity of the car’s wheels?

(b) Relative to a reference frame with its origin at the
center of a wheel, what is the magnitude of the
acceleration of a point of the wheel at a radial dis-
tance of 200 mm from the center of the wheel?

Solution:

120 km/hr = 33.33 m/s

r =0.305m
vV=rw
33.33 = 0.305w
o = 109 rad/s _ .
~ /

4 7

ap = w?’rp = (109.3)2(0.2) m/s - - /
o A
P - A\

ap = 2390 m/s? .
I 120 km/hr

/

-
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Problem 17.10 The driver of the car in Problem 17.9
applies the brakes, subjecting the car to a constant decel-
eration of 6 m/s%.

(a) What is the magnitude of the angular acceleration
of the wheels?

(b) At the instant the brakes are applied, what are the
magnitudes of the tangential and normal compo-
nents of acceleration of a point of a wheel at a
radial distance of 200 mm from the center of the
wheel relative to a reference frame with its origin
at the center at the wheel?

Solution: -
/
P /
v =33.33 m/s — - . [P
”~ = ~
a; = —6 m/s” to right 0]

o
’ \
r =0.305 m ( 0
—— & -ty — — —
X >a,
v =33.33 m/s r

w = 109.3 rad/s

=9

a; =ra

—6 =(0.305)¢ o = —19.7 rad/s’

\ap/| =rop o= 0.2a

lap,| = 3.93 m/s?

lapy| = w*rop

lapy | = 2390 m/s>
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Problem 17.11 The bracket rotates relative to the
coordinate system about a fixed shaft that is coincident
with the z axis. If the device has a counterclockwise
angular velocity of 20 rad/s and a clockwise angular
acceleration of 200 rad/s2, what are the magnitudes of
the accelerations of points A and B?

48 } 180 mm ‘
Solution:
Point A:
w = 20 rads, a = —200 rad/s’
ra =0.120 m .
ar =rpo ay = ;’Aa)2
a; = —24 m/s ay = 48 m/s
lagl = /a? + a% = 53.7 m/s?
Point B:
rg = 0.180 m
a; =rpo ay = r3w2
a; = —36 m/s ay =72 m/s?

lag| = \/a? +a} = 80.5 m/s?

Problem 17.12 Consider the rotating bracket shown in
Problem 17.11. At the instant shown, |v4| = 2 m/s and
l]as| = 40 m/s>. What are |vg| and |ag|?

Solution:

VA =TAW

7= (0.120)0

w = 16.67 rad/s (direction unknown)

lasl =40 = /(raa)? + (w?rx)?  (a unknown)

Solving, o = 184.26 rad/s’

Point B:

Ivg| = rpe = (0.180)(16.67) m/s
lvg| =3 m/s

jas| = VT30 T @5 )

lag| = 60 m/s>
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Problem 17.13 Suppose that the rotating bracket
shown in Problem 17.11 starts from rest in the position
shown and has a constant counterclockwise angular
acceleration. When it has rotated 48°, the x component
of the velocity of point B is vg, = —0.4 m/s. At that
instant, what are the x and y components of the velocity
and acceleration of point A?

Solution:

o = constant, wyp =0, 6y =0

w=at

0 =at?/2

when 6 = 48°, Vg = —0.4 m/s. From the figure,
vp, = —vpgsinf

VB =Trpw

Thus (—0.4) = —rpwsin(48°) with rg =0.180 m. Solving, w =
2.99 rad/s. (Note 48° = 0.8378 rad).

We have 6 = 0.8378 rad (48°)

When o = 2.99 rad/s

w=at
y
B
0 =at?/2 =wt)2
Solving for ¢ and o, we get t = 0.560 s, « = 5.34 rad/s?
Point A:
[val = raw = (0.12)(2.99) = 0.359 m/s X

UAXZO

Vg, = —0.359 m/s

aa; =rae = (0.12)(5.34) = 0.641 m/s’
ay = —a, = —0.641 m/s?

ay = raw? = (0.12)(2.99) = 1.073 m/s?

ay = ay = 1.073 m/s?
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Problem 17.14 The turbine rotates relative to the coor-
dinate system at 30 rad/s about a fixed axis coincident
with the x axis. What is angular velocity vector?

30 rad/s

Solution: The angular velocity vector is parallel 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.

(rad/s).

z 30 rad/s

Problem 17.15 The rectangular plate swings in the x-y y
plane from arms of equal length. Determine the angu-
lar velocity of the (a) 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 A
L. Denote 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/, the figure AA’B’B is a parallelogram. 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

o=}

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

i

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

B
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Problem 17.16 What are the angular velocity vectors y

of each bar of the linkage? 10 rad/s
B C
© °
10 rad/s
10 rad/s
A D X
Solution: The strategy is to use the definition of angular velocity, 3

including the application of the right hand rule. For bar AB the mag-
nitude is 10 rad/s, and the right hand rule indicates a direction in the
positive z direction. (out of the paper).

wap = 10k (rad/s) |.

For bar BC,

| " 10 rad/s

| wpc = —10k (rad/s) |

For bar CD,

wcp = 10k (rad/s) |

Problem 17.17 If you model the earth as a rigid body,
what is the magnitude of its angular velocity vector wg?
Does wg point north or south?

Solution: With respect to an inertial reference (the “fixed” stars)

the earth rotates 27 radians per day relative to the sun plus one rev-

olution per year relative to the fixed direction. Take the length of the N
year to be 365.242 days. The revolutions per day is

1
rpd = 1 + — = 1.00274 rev/day
year
= 6.300 rad/day

The magnitude of the angular velocity is

wp = 6.300 rad/day = 7.292 x 107> rad/s | S
The earth turns to the east, or counterclockwise when viewing it from

the north pole. From the right hand rule, the angular velocity vector
points north.

[Note: If the earth’s orbital motion around the sun is ignored, then
revolution per day = 1, and wg = 7.27 x 107 rad/s.]
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Problem 17.18 The rigid body rotates with a counter- y
clockwise angular velocity @ about a fixed axis through
B that is coincident with the z axis. Determine the x
and y components of the velocity of A relative to B by

representing that velocity as shown in Fig. 17.11b. N
B A

Solution: From the Figure, we see that

y
VA/B = T'A/BW]. l I Vaig = Taig®@
)
B A a
l . x

Problem 17.19 Consider the rotating rigid body in
Problem 17.18. The angular velocity w = 4 rad/s and the
distance r4,p = 0.6 m.

(a) What is the rigid body’s angular velocity vector?
(b) Use Eq. (17.5) to determine the velocity of A rel-
ative to B.

Solution:

—t<

VBIO

VA =VB +Va/B VA =Va/B

VA/B = ® X T4/B B A

(a) o =owk =4k ( TAlB

(b) vas =4k x 0.6i ——

VA/B = 2.4j (m/s).
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Problem 17.20 The bar is rotating about the fixed

vp = 40§ (m/s).

378

y
point O with a counterclockwise angular velocity of
20 rad/s. By using Eq. (17.5), determine (a) the velocity
of A relative to B and (b) the velocity of B relative to
A.
20 rad/s
) A B
0] i.: ° ° | X
Solution: y
VA/BI(A)XI‘A/BZZOkX(—li) “
i
Va/B = —20j (m/s) "
Va4 = x rp/4 =20k x (1i) | 20 radss A 5
0‘(-\ gl e X
VB/A = 20j (m/s). P vy ’
f— Im——sfe——1m —
Problem 17.21 Consider the rotating bar in Prob-
lem 17.20.
(a) By applying Eq. (17.6) to point A and the fixed
point O, determine the velocity of A. (that is, the
velocity of A relative to the fixed, nonrotating ref-
erence frame.)
(b) By using the result of part (a) and applying
Eq. (17.6) to points A and B, determine the
velocity of B.
Solution: y
i
vo=0 ® = 20Kk rad/s
VA=Vo+Va/0 =®XTa0= 20k x (1i)
v4 = 20j (m/s). 20 rgd/s A .
O+ - °| X
VB =VA+®XTp/A E,‘
= 20j + 20k x (1i) [~ Ilm——==——1m -




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+®XT4/0-
i i K

Hence, v4 =0+ 0 0 5
2cos 30° 25sin 30° 0

= —10sin30°i + 10 cos 30°j,

or v4 = —5i+ 8.66j (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

do
w = — =5 rad/s,

dt
0 '
/ do :/ 5dt,
0 0
and 6 = 5¢ rad.

Att=0.1s,60=0.5rad =28.6°.
i j k
VAa=Vo+®xra0=0+ 0 0 51.
2c0s 58.6° 25in58.6° 0

Hence, v4 = —105sin58.6°i + 10 cos 58.6°j = —8.54i + 5.20j (m/s).
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Problem 17.24 The disk is rotating about the z axis at y
50 rad/s in the clockwise direction. Determine the x and A
y components of the velocities of points A, B, and C.

100 mm

Solution: The velocity of A is given by v4 = vo +® X rg/0, or
va =0+ (=50K) x (0.1j) = 5i (m/s).

C B
For B, we have A )\

45 | 45

i j k

VB=V0+Q)><I‘B/0=O+ 0 0 -50

0.1 cos 45° —0.1sin45° 0

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

i j k
V(-=V0+w><l‘c/o=0+ 0 0 -50
—0.1 cos 45° —0.1sin45° 0

= —3.54i + 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: y
4
vo =0 = wk =0.1
0 w=wk r m // \
y -
vp =Vo+wk Xrop /,/ 100 mm
= wk x (r cos45% — r sin 45°%j) ‘ /;0 .
= (rwcos45°)j + (rwsin45°)i.
. C\\n B
va=Vyo+ ok Xxrpos =k X rj \
450 | 45

= —roi. |
VA =Vp +Va/B,
VA/B =VA — VB,
va/B = (—rw — rosin45°)i — rocos 45°j

=rw(—1 —sin45°)i — rwcos 45°j.

‘We know

[Va/gl =4 m/s, r=0.1m

[Va/pl = \/[rw(fl —5in45°)]2 4 [—rw cos 45°]2

Solving for w, @ = 21.6 rad/s (direction undetermined).
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Problem 17.26 The car is moving to the right at
100 km/hr. The tire is 600 mm in diameter.

(a) What is the tire’s angular velocity vector?

(b) Determine the velocity of the center of the wheel.

(c) Determine the velocity of the highest point of the
tire.

Solution: For a wheel rolling without slipping, v, = 0. y

V) = UCAR = 100 km/hr

(a) = —92.6k (rad/s).

VA =Vc + @ xryc =wk x0.6)

va = —92.6k x (0.6)
v4 = 55.6i (m/s).
(b)  vp =27.8i (mfs).
Vo = Ve +© XTo/c = wk x 0.3]
27.78i = —0.3wi

w = —92.6 rad/s
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Problem 17.27 Point A of the rolling disk is moving
to the right. The magnitude of the velocity of point C
relative to point B is 8 m/s. What is the velocity of
point D?

Solution: hor
[ [e

vg = 0 for rolling (no slip) disk. =
ve = Vg + ok X rc/B = V¢/B
B

ve = wk x (—0.6i + 0.6j) x

ve = —0.6wj — 0.6wi

Rolling to right— ..«» < 0

s ——"

[vessl = |vel =8 m/s S Bl

[vel = v/(0.6w)2 + (0.6w)2 = 8 450 / A\
Solving, we get ,A %_, . \
\

o = £9.43 rad/s

® = —9.43k rad/s i /

VD=VB+er[)/B:0+a)k><l‘D/B

From the figure

vp = —9.43k x (—0.424i + 1.024j)
rp/g = —(0.6c0s45%)i + 0.6 — 0.65in45°)j

vp = 9.66i + 4.00j (m/s).

rp,p = —0.424i + 1.024j (m).

Problem 17.28 The helicopter is in planar motion in

the x-y plane. At the instant shown, the position of 1

its center of mass G, is x =2 m, y=2.5m, and

its velocity is vg = 12i 4+ 4j (m/s). The position of ~
point 7, where the tail rotor is mounted, is x = T

—3.5 m, y = 4.5 m. The helicopter’s angular velocity is P
0.2 (rad/s) clockwise. What is the velocity of point 7?7 é

Solution: The position of T relative to G is

rr;g = (=3.5-2)i+ (4.5 -2.5)j = —=5.51 +2j (m).

The velocity of T is

i k
V7 = Vg +w><r1/g=l2i+4j+ 0 0 -02
-55 2 0 x

=12.4i+5.1j (m/s)
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Problem 17.29 The bar is in planar motion. The
velocity of point A is vy =4i—2j (m/s). The x
component of the velocity of point B is —2 m/s.

(a) What is the bar’s angular velocity vector?
(b) What is the velocity of point B?

Solution:
(a) vqa=4i—-2jm/s
VB =VA +® XTp/A
vp =4 — 2j + wk x (2cos 30i + j)

UBY =4 —-w
vg, = —2 + 2wcos 30°

vp, = —2 m/s given
~.w=6rad/s = w = 6k (rad/s).
(b) Now, solving for the components of vgp, we get

v, = —2m/s

30°

VB, = 8.39 m/s

vp = —2i + 8.39 (m/s).

Problem 17.30 Points A and B of the 1-m bar slide on
the plane surfaces. The velocity of point B is 2i (m/s).

(a) What is the velocity of point A?
(b) What is the bar’s angular velocity vector?

Strategy: Apply Eq. (17.6) to points A and B, and use

the fact that A is moving vertically and B is moving
horizontally.

Solution:

VA=Vp+®Xrs/p:

i i k
vaj = 2i + 0 0 ol
—(1)cos70° (1)sin70° 0O

The i and j components of this equation are
0=2— wsin70°,

va = —wcos70°.

Solving, we obtain w = 2.13 rad/s and v4 = —0.728 m/s, so

(@) v = —0.728j (m/s),
(b) =213k (radfs).

y
A
a G
70°
[ B N
y
|
|
A
0\
\ \
\\
\
\ ‘,;\.G
\ \
\
\ \
\\
\\\‘ \\
70° \ \
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Problem 17.31 In Problem 17.30, what is the velocity
of the midpoint G of the bar?

Solution: See the solution of Problem 17.30.
VG = VB +® XTrgG/B
i i K
=2i+ 0 0 2.13

—0.5¢c0870° 0.5sin70° 0

=1i—0.364j (m/s).

Problem 17.32 If 6 = 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?

L=12m
0 =45°
Solution: . 0K
From the figure, vo =0, vp = vpi =2 i (m/s) /o)
Vo = Vo + wo ok x (L cos8i + L sin6j) 1.2m Ay § 12m
. ) v / : \\\\
i: vg, = —wogLsiné (0] y/ 0
Ry \ ) \
J: vo, =wopgLcosb ?2) L&y \ 9 B - 4
of*¥ W"‘*‘&d X
LER B 4

vp =vg +wopk x (L cos0i — Lsin6j) !
i 2=vg, +wopLsing (3)
Jjo 0=vg, +wopLcostd (4)

Eqns (1)—(4) are 4 eqns in the 4 unknowns wog, wgp, Vg,, vo,
Solving, we get

vo, =1mfs, wvo, =—-1mfs
wog = —1.18k (rad/s),

wop = 1.18k (rad/s).
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Problem 17.33 Consider the system shown in Prob-
lem 17.32. If the sleeve P is moving to the right at 2 m/s
and bar PQ is rotating counterclockwise at 1 rad/s, what
is the angle 67

Solution:

vo=0, vp=2im/s

Vo = Vo + wogk x (L cos i+ Lsin6j)

vp = Vo +wopk x (Lcosbi — Lsinbj)

vg, = —wogLsinf
v, = wooLcosd

2 =vg, +wgpLsinb
0=vp, +wgpLcost

wpg =1 krad/s wpp =1 rad/s
Solving, wvg, =1 m/s,
vo, = —0.663 m/s,
wogo = —1 rad/s,

0 =56.4°.

Problem 17.34 Bar AB rotates in the counterclockwise

direction at 6 rad/s. Determine the angular velocity of -
bar BD and the velocity of point D.
0.32m
Solution: T
\ = 0 WAB = 6k
0.48 m
vp = Vs +wapk X rp/A = 6k x 0.32i = 1.92j m/s.
Vc:vciZVB+wBDk><l‘C/BZ A X
vl = 1.92j + wppk x (0.24i + 0.48j).
~—0.32 m—=0.24 m~0.16 m~—
i: Ve = —0.48wBD
jo 0 =1.9240.24wpp Y -
Solving, wgp = —8, !
& onp 0.32m
rad
wpp = —8k|{ — |, E—1
R S
ve = 3.84i (m/s).
0.48 m
Now for the velocity of point D
1 x

Vp =VB +®pp XIp/B —IME\‘ |
— ]
= 1.92j + (—8k) x (0.4i + 0.8j) [ [ w ‘
f+—0.32 m —+=0.24 m+{0.16 m{=—
vp = 6.40i — 1.28j (m/s).
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Problem 17.35 If the crankshaft AB rotates at
6000 rpm in the counterclockwise direction, what is the
velocity of the piston at the instant shown?

<

Solution: The angle between the crank and the vertical is 40°. The
piston is constrained to move in parallel to the y-axis. The angular
velocity of the crank is:

_6000(27)

0 = 2007 rad/s.

WAB

The radius vector of the crankshaft is rp/a = 36(—isin40° +
jcos40°) = —23.1i + 27.6j (mm). The velocity of the end of the
crank is

i j k
VB =VA +®WAB XTB/A =0+ 0 0 200 |,
—23.1 27.6 0

from which vp = —17327.5i — 14539.5j (mm/s). The angle of the
connecting rod with the horizontal is

36 sin40°

6 =90° — sin™!
sin < 125

) =79.33°.

The vector distance from B to C is rc/p = 125(icosf + jsinf) =
23.1i 4+ 122.8j (mm). The velocity of point C is

i j k
Vc =Vp +w®pc Xrpc =V + 0 0 wBC
23.1 122.8 0

=vp — 122.8wpci+ 23.1wpcj, from which

ve = (—17327.5 — wpc122.8)i + (—14539.3 4+ wpc23.1)j. From the
constraint on the piston’s motion, 0 = (—17327.5 — wp122.8)i, from

which

17327.5
wpe = — 1538 = —141.1 (rad/s).
Substitute:

ve = (—14539.5 — 141.1(23.1))j = —177.98j (mmy/s).
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Problem 17.36 Bar AB rotates at 10 rad/s in the coun-
terclockwise direction. Determine the angular velocity of
bar CD.

Strategy: Since the angular velocity of the bar AB
is known, the velocity of B can be determined. Apply
Eq. (17.6) to points B and C to obtain an equation for
ve in terms of the angular velocity of bar BC, then
apply Eq. (17.6) to points C and D to obtain an equation
for v¢ in terms of the angular velocity of bar CD. By
equating the two expressions, you will obtain a vector
equation in two unknowns: the angular velocities of bars
BC and CD.

Solution: The velocity of point B is
i ok

vp=|(0 0 wap | =—20i (ft/s)
02 0

The vector BC is rc/p = 2i (ft). The vector DC is r¢/p = —2i+
2j (ft). The velocity of point C is vc = Vg + wpc X rc/B.

i j k
ve=vgt+eoxrcp=|0 0 wpc
20 0

= —20i + 2wpcj (fUs).

Similarly, since D is a fixed point:

i k
ve=wcp Xrcp=| 0 0 wcp
-2 2 0

= —2wcp(i+J)-

Equating the two expressions for the velocity of point C and separating
components:

(=20 + 2wep)i =0,
and

Qwpc +2wcep)j = 0.

wcp = 10 rad/s,

wcp = 10k (rad/s)

and wpc = —wcp rad/s.

Solve:

10 rad/s

A
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Problem 17.37 Bar AB rotates at 12 rad/s in the clock- C
wise direction. Determine the angular velocities of bars
BC and CD.

mm

l ‘ 12 rad/s
ne L

‘<— 300 mm ——==—-— 350 mm 4{

Solution: The strategy is analogous to that used in Problem 17.28.
The radius vector AB is rg/4 = 200j (mm). The angular velocity of c
AB is @ = —12k (rad/s). The velocity of point B is

i j k
Vg =Va+wxrga=0+[0 0 —12 | =2400i (mm/s).
0 200 0

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

mm mm
i j k
Ve =Vp +®pc Xrc/p=Vp + 0 0 wpC
300 150 0

= (2400 — 150wpc)i+ wpc300j (mm/s).

The radius vector DC is r¢/p = —350i 4 350j (mm). The velocity of

point C is
i j k
Ve =Vp +wcp xrc/p =0+ 0 0 wcp
—350 350 0
= —350wcp i+ ).

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

Solve: wpc = 5.33 rad/s,

| wse = 5.33k (radls) |

wcp = —4.57 rad/s,

| wcp = —4.57k (radls) |
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Problem 17.38 Bar C D rotates at 2 rad/s in the clock-
wise direction. Determine the angular velocities of bars
AB and BC.

Solution: The strategy is analogous to that used in Problem 17.36,
except that the computation is started with bar C D. Denote the length
of CD by

_ 10sin45°

Lep = =4/2(10) = 14.14 in.

sin30°
The radius vector DC is
rc/p = Lep(—icos30°) + jsin30°)
= (—12.25i + 7.07j) (in.).

The angular velocity of CD is @wcp = —2k (rad/s). The velocity of
point C is

i ik
V¢ =wWcp XTc/p = 0 0o =2
—12.25 7.07 O

= (14.14i + 24.49j) (in/s).

The radius vector BC is rcyp = 12i (in.). The velocity of point C is

i k
Ve =Vp+wgc xXrcp=Vve+| 0 0 wpc
12 0 0
= vp + 12wpcj (in/s).
. . 10 . .. .
The radius vector AB is rp/a = E(H_J) (in.). The velocity of
point B is
i j k
0 0 wap 10 R,
VE=@XTga=| [0 g = (— wap(—i+j) (in/s).
R V2
V2 V2

Substitute:
19 (—i+}))+12 j
Ve = —zwap(—11) WBC)-
V2
Equate the two expressions for v¢ and separate components:

10 .
0= (]414 + 75(4),43) 1,

10 .
0= (24.49 - 75(4),43 - ]2&)3(;)].

Solve: wap = —2 rad/s,

wap = —2k (rad/s) |.

wpc = 3.22 rad/s,

| wpc = 3.22k (radls) |
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Problem 17.39 In Problem 17.38, what is the magni-
tude of the velocity of the midpoint G of bar BC?

Solution: Use the solution to Problem 17.38. The radius vector
from C to G is rg;c = —6i. The velocity of point G is vg = v¢ +
wpc X rg/c. From the solution to Problem 17.38, v¢ = (14.14i +
24.49j) (in./s), and @wpc = 3.22k (rad/s), from which

i j ok
v =14.14i+ 24495+ | 0 0 322
-6 0 0

= 14.14i + 5.18j (in/s).

The magnitude is | |vg| = +/14.142 +5.182 = 15.0 in/s |

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
Solution: The strategy is analogous to that used in Problem 17.28. i 10 rad/s C D E
The radius vector AB is rp/4 = 400j (mm). The angular velocity of A J Q) ° X
bar AB is wap = 10k (rad/s). The velocity of point B is =l e
i k % 700 mm 400 »‘% 700 mm

VE=wap XTrap=|0 0 10 | = —4000i (mm/s). mm

0 400 O

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

i j k
Ve =Vp +®pc X Yc/B = —4000i + 0 0 wWBC
700 —400 0

= (—4000 + 400wpc)i + 700wpcj.

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

ik
vc =wcp X rc/p = (wocp(K) x (—400i)) = 0 0 wep
—400 0 0

= —400wc pj.

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

i j k
VE =Wcp XTp/E = 0 0 -17.5
700 0 0

veg = —12250j (mm/s) |.
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Problem 17.41 Bar AB rotates at 4 rad/s in the
counterclockwise direction. Determine the velocity of
point C.

Solution: The strategy is analogous to that used in Problem 17.36.
The angular velocity of bar AB is @ = 4k (rad/s). The radius vec-
tor AB is rg;a = 300i + 600j (mm). The velocity of point B is

ik
VB =®ap XTga=| 0 0 41,
300 600 O

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

i j k
Vc =V + 0 0 wpc
600 300 0

= (—2400 — 300wpc)i + (1200 4+ 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

=vc +400wpci + 200wpcj (mm/s).

The radius vector from E to D is rp/g = —300i + 500j (mm). The
velocity of point D is

ik
Vp = WpE X Tp/E = 0 0 wpE
—300 500 0

= —500wpri — 300wpgj (mm/s).

Equate the expressions for the velocity of point Dj; solve for vc, to
obtain one of two expressions for the velocity of point C. Equate the
two expressions for v, and separate components: 0 = (—=500wpg —
100wpc + 2400)i, 0 = (1200 4+ 300wp g + 800wpc)j. Solve wpgp =
5.51 rad/s, wpc = —3.57 rad/s. Substitute into the expression for the
velocity of point C to obtain

ve = —1330i — 941j (mm/s).

200
mm

mm
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Problem 17.42 At the instant shown, the dimensions
are b =300 mm, ¢ =200 mm, d = 150 mm, and e =
260 mm. If the link AB has a clockwise angular velocity
of 0.2 rad/s. what is the angular velocity of the excava-
tor’s shovel?

Shovel

Solution: Assume link BC is stationary. vg = v¢ = 0, we know
wap = —0.2k rad/s.

VA =VB +®WAB XT4/B e Shovel

va =0+ (—0.2k) x (0.260j) Y

va = 0.052i m/s

VD = VA +®AD XTD/A
vp = 0.052i + wapk x (0.3i — 0.11j)

vpy = 0.05240.11wap ()
vpy = 0.3wap 2

Vp = V¢ +@cp X Ip/c
vp =0+ wepk x (0.10i + 0.15§)

vpx = —0.15wcp (3)
Upy = O.IOwCD (4)

Eliminate vpy and vp, between eqns. (1), (2), (3), and (4). We get
0.052 +0.11lwap = —0.15wcp

0.3wap = 0.10wcp

Solving,
wap = —0.092Kk rad/s

wcp = —0.279k mm/s (clockwise)
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Problem 17.43 The horizontal member ADE support- B
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?

2ft6in»‘

Solution: The velocity of B is vg = vp + @pp X rp/p. Expand- Scoop
ing, we get
.. B
i j k ' c
vg=0+[0 0 —1|=2i-1j (fts). Ve Ve
1 2 0 B [ I 1ft6in.
R —. o
The velocity of C is 5t ,!] m ‘ 21'16in4-—|i /
: ! Scoop
i j k
Vc =Vp +wpc ><l‘c/322i—1j+ 0 0 “+wpc .
25 —05 0 7 s 0
We can also express the velocity of C as V¢ = Vg + @cg X r¢/E or
1 rad/s Cee
i k
ve=0+1]0 0 +Hwcg (). D 7 X
0 1.5 0

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

Problem 17.44 The diameter of the disk is 1 m, and
the length of the bar AB is 1 m. The disk is rolling, and
point B slides on the plane surface. Determine the angu- 4 rad/s
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

point P of contact with the surface is stationary, from which
i j k
vp=0=vo+wyx —-R=vp+ | 0 0 wy | = vo + 2i,
0 05 0
from which vo = —2i (m/s). The velocity at A is v4 = v+ wp X
ra/0-
i j k
va=-=2i+| 0 0 wp | =—-2i+2j (m/s).
05 0 0
The vector from B to A is ra/p = —icosf + jsinf (m), where 6 =
sin~! 0.5 = 30°. The motion at point B is parallel to the x axis. The P

velocity at A is

i j k
vA=v3i+w><rA/B= 0 0  wap
—0.866 0.5 0

= (UB — O.SwAB)i — 0.86660A3j (m/s)

Equate and solve: (—2 — 0.866wap)j =0, (vp — 0.5wap +2)i =0,
from which wap = —2.31Kk (rad/s), vg = —3.15i (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 radius at AB is 4 in, and the
link BC is 14 in 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?

Solution: The radius vector from A to B is The saw is constrained to move parallel to the x axis, hence (v/22 —
14)wpc + 1 = 0, and the saw velocity is

rp/a = 4(icos45° + jsin45°) = 2/2(i +j) (in.).

vs = —4+/27i = —17.8i (in./s |
The angular velocity of B is : (in/s)

VB = VA + ®AB X TB/A,
i j ok

ve=04+272v2) |0 0 1| =4nv2(=i+}j) (infs).
110

The radius vector from B to C is r¢/p = (4cos 45° — 14)i.
The velocity of point C is

i i k
Ve =Vp +®pc XTc/p =Vp 0 0 wpc
2W2-14 0 0

= —V247i + (2V2 — 14 wpc + 1)j.

Problem 17.46 In Problem 17.45, if the singular
velocity of the disk is one revolution per second counter
clockwise and § = 270°, what is the velocity of the saw?

Solution: The radius vector from A to B is rg /A = —4j (in.). Since the saw is constrained to move parallel to the x axis,
The velocity of B is —12.22wpcj = 0, from which wpc = 0, and the velocity of the saw is

ve = 8mi = 25.1i (in./s)

i j k
Vg =wXxXrga=2n(—4)| 0 0 1 |=_8mi(in/s).
0 10 [Note: Since the vertical velocity at B reverses direction at § = 270°,

the angular velocity wpc = 0 can be determined on physical grounds

The coordinates of point C are by inspection, simplifying the solution.]

(—14cos B, +4sin45°%) = (—12.22, 2v2) in.,

C
. 4(1 + sin45°) <

— <in—! ) = ° pra—

where 8 = sin < 2 ) =29.19". Rsin45° |

| -

R

The coordinates of point B are (0, —4) in. The vector from C to B is

rc/p = (—12.22 - 0)i + (2V2 — (—4))j = —12.22i + 6.828j (in.)
The velocity at point C is

i j k
Ve =Vp +®pc XTc/p =Vp + 0 0 wBC
—12.22 6828 0

= (8w — 6.828wpc)i — 12.22wp(j.
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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 3ft
clockwise direction. What is the angular velocity of the
right disk? —
\
ﬁl ft 1ft

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 is ro/p = 1j (ft). The velocity of the center of the left disk is

i j k
Vo=wxro/pp=|0 0 —=2|=2i(ft/s).
01 0

The vector from the center of the left disk to the point of attachment

of the rod is ryjo = 1i (ft). The velocity of the point of attachment of y
the rod to the left disk is |
i j k
VL=V0+(¢)><I'L/0=2i+ 00 -2
1 0 0

=21 — 2j (ft)s),

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

rg/L = 3(icos + jsin0) (ft),

1
where 6 =sin~! <§> =19.47°.

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

i j k
VR = V[ + @rod X YR/ = VL + 0 0 wrod
283 1 0

= (2 — wrod)i + (=2 + 2.83wroq)j (ft/s).

The velocity of point R is also expressed in terms of the contact
point Q,

VR = @WRo X TR/0 = wRo(2)

S O -
—_ O e
S = =

= —2wgroi (ft/s).

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

(2 — wrod +2wr0)i =0,

(=2 + 2.83w100)j = O,

from which | wgp = —0.65Kk (rad/s)

and  wroq = 0.707 rad/s.
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Problem 17.48 The disk rolls on the curved surface.
The bar rotates at 10 rad/s in the counterclockwise
direction. Determine the velocity of point A.

10 rad/s
40 mm

Solution: The radius vector from the left point of attachment of

the bar to the center of the disk is rpyr = 120i (mm). The velocity of _)0

the center of the disk is
ik 120

VO = @par X Tpr = 10(120) | 0 0 1 | = 1200j (mm/s). mm
1 00

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

10 rad/s

i j k
Vo =wWo XTro/p = 0 0 wo = 7400)0j.
—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 is r4;0 = 40j (mm). The velocity of point A is

y
i j k 10 rad/s
VA =V0o + @0 XT4a/0 = 12005 — (30)(40) [ 0 O 1
010 o) - 9) —
A 0 d
= 1200i + 1200j (mm/s)

Problem 17.49 If wsp = 2 rad/s and wgc = 4 rad/s, y

SN
J
=

what is the velocity of point C, where the excavator’s o
bucket is attached? //‘ B —
C
Opc
5m
Solution: The radius vector AB is
rg/a = 3i+ (5.5 — 1.6)j = 3i +3.9j (m). ¥
2.3 m—

The velocity of point B is

i j k
VB = WAB X Tp/A = 0 0 2| =-78i+6j(m/s).
339 0

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

i j k
Ve =V +wpc xrcp=—78i+6j+| 0 0 —4
23 =05 O

= —9.8i — 3.2j (m/s)
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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

Vc =Vp +®pc X Yc/B

i j k
=-78i+6j+| O 0 —wgc |,
23 —0.5 0

ve = (=7.8 = 0.5wpc)i+ (6 — 2.3wpc)j (m/s).

For the vertical component to be zero,

wpe = 23 = 2.61 rad/s clockwise.

6

The velocity of point C is

ve = —9.1i (m/s)

Problem 17.51 The motorcycle’s rear wheel is rolling
on the ground (the velocity of its point of contact with
the ground is zero) at 500 rpm, the wheel’s radius is
280 mm, and the body of the motorcycle is rotating in
the clockwise direction at 6 rad/s. Determine the velocity
of the center of mass G.

Solution: The rear wheel’s clockwise angular velocity is @ =
(500)(27)/60 = 52.4 rad/s so the velocity of the center C of the
wheel is ve = (52.4)(0.28)i = 14.7i (m/s). The velocity of the center
of mass is

VG = Ve + @ X TG/

i j Kk
=147i+| 0 0 —6
065 0.5 0

= 17.7i — 3.9j (m/s).
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Problem 17.52 An athlete exercises his arm by raising
the mass m. The shoulder joint A is stationary. The
distance AB is 300 mm, and the distance BC is 400 mm.
At the instant shown, wsp = 1 rad/s and wgc = 2 rad/s.
How fast is the mass m rising?

Solution: The magnitude of the velocity of the point C parallel to
the cable at C is also the magnitude of the velocity of the mass m. The
radius vector AB is rg/a = 300i (mm). The velocity of point B is

i j Kk
vg=wap xrga=| 0 0 wyp | =300j (mm/s).
300 0 0

The radius vector BC is r¢yp = 400(icos 60° + jsin 60°) = 200i +
346.4j (mm). The velocity of point C is

i j k
Vc = VB + wpc ><l‘c/3=300j+ 0 0 2
200 3464 O
= —692.8i 4+ 700j (mm/s).
The unit vector parallel to the cable at C is ec = —icos30° +

jsin30° = —0.866i + 0.5j. The component of the velocity parallel to
the cable at C is

ve - ec = 950 mm/s |,

which is the velocity of the mass m.

Problem 17.53 1In Problem 17.52, suppose that the
distance AB is 12 in., the distance BC is 16 in., wap =
0.6 rad/s, and the mass m is rising at 24 in./s. What is
the angular velocity wgc?

Solution: The radius vector AB is rp /A = 12i (in.). The velocity The unit vector parallel to the cable at C is
at point B is

ec = —icos30° + jsin60° = —0.5i + 0.866j.

i j k
Vg =wag xrpga=| 0 0 0.6 |=72j (in/s). The component of the velocity at C parallel to the cable is
12 0 0

[vep| = vc - ec = +6.93wpc + 6.93wpc + 6.24 (in/s).
The radius vector BC is

This is also the velocity of the rising mass, from which
rc/p = 16(icos 60 + jsin 60) = 13.9i + 8j (in.).
13.86wpc + 6.24 = 24,

wpc = 1.28 rad/s

The velocity at C is

i j ok
Ve =Vp +®pc XIc/B =72j+ 0 0 wpc
139 8 O

= —13.9wpci+ (7.2 + 8wpc)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: y
A: (0,0,0) m
B: (0.76cos40°, 0.76 sin40°, 0) m
C: (xg+0.92co0s30°, yg —0.925in30°,0) m
or B: (0.582,0.489,0),

C: (1.379,0.0285,0) m

rp/4 = 0.582i 4-0.489j (m)

rc/p = 0.797i — 0.460j (m)

d d
Vo =0, w15 = —0.2Kk (3) . wpe = 0.4k <3>
S S

VB =VA + WAB X TB/A

Ve =Vp +wpc X Yc/B

vp = (—0.2 k) x (0.582i + 0.489j)

vp = 0.0977i — 0.116j (m/s).

Ve =Vp +®pc X Yc/B

Ve = v + 0.184i + 0.319§ (m/s)

ve = 0.282i + 0.202j (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,
rp/a = 0.582i 4 0.489j (m)
rc/g = 0.797i — 0.460j (m)
v = wapKk xrp/a (va=0)
Ve =Vp +wpck xXrep
We are given
ve = —0.15i 4 0.42j + Ok (m/s).
Thus, we know everything in the v¢ equation except wap and wpc.
Ve = wapk X Tp/a +wpck X 1rc/B

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

wap = 0.476k (rad/s),

wpc = 0.179k (rad/s).

Problem 17.56 The link AB of the robot’s arm is rotat-
ing at 2 rad/s in the counterclockwise direction, the link
BC is rotating at 3 rad/s in the clockwise direction, and
the link CD is rotating at 4 rad/s in the counterclockwise
direction. What is the velocity of point D?

Solution: The velocity of B is
VB =VA +®AB XTB/A,
i j k
or vg =0+ 0 0 2
0.3c0s30° 0.3sin30° 0
= —0.3i 4 0.520j (m/s).
The velocity of C is
Ve =Vp +®pc XIc/p = —0.3i + 0.520j (m/s),
i j k
or ve =—0.3i+0.520j + 0 0 -3

0.25¢c0s20° —0.25sin20° 0

= —0.557i — 0.185j (m/s).

The velocity of D is
ik
Vp = V¢ +(¢)CDXI'D/C=—0.557i—0.185j+ 0 0 4/,
0 0

or vp = —0.557i 4 0.815j (m/s).
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Problem 17.57 Consider the robot shown in Prob-
lem 17.56. Link AB is rotating at 2 rad/s in the counter-
clockwise direction, and link BC is rotating at 3 rad/s
in the clockwise direction. If you want the velocity of
point D to be parallel to the x axis, what is the neces-
sary angular velocity of link CD? What is the resulting
velocity of point D?

Solution: From the solution of Problem 17.56, the velocity of
point C is

ve = —0.557i — 0.185j (m/s).

Let wcp be the counterclockwise angular velocity of link CD. The
velocity of D is

vpi = Ve +@wcp X I'p/c

i
=—0.557i = 0.185j+| 0 O wcp |-
025 0 O

Equating i and j components, vp = —0.557 m/s and 0 = —0.185 +
0.25wcp we obtain wcp = 0.741 rad/s and vp = —0.557 m/s.

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 1

the bottom pulley to the upper pulley moves upward at a velocity Yw
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

6 — vw

v = .
v 2

0.6
Solve: |vy = 5 = 0.2 m/s |-

The angular velocity of the small pulley is

0.2
= —— =4radls
r 0.05
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Problem 17.59 Determine the velocity of the block

: z2in 9in/s
and the angular velocity of the small pulley. —_—

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 is fixed to the block, so that it moves to the
right at 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
_ 2vp + vp 3 v
= 5 =58
from which

—29—6'11/
1)3—3 =0 11/8 |

The angular velocity of small pulley is given by

Jj Kk
i =2vpi+w x2j= 0 o | =2vpi—2wi,
2 0

O O e

from which | @ = 1272_9 = 15 rad/s
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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?

/ Outer ring
3
D

A
&

7 rpm
Solution: The velocity of pt. B is vz = (I m)wpi = wpi. The
velocity of pt. A is v4 = —(0.6 m)w;i. Then Outer ring
i k
VB = VA +®c XTp/A twol = —0.6wi+ |0 0 owc|.
0 04 O
The i component of this equation is wy = —0.6w; — 0.4w(, i Carriers (3)
Maaa \Inncrring
—0.6w; — wg —
SO wc=——"T—"" 7 rpm
0.4
_ —0.6(12 rpm) — 7 rpm Y
0.4
= —35.5 rpm. B

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: See the solution of Problem 17.60. The velocity of pt. B From this equation we see that wc = —5wy. Therefore the velocity of
is vp = woi and the angular velocity of the carrier is pt. A is

—0.6w; — wo
0.4

wc = VA =Vc +®c XTy/c

We want the velocity of pt. C to be zero: = 04 (=5wok) x (=0.2))

i j k = —wol
Ve =0=vp +wc xrc/p = wi+ |0 0 @c |- We also know that v4 = —(0.6 m)w;i,
0 —-02 O
SO wi:ﬂ:m:&%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 = 580j (mm). The
velocity of the center of the hub gear is

Planet Gear

Hub gear

i j k (140 mm)

VHub = @CR X THub/sun = | 0 0 27 | = —3644i (mm/s) e
0 580 0

The angular velocity of the hub gear is found from

Sun Gear

i j K _
VaR =0 =V +@pu X 140j= | 0 0 @pw Ring Gear
0 140 0

= —3644i — 1400w,

from which
3644
WHub = ~Ta0 = —26.03 rad/s.

This is also the angular velocity of the planet gear. The linear velocity
of point A is

i Kk
Vi =@ X 340 —140)j= | 0 0  —26.03
0 200 0

= 5206i (mm/s)

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

i Kk
Vps =@ 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 = —12494.61 = wsyn X (240j) =10 0 WSun
0 240 O
= —240wsyni,
. 12494.6
from which | wg,, = a0 52.06 rad/s
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Problem 17.63 The large gear is fixed. Bar AB has a 16in e 10in
counterclockwise angular velocity of 2 rad/s. What are
the angular velocities of bars CD and DE? D
o
4 in
10in
E
o

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 is rp/a = 14j (in.) The linear velocity of point B is

O e

i k
VB =@ XTIp/pA = 0 2 = —28i (in/s).
0 0

1

>

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

i j k
vg=wp Xrg=|(0 0 wp | =—4wsgi (in/s),
04 0
v
from which wp = — 2B _ 7 rad/s. The vector distance from B to C

is rc/p = 4i (in.). The velocity of point C is

Vc =V +®p XIc/p = —28i +

O -
O O e
o

= —28i + 28 (in/s).

The vector distance from C to D is rp,c = 16i (in.), and from E to
D is rp/g = —10i + 14j (in.). The linear velocity of point D is

i j k
Vp = V¢ +(¢)CD><I‘D/C=—28i+28j+ 0 0 wcp
16 0 O
= —28i + (16wcp + 28)j (in/s).
The velocity of point D is also given by
i
VD = ®WpE XTp/E = 0 0 wpE
-10 14 O
= —14a)[)Ei - IOwDEj (in/s).
Equate components:
(=28 + l4wpp)i= 0,
(16wcp + 28 + 10wpE)j = 0.
Solve: | wpg = 2 rad/s |,| wcp = —3 rad/s |.

The negative sign means a clockwise rotation.
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Problem 17.64 If the bar has a clockwise angular y

velocity of 10 rad/s and vy =20 m/s, what are the Y, R
coordinates of its instantaneous center of the bar, and

what is the value of vg?

o3| om

Solution: Assume that the coordinates of the instantaneous center A

are (xc, yc), @ = —wk = —10k. The distance to point A is ra/c = I1m Im

(1 — xc)i+ ycj. The velocity at A is

y N Vg
i j k
VA=20j=0)Xl‘A/C= 0 0 —w
1—x¢c ye¢ O
—
. . A B
= ycwi — o(l — x¢)j, } 1'm —} I'm I

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

Substitute @ = 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 is rg/c = (2 — 3)i = —i (m). The velocity of point B is

i j k
VB =@ XTIp/c = 0 0 -10 =
-1 0 0

Problem 17.65 In Problem 17.64, if v4 =24 m/s
and vp = 36 m/s, what are the coordinates of the
instantaneous center of the bar, and what is its angular
velocity?

Solution: Let (x¢, yc) be the coordinates of the instantaneous cen-
ter. The vectors from the instantaneous center and the points A and
Barera/c = (1 —xc)i+ ycj (m) and rg;c = (2 — x¢)i+ ycj. The
velocity of A is given by
i j k

va =24j=wAB XTrpa/c = 0 0 WAB

l—xc yc O

= —wapyci+ wap(l — xc)j (m/s)

The velocity of B is

i i k
VB:36j=(x)AB><l‘B/C= 0 0 WAB
2—xc yc O

= —Yycwapi+ wap(2 — xc)j (m/s).

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

wapyc = 0.

Solve: |xc =—1, | |yc =0, |

and | wap = 12 rad/s | counterclockwise.
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Problem 17.66 The velocity of point O of the bat is y
vo = —6i — 14j (ft/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 (x¢, yc) be the coordinates of the instantaneous cen-
ter. The vector from the instantaneous center to point O is ro/c =
—xci— ycj (ft). The velocity of point O is

Vo=—6i—l.4j=a)><r()/c= 0 0 w

= ycwi — xcwj (ft/s).

Equate terms and solve:

__5__8_ 1.5 ft

Yc = o= TzT T
14 14

xc=— = — =0.35ft,
w 4

from which the coordinates are | (0.35, —1.5) ft.
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Problem 17.67 Points A and B of the 1-m bar slide on
the plane surfaces. The velocity of B is vg = 2i (m/s).

~

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

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

Solution: /700 B

(a) A is constrained to move parallel 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 y
intersect at

(cos 70°, sin 70°) = (0.3420, 0.9397) m | A

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

rg/c =rp —rc = 0.3420i — 0.9397j = —0.9397j G

The angular velocity of bar AB is obtained from

i i k 70°
VBZZiZwAB XTrp/c = 0 0 WAB L
0 —09397 0

= wap(0.9397)i,

from which wap = = 2.13 rad/s.

0.9397

The vector from the instantaneous center to point A is rq;c =
ra —rc = —0.3420i (m). The velocity at A is
i j k
VA = WAB XTA/C = 0 0 213
-0.3420 0 O

= —0.7279j (m/s).

Problem 17.68 In Problem 17.67, use the instanta-
neous center to determine the velocity of the bar’s mid-
point G.

Solution: The vector to point G is The velocity of point G is

rg/o = (1/2)(0.3420i 4 0.9397j) = 0.1710i + 0.4698j (m). i j k

VG = WAB XTGg/c = 0 0 2.13
From the solution to Problem 17.67, the vector to the instantaneous —0.1710 —0.4698 0
center is rc = 0.3420i + 0.9397j (m), and wap = 2.13 rad/s.

The vector from the instantaneous center to the point G is — i —0.364] (m/s) |

rg/c =rg —rc = —0.1710i — 0.4698j (m).
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Problem 17.69 The bar is in two-dimensional motion
in the x-y plane. The velocity of point A is v4 =
8i (ft/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:
(a) The unit vector parallel to the bar is
esp = (icos30° + jsin 30°) = 0.866i + 0.5j.

The vector from A to B is rp/a = 4eap = 3.46i + 2j (ft). The
velocity of point B is

=

VB =VaA +®ap XTp/a =8i+

O =
N O e
S

(o3 N

vp = (8 —2wap)i+ 3.46w4Bj.

But vp is also moving parallel to the bar,
ve = vpeap = vp(0.866i + 0.5j).
Equate, and separate components:

(8 —2wap — 0.866vp)i =0,

(0.346wsp — 0.5vp)j = 0.

Solve: wap = 1 rad/s, vg = 6.93 ft/s, from which

vp = vpeap = 6i + 3.46j (ft/s)

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

ra/c =rs —rc = —rc = —xci— ycj (fv).

The vector from the instantaneous center to B is

rB/C =Trp —Ic = (346 - XC)i + (2 - yc)j.

409

B
4 ft
30°
\ x
The velocity of point A is
i j k
va=8i=wap XTa/c = 0 0 WAB

—xc —yc¢ O
= wapyci — wapxcj (ft/s).

From which [x¢c =0| and wapyc =8. The velocity of
point B is

i j K
VB = UB€AB = WAB X Ip/c = 0 0 WAB
346 —xc 2-—Yyc 0

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

wapyc = 8, and x¢ = 0, to obtain: (0.866vp + 2wap — 8)i =0,
and (0.5vc — 3.46wap)j = 0. These equations are algebraically
identical with those obtained in Part (a) above (as can be shown
by multiplying all terms by —1). Thus wap = 1 rad/s, vp =
6.93 (ft/s), and the velocity of B is that obtained in Part (a)

Vg = vgesp = 6i + 3.46j (ft/s) |

2




Problem 17.70 Points A and B of the 4-ft bar slide on
the plane surfaces. Point B is sliding down the slanted
surface at 2 ft/s.

(a)
(b)

What are the coordinates of the instantaneous cen-
ter of the bar?
Use the instantaneous center to determine the
velocity of A.

Solution:

(@)

(b)

The strategy is to determine the coordinates of the instantaneous
center by finding the intersection of perpendiculars to the motion.
The unit vector parallel to the slanting surface in the direction of
motion of B is

es = icos60° — jsin60° = 0.5i — 0.866j.

The vector perpendicular to this motion is esp = 0.866i + 0.5j.
A point on the line perpendicular to the velocity of B, from
point B, is

Lpp = Lp(0.866i + 0.5j) + 4sin30°j = 0.866L pi + (0.5Lp + 2)j

where Lp is the magnitude of the distance to the point along the
line, and the height of B has been added to the y coordinate. The
horizontal distance to the intersection of this line with a perpen-
dicular to the motion of A is: L5(0.866) = 4 cos30° = 3.46 in.,
from which Lp = 4 ft. The vertical height of the intercept of this
line and the perpendicular to the motion of Ais 0.5Lp +2 =4 ft.

The coordinates of the instantaneous center are | (3.46, 4) ft |.

The angular velocity of the bar is determined from the known
velocity of point B. The vector distance from the instantaneous
center is

rp/c =Tp —Ic = —3.46i — (4 — 45sin 300)J = —3.46i — 2j (ft)

The velocity of B is

i j k
vp =2e5 = 0 0 wasp
346 -2 0

= wap (21 — 3.46)).

Equate components: (1 —2w4p)i =0, from which wsp =
0.5 rad/s. The vector from the instantaneous center to point A is

rajc =ra —re = (3.46i — 3.46i — 4) = —4j (f0).

The velocity of point A is

i k
A\ =wxrpyc=|0 0 wa
0 —4 0

=4wypi

=]
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Problem 17.71 Use instantaneous centers to determine -
the horizontal velocity of B. ety

-g 1 rad/s
O

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

ij k
VAa=woa XTa0=|0 0 —woa | =06i (infs).
0 6 0

A line perpendicular to this motion 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 is at 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:

vp = v4 = 6i (in/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 is rgp = ~/6% + 122 = 13.42 in. Consider the triangle OAB.
The interior angle at B is

6
B = tan~! (—) =24.1°,
YAB

and the interior angle at O is § = 90° — B8 = 65.9°. The unit vector
parallel to the handle O A is eps = icos6 + jsin6, and a point on the
line is Loa = Loaeoa, where Lo 4 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
cos B’

Loacost =

from which L4 = 36 in. 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

Loa TOB TAB

sin90° ~ sing ~ sinBcos B

=36 in.,

and the coordinates follow immediately from Lpos = Loaeoa. check.
The vector distance from O to A is ra/o =6(icosf + jsinf) =
2.450i + 5.478j (in.). The angular velocity of the bar AB is determined
from the known linear velocity at A.

i i k
0 0 -1
2450 5477 0

VA =@0oA XTp/0 =

= 5.48i — 2.45j (in/s).
The vector from the instantaneous center to point A is
ry/c =Toa —Tc = 6eps — (14.7i + 32.86j)
= —12.25i — 27.39j (in.)

The velocity at point A is

i j Kk
VA = @AB X Ta/C = 0 0 WAB
—12.25 -=27.39 0

= wap(27.391 — 12.25)) (ft/s).

412
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Equate the two expressions for the velocity at point A and separate
components, 5.48i = 27.39wap, —2.45j = —12.25w4pj (one of these
conditions is superfluous) and solve to obtain wsp = 0.2 rad/s, coun-
terclockwise.

[Check: The distance OA is 6 in. The magnitude of the velocity at A
is wp4(6) = (1)(6) = 6 in/s. The distance to the instantaneous cen-
ter from O is +/14.72 +32.92 = 36 in., and from C to A is (36 —
6) = 30 in. from which 30wsp = 6 in/s, from which wsp = 0.2 rad/s.
check.]. The vector from the instantaneous center to point B is

rg/c =rp —rc = 14.7i — (14.7i + 32.86j = —32.86j) (in.)

The velocity at point B is

i k
Ve=wap xrgc=|0 0 02 |[=657 (inss)
0 —-3286 0




Problem 17.73 The angle 6 = 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 sleeve P.

Solution: The velocity of Q is
Instantaneous
< center of >

Vg = 2&)0Q =2(0.2) = 0.4 ft/s. bar PQ

Therefore

_ vg 04
=20 _ 2% _ 02 rad/
wrol =35 =73 radss

(clockwise) and |vp| = 2«/§pr = 0.566 ft/s (vp is to the left).
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Problem 17.74 The radius of the disk is R = 0.2 m.
The disk is rotating in the counterclockwise direction
with angular velocity w = 4 rad/s. Use instantaneous
centers to determine the angular velocity of the bar AB
and the velocity of point B. A

Solution: From the figure, C is the instantaneous center of rotation » P
of the disk. The distance from C to A is v2R |v4| = v2Rw and A

V4 = —v2Rw cos 45°i + v/2Rw sin 45°j \

| 7 o . —ﬂA
= —Rwi + Rwj | TR \\

Evaluating with R = 0.2 m, w = 4 rad/s v4 = —0.8i — 0.8i m/s ! 4 Q
Now consider link AB

" _
6 =~2R — — N B

0 =2R
[val = £1|lwapl
V2Rw = V2R|wp|

|lwag| = @ = 4 rad/s (clockwise)

VB = @B X Tp/C;

. I Y]
= —4k x (—RR)j R

vg = —1.6i (m/s). y A/—- Instantaneous center

c
! I,=V2R
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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. 77

77 ° 6 rad/s

+— 4 in 10 in |

Solution: Choose a coordinate system with origin at A and y axis
vertical. Let C’ denote the instantaneous center. The instantaneous
center for bar AB is the point A, by definition, since A is the point of
zero velocity. The vector AB is rp/4 = 4i +4j (in.). The velocity at
Bis

i j k
VB = WAB X TB/A = 0 0 -6 :24i—24j(in/s).
4 4 0

The unit vector parallel to AB is also the unit vector perpendicular to
the velocity at B,

1
esp = —(@{+)).
AB 3 J

/2

The vector location of a point on a line perpendicular to the velocity
at Bis Lap = Lapeap, where L4p 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 is L¢ = (14i + yj) where y is
the y-coordinate of the point referenced to an origin at A. When the
two lines intersect,

L
ZAB 5 144,

2

L
andy:ﬁ:M

V2

from which L p = 19.8 in., and the coordinates of the instantaneous
center are (14, 14) (in.).

[Check: The line AC’ is the hypotenuse of a right triangle with a base
of 14 in. and interior angles of 45°, from which the coordinates of C’
are (14, 14) in. 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/c =Tp —Ic = 4i 4 4j — 14i — 14§ = —10i — 10j.

The velocity of point B is

i j Kk
VB =WpCc XTrp/c = 0 0 wWBC
-10 —-10 O

= wpc (10 — 10§) (in/s).

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

wpc = 2.4 rad/s |,

415



Problem 17.76 Bar AB rotates at 10 rad/s in the y
counterclockwise direction. Use instantaneous centers to
determine the velocity of point E.

400 mm
C D E
l A 10 rad/s - Q) D) X
A el e

‘47 700 mm —==— 400 +%f 700 mm —|
mm

Solution: Choose a coordinate system with origin at A, with the x
axis parallel to bar CDE. The instantaneous center of bar AB is point A,
and the instantaneous center of bar CDE is point D, by definition,
since these are the points with zero velocity. Since AB rotates about
A, the velocity of point B will be parallel to the x axis, and a line
perpendicular to the velocity of B will be parallel to the y axis. Since
CDE rotates about D, the velocity of point C is parallel to the y axis.
A line perpendicular to the velocity at C will be parallel to the x axis.
From inspection, the intersection of these perpendicular lines will be

700 npl .l—-
point A. Thus point A is the instantaneous center for both bar AB and |—_ m mm 700 mm‘l

bar BC. The velocity of point B, using the known angular velocity of

bar AB, is
i k

VB =wag xIrpa= |0 0 10 [ =—4000i (mm/s).
0 400 O

The velocity at B, using the unknown angular velocity of BC, and
using the point A as the instantaneous center of BC, is

i j  k
VB = @WBC X TIp/A = 0 0 WBC = —400a)Bci (mm/s)
0 400 O

Equate the two expressions for the velocity at B, —4000 = —400wpc,
from which, wpc = wap = 10 rad/s. The vector distance from A to
C is rcya = 700i (mm). The velocity of point C is

i j k
Ve =wpc xrca=| 0 0 10 | =7000j (mm/s).
700 0 O

The vector distance from the instantaneous center at D to C isr¢/p =
—400i (mm). The velocity at point C is

i j K
Ve = @cpE X Tc/p = 0 0 wcpe | =—-400wcpE]j
—400 0 0

Equate the expressions for the velocity at C, 7000 = —400w¢pg from
which: wecpg = —17.5 rad/s clockwise. The vector from D to E is
rg/p = 700i (mm). The velocity of point E is

i j Kk
Ve=wcpE XxTgp=| 0 0 —175 || =—122.50j (mm/s)
700 00
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Problem 17.77 The disks roll on the plane surface. 2 rad/s
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 The velocity of point B is
of contact of the left disk with the surface, and the x axis parallel to

the plane surface. Denote the point of attachment of the bar to the left i j k

disk by A, and the point of attachment to the right disk by B. The VB = wap XT/a= |0 0 0.7071 | = 1.294i (fu/s).

instantaneous center of the left disk is the point of contact with the 0 —1.83 0

surface. The vector distance from the point of contact to the point A is

ry/p =i+ j (ft). The velocity of point A is Using the fixed center at point of contact:
i j k i j k

Va=owrp xrap=|0 0 =2|=2i-2j{us). vg=wgrp Xrg/p=|0 0 wrp | =—2wgpi (fts).
11 0 02 0

The point on a line perpendicular to the velocity at A is Ly = Lao(i+ Equate the two expressions for vz and solve:

J), where L, 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
at Bis Lp = (1 +3cos )i+ yj (ft), where

1
0 =sin~! <7) =19.5°.
3

At the intersection of these two lines L4 = 1+ 3cos6 = 3.83 ft,
and the coordinates of the instantaneous center of the bar are (3.83,
3.83) (ft). 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

| wrp = —0.647 rad/s, clockwise.

ra/c =rs—rc =1i4j—3.83i —3.83j = —2.83i — 2.83j (fv).
The velocity of point A is

i j k
VA = WAB XTp/Cc = 0 0 WAB
—283 -283 0

= wap(2.83i — 2.83j) (ft/s).

Equate the two expressions and solve:

WA = % =0.7071 (rad/s) | counterclockwise.

The vector from the instantaneous center to point B is

rg/c =rp —rc = (1 +3cos0)i+ 2j — 3.83i — 3.83j = —1.83].
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Problem 17.78 Bar AB rotates at 12 rad/s in the clock- c
wise direction. Use instantaneous centers to determine
the angular velocities of bars BC and CD.

mm

| Ajlb;g:z rad/s

%7 300 mm —==~—— 350 mm 4—{

Solution: Choose a coordinate system with the origin at A and the Equate and solve: 2400 = 450wpc, from which
x axis parallel 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 2400
the instantaneous center A and the known angular velocity of bar AB wpc = 750 — 5.33 (rad/s) |
the velocity of B is

The angular velocity of bar CD is determined from the known velocity

i k . at point C. The velocity at C is
vg=wxrga=|0 0 —12 | =2400i (mm/s).
0 200 O

i j k
. . . - . . Vc = wpc X l‘C/Cf = 0 0 5.33
Th t t dicular to th locity of B is e4qp =j, and
€ unit vector perpendicular to € velocity o 1S €A J, and 300 —300 0

a point on a line perpendicular to the velocity at B is Lap = 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

= 1600i + 1600 (mm/s).

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

epc = —icos45” 4 jsin45” = (7§> (—i+j). i j k
Ve =wcp XYc/p = 0 0 wCep
—-350 350 O

The point on a line parallel to DC is

LDC LDC = —350&)CDi — 350&)CDj (mm/s).
Lpc = <650 — —>i+ ——j (mm).
2T
Equate and solve: | wcp = —4.57 rad/s | clockwise.
At the intersection of these lines Lap = Lp¢, from which
C
Lpc )
650 — —— ) =0
( V2 [
350
Lpc mnt
and Lap = —, 200
V2 nm 12 rad/s
from which Lpc = 919.2 mm, and L4 = 650 mm. The coordinates A "
of the instantaneous center of bar BC are (0, 650) (mm). Denote this L_ I
center by C’. The vector from C’ to point B is 300 mm —=— 350 mm
rg/cr =Trgp —Ircr = 200j - 650j = —450j ﬁ,
The vector from C’ to point C is N \

rc/cr = 300i + 350j — 650j = 300i — 300j (mm).

|
The velocity of point B is
i J k

VB = wBCc X TIp/c/ = 0 0 wpc | = 450w3Ci (mm/@)
0 —450 0
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Problem 17.79 The horizontal member ADE support-
ing the scoop is stationary. The link BD is rotating in the
clockwise direction at 1 rad/s. Use instantaneous centers
to determine the angular velocity of the scoop.

Solution: The distance from D to Bisrpp = +/12 +22 = 2.24 ft.
The distance from B to H is

35

=— - =5.59 ft,
"BH c0s 63.4° "BD

and the distance from C to H is rcy = 3.5tan63.4° — rcg = 5.5 ft.
The velocity of B is vp = rppwpp = (2.24)(1) = 2.24 ft/s. Therefore

v _ 22 6 radl
w = — = —— = V.4 rad/s.
BC = n 559

Instantaneous
H center of
bar BC
The velocity of Cis v, =rcpwpc = (5.5)(0.4) = 2.2 ft/s, so the
angular velocity of the scoop is

2.2
WCcE = Yo o2 1.47 rad/s
I'CE 1.5
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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 is v4 = 2 m/s.

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

velocity. 05.0.4m
\A\30—/ x
Solution: v
w = wk
Ye/A = Xl + yej

re/p = (Xc —xp)i+ (Ye — yB)j

The velocity of C, the instantaneous center, is zero.

Ve =0=vys +wk x Tc/A

0= s, -y (D
0= VA, + wx. (2)

where 4, = v4 cos30° = 2cos 30° m/s
VA, = V4 sin30° = 1 m/s
vp, = vp cos70°
vp, = vp sin70°

T=—=(0.5,0.4) m
Also v. =0=vp+wk xr,/pB

0=vpcos70° —w(y. —yg) @)

0=vpsin70° + w(x. —xp) 4

Eqns (1) — (4) are 4 eqns in the four unknowns w, vg, X, and y..

Solving,
w = 2.351 rad/s,

® = 2.351Kk rad/s,

vg = 2.31 m/s,
Xe = —0.425 m,
ye =0.737 m.
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(b)

Problem 17.81 The rigid body rotates about the z axis
with counterclockwise angular velocity w = 4 rad/s and
counterclockwise angular acceleration o = 2 rad/s>. The
distance r4,p = 0.6 m.

(a) What are the rigid body’s angular velocity and
angular acceleration vectors?

(b) Determine the acceleration of point A relative to
point B first by using Eq. (17.9) and then by using
Eq. (17.10).

Solution:

(a) By definition,
w = 4Kk,

o = Ok.

ap/p =®X (@ XTy/p)+0a XTyp
aA/B =4k x (4k X 06i) + 2k x 06i

as/p = —9.6i + 1.2 (m/s?).

Using Eq. (17.10),
Ap/B =0 X Ta/B 7a)2rA/B

=2k x 0.6i — 16(0.6)j

as/p = —9.6i + 1.2 (m/s?).
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Problem 17.82 The bar rotates with a counterclock-

y
wise angular velocity of 5 rad/s and a counterclockwise
angular acceleration of 30 rad/s’>. Determine the accel- S rad/s A
eration of A (a) by using Eq. (17.9) and (b) by using >
Eq. (17.10). 30 rad/s?
30°
X
Y/ 2m
Solution:

(@) Eq.(17.9): a4 =ap +a xra/p+® X (@ XT4/B). 5 rad/s

Substitute values:
ag=0.  « =30k (rad/s?),

ra/g = 2(icos30° + jsin30°) = 1.732i +j (m).

® = 5k (rad/s). Fihe ATy v

Expand the cross products:

i j k

axrap=| 0 0 30|=—30i+52j (m/s?).
L1732 1 0
M i j k

©XTpp= 0 0 5| =-—5i+8.66j (m/s).

L1732 1 0
ri j k

ox(@xrap)=| 0 0 5 |=—433i-25j (m/s?).
-5 866 0

Collect terms: | a4 = —73.3i + 27j (m/s?) |

(b) Eq.(17.10): ap = ap + o x TA/B — wer/B.

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

ay = —30i + 52j — (52)(1.732i + j) = —73.3i + 27j (m/s?)

422



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”.

(a) 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),
to points A and B, determine the acceleration ol
point B. E! ivs

20rad/s 6 rad/s?
A B

: q—

Solution: y

(@) ap=ag+aXTao— o’Taj0

where
20 rad/s 6 rad/s?
® = 20k rad/s X A B
pY - ] ———
o = 6k rad/s? p 7 |

e — 11} 1 m

ra/jo = li, and ap = 0
as = O + 6k x li —400(1i)

a, = —400i + 6j (m/s%).

(b) ap=as+axrpm—w’Tpa
where
rp/a = li
ap = —400i + 6j + 6k x 1i — 400(1i)

ag = —800i + 12 (m/s?).

Problem 17.84 The helicopter is in planar motion in y
the x-y plane. At the instant shown, the position of its
center of mass G is x =2 m, y = 2.5 m, its velocity is
vg = 12i 4+ 4j (m/s), and its acceleration is ag = 2i +
3j (m/s®). The position of point T where the tail rotor T P
is mounted is x = —3.5 m, y = 4.5 m. The helicopter’s o
angular velocity is 0.2 rad/s clockwise, and its angular <

acceleration is 0.1 rad/s®> counterclockwise. What is the ()
acceleration of point 7'?

Solution: The acceleration of 7 is

ar =ag +a Xrr/6 — wzl‘r/c;

i j Kk
ar =2i+3j+| 0 0 0.1]—(0.2)2(—55i+2j I
-55 2 0

= 2.02i + 2.37j (m/s?).
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Problem 17.85 The disk rolls on the plane surface.
The velocity of point A is 6 m/s to the right, and its
acceleration of A is 20 m/s to the right.

(a) What is the angular acceleration vector of the disk?
(b) Determine the accelerations of points B, C and D.

Solution:

(a) The point of contact B between the disk and the surface is sta-
tionary. The distance A to B, is rg/a = —R = —Rj(m), from

which
i j k
VB=0=VA+er3/A=6i+ 0 0 [0}
-03 0
=(6+03w)i=0,
from which
-5 _ 20 rad/s, w = —20k
YTT03 @= T

The instantaneous center of the rolling disk is point B. From
v =0=vs + ® x rp/4, the velocity of point A is v4 = @ x
R, where R = jR. Differentiating,

dva dw
— —as=— xR=a xR
dt dt

By definition

_dw_d(wk)_dwk+ dk
*Tua T Ta T @ “

= ok,

dk
since by assumption the disk rolls in a straight line, and T 0.

From which

v, i j k
aA=d—=a><R=ak><R= 0 0 «
! 0 R 0

= —aRi (m/s?).

Substitute values, —a Ri = 20i, from which

20 ) >
@ =—53 =067 (m/s%). |« = —66.7k (m/s’) |

(b) Use Eq. (17.10) to determine the accelerations. The acceleration
of point B is

ap =a4 +o Xrp/a _erB/A

i j kK
=20i+|0 0 —66.7|—(20)2(-0.3j),
0 -3 0

ag = 20i — 0.3(66.7)i + (20%)(0.3)j = 120j (m/s?)

~

D .
45° 300'mm
[ [

/
B
X

The acceleration of point C is

ac =ag +o Xrc/a —a)zl‘c//\

i j Kk
=20i+| 0 0 —66.7 | — (20)2(—0.3),
—03 0 0

ac = 20i + 20§ + (20%)(0.3)i = 140i + 20j (m/s?)

The acceleration of point D is ap = as + o X rpja — wzrD/A,
from which
i j k
ap = 20i + 0 0 —66.7
—0.3cos45° 0.3sin45° 0

— (20%)(0.3)(—icos 45° + jsin45°),

ap = 119i — 70.7j (m/s?)
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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?

y

Strategy: Begin by determining the acceleration of the
center of the disk. Notice that the center moves in a cir-
cular path and the magnitude of its velocity is constant.

Solution:
Vp = 0
vo = Vg + wk x ro/p = (=0.1k) x (0.4j)

vo=0.41im/s

Point O moves in a circle at constant speed. The acceleration of O is
a9 = —v3/(R +1)j = (=0.16)/(1.2 + 0.4)j

ag = —0.1j (m/s?).

ag = ag — 0’rgo = —0.1j — ()2(—0.4)]
ap = 0.3j (m/s?).
ay =ag — w’ra0 = —0.1j — (D2(0.4)j

ay = —0.5j (m/s?).
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Problem 17.87 The endpoints of the bar slide on the /
plane surfaces. Show that the acceleration of the mid-
point G is related to the bar’s angular velocity and angu-
lar acceleration by

ag = 1L [(acos® — »?sinf)i— (asind — w*cosb)j].

~

Solution: Denote the upper point of contact between rod and the A\
wall by A and the lower point of contact between the rod and the floor
by B. The strategy is to use Eq. (17.10) to find the

(a) acceleration of G relative to the points A and B
(b) equate the expressions for the acceleration of G to find the accel-
erations of A and B and
(c) substitute to find the acceleration of G. The constraint that the L L
motion of A is parallel to the y axis and the motion of B is Z(acost —w?sinb) | = [ap — = (¢ cosf — w?sinb) | .
. . . 2 2
parallel to the x axis is essential to the solution.

Equate the expressions for ag,

i ¢ i i L L
The acceleration of G relative to A is (aA + E(a sin6 + w? cos 9)> — (E(a siné + w2 cos 9)) .

ac =ag +a Xrg/a— wer/A.
Solve:
The acceleration of G relative to B is
as = —L(asind + »? cos ),
ac =ap +o Xrg/p— wer/B.
ag = L(acos® — w?sin6).
Substitute:
Substitute the expression for the acceleration of the point A into the

. . expression for ag,
ajs =aa), ap =apl,

L L e . .
rG/a =1 — 1y = 5 (isin6 +jeos6) — L(jcos6) ag = 7 ((@cosd — w?sin6)i — (asinf + w? cos )j)

which demonstrates the result.

L. . .
E(lsln@ — jcos9),

L
rG/p =Yg —Tp = E(isin@ + jcos@) — L(isinf)

L
E(—isin@ + jcosh).

From which
. al ! J k o’L . .
ac =apj+ — 0 0 1 —T(ls1n9—Jcos9)
sinf —cosf O

L 5. . L . 5 .
ag = E(acos@—w sinf) )i+ aA—t-E(ozsmH—t-w cosf) )j.

The acceleration of G in terms of the acceleration of B,

. ol i j k L. .
ag =api+ — 0 0 1 | — ——(—isinf 4+ jcosh).
. 2
—sinf cosf O

L 5 . . L . 2 .
ag = agfg(otcosefw sinf) | i— E(asmGJra) cosf) | j.
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Problem 17.88 The angular velocity and angular
acceleration of bar AB are w p = 2 rad/s and asp =
10 rad/s*>. The dimensions of the rectangular plate are
12 in. x 24 in. 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 parallel 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

—1

ra/p = —icos45° — jsin45° = <\/§

) (i+j) (fv).

The velocity at point A is

_ ik
VA= ©ag X Ta/p = % 0 1 |=v2G-) (fus).
11

The vector C/D is
20 . o+ ico S
rc/p = <E> (—icos45° —jsin45°) = —1.179(i +j) (fv).

The velocity at point C is
i j k

ve =—1.17%¢cp | 0 0 1 | =1.17%0cp @ —j) (ft/s).
110

Equate the velocities ve = v4, separate components and solve: wcp =
1.2 rad/s. Use Eq. (17.10) to determine the accelerations. The accel-
eration of point A is

10

i j k
2

Ap) = 0AB XTA/B — W3 pTA/B = — 0 0 1

/ ABYA/ «/i 11 0

= 9.9i — 4.24j (ft/s%).

The acceleration of point C relative to point A is

i j k
ac =ap +oaac Xrega=aa+ |0 0 auc
2 0 0

=9.9i + Qaac — 4.24)j (ft/s?).

The acceleration of point C relative to point D is ac = ap +acp X
rc/p — wéDrc/D. Noting ap =0,

i j k
ac=—1.17%cp | 0 0 1 |+ 1.1790% G+ j)
110

= (1.179%c¢p + 1.697)i + (—1.179%cp + 1.697)j (ft/s?).

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

(=9.9+ 1.179cp + 1.697)i = 0,

Qaac —4.24 +1.179%cp — 1.697)j = 0.

Solve: |y c =—1.13 (rad/sz) ‘ (clockwise), acp = 6.96 (rad/sz)

(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.

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

gear is
i j K
asr=axrg=|0 0 10 |=—200i (in/s?).
0 20 0

This is also 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

i k |
op X (72rp) =0 0 ap = —200i
0 —14 0 |
from which
200 .
ap = -5 =-1429 (rad/s?) | (clockwise).

Planet gears (3)

Sun Gear

Problem 17.90 The sun gear in Problem 17.89 has
a counterclockwise angular velocity of 4 rad/s and a
clockwise angular acceleration of 12 rad/s?>. What is the
magnitude of the acceleration of the centerpoints of the
planet gears?

Solution: The strategy is to use the tangential velocity and accel-
eration 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 accelerations of the
centers of the planet gears. The magnitude of the tangential veloc-
ity and tangential acceleration at the point of contact of the sun and
a planet gear are, respectively, vsp = wRs = (4)(20) = 80 in/s, and
a; = aRg = 12(20) = 240 in/s%. The point of contact of the planet
gear and ring gear is stationary. The magnitude of the velocity of the
center of the planet gear is the mean of the sum of the velocities at its
extreme edges,

0
vp = % — 40 (in/s).

428

The center of a planet gear moves on a radius of 20 + 7 = 27 in. so
the normal acceleration of the center is

v2
an = [ =2 ) = 59.26 in/s>.
27

The magnitude of the acceleration of the center of a planet gear is

ap = \Ja? + a2 = V1207 +59.262 = 134 in/s*




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- 4 rad/s
eration of point B

10 rad/s?

+—

Solution: Choose a coordinate system with the origin at O, the The acceleration of point B is
center of the disk, with x axis parallel to the horizontal surface. The

point P of contact with the surface is stationary, from which ap=a,4 +asp X Ta/p — wigl‘A/B

vp=0=vp+wox—-R=vp+[0 0 wo | =vo +2i, =—13i+5j+ 0 0 aap
0 —-05 O

—cosf sinf 0

from which vp = —2i (m/s). The velocity at A is _ wis(_i cosf + jsin®).

. g Kk L The constraint on B insures that the acceleration of B will be parallel
VA=Vo +wo Xrpa0 =2+ | 0 0 wo |=-2i+2j (m/s) to the x axis. Separate components:
05 0 0

- _ 2
The motion at point B is constrained to be parallel to the x axis. ap = —13+03a4p — ;5 (0.866),

The line perpendicular to the velocity of B is parallel to the y axis.
The line perpendicular to the velocity at A forms an angle at 45° 0=5+0.866c45 +0.5a)i3.
with the x axis. From geometry, the line from A to the fixed center

is the hypotenuse of a right triangle with base cos30° = 0.866 and Solve: ‘ aup = —8.85 (rad/s?)
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 clockwise rotation. ‘ ap = —22.04i (m/s?) |
center to the point Aisra;c =ra —rc = —0.866i — 0.866j (m). The
angular velocity of the bar AB is obtained from

, where the negative sign means a

10 rad/s?
i j k
= r = 0 0 4 rad/s
VA = @AB XTp/C WAB ——

—0.866 —0.866 0

= 0.866wapi — 0.866w4pj (m/s),

from which
2
WAB = —m = -2.31 (rad/s).
The acceleration of the center of the rolling disk is ac = —aRi =

—10(0.5)i = —5i (m/s?). The acceleration of point A is
ag =ap +ao Xra/0 —w%}rA/g
i j k
=-5i+| 0 0 o |—16(0.5i-a,
05 0 0
= —13i + 5§ (m/s?).

The vector B/A is

rg/a =rp —ra = (0.5 + cos0)i—0.5j — 0.5i

= 0.866i — 0.5j (m).
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Problem 17.92 If 6 = 45° and the 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=ap=0,v, =2i,a,=0
roj/o = 1.2¢c0s45% + 1.25in45°j m
rp/0 = 1.2c0845% — 1.28in45°j m

Vo = wepk X g/ = wook x (0.848i + 0.848j)

vor = —0.848w,0 (1)
voy = 0.848w,0  (2)

Vp =Vo + (u,,Qk x (0.848i — 0.848j)

Z =vgx +0.848wp0 (3)
0 = vgy +0.848wp0 (4)

Solving eqns. (1)—(4),
wop = —1.179 rad/s, wpp = 1.179 rad/s
vor = 1 m/s vgy = —1 m/s
g = @0 X Tg/o — WyoT0/0
agx = —0.848w,0 — 0.848w;, (5)
agy = 0.848a,0 — 084807,  (6)
Also,

2
a, =0=ag +apok X1,/0 — w5y

0= agy +0.848w,0 — 0.84807 , (7)

0 =agy +0.848w,0 + 0.848w> , (8)
Solving eqns. (5)—(8), we get
agy =0,agy =0

o0 = 1.39 rad/s?  (clockwise)

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

Answer: 1.54 m/s to the right.

Solution:

w,0 = —1k rad/s, ayp = 0,20 =0
ag =ap+ oy XTQ/ — u)zl'Q/o

ag =0+0— (1)2(1.2cos 50°1 + 1.2 sin 50°j)

ap = —0.771i — 0.919j m/s?

ay =g +ap, X p/0 = 0p,Tp/0
where a, = a,i
rp/0 = 1.2c0s50°i — 1.25in50°j
i: a, =-0.771+ 1.2a9p sin50° — a)ZQp(I.2) cos50° (1)

i 0=—0919+ 1.2ag, cos 50° + w? (1.2)sin50° (2)

2
o
We have two eqns in three unknowns a,, agp, @wgp.

We need another eqn. To get it, we use the velocity relationships and
determine Wgop. Note v, = v)i.

Vo =Vo+Wo0o XTrgj0 Vo =0

(—1Kk) x [(1.2cos 50°); + (1.2sin50)j]

= .919i — 0.771j (m/s).

vp

Vo +@gp XTp/g

=vg + work x (1.2¢c0s 50°i — 1.2sin 50°j).
i: vp =0919+ 1.200p sin 50°
j: 0=-0771+12wgp cos 50°

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

ap = —1.54 m/s*
agp =0

,  (to the 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°

The velocity of Q is vg = vo + wog X Ig/o 0
i J k
vo =0+ 0 0 2

0.2cos60° 0.2sin60° 0

= —0.4sin 60°i + 0.4 cos 60°j.

The velocity of P is
vpi= Vo +wpg XTp/Q
i j k
= —0.4sin60°i + 0.4 cos 60°j + 0 0 wpg |-
0.4cos B —0.4sinB 0

Equating j components, we get 0 = 0.4 cos 60° + 0.4wp ¢ cos B, and
obtain wpp = —0.555 rad/s. The acceleration of Q is

ag =g + &g X To/0 — WoTo/0,
orag = 0+ 0 — (2)2(0.2 cos 60°i + 0.2 sin 60°j)

= —0.8cos 60°i — 0.8 sin 60°}.
The acceleration of P is
api=ag +apg Xrp/o — L()?,QFP/Q
i j k

= —0.8cos 60°i — 0.8sin 60°j + 0 0 apo
0.4cosB —0.4sinp 0

— (—0.555)2(0.4 cos Bi — 0.4sin Bj).

Equating j components

0 = —0.85in60° + 0.4apg cos B + (0.555)20.4 sin .

Solving, we obtain apg = 1.77 rad/s2.
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Problem 17.95 Consider the system shown in Prob-
lem 17.94. If = 55° 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: By applying the law of sines, the angle g = 24.2°. The
velocity of Q is vg = Vo + wpg X rg/o, or

i i k
vo =0+ 0 0 0Q
0.2cos55° 0.2sin55° 0

= —0.2wpg sin 55°i + 0.2wp g cos 55°.
The velocity of P is
vp =2i=vVg +wpg X rp/Q

= —0.2wpp $in55%i + 0.2wp cos 55°j

i j k
+ 0 0 wpg |-
0.4cos B —0.4sinp 0

Equating i and j components,
2 = —0.2wpg sin 55° + 0.4wpg sin B,

and 0 = 0.2wpg cos 55° + 0.4wp g cos B,

Solving, we obtain
woo = —9.29 rad/s

and wpg = 2.92 rad/s.

The acceleration of Q is

ag =2y + &g X To/0 — WT0/o

i j K
ag =0+ 0 0 @00
0.2c0s55° 0.2sin55° 0

—(9.29)%(0.2 cos 55°i + 0.25in 55°j), or
ag = [-0.2apg sin 55° — (9.29)20.2 cos 55°1i
+ [0.2ap0 c0s 55° — (9.29)%0.2 sin 55°1j.

The acceleration P is ap =0 =ag +apg X Irp/g — w%,Qrp/Q,

i j k
orap =ag + 0 0 apQ
0.4cos B —0.4sinp 0

— (2.92)2(0.4 cos Bi — 0.4 sin Bj).
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Equating the i and j components to zero,
0 = —0.2a¢¢ sin 55° — (9.29)%0.2 cos 55°
+ 0.4apg sin f — (2.92)20.4 cos B,
and 0 = 0.2a0¢ cos 55° — (9.29)%0.2 sin 55°

+0.4apg cos B + (2.92)%0.4sin B.

Solving, we obtain
apg = —33.8 rad/s’

apg =455 rad/s?




Problem 17.96 The angular velocity and acceleration y

of bar AB are wsp =2rad/s and as p =06 rad/s. -
Determine the angular velocity and angular acceleration
of bar BD. 0.32m
0.48 m
A
ﬂ X
—0.32 mAL 0.24 m=0.16 m~—
Solution: N
—
va=0,a4 =0, v, = v, a. = ae,d
0.32m
VB = VA +®AB XTp/A = 2k x 0.32i
__+
= 0.64j (m/s).
ag=a%+a,;3 XFB/Afw%BI‘B/A 0.48 m
= 6k x 0.32i — 4(0.32i)
A v

= —1.28i + 1.92j (m/s?).

. l—0.32 m—ete-0.24 m{0.16 mpe—
Ve = VB +®pc XTC/B ! | |

Vexi = 0.64j + wpck x (0.24i + 0.48))

ey = —0.48wpc
0 =0.64+0.24wpc

Solving,
ve, = 1.28 m/s
wpc = —2.67 rad/s (clockwise)

wpp = wpc = —2.67k (rad/s).

ac =ap +oapc Xrc/p — w%CI‘C/BI
acyi = ap + apck x (0.24i 4 0.48j)
— w%(0.24i + 0.48)

acy = ap, —0.48apc — 0.240%
O =ap, +0.24apc — 0.480%

Solving,
acx = —5.97 m/s?,

apc = 6.22 rad/s?. (counterclockwise)

app = apc = 6.22K (rad/s?).
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Problem 17.97 Consider the system shown in Prob-
lem 17.96. If wsp =2 rad/s and asp = —10 rad/s?,

what is the acceleration of point D?
Solution:
va =0,a4 =0,vc = vexd, ac = acyi
v =¥ + wap xrgja =2k x 0.32i
= 0.64j (m/s).
ag = 3% +oap XTp/a — wf«,BrB/A
= —10k x 0.32i — 4(0.32i)
= —1.28i — 3.20§ (m/s?).
Ve = VB +wgc X Irc/B:
vexd = 0.64j + wpck x (0.24i + 0.48j)

vex = —0.48wpc
vey = 0.64 4 0.24wpc

Solving,
vey = 1.28 m/s,
wpc = —2.67k (rad/s).
ac =ap +apc Xre/p — a)éc rc/B:
acxi = ap + apck x (0.24i 4 0.48j)
— w3 (0.241 + 0.48))

acx = ap, — 0.48apc — 0.240%
0 =ap, +0.24apc — 048wy

Solving, we get
acxy = —16.21 m/s?

apc = 27.56k (rad/s?).

2
ap =ap +apc XIrp/pB — WcYD/B

We know everything on the right hand side of this eqn.

(rD/B = 0.4i 4 0.8jm)

Solving,

ap = —26.17i + 2.13j (m/s?).

= 0.32 m—=1~0.24 m=|

0.16 mfe—
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Problem 17.98 Ifwsp = 6 rad/s and a 45 = 20 rad/s2, y
what are the velocity and acceleration of point C?

Solution: The vector B/A is rg/a =g — ra = 4i+4j (in.). The
velocity of point B is

i ok
Ve =wpa Xrga=|0 0 —6|=-24(—i+}j) (in/s).
44 0

The vector rc/p =rc —rp = (14i) — (4i + 7j) = 10i — 7j (in.) The
velocity of point C in terms of the velocity of B is

i j k
ve :VB+a)XFC/B=24(i—j)+ 0 0 wpc
10 -7 0

= 24(i — j) + wpc (7i + 10j).

The velocity at point C is constrained to be parallel to the x axis.
Separate components:

ve =24+ Twpc,
0=-24+ 10wpc,

from which | ve = 40.8i (in/s) |, wpc = 2.4 rad/s.
The acceleration of point B is

i j k
ap = aAp X Ip/A —a)iBl'AB =10 0 —20 | —36(4i+4j).
4 4 0

= 80i — 80j — 144i — 144j.
ap = —64i — 224j (in/s?)
The acceleration of point C in terms of the acceleration of point B:

ac =ap +apc Xrc/p — wéCI'C/B

i j  k
= —64i—224j+| 0 0 age |- (@he)(10i —Tj).
10 =7 0

The acceleration of C is constrained to be parallel to the x axis.
Separate components:

ac = —64 + Tapc — 1005,

0= —224 + 100pc + Ty

Substitute wpc = 2.4 rad/s and solve:

ac = 6.98i (in/s?) |,

apc = 18.4 rad/s? (counterclockwise).
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Problem 17.99 A motor rotates the circular disk
mounted at A, moving the saw back and forth. (The saw
is supported by horizontal slot so that point C moves
horizontally.) The radius AB is 4 in., and the link BC
is 14 in. long. In the position shown, 8 = 45° and the
link BC is horizontal. If the disk has a constant angular
velocity of one revolution per second counterclockwise,
what is the acceleration of the saw?

Solution: The angular velocity of the disk is w4 = 27 rad/s. The
vector from A to B is rp/4 = 4(icosf + jsinf) (in.). The velocity of
point B is

i j k
Vg =wap XTpa=| 0 0 27 | =2 (—2.83i 4 2.83j).
2V2 242 0
vp = —17.8(i — j) (in/s).
The vector from B to C is rc/p = —14i (in.) The velocity of point C

in terms of the velocity of B is

i j k
Ve =Vp+®Xrc/p=Vp+ 0 0 wpe
-14 0 0

= —17.8i 4+ 17.8j — l4wpcj (infs).
The velocity of C is constrained to be parallel to the x axis. Sep-

arate components and solve: v¢ = —17.8i. wpc = 1.27 (rad/s). The
acceleration of B is

ap = —w’5(2.831 +2.83)) = —111.7( +j) (in/s?).

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

2
ac = ap +apc X rc/p — Wy rc/B

i j kK
=—11L7G+)+| 0 0 agc | — (1.27%)(—14i).
—-14 0 0

The acceleration of C is constrained to lie parallel to the x axis.
Separate components: ac = —111.7 + l4a)§c, 0=—111.7 — ldapc.

Solve: | ac = —89i (in/sz)
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Problem 17.100 In Problem 17.99, if the disk has a
constant angular velocity of one revolution per second
counterclockwise and & = 180°, what is the acceleration
of the saw?

Solution: The angular velocity of the disk is w4 = 27 rad/s. The
vector location of B is rg = —4i (in.). The bar BC is level when the
angle is 0 = 45°, from which the vector location of point C when 6 =
180° is rc = —(14cosa + 4)i + (4sin45°)j = —17.7i + 2.83j (in.),
where the angle

w=sin! (B ) 66,
14

The velocity of point B is

i j k
VB = WwAB X Yp/Cc = 0 0 27 = —87Tj = —251j (in/s).
-4 0 0

The vector rc/p =rc —rg = —13.7i + 2.83j (in.), The velocity of
point C in terms of the velocity of B is

i j k
Ve =Vp+wXrc/p=Vp+ 0 0 wpC
—13.7 2.83 0

= —25.1j — 2.83wpci — 13.7wpcj (in/s).

The velocity of C is constrained to be parallel to the x axis. Separate

components and solve: vc = 2.83wpc, 0 = —25.1 — 13.7wpc, from
which ve = —5.18i (in/s), wpc = —1.833 rad/s. The acceleration of
B is ap = —o? z(—4i) = 157.9i (in/s?). The acceleration of point C

in terms of the acceleration at B:

2
ac = ap +apc X rc/p — Wycrc/B

i j k
= 157.9i + 0 0  apc | —who(—13.7i + 2.83))
—137 283 0

ac = 157.91 + apc(—2.83i — 13.7)) — w3 (—13.7i + 2.83j).

The acceleration of C is constrained to lie parallel to the x axis.
Separate components:

ac = 157.9 — 2.83apc + 13. 705,

0= —13.7apc — 2.8303.

Solve: | ac = 206i (in/s?)
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Problem 17.101 If wap =2rad/s, osp = 2 rad/s’,
wpe = —1 rad/s, and apc = —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+ 1.6j (m),

rg = 7i+5.5j (m).

rc = 9.3i+ 5§ (m).

The vectors

Irp/jA =Yp—Trp = 3i 4+ 3.9j (m),

rc/p =Yc —rp = 2.3i — 0.5j (m)

The acceleration of point B is

2
ap = 0AB X TB/A — W,xpTB/A.

i j k
ag=|[0 0 2|—(2»)(3.0i+3.9)),
3 39 0

ap = +2(—3.9i + 3j) — (4)(3i + 3.9j)
= —19.8i — 9.6j (m/s?).

The acceleration of point C in terms of the acceleration at point B is

ac =ap + apc X re/p — w0y (XeyB)

i j Kk
=—198i—-96j+| 0 0 —4|—1223i—0.5)),
23 —05 0

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

= —24.1i — 18.3j (m/s?)
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Problem 17.102 If the velocity of point C of the exca-
vator in Problem 17.101 is v¢ = 4i (m/s) and is con-
stant, what are wsp, A5, Wpc, Apc?

Solution: The strategy is to determine the angular velocities wap,
wpc from the known velocity at point C, and the angular velocities

aap, apc from the data that the linear acceleration at point C is
constant.

The angular velocities: The vector locations of points A, B, C are
rp =4i+ 1.6j (m),

rg = 7i +5.5j (m),

rc = 9.3i+ 5j (m).

The vectors

rg/a =rp —rap =3i+3.9j (m),

rc/p =rc —rg = 2.3i — 0.5j (m).

The velocity of point B is

i j k
VB = WAB X TB/A = 0 0 WAB = 73.9wABi+3wABj.
339 0

The velocity of C in terms of the velocity of B

Vc =Vp +wpc X Yc/B

i j k
= —39wapi+ 3wapj+ 0 0 —wgc |,
23 -05 0

ve = —3.9wspi + 3wapj — 0.5wpci — 2.3wpcj (m/s).

Substitute v¢ = 4i (m/s), and separate components:

4=-39w4p — 0.5wpC,

0 =3wap —2.3wpc.

Solve: | wap = —0.8787 rad/s |, | wpc = —1.146 rad/s |

The angular accelerations: The acceleration of point B is

2
ap = app XIpg/a — @WugTB/A

i k
=0 0 oup |—(w3p)Bi+3.9)),
339 0
ap = —3.9a4p1 + 30apj — 303 5i — 3.90% 5j (M/s?).
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The acceleration of C in terms of the acceleration of B is

2
ac =ap +apc Xrc/p — Wycrc/p

i j Kk
=ag+| 0 0 —apc | — @3 231 —0.5))
23 05 0

ac = (—39auap — 3] )i+ (Baap — 3903 ,)
+ (=0.50pc — 2303 )i+ (—2.3apc + 0.5030) j.

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

0= —39axap — 0.50pc — 3055 — 230},

0 =3a4p — 2.3apc — 3.90% 5 + 0.50% .

Solve: | wpe = —2.406 rad/s? |, ‘ asp = —1.06 rad/s®.




Problem 17.103 Bar AB rotates in the counterclock-
wise direction with a constant angular velocity of
10 rad/s. What are the angular accelerations of BC
and CD?

Solution: The vector locations of A, B, C and D are: ra =0,
rg = 2j (ft), rc = 2i + 2j (ft), rp = 4i (ft). The vectors

Ip/Aa =Tp —TA = 2j (fv).

rc/p =rc —rp = 2i (ft),

rc/p =rp —rc = —2i+ 2j (ft).

(a) Get the angular velocities wpc, wcp. The velocity of point B is
k

J
0 10 | = —20i (fs).
2.0

VB = wAB X Ip/A =

O O e

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

Ve =Vp +wpc X Ic/B

i j k
=-20i+|0 0 wgc |=—20i+20pcj ({t/s).
20 0

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

i j k
Ve =wcp XYc/p = 0 0 wcp | =2wcp(—i—j) (ft/s).
-2 2 0

Equate the expressions for vc and separate components: —20 =
2wcp, 2wpc = —2wcp. Solve: wpc = —10radls, wcp =
10 rad’s.

(b) Get the angular accelerations. The acceleration of point B is
ap = a4p X Tp/A — W3 T84 = —w4 5 (2§) = —200j (ft/s?).

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

ac =ap +opc Xrc/p — (U%gch/B

i j Kk
=-200j+ |0 0 apc |—wh (0.
20 0

ac = —200j + 2apcj — 200i (ft/s?).
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10 rad/s

e 21t 2 ft |

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

2
ac = ocp XIrc/p —weprfc/p

i j Kk
= 0 0 acp |—okp(=2i+2)).
-2 -2 0

ac = 20cpi — 2acpj + 200i — 200§ (ft/s2).

Equate the expressions and separate components: —200 =
—20¢cp + 200, —200 + 2apc = —200 — 2acp. Solve:

‘ agc = —200 rad/s? | ‘ acp = 200 rad/s? |,

where the negative sign means a clockwise angular acceleration.




Problem 17.104 At the instant shown, bar AB has
no angular velocity but has a counterclockwise angular
acceleration of 10 rad/s?. Determine the acceleration of
point E.

Solution: The vector locations of A, B, C and D are:
rqp =0, rp =400j (mm), rc = 700i (mm), rp = 1100i (mm). rg =
1800i (mm) The vectors

Ig/A =Y —Tp = 400j (mm)

rc/p =rc —Ip = 700i — 400j (mm),

rc/p =Yp —Tc = —400i (mm) ‘TE/D = 700i (mm)

(a) Get the angular velocities wpc, wcp. The velocity of point B is
zero. The velocity of C in terms of the velocity of B is

i K
Ve =V +wpc Xrcp=| 0 0 wBC
700 —400 0

= +400wpci + 700wpcj (mm/s).

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

ik
Vc =wcp XYc/p = 0 0 wcp
—400 0 0

= —400wc pj (mm/s).
Equate the expressions for vc and separate components:
400wpc =0, 700wpc = —400wcp. Solve: wpc = 0 rad/s,

wcp = 0 rad/s.

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

i j k
AR = 0AB XrB/A—wﬁBrB/A: 0 0 10
0 400 O

= —4000i (mm/s?).

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

2
ac = ap +apc X rc/p — Wpcrc/B

i Kk
=—4000i+| 0 0 apc
700 —400 0

ac = —4000i 4 400apci + 700apcj (mm/s?).
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400 —~=—— 700 mm —=

% 700 mm
mm

The acceleration of point C in terms of the acceleration of

point D:
i j Kk
ac = acp X Ie/p — Wapre/p = 0 0 acp
—400 0 0

= —400acpj (mm/s?).

Equate the expressions and separate components: —4000 +
400cccp =0, 700apc = —400acp.

Solve: apc = 10 rad/sz, acp = —17.5 rad/sz, The acceleration
of point E in terms of the acceleration of point D is

i j k
ap =ocp XYg/p = 0 0 —17.5
700 0 0

‘ = —12300j (mm/s?) | (clockwise)




Problem 17.105 If wsp =12 rad/s and wayuz = 100
rad/s?, what are the angular accelerations of bars BC
and CD?

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

rp/a =rp —ra = 200j (mm).

rc/p =rc —rp = 300i 4 150j (mm),

rc/p =rp —rc = —350i + 350j (mm) - rg/p = 700i (mm)

(a) Get the angular velocities wpc, wcp. The velocity of point B is

i j k
VB = WAB X TB/A = 0 0 —12 | = 2400i (mm/s).
0 200 O

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

i j k
Vc =Vp +wpc XTc/p =Vp + 0 0 wpC
300 150 0

= 2400i — 150wpci + 300wpcj (mm/s).

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

i i k
Vc =wcp X¥c/p = 0 0 wcp
—350 350 O

= —350w(jpi — 350w(jpj (mm/s)
Equate the expressions for v¢ and separate components: 2400 —
150a)3(j = —350wc1), 300@3(; = —350wcp. Solve: WRC =

5.33 rad/s, wcp = —4.57 rad/s.

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

i j k
ag = oap X Tpja — @izTpa=|0 0 100
0 200 0

— w4 5(200§)

= —20,000i — 28,800 (mm/s?).

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

2
ac = ap +apc X rc/p — Wycrc/B

ik
=ag+| 0 0 apc |—wh(300i+ 150§).
300 150 0

ac = (=20,000 — 150a ¢ — 30003

+ (28,800 + 300a ¢ — 15003)j (mm/s?).
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‘47 300 mm —=~—— 350 mm 4-{

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

2
ac = dcp XTrc/p — weprc/D

i j Kk
= 0 0 acp | — wkp(—350i+ 350j)
—350 350 0

ac = —350acpi — 3500cpj + 35002 i — 35002 ,j (mm/s?).
Equate the expressions and separate components:
—20,000 — 150apc — 3000% - = —350acp + 35003 p.

—28,800 + 300 gc — 15003 = —350acp — 35002 5.

Solve: | ape = —22.43 radss’ |

acp = 92.8 rad/s® |,

where the negative sign means a clockwise acceleration.




Problem 17.106 If wsp = 4 rad/s counterclockwise
and ap = 12 rad/s® counterclockwise, what is the
acceleration of point C?

Solution: The velocity of B is

VB = VA +®AB X TB/A

i j Ok
= 0+ 0 0 WAB
03 06 O

= —0.6wapi+ 0.3w4Bj-

The velocity of D is

Vp = VB +WBp XIp/B

i j k
= —0.6wapi+ 0.3wapj+| O 0 wgp|. @)
0.8 —0.1 0

We can also express the velocity of D as

i j ok
Vp =Vg +wpg Xrp/g =0+| 0 0 wpe|. (2)
—-03 0.5 0

Equating i and j components in Eqns. (1) and (2), we obtain
—0.6wap +0.1wgp = —0.50wpg, (3)

0.3wap + 0.8wpp = —0.3wpE. @)

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

wpp = —3.57 rad/s, wpg =5.51 rad/s.

The acceleration of B is
ap = a4 +oap XTp/A — wiBrB/A
i j k

=0+|0 0 asp|—wip(0.3i+0.6))
03 06 0

= (=0.6a45 — 0.30% )i+ (0.3aap — 0.6072 p)j.
The acceleration of D is
ap =ap +app XIp/B — (U%gl)rD/B

= (—0.6a45 — 0.30% p)i + (0.3a45 — 0.60% )i

i k
+|0 0 app|—awy,(08i—0.1j). (5

08 —-0.1 0

mm

We can also express the acceleration of D as

2
ap = ag +opE XIp/E — OpprD/E

i j k
=0+| 0 0 app|—wh(=03i+05). (6)
-03 05 0

Equating i and j components in Eqns. (5) and (6), we obtain
—0.6a45 — 03035 +0.lapp — 0.80%
= —05apk + 030}, )
0.3aap — 0.6w] 5 + 0.805p + 0.10%
= —0.3apr — 0.50% . ®
Solving these two eqns with a4 = 12 rad/s?, we obtain

app = —39.5 rad/s?.

The acceleration of C is
_ 2
ac =ap +app XTc/p — Wyprc/B

= (=0.6a4p — 0.302 p)i + (0.3cap — 0.6 p)j

i j Kk
+|0 0 app|—0},0.6i+0.3)). 9
06 03 0

ac = —7.78i — 33.5j (m/s?).
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Problem 17.107 In Problem 17.106, if wsp = 6 rad/s
clockwise and apr = 0, what is the acceleration of
point C?

Solution: See the solution of Problem 17.106. Solving Eqns. (3)
and (4) with wap = —6 rad/s, we obtain wgp = 5.35 rad/s, wpg =
—8.27 rad/s. Then solving Egs. (7) and (8) with apg = 0, we obtain
asp = —88.1 rad/s?, app = 13.7 rad/s®. Then from Eq. (9), a. =
20.8i — 48.4j (m/s?).

Problem 17.108 If arm AB has a constant clockwise y
angular velocity of 0.8 rad/s, arm BC has a constant
angular velocity of 0.2 rad/s, and arm CD remains 300,
vertical, what is the acceleration of part D? ) m—__
$ 15°
N
S C

170 mm
50°

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

rg/a = 3003icos 50° + jsin 50°) = 192.8i + 229.8j (mm).
rc/p = 300(icos 15° — jsin 15°) = 289.78i — 77.6j (mm).

The acceleration of point B is

ap = oap X Ta/p — W3 5Ta/ = —w4 5 (192.8i +229.8§) (mm/s?),

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

ac =ap +oapc Xrc/p— a)écl‘cw
= —123.4i — 147.1j — 0}~ (289.8i — 77.6j),

since agpc = 0. ac = —1351 — 144j (mm/s?). Since CD is translating:

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
accelerations of arms BC and CD?

Solution: Except for numerical values, the solution follows the

same strategy as the solution strategies for Problems 17.103 and
17.105. The vectors:

rp/a = 300(icos 50° + jsin 50°) = 192.8i + 229.8j (mm).
rc/p = 300(icos 15° — jsin 15°) = 289.78i — 77.6j (mm),
rc/p = 170j (mm).
The velocity of point B is

i j k
VB = wap X TB/A = 0 0 —-0.8

192.8 2298 0

= 183.8i — 154.3j (mm/s).

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

i j k
Ve =V +®pc XYc/p =V + 0 0 wpC
289.8 —-77.6 0

ve = 183.9i — 154.3j + wpc (77.61 + 289.8j) (mmy/s).

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

i j Kk
Vc =wcp Xrc/p = 0 0 wcp = —170wCDi (mm/s).
0 170 0

Equate the expressions for v¢ and separate components:

183.9 + 77.6wpc = —170wcp,

— 154.3 +289.8wpc = 0.

Solve: | wpc = 0.532 rad/s | | wep = —1.325 radss |.

Get the angular accelerations. The acceleration of point B is

ap = oap X Tp/a — @3 5Tp/a = —w] 5 (192.81 + 229.8))

= —123.4i — 147.1j (mm/s?).
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The acceleration of point C in terms of the acceleration of point B:
ac = ap + apc X Io/p — W3 TC/p = A — W3 CTC/B.
ac = —123.4i — 147.1j + 77.6apci + 289.8wpcj — 289.8w i

+77.60%j (mm/s?).

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

i j k

ac = ocp ch/D—w%Dl‘c/D: 0 0 ocp —a%D(170j).
0 170 0

ac = —170acpi — 17002 pj (mm/s?).

Equate the expressions and separate components:
— 1234 +77.6apc — 289.8w%c = —170acp,

— 147.1 + 289.8apc + 77.6w% = —1700% .

Solve:

apc = —0.598 rad/s? ‘ ‘ acp = 1.482 rad/s? |,

where the negative sign means a clockwise angular acceleration.




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
accelerations of arms AB and BC?

Solution: The constraint that CD remain vertical with zero
acceleration means that every point on arm CD is translating, without

rotation, at a velocity of 1 m/s. This means that the velocity of point C
is v¢ = 1.0i (m/s), and the acceleration of point C is zero. The vectors:

rg/4 = 300(icos 50° + jsin 50°) = 192.8i + 229.8j (mm).

rc/g = 300(icos 15° — jsin 15°) = 289.78i — 77.6j (mm).

The angular velocities of AB and BC: The velocity of point B is
i j k

VB = WAB X /A = 0 0 WAB

192.8 2298 0

= wap(—229.8i + 192.8j) (mm/s).

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

i j k
Ve =V +®pc XTYc/p =V + 0 0 wpC
289.8 —-77.6 0

Ve = —229.8wap1 + 192.8w45] + wpc(77.61 + 289.8j) (mm/s).

The velocity of C is known, v¢c = 1000i (mm/s). Equate the
expressions for v¢ and separate components: 1000 = —229.8wap +
77.6wpc, 0 =192.8wap + 289.8wpc. Solve:

wap = —3.55 rad/s |, | wpc = 2.36 rad/s |,

where the negative sign means a clockwise angular velocity.
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The accelerations of AB and BC: The acceleration of point B is

i j k
0 0 oAB
192.8 2298 O

2
ap = 0AB X YA/B — WypYA/B =

— @3 5(192.8i + 229.8j (mm/s?).
ap = aap(—229.8i + 192.8j) — w3 5 (192.8i + 229.8j) (mm/s?)
The acceleration of C in terms of the acceleration of B is
ac =ap +opc Xrc/p — w%;cl‘C/B
i j k

=ap + 0 0 apc
289.8 =776 0

— w%(289.81 — 77.6j),

ac = ag + apc(77.61 + 289.8j) — w} - (289.8i — 77.6j) (mm/s?).

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

—229.804p — 192.8w3 5 + 77.605¢c — 289.8w% . = 0,

192.804p — 229.802 5 + 289.8apc + 77605 = 0.

Solve:

oap = —12.1 rad/s? ‘ ‘agc = 16.5 rad/s? |,

where the negative sign means a clockwise angular acceleration.




Problem 17.111 Link AB of the robot’s arm is rotating
with a constant counterclockwise angular velocity of
2 rad/s, and link BC is rotating with a constant clockwise
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 = a4 + oup X rg/A —
wiBrB/A. Evaluating, we get

ap =0+ 0 — (2)%(0.3 cos 30° + 0.3 5in 30°j)

= —1.039 — 0.600j (m/s%).

The acceleration of C is ac = ap +apc X rc/p — w%crc/g. Evalu-
ating, we get

ac = —1.039i — 0.600j — (3)%(0.25 cos 20°i — 0.25 sin 20°j)
= —3.154i 4+ 0.170j (m/s).

The acceleration of D is ap =ac +acp X rp;c — w%DrD/C. Eval-
uating, we get

i j ok
ap = —3.154i+0.170§+| 0 0 6|— (4)>(0.25i)
025 0 0

= —7.154i 4 1.67j (m/s?)
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Problem 17.112 At the instant shown, the dimensions
are b =300 mm, ¢ =200 mm, d = 150 mm, and e =
260 mm. If link AB has a clockwise angular velocity
of 0.2 rad/s and a clockwise angular acceleration of
0.06 rad/s®>, what is the angular acceleration of the
excavator’s shovel?

Shovel

Solution: Now we can calculate accelerations.
ra/p = ej = 0.26j (m), aq =dp +aapk X rpa — 0’rp/a
rp/a = bi— (e — d)j (m) Solving, we get

=0.3i — 0.11j(m), a4 = 0.0156i — 0.0104j (m/s?)

Now let us find ap starting at A and at C. This will provide the

rp/c = (b —o)i+dj (m) equations we need.

=0.1i + 0.15j (m),
J (m) ap=as+aap kKX rpja—0iprpa:

ap, = asy +0.11aap — (0.3)0% ) 1)

VB =Vc =ap = ac =0,
( ap, = aay +0.3aap + (0.1Dw? 2

wap = —0.2k (rad/s).

We know aay, aay, @
VA= Vg +®ap X 5/ ( Ax» AAy> WAD)

Solving, Also ap = é?; +acp k x rp/c — w%DrD/C
v = 0.052i (m/s). ap, = —0.15 acp — (0.1) g, €
ap, = 0.1 acp — (0.15) w2, @

Vp =Va +wapKk XTpja: (we k )
W€ Know wcp

{ vp, = 0.052+0.1wap, . We have 4 eqns in 4 unknowns (acp, ®ap, ap,, ap,) Solving,

vp, = 04 0.3wap

We also have another relationship for vp. @cp = 0.107 rad/s (clockwise)

\J)) :,v? + wcpk x rp/c: asp = —0.0430 rad/s

. . 2
{VDX — 015 wep. ap = 0.00829i — 0.0223j (m/s?)

Vp, = +0.1 wep.
Setting components of vp equal to each other, we get

0.052 + 0.11 wap = —0.15 wcp
0.3 WAD = 0.1 wcep

Two eqns, two unknowns.

wap = —0.0928 k (rad/s)

wcp = —0.279 Kk (rad/s)
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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
i j ok
VB =VDp + ®Bp X IB/p =0+4+(0 0 -1
1 2 0
= 2i —j (fts).
The velocity of C is
i j 0k
Ve=Vp+wpc xrep=2i—j+0+| 0 0 wpc| @D
25 =5 0

We can also express v, as

Ve =VE +wcg X rc/g =04 (wcek) x (1.5)) = —=1.5wcpi. (2)
Equating i and j components in Equations (1) and (2) we get
2+ 0.50pc = —1.50cE, and —1 4 2.5wpc = 0. Solving, we obtain
wpc = 0.400 rad/s and wcg = —1.467 rad/s.

The acceleration of B is

2
ap =ap +app XIrp/p — WprB/D,

i j k
or ag=04+[0 0 2|—(1)2(+2j
1 20
= —5i (ft/s?).

The acceleration of C is
_ 2
ac = ap +apc X rc/p — Wycrc/B
i j k

ac =514+ 0 0 apc|— 042251 -0.5). 3)
25 =05 O

We can also express ac as
ac = ag + ace X rejp — 0hpre/e = 04 (acek)
x (1.5)) — (—1.467)2(1.5§)

= —1.5acgi — 3.23j. 4)

Equating i and j components in Equations (3) and (4), we get
—5+40.5apc — (0.4)%(2.5) = —1.50cE.

and 2.5apc + (0.4)2(0.5) = —3.23.

Solving, we obtain
apc = —1.32 rad/s?

acgp = 4.04 rad/s?.

i X
51t fe—tee D ft 6 N /!
YLfs " Scoop

y
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Problem 17.114 The ring gear is fixed, and the hub
and planet gears are bonded together. The connecting rod
has a counterclockwise angular acceleration of 10 rad/s.
Determine the angular acceleration of the planet and sun
gears.

Solution: The x components of the accelerations of pts B and
C are

apx = 0,
acy = —(10 rad/s?)(0.58 m)
= —5.8 m/s’.
Let ap and g be the angular accelerations of the planet and sun gears.
ap=ac t+oap XIrp/c — w%,rB/c
i k
=ac+ |0 0 ap|—wh(0.14j).
0 014 0
The i component of this equation is
0=-58—-0.14ap.
We obtain
ap = —41.4 rad/s?.
Also, ap =ac +ap x Ip/c — w%l‘[)/c
i j k
=ac+|0 0 —41.4|— 03 (-0.34j).
0 —0.34 0

The i component of this equation is

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

Therefore
19.9

ag = —— = 82.9 rad/s%.
0.24
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Problem 17.115 The connecting rod in Problem
17.114 has a counterclockwise angular velocity of
4 rad/s and a clockwise angular acceleration of
12 rad/s>. Determine the magnitude of the acceleration
at point A.

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 re/p — (4)°rese
vp = 0, ve = —(4)(0.58)i = —2.32i (m/s).

i j k
Let wp and wg be the angular velocities of the planet and sun gears. —0+10 ’(]) 12| — 4)2(0.58j)
0 058 0

Vp =Vc +wp XTIp/C:
= 6.96i — 9.28j (m/s?).
0 = -2.32i + (wpk) x (0.14j)
Then the acceleration of A is
=(—2.32 = 0.14wp)i.

ap =ac +ap Xra/c— w%)rA/C
We see that wp = —16.6 rad/s. Also,

i k
VD =Vc +@p XTp/c =6.96i—9.28§+ |0 0 49.7| — (—16.6)%(0.34j)
0 034 0

= —2.32i + (—16.6Kk) x (—0.34j)
= —9.94i — 102.65j (m/s?).

= —7.95i (m/s),
_ 2
795 lag] = 103 m/s”.
So ws = —— =33.1 rad/s.
0.24

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

= 6.96 m/s”.

2
ap =ac +oap XIp/c — WpIB/C

i j kK
=ac+|0 0 ap|—awh(0.14).
0 014 0

The i component is

0 = 6.96 — 0.14ap,

so 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/s and 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 equations for the unknowns.
The angular velocities wcp and wpg. (See solution to Problem 17.51).
The linear velocity of point B is

VB = WAB XTAR =

O O e

j k
0 2 | =—28i (in/s).
14 0

The lower edge of gear B is stationary. The velocity of B is also

i j k
vp=wp Xxrg=|0 0 wp |=—4wgi (in/s).
04 0

Equate the velocities vp to obtain the angular velocity of B:
wp = _¥B 7 rad/s.
4

The velocity of point C is

i j k
Ve =Vp+wp xrpc=-28i+|0 0 7 |=—28i+ 28j (in/s).
4 0 0
The velocity of point D is
i
Vp=Vc+wcp Xxrep =-28i+28j+| 0 0 wcp
16 0 0

= —28i + (16wcp + 28)j (in/s).

The velocity of point D is also given by

i J
Vp =@pEg XTEp = 0 0 wpE
—-10 14 0

= —l4wpgi — 10wpEj (in/s).
Equate and separate components:
(=28 + 14wpEp)i = 0, (16wcp + 28 + 10wpg)j = 0.
Solve: wpp = 2 rad/s,
wcp = —3 rad/s.

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

i j k
ap=aap xrga=|[0 0 4 |=-56i (in/s?).
0 14 0
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16 in |

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

i k
ap =apc x 4j = 0 agpc | = —dagci (in/s?),
4 0

O O e

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

i j ok
ac =ag +apc x 4 —wi@) =-56i+| 0 0 14 | —49(4i)
4.0 0

= —252i + 56j (in/s?).

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

ap =ac +acp X 16i—w%D(16i)

i j k
=ac+| 0 0 acp |—wk,(160),
16 0 0

ap = —396i + (16acp + 56)j (in/s?).

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

i j Kk
ap=| 0 0 apg |—whp(—10i+ 14j)
-10 14 0

= (40 — l4app)i — (10apg + 56)j (in/s?)

Equate the expressions for ap and separate components:

— 396 =40 — l4apg, 16acp + 56 = —10apg — 56.

Solve: | app = 31.1 rad/s? |

‘ acp = —26.5 rad/s? ‘

where the negative sign means a clockwise angular acceleration.




Problem 17.117 The bar rotates with a constant coun- y
terclockwise angular velocity of 10 rad/s and the sleeve

A slides at 4 ft/s relative to the bar. Use Eq. (17.11) and

the body-fixed coordinate system shown to determine 10 rad/s

the velocity of A. 4 ft/s
A
| |
Solution: Eq. (17.11) is v4 = Vg + Varel + @ X Ta/5. 5
Substitute:
10 rad/s 4 ft/s
i j ok B e S—
va=0+4i+|0 0 10 [|=4i+20j (ft/s) | A
2.0 0 — 21

Problem 17.118 Sleeve A in Problem 17.117 slides
relative to the bar at a constant velocity of 4 ft/s. Use
Eq. (17.15) to determine the acceleration of A.
Solution: Eq. (17.15) is

2
aq = ap + aarel + 20 X Varel + & X T4/ — ©Ty/B.

i j k
Substitute: a4 =04+04+2|0 0 10 | +0 — 100(2i)
4 0 0
— —200i + 80j (fus?) ‘
Problem 17.119 Sleeve C slides at 1 m/s relative to y
bar BD. Use the body-fixed coordinate system shown to 4 rad/s
determine the velocity of C. B LS D
o, — X
C
400 ‘
mm
600
mm
2 rad/s

v A ‘E

Solution: The velocity of point B is | 600
mm
i j k
VB = WAB X Tp/A = 0 0 2 = —1200(i —J) (mm/s). y
600 600 0 4 rad/s

Use Eq. (17.11). The velocity of sleeve C is

Ve = VB + Varel + ®@p X IC/B.

i
ve = —1200i 4+ 1200j 4+ 1000i+ | 0 0
400 0

k
4.
0

ve = —200i 4 2800j (mm/s) |
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Problem 17.120 In Problem 17.119, the angular accel-
erations of the two bars are zero and the sleeve C slides
at a constant velocity of 1 m/s relative to bar BD. What
is the acceleration of C?

Solution: From Problem 17.119, wap = 2 rad/s, wpc = 4 rad/s.
The acceleration of point B is

i j ok
ap = —w}zrp/a = —4(600i + 600j) ac = —2400i —2400j +2| 0 0 wgp | — w}p(400D),
1000 0O 0
= —2400i — 2400j (mm/s?).
o ac = —8800i 4 5600j (mm/s?)
Use Eq. (17.15). The acceleration of C is
ac = ap +acrel + 20pp X Verel + ®Bp X Yo/ — w%l)rC/B-
Problem 17.121 Bar AC has an angular velocity D~
of 2rad/s in the counterclockwise direction that is
decreasing at 4 rad/s>. The pin at C slides in the slot
in bar BD. c
> I
(a) 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 4in
the acceleration of the pin relative to the slot.
A B(o Y
Solution: The coordinate system is fixed with respect to the ver-
tical bar.
} 7 in }
i j k
(@ Ve =Va+wac Xrc/a =0+1{0 0 wac|- 1) i i K
740 =0+acmj+2/0 0  wpp
0 verel 0
Ve = VB + Vcrel + @BD X FC/B
- i j k
) +|0 0 app|—oi,4).  (6)
=0+vcrej+ |0 0 wpp|. ()] 0 4 0 e
0 4 0

Equating i and j components in Eqgs. (1) and (2),
—4wac = —4opp, ()

Twac = Vcrels )

We obtain wgp = 2 rad/s, vere = 14 in/s.

(b)  ac =as +aac xreja — wioresa
i j k
=0+|0 0 auc|— A Ti+4)). )
7 4 0

ac = ap +acrel +20pp X Vcrel

2
+app Xrc/p — Wgprc/B

Equating i and j components in Eqgs. (5) and (6),

—dapc — Twje = —2wppucrel — 4app,  (7)
Tasc — 4w e = dcrel — 40% ®)
We obtain agp = —11 rad/s?, Aacrel = —28 in/s?.
|
D
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Problem 17.122 In the system shown in Prob-
lem 17.121, the velocity of the pin C relative to the slot
is 21 in./s upward and is decreasing at 42 in./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 vere = 21 in/s and acre] = —42 in/s?, we obtain

wac = 3 rad/s,

axc = —6 rad/s.

Problem 17.123 In the system shown in Prob-
lem 17.121, what should the angular velocity and accel-
eration of bar AC be if 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 wpp = 4 rad/s? and agp = 24 rad/s2, we obtain

wac = 4 rad/s,

asc = 52 rad/s®.

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 k
VB = WAB X TB/A = 0 0 —WAB = 240i — 460j (mm/s).
115 60 0

The velocity of point B is also determined from bar CB

VB = Vprel + wcp X (351 + 60j),

ik
vg=Vael+| 0 0 wcp
35 60 0

Ve = Uprell — 60w pi + 35wcpj (mm/s).

Equate like terms: 240 = vpre] — 60wcp, —460 = 35wcp from which

WBC = —13.14 rad/s, UBrel = —548.6 mm/s
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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: Use the solution to Problem 17.124, from which wpe =
—13.14 rad/s, vpre] = —548.6 mm/s. The angular acceleration and the
relative acceleration. The acceleration of point B is

2
A = QAB X TB/A — W4pTB/A

i j kK
=| 0 0 10— (16)(115i+60j) (mm/s?),
115 60 0

ap = —600i + 1150j — 1840i — 960j = —2440i + 190j (mm/s?).

The acceleration of pin B in terms of bar BC is

: 2
ag = agrell + 2wpc X Vprel +®pc X Tp/c — WpcTB/CH

i j Kk
ag =apei+2| 0 0 —13.14
—5486 0 0
i j k
+10 0 ape |- (13.142)(35i + 60j).

35 60 0
ap = aprai + 14,419.5§ + 35a5cj — 60 pci

—6045.7i — 10, 364.1j.

Equate expressions for ap and separate components: —2440 = apgre] —
60agc — 6045.7, 190 = 14,419.6 4+ 35apc — 10364.1. Solve:

‘ agrel = —3021i (mm/s?) ‘ age = —110.4 rad/s.

Problem 17.126 Arm AB is rotating at 4 rad/s in the
clockwise direction.

(a) What is the angular velocity of arm BC?
(b) What is the velocity of point B relative to the slot
in arm BC?

Solution:

Arm AB:
va =0,wsp = —4K,rp/a = —0.2i 4 0.5j (m).
VB =VA +®AB X TB/A
= 2.0i 4 0.8j (m/s).
Arm BC:
wpc = wpck, rgjc = —1.2i+0.5j m
VB =Vc + VB, +®pc XIp/C

VB = —UB,, COsOi+ vp , sinbj

0.5
where tan6 = B 0 =22.62° vc =0. Thus

Vg = —vp, cosfi+ vp  sinbj
+ wpck x (—1.2i 4+ 0.5j)

vg, =20
UB), =0.8

= —UBy cosfh — O.SwBC
=g, sinf — 1.2wpc
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| T 1 m I
0.2 m
Solving, wpc = —1.16 rad/s (clockwise)
Vb = ~1.34 m/s - (toward ©)




Problem 17.127 The angular acceleration of arm AB
in Problem 17.126 is zero.

(a) What is the angular acceleration of arm BC?
(b) What is the acceleration of point B relative to the
slot in arm BC?

Solution: From the solution to Problem 17.126, we know
va=0 6=22.62°

vp = 2.0i + 0.8j (m/s)

Vc=0

VB, = —1.54 m/s (toward C)

rg/a = —0.2i + 0.5j (m)
rg/c = —1.2i + 0.5j (m)
wap = —4k (rad/s)

wpc = —1.16K (rad/s)

we also know ag =ac =0 and asp = 0.
oarp =0
ap =a4 +oap XTp/A — w,zqgrB/A
=0+ 0— }5(—0.2i + 0.5)).
ap, = +(16)(0.2) = 4+3.2 m/s*
ag, = —(16)(0.5) = —8 m/s’
Also, ap = :{% +ap, +apc XIrp/c — w%CrB/C
=0+ap,, +apck x (=1.2i + 0.5))

— w5 (—1.2i 4 0.5j).

ag, =+32 =ap, —05apc+ 1205
ap, =-8 =ap, —12apc—0.50%
ag, = —ag, cosbi+ap, sindj

Solving, ap, = —4.28 m/s2  toward C

apc =4.73 m/s*  (count clockwise)
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Problem 17.128 The angular velocity wsc = 5° per
second. Determine the angular velocity of the hydraulic
actuator BC and the rate at which the actuator is extend-
ing.

Solution: The point C effectively slides in a slot in the arm BC.
The angular velocity of

wsc =5 (15 ) = 0.0873 radss,
180
C
The velocity of point C with respect to arm AC is ’
%
i j k Dy 2.4 m
Ve = WAC XTC/A = 0 0 WAC I
26 24 0 A B
= —0.2094i + 0.2269j (m/s),
1.4m=+1.2m

The unit vector parallel to the actuator BC is

1.2i + 2.4j
e= 2N _ 0.4472i + 0.8944j.
ViZ 12 & !

The velocity of point C in terms of the velocity of the actuator is

Ve = Ucrel€ + wWBc X TC/B.

i j k
Ve = veret (044721 +0.8944) + | 0 0 wpe
12 24 0

Ve = Ucrel (0.4472i 4 0.8944j) 4+ wpc(—2.4i 4 1.2j).

Equate like terms in the two expressions:

—0.2094 = 0.4472v¢yel — 2.4wpc,

0.2269 = 0.89%44vcre + 1.2wpc.

| wpc = 0.1076 rad/s = 6.17 deg/s |,

verel = 0.109 (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 wyc =5° per second and the angular
acceleration aac = —2° per second squared, 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,
verel = 0.1093 (m/s).

The angular acceleration

- 2(TV=_ 2
aac = 2(180> = —0.03491 rad/s2.

The acceleration of point C is

2
aAc = 0AC X TC/A — Oy cTC/A

i j Kk
=| 0 0 aac |- (2.6i+24)),
26 24 0

ac = aac (=241 + 2.6§) — 0’ (2.61 + 2.4j)
= 0.064i — 0.109j (m/s?).
The acceleration of point C in terms of the hydraulic actuator is
ac = acrel€ + 20pc X Verel +®gc X e/ — w]Z;CrC/Bv
i j k

ac = acrel€ + 2 0 0 wpc
0.4472vcre1  0.8944v 1) 0

i j Kk
+| 0 0 apc |-—wio(12i+24)
12 24 0

ac = acrel(0.4472i + 0.8944j) + 2wpc (—0.0977i + 0.0489j)
+ ape(—2.4i+ 1.2) — wh o (1.21 + 2.4j).
Equate like terms in the two expressions for ac.
0.0640 = 0.4472a¢re) — 0.0139 — 2.4apc — 0.0210,

—0.1090 = 0.8944acre; — 0.0278 + 1.20p¢c + 0.0105.

Solve: ‘ acrel = —0.0378 (m/s?)

>

which is the rate of change of the rate of extension of the actuator,

and

‘ apc = —0.0483 (rad/sz) =-2.177 deg/s2 |
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Problem 17.130 The sleeve at A slides upward at a
constant velocity of 10 m/s. Bar AC slides through the
sleeve at B. Determine the angular velocity of bar AC
and the velocity at which the bar slides relative to the
sleeve at B.

Solution: The velocity of the sleeve at A is given to be v4 =
10j (m/s). The unit vector parallel to the bar (toward A) is

e = 1(cos 30°i + sin 30°j) = 0.866i + 0.5j.

Choose a coordinate system with origin at B that rotates with the bar.
The velocity at A is

VA = VB + Varel€ + @AC X T4/B

i j k
=0+ varele + 0 0 wap
0.866 0.5 0

va = (0.866i 4 0.5j)varel + wac (—0.5i 4+ 0.866j) (m/s).

The given velocity is v4 = 10j (m/s). Equate like components in the
two expressions for v4:

0 = 0.866vare] — 0.5w4c,

10 = 0.5v4re1 + 0.866w 4.

Solve: | wac = 8.66 rad/s | (counterclockwise),
from B toward A.

:|T10m/s

Problem 17.131 In Problem 17.130, the sleeve at A
slides upward at a constant velocity of 10 m/s. Deter-
mine the angular acceleration of the bar AC and the
rate of change of the velocity at which it slides relative
to the sleeve at B.

Solution: Use the solution of Problem 17.130:
e = 0.866i + 0.5j,
wap = 8.66 rad/s,

VArel = 5 m/s.

The acceleration of the sleeve at A is given to be zero. The acceleration
in terms of the motion of the arm is

2
ay =0 =aari€ +20aB X VArel€ + ®AB X TA/B — W3 pTA/B-

i i k
as =0 = a1 + 204l 0 0 wap
0.866 0.5 0
i i kK
+| 0 0 aap |— w]p(0.866i + 0.5))
0.866 0.5 0

461

0 = (0.866i 4 0.5j)asrel — 43.3i + 75§

+ aag(—0.5i + 0.866j) — 64.95i — 37.5j.

Separate components:
0 =10.866a4r1 —43.3 —0.5045 — 64.95,

0 =0.5a4r1 + 75 + 0.866a4p — 37.5.

Solve: | gy =75 (m/s?) | (toward A).

‘ g = —86.6 rad/s’

, (clockwise).




Problem 17.132 Block A slides up the inclined surface y
at 2 ft/s. Determine the angular velocity of bar AC and c
the velocity of point C.

‘<74ft6in4><f2ft6in—>

Solution: The velocity at A is given to be

va = 2(—icos20° + jsin20°) = —1.879i + 0.6840j (ft/s).

From geometry, the coordinates of point C are

7 .
<7, 2.5 (E)) = (7,3.89) (fv).

The unit vector parallel to the bar (toward A) is

2ft6in.
| x

L 21t ]

6 in. 6 in.

e = (7% +3.89%)"1/2(—7i — 3.89j) = —0.8742i — 0.4856j.

The velocity at A in terms of the motion of the bar is

i ik
VA = Varel€ + @WAB X Fa/B = Vare1€+ | 0 0 wac |.
—4.5 =25 0

vA = —0.87420 g1l — 0.4856vme]j + 2.5a)Aci — 4.5&)ch (ft/S).

Equate the two expressions for v4 and separate components:

—1.879 = 70.8742UArel + 2.5&),40,

0.6840 = —0.4856v e — 4.5wAc-

Solve:  vare = 1.311 ft/s,

wac = —0.293 rad/s | (clockwise).

Noting that v4 = 2 ft/s, the velocity at point C is

i j k
Ve = va(—0.8742i — 0.4856§) + | 0 0 —0.293 |,
25 389-25 0

ve = —0.738i — 1.37j (ft/s) |.
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Problem 17.133 In Problem 17.132, the block A slides
up the inclined surface at a constant velocity of 2 ft/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

VA = 2(—icos 20° + jsin 20°) = —1.879i + 0.6840j (ft/s).

From geometry, the coordinates of point C are

7 N
<7, 2.5 (E)) = (7,3.89) (ft).

The unit vector parallel to the bar (toward A) is

—7i 389 0.8742i — 0.4856j
e= —— =—0. i—0. j-
V72 +3.892

The velocity at A in terms of the motion of the bar is

i j k
VA = Varel€ + WAC X TA/B = VArel€ + 0 0 wac |,
—4.5 =25 0

va = —0.8742v4re1i — 0.4856V4relj + 2.5waci — 4.5wac (ft/s).
Equate the two expressions and separate components:

—1.879 = —0.8742v 4101 + 2.5wac,

0.6842 = —0.4856vp] — 4.5w4cC.
Solve: varel = 1.311 ft/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

2
ay = 0=daar1€ + 20ac X Varel€ + @&AC X TA/B — W4cTA/B-

i i k
0 = aare1 + 2w0ACV arel 0 0 1
—0.8742 —0.4856 0
i j k
+1 0 0 aac | — (=451 —2.5)).
-45 -25 0

0 = aarele + 2wac Varel (—eyi + exj) + aac(2.51 — 4.5j)
— w3 (—4.51 — 2.5j).

Separate components to obtain:

0= —0.8742a 451 — 0.3736 + 2.5a4¢ + 0.3875,

0 = —0.4856are1 + 0.6742 — 4.5a4¢ + 0.2153.

Solve:  aar = 0.4433 (ft/sz) (toward A).

aac = 0.1494 rad/s? | (counterclockwise).

The acceleration of point C is
2
aC = drel€ + 20AC X Varel + ®AC X TC/B — W4cTC/B

i j k
ac = aarele + 20acvarel | 0 0 1
ex ey 0

i j Kk

+1 0 0 aAC
25 389-25 0

— W3- (2.51 + (3.89 — 2.5)j).

Substitute numerical values: | ac = —1.184i + 0.711j (ft/s?)
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Problem 17.134 The angular velocity of the scoop is
1.0 rad/s clockwise. Determine the rate at which the
hydraulic actuator AB is extending.

Solution: The point B slides in the arm AB. The velocity of point
Cis B

i j k
Ve = @seoop X (15) = [ 0 0 1| = L5i (fus).
0 15 0

Point B is constrained to move normally to the arm DB: The unit
vector parallel to DB is

.I Scoop ‘

li + 2j . .
epp = ——— = 0.4472i 4 0.8944j.
12 422

The unit vector normal to epp is eypp = 0.8944i — 0.4472j, from
which the velocity of C in terms of BC is

Vc = UpenNBD + @WBCc X Yc/B

i Kk
= vp(0.8944i — 0.4472)) + | 0 0  wsc
25 —05 0

ve = vp(0.8944i — 0.4472j) + wpc (0.5 + 2.5j).

Equate terms in ve, 1.5 =0.8944vp + 0.5wpc, O = —0.4472vp +
2.5wpc. Solve: wpc = 0.2727 rad/s, vg = 1.525 ft/s, from which
VB = UBE€NDB = 1.364i — 0.6818j (fUS).

The unit vector parallel to the arm AB is

6i + 2j
ens = 12 _ (0487 +0.3162j.
62 +22

Choose a coordinate system with origin at A rotating with arm AB.
The velocity of point B is

VB = UBrel€AB + @WAB X I'B/A

i j K
= 051 (0.9487i + 0.3162) + | 0 0 wap
6 2 0

VB = UBrel (0.9487i 4 0.3162j) + w4 p(—2i + 6j).

Equate the expressions and separate components:

1.364 = 0.9487vprel — 2wAB,

—0.6818 = 0.3162vpre] + 6wAB-

Solve: wap = —0.1704 rad/s, | vpre = 1.078 ft/s | which is the rate

of extension of the actuator.
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Problem 17.135 The angular acceleration of the scoop
in Problem 17.134 is zero. Determine the rate of change
of the rate at which the hydraulic actuator AB is extend-
ing.

Solution: Choose a coordinate system with the origin at D and the
x axis parallel to ADE. The vector locations of points A, B, C, and

E are ry = —5ift, rp = li + 2j ft, rc = 3.51 4+ 1.5j ft, rg = 3.5i ft.
The vector AB is

rg/a =rp —ra = 6i+2j (fv),

rg/p =rp —rp = li+2j (ft).

Assume that the scoop rotates at 1 rad/s about point E. The accelera-
tion of point C is

ac = ®scoop X 15§ — %0 (1.5)) = —1.5j (fu/s?),

since ascoop = 0. The vector from C to Bis rg/c =rp—rc =
—2.5i + 0.5 (ft). The acceleration of point B in terms of point C is

ap =ac +oapc Xrp/c — w%CI‘B/C

i j k
=15+ 0 0  apc | — wh(—2.51+0.5)),
-25 405 0

from which

ag = —(0.5apc — 2.5w50)i — (1.5 +2.5apc + 0.50%)j.

The acceleration of B in terms of D is

2
ap =ap +app Xrp/p — WgprB/D

i j k
=ap+ |0 0 app | —wipl+2).
1 2 0
The acceleration of point D is zero, from which ag = —Qapp +

w%D)i + (a¢p — Zw%w)j. Equate like terms in the two expressions for
ag, —(0.5apc —2.50%) = —Qapp +03p), —(1.5+2.50pc +
O.Sw%C) = (a¢Bp —2a)ZBD). From the solution to Problem 17.134,
wpc = 0.2727 rad/s, and vgp = 1.525 ft/s. The velocity of point B is
normal to the link BD, from which

UB
12 +22

wpp = = 0.6818 rad/s.
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Substitute and solve for the angular accelerations: apc =
—0.1026 rad/s?, app = —0.3511 rad/s®. From which the acceleration
of point B is
ag = —Qapgp + o3p)i+ (app — 205p)i

= 0.2372i — 1.281j (ft/s?).
The acceleration of point B in terms of the arm AB is
ap = apre1€Bp/A + 2WAB X UBrel€B/A + ®AB X TB/A — (U%BrB/A~

From the solution to Problem 17.134: ep,4 = 0.9487i + 0.3162j,
vprel] = 1.078 ft/s, wap = —0.1705 rad/s. From which

ap = apri(0.9487i 4 0.3162j) 4 0.1162i — 0.3487j

+ aap(—2i+ 6j) — 0.1743i — 0.0581j.
Equate the accelerations of point B and separate components:
0.2371 = 0.9487aprel — 20045 — 0.0581,

— 1.281 = 0.3162ape + 6a4p — 0.4068.

Solve: | gl = 0.0038 ft/s? |, which is the rate of change of the rate

at which the actuator is extending.




Problem 17.136 Suppose that the curved bar in
Example 17.9 rotates with a counterclockwise angular
velocity of 2 rad/s.

(a) What is the angular velocity of bar AB?
(b) What is the velocity of block B relative to the slot?

Solution: The angle defining the position of B in the circular
slot is

The vectors are

r5/4 = (500 4 500 cos B)i + 350j = 857i + 350 (mm).

rg/c = (=500 + 500 cos B)i + 350j (mm).

The unit vector tangent to the slot at B is given by

ep = —sin Bi+ cos Bj = —0.7i + 0.714j.

The velocity of B in terms of AB is

i j Kk
VB =wap Xrpa=| 0 0  was
857 350 0

= wap(—=350i + 857j) (mm/s).

The velocity of B in terms of BC is

VB = Uprelép + ®WBCc X Ip/C

i i Kk
= Vg (=0.7i+0.714) + | 0 0 wse |,
1429 350 0

VB = Vel (—0.7i + 0.714j) + (=700i — 285.8j) (mm/s)

Equate the expressions for the velocity of B and separate components:
—350wap = —0.7vprel — 700,

—857wap = 0.714vp — 285.8.

Solve:

(b) | Uprel = —2000 mm/s | (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
slot is

350
B =sin™! (%> =44.4°,

The vectors

rp/4 = (500 4 500 cos B)i + 350§ = 857i + 350j (mm).
rg/c = (=500 + 500 cos B)i + 3505 (mm).

The unit vector tangent to the slot at B

ep = —sin Bi+ cos Bj = —0.7i + 0.714j.

The component normal to the slot at B is

eyp = cos Bi+ sin Bj = 0.7141i + 0.7j.

The velocity of B in terms of AB

i j k
VB = WAB X TB/A = 0 0  wap
857 350 0

= wap(—350i + 857j) (mm/s).

The velocity of B in terms of BC is

VB = UBrel€B + @BC X I'p/C

i j k
= Vel (—0.71 + 0.714j) + 0 0 —wge |,
—142.9 350 0

VB = Uprel(—0.7i + 0.714j) + (1400i + 571.6j) (mm/s).

Equate the expressions for the velocity of B and separate compo-
nents: —350wap = —0.7vprel + 1400, 857wap = 0.714vpr + 571.6.
Solve: wap = 4 rad/s (counterclockwise). vprel = 4000 mm/s (away
from C).

Get the accelerations: The acceleration of point B in terms of the
AB is

2
A = QAR X TB/A — W4pTB/A

i 0§k
=| 0 0 asp |—}p(857i+350j),
857 350 0

ap = a45(—350i + 857j) — 138713i — 5665j(mm/s2).
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The acceleration in terms of the arm BC is

2
ag = aprel + 20pc X Vprel€p + ®pc X Tp/c — WpcTB/C-

Expanding term by term:

v2
_ Brel
ABrel = ABrel€B — 300 €NB

= aprel(—0.71 + 0.7141j) — 22,852.6i — 22,400j.

Other terms:

2wpc X vprelep = 22852i + 22,400j,

agc x rg/c = —3500i — 1429.3j,

— wherp/c = 2286.8i — 5600j.

Collect terms:

ap = aprl(—0.7i + 0.7141j) — 22852.6i — 22400j + 22852.6i
+ 22400j — 3500i — 1429.3j + 2286.9i — 5600j

ap = apre1(—0.7i + 0.7141j) — 1213i — 7029.3j.

Equate the two expressions for the acceleration of B to obtain the two
equations:

—350asp — 13,871 = —0.7apr — 1213.1,

857app — 5665 = 0.7141ape; — 7029.3.

Solve:

aprel = 29180 (mm/s?),

aap = 22.65 rad/s? | (counterclockwise).




Problem 17.138 The disk rolls on the plane surface

with a counterclockwise angular velocity of 10 rad/s. 10 rad/s
Bar AB slides on the surface of the disk at A. Determine
the angular velocity of bar AB.
C

1ft

Solution: 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. Let A be the point of the bar in contact
with the disk. The vector location of point A on the disk is

10 rad/s

rg =icos45° + j(1 + sin45°) = 0.707i + 1.707j (ft).

The unit vector parallel to the radius of the disk is 1t

es = cos45°% + sin45°j = 0.707i + 0.707j.

The unit vector tangent to the surface of the disk at A is

eya = isin45° — jcos45° = 0.707i — 0.707j.

The angle formed by the bar AB with the horizontal is

.y [ sin45° o
B = sin 5 =20.7".

The velocity of point A in terms of the motion of bar AB is

i j Kk
VA = @WAB X YA/B = 0 0 WAB
—2cosf 2sinf 0

va = wap(—0.707i — 1.871j) (ft/s).

The velocity of point A in terms of the point of the disk in contact
with the plane surface is

VA = Varel€NA + @disk X T'A
i j k
= v4re1(0.707i — 0.707j) + 0 0  wdisk |
0.707 1707 0
VA = Varl(0.707i — 0.707j) + (=17.07i 4+ 7.07j).
Equate the expressions and separate components:
—0.707wap = 0.707vare] — 17.07, —1.871wap
= —0.707v pre1 + 7.07.

Solve:

Varel = 20.3 fU/s,

wap = 3.88 rad/s | (counterclockwise).
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Problem 17.139 In Problem 17.138, the disk rolls on
the plane surface with a constant counterclockwise 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. The acceleration of point A in terms of the disk is
Choose a coordinate system with the origin at the point of contact
between the disk and the plane.surface, Wlth the x axis pa.rallel to the a4 = Aol + 20disk X VArel@N A + Odisk X Ta/C — wﬁiskrA/C'
plane surface. The vector location of point A on the disk is

Expanding term by term: The acceleration ajr is composed of a

ry =icos45° + j(1 +sin45°) = 0.707i + 1.707j (ft). tangential component and a radial component:
The unit vector tangent to the surface of the disk at A is 2

AArel = dArel€NA — (A{el)
eya = isin45° — jcos45° = 0.707i — 0.707j.

The angle formed by the bar AB with the horizontal is = a4 (0.707i — 0.707j) — 290.3i — 290.3j.

B= sin~! (sin 450/2) = 20.7°. 2wgisk X VaArelenp = 286.61 + 286.6j, agisk X rqa = 0,
Get the velocities: The velocity of point A in terms of the motion of since the acceleration of the disk is zero.
bar AB is
—wkyTasc = —70.7i — 70.7j.
i j k
VA = WAB X Ty/p = 0 0 WAB Collect terms and separate components to obtain:

—2cosf 2sinf 0
—0.70704p + 28.15 = 0.707apre1 — 290.3 + 286.6 — 70.7,
= wap(—0.707i — 1.871j) (ft/s).

—1.87a4p — 10.64 = —0.707a .1 — 290.3 4 286.6 — 70.7.
The acceleration of the center of the disk is zero. The velocity of point

A in terms of the center of the disk is Solve:

VA = VArel€NA + @disk X T4 aprel = 80.6 ft/s?,

i J k counterclockwise).
= 0a©707i—0707) + | 0 0 wask @ap =646 madss’ | )

0.707 1.707 0O

VA = Va1 (0.707i — 0.707j) + (—17.07i + 7.07j).

Equate the expressions and separate components:

70.707&);,3 = 0-707UArel —17.07, 71.8710)143 = 70.7071}Arel +7.07.

Solve:

Varel = 20.3 ft/s,

wap = 3.88 rad/s (counterclockwise).

Get the accelerations: The acceleration of point A in terms of the arm
AB is

A4 = @A X TA/p — WA zTA/B
i j k
= 0 0 aap |+ 28.15i — 10.64j (ft/s?),
—1.87 0707 0

a4 = aap(—0.707i — 1.87j) + 28.15i — 10.64j (ft/s2).
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Problem 17.140 Bar BC rotates with a counterclock-
wise angular velocity of 2 rad/s. A pin at B slides in
a circular slot in the rectangular plate. Determine the
angular velocity of the plate and the velocity at which A B
the pin slides relative to the circular slot. T

40 mm

~— 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 parallel to AB is e4p = i. The unit vector tangent to the slot at
B is eyap = j. The velocity of the pin in terms of the motion of BC
is Vg = wpc X rp/c.

i j k
vi=| 0 0 wpc | =2(—30i — 60j) = —60i — 120 (mm/s).
—60 30 0

The velocity of the pin in terms of the plate is

i j ok
VB = Uprelj + @ap XTpa=| 0 0 wap
40 30 0

= VBrelj + @ap(—30i 4 40j) (mm/s).
Equate the expressions and separate components to obtain
—60 = —30w4 3,
—120 = vprel + 40w4p.
Solve:

Vrel = —200j 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 is e4p = i.
The unit vector tangent to the slot at B is ey4p = j. The velocity of
the pin in terms of the motion of BC is

VB = wWpc XTIp/C

i j k
= 0 0 WRBC
—60 30 O

= (—60i — 120j) (mm/s).

The velocity of the pin in terms of the plate is

i j ok
ve=vprelj+| 0 O wasp
40 30 0

= VUBreleNAB + @AB X I'B/0
= Ugrelj + wap(—30i + 40j) (mm/s).
Equate the expressions and separate components to obtain
—60 = —30was,

—120 = vprel + 40w4p.

Solve:
Vprel = —200j mm/s,

wap = 2 rad/s (counterclockwise).

Get the accelerations: The acceleration of the pin in terms of the arm
BC is

2
ap = o®pc XIp/c — WpcrB/C

=0 — 4(—60i + 30j)

= 240i — 120§ (mm/s?).

471

The acceleration of the pin in terms of the plate AB is

_ 2
ap = agrel + 2WAB X UBrel€NAB + ®AB X TB/0 — W4TB/O-

Expand term by term:

v2
_ Brel
ABrel = ABrelENAB — —40 €AB

= agrelj — 1000i (mm/s?),

2wAB X UBrel€ENAB = 800i (mm/sz).

i j k
OlABXl'B/(): 0 0 OAB
40 30 O

= apa(—30i + 40j) (mm/s?),
—w? 5 (40i + 30j) = —160i — 120j (mm/s?).
Collect terms and separate components to obtain:
240 = —1000 + 800 — 30ap4 — 160,

—120 = apre) + 400ga — 120.

Solve:

agrel = 800 mm/s?

apap = —20 rad/s? |, (clockwise).

(upward),




Problem 17.142 By taking the derivative of
Eq. (17.11) with respect to time and using Eq. (17.12),
derive Eq. (17.13).

Solution: Eq (17.11) is

VA = VB + VArel T @ X Ta/B.

Eq (17.12) is

dx'\, dy\ . dz
VArel = (E) 1+ (E)J +k <E) 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),
such that ry =rp +ra/p, where rq/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 dVB dVA,-C] + do r Twx dl‘A/B
i di ac ar TP ar

By definition,

dva dvp dw
—— =ay, — =ap, and— =oa.
dt dt dt

The derivative:

dV prel dzx,+ d?y . N d21k+ dx di . dy dj N dz dk
= ——1+ — — —_— -+ ——.
dt dr? FTER TS dt dt  dtdt dt dt

Using the fact that the derivative of a unit vector represents a rotation
of the unit vector,

di . dj
e xi X2
dt dt
Substitute into the derivative:

dV prel

= AArel + @ X VArel.
dt

Noting @ X

1
[rA/B=w><<dxi dy . dzk>
dt

=@ X Varel + @ X (@ X T4/B).

Collect and combine terms: the derivative of Eq (17.11) is

ag =ag + ] + 20 X Varel + & XTa/p +® X (@ XTa/B) |,

which is Eq (17.13).
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Problem 17.143 A merry-go-round rotates at a con-
stant angular velocity of 0.5 rad/s. Person A walks at a
constant speed of 1 m/s along a radial line. Determine
A’s velocity and acceleration relative to the earth when
she is 2 m from the center of the merry-go-round, using
two methods:

(a)
(b)

Express the velocity and acceleration in terms of
polar coordinates.

Use Eqgs. (17.21) and (17.22) to express the veloc-
ity and acceleration in terms of a body-fixed coor-
dinate system with its x axis aligned with the line
along which A walks and its z axis perpendicular
to the merry-go-round.

Solution:

(a)

(b)

The velocity in polar coordinates is

| va = le, +0.5()ep = e, + ey (m/s) |

The acceleration is

_{(dPva o\
A= dr? "\ & &
N d?e 22 dr\ (db .
r— — — .
dr? dt dt o

Substitute noting

do

— =w = 0.5 rad/s,

dt

ay = —ro’e, +2wvseg = —0.5¢, + ey (m/s2).

Eq. (17.19) is v4 = VB + Varel + @ x r4,p. The center, point B,
is stationary relative to the earth, and the relative velocity varl =
Li (m/s). The vector ra,p = 2i (m). Substitute:

va=it+wkx2i) =i+ j (m/s)

Eq (17.20) is

aq = ap + aarel +20 X Varel + 0 X Ta/p + @ X (@ X Ta/B).

The point B is stationary, asr] = 0, and o = 0. Substitute:

ay =0+ 042wk x i) + 0+ w?(k x (k x 2i))

=20j— 201 | =—0.5i+j (m/s?)
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Problem 17.144 A disk-shaped space station of radius
R rotates with constant angular velocity @ about the axis
perpendicular to the page. Two persons A and B are
stationary relative to the station. The coordinate system
shown has its origin at B’s location and is fixed with
respect to the station.

(a) What are A’s velocity and acceleration relative to
the station-fixed coordinate system?

(b) What are A’s velocity and acceleration relative to
a nonrotating reference frame with its origin fixed
at B’s location?

Solution: rs/z = ZRi

(a) A is not moving in station fixed coordinates.

S Varel =0, aprel = 0.

(b)  va =Vp+ Varel + @ x ra/p (Non-Rotating coordinates)
v =0,Varel =0

va = wk X (2Ri)

VA = 2ij
ay =ag +agwel + & X Ta/p — ©°Ta/p
ag =0,a4pre1 =0, =0

as = —2Rwi
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Problem 17.145 The metal plate is attached to a fixed
ball-and-socket support at O. The pin A slides in a slot
in the plate. At the instant shown, x4 = 1 m, dx,/dt =
2 m/s, and dzxA/dt2 =0, and the plate’s angular
velocity and angular acceleration are @ = 2k (rad/s) and
o = 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 i V4 = Vo + Varel + @ X ra/0. The rela-
tive velocity is

dx '\, n dy . n dz X
V. ={— 1 —_ —
Arel dt a )V \ar ) ©
d 2 dx
—0.25x =05x— =1m/s, — =0,
t dt

L
where — = 5, — =

dt dt d ) dt
and ra/0 = xi+ yj+zj =i+ 0.25j + 0, from which

va =2i+j+ ok x (i+0.25)) = 2i + j+ 2(—0.25i + j)
= 1.5i 4 3j (m/s).

The acceleration is

a4 =20 + Aarel + 20 X VArel + & XTa/0 +® X (@ X Ta/0).

Noting
Apre] = x i+ &y j+ 2 k
Arel = 4r2 az )? dr2 )
where
PN 0L s _os () 2o (L2) 2o
az) A Tae et T\ e ) To\ar) T
Substitute:

ay = 2j + 20k x 2i+j)) + o’ (k x (k x (i+ 0.25§)))

i j k i j k
=|0 0 4|+4kx|0 0 1
210 1 025 0

j k
ag =2j—4i+4wj+4| 0 0 1 = —8i+ 9j (m/s?)
10
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Problem 17.146 Suppose that at the instant shown in
Problem 17.145, x4 =1 m, dxa/dt = =3 m/s,
d’x,/dt* = 4 m/s?, and the plate’s angular velocity and
angular acceleration are @ = —4j + 2Kk (rad/s), and « =
3i — 6j (rad/s?). What are the x, y, z components of the
velocity and acceleration of A relative to a non rotating
reference frame that is stationary with respect to O?

Solution: The velocity i V4 = Vo + Varel + ® X ra/0. The rela-
tive velocity is

Ve — dx i dy\ . n dz X
Arel =\ ar ar )V \ar )
d dy d d d
where 5 = —3mss, 2 = C025x2 = 0502 = —15 s, & =
dt dt dt dt dt
0,and ra;0 = xi+ yj+zj =i+ 0.25j + 0, from which v4 = —3i —
1.5 + @ x (i + 0.25)).

i j ok
Va=-3i—15+|0 —4 2|=-3i—15-05i+2j+4k
1 025 0

= —3.5i 4+ 0.5j + 4k (m/s)

The acceleration is as = ap + aarel + 2@ X Varel + & X Fa/0 + ® X
(@ xT4/0). Noting

d%x\ . + dzy - d?z X
Aprel = [ — )i - — )k,
Arel dr? a )? dr?

where

d2
) — 4,
dr?

d?y  d? dx\? d’x
2= 025x2=05(= 0.5x [ == ) = 6.5 (m/s?),
a? ~a (dt) * x(dﬂ) (m/s")

dzZ _ — 3 . 2 — _3{ .
)= 0, @ = 3i — 6j (rad/s”), Var] = —3i — 1.5j,

and from above: @ x ra;0 = —0.5i + 2j + 4k. Substitute:

i j k i j ok
ay=4i+65+2| 0 -4 2|+[3 -6 0
-3 —15 0 1 025 0

i j K

+| 0 -4 2

—05 2 4

ax = 4i+ 6.5j + 2(3i + 6j — 12K) + (6.75k) + (—20i — j — 2K)

ay = —10i — 6.5j — 19.25k (m/s?)
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Problem 17.147 The coordinate system shown is fixed y :
relative to the ship B. At the given instant, the ship is %
sailing north at 10 ft/s relative to the earth and its angular A
velocity is 0.02 rad/s clockwise. The airplane is flying
east at 400 ft/s relative to the earth, and its position rel-
ative to the ship is r4,p = 2000i + 2000j + 1000k (ft).
If the ship uses its radar to measure the plane’s velocity
relative to the ship’s body-fixed coordinate system, what
is the result?

7 p—

=
=

Solution: The relative velocity is Y
_ »
VArel = VA — VB — @ X TA/B, A L
=400i — 10j + 0.02(k x (2000i + 2000j 4+ 100K)) (ft/s) N
B
Varel = 360i + 30j (ft/s) | ‘ X

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 0.05j +
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 — 1.5j + 2.5k (rad/s). What
are the x, y, and z components of the satellite’s velocity
relative to a non-rotating coordinate system with its
origin fixed to the shuttle’s center of mass?

Solution: The velocity of the satellite is

VA =VB + VArel + @ X TA/B

i j k
=0-2i—-15j+25k+| 0 005 0.03
50 0 0

— 2§+ 1.5j+ 2.5k — 1.5j — 2.5k = —2i (m/s) |

477



Problem 17.149 The train on the circular track is
traveling at a constant speed of 50 ft/s in the direction
shown. The train on the straight track is traveling at
20 ft/s in the direction shown and is increasing its speed
at 2 ft/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 is riding.

:

20 ft/s

500 ft %
Aé

Solution:

50
The angular velocity of B is w = 300 = 0.1 rad/s.

The velocity of A is VA = VB + Varel + @ X Fa/B.
At the instant shown, v4 = —20j (ft/s), vg = +50j (ft/s),

and ry/p = 500i (ft), from which

i j kK
Vael = —20§—50j— | 0 0 0.1 |=—20j—50j— 50j,
500 0 0

Varel = — 120§ (ft/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 is riding.

Solution: Rearrange:
Use the solution to Problem 17.149:

Aprel = A4 — A — 20 X VAl — ® X (@ X Ta/B).
Vil = —120j (fs),

i j Kk i ok
w:ﬁzo.lrad/s, apy =—2j+5i-2[0 0 o|—-®|kx| 0 0 1
500 0 —120 0 500 0 0

TA/B = 500i (ft).

i j k
) o L apey = —2j+5i —2(120w)i—w? [0 O 1],
The acceleration of A is ag = —2j (ft/s), 0 0

The acceleration of B is

Aurel = —14i — 2§ (ft/s?) |

ap = —500(w?)i = —5i ft/s?,

and o = 0, from which

a4 = ap + Aprel + 20 X Varel + @ X (@ X T4/B).
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Problem 17.151 The satellite A is in a circular polar y
orbit (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-
ence frame with its origin at the center of the earth is v4.
At the instant shown, the satellite is above the equator. '
An observer B on the earth directly below the satellite Ry B A
measures its motion using the earth-fixed coordinate sys-
tem shown. What are the velocity and acceleration of the AN
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.

U

Solution: From the sketch, in the coordinate system shown, the
location of the satellite in this system is r4 = (R — Rg)i, from which /—;V

ry/p =ras —0 = (R — Rp)i. The angular velocity of the observer is v,
wp = —owgk. The velocity of the observer is vp = —wg Rgk. The ‘
velocity of the satellite is v4 = vaj. B_jA
The relative velocity is v

Varel = VA — VB — ®@E X T4/B,

i
Varel = Vaj + 0 ReK — (0F) 0
R — Rg

O —
o o

=vaj + Rowgk |

From Eqs (17.26) and (17.27)
Aprel = a4 — A — 2WE X Varel — & X T4/ — @WE X (WE X T4/B).
The accelerations:

2
v .
as = 7a)iR1 = — (é‘) i,agp = 7w%R51,a =0, from which

2 i k
_ VA s 2
aArel—_<R>+leRE—2 0 wg 0
0 va Rog

=
|
=
)
o
o

QAprel = —a)f‘Ri—szEREi
i k
—20%Ri—| 0 wg 0

0 0 —wg(R—-RE)

2
v
=— (%) i+ w2 Rpi— 203 Ri+ 0%(R — Rp)i

479



Problem 17.152 A car A at north latitude L drives N

north on a north—south highway with constant speed v.

The earth’s radius is Rg, and the earth’s angular velocity b

is wg. (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 (a) relative A
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. Rg
Solution:

(a) In earth fixed coords,
Vrel = Uj,
Are] = 7v2/REi. (motion in a circle)

(b) V4 =Varel +@g x a8+ Vp(vp =0)

= vj + (wg sin Li + wg cos Lj) X Rgi B Ry

v4 = vj — wgREg cos Lk

aq = ap + aarel +20F X Varel +® X T4/

+ wg X (WE X Ta/B)
where g = wg sin Li + wg cos Lj
and ra/p = REi

2
ay, =0— v—i + 2vwg sin Lk
RE

+ (wg sin Li+ wg cos Lj) X (—wg RE cos LK)

2

ar=—[2 2 R 27\

A= +wpRgcos” L )i
Rg

+ (0% Rg sin L cos L)j

+ 2vwg sin Lk
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Problem 17.153 The airplane B conducts flight tests i R R T

of a missile. At the instant shown, the airplane is trav- ‘

eling at 200 m/s relative to the earth in a circular path ‘

of 2000-m radius in the horizontal plane. The coordinate

system is fixed relative to the airplane. The x axis is tan- ‘ 2000 m .
gent to the plane’s path and points forward. The y axis

points out the plane’s right side, and the z axis points ‘ y\}#ﬂ\_ B
out the bottom of the plane. The plane’s bank angle (the Pt
inclination of the z axis from the vertical) is constant o
and equal to 20°. Relative to the airplane’s coordinate

system, the pilot measures the missile’s position and 20° R«
velocity and determines them to be ry,p = 1000i (m) e
and v4,p = 100.0i + 94.0j + 34.2k (m/s). S

(a) 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:

(a) 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

2
= ﬂ = 0.1 rad/s.
2000

In terms of airplane fixed coordinates,

® = 0.1(isin20° — jcos 20°) (rad/s).

® = 0.03242j — 0.0940k rad/s

(b) The velocity of the airplane in earth fixed coordinates is
VA =VB + Varel + ® X T4/B
= 200i + 100i + 94.0j + 34.2k

i j k
+] 0 00342 —0.940

1000 0 0

| v = 300i + 94.0j + 34.2k — 94.0j — 34.2k = 300i (m/s)
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Problem 17.154 To conduct experiments related to 4
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 Y

its acceleration relative to the laboratory-fixed coordinate
system,

(a) 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 at B is inertial.

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 falls the acceleration is

—gk = —9.81k(m/s?) |

If the earth fixed system is inertial, the acceleration observed is the
centripetal acceleration and the acceleration of gravity:

® X (@ xTp) — g,

where the angular velocity is the angular velocity of the coordinate
system relative to the inertial frame.

2
6

(”2>' 9.81k
=(—)i—-09.
3

‘ =3.29i — 9.81k (m/s%)

2 i j k
wx(a)xrA/B)—g:—< ) kx [0 0 1 —9.81k
300
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Problem 17.155 The disk rotates in the horizontal
plane about a fixed shaft at the origin with constant
angular velocity w = 10 rad/s. The 2-kg slider A
moves in a smooth slot 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: Use Eq. (17.30) to express Newton’s second
law for the slider in terms of the body-fixed coordinate
system.

Solution:

~<

T = —kx = (—400)(0.4)

T = —160i Newtons

D F = —160i = mase + mlay + 26° x Ve

+a® xrap+@x (@xra/8)]

where = —10k, 143 =04i, m=2

— 160i = 2a 4, — 80i

Al = —40i (m/s?).
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Problem 17.156 Engineers conduct flight test 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 + 2000j (m/s),
and the sum of the forces exerted on the rocket by its
thrust, weight, and aerodynamic forces is 400i 4+ 400j
(N). Determine the rocket’s acceleration relative to the
engineers’ coordinate system,

(a) assuming that their earth-fixed coordinate system
is inertial and

(b) not assuming that their earth-fixed coordinate
system is inertial.

Solution: Use Eq. (17.22):

ZFfm[aB + 2@ X Vgl + 0 X rq/p +® X (w x rA/B)]

= MaArel -

(a) If the earth fixed coordinate system is assumed to be inertial, this
reduces to > F = magye, from which

! ZF ! (400i + 400j)
a = — = — i
el = 4000 )

‘:0.1i+0.1j (m/sz)‘

(b) If the earth fixed system is not assumed to be inertial, ap =
—REpw? cos? M + RpwX cos A sin Aj, the angular velocity of the
rotating coordinate system is @ = wg sin Al + wg cos Aj (rad/s).
The relative velocity in the earth fixed system is var; = 2000i +
2000j (m/s), and ra/p = REi (rn)

i j k
20 X Vare] = 2w | sinA cosA 0

2000 2000 O

= 4000wE (sin A — cos M)k

i j k
® X (@xXrap)=wXx | wpsink wgcosk 0
RE 0 0

=w X (—Rgwg cos Mk

i j k
@ X (—Rpwg cos M)k = REw%S coshA | sinA cosA O
0 0 -1

= (7R5a)% cosz Vi + (Rga)% cos AsinL)j.

30°

Collect terms,
Aprel = +(REa)é cos? A)i — (REw% cosAsin)j

— 4000w (sin & — cos A)k + 0.1i + 0.1j.

Substitute values:

Rr = 6336 x 10> m, wg = 0.73 x 1074 rad/s, A = 30°,

‘ a4rel = 0.125i + 0.0854j 4+ 0.1069k (m/s?)

Note: The last two terms in the parenthetic expression for a4 in

ZF—m[aB +20 X Varel + @ X Ta/p +® X (@ XTa/p)]

= MaAxrel

can be neglected without significant change in the answers.

30°
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Problem 17.157 Consider a point A on the surface of
the earth at north latitude L. The radius of the earth is Rg
and its angular velocity is wg. A plumb bob suspended
just above the ground at point A will hang at a small
angle B relative to the vertical because of the earth’s
rotation. Show that f is related to the latitude by

an § = w}Rgsin L cos L
g — wiRgcos? L’

Strategy: Use the earth-fixed coordinate system
shown, express Newton’s second law in the form given
by Eq. (6.27).

Solution:

Use Eq. (17.27). >.F —m[ap 4+ 2w X Varel + & X ra/p+ o x (0 X
ra/p)] = maarel. The bob is stationary, so that vare; = 0. The origin of
the coordinate system is stationary, so that ag = 0. The external force
is the weight of the bob > F = mg. The relative acceleration is the
apparent acceleration due to gravity, maarel = MgApparent- Substitute:

SApparent = § — @ X (@ x l'A/B)

i j k
=gi—wXx | wgsinL wgcosL 0
REg 0 0

8Apparent = gi— ® X (—RgwEg cos L)k

i j k
=gi+ REw% cosL | sinL cosL O
0 0 -1

EApparent = &1 — (RszE cos? L)i + (RszE cos L sin L)j.

The vertical component of the apparent acceleration due to gravity
1S gGvertical = & — REwZE cos? L. The horizontal component of the
apparent acceleration due to gravity iS ghorizontal = REwZE cos LsinL.
From equation of angular motion, the moments about the
bob suspension are Myertical = (A Sin B)mgvertical and  Mhorizontal =
(X cos B)mghorizontal, Where A is the length of the bob, and m is the
mass of the bob. In equilibrium, Myerticat = Mhorizontal, from which
Zvertical SIN B = &horizontal COS B. Substitute and rearrange:

2 . o
Shorizontal RECUE cos LsinL

tan 8 =

8vertical g — REa)é cos? L

485

=

N
A
L
B ————
RE

=



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.

(a) Write Newton’s second law for the ball as it 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 as it 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 (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 7.2.) Let O be the reference point of this reference
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 all forces on the ball, not including the earth’s
gravitational attraction. Newton’s second law for the ball of mass m
is ) F+mgy =may =m(ap +as/p) =mgp +may,p. Since the
ball is within a space station whose dimensions are small compared to
the distance from the earth, g4 is equal to gz within a close approxi-
mation, from which ) F = may,p. 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, as g = 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 all forces on the ball, including aerodynamic drag and the force
due to the earth’s gravitational attraction. Neglect drag, from which
as = g4; the ball’s acceleration is its acceleration due to the earth’s
gravitational 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 as it 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 OQ is rotating
in the counterclockwise direction at 5 rad/s, what is the
angular velocity of bar PQ?

Solution: By applying the law of sines, 8 = 25.7°. The velocity
of Q is

Vo = Vo +®woo XTrg/0 or

i i K
vo =0+ 0 0 5| = —sin60°i + cos 60°j. X
0.2¢cos60° 0.2sin60° 0

The velocity of P is
Upi =V +®wpg XTrp/Q

i j k
= —sin60°i + cos 60°j + 0 0 wpg |-
0.4cos B —0.4sinp 0

Equating i and j components vp = —sin60° + 0.4wpg sin B, and
0 = cos 60° 4 0.4wp g cos B. 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 sleeve P is moving to
the left at 2 m/s, what is the angular velocity of the

bar PQ?
Solution: By applying the law of sines, 8 = 24.2° The velocity
of Q is
i j k
Vg =Vo+®wog XTrg/0 =0+ 0 0 w0 Q
0.2cos55° 0.2sin55° 0
= —0.2w0¢ sin55°i + 0.2w0 ¢ c0s 55°] (§))

We can also express vg as
Vg =Vp+wpg XTIg/p

i j k
=-2i+ 0 0 wpQ |-
—0.4cosp 0.4sinp 0

Equating i and j components in Equations (1) and (2), we
get —0.2w0¢ sin55° = =2 — 0.4wpg sin B, and 0.2wpg cos55° =
—0.4wp g cos B. Solving, we obtain

woo =9.29 rad/swpg = —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 left, from
which

120 vy

VH )

The angular velocity of the small pulley is

vy 40
w=—=— =1rad/s |
R 40
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Problem 17.162 If the crankshaft A B is turning in the y
counterclockwise direction at 2000 rpm (revolutions per
minute), what is the velocity of the piston?

Solution: The angle of the crank with the vertical is 45°. The Equate expressions for vp and separate components:
angular velocity of the crankshaft is

—296.2 = 4.796wpc,

2
@ = 2000 (-”) — 209.44 rad/s.
60 —296.2 = ve — 1.414wpc.

The vector location of point B (the main rod bearing) rp =
2(—isin45° + jcos45°) = 1.414(—i + j) in. The velocity of point B
(the main rod bearing) is

Solve: | ve = —383.5j (in/s) = —32j (ft/s) |,

wpc = —61.8 rad/s.

i

VB =@ XTIp/pA = 1.414w 0 0
-1 1

(=

= —296.2(i +j) (in/s).

From the law if sines the interior angle between the connecting rod
2 5

—— = —— from
sin 6 sin 45°

and the vertical at the piston is obtained from
which

25in45°
6 = sin™! ( s”; ) — 16.43°.

The location of the piston is rc = (2sin45° + 5cos 6)j = 6.21j (in.).
The vector rg;c =rp —rc = —1.414i — 4.796j (in.). 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
VB =Vc +®pc XIp/c = vej + 0 0 wBC

1414 —-4.79 0

=vcj+4.7%wpci — 1.414wpcj (in/s).
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Problem 17.163 In Problem 17.162, if the piston is
moving with velocity ve = 20j (ft/s), what are the angu-
lar velocities of the crankshaft AB and the connecting
rod BC?

Solution: Use the solution to Problem 17.162. The vector location
of point B (the main rod bearing) rg = 1.414(—i + j) in. From the law
if sines the interior angle between the connecting rod and the vertical
at the piston is

. _y {2sin45° .
6 = sin — = 16.43".

The location of the piston is rc = (2sin45° + 5cos0)j = 6.21j (in.).
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
VB = V¢ +@pc X Tp/c = 2405 + 0 0 wBC
—1.414 —4.796 0

vp = 240j + 4.79%wpci — 1.414wpcj (in/s).

In terms of the crank angular velocity, the velocity of point B is
j k

VB = WAB XrB/A :1.414wA3 0 0 1
1 0

= —1.414wa5(i +j) (in/s).

Equate expressions and separate components:

4.796wpc = —1.414wpc = —1.414wsp.

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 velocity v¢e =20j (ft/s), and its
acceleration is zero, what are the angular accelerations
of crankshaft AB and the connecting rod BC?

Solution: Use the solution to Problem 17.163. rp/a = 1.414(—i+

Jjin,wap = —131.1 rad/s, rg/c =rp —rc = —1.414i — 4.796j (in.),
wpc = 38.65 rad/s. For point B,

2
ap = a4 +oAp XTB/A — WupTB/A
i

= 1.414as4p | O

ik
0 1 |—1.4140%,(=i+j),
-1 10

ag = —1.414045 (i + j) +24291G — j) (in/s?).

In terms of the angular velocity of the connecting rod,

ap =ac +apc XIp/c — w%CrB/c,

i i Kk
agp=agc| O 0 1| —wo(—1.414i — 4795)) (in/s?),
—1.414 —4.796 0

ap = 4.796apci — 1.414agcj + 2112.3i + 71630j (in/s?).

Equate expressions and separate components:
—1.41404p + 24291 = 4.7960pc + 2112.3,

—141400p — 24291 = 1.414apc + 7163.

Solve: ‘ aap = —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 BCD and the
velocity of point D.

HSiﬂ—»L6in» 4in [s—
Solution: The strategy is to determine the angular velocity of bar
BC from the instantaneous center; using the constraint on the motion D
of C. The vector rga =rp —ry = (8i+4j) —4j = 8i (in.). The y
velocity of point B is vg = @ap x rp/a = wap(k x 8i) = 48] (in/s). y
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

6 rad/s ' 12in.

B
8 in.—-L6 in.-L in

rp/1c =g —ric = (8i+ 4j) — (14i — 4j) = —6i (in.).

P B

The velocity of point B is

i
vg=wpc xrgjic=| 0 0 wpc | =—6wpcj=48j,
-6 0 0
from which
48
wpc = —5 = —8 rad/s |

The velocity of point C is

i k
vc=wpc xrcyic=|0 0 wpc | =96i (infs).
0 12 0

The velocity of point D is normal to the unit vector parallel to BCD

6i + 12 0.4472i + 0.8944j
e=———=0. 1 . .
V62 + 1212 !

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 CD are (14, 12). The instantaneous center is translating at velocity
vc, from which the velocity of point D is

Vp = V¢ +®wpc XYpj/icp = 96i — 8(k x (4i + 8j))

= 160i — 32j (in/s).
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Problem 17.166 In Problem 17.165, bar AB rotates
with a constant angular acceleration of 6 rad/s in the
counterclockwise direction. Determine the acceleration
of point D.

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 rg;q =rp —
r4 = 8i (in.). The acceleration of point B is

ag = aap X Tp/a — 0°Ta/p = 0— 36(8i) = —288i (in/s?).
From the solution to Problem 17.165, wpc = —8 rad/s. (clockwise).
rc/p =rc — vp = (14i + 12j) — (8i) = 6i + 12 (in.).

The vector rg/c = —rc/p. The acceleration of point B in terms of the
angular acceleration of point C is

2
ap =ac +apc X rpc — Wycrp/C

i j k
=aci+ 0 0 ape | — 64(—6i — 12j).
-6 —12 0

ap =aci+ 12apci — 6apcj+ 384i + 768j.
Equate the expressions and separate components:
— 288 =ac + 12apc + 384, 0= —6apc + 768.

Solve apc = 128 rad/s? (counterclockwise), ac = —2208 in/s>. The
acceleration of point D is

2
ap =ac +apc X rp/c —WpcrpD/C

i j k
=-2208i+| 0 0 apc | — who(i+8j).
48 0

ap = —2208i + (128)(—8i + 4j) — (64)(4i + 8j)
= —3490i (in/s?) i
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Problem 17.167 Point C is moving to the right at
20 in./s. What is the velocity of the midpoint G of bar
BC?

Solution:

i k .
VB =VA+Wpg XTI =0+(0 0 .
B A AB X TB/A 4 4 “’SB Lzﬁn 10 in }
Also,

i j k

vp :VC+WBC><I‘B/C=20i+ 0 0 wpc|-

—-10 7 0

Equating i and j components in these two expressions, —4wap = 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 k
VG = V¢ +Wpe X rg/c =20i+| 0 0 wpc
-5 35 0

=15.881—5.88 j (in/s).

Problem 17.168 In Problem 17.167, point C is mov-
ing to the right with a constant velocity of 20 in./s. What
is the acceleration of the midpoint G of bar BC?

Solution: See the solution of Problem 17.167.
ap =ag +oap XTp/a — wiBI‘B/A
k

app | — 4+ 4j).
0

=0+

B O =
B O

Also, ap = ac + apc X rp/c — w%ch/C

i j Kk
=0+| 0 0 agc|—wie(—10i+7j).
—-10 7 0

Equating i and j components in these two expressions,
—4aap — 4w%3 = —Tapc + lOw%C,

dasp —4w%3 = —10agc — 7“)%;(:’
and solving yields app = —4.56 rad/sz, apc =4.32 rad/sz.

2
Then ag = ac + apc X rG/c — WpcrG/C

i j Kk
=0+|0 0 apc|—whe(—5i+3.5))
-5 35 0

= —8.18i — 26.4j (in/s?).
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Problem 17.169 In Problem 17.167, if the velocity of
point C is v¢ = 1.0i (in./s), what are the angular veloc-
ity vectors of arms AB and BC?

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
known velocity of C:

i j k
VB =Vc +®pc XIp/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.

k
VB = @AB X TpjA = wap | = —4wap(i —j) (in/s)
0

O -
S O

Equate expressions, separate components,

1.0 —7wpc = —4wap, —10wpc = dwap.

Solve: wap = —0.147 rad/s, wpc = 0.0588 rad/s, from which

0ap = —0.147K (rad/s) |

wpc = 0.0588k (rad/s)

Problem 17.170 Points B and C are in the x-y
plane. The angular velocity vectors of arms AB and
BC are wap = —0.5k (rad/s) and wpc = 2.0k (rad/s).
Determine the velocity of point C.

Solution: The vector
rg/a = 760(icos 15° — jsin 15°) = 734.1i — 196.7j (mm).

The vector

rc/s = 9003 cos 50° + jsin 50°) = 578.5i + 689.4j (mm).

The velocity of point B is

i j k
VB :a)AerB/A:—O.S 0 0 1
734.1 —-196.7 O

vp = —98.35i — 367.1j (mm/s).

The velocity of point C

Vc =Vp +®pc X Yc/B

= —98.35i — 367.1j + (2)(k x (578.5i 4 689.4j)),

Ve = —98.35i — 367.1j — 1378.9i + 1157.0j
= —1477.2i + 790j (mm/s)
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Problem 17.171 In Problem 17.170, if the velocity
vector of point C is v¢ = 1.0i (m/s), what are the
angular velocity vectors of arms AB and BC?

Solution: Use the solution to Problem 17.170. The velocity of point C is
The vector
Ve =Vp +®wpc X Xc/B
rg/a = 760(icos 15° — jsin 15°) = 734.1i — 196.7j (mm).
i J k
The vector =196.Twapi+ 734.1waBj + 0 0 wpc |,
5785 6874 0
rc/s = 900(3i cos 50° + jsin 50°) = 578.5i + 689.4j (mm).
1000i = 196.7w4pi + 734.1wapj — 687.4wpci+ 578.5wpcj (mm/s).
The velocity of point B is
Separate components:
i j k
VB = WAB X Tp/A = 0 0 WAB 1000 = 196.7wap — 687.4wpc, 0 = 734.1wap + 578.5wp.
7341 —-196.7 0

Solve: | w4z = 0.933k (rad/s) | | wgc = —1.184k (rad/s)

= 196.7w4pi + 734.1w4pj (mm/s).

Problem 17.172 In Problem 17.170, if the angular
velocity vectors of arms AB and BC are wsp =
—0.5k (rad/s) and wpc = 2.0k (rad/s), and their angular
accelerations are a4 = 1.0k (rad/sz), and opc =
1.0k (rad/s?), what is the acceleration of point C?

Solution: Use the solution to Problem 17.170. The acceleration of point C is
The vector

ac = ap +apc Xrc/p — w%;CrC/B
rg/a = 760(icos 15° — jsin 15°) = 734.1i — 196.7j (mm).

i ik
The vector —ap+ 0 0 1| —(2%(578.5i 4+ 689.4j)
578.5 689.4 0

rc/g = 900(3i cos 50° + jsin 50°) = 578.5i + 689.4j (mm).

. o . ac = 13.2i + 783.3j — 689.4i + 578.5j — 2314i — 2757.8j (mm/s?).
The acceleration of point B is

ac = —2990i — 1396j (mm/s?)

i j k
ap = 0Ap XTIp/A 7&)%31‘3/,4 0 0 1
734.1 —-196.7 0

— (0.5%)(734.1i — 196.7j) (mm/s?).

ap = 196.7i + 734.1j — 183.51 + 49.7j = 13.2i + 783.28] (mm/s?).
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Problem 17.173 In Problem 17.170 if the velocity of
point C is v¢ = 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 rp /A =
760(i cos 15° — jsin 15°) = 734.1i — 196.7j (mm). The vector r¢;p =
900(i cos 50° + jsin 50°) = 578.5i + 689.4j (mm). The velocity of

point B is
i j k
VB :a)ABXI‘B/A: 0 0 WAB
734.1 —-196.7 O
= 196.7Twapi + 734.1wapj (mm/s).
The velocity of point C is
Ve =Vp +®wpc X Yc/B
i j k
=196.Twapi+ 734.1waBj + 0 0 WRC
578.5 689.4 0
1000i = 196.7wapi + 734.1wspj — 689.4wpci
+ 578.5wpcj (mm/s).
Separate components:

1000 = 196.7wsp — 689.4wpc,

0="734.1wap + 578.5wp¢.

Solve: wap = 0.933k (rad/s), | wpc = —1.184k (rad/s) |.

The acceleration of point B is
i J k

ap = 0ap X Tp/a — W4 pTR/A = 0 0 aaB
734.1 —196.7 0

— (@3 p)(734.1i — 196.7j) (mm/s)>.

ap = 196.7a4pi + 734.1aapj — 639.0i + 171.3j (mm/s?)
The acceleration of point C is
ac =ap +apc Xrc/p — w%;Cl'C/B
i j k
=ag+| 0 0 apc | — (@3e)(578.51 + 689.4)
578.5 6894 0

ac =0 =wa4p(196.7i + 734.1j) + apc(—689.4i + 578.5j)

— 811.0i — 966.5j — 639.0i + 171.3j (mm/s?)

Separate components:
196.7a4p — 689.4apc — 811.3 — 639.0 = 0,

734.1asp + 578.5apc — 966.5 4+ 171.3 = 0.

Solve: aap = 2.24 rad/s%, | apc = —1.465 (rad/s?)
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Problem 17.174 The crank AB has a constant B

clockwise angular velocity of 200 rpm. What are the 5
velocity and acceleration of the piston P? 2in

i
Solution:

200 rpm = 200(27)/60 = 20.9 rad/s.

i j k
VB = VA + ®AB X Tp/A =0+4+({0 0 -20.9|.
2 2 0
i
Also, vp=vVp+wpp Xrgp=vpi+| 0 0 wpp|.
-6 2 0

Equating i and j components in these two expressions,
—(=20.9)(2) = vp — 2wpp, (—20.9)(2) = —6wpp,
we obtain wpp = 6.98 rad/s and vp = 55.9 in/s.
ap =ag +oap XTp/A — w,%,BFB/A

=0+0— (—20.9)2(2i + 2j).

. 2
Also, ap =ap +agp X Tp/p — WpprB/P

i j k
=api+| 0 0 app|—whp(—6i+2j).
-6 2 0

Equating i and j components,
—2(20.9)2 = ap — 2app + 6w p,
—2(20.9)2 = —6app — 203,

and solving, we obtain ap = —910 in/s?.
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Problem 17.175 Bar AB has a counterclockwise
angular velocity of 10 rad/s and a clockwise angular
acceleration of 20 rad/s>. Determine the angular
acceleration of bar BC and the acceleration of point C.

Solution: Choose a coordinate system with the origin at the left
end of the horizontal rod and the x axis parallel to the horizontal rod.
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 —rs = (8i+4j) —4j = 8i (in.).

The velocity of point B is

i j k
vg =wap xrga= |0 0 10 [ = 80j (in/s).
8 0 O
The acceleration of point B is
i j k
ap = 0AB X TB/A — a)2rA/3 =0 0 -20|—100(8i)
8 0 O

= —800i — 160j (in/s?).

The velocity of point B is normal to the x axis, and the velocity of
C is parallel to the x axis. The line perpendicular to the velocity at
B is parallel to the x-axis, and the line perpendicular to the velocity
at C is parallel 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 + 4j) — (14i — 4j) = —6i (in.).

The velocity of point B is

i j k

vg=wpc xrgjic=| 0 0 wpc | =—6wpcj=280j,
-6 0 0

from which wgc = 3 = —13.33 rad/s.

The vector rc/p = rc —rp = (14i) — (8i + 4j) = 6i — 4j (in.).

The acceleration of point C is

2
ac =ap +apc Xrc/p — Wpcrc/B

i j Kk
=—800i—160j+ | 0 0 apc |—1066.7i+ 711.1j (in/s?).
6 -4 0

The acceleration of point C is constrained to be parallel to the x axis.
Separate components:

ac = —800 + 4apc —1066.7, 0= —1604+ 6apc + 711.1.

Solve:

ac = —2234i (in/s?) H apgc = —91.9 rad/s? | (clockwise).
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Problem 17.176 The angular velocity of arm AC is
1 rad/s counterclockwise. What is the angular velocity
of the scoop?

0.15m 0.6 m— 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 rp =
0.6i (m), r¢c = —0.15i + 0.6 (m), rp = (1 —0.15)i + 1j = 0.85i +
j (m), from which rp,c =rp —rc =1i+0.4j (m), and rp,p =
rp —rp = 0.25i 4+ j (m). The velocity of point C is

ik
Ve = ®Ac X Tc/a = 0 0  wac
—0.15 0.6 0

= —0.6i — 0.15j (m/s).

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

i k
Vp = V¢ +(¢)CDXI'D/C=—O.6i—0.]5j+ 0 0 wcp
1 04 0

= —0.6i — 0.15j + wcp(—0.4i + j).

The velocity of point D in terms of the angular velocity of the scoop is

i j k
Vp = @pp X Ip/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:

wcep = 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 at A and the y axis vertical. The
vector locations of B, C and D are rg = 0.6i (m), rc = —0.15i +
0.6j (m), rp = (1 —0.15)i + 1j = 0.85i + j (m), from which rp,c =
rp —rc = li+0.4j (m), and rp/p =rp —rg = 0.25i +j (m). The
velocity of point C is

i i Kk
Ve = WAC XTc/ja = 0 0 WAC =—1.2i—0.3j (m/s).
—-0.15 0.6 O

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

i k
Vp = V¢ +wCD><I‘D/C=—1.2i—0.3j+ 0 0 wcp
1 04 0

= —1.2i — 0.3j + wcp (—0.4i + j).

The velocity of point D in terms of the angular velocity of the scoop
is

i j ok
vp=wpg xrpp=| 0 0 wpp | =wpp(—i+0.25)).
025 1 0

Equate expressions and separate components:

—1.2 - 0.4wcp = —wpp, —0.3 + wcp = 0.25wpp.

Solve: wcp = 0.667 rad/s, wpp = 1.47 rad/s. The angular accelera-
tion of the point C is

2
Ac = @AC X TC/A — WyacTC/A

i i k
=| 0 0  oaac | — wie(—0.15i+0.6)),
-0.15 06 0

ac = 2.4i + 0.6 + 0.6 — 2.4j = 3i — 1.8j (m/s?).

500

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

2
ap =ac +acp XIp/c —W:prp/C

i j Kk
=3i—18j+|0 0 acp |—wiyi+04j.
1 04 0

ac = acp(—0.4i +j) + 2.56i — 1.98j (m/s?).

The acceleration of point D in terms of the angular acceleration of
point B is

2
ap =app X rp/B — WzpTD/B

i j k
=] 0 0 acp |—w},025+])).
025 1 0

ap = app(—i+ 0.25j) — 0.538i — 2.15j.
Equate expressions for ap and separate components:
—0.4acp +2.56 = —apgp — 0.538,

acp — 1.98 = 0.25app — 2.15.

Solve:

acp = —1.052 radis?, | agp = —3.51 rad/s? |,

where the negative sign means a clockwise acceleration.




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 + 0.8j (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/4 = 300(i cos 30° + jsin 30°) = 259.8i + 150j (mm),

rc/p = 250(icos 20° — jsin20°) = 234.9i — 85.5j (mm),

rc/p = —250i (mm)

The velocity of the point B is

ik
VB =WaAB X TpjA = 0 0 wag
259.8 150 0

vp = —150wapi + 259.8waBj.

The velocity of point C in terms of the velocity of B is
i j k
Ve = VB +®@pc XTc/p=Vp + 0 0 wBC
2349 855 0
= —150wapi+ 259.8wapj + 85.5wpci + 234.9wpcj (mm/s).
The velocity of point C in terms of the velocity of point D is
i ik
Ve =Vp +(¢)CD><I‘C/D=200i+800j+0.3 0 0 1
-250 0 O
= 200i + 725j (mm/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.

Planet gears (3)

Sun gear

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 - Ring Gear
gear, point P be the center of the upper planet gear, and point C be
the point of contact between the upper planet gear and the ring gear.
The angular velocity of the sun gear is

_120Qm)

47 rad/s,
60

s

Planet

from which @s = 4k (rad/s). At the point of contact between the sun Gears (3)

gear and the upper planet gear the velocities are equal. The vectors
are: from center of sun gear to S is rp/s = 20j (in.), and from center
of planet gear to S is rs/p = —7j (in.). The velocities are: L)

vVs/o = Vo + w5 X (20§) = 0+ ws(20)(k x j)

Vs/jo = 200)5

O O
—_ O

k
1 | = —-20(ws)
0

i = —251.3i (in/s).

From equality of the velocities, vs/p = V50 = —251.3i (in/s). The
point of contact C between the upper planet gear and the ring gear is
stationary, from which

vs/p = —2513i=ve + wp X rey/s
i j k
=0+ 0 0 wp | = l4wpi= —251.3i
—-14 0 O

from which | wp = 17.95 rad/s.

The velocity of the centerpoint of the top most planet gear is

Vp = Vs/p +@p X tpjs = —251.3i + (=17.95)(=7)(k x j)

j Kk
= —251.3i + 125.65 0 1
1 0

O O e

vp = —125.7i (in./s)

The magnitude is | vpp = 125.7 in./s

By symmetry, the magnitudes of the velocities of the centerpoints of
the other planetary gears is the same.
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the arm BC and the velocity at which is slides relative

Problem 17.180 Arm AB is rotating at 10 rad/s in the
clockwise direction. Determine the angular velocity of /\ B
to the sleeve at C. \ a

™

Solution: The position vectors are

rg/a = 1.8(icos30° + jsin30°) = 1.56i + 0.9 (m).

rp/c =TB/A — 2i = —0.441i 4+ 0.9j (m).

The velocity of point B is

T T
VB :wAerB/A: 0 0 —10 =9l—156j (m/%)
156 09 0

The unit vector from B to C is

esc = /€ _ 0.4401i — 0.8979j.
Irg/cl

The relative velocity is parallel to this vector:

Verel = Ucrelegc = Ucrel (0.4401i — 0.8979j)(m/s)

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

i i ok
VB = Vrel + ®BC X rp/Cc = Vrel + 0 0 wpcC | »
—-0.441 09 O

vp = 0.4401vcreli — 0.8979vcre1j — 0.9wpci — 0.441wpcj (m/s).

Equate the expressions for vg and separate components:
9= 0.4401110-5] — 0.9a)3(j, and

—15.6 = —0.8979%v¢rel — 0.441wpc.

Solve:

Verel = 17.96 m/s | (toward C).
wpc = —1.22 rad/s | (clockwise)

503



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 Collecting terms,

rg/4 = 1.8(icos30° + jsin30%) = 1.56i + 0.9 (m). ap = acrel(0.4401i — 0.8979j) — apc(0.9i + 0.4411j)

rg/c =rpja — 2i = —0.441i + 0.9j (m). — 38.61 — 20.6j (m/s?).

The angular velocity: Equate the two expressions for ag and separate components:
wpc = —1.22 rad/s, —137.9 = 0.4401lacrel — 0.9apc — 38.6,

and the relative velocity is vcre] = 17.96 m/s. and — 121.2 = —0.8979acre — 0.4411aegc — 20.6.

The unit vector parallel to bar BC is e = 0.4401i — 0.8979j Solve: acre = 46.6 m/s? (toward C)
: rel = 46.

apc = 133.1 rad/s?

The acceleration of point B is

2
ap = oA X Tp/A — WLpTB/A

i j ok
=| 0 0 aap |—a}y(1.56i+0.9)),
1.56 0.9 0

ap = 18i — 31.2j — 155.9i — 90j = —137.9i — 121.2§ (m/s?).

The acceleration of point B in terms of the acceleration of bar BC is

2
ag = acrel +20pc X Verel + ®Bc X Tp/c — WpeTB/C-

Expanding term by term:

acrel = dcrer (0.4401i — 0.8979j) (my/s?),

i j K
2wpc X Verel = 2VCrelWBC 0 0 1
0.440 —-0.8979 0

= —39.26i — 19.25j (m/s?),

i j k
0 0 oapc
—0.4411 09 0

0pc XTp/C

apc(—0.9i — 0.4411j) (m/s?)

— w3 (—0.4411i + 0.9))

= 0.6539i — 1.334j (m/s?).
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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:

rp/a = 6i + 12j (in.). rc/p = 16i — 2j (in.).

The velocity of point B is

i k
VB = WAB X TB/A = 0 0 10 | =—120i+ 60j (in/s).
6 12 0

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

i j Kk
Ve =Vg+wpc xrcp=vg+| 0 0 wpc
16 -2 0

= —120i + 60j + wpc (21 + 16]) (in/s)

The velocity of point C in terms of the velocity of the gear arm CD is

i j Kk
Ve =wWcp XXc/p = 0 0 wcp
-6 10 0

= —IOwCDi — 6chj (in/s).

Equate the two expressions for v¢ and separate components:

— 120 + 2wpc = —10wcp, 60+ 16wpc = —6a)CD.

Solve: wpc = —8.92 rad/s, wcp = 13.78 rad/s,
where the negative sign means a clockwise rotation. The velocity of

the rack is

i j ok
VR =@cp XTr/p=|0 0 wcp | =6wcpj,
6 0 0

vr = 82.7j (in/s) = 6.89j (ft/s)

The angular acceleration of point B is
ap = —w}grp/a = —100(6i + 12§) = —600i — 1200 (in/s?).
The acceleration of point C is

2
ac = ap +apc X rc/p — Wpcrc/B,

i J ok
ac=ag+| 0 0 apc |—wh-(16i—2j)
16 -2 0

=ap + 2upci + 16apcj — 0 (161 — 2j).
Noting
ap — Wy (161 — 2j) = —600i — 1200§ — 1272.7i + 159.1j

= —1872.7i — 1040.9j,

from which ac = +apc(2i+ 16j) — 18731 — 1041j (in/s?)

The acceleration of point C in terms of the gear arm is

2
ac =oacp Xre/p — Weprc/p

i j Kk
=| 0 0 acp |—wky(—6i+10j) (in/s?),
-6 10 0

ac = —10a¢pi — 6acpj + 1140i — 1900j (in/s?).

Equate expressions for ac and separate components:
2apc — 1873 = —10a¢p + 1140,

16apc — 1041 = —60cp — 1900.

acp = 337.3 rad/s”®, and apc = —180.2 rad/s’.

Solve:

The acceleration of the rack R is the tangential component of the
acceleration of the gear at the point of contact with the rack:

k

acp
0

= 6acpj (in/s?).

O O =

i
ag =acp xrr/p=| 0
6

‘ ag = 2024j (in/s?) = 169j (ft/s?) ‘
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Problem 17.183 In Problem 17.182, if the rack R of
the rack-and-pinion gear is moving upward with a con-
stant velocity of 10 ft/s, what are the angular velocity
and acceleration of bar BC?

Solution: The constant velocity of the rack R implies that the The acceleration of point B in terms of the angular acceleration of arm
angular acceleration of the gear is zero, and the angular velocity of AB is

120
the gear is wcp = < = 20 rad/s. The velocity of point C in terms

_ _ 2
of the gear angular velocity is ap = ®ap X Tp/a — WypTB/A

= aap(k x (6i + 12j)) — ] 5 (61 + 12j) (in/s?)

i j k
Ve=wep xrep=| 0 0 20 | =—200i — 120j (in/s).
6 10 0 ag = asp(—12i + 6j) — 1263.2i — 2526.4j (in/s2).

The velocity of point B in terms of the velocity of point C is Equate the expressions for a5 and separate components:

i i K —2apc + 5080 = — 12045 — 1263.2,
VB =Vc +®pc XTp/c =Ve + 0 0 wpc |,
—-16 2 0 — 16apc — 4335 = 6asp — 2526.4.

v = —200i — 120j — 2wpci — 16wpcj (in/s). Solve: app = —515.2 rad/s, | apc = 80.17 rad/s?

The velocity of point B in terms of the angular velocity of the arm

AB is
i j ok
Vg =wap XTrga= |0 0 wap
6 12 0

= —12wapi + 6wagj (in/s).

Equate the expressions for vp and separate components

—200 — 2wpc = —12wap, —120 — 16wpc = bwap.

Solve: wap = 14.5 rad/s, | 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 =acp Xrc/p — w%DI‘C/D =0- w%D(76i+ 10§)

= 2400i — 4000 (in/s?).

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

2
ap =ac +apc XIrp/c — Wycrp/C

i j kK
=ac+| 0 0 apc |—who(—16i+2j).
-16 2 0

ap = apc(—2i — 16j) + 2400i — 4000j 4 2680i — 335j.

ap = —2apci — 16agcj + 5080i — 433.5§ (in/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
VB =Va+Wap XIpa=04+10 0 2|=—4i+42j (m/s).
1 2 0
Ve =Vp+WBc XTIC/B:
i k
Uci = —4i+ 2j +10 0 WRC
2 =2 0
From the i and j components of this equation,
ve = —4 4+ 2wpc,
0=2+ szCs
we obtain wgc = —1 rad/s.
ap = a4 +oAp XTp/A — wf\BI‘B/A
=0+0—(2)%G+2j)
= —4i — 8j (m/s?).
ac =ap +apc Xrc/p — w%CI‘C/B :
i k
aci=—4i—8j+|0 0 apc|—(—D2Q2i-2j).
2 =2 0

From the i and j components of this equation,
ac = —4 +2apc — 2,

0=—-8+2apc +2,

we obtain ac = 0. The force exerted on the collar at this instant is

zero, so Tgc = 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 is 400 mm,
and the distance from C to the pulley is 340 mm. The
angular velocities wap = 1.5 rad/s and wpc = 2 rad/s
are constant. What is the tension in the cable?

Solution:
ag = —w’prp/al = —(1.5)2(0.3)i

= —0.675i (m/s?).

ac = ap — a)écl‘c/[;
= —0.675i — (2)2(0.4 cos 60°i + 0.4 sin 60°j)

= —1.475i — 1.386j(m/s?).

ac - e = (—1.475)(— cos 30°) + (—1.386)(sin 30°)

=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.

Problem 17.186 The secondary reference frame shown y
rotates with a constant angular velocity @ = 2k (rad/s)
relative to a primary reference frame. The point A moves
outward along the x axis at a constant rate of 5 m/s.

(a) What are the velocity and acceleration of A relative /s
to the secondary reference frame? : x
(b) If the origin B is stationary relative to the primary B A
reference frame, what are the velocity and acceler-
ation of A relative to the primary reference frame
when A is at the position x = 1 m?
Solution: S
(@) Varel =51 (m/s),  aprel = 0;
i j k
VA=VB+VAre|+lA)><I‘A/B=O+5i+ 0 0 2|, or
1 0 0 5 m/s
va = 5i+ 2j (m/s) X
e s—————
) A
(b) ag =ap+apel +20 X Vol + € X Tp/p — @0Ty/B
i j k
a,=0+0+2(0 0 2|+0— (%@
500

= 420§ (m/s?) + 0 — (2)2(i) = —4i + 20§ (m/s?)
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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 + 200j (m). The ship also measures the velocity
of the buoy relative to its body-fixed coordinate system
and determines it to be 2i — 8j (m/s). What are the
ship’s velocity and angular velocity relative to the earth?
(Assume that the ship’s velocity is in the direction of the
y axis).

Solution:

VA =0=Vp + Varel +® XTa/p

i j k
=vpj+2i—-8j+| 0 0 ol.
400 200 0

Equating i and j components to zero, 0 =2 — 200w 0 =vp — 8 +
400w we obtain w = 0.01 rad/s and vg = 4 m/s.

509



