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20-1.

The propeller of an airplane is rotating at a constant speed z
w,1, while the plane is undergoing a turn at a constant rate

w;. Determine the angular acceleration of the propeller if

(a) the turn is horizontal, i.e., w/k, and (b) the turn is

vertical, downward, i.e., @,j.

SOLUTION )
(a) For wy, Q) = w, k. x y
(@) xvz = (@) + Q X o5
=0+ (0 k) X (i) = 050,
For w;, Q) = 0.
(@)xyz = (@) + A X 0k=0+0=0
a=o=(0)xyz + (@)xvz
a=w;0j +0=0w0j Ans.
(b) For o, Q = w,j.
(W) xyz = (@), + Q X o
= 0+(@)) X (@) = 0,0,k
For w,, ) = 0.

(d)t)XYZ = (d)t)xyz + QX wy = 0+0=0

a=o=(o)xyz + (0)xyz

a=—ow,w0k+0=—-0w,wk Ans.

Ans:
(a) @ = oy,
b)) a = —w;w,k
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20-2.
The disk rotates about the z axis at a constant rate z
w, = 0.5rad/s without slipping on the horizontal plane.
Determine the velocity and the acceleration of point A on
the disk.
— 4
SOLUTION w, = 0.5 rad/s i
~=~
R
Angular Velocity: The coordinate axes for the fixed frame (X, Y, Z) and rotating 150 mm
frame (x, y, z) at the instant shown are set to be coincident. Thus, the angular
velocity of the disk at this instant (with reference to X, Y, Z) can be expressed in
terms of i, j, k components. Since the disk rolls without slipping, then its angular ﬁ/ Yy
. o . . . . 300 mm
velocity w = wy; + w, is always directed along the instantaneuos axis of zero
velocity (y axis). Thus, x
0= w; T w,
—wj = —w, cos 30°j — w,sin 30°k + 0.5k
Equating k and j components, we have
0 = —w,sin30° + 0.5 w; = 1.00 rad/s
—w = —1.00 cos 30° o = 0.8660 rad/s
Angular Acceleration: The angular acceleration « will be determined by
investigating the time rate of change of angular velocity with respect to the fixed
XYZ frame. Since w always lies in the fixed X-Y plane, then w = {—0.8660j} rad/s is
observed to have a constant direction from the rotating xyz frame if this frame is
rotating at {) = w, = {0.5k} rad/s. Applying Eq.20-6 with (w),,, = 0, we have
a=w= (), T o, Xo=0+ 05k X (-0.8660j) = {0.4330i) rad/s?
Velocity and A cceleration: Applying Eqs.20-3 and 204 with the w and « obtained above
andr, = {(0.3 — 0.3 cos 60°)j + 0.3 sin 60°k} m = {0.15j + 0.2598k} m,we have
vy = Xry = (—0.8660j) X (0.15j + 0.2598k) = {—0.225i} m/s Ans.
aA=a><l‘A+w><(w><rA)
= (0.4330i) X (0.15j + 0.2598k)
+ (—0.8660j) X [(—0.8660j) X (0.15j + 0.2598Kk)]
= {-0.1125j — 0.130k} m/s? Ans.
Ans:

vy = {—0.225i} m/s
a, = {—0.1125j — 0.130k} m/s’
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20-3.

The ladder of the fire truck rotates around the z axis with an
angular velocity w; = 0.15rad/s, which is increasing at
0.8 rad/s>. At the same instant it is rotating upward at a
constant rate w, = 0.6 rad/s. Determine the velocity and
acceleration of point A located at the top of the ladder at
this instant.

SOLUTION
® = o + o = 0.15k + 0.6i = {0.6i + 0.15k} rad/s

Angular acceleration: For wy, o = w; = {0.15k} rad/s.

(@) xyz = (@) T © X

=0 + (0.15k) X (0.6i) = {0.09j} rad/s>
For w, 1 = 0.
(@1)xyz = (@1)4y: + © X 0 = (0.8k) + 0 = {0.8k} rad/s’

a=o0=(o)xyz T (@)xyz

a = 0.8k + 0.09j = {0.09j + 0.8k} rad/s?
14 = 40 cos 30% + 40 sin 30°k = {34.641j + 20k ft

VA:CL)XI'A

(0.6i + 0.15k) X (34.641j + 20k)

—5.20i — 12 + 20.8K] ft/s Ans.
{ J

ay=aXr+wXvy
= (0.09j + 0.8k) X (34.641j + 20k) + (0.6i + 0.15k) X (—=5.20i — 12j + 20.8k)

= {—24.1i — 13.3j — 7.20k} ft/s ns.
(—24.1i — 13.3j 20Kk} ft/s? A

Ans:

vy = {—5.20i — 12§ + 20.8k} ft/s
a, = {—24.1i — 13.3j — 7.20k} ft/s’
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*20-4.

The ladder of the fire truck rotates around the z axis with
an angular velocity of w; = 0.15 rad s, which is increasing
at 0.2 rad/s>. At the same instant it is rotating upward at
w, = 0.6 rad/s while increasing at 0.4 rad/s?. Determine the
velocity and acceleration of point A located at the top of
the ladder at this instant.

SOLUTION
r40 = 40 cos 30°j + 40 sin 30°k
ryo = {34.641j + 20Kk} ft

Q = wk + wyi = {0.6i + 0.15k} rad/s

© = k+oitokXawi
O = 0.2k + 0.4i + 0.15k X 0.6i = {0.4i + 0.09j + 0.2K} rad/s>
vi=Q X1y = (0.6 + 0.15Kk) X (34.641j + 20k)
v, = {—520i — 12j + 20.8K} ft/s Ans.
a, =0 X (Q Xryo) + o Xryo
a, = (0.6i + 0.15k) X [(0.6i + 0.15k) X (34.641j + 20Kk)]
+ (0.4i + 0.09j + 0.2k) X (34.641j + 20k)

a, = {~333i — 21.3j + 6.66k} ft/s> Ans.

Ans:

v, = [—520i — 12§ + 20.8k} ft/s
a, = {—3.33i — 21.3j + 6.66k] ft/s
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20-5.

If the plate gears A and B are rotating with the angular )I’

velocities shown, determine the angular velocity of gear C *

about the shaft DE. What is the angular velocity of DE dA> w,=5rad/s

about the y axis?

}-7 100 mm

- Wy 4
¢712( ) —E X
D —C -
SOLUTION 7 ZHTIAANRNNNYYY N
The speeds of points P and P’, located at the top and bottom of gear C, are Fi 100 mm
= (5)(0.1) = 0.5
v, = (5)(0.1) = 05m/s b wp= 15100
vy = (15)(0.1) = 1.5m/s
The IC is located as shown. P
0.5 1.5 &
= ———— x=0.0125m Qe ID-G;M
X (0.05 — x) - IC et P
Wy @p 0.0125
= ; o, =8 g £
100125 T B %ﬁw;
' X
1 Ly
0 =0od—-,)= ol co,j
8
V=wXr
1
0.5k = (w,,i - gwsj) X (=0.1i + 0.025j)
i i Kk
1
05k = | o, —gw 0Of = 001250k
-01 0025 0
05 40 rad/s Ans. (Angular velocity of C about DE)
¢ — - o v
“ 7 00125 8 Y
1
w, = §(40) = Srad/s Ans. (Angular velocity of DE about y axis)
Ans:

(a)c)DE =40 l‘ad/s
(wpg)y = Srad/s
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20-6.

The conical spool rolls on the plane without slipping. If the z
axle has an angular velocity of w; = 3rad/s and an ‘
angular acceleration of a; = 2 rad/s® at the instant shown,

determine the angular velocity and angular acceleration of o = 3radss O , \
the spool at this instant. ! N—r’
o = 2 rad/s? /|\,
20°
SOLUTION / y
w; = 3rad/s A B
3 8.7714 rad/s
W, = — = —8.
sin 20°
X

o = w; + wy, = 3k—8.7714 cos 20°j — 8.7714 sin 20°k

= {—8.24j} rad/s Ans. Z
(cbl)xyz = 2 rad/s?
(@) 10 = — 2 58476 rad/s’

2/ sin 20° '

a = (1) = ((b])xyz + w1 X w1 + ((bz)xyz + w1 X wy
=2k + 0 + (—5.8476 cos 20°j — 5.8476 sin 20°k) + (3k) X (—8.7714 cos 20°% — 8.7714 sin 20°k)

a = (24.7i—5.49j) rad/s? Ans.

Ans:
o = {—8.24j}rad/s
a = {24.7i — 5.49j} rad/s?
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20-7.

At a given instant, the antenna has an angular motion
w, = 3rad/s and @; = 2rad/s*> about the z axis. At this
same instant § = 30°, the angular motion about the x axis is
w, = 1.5rad/s, and @, = 4 rad/s%. Determine the velocity
and acceleration of the signal horn A at this instant. The
distance from O to Aisd = 3 ft.

SOLUTION
ra = 3cos30°% + 3sin 30°k = {2.598) + 1.5k} ft

Q=w1+w2=3k+15i

vy=Q Xry
va = Gk + 1.50) X (2598 + 1.5k)
= —7.794i + 3.897k — 2.25j
= {~7.79i — 2.25j + 3.90k]} ft/s Ans.
O = + o
= (2k + 0) + (4i + 3k X 1.5i) Ly
=4i + 455 + 2k X% E 3:'
1y

aA:d)XrA“FQXVA

a, = (4 + 455 + 2k) X (2.598j + 1.5k) + (3k + 1.5i) X (~7.794i — 2.25j + 3.879k)

a, = {8.30i — 35.2j + 7.02k]} ft/s? Ans.

Ans:
vy = {=7.79 — 2.25j + 3.90k} ft /s
a, = {8.30i — 35.2j + 7.02k} ft/s
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*20-8.

N

The disk rotates about the shaft S, while the shaft is
turning about the z axis at a rate of w, =4 rad /s, which is
increasing at 2 rad/s%. Determine the velocity and
acceleration of point A on the disk at the instant shown.
No slipping occurs.

SOLUTION

Angular Velocity. The instantaneous axis of zero velocity (/A) is indicated in Fig. a,
Here, the resultant angular velocity is always directed along /A. The fixed XYZ
reference frame is set to coincide with the rotating xyz frame.

®w=w + w

5 1
i — —— ok = —4k + oy
V26 V26 ’

Equating k and i components,

—Lw =4 w = 4\V26rad/s

5
—7—(4V26) = 0, w, =20rad/s
V26
5 1
Thus, @ = ——(4V26)i — —— (4V26)k = {20i — 4k} rad/s
V26 V26

Angular Acceleration. The direction of @, does not change with reference to xyz
rotating frame if this frame rotates with Q@ = @, = {—4k} rad/s. Here

((;)Z)x 5 . )
o vz _ I; (wz)xyz = S(wl)xyz =5(2) =10 rad/52
xyz
Therefore

(;"2 = ((bZ)xyz + QX (0]
10i + (—4k) X (20i)

= {10i — 80j} rad/s’

Since the direction of e; will not change that is always along z axis when Q = w,
then

®] = (@), T 0 X @

W = (d)l)xyz = {_Zk} rad/s2
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*20-8. Continued

Finally,

a=d)1+(b2

=2k + 10i — 80j
= {10i — 80j — 2k} rad/s’
Velocity and Acceleration. Here r, = {0.5i + 0.1k} m
V4= X1y = (20i — 4k) X (0.5i + 0.1k)
{~4.00j} m/s Ans.

aA=a><rA+w><(w><rA)

(10i — 80j — 2k) X (0.5i + 0.1k) + (20i — 4k) X (—4.00j)

{-24i — 2j — 40k} m/s? Ans.

Ans:
vy = {—4.00j}m/s
a, = {—24i — 2j — 40k} m/s’
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20-9.

The disk rotates about the shaft S, while the shaft is
turning about the z axis at a rate of w, =4 rad /s, which is
increasing at 2 rad/s%. Determine the velocity and
acceleration of point B on the disk at the instant shown.
No slipping occurs.

N

SOLUTION

Angular velocity. The instantaneous axis of zero velocity (IA) is indicated in Fig. a.
Here the resultant angular velocity is always directed along /A. The fixed XYZ
reference frame is set coincide with the rotating xyz frame.

w=w +w
5 1
——owi — ——owk = —4k + w)i
V26 V26
Equating k and i components,

—Lw =4 w = 4\/276rad/s
5

7 (4V26) = w, , = 20rad/s

V26

5 1
Thus, 0 = ——(4V26)i — ——
V26 V26
Angular Acceleration. The direction of w, does not change with reference to xyz
rotating frame if this frame rotates with & = @, = {—4k} rad/s. Here

(4V26)k = {20i — 4k} rad/s

(d)Z)xy 5 . )
(d)l) Z = I, ((Uz)xyz = S(wl)xyz = 5(2) — 10 I‘ad/sz
xXyz
Therefore,

(;)2 = (d)Z)xyz + QX )
= 10i + (—4k) X (20i)
= {10i — 80j} rad/s

Since the direction of e; will not change that is always along z axis when Q = w,
then

@ = (01)yy, + @ X 0

W = (‘bl)xyz = {_Zk} rad/s2
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20-9. Continued

Finally,
a= o + o
= —2k + (10i — 80j)
= {10i — 80j — 2k} rad/s’
Velocity and Acceleration. Here rz = {0.5i — 0.1j } m
vp = o X rg = (20i — 4k) X (0.5i — 0.1j)
= {~04i — 2j — 2k} m/s Ans.

ag = a Xrzg+ wX (0 Xrp)

(10i — 80j — 2k) X (0.5i — 0.1j) + (20i — 4k) X (—0.4i — 2j — 2k)

{~8.20i + 40.6j — k} rad/s Ans.

Ans:
vp = {~04i — 2j — 2k} m/s
ag = {~8.20i + 40.6j — k} rad/s’
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20-10.

The electric fan is mounted on a swivel support such Z
that the fan rotates about the z axis at a constant rate
of w, =1 rad/s and the fan blade is spinning at a

constant rate w; = 60 rad/s. If ¢ = 45° for the motion, w: /T\
determine the angular velocity and the angular | ;
acceleration of the blade. —Y Q\J/' T
¢
X y
SOLUTION

0= w, + w

= 1k + 60 cos 45°% + 60 sin 45°k

42.426j + 43.426k

4y + 43. rad/s ns.
{42.4j + 43.4k} rad/ A
O =w, t o

=0+0+ w, X o

1k X 42.426] + 43.426k Ans.
{~42.4i} rad/s? Ans.

Ans:
o = {42.4j + 43.4k} rad/s
a = {—42.4i} rad /s’
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20-11.

The electric fan is mounted on a swivel support such that the
fan rotates about the z axis at a constant rate of w, =1 rad/s
and the fan blade is spinning at a constant rate w, = 60 rad/s.
If at the instant ¢ = 45°, ¢ = 2 rad/s for the motion,
determine the angular velocity and the angular acceleration
of the blade.

SOLUTION

0= w, + w; t+ w,

1k + 60 cos 45% + 60sin 45°k + 2i
= 2i + 42.426j + 43.426k

{2i + 42.4j + 43.4k} rad/s
=0, + o, + o,
=0+ (0, + ) X oy + 0, X w,

=0+ (1k + 2i) X (42.426] + 43.426k) + 1k X (2i)

—42.426i + 84.853k — 84.853j + 2j

{~42.4i — 82.9j + 84.9k} rad/s’

Ans.

Ans.

Ans:
o = {2i + 42.4j + 43.4k} rad/s
a = [—42.4i — 82.9j + 84.9Kk]} rad /s’
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*20-12.

The drill pipe P turns at a constant angular rate
wp = 4 rad/s. Determine the angular velocity and
angular acceleration of the conical rock bit, which rolls
without slipping. Also, what are the velocity and
acceleration of point A?

SOLUTION

w=w + w

Since w acts along the instantaneous axis of zero velocity,
wj = wk + w,cos 45°% + w, sin 45°k

Setting w; = 4 rad/s

wj = 4k + 0.707w,j + 0.707w,k
Equating components

w = 0.707w,

0=4+ 0.707w,

® = —4 rad/s

wy, = —5.66 rad/s
Thus,

w = {~4.00j} rad/s
Q=

© = + @
=0+ w X (0)
=0 + (4k) X (—4j)
a = o = {16.01} rad/s’
Vi=w X1y
= (—4j) % [100(0.707)k]
= {-282.81} mm/s
{~0.283i} m/s

Va
Ay =a Xry+owXvy

(16i) X (100)(0.707)k + (—4j) X (—282.8i)
{~1131.2j — 1131.2k} mm/s?

a, = {~1.13j — 1.13k} m/s’

Ans.

Ans.

Ans.

Ans.

50 mm

Ans:
o = {—4.00j} rad/s
a = {16.01} rad/s?

vy = {~0.283i} m/s
a, = {~1.13j — 1.13k} m/s’
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20-13.

The right circular cone rotates about the z axis at a constant
rate of w; = 4rad/s without slipping on the horizontal
plane. Determine the magnitudes of the velocity and
acceleration of points B and C.

SOLUTION

w=w T w

Since w acts along the instantaneous axis of zero velocity
wj = 4k + w,c0845°j + w, sin 45°k.

Equating components,

o = 0.707 w,

0=14+ 0707w,

S
Il

—4 rad/s, wy = —5.66 rad/s

Thus,
o = {—4j} rad/s
Q= o
®=w t+w0=0+w0 X
=0 + (4k) X (—5.66 cos 45°j — 5.66 sin 45°k)
a = @ = {16i} rad/s’
v = o X rg = (—4j) X (0.1(0.707)j) = 0
vp =20

Ve = o X 1e = (—4j) X (0.1(0.707)k) = {—0.2828i} m/s

ve = 0.283 m/s

ag = a X rg+ o X vy =16i X (0.1)(0.707)j + 0

ag = {1.131k} m/s

ag = 1.13 m/s?

ac = a X re + o X ve = 16i X (0.1)(0.707)k + (—4j) X (—0.2828i)
ac = {—1.131j — 1.131k} m/s*

ac = 1.60 m/s?

Ans.

Ans.

Ans.

Ans.

> 50 mm

A B

z N
/'
¢

ﬁ), y \L\)L

da

w

Ans:

Vp — 0

ve = 0283 m/s
ag = 1.13m/s?
ac = 1.60m/s?
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20-14.

The wheel is spinning about shaft AB with an angular w,=10rad/s z
velocity of w; = 10 rad/s, which is increasing at a constant oy = 6 rad/s’
rate of w,= 6 rad/s?, while the frame precesses about the
z axis with an angular velocity of w, = 12 rad/s, which is
increasing at a constant rate of w, = 3 rad/s?. Determine
the velocity and acceleration of point C located on the rim
of the wheel at this instant.

SOLUTION

The XYZ fixed reference frame is set to coincide with the rotating xyz reference frame
at the instant considered. Thus, the angular velocity of the wheel at this instant can be w0, =12rad/s
obtained by vector addition of w, and w,, @, = 3rad/s?

S—
0 = o, + 0, = [10j + 12k] rad/s

The angular acceleration of the disk is determined from
a=w=0o0t+ 0,

If we set the xyz rotating frame to have an angular velocity of Q) = w, = [12k] rad/s,
the direction of w, will remain unchanged with respect to the xyz rotating frame which
is along the y axis. Thus,

@; = (@y)1y + 0, X 0 = 6] + (12k) X (10j) = [120i + 6j] rad/s*

Since w), is always directed along the Z axis where () = w),, then

P

wp = (@) + @p X 0, = 3k + 0 = [3K] rad/s’
Thus, « = (—120i + 6j) + 3k = [—120i + 6j + 3k] rad/s?
Here, rc = [0.15i] m, so that

ve = o X rc = (10j + 12Kk) X (0.15i) = [1.8j — 1.5k] m/s Ans.

and

ac=aXrc+ o X (o Xre)

= (—120i + 6j + 3k) x (0.15i) + (10j + 12k) X [(10j + 12k) X (0.15i)]

= [-36.6i + 0.45j — 0.9k] m/s? Ans.

Ans:
ve = {1.8j — 1.5k} m/s
ac = {—36.6i + 0.45j — 0.9k} m/s
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20-15.

At the instant shown, the tower crane rotates about the z
z axis with an angular velocity w; = 0.25 rad/s, which is |
increasing at 0.6 rad/s>. The boom OA rotates downward
with an angular velocity w, = 0.4 rad/s, which is increasing
at 0.8 rad/s?. Determine the velocity and acceleration of
point A located at the end of the boom at this instant.

:ID w; = 0.25rad/s

SOLUTION

o= w + w, ={-041i+ 025k} rad/s

Q = {0.25k} rad/s

o= (@)y: + QX 0 = (~08i + 0.6k) + (025k) X (—0.4i + 0.25k)

= {—0.8i — 0.1j + 0.6k} rad/s?
r, = 40 cos 30% + 40 sin 30°k = {34.64j + 20Kk} ft

Va= o X1, =(1-04i+ 025k) X (34.64j + 20k)

va = {~8.66i + 8.00j — 13.9K]) ft/s Ans.

ay= a1y + o X v, = (—08i—0.1j + 0.6k) X (34.64j + 20k) + (—0.4i + 0.25k) X (—8.66i + 8.00j — 13.9k)

a, = {—24.8i + 8.29j — 30.9k} ft/s? Ans.

Ans:
vy = {—8.66i + 8.00j — 13.9Kk} ft/s
a, = {—24.8i+ 8.29j — 30.9k} ft/s
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*20-16.

Gear A is fixed while gear B is free to rotate on the shaft S.
If the shaft is turning about the z axis at w, = 5rad/s,
while increasing at 2 rad/s?, determine the velocity and
acceleration of point P at the instant shown. The face of
gear B lies in a vertical plane.

SOLUTION
Q = {5k — 10j} rad/s
Q = {50i — 4j + 2k} rad/s’
vp=Q Xrp
vp  (5k — 10j x (160j + 80k)
vp = {—1600i) mm/s

= {—1.60i} m/s

aP=Q><vP+Q><rP

ap = (50i — 4j + 2K} X (160j + 80K) + (—10j + 5k) X (—1600i)

ap = {—640i — 12000j — 8000k} mm/s>

ap = {—0.640i — 12.0j — 8.00k} m/s>

Ans.

Ans.

b4
\

+

Ans:

vp = {—1.60i} m/s
ap = {—0.640i — 12.0j — 8.00k} m/s’
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20-17.

The truncated double cone rotates about the z axis at
w, = 0.4 rad/s without slipping on the horizontal plane. If
at this same instant , is increasing at @, = 0.5 rad/s?,
determine the velocity and acceleration of point A on

the cone.
SOLUTION
6 = sin! (E) = 30°
1
0.4
W5 = oS 0.8 rad/s

g
Il

0.8 cos 30° = 0.6928 rad/s

w = {—0.6928j} rad/s

Q = 0.4k
W= (@) T QX o ) b=
"5

= 0.5k + (0.4k) X (—0.6928j)
o = 0.2771i + 0.5k
ry = (3 — 3sin30°)j + 3 cos 30°k
= (L5 + 2.598Kk) ft

Vg =w XTIy

(—0.6928) x (1.55 + 2.598k)

v, = {—1.80i} ft/s Ans.

aA=a><1‘A+w><VA

(0.2771i + 0.5k) X (1.5j + 2.598k) + (—0.6928j) X (—1.80i)

a, = {—0.750i — 0.720j — 0.831k} ft/s> Ans.

Ans:
vy = {—1.80i} ft/s
ay, = {—0.750i — 0.720j — 0.831k]} ft/s2
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20-18.

Gear A is fixed to the crankshaft S, while gear C is fixed.
Gear B and the propeller are free to rotate. The crankshaft is
turning at 80 rad/s about its axis. Determine the magnitudes
of the angular velocity of the propeller and the angular

acceleration of gear B.

SOLUTION

Point P on gear B has a speed of

vp = 80(0.4) = 32 ft/s

The /A is located along the points of contant of B and C

“p _ 95

01 04

w, = 4wp

®w=—wpj + ok
= —wpj + dwpk

l'p/o = Olj = 0.4k

Vp = —32i

Vp = @ X I'pi0
i

—32i=0 -wp
0 0.1

—32i = —0.8wpi

wp = 40 rad/s

{—40j} rad/s

wp

w; = 4(40) k = {160k} rad/s

Thus,

w = wp T wy

Let the x,y,z axes have an angular velocity of () X wp, then

a:a):wp+a)3:0+wp><(wé+wp)

o

a = {—6400i} rad/s’

k

4(1)P
0.4

(—40§) X (160k — 40j)

0.1ft

80 rad/s

Ve

N
—

— .
zZZZA TN

B SSwWir7;

A
&
b 0.9t
P
0.4t W

i
Ans.
Ans.

Ans:

wp = {—40j} rad/s
ag = {—6400i} rad/s’
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20-19.

Shaft BD is connected to a ball-and-socket joint at B, and a
beveled gear A is attached to its other end. The gear is in
mesh with a fixed gear C. If the shaft and gear A are
spinning with a constant angular velocity o; = 8rad/s,
determine the angular velocity and angular acceleration of
gear A.

SOLUTION
75 100

y=tan! — = 14.04° B =sin' ——— = 18.87°
300 \V/300% + 752

The resultant angular velocity w = w; + w, is always directed along the

instantaneous axis of zero velocity /A.

w 8
Sn147.00° ~ sin1gs7e @ 13ddradss
® = 1344 sin 18.87°i + 13.44 cos 18.87°

{4.35i + 12.7j} rad/s

Wy 8

sin 14.04°  sin 18.87° w, = 6.00rad/s

w, = {6j} rad/s

w; = 8sin 32.91°1 + 8 cos 32.91°j = {4.3466i + 6.7162j} rad/s

For w, ) = w, = {6j} rad/s

(wl)xyz = (0)xy: T Q X oy
=0 + (6j) X (4.3466i + 6.7162j)
= {—26.08k} rad/s?
For w7, O=0.

(@)xvz = (@)y: + QX0 =0+0=10
a=w=(o)xyz + (@)xyz

a =0+ (—26.08k) = {—26.1k} rad/s’

Ans.
I
Y, o
B= 18.87°
147.09°
a
2’ = 8 rad/s
¥ = 14.04°
| ’ x
Ans.

Ans:
o = {4.35i + 12.7j} rad/s
a = {—26.1k} rad/s?
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*20-20.

Gear B is driven by a motor mounted on turntable C. If gear Z
A is held fixed, and the motor shaft rotates with a constant
angular velocity of , = 30rad/s, determine the angular
velocity and angular acceleration of gear B.

SOLUTION

The angular velocity w of gear B is directed along the instantaneous axis of zero
velocity, which is along the line where gears A and B mesh since gear A is held fixed.
From Fig. a, the vector addition gives

a)=wy+wz

2 1
= _wj — ——ok = 30j — wk Z:
NVERVE z 43
Equating the j and k components gives

2 o
Vo o = 15V/5 rad/s 'W';; 30"4”% v

1 * ]
———(15V5) = 0 w, = 15 rad
) LR
Thus, IA
o = [30j — 15Kk] rad/s Ans.

(@)
Here, we will set the XYZ fixed reference frame to coincide with the xyz rotating
frame at the instant considered. If the xyz frame rotates with an angular velocity of
Q = w, = [~15k] rad/s, then w, will always be directed along the y axis with
respect to the xyz frame. Thus,

iy = (@) + 0, X 0, = 0 + (=15k) X (30j) = [450i] rad/s’
When ) = w,, w, is always directed along the z axis. Therefore,
i, = (@) e + 0, X0, =0+0=0

Thus,

a =, + @, = (450i) + 0 = [450i] rad/s® Ans.

Ans:
o = [30j — 15Kk] rad/s
a = [450i] rad /s’
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20-21.

Gear B is driven by a motor mounted on turntable C. If gear
A and the motor shaft rotate with constant angular speeds of
w, = {10k} rad/s and o, = {30j}rad/s, respectively,
determine the angular velocity and angular acceleration of
gear B.

SOLUTION
If the angular velocity of the turn-table is w,, then the angular velocity of gear B is
0 = o, + 0, = [30j + wk]rad/s

Since gear A rotates about the fixed axis (z axis), the velocity of the contact point P
between gears A and B is

v, = w4 X 14 = (10k) X (0.3j) = [-3i] m/s

Since gear B rotates about a fixed point O, the origin of the xyz frame, then

vV, = o X Top
=3i = (30j + wk) X (0.3j — 0.15k)
=3i = —(45 + 03w,)i
Thus,
-3 =-(45+ 03w,
w, = —5Srad/s
Then,
o = [30j — 5k]rad/s Ans.

Here, we will set the XYZ fixed reference frame to conincide with the xyz rotating
frame at the instant considered. If the xyz frame rotates with an angular velocity of
Q) = w, = [-5k] rad/s, then w, will always be directed along the y axis with respect
to the xyz frame. Thus,

@y = (@y)0e + 0, X @, = 0 + (—5k) X (30j) = [150i] rad/s
When ) = w,, w, is always directed along the z axis. Therefore,

b, = (@) + 0, X0, =0+0=0
Thus,

a =, + o, = (150i + 0) = [150i] rad/s Ans.

o, =30rad/s

P
}0.15m

Ans:

o = {30j — Sk}rad/s
a = {150i}rad/s?
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20-22.

The crane boom OA rotates about the z axis with a constant
angular velocity of w; = 0.15rad/s, while it is rotating
downward with a constant angular velocity of
w, = 0.2 rad/s. Determine the velocity and acceleration of
point A located at the end of the boom at the instant shown.

SOLUTION

® = w; + wy = {0.2j + 0.15k} rad/s

Let the x, y, z axes rotate at () = wy, then

@ = (@), + 1 X 0
@ =0+ 0.15k X 0.2j = {—0.03i} rad/s

ry = [V(110)> — (50)]i + S0k = {97.98i + 50k} ft

i j Kk
Vi=wxXr,=| 0 02 015
9798 0 50
va = {10i + 14.7j — 19.6k} ft/s Ans.
i j k i k
a =axXr,+wxvy=]-003 0 0|+|0 02 015

97.98 0 50 10 147 -19.6

a, = {—6.12i + 3j — 2k) ft/s’ Ans.

Ans:

vy = {10i + 14.7j — 19.6K} ft /s
a, = {—6.12i + 3j — 2k} ft /s’
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20-23.

The differential of an automobile allows the two rear
wheels to rotate at different speeds when the automobile
travels along a curve. For operation, the rear axles are
attached to the wheels at one end and have beveled gears A ‘ m

and B on their other ends. The differential case D is placed NN

over the left axle but can rotate about C independent of the B \\\\‘\"ll////

axle. The case supports a pinion gear E on a shaft, which \

meshes with gears A and B. Finally, a ring gear G is fixed to

the differential case so that the case rotates with the ring 180

gear when the latter is driven by the drive pinion H. This

gear, like the differential case, is free to rotate about the left o o
wheel axle. If the drive pinion is turning at wy = 100 rad/s ﬁ,@—»g - — 0: *{ —y
and the pinion gear E is spinning about its shaft at j L .

_ . . To left To right
wg = 30rad/s, determine the angular velocity, w4 and wg, wheel wheel
of each axle.

SOLUTION
vp = wyry = 100(50) = 5000 mm/s
5000
wg = ﬁ = 27.78 rad/s ¢ Wy =100 rM/S
J, 0.05m
Point O is a fixed point of rotation for gears A, E, and B. P
. 0.18m
O = wg + wg = {27.78j + 30k} rad/s
W
Ve = Q X 1p = (27.78j + 30k) X (—40j + 60k) = {2866.7i) mm/s ¢
2866.7
WA= =T 47.8 rad/s Ans. aw»]\ §
» é} %:-vwm%
vpr = Q X rpr = (27.78j + 30k) X (40j + 60k) = {466.7i} mm/s 00‘"‘1—— “
3 ¥ oo b
466.7 Ba VAPV 0
wp = ——— = 7.78rad/s Ans. e ¢
60
Ans:

wy = 47.8rad/s
wp = 7.78 rad/s
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*20-24.

The end C of the plate rests on the horizontal plane,
while end points A and B are restricted to move along
the grooved slots. If at the instant shown A is moving
downward with a constant velocity of v, = 4 ft/s,
determine the angular velocity of the plate and the
velocities of points B and C.

SOLUTION

Velocity equation:

vy = {—4k} ft/s vz = —vp] © = odi+ oj+ ok
rg/q = {04j + 0.8k} ft repy = {20 + 2j — 1k} ft

ve = (vo)d + (Vo)

VB:UA+Q)XYB/A

i j k
—vgj = (—4k) + |, 0, o,
0 04 08

Equating i, j and k components
0.8w, — 04w, = 0

0.8w, = vp

040, —4 =0

VC:VA+erc/A

i j k
(ve)d + (UC)yj = (—4k) + |0y w, W
1 2 -1

Equating i, j and k components
oy — 20, = (Ve)x
20, + o, = (v0),
20, — 20, —4 =10
Solving Egs. [1] to [6] yields:
o, = 10rad/s o, =8rad/s w,=16rad/s vp = 8ft/s
(vo)y = —401ft/s  (vc), = 421t/s
Then vg = {=8j} ft/s vc = {—40i + 42j} ft/s
o = {10i + 8j + 16k} rad/s

@
2
3

C))
6
)

Ans.
Ans.

0.4 ft
B

2

2 ft

Ans:
vg = {=8j} ft/s vc = {—40i + 42j} ft/s
o = {10i + 8 + 16k} rad/s
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20-25.

Disk A rotates at a constant angular velocity of 10 rad/s. If b4
rod BC is joined to the disk and a collar by ball-and-socket
joints, determine the velocity of collar B at the instant
shown. Also, what is the rod’s angular velocity w pc if it is
directed perpendicular to the axis of the rod?

SOLUTION
ve = {li} m/s Vg = —Vgj wpe = 0, i + 0, j + 0k

rgjc = {—0.2i + 0.6j + 0.3k} m

Vg = V¢ + [0):7el X rB/C
i j ok
-vg=1i + | o, 0,
-02 06 03

Equating i, j, and k components z
1 =030, — 0.6w, =0 @

03w, + 020, = vg @) ¢

0.60, + 02w, = 0 A3) /

Since wpc is perpendicular to the axis of the rod,
wpc * e = (0,0 + 0, j + 0k) (—02i + 0.6] + 0.3k) =0
—0.20, + 0.6w, + 03w, = 0 ()
Solving Egs. (1) to (4) yields:
w, = 0.204 rad/s 0, = —0.612 rad/s w, = 1.36 rad/s vg = 0.333m/s
Then
wpc = {0.204i — 0.612j + 1.36k} rad/s Ans.

vg = {—0.333j} m/s Ans.

Ans:
wpc = {0.204i — 0.612j + 1.36k} rad/s
vp = {=0.333j} m/s
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20-26.

Rod AB is attached to collars at its ends by using
ball-and-socket joints. If collar A moves along the fixed
rod at v, =5 m/s, determine the angular velocity of the
rod and the velocity of collar B at the instant shown.
Assume that the rod’s angular velocity is directed
perpendicular to the axis of the rod.

SOLUTION

The velocities of collars A and B are

1
vg = vpsind5%j + vgcos45°k = —=vpj + k

1
—— vy
V2 V2
Also,rgq = (0 — Di + (2 —0)j + (0 — O)k = {—1i + 2j} mand
wsp = o to,j + o k. Applying the relative velocity equation,

vy = {5i} m/s

Vg = V4 + wyp X rB/A

1 1
——vgj + —~vgk = 5i + (0 + of)ok X (—1i + 2j)

V2 V2

1 1
—=vgj + —=vpk = (5 — 20,)i — 0j + Lo, + 0,k

V2 V2

Equating i, j and k components,

0=5-20w, 1
1
—=vp = —o, @)
V2
! Vp — 2(1))( + W, (3)

V2
Assuming that w,p is directed perpendicular to the axis of rod AB, then

wpp-tps =0

(0d + 0y + 0 k) (-1li +2j) =0

—w, + 2w, = 0 @
Solving Eqgs. 1 to 4,

w, = —1.00rad/s o, = —0.500rad/s w, =250rad/s vz = —2.50\/£m/s

y
Then

w5 = {~1.00i — 0.500§ + 2.50k} rad/s Ans.

vp = L(—2.50\6) i+ L(—z.sox/i)k = {~2.50j — 2.50k} m/s Awns.

V2 V2

Note: v can be obtained by solving Eqgs. 1 and 2 without knowing the direction of w4 .

Z

v, =5 m/sr1 o
-— |
A

2m

Ans:
w,p = {—1.00i — 0.500j + 2.50k} rad/s
v = {~2.50j — 2.50k} m/s
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20-27.

Rod AB is attached to collars at its ends by using ball-and- z
socket joints. If collar A moves along the fixed rod with a |

velocity of v, =5 m/s and has an acceleration a, =2 m/s? at vy=5m /sh o

the instant shown, determine the angular acceleration of the X—( ‘ 2m

rod and the acceleration of collar B at this instant. Assume
that the rod’s angular velocity and angular acceleration are
directed perpendicular to the axis of the rod.

SOLUTION

The velocities of collars A and B are

1
vy = {5i} m/s v = vpsin45°% + vgcos45°%k = —=wvpj + k

1
——
V2 V2
Also,rgq = (0 — Di + (2 - 0)j + (0 — O)k = {~1i + 2j} mand
wsp = o to,j + o k. Applying the relative velocity equation,
Vp = Vyu + wWAB X rB/A

1 . 1 . . . . i

—=vgj + —=vgk = 5i + (0d + oyj)ok X (—1i + 2j)

V2 V2

1 1
—=vgj + —=vpk = (5 — 20,)i — 0j + Lo, + 0,k

V2 V2

Equating i, j and k components,

0=5-20w, 1
1

%03 = ~ow; 2)
1

Vp — 2(1))( + W, (3)

V2
Assuming that w,p is directed perpendicular to the axis of rod AB, then

wpp-tps =0

(0d + 0y + 0 k) (-1li +2j) =0

—w, + 2w, = 0 @
Solving Eqgs. 1 to 4,

w, = —1.00rad/s o, = —0.500rad/s w, =250rad/s vz = —2.50\/£m/s

y
Then

w5 = {~1.00i — 0.500j + 2.50k} rad/s Ans.

Vg = L(—2.50\6) i+ L(—z.sox/i)k = {~2.50j — 2.50k} m/s Awns.

V2 V2

Note: v can be obtained by solving Egs. 1 and 2 without knowing the direction of w4 .
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20-27. Continued

The accelerations of collars A and B are

ay, = {2i} m/s® ag = agsin45% + apcos 45k = agj + agk

b b
V2 V2
Also,ap = ad + a,j + ak

Applying the relative acceleration equation,

ag = ag + aap X s + wyup X (wap X l'B/A)

——apj + —=agk = 2i + (ai + a,j + ak) X (—1i + 2j)

VAT,

+ (—1.00i — 0.500§ + 2.50k) X [(—1.00i — 0.500j + 2.50k) X (—1i + 2j)]

—=apgj + —=agk = (95 = 2a,)i + (—a, — 15)j + (2a, + o)k

VARV,

Equating i, j and k components

0=095—2a, 5)
1
N 15 ()
1

—ap = o, t ()

Vo
Assuming that a4 is directed perpendicular to the axis of rod AB, then

XpB°Tp/a = 0

(ed + e j + ak) (—1i +2j) =0

—a, +26,=0 ®
Solving Egs. 5 to §,

a, = —79rad/s? a, = —3.95 rad/s> «, = 475rad/s® ap = —19.75\/§m/s2

Thus,
aup = {—79i — 3.95j + 475k} rad/s? Ans.
ag = L(—19.75\/2)j + L(—19.75\/§)j = {~19.75j — 19.75k} m/s? Ans.

V2 V2

Ans:
a,p = {—7.9i — 3.95j + 4.75k} rad/s
ap = {~19.75j — 19.75k} m/s’
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*20-28.

If the rod is attached with ball-and-socket joints to
smooth collars A and B at its end points, determine the
velocity of B at the instant shown if A is moving upward
at a constant speed of v, =5 ft/s. Also, determine the
angular velocity of the rod if it is directed perpendicular
to the axis of the rod.

SOLUTION ZfL B
The velocities of collars A and B are
v, = {5k} ft/s vz = —vpj y
Also,rg/q = (6 — 0)i + (2 — 0)j + (0 — 3)k = {6i + 2j — 3k} ft and
w,p = ot 0,j + o k. Applying the relative velocity equation,
Vg = V4 + wyp X Tp/4
—vgj = 5k + (wd + w,j + wk) X (6i + 2j — 3k)
—vj = (3w, — 20,)i + (3o, + 6w,)j + (20, — 6w, + 5)k
Equating i, j and k components,
0= -3w, - 20, (60)
—vp = 3w, + 6w, ?2)
0= 2w, — 6w, +5 A3
Assuming that w4 is directed perpendicular to the axis of rod AB, then,
WAB*Tp/A = 0
(0, + 0,j + wk)-(6i +2j —3k) =0
6w, + 20, — 3w, =0 )
Solving Egs. 1 to 4,
65 30
Wy = o8 rad/s = —0.6633rad/s o, = Erad/s = 0.6122 rad/s
45
w, = —Erad/s = —09183rad/s vz = 7.50ft/s
Thus,
w,p = {-0.663i + 0.612j — 0.918k} rad/s Ans.
vp = {=7.50j} ft/s Ans.
Ans:

wyp = {—0.663i + 0.612j — 0.918k} rad/s
vg = {~7.505} ft/s
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20-29.

If the collar at A in Prob. 20-28 is moving upward with an
acceleration of a, = {2k} ft/s% at the instant its speed is
v, =5 ft/s, determine the acceleration of the collar at B at
this instant.

2 ft
SOLUTION NV
The velocities of collars A and B are
v, = {5k} ft/s Vg = —Vgj v

Also,rg/q = (6 — 0)i + (2 — 0)j + (0 — 3)k = {6i + 2j — 3k} ft and
wyp = wdt 0,j + o k. Applying the relative velocity equation,

VB = Vy + wyp X rB/A
—vgj = 5k + (wd + 0,j + wk) X (6i + 2j — 3k)
—vgj = (-3, — 20,)i + (3o, + 6w,)j + (20, — 6w, + 5)k

Equating i, j and k components,

0= —3w, — 20, @
—vg = 3w, + 6w, 2)
0 = 2w, — 6w, + 5 A3)

Assuming that w, is directed perpendicular to the axis of rod AB, then,
wap-tpq =0
(0, + 0,j + wk)-(6i +2j —3k) =0
6w, + 20, — 3w, =0 (C)]

Solving Egs. 1 to 4,

65
w, = ——-rad/s = —0.6633rad/s o,

30
98 = Erad/s = 0.6122 rad/s

45
. —Erad/s = —09183rad/s vz = 7.50ft/s

e
I

Thus,
wyp = {—0.663i + 0.612j — 0.918k} rad/s Ans.
{=7.505} ft/s Ans.

\Y:]
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20-29. Continued

The accelerations of collars A and B are

a, = {2k} ft/s> ap = agj
Also,ayp = ayi + a,j + ak
Applying the relative acceleration equation,

ag = ay + agp X rpjq + wap X (w45 X l‘B/A)

agi = —2k + (ad + ayj + a.k) X (6i + 2j — 3k)
+ (—0.6633i + 0.6122j — 0.9183k) X [(—0.6633i
+0.6122j — 0.9183k) X (6i + 2j — 3K)]

agj = (—3a, — 2a; — 9.9490)i + (Ba, + 6a, — 3.3163)j + (2a, — 6a,, + 2.9745)k

Equating i, j and k components,

0= —3a, — 2a;, — 9.9490 5)
ag = 3a, + 6o, — 3.3163 ©6)
0 = 2a, — 6o, + 2.9745 (7

Eliminate a, from Eqs. 5 and 7

2a, + da, = —22.8724 ®)

2
Multiply Eq. 6 by 3 and rearrange,

2
2a, + da, = 398 + 2.2109 )
Equating Egs. (8) and (9)
2
—22.8724 = 5113 + 2.2109

ag = —37.625 ft /s
Thus,
ag = {-37.6j} ft/s? Ans.

Note: There is no need to know the direction of a4 5 to determine ag.

Ans:
ag = {~37.6j} ft/s’
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20-30.
Rod AB is attached to collars at its ends by ball-and- - z
socket joints. If collar A has a speed v , =4 m /s, determine T
the speed of collar B at the instant z =2 m. Assume the
angular velocity of the rod is directed perpendicular to
the rod. vy =4m /ST

A

Z

SOLUTION N

UB:UA“l‘(,OXrB/A
The velocities of collars A and B are

33, 4 3 . 4
v, = {4k} m/s vp = —1)B<§)J + v3(5>k = 508l + ngk

3
Also, the coordinates of points A and B are A(1,0,2) m and B {0, {1.5 - 1.5<§)},
4
= {—1i + 0.6 — 0.8k} m.Also wsp = wd + w,j + k. Applying the relative

velocity equation
Vg = Vy + WARB X rB/A

—%ij + %ka =4k + (o + 0,j + 0k) X (—1i + 0.6§ — 0.8k)

3 4
3 vgj + ngk = (=0.8w, — 0.60,)i + (0.80, — w,)j + (0.60, + v, + 4)k

Equating i, j and k components

0 = —-0.8w, — 0.60, @
3
—ng = 0.80, — w, ?2)
4
gl}B = 060, + 0, + 4 3)

Assuming that w,p is perpendicular to the axis of the rod AB, then
wpprpa =0
(0d + oj + 0k) (—1i + 0.6) — 0.8k) = 0
—w, + 0.60, — 0.8w, = 0 4
Solving Egs. (1) to (4),
w, = —120rad/s o, = —0.720rad/s o, = 0.960rad/s
vg = 320m/s

3 4
Then vy = —5 (320)j — S(320)k = {~1.92] + 256k} m/s Ans.

Note: vy can also be obtained by Solving Egs. (1) to (3) without knowing the
direction of w, 3.

Ans:
vp = {~1.92j + 2.56k} m/s
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20-31.

The rod is attached to smooth collars A and B at its ends
using ball-and-socket joints. Determine the speed of B at
the instant shown if A is moving at v, = 8 m/s. Also,
determine the angular velocity of the rod if it is directed
perpendicular to the axis of the rod.

SOLUTION

Vg = Uy + rB/A

X
The velocities of collars A and B are
3\, 4y, 3 . 4

vy = {8k} m/s Vg = ?)B<g)l - vB<§)J = S8l — Svgl
Also,rg/q = (0= 0)i + (2 - 0)j + (0 — Dk = {2j — 1k}m and
wsp T 0d + o) + ok Applying the relative velocity equation,

VB = Vyu + wyp X rB/A
3. 4 . . .
R 8k + (wd + w,j + 0 k) X (2j — 1k)
3. 4 . .
S8t~ Svsj = (o, = 20.)i + o,j + 2o, + 8)k
Equating i, j and k components,

3 pr—

SV T T0y = 2w, @®

4
_ng = Wy (2)
0=2w,+8 3)

Assuming that w4 is perpendicular to the axis of rod AB, then

WAB Ip/A = 0

(od + 0yj + 0 k)-(2j —1k) =0
w0, =0 C)
Solving Eq (1) to (4)

w, = —4.00rad/s o, = —0.600 rad/s w, = —1.20rad/s

2w,

vg = 5.00m/s Ans.
Then,
wap = {—4.00i — 0.600j — 1.20k} rad/s Ans.

Note. vz can be obtained by solving Eqgs (2) and (3) without knowing the direction
of WyB.

BO— »

Ans:
vg = 5.00m/s
wyp = {—4.00i — 0.600j — 1.20k} rad/s
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*20-32.

If the collar A in Prob. 20-31 has a deceleration of
a, = {-5k} m/s?, at the instant shown, determine the
acceleration of collar B at this instant.

00— »

vA=8m/sT,
T\
1m

|

S
m

1.5

SOLUTION i

Vg = Vy + rB/A

2 m

The velocities of collars A and B are i
vy = {8k} m/s vg = vB<§)i - vg(g>j = %vBi - %vgj
Also,rgq = (0 — 0)i + (2 - 0)j + (0 — Dk = {2j — 1k} mand
wyp T wd + o) + ok Applying the relative velocity equation,
Vg = V4 + wyp X Tg/A
3. 4 . . .
Susl — Sop) = 8k + (wd + o,j + 0 k) X (2j — 1k)
3. 4 . .
ngl — ngJ = (—wy - 2w,)i + 0,j + Qw, + 8)k
Equating i, j and k components,
3
SV T T0y 2w, @®
o=, @
0=2w, +8 3
Assuming that w,p is perpendicular to the axis of rod AB, then
wuptpa =0
(od + 0, + 0 k) (2j — 1k) =0
20, — 0w, =0 (C)]
Solving Eq (1) to (4)
o, = —4.00 rad/s w, = —0.600 rad /s w, = —1.20rad/s
vp = 5.00m/s Ans.
Then,
wyp = {—4.00i — 0.600j — 1.20k} rad/s Ans.

Note. vz can be obtained by solving Eqgs (2) and (3) without knowing the direction
of W/B-.
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*20-32. Continued

The accelerations of collars A and B are

3\, 4\, 3 ..4 .
ay, = {-5k} m/s2 ag = *(lg(g)l + tlB(g)J = *gaBl + gﬂBJ
Also,ayp = aci + ayj + ak

Applying the relative acceleration equation,

ag = a, + azp X rgq + oap X (wap X 14/p)

3 4
—gaBi + gaBj = =5k + (ad + a,j + ak) X (2j — 1k)

+ (—4.00i — 0.600j — 1.20k) X [(—4.00i — 0.600f — 1.20k) X (2j — 1K)]
3.0 4 . . .
—5as + 598l = (—ay = 2a,)i + (a, — 35.6)j + (2a, + 12.8)k

Equating i, j and k components,

_%IB = —a, + 2a, ©®)
4

598 = —35.6 (6)
0 =2ax + 12.8 (W)

Solving Eqgs (6) and (7),
a, = —640rad/s>  ap = —52.5m/s’

Then
3 4
= —=(=52.5)i + —(—52.5)
ag 5( )i 5( )i
= {31.5i — 42.0§} m/s Ans.

Note. It is not necessary to know the direction of ayp, if only ap needs to be
determined.

Ans:

vg = 5.00m/s

wyp = {—4.00i — 0.600j — 1.20k} rad/s
ag = {31.5i — 42.0j} m/s’
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20-33.
Rod CD is attached to the rotating arms using ball-and- z
socket joints. If AC has the motion shown, determine the |
angular velocity of link BD at the instant shown. w,c = 3rad/s
oy =2radss?
0.4 m
SOLUTION

Vp = V¢ + WARB X rD/C

The velocities of points C and D are
Ve = Wyc X Yqpc = 3k X 04j = {_12i} m/s
Vp — Wpgp X 'pp — wBDj X 0.61 = _0.6(1)30](

Also,rp/c = (0.6 — 0)i + (1.2 — 0.4)j + (0.1)k = {0.6i + 0.8 — k} m and
wcp = wd + o,j + w k. Applying the relative velocity equation,

Vp = V¢ + wWcp X rD/C
—0.6wppk = —1.2i + (0 d + ©,j + w k) X (0.6i + 0.8j — k)
—0.6wppk = (—w, —0.80, —1.2)i + (0, + 0.6w,)j + (0.8w, — 0.6w,)k.

Equating i, j and k components,

-, = 08w, — 1.2 =10 @
w, + 0.6w, =0 )]
0.8w, — 0.6w, = —0.6wpp (&)

Assuming that w¢p is perpendicular to the axis of rod CD, then
wcp tp;c =0
(0d + wyj) + wk)-(0.6i + 0.8j — k) =0
0.6, + 0.8w, —w, =0 )
Solving Eqgs (1) to (4)
o, = 0.288 rad/s 0, = —0.816Tad/s w, = —0.480 rad/s
wpp = —1.20rad/s

Thus

wpp = {—1.20j} rad/s Ans.

Note: wpp can be obtained by solving Eqs 1 to 3 without knowing the direction
of w AB-

Ans:
wpp = {—1.20§} rad/s
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20-34.

Rod CD is attached to the rotating arms using ball- z

and-socket joints. If AC has the motion shown, |

determine the angular acceleration of link BD at this T wac = 3rad/s

instant. P aqc=2rad /s?
0.4 m

SOLUTION

Vp = V¢ + [OFY:] X rD/C

The velocities of points C and D are
Ve = wqc Xty =3k X 04 = {—12i} m/s
Vp = Wpgp X I'pp — wBDj X 0.61 = _0.6(1)3[)](

Also,rp,c = (0.6 — 0)i + (1.2 — 0.4)j + (0.1)k = {0.6i + 0.8] — k} m and
wcp = w,d + o,j + w k. Applying the relative velocity equation,

Vp = V¢ + wcp X rD/C
—0.6wppk = —1.2i + (0d + ©,j + w k) X (0.6i + 0.8j — k)
—0.6wppk = (—wy, — 0.8w, — 1.2)i + (0, + 0.60,)j + (0.8w, — 0.60,)k.

Equating i, j and k components,

-, = 08w, — 1.2 =0 @
w, + 0.6w, =0 ()]
0.8w, — 0.6w, = —0.6wpp 3

Assuming that w¢p is perpendicular to the axis of rod CD, then
wcp - tpic =0
(o + wyj) + w0 k) (0.6i + 0.8 — k) =0
0.6, + 0.8w, —w, =0 @
Solving Eqgs (1) to (4)
o, = 0.288 rad/s w, = —0.816ad/s w, = —0.480 rad/s
wpp = —1.20rad/s

Thus

wpp = {—1.20j} rad/s Ans.

Note: wpp can be obtained by solving Eqs 1 to 3 without knowing the direction
of wWcep.
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20-34. Continued

The accelerations of points C and D are
ac = ayc X ryc — wacrse = (2k X 0.4§) — 3%(0.4j) = {—0.8i, —3.6j} m/s
ap = app X rgp — wpprpp = (agpj X 0.61) — 1.20%(0.61)) = —0.864i — 0.6azpk
Also,acp = ad + ayj + akand wcp = {0.288i — 0.816j — 0.480k} rad/s
Applying the relative acceleration equation,
ap = ac + acp X 1p)c + ocp X (@cp X tp)c)
—0.864i — 0.6appk = (—0.8i — 3.6j) + (a,d + a,j + a k) X (0.6i + 0.8j — k)
+ (0.288i — 0.816j — 0.480k) X [(0.288i — 0.816j — 0.480k) X (0.6i + 0.8j — k)]

—0.864i — 0.6a5pk = (—a, — 0.8a, — 1.38752)i + (a, + 0.6cr, — 4.38336)j
+ (0.8a, — 0.6a, + 0.9792)k

Equating i, j and k components,

~0.864 = —a, — 0.8a, — 1.38752 5)
0= a, + 0.6a, — 438336 (6)
—0.6app = 0.8a, — 0.6a, + 0.9792 (7

Assuming that ep is perpendicular to the axis of rod CD, then
acptp;c =0
(ad + a,j + ak)-(0.6i + 0.8 — k) =0
0.6, + 0.8a, —a, =0 ®)
Solving Egs. 5 to §,
a, = 3.72rad/s’ a, = —1.408 rad/s? a, = 1.1056 rad /s’
agp = —8.00 rad/s?

Thus,

agp = {—8.00j} rad/s? Ans.

Note: app can be obtained by solving Eqs 5 to 7 without knowing the direction
of Qcp.

Ans:
agp = {—8.00j} rad/s?
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20-35.

Solve Prob. 20-28 if the connection at B consists of a
pin as shown in the figure below, rather than a ball-and-
socket joint. Hint: The constraint allows rotation of the
rod both along the bar (j direction) and along the axis
of the pin (m direction). Since there is no rotational
component in the u direction, i.e., perpendicular to n
and j where u = j X n, an additional equation for
solution can be obtained from w - u = 0. The vector n
is in the same direction as rp;p X rc/p.

SOLUTION
The velocities of collars A and B are
v, = {Sk} ft/s Vg = —V3j

Also,rg/q = (6 — 0)i + (2 — 0)j + (0 — 3)k = {6i + 2j — 3k} ftand
wsp = wd + o,j + ok Applying the relative velocity equation,

VB = Vyu + wyp X rB/A
—vgj = 5k + (0d + w,j + o k) X (61 + 2j — 3k)
—vgj = (—3w, — 20,)i + B, + 6w,)j + 2w, — 6w, + Sk

Equating i, j and k components,

0= 3w, — 2w, 1
—vp = 3w, + 6w, 2)

0=2w, — 6w, +5 A3
Here,

rga X j = (6i + 2j — 3k) X j = 3i + 6k

Then
A Xi 3i+6k 3 L0
lega X dl V32462 V45 V4s

Thus

3 6 6 3
u=j><n=j><< 1+k) i-——k

Va5 V45

It is required that

w pu=10
(wxi+wyj+wzk)-(6i—3k>_0
Vs Vs
R
45 Vas
20 — w, =0 C)]
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20-35. Continued

Solving Eqgs (1) to (4)
o, = —0.500 rad/s w, = 0.6667 rad/s
vg = 7.50 ft/s
Thus,
w,p = {—0.500i + 0.667j — 1.00k} rad/s
vg = {=7.50j} ft/s

(54

—1.00 rad/s

Ans.
Ans.

Ans:
wyp = {—0.500i + 0.667j — 1.00k} rad/s
v = {=7.505} ft/s
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*20-36.

Member ABC is pin connected at A and has a ball-and-
socket joint at B. If the collar at B is moving along the
inclined rod at v; = 8 m/s, determine the velocity of
point C at the instant shown. Hint: See Prob. 20-35.

SOLUTION
Velocities of collars A and B are
vi=vak  vp=8cos 30°j — 8sin30°k = {4\V/3j — 4k} m/s

Also,ryp = {21 — 1.5k} m and wup = w,i + o, j + w k. Applying the relative
velocity equation,

Vy = Vg + wyp X Ya/B

vak = (4V3) — 4k) + (04 + 0, + 0. k) X (2i — 1.5k)

vk = —150,i + (150, + 20, + 4V3)j + (—20, — 4k

Equating i, j and k components,

0=-150, o, =0

0=15w, + 20, +4\V3 )
vy = —2(0) — 4 vy = —4m/s

Heren = j.Thenu = k X n = k X j = —i.Itisrequired that

Wyp U = 0

Il
o

(wd + oyf + 0k) - (i)
—w, =0 w, =0
Substitute this result into Eq (1),
0=150) + 20, +4V3
w, = -2V3 rad/s
Thus,
wap = {—2\/§k} rad/s
Here,r¢/p = {1j — 1.5k}. Using the result of wys,
Ve = Vg T wap X ¥¢sp
(4\V/3j — 4k) + (—2\V/3k) x (1j — 1.5K)
{2V3i + 4V3j — 4k} m/s
{3.46i + 6.93j — 4k} m/s Ans.

e

Ans:
ve = {3.46i + 6.93j — 4k} m/s
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20-37.

Solve Example 20.5 such that the x, y, z axes move with
curvilinear translation, ) = 0 in which case the collar
appears to have both an angular velocity Q,,, = &, + @, and
radial motion.

xXyz

SOLUTION

Relative to XYZ, let xyz have
Q=0 Q=0
rz = {—0.5k} m
vp = 21} m/s
ag = {0.75j + 8k} m/s?
Relative to xyz,let x" y’ z’ be coincident with xyz and be fixed to BD. Then
Oy, = 0 + 0 = [4i + 5kjrad/s @, = @ + &, = {1.5i — 6k} rad/s’
(rc/B)xy: = {0.2j} m
(Ve/B)xyz = (Eei)xy: = (Ee/p)wyz + (01 + @3) X (¥c/B)xy:
= 3j + (4i + 5k) X (0.2f)
= {-1i + 3j + 0.8k} m/s
(ac/B)xyz = (Fc/B)yy: = {(EC/B)x’y’z’ + (0 + @) X (i‘C/B)x'y'z']
H@r + in) X (rejp)aye] + [(@1 + ) X (icp)aye]
(ac/B)eye = |20 + (4 + 5k) X 3j] + [(1.5i — 6k) X 0.2j] + [(4i + 5k) X (—1i + 3j + 0.8K)]
= [-28.8i — 6.2j + 24.3k} m/s?
ve = v+ Q Xrep + (Ves)ayz
= 2§+ 0+ (—1li + 3j + 0.8k)
= {—1.00i + 5.00j + 0.800k} m/s Ans.
ac =ag + O X rcp + O X (Q X rC/B) + 20 X (VC/B)_WZ + (ac/B)xyz
= (0.75] + 8k) + 0 + 0 + 0 + (—28.8i — 6.2j + 24.3K)

= {—28.8i — 5.45j + 32.3k} m/s? Ans.

Ans:
ve = {—1.00i + 5.00j + 0.800k} m/s
ac = {—28.8i — 5.45j + 32.3k} m/s’
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20-38.
Solve Example 20.5 by fixing x, y, z axes to rod BD so that

Q = w;+ w,. In this case the collar appears only to move
radially outward along BD; hence Q,,.=0

xyz— V*

SOLUTION

Relative to XYZ,let x' y’ 7’ be concident with XYZ and have ()’ = w; and O = o
® = w; + w, = {4i + 5k} rad/s
d):d)1+(;)2: |:<(1)1) +(L)1Xa)1:| + |:((1)2> +a)1 ><(1)2:|
x'y'z x'y'z
= (15i + 0) + [—6k + (4i) X (5K)] = {1.5i — 20j — 6k} rad/s’
rz = {—0.5k} m

Vg = Ip = (1"3) + @y X rg =0+ (4i) X (—0.5k) = {2j} m/s
x'y'z

aB:l.'B:|:(.l:B> +w1><<i'3> }-i-(i)erB-i-lei‘B
xy'z Xyz

=0 + 0 + [(1.5i) X (-0.5k)] + (4i X 2j) = {0.75] + 8k} m/s?
Relative to x'y’z’, let xyz have
Qo =0, Qup =0
(rC/B) = {0.2j} m
xyz
(vC/B)xyz = {3.]} m/s
(aC/B)xyz = {2j} m/sz

ve =V + Q Xrep + (Vesp)ay:

2§ + [(4i + 5k) x (0.2§)] + 3j
= {-1i + 5j + 0.8kjm/s Ans.

ac =ag + Q Xrep+ QX (Q Xrep) + 20 X (Vep)ey: T (Ac/p)xy:

(075 + 8k) + [(1.5i — 20j — 6K) X (0.2j)] + (4i + 5k) X [(4i + 5k) X (0.2§)] + 2[(4i + 5k) X (3))] + 2j

ac = [—282i — 5.45j + 32.3k} m/s’ Ans.

Ans:
ve = {-1li+5j + 0.8k} m/s
ac = {—282i — 5.45j + 32.3k} m/s’
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20-39.

At the instant 6 = 60°, the telescopic boom AB of the z
construction lift is rotating with a constant angular velocity
about the z axis of w; = 0.5 rad/s and about the pin at A
with a constant angular speed of w, = 0.25rad/s.
Simultaneously, the boom is extending with a velocity of
1.5ft/s, and it has an acceleration of 0.5ft/s?, both
measured relative to the construction lift. Determine the
velocity and acceleration of point B located at the end of
the boom at this instant.

SOLUT|ON ), )

)
The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attachedto ¥~ ¥
point A, Fig. a. Thus, the angular velocity and angular acceleration of this frame with

respect to the XYZ frame are

QO = w; = {0.5k} rad/s Q=d =0

Since point A rotates about a fixed axis (Z axis), its motion can determined from
Vi = w X rp4 = (0.5k) X (=2j) = {1i} ft/s

and

a, = (,;)1 X oa + w1 X ((1)1 X rOA)
=0 + (0.5K) X (0.5K) X (—2j)
= {0.5§) ft/s>

In order to determine the motion of point B relative to point A, it is necessary to
establish a second x'y’z’ rotating frame that coincides with the xyz frame at the
instant considered, Fig. a. If we set the x"y’z’ frame to have an angular velocity of
Q' = w, = {0.25i} rad/s, the direction of rg/ 4 will remain unchanged with respect to
the x'y'z" frame. Taking the time derivative of rp) 4,

(v/a)xy: = (EB/A)xy: = [(i'B/A)x'y'z' + wy X rB/A]
= (1.5¢c0s860°% + 1.5sin 60°k) + 0.25i X (15 cos 60°j + 15 sin 60°k)
= {-2.4976j + 3.1740Kk]} ft/s

Since ' = w, has a constant direction with respect to the xyz frame, then
Q = @, = 0.Taking the time derivative of (f5/4)yz,

(aB/A)xyz = (i:B/A)xyZ = [(E/A)x’y’z’ + wy X (i'B/A)x’y’z’} + @, X I'p/a t wy X (i'B/A)xyz
= [(0.5 cos 60°j + 0.5sin 60°k) + 0.25i X (1.5cos60°% + 1.5sin 60°k)} + 0.25i X (—2.4976j + 3.1740k)
= {-0.8683j — 0.003886k} ft/52
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20-39. Continued

Thus,
vg=Va+ Q Xrgs+ (VBa)xy:
= (1i) + (0.5k) X (15cos 60°% + 15sin 60°k) + (—2.4976j + 3.1740Kk)
= {=2.75i — 2.50j + 3.17k} m/s Ans.
and

ag=a, + QX rpa + QX (Q Xrga) + 20 X (Vpra)ey: + (Ag/a)ry:
= 0.55 + 0 + 0.5k x [(0.5k) X (15cos60% + 15 sin 60°K)
+ 2(0.5k) X (—2.4976j + 3.1740k) + (—0.8683j — 0.003886k)

= {2.50i — 2.24j — 0.00389K} ft/s> Ans.

Ans:
vg = {—2.75i — 2.50j + 3.17k} m/s
ag = {2.50i — 2.24j — 0.00389Kk} ft/s?
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*20-40.

At the instant # = 60°, the construction lift is rotating about
the z axis with an angular velocity of w; = 0.5 rad/s and an
angular acceleration of @, = 0.25rad/s’> while the
telescopic boom AB rotates about the pin at A with an
angular velocity of w, =025rad/s and angular
acceleration of @, = 0.1 rad/s?. Simultaneously, the boom
is extending with a velocity of 1.5 ft/s, and it has an
acceleration of 0.5 ft/s?, both measured relative to the
frame. Determine the velocity and acceleration of point B
located at the end of the boom at this instant.

SOLUTION

The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached
to point A, Fig. a. Thus, the angular velocity and angular acceleration of this frame
with respect to the XYZ frame are

QO = w; = {0.5k} rad/s Q= @, = {0.25k} rad/s? Z2z

Since point A rotates about a fixed axis (Z axis), its motion can be determined from

W= 0-5 radlfs

W, 20,25 md/s ¥
B

T

Vi = X 1o = (0.5K) X (=2j) = {1i} ft/s

aA=(i)1><r0A+a)1><(w1Xr0A)

(0.25k) X (—2j) + (0.5k) x [0.5k X (=2j)]

= {0.5i + 0.5} ft/s?

In order to determine the motion of point B relative to point A, it is necessary to
establish a second x'y’z’ rotating frame that coincides with the xyz frame at the
instant considered, Fig. a. If we set the x'y’'z’ frame to have an angular velocity of Cd’ D)
Q' = w, = [0.25i] rad/s, the direction of rp/, will remain unchanged with respect to

the x'y'z" frame. Taking the time derivative of rp) 4,

25

(vB/A)xyz = (EB/a)xy: = [(tB/A)x’y’z’ + wy X rB/A}
= (1.5 cos 60°j + 1.5 sin 60°k) + [0.25i X (15 cos 60°j + 15 sin 60°k)]
= {—2.4976] + 3.1740Kk} ft/s

Since ' = w, has a constant direction with respect to the xyz frame, then
Q = &, = [0.1i] rad/s?. Taking the time derivative of (FB/4)xyzs

(aB/a)xyz = (FB/a)xy: = [(fB/A)x'y'z' + wy X (fB/A)x'y'z'] + @y X 14
+ wy X (Tp/4)xyz
= (0.5 cos 60% + 0.5 sin 60°k) + (0.25i) X (1.5 cos 60°j + 1.5 sin 60°K)
+ (0.1i) X (15 cos 60% + 15 sin 60°k) + (0.25i) X (—2.4976j + 3.1740K)

= {—2.1673j + 0.7461K} ft/s>
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20-40. Continued

Thus,

Vg =vVa+ Q X4+ (Vg/a)ry:

[1i] + (0.5k) X (15 cos 60°j + 15 sin 60°k) + (—2.4976j + 3.1740k)

= {~2.75i — 2.50j + 3.17Kk} ft/s Ans.

and

ag=a,+ Q Xrgy + QX (Q Xrgy,) +20 X (Vaa)y: T (Ap/a)xy:

(0.5i + 0.5§) + (0.25k) X (15 cos 60°j + 15 sin 60°k) + (0.5k)
X [(0.5k) X (15 cos 60°j + 15 sin 60°k)] + 2 (0.5K)

X (—2.4976j + 3.1740k) + (—2.1673j + 0.7461k)

= {1.12i — 3.54j + 0.746k} ft/s Ans.

Ans:
vg = {—2.75i — 2.50 + 3.17k} ft/s
ap = {1.12i — 3.54j + 0.746k} ft/s’
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20-41.

At the instant shown, the arm A B is rotating about the fixed pin
A with an angular velocity w, =4 rad /s and angular acceleration
w,=3rad/ s2. At this same instant, rod BD is rotating relative to
rod AB with an angular velocity w, =5 rad /s, which is increasing
at &, =7 rad/s%. Also, the collar C is moving along rod BD with
avelocity of 3m/s and an acceleration of 2 m/s?, both measured
relative to the rod. Determine the velocity and acceleration of
the collar at this instant.

1.5m
3m/s
SOLUTION 2L A0 w, = 5 rad s
Q = {4i} rad/s = 0om \(ﬁzzw
QO = {3i} rad/s Y
rg = {—1.5k} m
Vg = (Fp)yy: + O X1
=0 + (4i) X (—1.5k)
= {6j} m/s
ag =¥ = [(Fp)y: + Q X (fp)yy:] + & X 15+ Q X iy
=0+ 0+ (3i) X (—1.5k) + (4i) X (6j)
= {45j + 24k} m/s
QC/B = {5j} rad/s
QC/B = {7j} rad/sz
Yo = {0.6i} m
(VesB)xyz = (EesB)xyz T Qeyp X 1y
= (3i) + (5§) x (0.6i)
= {3i — 3k} m/s
(Ac/B)ry: = [(Fe/p)ae + Qejp X (ke/p)ayz] + Qejp X xepp + Qe X ieyp
= i) + (5§) X (i) + (7)) X (0.6i) + (5§) X (3i — 3k)
= {—13i — 342k} m/s’
ve = vg + Q Xrep + (Yoip)yy:
= (6j) + (4i) x (0.6i) + (3i — 3k)
ve = {3i + 6j — 3k} m/s Ans.
ac=ag + Q Xrcp + QX (Q X rep) + 20 X (Vesp)aye + (Ac/B)uye
= (4.5j + 24k) + (3i) X (0.6i) + (4i) X [(4i) X (0.61)]
+ 2(4i) X (3i — 3K) + (—13i — 34.2k)
ac = {—13.0i + 28.5j — 10.2k} m/s’ Ans.

Ans:
ve = {3i + 6§ — 3k} m/s
ac = {—13.0i + 28.5j — 10.2k} m /s’
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20-42.

At the instant # = 30°, the frame of the crane and the
boom AB rotate with a constant angular velocity of
oy = 1.5 rad/s and w, = 0.5 rad/s, respectively. Determine
the velocity and acceleration of point B at this instant.

SOLUTION

The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached
to point A, Fig. a. The angular velocity and angular acceleration of this frame with
respect to the XYZ frame are

Q = w, = [1.5k] rad/s Q=i =0
Since point A rotates about a fixed axis (Z axis), its motion can be determined from
V4= 0 X 1o = (1.5k) X (1.5j) = [-2.25i] m/s
ay = 0 Xroa + 0 X (0] X ¥oy)
=0 + (1.5k) X [(1.5k) X (1.5))]
= [-3.375j] m/s*

In order to determine the motion of point B relative to point A, it is necessary to
establish a second x'y’z’ rotating frame that coincides with the xyz frame at the
instant considered, Fig. a. If we set the x'y’z’ frame to have an angular velocity
relative to the xyz frame of )’ = w, = [0.5i] rad/s, the direction of (rp/4),,, Will
remain unchanged with respect to the x'y’z’ frame. Taking the time derivative of

(rB/A)xyzv

(VB/A)xyz = (i'B/A)xyz = [(i‘B/A)x’y’z’ + wy X (rB/A)xyz}
=0 + (0.5i) X (12 cos 30°j + 12 sin 30°k)
= [-3j + 5.196k] m/s

Since ) = w, has a constant direction with respect to the xyz frame, then
Q' = @, = 0.Taking the time derivative of (f4/p) .,

(aA/B)xyz = (.r.A/B)xyZ = [(.I:A/B)x’y’z’ + wy X (i'A/B)x’y’z’] + c;)2 X (rA/B)xyz + wy X (i'A/B)xyz
= [0 + 0] + 0 + (0.5i) X (=3j + 5.196k)

= [-2.598j — 1.5k] m/s>

Thus,
v =Vy+ Q Xrgu+ (Vaa)sy:
= (—2.25i) + 1.5k X (12cos30°j + 12sin30°k) + (—3j + 5.196K)
= [-17.8i — 3j + 5.20k] m/s Ans.
and

ag=a, + QX rpa + QX (Q Xrga) + 20 X (Vap)y: + (ap)cy:
= (~3.375)) + 0 + 1.5k x [(1.5k) X (12cos 30°j + 125in30° k)| + 2(1.5k) X (~3j + 5.196k) + (~2.598] — 1.5k)
= [9 — 29.4j — 1.5k] m/s? Ans. Ans:

vg = {—17.8i — 3j + 5.20k} m/s
ag = {9 —29.4j — 1.5k} m/s’
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20-43.

At the instant # = 30°, the frame of the crane is rotating with
an angular velocity of ;= 1.5rad/s and angular
acceleration of @; = 0.5 rad/sz, while the boom AB rotates
with an angular velocity of w, = 0.5rad/s and angular
acceleration of @, = 0.25 rad/s%. Determine the velocity and
acceleration of point B at this instant.

SOLUTION

The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached
to point A, Fig. a. Thus, the angular velocity and angular acceleration of this frame
with respect to the XYZ frame are

QO = w, = [1.5k] rad/s Q = [0.5k] rad/s?

Since point A rotates about a fixed axis (Z axis), its motion can be determined from

V4 = w; X rgs = (1.5k) X (1.5§) = [-2.25i] m/s
ay = (,;)1 X Toa + wq X ((1)1 X rOA)
= (0.5k) X (L.5§) + (1.5k) X [(1.5k) x (1.5))]
= [-0.75i — 3.375j] m/s?
In order to determine the motion of point B relative to point A, it is necessary to
establish a second x'y’z’ rotating frame that coincides with the xyz frame at the
instant considered, Fig. a. If we set the x'y’z’ frame to have an angular velocity

relative to the xyz frame of )’ = w, = [0.5i] rad/s, the direction of (rz4),,, Will
remain unchanged with respect to the x'y’z" frame. Taking the time derivative of

(l'B/A)xyz,
B/ a)wve = (Fn/a)ave = [(Fpa)vye + @2 X (T4 cye
=0 + (0.5i) X (12 cos 30°j + 12 sin 30° k)
= [-3j + 5.196k] m/s

Since ()" = w, has a constant direction with respect to the xyz frame, then
Q' = @, = [0.25i] m/s%. Taking the time derivative of (FB/4)xyzs
(ag/a) = (¥/a)xy: = [(fB/A)x'y'z' + wy X (i'B/A)x’y’z’] + (), X (rp/a)xy: T @2 X (Fg/4)xyz
= [0 + 0] + (0.25i) X (12 cos 30°j + 12sin 30°k) + 0.5i X (—3j + 5.196k)

= [—4.098j + 1.098k] m/s?
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20-43. Continued

Thus,
Ve =Va+ Q Xrga+ (Vpra)vy:
= (—=2.25i) + 1.5k X (12 cos 30°j + 12 sin 30°k) + (—3j + 5.196k)
= [-17.8i — 3j + 5.20k] m/s Ans.
and

ag=a, = QX rpa + QX (Q Xrga) + 20 X (Vpa)ey: + (Ap/a)sy:

(—0.75i — 3.375j) + 0.5k X (12 cos 30°% + 125in30° k) + (1.5k) X [(1.5k) X (12 cos 30° j + 12 sin 30° k) |

+2(1.5k) X (—3j + 5.196K) + (—4.098j + 1.098k)

= [3.05i — 30.9j + 1.10k] m/s? Ans.

(!
x,/wiza'””/s
- %:0.&5,\,‘4/“

(a) Ny

Ans:
vg = {—17.8i — 3j + 520k} m/s
ag = {3.05i — 30.9j + 1.10k} m/s’
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#20-44,

At the instant shown, the rod AB is rotating about the
z axis with an angular velocity w; = 4 rad/s and an
angular acceleration @, =3 rad /s2. At this same instant,
the circular rod has an angular motion relative to the
rod as shown. If the collar C is moving down around
the circular rod with a speed of 3 in./s, which is
increasing at 8 in./ s2, both measured relative to the rod,
determine the collar’s velocity and acceleration at this
instant.

SOLUTION

QO = {4k} rad/s

Q = {3k} rad/s’

rz = {5j} in.

(4k) X (5§) = {—20i} in./s

VB
ag =¥z = [(fp)ye + Q@ X (fp)yy:] + O X 15+ Q X iy
= (4k) X (—20i) + (3k) X (5j)
= {-15i — 80j} in./s’
Qep = {2i} rad/s
QC/B = {8i} rad/s2
Yo = {4i — 4k} in.
(VesB)xyz = (EesB)xyz T Qeyp X 1y
= (=3k) + (2i) X (4i — 4k)
= {8 — 3k} in./s
(Ac/B)ye = [ (Fe/p)e + Qo X (ieip)gz ] + Qs X xem + Qg X iep
= (—% - 8k> + (2i) X (=3Kk) + (8i) X (4i — 4Kk)
+ (2i) X (8 — 3k)
= {—2.25i + 44j + 8k} in./s
ve = v+ Q X e + (Ye/)iy:

(—20i) + (4k) X (4i — 4k) + (8j — 3k)

ve = {—20i + 24j — 3k} in./s Ans.
ac= ag + Q Xrep + QX (Q X rep) + 29 X (Vesp)y: + (Ac/p)uye

= (—15i — 80j) + (3k) X (4i — 4k) + (4k) X [(4k) X (4i — 4k)]
+ 2(4k) X (8 — 3k) + (—2.25i + 44 + 8K)

ac = {—145i — 24j + 8k} in./s? Ans.

Ans:

ve = {—20i + 24j — 3k} in./s
{—145i — 24j + 8k} in./s?

ac
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20-45.

The particle P slides around the circular hoop with a z
constant angular velocity of # = 6 rad/s, while the hoop
rotates about the x axis at a constant rate of w = 4 rad/s. If
at the instant shown the hoop is in the x—y plane and the
angle 0 = 45°, determine the velocity and acceleration of
the particle at this instant.

SOLUTION =
P
Relative to XYZ, let xyz have " w=4radls
X
QO = w = {4i} rad/s, O = @ = 0 (Q does not change direction relative to XYZ.)
ro = 0; vo = 0; ap =0
Relative to xyz, let coincident x', y’, 7', have

Q,,, = {6k} rad/s, Oy, = 0 (L, does not change direction relative to XYZ.)

(Ep/0)xye = 0.2 cOs 45°i + 0.2'sin 45% = (0.1414i + 0.1414j) m

(rp/0)xyz (Cps0) 1y, Changes direction relative to X YZ.)

(VP/O)xyz = <rP/O) = (I'P/0> + Qxyz X (I'P/0> =0+ (6k) X (01414i + 01414j)
xyz x'y'z' xyz

— [—0.8485i + 0.8485j} m/s

(aP/O)xyz = (EP/O) = |:(rP/0) + ‘Qxyz X (i‘P/O) :| + Q X (rP/O) + QX (i'P/O)
xyz x'y'z x'y'z' xyz xyz

= [0+ 0] + 0 + (6k) X (—0.8485i + 0.8485j) = {—5.0912i — 5.0912j} m/s’
Thus,
Ve = Vo + QO X tpo + (Vejo)y: = 0 + (4i) X (0.1414i + 0.1414j) — 0.8485i + 0.8485j
= {—0.849i + 0.849j + 0.566k} m/s Ans.
ap = a9+ QO X 1pp + QX (Q X1p0) +2Q X (V/0)ay: + (Ap/0)sye
=0 + 0+ (4) X [(4) X (0.1414i + 0.1414j)| + 2(4i) X (—0.8485i + 0.8485j) — 5.0912i — 5.0912j

= {=5.09i — 7.35j + 6.79k} m/s? Ans.

Ans:
vp = {—0.849i + 0.849j + 0.566k} m/s
ap = (—5.09i — 7.35j + 6.79k} m/s’
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20-46.

At the instant shown, the industrial manipulator is
rotating about the z axis at w; =5 rad/s, and about joint
B at w, = 2 rad/s. Determine the velocity and
acceleration of the grip A at this instant, when ¢ = 30°,
0 =45° and r=1.6 m.

SOLUTION

Q= {5k}rad/s Q=0

rp = 1.25in30% + 1.2 cos 30°k = {0.6j + 1.0392k} m

Vg =t = (tp)y: + Q X 15 = 0 + (5k) X (0.6j + 1.0392k) = {-3i} m/s

ag =¥ = [(Fp)ye + Q X (fp)y:] + @ X 15+ Q X i
=[0+ 0] + 0 + [(5k) X (=3i)]
= {-15j} m/s’
Q.= {2i}rad/s Q.. =0
rap = 1.6 cos45% — 1.6sin45°k = {1.1314j — 1.1314k} m
(Va/B)iy: = Ya/p = (Fa/B)iyz + Quyz X Tasp
=0 + (2i) X (1.1314j — 1.1314k)
= {22627j + 2.2627k} m/s
(a4/B)xy: = Tajp = [(fA/B)xyz + Q,,, X (i‘A/B)xyz} + [Qxyz X rA/B] + [Qxyz X i'A/B]
(aa/8)wy: = [0 + 0] + 0 + [(20) X (2.2627j + 2.2627k) ]
= {~4.5255j + 4.5255k} m/s
Vg =V + Q Xryp+ (Vasp)y:

(=3i) + [(5k) X (1.1314j — 1.1314k) | + (2.2627] + 2.2627K)

= {~8.66i + 2.26j + 2.26k} m/s Ans.

ay =ag+ QO X+ QX (Q X1y + 20 X (Vap)y: + (aa/8)0:

(—15j) + 0 + (5k) X [(5k) X (1.1314j — 1.1314k)] + [2(5k) X (2.2627j + 2.2627k)] + (—4.5255j + 4.5255K)
= {—22.6i — 47.8j + 4.53k} m/s’ Ans.

Ans:
vy = [—8.66i + 2.26j + 2.26k}) m/s
a, = {—22.6i — 47.8j + 453k} m/s?
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20-47.

At the instant shown, the industrial manipulator is rotating
about the z axis at w; = 5 rad/s, and w; = 2rad/sz; and
about joint B at w, =2 rad /s and @, = 3 rad/s>. Determine
the velocity and acceleration of the grip A at this instant,
when ¢ =30°,0=45°,and r=1.6 m.

SOLUTION

Q ={5k}rad/s  Q = {2k} rad/s’

rp = 1.2sin 30°% + 1.2 cos 30°k = {0.6j + 1.0392k} m

Vg = Bp = (tp)y: + @ X 15 = 0 + (5k) X (0.6j + 1.0392k) = {-3i} m/s

ap =T = [(fp)ye + Q@ X (fp)y:] + Q& X1+ Q X iy

= [0 + 0] + (2k) X (0.6j + 1.0392k) + [(5k) X (—3i)]
= {-12i — 15j} m/s’
O, = {2i} rad/s  Q,, = {3i} rad/s’
ryp = 1.6 cos 45% — 1.6sin 45°%k = {1.1314j — 1.1314k} m
(VA/B)xyz = l:A/B = (i'A/B)xyz + ‘Qxyz X Ta/B
=0 + (2i) X (1.1314j — 1.1314k)
= {2.2627j + 2.2627k} m/s
(aA/B)xyz = .l:A/B = [(.I:A/B)xyz + Qxyz X (l..A/B)xyz] + [Qxyz X l'A/B] + [‘Qxyz X l..A/B]
(aa/B)xy; = [0 + 0] + (3i) X (1.1314j — 1.1314k) + [(2i) X (2.2627j + 2.2627k)]
= {—1.1313j + 7.9197k} m/s
va= Vg + Q Xrap+ (YVap)ey:
= (=3i) + [(5k) X (1.1314j — 1.1314k)] + (2.2627j + 2.2627k)
= {-8.66i + 2.26j + 2.26k} m/s Ans.

ag =ag+ QO Xrgp+ QX (QXrp) + 20 X (Vap)y: + (a/8)0.

(—12i — 15§) + (2k) X (1.1314j — 1.1314k) + (5k) X [(5k) X (1.1314j — 1.1314K)]
+ [2(5k) X (2.2627j + 2.2627k)] + (—1.1313j + 7.9197k)

= {-26.1i — 44.4j + 7.92k} m/s Ans.

Ans:

vy = [—8.66i + 2.26j + 2.26k} m/s
a, = [—26.1i — 44.4j + 7.92k} m/s’
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*20-48.

At the given instant, the rod is turning about the z axis z
with a constant angular velocity w, = 3 rad/s. At this ‘
same instant, the disk is spinning at w, = 6 rad /s when

@, = 4 rad/s?, both measured relative to the rod. w =3 rad/ﬁ
Determine the velocity and acceleration of point P on <
the disk at this instant.

SOLUTION \”C
Motion of point A. Point A is located at the center of the disk. At the instant

consider, the fixed XYZ frame and rotating x" y' z' frame are set coincident with
origin at Point O. The x" y’' z’ frame is set rotate with constant angular velocity
of Q' = w; = {3k} rad/s of which the direction does not change relative to
XYZ frame. Since Q' is constant Q' = 0. Here r, = {—0.5i + 2j + 1.5k} m and

its direction changes relative to XYZ frame but does not change relative to x'y’z
frame. Thus,

Va = (Fa)yys + Q' X1 =0+ (=3K) X (—0.5i + 2j + 1.5k) = {6i + 1.5j} m/s

ay = [(}:A)x'y'z’ + Q/ X (iA)x’y’z’] + Q’ X Iy + Q, X i‘A

[0+ 0] + 0+ (—3k) X (6i + 1.5) = {4.5i — 18j} m/s*

Motion of P with Respect to A. The xyz and x" y” z” frame are set coincident with

"ono

origin at A. Here x" y” z” frame is set to rotate at Q” = w_, = {—6i} rad/s of which
its direction does not change relative to xyz frame. Also, Q" = {—4i} rad/s>. Here
(rp/a)xy: = {0.5j} m and its direction changes with respect to xyz frame but does
not change relative to x” y” z” frame.

(Ve e = (pa)yz = (Fpra)enyer + QX (1p/a)ay:
=0 + (—6i) X (0.5)) = {~3k) m/s
(aP/A)xyz: (};P/A)xyz = [(.’;P/A)x”y”z” +Q"X (iP/A)x”y”z”} + QH X (rP/A)xyz + Q”X(’;P/A)xyz
— [0 + 0] + (—4i) X (0.5)) + (—6i) X (—3k)
= {—18j — 2k} m/s?
Motion of P. Here, @ = e, = {3k} rad/s and Q = 0.
Vp = V4 + Q Xrps + (Yp/a)xy:
— (6i + 1.5§) + (=3k) X (0.5§) + (—3k)
= {7.50i + 1.50j — 3.00k}m/s Ans.
ap=a, + @ Xrp+ QX (QXrpa) + 20 X (Vp)y: + (@pja)ay:
= (4.5i — 18j) + 0 + (—3k) X (—3k x 0.5j) + 2(—3k) x (—3k) + (—18j — 2K)
= {4.50i — 40.5j — 2.00k} m/s? Ans.

Ans:
vp = {7.50i + 1.50j — 3.00k} m/s
ap = {4.50i — 40.5j — 2.00k} m/s’
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20-49.

At the instant shown, the backhoe is traveling forward
at a constant speed v, =2 ft/s, and the boom ABC is
rotating about the z axis with an angular velocity
o, = 08 rad/s and an angular acceleration
@; = 1.30rad/s>. At this same instant the boom is
rotating with w, = 3 rad/s when @, = 2 rad/s’ both
measured relative to the frame. Determine the velocity
and acceleration of point P on the bucket at this instant.

SOLUTION
Q = {0.8k} rad/s
Q = {13k} rad/s®
{2i — 4j}ft

Iy
vy = (ta)gy: + 2 X1y
= (i) + (0.8K) X (2i — 4j)
= {5.20i + 1.60j) ft/s
ay = [(F)g: + Q@ X (Fo)y:] + @ X1y + Q X iy
— 0 + (0.8K) X (2i) + (13K) X (2i — 4j) + (0.8k) X (5.20i + 1.60j)
= {3.92i + 8.36j) ft/s’
Qpa = {=3j}rad/s
QP/A = {-2j} rad/s’
tpa = {161 + SK} ft
(Yp/a)xyz = (Ep/a)ayz + Qpja X tpja
=0+ (=3j) X (16i + 5k)
= {150 + 48K} ft/s
@p/a)aye = [(Fpradaye + Qpja X (Epjadaye] + Qpja X xpja + Qpja X ipa
=0+ 0+ (=2j) X (16 + 5k) + (=3j) X (~15i + 48K)
= {—154i — 13Kk} ft/s’
Vvp =4+ Q Xrpg + (Vpra)iy:
= (52 + 1.6]) + (0.8k) X (16i + 5k) + (—15i + 48K)
vp = [~9.80i + 14.4] + 48.0k} ft/s

ap=ay + Q Xrpu + QX (Q X rp) +2Q X (Vpa)eye T (@p/a)sy:
= (3.92i + 8.36j) + (1.3k) x (16i + 5k) + (0.8k) X [(0.8k) X (16i + 5k)]
+ 2(0.8k) X (—15i + 48k) + (—154i — 13j)
ap = {—160i + 5.16j — 13k} ft/s’

Ans.

Ans.

Z

,,1\ o; = 0.8rad/s
@, = 1.30 rad /s

Ans:
vp = [—9.80i + 14.4j + 48.0k} ft/s
ap = {—160i + 5.16j — 13k} ft /s
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20-50.

At the instant shown, the arm OA of the conveyor belt is z
rotating about the z axis with a constant angular velocity
w; = 6rad/s, while at the same instant the arm is rotating
upward at a constant rate w, = 4 rad/s. If the conveyor is
running at a constant rate 7 = 5 ft/s, determine the velocity
and acceleration of the package P at the instant shown.
Neglect the size of the package.

SOLUTION
QO = w; = {6k} rad/s

Q=0

I‘OZVOZHOZO

QOpjp = {4i} rad/s
Qpio =0
tho = [4.243] + 4.243K) ft
(VP0)xyz = (Ep0)xyz T Qpio X Tpio
= (5cos 45% + 5sin 45°k) + (4i) X (4.243j + 4.243K)
= [~13.44j + 20.51k) ft/s
@pi0) = (Fpi0)xyz + Qpio X (Fp10)ay: + Qpio X Tpio + Qpio X Epro
= 0 + (4i) X (3.536] + 3.536k) + 0 + (4i) X (—13.44j + 20.51k)
= {-96.18j — 39.60k]} ft/s>
vp = Vo + Q Xxpo + (Xpi0)syz
— 0 + (6k) X (4.243] + 4.243k) + (—13.44j + 20.51K)
vp = [~25.5i — 13.4j + 20.5Kk) ft/s Ans.

ap=ap + Q Xrpo + QX (Q Xrpp) + 20 X (Vpo)ey: + (@pi0)sy:

0+ 0 + (6k) X [(6k) X (4.243] + 4.243k)] + 2(6k) X (—13.44j + 20.51k) + (—96.18] — 39.60k)

ap = {161i — 249j — 39.6k} ft/s? Ans.

Ans:
vp = {—25.5i — 13.4j + 20.5k} ft/s
{161i — 249j — 39.6k} ft/s*

ap
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20-51.

At the instant shown, the arm OA of the conveyor belt is z
rotating about the z axis with a constant angular velocity
w; = 6rad/s, while at the same instant the arm is rotating
upward at a constant rate w, = 4 rad/s. If the conveyor is
running at a rate i = 5 ft/s, which is increasing at ¥ = 8 ft/s?,
determine the velocity and acceleration of the package P at
the instant shown. Neglect the size of the package.

SOLUTION
QO = w; = {6k} rad/s

Q=0

I‘OZVOZHOZO

QOpo = {4i} rad/s

Qpio =0

tho = [4.243] + 4.243K) ft

(VP0)xyz = (Ep0)xyz T Qpio X Tpio
= (5c0s 45% + 5sin 45°K) + (di) X (4.243j + 4.243K)
= (—13.44j + 20.51k] ft/s

(3p/0)xy: = 8c0s 45) + 8sin 459Kk — 96.18j — 39.60k
= {—90.52j — 33.945k} ft/s’

Vvp=Vo + Q Xxpo + (Vpio)xy:

0 + (6k) X (4.243j + 4.243k) + (—13.44j + 20.51k)
vp = {—25.51 — 13.4j + 20.5k} ft/s Ans.

ap=ap+ Q Xrpo+ QX (Q Xrpp) + 20 X (Vpo)ry: + (Ap0)ry:

0+ 0 + (6k) X [(6k) X (4.243] + 4.243k)] + 2(6k) X (—13.44j + 20.51k) + (—90.52j — 33.945K)

—152.75j + 161.23i — 90.52j — 33.945k

ap = {161i — 243j — 33.9k} ft/s? Ans.

Ans:
vp = {—25.5i — 13.4j + 20.5k} ft/s
ap = {161i — 243j — 33.9k} ft/s’
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*20-52.

The crane is rotating about the z axis with a constant rate k4

o, = 0.25 rad /s, while the boom OA is rotating downward |

with a constant rate w, = 0.4 rad/s. Compute the velocity ‘ o =025 rad/s
. ; 1= 0

and acceleration of point A located at the top of the boom “P

at the instant shown.

SOLUTION

Q = {0.25k} rad/s S ~
Q=0

ro =20

vo =20

ap =20

Q40 = {—0.4i} rad/s

Qu0=0

r 0 = 4cos 30% + 40 sin 30°k
= 34.64j + 20k
(Ya/0)xyz = (F4/0)xy: T Qajo X Taj0
=0 + (—0.4i) X (34.64] + 20K)
= §j — 13.856k
@4/0)sy: = [(Fa/0)ryz + Qujo X (b4/0)xyz] + Lajo X ¥ajo + QLajo X tajo
=0+0+0+ (—4i) X (8 — 13.86k)
= 554§ — 32k
Vo= Vo + Q Xry0+ (Va0)sy:

0 + 025k X (34.64j + 20k) + (8j — 13.856k)

(—8.66i + 8j — 13.9K) ft/s Ans.
ay=ap+ QXry0+ QX (QXr40)+2Q X (Vao)e + (04/0)ry:
= 0+ 0+ (0.25k) X (0.25k) X (34.64j + 20k)

+2(0.25k) X (8j —13.856k) — 5.542j — 3.2k
a, = {—4i — 7.71j — 3.20k} ft/s’ Ans.

Ans:
va = {—8.66i + 8 — 13.9k} ft/s
a, = [—4i — 7.71j — 3.20K]) ft/s?
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20-53.

Solve Prob. 20-52 if the angular motions are increasing
at @; = 0.4rad/s* and @, = 0.8 rad/s* at the instant
shown.

SOLUTION
Q = {0.25k} rad/s

Q = {0.4k} rad/s?

l'O:O
V0:0
aOZO

Q40 = {—04i} rad/s

Q40 = {—08i} rad/s’

ry0 = 4cos30°% + 40sin 30°k
= 34.64j + 20k

(Ya/0)xy: = (F4/0)xy: + Qa0 X ¥as0
=0 + (~0.4i) X (3464 + 20k)
= § — 13.856k
(@a/0)wy: = [Fa0)iy: + Quajo X (Faj0)ryz] + QLajo X Tajo + Lujo X taj0
=0+ 0+ (~08i) X (34.64f + 20k) + (—4i) X (8j — 13.86k)
= 10.457j — 30.913k
Vo= Vo T Q Xry0 + (Vajo)ny:

=0 + 025k X (34.64j + 20K) + (8j — 13.856Kk)

= {-8.66i + 8 — 13.9k} ft/s Ans.
a,= a9+ Q X140+ QX (Q Xr140) + 22 X (Vajo)y: + (A4/0)y
=0 + (0.4k) X (34.64j + 20k)
+ (0.25k) X [(0.25k) X (34.64j + 20k)] + 2(0.25k) X (8j — 13.856k) + 10.457j — 30.913k
a, = {—17.9i + 829j — 30.9k} ft/s’ Ans.

Ans:
vy = {~8.66i + 8 — 139k} ft/s
ay, = {~17.9i + 829j — 30.9k} ft/s’
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20-54.

At the instant shown, the arm A B is rotating about the fixed
bearing with an angular velocity o, =2 rad/s and angular
acceleration @; = 6 rad/s%. At the same instant, rod BD is
rotating relative to rod AB at w, = 7 rad/s, which is
increasing at @, = 1rad/s%. Also, the collar C is moving
along rod BD with a velocity 7 = 2 ft/s and a deceleration
¥ = -05ft/ s?2, both measured relative to the rod.
Determine the velocity and acceleration of the collar at
this instant.

SOLUTION
Q = {2k} rad/s
Q = {6k} rad/s’
rp = [2i + 15K} ft
vg =1t = (Ip)y, + Q Xrp
= (2k) X (—2i + 1.5k)
= {-4j} ft/s
ap =¥ = [(Fp)eye + @ X (ip)gy:] + Q@ X153+ Q X iy
= (6k) X (—2i + 1.5k) + (2k) X (—4j)
= {8i — 12j} ft/s’
Qc/p = {7i} rad/s
QC/B = {li} rad/s’
rep = 1cos 30% + 1sin 30°k = {0.866j + 0.5k} ft
(VesB)xyz = (Eesp)xyz T Qeyp X teyp
= (2 cos 30% + 2sin 30°k) + (7i) X (0.866j + 0.5k)
= (~1.768] + 7.062k} ft/s
@c/p)ryz = [(Fep)aye + Qe X (iep)ay: ] T Qejp X xep + Qe X e

= (—0.5 cos 305 — 0.5sin 30°k) + (7i) % (1.732j + 1K) + (i) X (0.866j + 0.5k)
+ (7i) X (—1.768j + 7.06k)

= {~57.37j + 0.3640k} ft/s’
ve =vg + Q Xrep + (Veip)ay:

(—4j) + (2k) X (0.866j + 0.5k) + (—1.768 + 7.06k)

ve = {~1.73i — 5.77j + 7.06k} ft/s Ans.

ac=ag+ Q Xrep+ QX (Q X1ep) + 2Q X (Veip)y: + (A¢/8)0:

(8i — 12j) + (6k) X (0.866j + 0.5k) + (2k) X [(2k) X (0.866] + 0.5k) ]
+ 2(2k) X (—1.768) + 7.062k) + (—57.37j + 0.364Kk)

ac = {9.88i — 72.8] + 0365k} ft/s> Ans.

Ans:

ve = {=1.73i — 5.77j + 7.06k} ft/s
ac = [9.88i — 72.8j + 0.365k] ft/s?
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