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¢20-1. The anemometer located on the ship at A spins z
about its own axis at a rate w,, while the ship rolls about the x
axis at the rate o, and about the y axis at the rate w,.
Determine the angular velocity and angular acceleration of
the anemometer at the instant the ship is level as shown.
Assume that the magnitudes of all components of angular
velocity are constant and that the rolling motion caused by
the sea is independent in the x and y directions.

o=+ oj+ ok Ans.
Let Q = w,i + 0,].

Since w, and w,, are independent of one another, they do not change their direction
or magnitude. Thus,

a=w= (hi)xyz + (w, + wy) X w,
a=0+ (0,0 + 0,j) X (0,k)

a= w01~ 0,0 Ans.

20-2. The motion of the top is such that at the instant z
shown it rotates about the z axis at w; = 0.6 rad/s, while it
spins at w, = 8 rad/s. Determine the angular velocity and
angular acceleration of the top at this instant. Express the
result as a Cartesian vector.

w=w +w

o = 0.6k + 8 cos 45° j + 8sin 45°k

e
I

{5.66j + 6.26k]} rad/s Ans.
0 =w + o
Let x, y, z axes have angular velocity of ) = wy, thus
w =0
@y = (@) e + (@1 X @) = 0 + (0.6k) X (8 cos 45% + 8 sin 45°k) = —3.394i

a = o = {—3.39i) rad/s? Ans.
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20-3. At a given instant, the satellite dish has an angular z
motion w; = 6 rad/s and @; = 3 rad/s? about the z axis. At
this same instant § = 25°, the angular motion about the x
axis is w, = 2 rad/s, and @, = 1.5 rad/s?. Determine the
velocity and acceleration of the signal horn A at this instant.

Angular Velocity: The coordinate axes for the fixed frame (X Y, Z) and rotating
frame (x, y, z) at the instant shown are set to be coincident. Thus, the angular
velocity of the satellite at this instant (with reference to X, Y, Z) can be expressed in
terms of i, j, k components.

® = w; + w, = {2i + 6k} rad/s

Angular Acceleration: The angular acceleration « will be determined by
investigating separately the time rate of change of each angular velocity component
with respect to the fixed XYZ frame. w, is observed to have a constant direction
from the rotating xyz frame if this frame is rotating at ) = w; = {6k} rad/s.
Applying Eq. 20-6 with (@,),,, = {1.5i} rad/s?. we have

@y = (@)4y; + @1 X 0 = 1.5 + 6k X 2i = {1.5i + 12j} rad/s’
Since w, is always directed along the Z axis () = 0), then
@1 = (@1)yy, + 0 X 0 = (3K} rad/s?
Thus, the angular acceleration of the satellite is
a = o + @, = {15 + 12j + 3k} rad/s?

Velocity and Acceleration: Applying Eqs. 20-3 and 20-4 with the w and a obtained
above andr, = {1.4 cos 25°%j + 1.4 sin 25°k} m = {1.2688j + 0.5917k} m, we have

Va=o X1, = (2i + 6k) X (1.2688j + 0.5917k)
= {~7.61i — 1.18] + 2.54k} m/s Ans.

ay=aXry,toX(wXry,

(1.3i + 12§ + 3k) X (1.2688] + 0.5917K)
+ (2i + 6k) X [(2i + 6k) X (1.2688] + 0.5917K)]

= {10.4i — 51.6j — 0.463k} m/s? Ans.
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*20-4. The fan is mounted on a swivel support such that
at the instant shown it is rotating about the z axis at
w; = 0.8 rad/s, which is increasing at 12 rad/s’. The blade is
spinning at @, = 16 rad/s, which is decreasing at 2 rad/s%.
Determine the angular velocity and angular acceleration of
the blade at this instant.

w=w t+ w

0.8k + (16 cos 30° + 16 sin 30°k)
= {13.9i + 8.80k} rad/s Ans.
For w,, Q = w; = {0.8k} rad/s.
(@) xyz = (@)xy; + O X @,
= (=2 co0s30°% — 2sin 30°k) + (0.8k) X (16 cos 30°i + 16 sin 30°k)
= {—1.7320i + 11.0851j — 1k} rad/s?
Forw;, Q =0.
(0)xyz = (@)1, + @ X o
= (12k) + 0
= {12k} rad/s?
a=o=(0)xyz + (0)xyz
a = 12k + (—1.7320i + 11.0851j — 1k)

= {—1.73i + 11.1j + 11.0k} rad/s? Ans.
{ j
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*20-5. Gears A and B are fixed, while gears C and D are
free to rotate about the shaft S. If the shaft turns about the z
axis at a constant rate of w; = 4 rad/s, determine the
angular velocity and angular acceleration of gear C.

The resultant angular velocity w = w; + w, is always directed along the
instantaneous axis of zero velocity /A.

w=w T w

2 1
—wj — ——=wk =4k + 0,
)&
Equating j and k components
! 4 8.944 rad/s
— =W = w = —o.
Vs
2 (—8.944) 8.0 rad/
wy = ——(-8. = —8.0rad/s
V5
Hence 2 (—8.944)j L (—8.944)k = {—8.0j + 4.0k} rad/s Ans
w = —=(—o. - — —=(—¢. = 1 0. . .
Vs Vs

For w,, ) = w; = {4k} rad/s.
(@) xyz = (@) T Q X o,
= 0 + (4K) X (~8j)
= {32i} rad/s’
For w, Q) = 0.
(@)xyz = (@)yy: + A X0y =0+0=0
a=w=(o)xyz + (@)xyz

a =0+ (32i) = {32i} rad/s’ Ans.
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20-6. The disk rotates about the z axis w, = 0.5 rad/s z
without slipping on the horizontal plane. If at this same
instant w, is increasing at @, = 0.3 rad/s?, determine the
velocity and acceleration of point A on the disk.

w,=0.5rad/s i

150 mm

Angular Velocity: The coordinate axes for the fixed frame (X Y, Z) and rotating
frame (x, y, z) at the instant shown are set to be coincident. Thus, the angular y
velocity of the disk at this instant (with reference to X, Y, Z) can be expressed in / 300 mm #

terms of i, j, k components. Since the disk rolls without slipping, then its angular

velocity w = wy + w, is always directed along the instantaneous axis of zero
velocity (y axis). Thus,

X

0= w; + o,
—wj = —w, cos 30°j — w,sin 30°k + 0.5k
Equating k and j components, we have

0= —w,sin30° + 0.5  w, =1.00rad/s | 0,=0-5 radys

(N
\Y}

—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 @ = {—0.8660j} rad/s is observed to have a Ws
constant direction from the rotating xyz frame if this frame is rotating at
Q = w, = {0.5k} rad/s. (@), Z,z

0.3 0.3
= {—Sin 30 (cos 30°)j — S 30° (sin 30°) k} rad/s? = {—0.5196j — 0.3k} rad/s.
Thus, (&), = @, + (@,),; = {—0.5196]} rad/s”. Applying Eq.20-6, we have

a=0= (), +o Xo

~0.5196j + 0.5k X (—0.8660j)

{0.4330i — 0.5196j} rad/s?

Velocity and Acceleration: Applying Egs. 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.
ay=aXry+oX((wXry
= (0.4330i — 0.5196j) X (0.15j + 0.2598K)
+ (—0.8660j) X [(—0.86605) x (0.15j + 0.2598k)]

= {~0.135i — 0.1125j — 0.130k} m/s> Ans.
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20-7. If the top gear B rotates at a constant rate of w, z
determine the angular velocity of gear A, which is free to

rotate about the shaft and rolls on the bottom fixed gear C.
B
=
A ?
M y
hy
e ¢
X
Vp = wk X (*rBj) = eri
Also,
i i k Z z
Vp =y X (—rgj + hk) = |wge w4, w0y i
0 —rp h2 B <.} w
. . p ]
= (wayhy + wa, 7p)i — (0ac )] — 0y rpk '
Thus, o hz/
er:a)Ayhz-i-wAer (1) hr[
O = WA gy h2 R
r
0= WAy B C
WAy = 0
i j k
VR—0= 0 (,()Ay [OF Y =(—a)Ayh1+wAZrC)i
0 —rc 7/11
rc
Why = Wyg ]’Tl
From Eq. (1)

rch
wrg = wAz|:( 212) + rBj|
o, Bl %z)(%)
Az rch2+r3h1’ Ay h] rch2+}’3h]

rc rBhlw . rBhlw )
= (< + -
@A (h1)(rch2+r3h1)'] (rch2+r3h1 k Ans
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*20-8. The telescope is mounted on the frame F that z
allows it to be directed to any point in the sky. At the instant
6 = 30°, the frame has an angular acceleration of
a, = 0.2rad/s* and an angular velocity of w, = 0.3 rad/s
about the y’ axis, and 6 = 0.5 rad/s*> while § = 0.4 rad/s.
Determine the velocity and acceleration of the observing
capsule at C at this instant.

10
wy=03rad/s
0y =02 rad /s>

x7 §=04rad/s

6 = 0.5 rad /s

Angular Velocity: The coordinate axes for the fixed frame (X, Y, Z) and rotating
frame (x, y, z) at the instant shown are coincident. Thus, the angular velocity of the
frame at this instant is

w=0+ o, = —0.4i + (0.3 cos 30°j + 0.3 sin 30°k)
= [-04i + 0.2598j + 0.15Kk] rad/s
Angular Acceleration: w, is observed to have a constant direction relative
to the rotating xyz frame which rotates at Q = 6 = [—0.4i] rad/s. With

(d)y'>xyz = ay = 0.2 cos 30°j + 0.2sin 30°k = [0.1732j + 0.1k] rad/s?, we obtain

Wy = (d’Y’)XYZ + O Xy
= (01732 + 0.1K) + (~0.4i) X (0.3 cos 30°% + 0.3 sin 30°k)

= [0.2332j — 0.003923k] rad/s>

Since 6 is always directed along the X axis (Q = 0), then
6 = (6),y. + 0 X 6 = [—0.5i] rad/s?
Thus, the angular acceleration of the frame is

a:wy

.+ 6 = [-0.5i + 0.2332j — 0.003923K] rad/s’
Velocity and Acceleration:
V. = w X1, = (—04i + 0.2598j + 0.15k) X (10k)
= [2.598i + 4.00j] m/s = [2.60i + 4.00j] m/s Ans.
a =aXr,+toX(Xr,)
= (—0.5i + 0.2332j — 0.003923k) X (10k) + (—0.4i + 0.2598j + 0.15k) X [(—0.4i + 0.2598j + 0.15k) X (10k)]
= [1.732i + 5.390j — 2.275k] m/s?

= [1.73i + 5.39j — 2.275k] m/s® Ans.
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*20-9. At the instant when 6 = 90°, the satellite’s body is
rotating with an angular velocity of w; = 15rad/s and
angular acceleration of @, = 3 rad/s>. Simultaneously, the
solar panels rotate with an angular velocity of w, = 6 rad/s
and angular acceleration of @, = 1.5 rad/s*. Determine the
velocity and acceleration of point B on the solar panel at
this instant.

Here, the solar panel rotates about a fixed point O.The XYZ fixed reference frame
is set to coincide with the xyz rotating frame at the instant considered. Thus, the
angular velocity of the solar panel can be obtained by vector addition of w; and w,.

® = w; + w, = [6j + 15k] rad/s Ans.
The angular acceleration of the solar panel can be determined from
a=w= d)l + d)z

If we set the xyz frame to have an angular velocity of ) = w; = [15k] rad/s, then
the direction of w, will remain constant with respect to the xyz frame, which is along
the y axis. Thus,

@y = (@)yy; + @1 X @ = 1.5) + (15k X 6j) = [-90i + 1.5j] rad/s’
Since w, is always directed along the Z axis when ) = w;, then
@1 = (@1)yy, + 0 X 0 = [3K] rad/s?
Thus,
a = 3k + (—90i + 1.5j)
= [-90i + 1.5j + 3k] rad/s’
When 6 = 90°,xpp = [—1i + 6j] ft. Thus,
vg = @ X rog = (6 + 15k) X (—1i + 6j)
= [-90i — 15j + 6Kk] ft/s Ans.
and
ag = a X rop + 0 X (0w X rop)
= (=90i + 15§ + 3k) X (—1i + 6j) + (6j + 15k) X [(6j + 15k) X (—1i + 6j)]

= [243i — 1353j + 1.5k] ft/s? Ans.
j

7 réB
X WGl 2 B
~x Wy=/5 nu‘/s Y, 1}
@)
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20-10. At the instant when 6 = 90°, the satellite’s body
travels in the x direction with a velocity of vo = {500i} m/s
and acceleration of a, = {50i} m/s’. Simultaneously, the
body also rotates with an angular velocity of w; = 15 rad/s
and angular acceleration of @; = 3 rad/s’. At the same
time, the solar panels rotate with an angular velocity of
w, = 6rad/s and angular acceleration of @, = 1.5 rad/s?
Determine the velocity and acceleration of point B on the
solar panel.

The XYZ translating reference frame is set to coincide with the xyz rotating frame
at the instant considered. Thus, the angular velocity of the solar panel at this instant
can be obtained by vector addition of w; and w,.

0 = 0; + wy = [6j + 15k] rad/s Zz
The angular acceleration of the solar panel can be determined from

a=0=w + o
If we set the xyz frame to have an angular velocity of ) = w; = [15k] rad/s, then
the direction of w, will remain constant with respect to the xyz frame, which is along
the y axis. Thus,

@) = (@), + @ X @y = L.5] + (15k X 6j) = [-90i + 15j] rad/s’

Since wq is always directed along the Z axis when () = wq, then

@ = (0))yy; + 0 X 0 = [3k] rad/s’
Thus,
a =3k + (—90i + 1.5j)
= [-90i + 1.5j + 3k] rad/s?

When 6 = 90°, rg;p = [—1i + 6j] ft. Since the satellite undergoes general motion,
then

Vg = Vo + o X rB/O = (SOOi) + (6j + 15k) X (_1i + 6j)

[410i — 15] + 6Kk] ft/s Ans.

and
ag=ap + aXrgp+ o X (0 Xrg0)
= 50i + (=90i + 1.5j + 3k) X (—1i + 6j) + (6j + 15K) X [(6j + 15K) X (—1i + 6j)]
= [293i — 1353j + 1.5K] ft/s? Ans.
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20-11. The cone rolls in a circle and rotates about the z
z axis at a constant rate o, = 8 rad/s. Determine the
angular velocity and angular acceleration of the cone if it
rolls without slipping. Also, what are the velocity and
acceleration of point A?

8rad/s

>_ 1,

80 mm

Angular Velocity: The coordinate axes for the fixed frame (X, Y, Z) and rotating
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 Z,z
terms of i, j, k components. Since the disk rolls without slipping, then its angular ,
velocity w = w; + w, is always directed along the instantaneuos axis of zero

velocity (y axis). Thus,

0w =w;+ o,
—wj = —w, cos 45°j] — w, sin 45°k + 8k
Equating k and j components, we have
0 = —w;sin45° + 8 o, = 11.31 rad/s

—w = —11.13 cos 45° ® = 8.00 rad/s

Thus, o = {—8.00j} rad/s Ans.

Angular Acceleration: The angular acceleration a 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 = {—8.00j} rad/s is
observed to have a constant direction from the rotating xyz frame if this frame is
rotating at {) = w, = {8k} rad/s. Applying Eq. 20-6 with (w),,, = 0, we have

@ =@ = (@) + 0, X =0+ 8k X (~8.00j) = {64.0i} rad/s’ Ans.

Velocity and Acceleration: Applying Eqs. 20-3 and 20-4 with the w and « obtained
above and r, = {0.16 cos 45°k} m = {0.1131k} m, we have

Vi=w X1y = (—8.00j) X (0.1131k) = {—0.905i) m/s Ans.
aA=a><l‘A+w><(w><rA)

(64.0i) X (0.1131k) + (—8.00j) X [(~8.00j) X (0.1131K)]

= {—7.24j — 7.24k} m/s? Ans.
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*20-12. At the instant shown, the motor rotates about the
z axis with an angular velocity of w; = 3 rad/s and angular
acceleration of @, = 1.5 rad/s?. Simultaneously, shaft OA
rotates with an angular velocity of w, = 6 rad/s and angular
acceleration of @, = 3 rad/ s2, and collar C slides along rod
AB with a velocity and acceleration of 6 m/s and 3 m/s%
Determine the velocity and acceleration of collar C at this
instant.

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

Q = w; = [3k] rad/s @ = [1.5k] rad/s?

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

Va=w X roa = 3k) X (0.3j) = [~0.9i] m/s N

aAZd)1><rOA+w1X(w><rOA)

1.5k) X (0.3j) + (3k) X (3k X 0.3j

(1.5k) X (0.3j) + (3k) X ( i) A - orads
= [-0.45i — 2.7j] m/s? W, = 3 radfs*
In order to determine the motion of point C relative to point A, it is necessary to ré/‘\
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, = [6j] rad/s, the direction of (rC/A)xyz will @)
remain unchanged with respect to the x'y’'z" frame. Taking the time derivative of

4t

Yc/A)xyz
(VC/A)xyz = (tC/A)xyz = [(i‘C/A)x’y'z’ + wy; X (rC/A)xyz}
= (—6k) + 6j X (—0.3k)

= [-1.8i — 6k] m/s

Since ()" = w, has a constant direction with respect to the xyz frame, then
Q' = &, = [3j] rad/s’. Taking the time derivative of (fc/4).yz,

(ac/A)ryz = (Ec/a)xyz = [(.I;C/A)x’y’z’ t wp; X (i'C/A)x'y'z'] + @y X (¥c/a)ryz + @2 X (Ec/a)ayz
= [(=3K) + 6 X (—=6K)] + (3f) X (—0.3K) + 6j X (—1.8i — 6K)
= [-72.9i + 7.8k] m/s
Thus,
Ve =Va+ Q Xreiq + (Vera)sy:
= (=0.9i) + 3k X (—03k) + (—1.8i — 6k)
= [-2.7i — 6k] m/s Ans.
and
ac = a4 + Q X rea + QX (Q X 1c/0) + 2Q X (Ve/a)eye + (Ac/a)ye
= (—0.45i — 2.7j) + 1.5k X (—0.3k) + (3K) X [(3k) X (—0.3K)] + 2(3k) X (—1.8i — 6K) + (—72.9i + 7.8K)

= [~73.35i — 13.5] + 7.8k] m/s Ans.
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©20-13. At the instant shown, the tower crane rotates about
the 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.

T
T w;=025rad/s

® = w;rw, = {—041i + 025k} rad/s
Q = {0.25k} rad/s
0=w,+ QXo=(-08i+0.6k) + (0.25k) X (—0.4i + 0.25k)
= {=0.8i — 0.1j + 0.6k} rad/s?
r, = 40 cos 30% + 40 sin 30°k = {34.64j + 20k} ft
Vi=w Xry=1-04i+ 025K) X (34.64j + 20k)
vy = {—8.66i + 8.00j — 13.9k}ft/s Ans.

a,=a-ry+oXv,y=(—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? Auns.
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20-14. Gear C is driven by shaft DE, while gear B spins z
freely about its axle GF, which precesses freely about shaft
DE. If gear A is held fixed (w4 = 0), and shaft DE rotates
with a constant angular velocity of wpp = 10rad/s,
determine the angular velocity of gear B.

wpr = 10rad/s

Since gear C rotates about the fixed axis (zaxis), the velocity of the contact point P 7
between gears B and Cis

= wpg X 1c = (10k) X (=0.15j) = [1.5i] m/
= o i s %), |

Here, gear B spins about its axle with an angular velocity of (wp), and precesses about e
shaft DE with an angular velocity of (wp),. Thus, the angular velocity of gear B is L

wp = (wB)yj + (wB)zk

Here,rzp = [—0.15j + 0.15k] m. Thus,

Vp = wpg XrFP

15i = [(@p),j + (wp). k| X (—0.15) + 0.15k)
151 = [0.15(wp), — (—0.15)(wp), Ji
1.5 = 0.15(wp), + 0.15(wp).

(wB)y + (wB)z =10 (1)

Since gear A is held fixed, wp will be directed along the instantaneous axis of zero
velocity, which is along the line where gears A and B mesh. From the geometry of Fig. a,

(wp),

((‘)B)y

= tan 45° (a)B)Z = (a)B)y (2)

Solving Egs. (1) and (2),
(wp)y = (wp); = Srad/s
Thus,

wp = [5j + 5k]rad/s Ans.
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20-15. Gear C is driven by shaft DE, while gear B spins z
freely about its axle GF, which precesses freely about shaft
DE. If gear A is driven with a constant angular velocity of
w,4 = Srad/s and shaft DE rotates with a constant angular
velocity of wpgr = 10 rad/s, determine the angular velocity
of gear B.

Since gears A and C rotate about the fixed axis (z axis), the velocity of the contact

point P between gears B and C and point P’ between gears A and B are wpp = 10 rad s

Vp = wpr X 1 = (10k) X (—0.15)) = [1.51] m/s bl

and 150 mm ‘

Vp = wy X 1y = (—=5k) X (=0.15j) = [-0.75i] m/s

Gear B spins about its axle with an angular velocity of (wg), and precesses about
shaft DE with an angular velocity of (wg),. Thus, the angular velocity of gear B is

wp = (wp)yj + (wp). k
Here, rpp = [—0.15j + 0.15k] m and rppr = [—0.15j — 0.15k]. Thus,
Vp = wp X Ipp
15i = [(wp),j + (0p) k] X (—0.15] + 0.15k)

151 = [0.15(wp), + 0.15(wp). Ji

so that
15 = 0.15(wp), + 0.15(wp).
(wp)y + (wp), = 10 @
and
Vp = wp X Ipp
~0.75i = [(@p)yJ + (@p).k] X (~0.15] — 0.15k)
~0.75i = [0.15(wp), — 0.15(wp), i
Thus,

—=0.75 = 0.15(wp), — 0.15(wp),
(wp)y — (wp), =5 )
Solving Egs. (1) and (2), we obtain
(wp)y, = 7.5rad/s
(wp), = 2.5rad/s
Thus,

wp = [7.5j + 2.5k] rad/s Ans.
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*20-16. At the instant 6 = 0°, the satellite’s body is
rotating with an angular velocity of w; = 20 rad/s, and it has
an angular acceleration of @, = 5 rad/s%. Simultaneously, the
solar panels rotate with an angular velocity of w, = 5 rad/s
and angular acceleration of @, = 3 rad/s?. Determine the
velocity and acceleration of point B located at the end of one
of the solar panels at this instant.

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

Q = w; = [20k] rad/s ® = @, = [5k] rad/s
Since point A rotates about a fixed axis (Z axis), its motion can be determined from
V4= w; X ros = (20k) X (1j) = [—20i] m/s
and

aA:(b] XI'OAJF(D] ><(w1 XrOA)

(5k) X (1j) + (20i) X [(20i) % (1j)]
= [-5i — 400j] 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, = [5i] rad/s, the direction of (rg)4).y, Will
remain unchanged with respect to the x'y’z’ frame. Taking the time derivative of

(rB/A)xyv
(VB/A)xyz = (i'B/A)xyz = [(fB/A)X’y’z' + wy X (rB/A)xyz}

=0+ (5i) X (6))

= [30k] m/s

Since )" = w, has a constant direction with respect to the xyz frame, then
Q' = @, = [3i] rad/s?. Taking the time derivative of (*B/a)xyzs

(aB/A)xyz = (.I;B/A)xyz = [(.I:B/A)x’y’z’ + wy X (i'B/A)x’y’z’} + d’z X (rB/A)xyz + wy X (i'B/A)xyz
= [0 + 0] + (3i) X (6)) + (5i) X (30K)

= [-150j + 18k] m/s?

Thus,
Vg =Va+ Q Xrgat+ (Vpia)sy:
= (—20i) + (20k) X (6j) + (30k)
= [—140i + 30k] m/s Ans.
and

ag=a,+ Q Xrg,+ QX (QXrga)+ 20X (V) + (ap/4)x:
= (=5i — 400§) + (5Kk) X (6]) + (20k) X [(20K) X (6)] + 2(20k) X 30k + (~150f + 18k)

= [-35i — 2950j + 18k] m/s? Ans.
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*20-17. Attheinstant § = 30°, the satellite’s body is rotating
with an angular velocity of w; = 20 rad/s,and it has an angular
acceleration of @, = 5 rad/s%. Simultaneously, the solar panels
rotate with a constant angular velocity of w, = 5rad/s.
Determine the velocity and acceleration of point B located at
the end of one of the solar panels at this instant.

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

Q = o; = [20k] rad/s o = @, = [5k] rad/s?

Since point A rotates about a fixed axis (Z axis), its motion can be determined from
Vi = w; X o = (20k) X (1j) = [—20i] m/s

and

aA:d)l XTOA+(01 X((,U] XrOA)

(5k) X (1j) + (20Kk) X [(20k) X (1)]
= [-5i — 400j] m/s?

In order to determined 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, = [5k] rad/s, the direction of (rp/4),, will Y
remain unchanged with respect to the x'y’z’ frame. Taking the time derivative of l%/y'
(rB/A)xyz’ (a )

(vB/A)xyz = (FB/A)xyz = [(i‘B/A)x'y'z' + wy X (rB/A)xyz]
=0 + (5i) X (6cos30°j + 6sin 30° k)
= [~15f + 25.98k] m/s

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

(ap/a)xy: = <EB/A) = [(.I:B/A> + wy; X (i‘B/A)x'y'z'] + @y X (Ypja)xy: + @2 X (EB/a)xy:
xyz x'y'z'
= [0+ 0] + 0 + (5i) X (—15j + 25.98k)

= [-129.90j — 75k] m/s?

Thus,
Vg =Va+ Q Xrpa+ (Vpra)uy:
= (—20i) + (20k) X (6cos30°j + 6sin 30°k) + (—15j + 25.98K)
= [—124i — 15j + 26.0k] m/s Ans.
and

ag=a,+ QX rpa + QX (Q Xrga) + 20 X (Vp/a)sy: + (Ap/a)xy:
= (~5i — 400j)+(5k)X(6 cos 30% + 6 sin 30° k)+(20k)X [ (20k) X (6 cos 30° j + 6 sin 30°%K) ]
+2(20K) X (—15j + 25.98k)+(—129.90j — 75k)

= [569i — 2608j — 75k]m/s> Auns.
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20-18. At the instant 6 = 30°, the satellite’s body is
rotating with an angular velocity of w; = 20 rad/s, and it
has an angular acceleration of @, = 5 rad/s’. At the same
instant, the satellite travels in the x direction with a velocity
of vp = {5000i} m/s, and it has an acceleration of
ap = {500i} m/s%. Simultaneously, the solar panels rotate
with a constant angular speed of w, = 5 rad/s. Determine
the velocity and acceleration of point B located at the end
of one of the solar panels at this instant.

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

Q = w; = [20k] rad/s ® = @, = [5k] rad/s?

Since the body of the satellite undergoes general motion, the motion of points O
and A can be related using

Vqg = Vo + w1 X rA/O = 5000i + (20k) X (]j) = [4980i] m/S
and

ay = ap + d)l X rA/O + wp X ((,()1 X ro/A)

(500i) + (5k) X (1) + (20k) X [(20k) X (1j)]
= [495i — 400j] 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 of
Q' = w, = [5i] rad/s, the direction of (rg/4).,, will remain unchanged with respect
to the x'y’z’ frame. Taking the time derivative of (rz/4)yyz,

(vB/A)xyz = (EB/A)xyz = [(i‘B/A)x'y'z' + wy X (rB/A)xyz]
=0 + (5i) X (6 cos30°j + 6sin 30° k)

= [~15j + 25.98k] m/s

Since )’ = w, has a constant direction with respect to the xyz frame, then
Q) = @, = 0.Taking the time derivative of (f5/4)xyz,
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20-18. Continued

(ap/a)xy: = (fB/A)xyz = [(fB/A)x'y'z' oy X (i'B/A)x'y'z'] w2 X (rp/a)ay; + @2 X (Fp/a)ry:
= [0+ 0] + 0 + (5i) X (~15 + 25.98K)
= [-129.90j — 75k] m/s’
Thus,
Vg =Va+ Q Xrga+ (Vpra)uy:
= (4980i) + (20k) X (6c0s 30°j + 6sin 30°K) + (—15j + 25.98K)
= [4876i — 15j + 26.0k]m/s Ans.
and

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

(495i — 400j)+ (5k)X (6 cos 30°%j+6 sin 30° k) + (20k) x| (20k)X (6 cos 30° j + 6 sin 30°k) |
+ 2(20K)X(—15j + 25.98k)+(—129.90j — 75k)

= [1069 — 2608j — 75k] m/s? Ans.
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20-19. The crane boom OA rotates about the z axis with a
constant angular velocity of w; = 0.15 rad/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.

® = w; + 0w, = {0.2j + 0.15k} rad/s
0w =0 — w0
Let the x, y, z axes rotate at () = wy, then

w=0=|o|+ o X o

0 + 0.15k X 0.2j = {—0.03i} rad/s’

r, = [V(110)> — (50)]i + SOk = {97.98i + S0k} ft

w

i j Ok
Vqpg = wyly = 0 0.2 0.15
9798 0 50
v, = {10i + 117§ — 19.6k} ft/s Ans.
i j k i K
a =a+tr +twtvi=]-003 0 0|+]|0 02 015

9798 0 50 10 147 -19.6

a, = {—6.12i + 3j — 2k} ft/s? Ans.
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*20-20. If the frame rotates with a constant angular z
velocity of w, = {—10k} rad/s and the horizontal gear B
rotates with a constant angular velocity of wg = {5k} rad/s,
determine the angular velocity and angular acceleration of
the bevel gear A.

If the bevel gear A spins about its axle with an angular velocity of wg, then its
angular velocity is

0=t o, 1.5 ft —
= (wycos 30°j + w,sin30°k) — 10k

= 0.8660w,j + (0.50, — 10)k

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

v, = wp X rg = (5k) X (1.5j) = [-7.5i]ft/s
Since gear A rotates about a fixed point O then rpp = [1.5§] ft. Also,
Vp = o X Top
—7.51 = [0.8660w,j + (0.50; — 10)k] X (1.5j)
=751 = —1.5(0.5w, — 10)i
=75 = —1.5(0.50; — 10)
o, = 30rad/s
Thus,
w; = 30cos 30° j + 30sin 30°k = [25.98j + 15k] rad/s
w = 0.8660(30)j + [0.5(30) — 10]k = [26.0j + 5k] rad/s Ans.

We will set the XYZ fixed reference frame to coincide with the xyz rotating
reference frame at the instant considered. If the xyz frame rotates with an angular

velocity of ) = w, = [~10k] rad/s, the direction of w, will remain constant with

respect to the xyz frame. Thus,
©; = (Wg)xy; T @, X 0,
=0 + (—10k) X (25.98j + 15k)
= [259.81i] rad/s?
If O = w,, then w, is always directed along the z axis. Thus,
p = (dp)eye + 0p X0, =0+0=0
Thus,

a=o=a0+o,=(259.8l) + 0 = [260i] rad/s’ Ans.
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¢20-21. Rod AB is attached to collars at its ends by ball-
and-socket joints. If the collar A has a velocity of v, = 3 ft/s,
determine the angular velocity of the rod and the velocity of
collar B at the instant shown. Assume the angular velocity of
the rod is directed perpendicular to the rod.

Velocity  Equation:  Here, rg,4 ={0— (—4)]i+ (2 —-0)j+ (0— 4k} ft
={4i +2j — 4k} ft, v, =3i}ft/s, vg=wvgj and o =ow,i+ w,j+ ok
Applying Eq. 20-7, we have
Vp=Vat o Xrp,
vgj =3i+ (w0 + 0,j + 0k) X (4 + 2j — 4k)
vj = (3 — 4o, — 20,)i + (4o, + 40, j + (20, — 40,) k

Equating i, j and k components, we have

3-40, = 20,=0 [1]
vg = 4o, t 4o, 2]
20, — 4w, =0 [3]

If w is specified acting perpendicular to the axis of the rod AB. then
w rgy =0
(0vi+ w,j+ o k)-(4i +2j —4k) =0
do, + 20, — 4w, =0 4]
Solving Egs. [1],[2], [3] and [4] yields
vg = 6.00 ft/s w, = 0.6667 rad/s
w, = 0.3333 rad/s w, = 0.8333 rad/s
Thus,
vp = {6.00j} ft/s Ans.

w = {0.667i + 0.333j + 0.833k} rad/s Ans.
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20-22. The rod AB is attached to collars at its ends by ball-
and-socket joints. If collar A has an acceleration of
a, = {8i} ft/s? and a velocity v, = {3i} ft/s, determine the
angular acceleration of the rod and the acceleration of collar B
at the instant shown. Assume the angular acceleration of the
rod is directed perpendicular to the rod.

Velocity  Equation:  Here, rg,4 ={[0— (—4)]i+ (2 —-0)j+ (0 — 4k} ft
={4i +2j — 4k} ft, v, =(3i}ft/s, vg=wvpj and ©=ow,i+ 0,j+ ok
Applying Eq. 20-7. we have
VB:VAJF(OXI'B/A
vgj =3i+ (w0 + 0,j + 0k) X (4i + 2j — 4k)
vgj = (3 — 4o, — 20,)i + (4o, + 40) j + (20, - 40,) k

Equating i, j, k components, we have

3 —dw, - 20,=0 1]
vg = 4o, + 4o, [2]
20, — 4w, =0 [3]

If w is specified acting perpendicular to the axis of rod AB, then
w-rg 4 =0
(0,0 + w,j + o k) (4 +2j — 4k) = 0
do, + 20, — 40, =0 [4]
Solving Egs. [1], [2], [3] and [4] yields
vg = 6.00 ft/s w, = 0.6667 rad/s

o, = 0.3333 rad/s w, = 0.8333 rad/s
Thus, w = {0.6667i + 0.3333j + 0.8333K) rad/s

Acceleration Equation: With @ = a,i + @, j + a, k and the result obtained above,
applying Eq. 20-8, we have

aB:aA+a><rB/A+w><(w><rB/A)

agj = 8i + (i + a,j + ak) X (4i + 2j — 4k)
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20-22. Continued

+(0.6667i + 0.3333j + 0.8333k) X [(0.6667i + 0.3333j + 0.8333k) X (4i + 2j — 4K)

agj = (3 — da, — 2a,) i + (—2.50 + da, + da)j + (5 + 20, — 4o, ) k
Equating i, j, k components, we have
3-4a, —2a,=0
ap = —2.50 + 4a, + 4a,
5+ 20, —4a, =0
If « is specified acting perpendicular to the axis of rod AB, then
argy =0
(ai+ ayj+ ark)-(4i +2 — 4k) = 0
4o, + 20, — da, = 0
Solving Egs. [5], [6], [7] and [8] yields
ag = —6.50ft/s>  a, = —0.7222 rad/s’
a, = 0.8889rad/s @, = —0.2778 rad/s
Thus,
ag = [—6.50j) ft/s?

a = {—0.722i + 0.889j — 0.278k} rad/s>

[5]
[6]
[7]

(8]

Ans.

Ans.
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20-23. Rod ABis attached to collars at its ends by ball-and- z
socket joints. If collar A moves upward with a velocity of
v, = {8k}ft/s, determine the angular velocity of the rod and
the speed of collar B at the instant shown. Assume that the
rod’s angular velocity is directed perpendicular to the rod.

3 4
vp = {8kl ft/s vy = —Cugi+cupk  wup = eiit o)+ ek

[1.5i — 2§ — 1Kk} ft

Ig/a

Vp = V4 + WAB X rB/A

3 4 i j k

—gv3i+§v3k=8k+ 0, ©, o

1.5 -2 -1

Equating i, j, and k
3
—w, + 2w, = *ng @
w, + 15w, =0 ?2)
4

o — 2w, — 150, = 5B (€)]

Since w 4 is perpendicular to the axis of the rod,
wap Tpa = (01 + 0,j + 0k)-(1.5i — 2j — 1k) =0
15w, — 20, — 0w, =0 4
Solving Egs.(1) to (4) yields:
w, = 1.1684 rad/s o, = 1.2657rad/s w, = —0.7789 rad/s

vg = 4.71 ft/s Ans.

Then wyp = {1.17i + 1.27j — 0.779Kk} rad/s Ans.
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*20-24. Rod AB is attached to collars at its ends by ball-and- z
socket joints. If collar A moves upward with an acceleration of
a, = {4k}ft/s? determine the angular acceleration of rod AB
and the magnitude of acceleration of collar B. Assume that the
rod’s angular acceleration is directed perpendicular to the rod.

From Prob. 20-23
wap = {1.1684i + 1.2657j — 0.7789k} rad/s
rg.4 = {1.51 — 2j — 1k} ft

asp = ol + aj+ ok

3 4
a, = [4k] ft/s? ag = —ga3i+§a3k

ag=a, + ayp Xy + wsp X (wap X Tp/4)

3 4
—Sagi+ gagk = 4k + (o + oy j + o k) X (15 - 2j — 1K)

+(1.1684i + 1.2657j — 0.7789K)

X[ (1.1684i + 1.2657) — 0.7789k) X (1.5i — 2j — 1K)

Equating i, j, and k components

3
—ay, + 2a, — 5.3607 = ~598 @
a, + 1.5a, + 71479 = 0 ?2)
4
7.5737 = 20, — 150y = ga 3)

Since a 45 is perpendicular to the axis of the rod,
aqpTpa = (i + a,j + k) (151 — 2j — 1k) =0
150, = 20y —a, =0 4
Solving Eqgs.(1) to (4) yields:
a, = —2.779%4rad/s’ a, = —0.6285rad/s’  a, = —2.91213 rad/s’
ag = 17.6 ft/s? Ans.

Then aypz = {—2.78i — 0.628j — 2.91k} rad/s’ Ans.
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020-25. If collar A moves with a constant velocity of z
v, = {10i} ft/s, determine the velocity of collar B when
rod AB is in the position shown. Assume the angular
velocity of AB is perpendicular to the rod.

Since rod AB undergoes general motion v, and v can be related using the relative
velocity equation.

Vg = V4 + wyp X Ig/A

3
Assume vg = —vgi — ngk andwap = (0ap)ci + (0ap)yj T (wap); k. Also,

5
rg a4 = [~2i + 4j — 4K] ft. Thus,

4
gVBi - %ng = 10i + [(wAB)xi + (wAB)yj + (wAB)zk:| X (_Zi + 4j - 4k)

2o = 2ugk = 10 = doan)y — 4o i+ €00 — 2ean)e i + [ 40an + 20 i

Equating the i, j, and k components

4

V8= 10 — w4p)y — Hwap); @

0= 4(wAB)x - 2(wAB)z (2)
3

T5VB T Hwap)x + 2wap)y ()]

The fourth equation can be obtained from the dot product of
wap tpa =0
(@ap)xi + (0ap)yJ + (wap)K |+ (=20 + 4j — 4k) = 0
—2(wap)x + Hwap)y — Hwyp), =0 @)
Solving Egs. (1) through (4),
(wap), = 1.667 rad/s (wap)y = 4167 rad/s (wap), = 3.333rad/s

Vg = =25 ft/S

Then,

4
Vs = < (-25)i - %(725)1( = [-20i + 15K] ft/s Ans.
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20-26. When rod AB is in the position shown, collar A z
moves with a velocity of v, = {10i} ft/s and acceleration of
a, = {2i} ft/s’. Determine the acceleration of collar B at
this instant. Assume the angular velocity and angular
acceleration of AB are perpendicular to the rod.

For general motion, a, and ag can be related using the relative acceleration
equation.

ag=a, + asp X x4+ 0ap X (0ap X Tp/4)

Using the result of Prob. 19-17, w 45 = [1.667i + 4.166j + 3.333k] rad/s.

4 3
Assume ap = gaBi - gaBk and aup = (a4p)ci + (@4p)yj + (aap); k. Also,

rpa = [—2i + 4j — 4K] ft. Thus,

4
gaBi - %aBk =2+ |:(aAB)xi + (@ap)yj + (@aB): k} X (=2i + 4j — 4k)

+(1.667i + 4.166j + 3.333k) X [(1.667i + 4.166j + 3.333k) X (—2i + 4j — 4K)]
4 . 3 . .
g(,lBl - gﬂBk = |:645 - 4(aAB)y - 4(C(AB)Z:|1 + [4(aAB)X - Z(aAB)z - 125]] + [4(aAB)x + Z(aAB)y + 125 [k

Equating the i, j, and k components

4

gaB =645 — 4(aAB)y — 4aap); @

0 = 4aup)x — 2Aaqp); — 125 @)
3

_gaB = 4(aAB)x + Z(CVAB)y + 125 (3)

The fourth equation can be obtained from the dot product of
asprpa =0
(aap)ci + (aap)yj + (aap) k|- (=2i + 4j — 4k) =0
~2(aap)s + 4aap)y — Haap), =0 (C))
Solving Egs. (1) through (4),
(cap)y = 94.08 rad/s’ (aap)y = 172.71 rad/s* (), = 125.67 rad/s?

ag = —1411.25 ft/s?

Then,

4
ap = 5 (~1411.25)i - %(—1411.25)1( = [~1129i + 846.75k] ft/s  Auns.
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20-27. If collar A moves with a constant velocity of

z
v, = {3i} m/s, determine the velocity of collar B when rod 200 mm
AB is in the position shown. Assume the angular velocity of }(
AB is perpendicular to the rod. A
/
300 mm
X 600 mm
B\

Since rod AB undergoes general motion v, and v can be related using the relative
velocity equation.

Vp = Vyu + wyp X rB/A
Assume vp = vpj,wp = |:(wAB)xi + (wAB)yj + (wap); k},and
rp4 = [02i + 0.6j — 0.3K] ft. Thus,
VBj =3i + |:(wAB)xi + (wAB)yj + (wAB)Zk} X (02i + 06j - 031()
vpj = {3 — 0.3(wap), — O.6(wAB)Z}i + [03(0ap)c + 02(0ap). )i + [o.é(wAB)X — 02(wap)y [k

Equating the i, j, and k components

0=3 - 0'3(wAB)y - 0.6(wAB)Z (1)
vp = 03(wap)y + 0.2(wap), (2)
0= 0'6(wAB)x - O.Z(wAB)y (3)

The fourth equation can be obtained from the dot product of
WAB*YB/a = 0
[(@aB)ei + (@ap)yj + (wap). k|- (0.2i + 0.6 — 0.3k) = 0
02(wap)x + 0.6(wsp), — 0.3(wap), =0 @)

Solving Egs. (1) through (4),

(wap)y = 0.6122 rad/s (wap)y = 1.8371ad/s (wap), = 4.082 rad/s
vp=1m/s

Then,
v = [1j]m/s Ans.
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*20-28. When rod AB is in the position shown, collar A

V4
moves with a velocity of v, = {3i} m/s and acceleration of 200 mm
a4 = {0.5i} m/s% Determine the acceleration of collar B at }(
this instant. Assume the angular velocity and angular A
acceleration of AB are perpendicular to the rod. i
300 mm
X 600 mm
B\

For general motion, a, and ay can be related using the relative acceleration
equation.

ap =a, + ayp X rga + wsp X (Wap X Tp4)

Using the result of Prob. 19-22, w 45 = [0.6122i + 1837j + 4.082k] rad/s

Also,ag = agj,asp = (aap)ci + (aap)yi + (a4p). k,and
rp/4 = [0.2i + 0.6j — 0.3k] m. Thus,

agj = (0.5i) + {(aAB)xi + (aap)yj + (aAB)Zk} X (0.2i + 0.6§ — 0.3k)
+(0.6122 + 1837j + 4.082k) X [(0.6122i + 1837j + 4.082k) X (0.2i + 0.6j — 0.3K)]

agj = —{0.3(aAB)y + 0.6(ayp), + 3.5816} + [03(can)s + 02(asp). — 12.2449]j + [O.6(aAB)x — 02(aup), + 61224 |k

Equating the i, j, and k components

0= —[0.3(aAB)y + 0.6(cqp). + 3.5816} )
ag = 0.3((1143).,( + O'z(aAB)z — 12.2449 (2)
0= O~6(aAB)x - O'Z(aAB)y + 6.1224 (3)

The fourth equation can be obtained from the dot product of
asp rpa =0
[(@a)ei + (aap), i + (@ap) k] (02i + 0.65 — 0.3k) = 0
0.2(aqp)x + 0.6(aup)y — 0.3(ayp), =0 “)
Solving Egs. (1) through (4),
(aap), = —10.1020rad/s’>  (anp), = 0.3061rad/s*  (aup), = —6.1224 rad/s’
ag = —16.5m/s?
Then,

ag = [—16.5jjm/s’ Ans,
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020-29. If crank BC rotates with a constant angular z 300 mm
velocity of wgc = 6rad/s, determine the velocity of the /

collar at A. Assume the angular velocity of AB is
perpendicular to the rod.

1000 mm

Here, r¢/p = [—0.3i] m and wpe = [6k] rad/s. Since crank BC rotates about a fixed
axis, then

Vi = wap X rpc = (6k) X (-03i) = [~1.8]] m/s

Since rod AB undergoes general motion v, and v, can be related using the relative
velocity equation.

Vg = Vp + WAB X rA/B
Here,vg = vk o p = |:(wAB)xi + (wap)yJ + (wap): k},and
ryp = [—0.3i — 1j + 0.8k] m. Thus,

vk = —18j + [(wAB)xi + (@an)yd + (wAB)Zk} X (—03i — 1j + 0.8Kk)

vak = |:0~8(wAB)y + (wAB)z:|i_|:O'8(wAB)x + 03(w4p), + 1~8}j + |:0'3(wAB)y — (wap)y |k

Equating the i, j, and k components

0 = 0.8(wap)y + (wap); @
0 = _|:0'8(wAB)x + 0'3(wAB)z + 18:| (2)
va = 0.3(wap)y — (@ap)x A

The fourth equation can be obtained from the dot product of
wapTyap =0
(wap)c i+ (wap)y] + (w4p); k} +(=03i — 1j + 0.8k) = 0
—0.3(wap)x — (@ap)y + 0.8(wap), = 0 “@

Solving Egs. (1) through (4),

(wap)y = —2.133 rad/s (wap)y = 0.3902rad/s (wap), = —0.3121 rad/s?
vy =225m/s
Then,

v, = [2.25k]m/s Ans.
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20-30. If crank BC is rotating with an angular velocity z 300 mm
of wpc = 6rad/s and an angular acceleration of /

@pc = 1.5 rad/s?, determine the acceleration of collar A at L

this instant. Assume the angular velocity and angular
acceleration of AB are perpendicular to the rod.

Here, rcg = [—0.3i] m and ape = [1.5k] rad/s% Since crank BC rotates about a
fixed axis, then

ap = dpc X I'cp + wpc X ((UBC X rCB) = (15k) X (_03i) + 6k X [(6k) X (_OSi)]

= [10.8i — 0.45j] m/s?

For general motion, a, and aj can be related using the acceleration equation.
ay =ag+ asp X 1yp+ wsp X (Wap X Typ)
Using the result of Prob. 20-29, w 45 = [—2.133i + 0.3902j — 0.3121k] rad/s.
Also,ay = agk,asp = (aap)ci + (@ap)yj + (@4p). k,and
ryp = [—0.3i — 1j + 0.8k] m. Thus,

ask = (10.8i — 0.45)) + [(@ap).i + (aap)d + (@ap). k| X (=030 — 1j + 0.8K)

+(—2.133i + 0.3902§ — 0.3121k) X [(—2.133i + 0.3902j — 0.3121k) X (—0.3i — 1j + 0.8Kk)]
ask = [0.8(aap), + (axp). + 1224]i + [4.349 — 0.8(aap). — 03(aap). i + [03(aun), — (@ap). — 3.839 ]k

Equating the i, j, and k components

0= O'S(QAB)y + ((XAB)Z + 12.24 (1)
0 = 4349 — 0.8(aup), — 0.3(aap). Q)
a, = O.3(aA3)y - (aAB)x — 3.839 (3)

The fourth equation can be obtained from the dot product of

apptayp =0

[(@ap)ei + (aap),J + (@ap) k] (=03i — 1j + 0.8k) = 0

—0.3(a4p)r — (a4p)y + 0.8(ayp), =0 @)
Solving Egs. (1) through (4).
(aap), = 7.807tad/s*  (aap), = —7.399rad/s>  (a4p), = —6.321 rad/s

a, = —13.9m/s?

Then,

a, = [—13.9k]m/s? Ans.
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20-31. Rod AB is attached to collars at its ends by ball-
and-socket joints. If collar A has a velocity v, = 15 ft/s at
the instant shown, determine the velocity of collar B.
Assume the angular velocity is perpendicular to the rod.

\' {15i} ft/S Vg = UBk WAB = a)xi + a)yj + wzk

rga = {—2i+ 6j — 3k} ft

VB:vA+wAB><rB/A @
i j Kk
vgk = 15i + |0, o, o,
-2 6 -3

Equating i, j, and k components yields:

15-3w0, — 6w, =0 @
3w, —2w,=0 ?2)
6w, + 20, = vp 6)]

If w 45 is perpendicular to the axis of the rod,
wyp s = (0i+ 0,j+ o k) (-2i +6j —3k) =0
—2w, + 6w, — 3w, = 0 @
Solving Egs. (1) to (4) yields:
w, = 1.2245 rad/s w, = 1.3265 rad/s w, = 1.8367 rad/s vg = 10 ft/s

Note: v can be obtained by solving Egs. (1)-(3) without knowing the direction of

Hence w,p = {1.22451 + 1.3265j + 1.8367k) rad/s

v = {10k} ft/s Ans.
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*20-32. Rod AB is attached to collars at its ends by ball-
and-socket joints. If collar A has a velocity of
v, = {15i} ft/s and an acceleration of a, = {2i} ft/s? at
the instant shown, determine the acceleration of collar B.
Assume the angular velocity and angular acceleration are
perpendicular to the rod.

From Prob. 20-31
wap = (122451 + 1.3265§ + 1.8367k) rad/s
rpa = (~2i + 6 — 3k] ft
g = api + ayj + o,k
a, = {2} ft/s? ag = agk
ag = a4 + asp X xpq + wap X (@ap X Tp/a)
apk = 2i + (ayi+ ayj + ak) X (=2 + 6] — 3K)
+(1.2245i + 1.3265] + 1.8367K)

x[(1.2245i + 1.3265 + 1.8367k) X (~2i + 6j — 3k)]

Equating i, j, and k components yields:

152653 — 3a, — 6a, = 0 )
3a, — 2a, — 39.7955 = 0 )
6a, + 2a, + 19.8975 = ap A3)

If a4 5 is perpendicular to the axis of the rod,
apptpa = (i + a,j+ ak) (—2i+6j—3k)=0
—2a, + 6a, — 3a, = 0 @
Solving Egs. (1) to (4) yields:
a, = 1343rad/s* @, = 4.599rad/s’  a, = 02449rad/s’  ap = 109.7 ft/s*
Note: ag can be obtained by solving Egs. (1)-(3) without knowing the direction of «

Hence ag = {110k} ft/s? Ans.
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#20-33. Rod AB is attached to collars at its ends by ball-
and-socket joints. If collar A has a speed v, = 3m/s,
determine the speed of collar B at the instant shown.
Assume the angular velocity is perpendicular to the rod.

Velocity Equation: Here, vz, = {(2 — 0)j + (0 — 1k) m = {2j — 1k} m,
O0O-15i+@2-0)j
VO = 1572 + (2 — 0)?
o = w,i+ 0,j+ o k Applying Eq.20-7, we have

va = {—3Kk}m/s,vg = vg[ ] = —0.6 vgi + 0.8 vzjand

VB:VAJFU)XI'B/A
—0.6v51 + 08vpj = —3k + (w,i + w,j + 0. k) X (2f — 1K)

—0.6vgi+ 08vpj = (-0, — 2w)i + w,j + 2o, —3)k

Equating i, j and k components, we have.

—06vp = —0, - 20, [1]
0.8 vp = w, [2]
0=2w,—-3 [3]

If w is specified acting perpendicular to the axis of the rod AB, then
w-rg4 =0
(i + o, + 0, k)(2j — 1K) =0
20, = 0, = 0 [4]
Solving Egs. [1], [2], [3] and [4] yields
vg = 1.875m/s Ans.

o, = 1.50 rad/s w, = 0.225rad/s o, = 0.450 rad/s
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20-34. If the collar at A in Prob 20-33 has an acceleration
of a, = {-2k} m/s> at the instant its velocity is
vy = {-3k} m/s, determine the magnitude of the
acceleration of the collar at B at this instant. Assume the
angular velocity and angular acceleration are perpendicular
to the rod.

Velocity Equation: Here, 1,4 = {(2 — 0)j + (0 — 1)k} m = {2j — 1k) m,
(0 — 1.5)i + (2 — 0)j J

VO - 152 + (2 - 0)2

w = wj + w, k. Applying Eq. 20-7, we have

vy ={— 3k} m/s,vg = ‘UB|: = —0.6 vgi + 0.8 vgjand

VB:VAJF(L)XI'B/A
—0.6vgi + 0.8 vpj = =3k + (0 + w,j + w k) X (2j — 1k)
—0.6vgi+ 08vpj=(—3—0w, —2w)i + w,j+ Qw, —3)k

Equating i, j, and k components, we have

—0.6vp = —3-0, — 20, [1]
08 vy = w, 2]
0=2w, —3 [3]

If w is specified acting perpendicular to the axis of the rod AB, then
w-rpq =0
(0ri+w,j+wk) 2j—1k) =0
20, —w, =0 [4]
Solving Egs. [1],[2], [3] and [4] yields
vg = 1.875m/s w, = 1.50 rad/s

w, = 0.225rad/s w, = 0.450 rad/s

Thus,

o = {1.50i + 0.225j + 0.450k} rad/s
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20-34. Continued

Acceleration Equation: With @ = a,i + a, j + a, k and the result obtained above,
Applying Eq. 20-8, we have

aB:aA+oz><rB/A+a)><(a)><r3/A)
~0.6agi + 08agj = —2k + (a,i + a,j + a, k) X (2j — 1k)
+ (1.50i + 0.225j + 0.450k) X [(1.50i + 0.225] + 0.450k) X (2j — 1K)]

—0.6a5i + 0.8agj = ( —a, — 2a,)i + (a, — 5.00625) j + (2, + 0.503125) k

Equating i, j, and k components. we have

—0.6ap = —a, — 2a; [5]
0.8ap = a, — 5.00625 [6]
0 = 2, + 0.503125 [7]

Solving Egs. [6] and [7] yields
a, = —0.2515 rad/s?

ag = —6.57 m/s? Ans.

Negative sign indicates that ag is directed in the opposite direction to that of the
above assumed direction

Note: In order to determine «, and «,. one should obtain another equation by
pacifying the direction of a which acts perpendicular to the axis of rod AB.
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20-35. The triangular plate ABC is supported at A by a
ball-and-socket joint and at C by the x—z plane. The side AB
lies in the x—y plane. At the instant 6 = 60°, 0 = 2 rad/s
and point C has the coordinates shown. Determine the
angular velocity of the plate and the velocity of point C at
this instant.

vg = —55sin 60°i + 5 cos 60°j
= {—4.33i + 2.5} ft/s

ve = (vo)ei + (ve) Kk

reia = {3i + 4k} ft

rpa = {1.251 + 2.165j) ft

VB:(UXI'B/A

i i k

—4.331 + 2.5) = | wy 0, o
125 2165 0

—2.165w, = —4.33; w, = 2rad/s

2165w, — 1250w, = 0; o, = 1.732w,
Ve = o X Ic/a
i
(Vo)xi+ (Vo) k = oy oy 2
3 0 4
(vo)x = 4wy
0 = 4w, — 6; w, = 1.5rad/s
(ve), = —3w,
Solving,
o, = 2.5981 rad/s
(ve), = 10.392 ft/s
(ve), = —7.7942 ft/s
Thus,

o = {1.50i + 2.60j + 2.00k} rad/s

ve = {10.4i — 7.79K} ft/s

Ans.

Ans.

Z
3 f(
o)
4 ft A y
2.5 ft
B
, Vi
5-ooNL072 radfs
P oft 60°
"}3 = 9/*3;4
X =2(2.5) ftfs
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*20-36. The triangular plate ABC is supported at A by a
ball-and-socket joint and at C by the x—z plane. The side
AB lies in the x—y plane. At the instant 6 = 60°,
6 = 2rad/s, & = 3 rad/s? and point C has the coordinates
shown. Determine the angular acceleration of the plate and
the acceleration of point C at this instant.

From Prob. 20-35.
o = 1.51 + 2.5981j + 2k
rpa = 1251 + 2.165j
vp = —4.331 + 2.5§
(ap), = 3(2.5) = 7.5ft/s?
(ap), = (2)%(2.5) = 10 ft/s?
ag = —7.5sin 60°1 + 7.5 cos 60°j — 10 cos 60°i — 10 sin 60°j
ag = —11.4952i — 4.91025j

aB=a><rB/A+w><vB/A

i i K i i k
—11.4952i — 491025§ = | @, @, |+ | 15 25981 2
125 2165 0 —433 25 0

~11.4952 = —2.165a, — 5
—4.91025 = 1.25a, — 8.66
a, = 3rad/s’

0 = 2.165a, — 1.25a, + 15
ac = a X Ica + ® X Veua

vesa = 103% — 7.794k

i j kK i i k
ac = (ac)xi + ((lc)zk = |ay a,, o, + 1.5 2.5981 2
3 0 4 10.39 0 —7.794

(ac), = 4a, — 2025
0 = 3a, — 4a, + 32.4760
(ac), = —3a, — 27
Solving Egs. (1)-(4),

a, = 10.369 rad/s?

a, = 29.96 rad/s?

(ac), = 99.6 ft/s?

(ac), = —117 ft/s*

ac = {99.6i — 117k]ft/s?

a = {10.4i + 30.0j + 3k} rad/s?

§=.2 redfs
‘ga%md/s‘ o =75 1tls*

OO y)= 10/
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¢20-37. Disk A rotates at a constant angular velocity of z
10 rad/s. If 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 ¢ E
if it is directed perpendicular to the axis of the rod?
y

VC:{li}m/s Vg = _VBj (l)BC:a)xi+wyj+wzk
rgc = {~02i + 0.6§ + 0.3k} m

Vp = V¢ + [0F: 76 X rB/C

i j k
—vg=1li + | o, 0, o,
-02 0.6 03
Equating i, j, and k components
1 =030, — 0.6w, =0 (6))
03w, + 02w, = vy 2)
0.6w, + 020, =0 A3

Since wpc is perpendicular to the axis of the rod,
wpC rgc = (0,i + 0, j + 0 k) (—02i + 0.6§ + 0.3k) =0
—020, + 0.60, + 030, = 0 @)
Solving Egs. (1) to (4) yields:
w, = 0.204 rad/s o, = —0.612 rad/s w, = 1.36 rad/s vp = 0333 m/s
Then
wpc = {0.204i — 0.612j + 1.36k} rad/s Ans.

vg = {—0.333j} m/s Ans.
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20-38. Solve Prob.20-37 if the connection at B consists of n
a pin as shown in the figure below, rather than a ball-and-
socket joint. Hint: The constraint allows rotation of the rod
both about bar DE (j direction) and about the axis of the
pin (n direction). Since there is no rotational component in
the wu 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 rg;c X rp/c.

VC={1i}m/S VBZ_VBj wBC=wxi+wyj+wzk
rgc = {—0.2i + 0.6j + 0.3k} m

Vg = V¢ + [0):7ed X rB/C

i j k
—vgi=li+ | 0, o o
-02 06 03
Equating i, j, and k components
1+ 03w, — 0.6w, =0 @
03w, + 02w, = vy )
0.6w, + 02w, = 0 3)
Also,
rgc = {—02i + 0.6§ + 0.3k} m
rpic = {—0.2i + 0.3k} m
i j k
rpic X tpc = |—02 0.6 03] ={0.18i + 0.12k} m*
-02 0 03
0.18i + 0.12k
n= "= = 08321i + 0.5547k
V0.18% + 0.122
u=jXxXn=jX (0.8321li + 0.5547k) = 0.5547i — 0.8321k
wpcu = (0, i+ 0, j + wk)-(0.5547i — 0.8321k) = 0
0.5547w, — 0.8321w, = 0 “)

Solving Egs. (1) to (4) yields:
w, = 0.769 rad/s w, = —2.31rad/s w, = 0.513 rad/s vg = 0.333m/s
Then

wpc = {0.7691 — 2.31j + 0.513k]} rad/s Ans.

vg = {—0.333j} m/s Ans.
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20-39. 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.

Relative to XYZ, let xyz have
0O=0 Q=0
rz = {—0.5k} m
v = {2j} 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, = o + 0y = {4i + 5kjrad/s @, = @ + &, = {1.5i — 6k} rad/s’
(rc/B)ry: = {0.2j} m
(Ye/B)xyz = (ciB)xy: = (Ec/B)wyz + (01 + @3) X (X¢/B)xy:
= 3j + (4i + 5k) x (0.2j)
= {—1i + 3j + 0.8k} m/s
(ac/B)sy: = (Fc/p)ry: = [(Feipoys + (@1 + @2) X (ke/p)vy]
(@1 + @) X (1e/p)rye] + [(@1 + @) X (Fc/p)aye]
(ac/B)xye = (20 + (4 + 5k) X 3j] + [(1.5i — 6k) X 0.2] + [(4i + 5k) X (—1i + 3j + 0.8Kk)]
= {—28.8i — 6.2j + 24.3k} m/s?
ve = Vg + Q Xxep + (Vosp)ay:
=2j+ 0+ (—1i + 3j + 0.8k)
= {—1.00i + 5.00j + 0.800k} m/s Ans.
ac = ag + Q Xrcgp + Q X (Q Xxg/p) + 20 X (Vosp)aye + (Ac/B)ayz
=(0.75j + 8k) + 0 + 0 + 0 + (—28.8i — 6.2j + 24.3k)

= {—28.8i — 5.45j + 32.3k} m/s? Ans.
{ J
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*20-40. Solve Example 20-5 by fixing x, y, z axes to rod
BD so that ) = w; + w,. In this case the collar appears
only to move radially outward along BD; hence Q. = 0.

Relative to XYZ,let x’ y' 7' be concident with XYZ and have ()’ = w; and O = W
® = w; + w, = {4i + 5k} rad/s
w=w t+w= {(wl) +w1><w1} + [(a)z) +a)1><a)2}
x'y'z x'y'z
= (15 + 0) + [—6k + (4i) X (5k)] = {1.5i — 20j — 6k} rad/s’
rz = {—0.5k} m

Vg =1 = (i‘B> + @ X rg = 0 + (4i) X (=0.5k) = {2j} m/s
x'y'z

aB=i'B={(.r'B) +w1X(rB) }-I-(lerB-ﬁ—lei'B
x'y'z x'y'z
=0+ 0+ [(150) X (-0.5k)] + (4i X 2§) = {0.75] + 8k} m/s?

Relative to x'y’z’, let xyz have

Qo =0, Qpp =0

(rC/B) = {02j} m

xyz
(VC/B)xyz = {3.]} m/s
(aC/B)xyz = {2.]} In/s2

ve = v+ Q X rep + (VosB)wy:

2§ + [(4i + 5Kk) x (0.2§)] + 3j

= {-1i + 5j + 0.8kjm/s Ans.
ac = ag + Q Xrep + QX (Q Xxep) + 20 X (Ye/p)ay: + (Ac/B)xy:
= (0.75) + 8k) + [(1.5i — 20j — 6k) X (0.2j)] + (4i + 5k) X [(4i + 5k) X (02j)] + 2[(4i + 5k) X (3j)] + 2j
ac = [—28.2i — 5.45j + 32.3k} m/s? Ans.
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20-41. At the instant shown, the shaft rotates with an z
angular velocity of w, = 6rad/s and has an angular
acceleration of @, = 3rad/s’. At the same instant, the

disk spins about its axle with an angular velocity \
of w, = 12rad/s, increasing at a constant rate of ®, 750 mm
@, = 6 rad/s?. Determine the velocity of point C located on >,
the rim of the disk at this instant. 77
B C
X

wS

@ 150 mm
The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached Z
to point A, Fig. a. The angular velocity and angular acceleration of this frame with
respect to the XYZ frame are w"’= 6 ,M/‘

Al = 2 /7
Q = w, = [6k] rad/s & = @, = [3k] rad/s’ Wp =3rad]s Bt

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

v4 = wp X 1o = (6k) X (0.75j) = [-4.5i)] m/s X

In order to determine the motion of point C relative to point A, it is necessary to
establish a second x'y’z’ rotating frame that coincides with the xyz frame at the X
instant considered, Fig. a. If we set the x'y’z’ frame to have an angular velocity X w; =6 rad/s"‘
relative to the xyz frame of )’ = wg = [12i] rad/s, the direction of (r¢/a)yy, Will

remain unchanged with respect to the x'y’z’ frame. Taking the time derivative of (@)

(rC/A)xyza

(N ’
L

(VC/A)xyz = (i'C/A)xyz = [(i'C/A)x’y’z’ + oy X (rC/A)xyz}
=0 + (12i) X (0.15k)
= [-1.8j] m/s

Thus,

Ve =Va+ Q Xrgia + (Vera)sy:

(—4.5i) + 6k X 0.15k + (—1.8])

= [—4.51 — 1.8j] m/s Ans.
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20-42. At the instant shown, the shaft rotates with an Z
angular velocity of w, = 6rad/s and has an angular
acceleration of w, = 3 rad/ s%. At the same instant, the disk

spins about its axle with an angular velocity of w, = 12 rad/s, \
increasing at a constant rate of @, = 6 rad/s>. Determine ®, 750 mm
the acceleration of point C located on the rim of the disk at ),

this instant.

X

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 = 0, = [6k] rad/s @ = Q, = [3k] rad/s?
Since point A rotates about a fixed axis (Z axis), its motion can be determined from
Va4 = 0, X Tos = (6k) X (0.75j) = [—4.5i] m/s
ap = w, X roq + @, X (wp X rOA)
= (3k) X (0.75j) + 6k X [6k X 0.75]f]
= [-2.25i — 27j] m/s?

In order to determine the motion of the point C relative to point A, it is neccessary
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, = [12i] rad/s, the direction of (r¢c/4)yy, Will

remain unchanged with respect to the x'y’z" frame. Taking the time derivative of XY 7 -]
/ o - 2
(rC/A)xyza 74&— Gra /5

(ve/a)xyz = (bcja)xy: = [(fC/A)x’y’z’ + wg X (rC/A)xyz] @)
=0 + (12i) X (0.15k)
= [-1.8j] m/s

Since ()" = w; has a constant direction with respect to the xyz frame, then
Q = @, = [6i] rad/s’. Taking the time derivative of (Fc/a)xyz

(ac/a) = (Fe/a)sy: = [(Fepa)eye + @y X (ke Ay + @y X (6c/a)aye T @5 X (Feja)sy:
= [0 + 0] + (6i) X (0.15k) + (12i) X (—1.8j)
= [-0.9j — 21.6k] m/s?
Thus,
ac=a,+ Q X+ QX (QXr1e/a) +2Q X (Veia)n: + (Ac/a) e
= (—2.25i — 27j) + 3k x 0.15k + 6k X (6k X 0.15k) + 2(6k) X (—1.8j) + (—0.9j — 21.6k)

= [19.35i — 27.9j — 21.6k]m/s> Ans.
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20-43. At the instant shown, the cab of the excavator z
rotates about the z axis with a constant angular velocity of
w, = 0.3 rad/s. At the same instant # = 60°, and the boom
OBC has an angular velocity of 6 =06 rad/s, which is
increasing at 6 = 0.2 rad/s?, both measured relative to the
cab. Determine the velocity and acceleration of point C on
the grapple at this instant.

Relative to XYZ, let xyz have

Q = {0.3k} rad/s, ® = 0 (Q does not change direction relative to XYZ.)
ro = 0, vo = 0, ap =0

Relative to xyz,let x"y’z’ be coincident with xyz at O and have

Qy,, = {0.6i} rad/s, Qxyz = {0.2i) rad/s? (Qy,; does not change direction
relative to XYZ.)

(rc/0)xyz = (5 cos 60° + 4 cos 30°)j + (5sin 60° — 4sin 30°)k = {5.9641j + 2.3301k} m
(¥c/0)xy, change direction relative to XYZ.)

(Ye/0)xyz = (fC/o) = (i'C/o) Qe X (rC/O)
xXyz xX'yz xyz

=0 + (0.6i) X (5.9641j + 2.3301k) = {—1.3981j + 3.5785k} m/s

(ac/0)xy: = (fC/o> = |:<.I:C/O) R U <l"c/o> B } + Oy X o + Oy X o
xyz x'y'z X'y'z
= [0+ 0] + (0.2i) X (5.9641j + 2.3301k) + (0.6i) X (—1.3981j + 3.5785k)
= {—2.61310j + 0.35397k} m/s?
Thus,
Ve = Vo + Q X xcjo + (Vepo)y: = 0 + (0.3K) X (59641 + 2.3301k) — 1.3981j + 3.5785k
= {~1.79i — 1.40j + 3.58k} m/s Ans.
ac =ap + Q X1cp + QX (Q X rc/o> + 20 X (Ve/0)aye + (Ac/0)rye
=0+ 0+ (03k) X [(0.3k) X (5.9641j + 2.3301K)]
+ 2(0.3k) X (—1.3981j + 3.5785k) — 2.61310j + 0.35397k

= {0.839i — 3.15] + 0.354k} m/s? Ans.
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*20-44. At the instant shown, the frame of the excavator z
travels forward in the y direction with a velocity of 2 m/s
and an acceleration of 1 m/s?, while the cab rotates about
the z axis with an angular velocity of w, = 0.3 rad/s,
which is increasing at a, = 0.4 rad/s%. At the same instant
0 = 60°, and the boom OBC has an angular velocity of
6 = 0.6 rad/s, which is increasing at § = 0.2 rad/s, both
measured relative to the cab. Determine the velocity and
acceleration of point C on the grapple at this instant.

Relative to XYZ, let xyz have

Q = {0.3k) rad/s, » = {0.4k}rad/s> (Q does not change direction relative
to XYZ.)

ro = 0 (r, does not change direction relative to XYZ.)
vo = {2j} m/s
ap = {1j} m/s’
Relative to xyz,let x'y’z’ have

Q. = {0.6i} rad/s, w,,, = {0.2i} rad/s? (€2, does not change direction relative to
xyz.)
(EC/0)xye = (5€08 60° + 4 cos 30°)j + (5sin 60° — 4sin 30°)k = {5.9641j + 2.3301k} m

((rc/0)xy; change direction relative to xyz.)

(Ve/0)xyz = (i‘cm) = <i'C/0> R U (I‘C/0>
xyz xXy'z xyz
= 0 + (0.60) X (5.9641j + 2.3301k) = {—1.3981j + 3.5785k} m/s

(aC/O)xyz = (.r.C/O) = |:<rC/0> + ‘Qxyz X (i‘C/O) :| + Qxyz X <rC/O) + ‘Qxyz X (i‘C/O)
xyz x'y'7 x'y'z' xyz xyz
= [0 + 0] + (0.20) X (5.9641j + 2.3301k) + (0.61) X (—1.3981j + 3.5785k)

= {—2.61310j + 0.35397k} m/s’

Thus,
Ve = Vo + Q X 10 + (Veo)n: = 25 + (0.3k) X (5.9641j + 2.3301k) — 13981 + 3.5785k
= (~1.79 + 0.602j + 3.58k) m/s Ans.
ac =ap + Q X1cp + QX <Q X rc/o) + 20 X (Ve0)ape + (Ac)0)ye
= 1j + 0.4k X (5.9641j + 2.3301k) + (0.3k) X [(0.3k) X (5.9641j + 2.3301K)]
+ 2(0.3k) X (—1.3981j + 3.5785k) — 2.61310j + 0.35397k

= {—1.55i — 2.15j + 0.354k} m/s’ Ans.
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20-45. The crane rotates about the z axis with a constant z
rate w; = 0.6 rad/s, while the boom rotates downward with |
a constant rate w, = 0.2 rad/s. Determine the velocity and _
. . w; = 0.6rad/s
acceleration of point A located at the end of the boom at

the instant shown.

Coordinate Axes: The rotating x, y, z frame and fixed X, Y, Z frame are set with the
origin at point B and O respectively.

Motion of B: Here, r; changes direction with respect to X, Y, Z frame. The time
derivatives of ry can be found by setting another set of coordinate axis x', y’, z’,
coincident with X, Y, Z rotating at ) = w; = {0.6k} rad/s and )’ = w; = 0. Here,
rz = {1.5j} m
Vg = i‘B = (i‘B)x'y'z’ + Q' X Ip = 0 + 0.6k X 15j = {_09i} m/S
ag = ¥p = [(Fp)eyr + Q' X (Ep)eys| + Q' X1 + Q' X iy

= (0 + 0) + 0 + 0.6k X (—0.9i) = {—0.540j} m/s?

Motion of A with Respect to B: Let xyz axis rotate at {),,, = w, = {—0.2i} rad/s
and Q,,, = @, = 0.Here,ry 3 = {8j + 6k} m.

(Va/B)xyz = Yap = (Fa/B)xyz T Quyy X 18 = 0+ (—0.2i) X (8 + 6k) = {1.20j — 1.60k} m/s
(ap/B)xy: = Ya/p = {(.r.A/B)xyz + Q. X (i'A/B)xyz] + Qxyz Xrgp+ Qyyy X dyp

=0+0+ 0+ (—02i) x (1.20j — 1.60k)

= {—0.320j — 0.240k} m/s’

Motion of Point A: Here, ) = w; = {0.6k}rad/s and @ = w; = 0. Applying
Eqgs. 20-11 and 20-12, we have

VA= Vet QX typ+ (Vap)e: = (~0.90) + 0.6k X (8] + 6k) + (1.20f — 1.60k)
= {=5.70i + 1.20j — 1.60k}m/s Ans.
as=ag+ O Xrp+ QxX(QX raB) + 20 X (Va/B)xy: T (Aa/B)xyz
= (—0.540§) + 0 + 0.6k X [0.6k X (8] + 6K)] + 2(0.6k) X (1.20j — 1.60k) + (—0.320j — 0.240K)

= {~1.44i — 3.74j — 0.240k}m/s? Ans.
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20-46. The crane rotates about the z axis with a rate of z

w; = 0.6 rad/s, which is increasing at w; = 0.6 rad/s?. Also, |

the boom rotates downward at w, = 0.2 rad/s, which is w0y = 0.6ad/s
increasing at @, = 0.3 rad/s’>. Determine the velocity and !

acceleration of point A located at the end of the boom at
the instant shown.

Coordinate Axes: The rotating x, y, z frame and fixed and fixed X, Y, Z frame are set
with the origin at point B and O respectively.

Motion of B: Here, r; change direction with respect to X, Y, Z frame. The time
derivatives of r; can be found by seeting another set of coordinate axis x', y’, z’
coincident with X, Y, Z rotating at (' = w; = {0.6k}rad/s and
Q = @, = {0.6k} rad/s>. Here,rgz = {1.5j) m
vg =1tp = (), + Q" Xrp =0+ 0.6k X 155 = {—0.9i} m/s
ag = ¥p = [(Fp)eyr + Q' X (Ep)eys| + O X1 + Q' X iy
= (0 + 0) + 0.6k X 1.5j + 0.6k X (—0.9i) = {—0.9i — 0.540j} m/s>

Motion of A with Respect to B: Let xyz axis rotate at Q,,, = w, = {—0.2i} rad/s
and Q,,, = o, = {—0.3i} rad/s?. Here, ryp = {8 + 6kjm

(VA/B)xyz = tA/B = (tA/B)xyz + Qxyz X rA/B =0+ (—02i) X (8j + 6]() = {120j - 160k} m/s
(aA/B)xyz = .r.A/B = [(.r.A/B)xyz + Q)ryz X (i‘A/B)xyz] + Qxyz X Tq/B + Qxyz X i‘A/B
=0+ 0+ (—0.3i) X (8i + 6K) + (—0.2i) x (1.20j — 1.60k)

= {1.48j — 2.64k} m/s?

Motion of Point A: Here, () = w; = {0.6k} rad/s and O = &, = {0.6k) rad/s.
Applying Egs. 20-11 and 20-12, we have

Va=vg+ Q Xryp+ (Vap)sy, = (—0.9i) + 0.6k X (8j + 6k) + (1.20j — 1.60k)

= {=5.70i + 1.20j — 1.60k} m/s Ans.

ag=ag+ Q Xryp+ QX (QXryp) + 20 X (Vap): + (Q4/8)0
= (~0.9i — 0.540j) + 0.6k x (8] + 6k) + 0.6k X [0.6k X (8j + 6k)]
+ 2(0.6k) X (120 — 1.60k) + (1.48] — 2.64k)

= {~7.14i — 1.94j — 2.64k} m/s> Ans.
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20-47. The motor rotates about the z axis with a constant
angular velocity of w; = 3 rad/s. Simultaneously, shaft OA
rotates with a constant angular velocity of w, = 6 rad/s.
Also, collar C slides along rod AB with a velocity and
acceleration of 6 m/s and 3 m/s?. Determine the velocity
and acceleration of collar C at the instant shown.

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; = [3k] rad/s QO=a,=0

Since point A rotates about a fixed axis (Z axis), its motion can be determined from
Vi = w; X 1rps = (3k) X (0.3j) = [-0.9i] m/s
ay = @) Xro4 + 0 X (0 X 194)
=0+ (3k) X [(3k) X (03))]
= [-2.7j] m/s?

In order to determine the motion of the point C 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, = [6j] rad/s, the direction of (r¢;4).,, will remain unchanged
with respect to the x'y’z’ frame. Taking the time derivative of (r¢/4)yz,

(VC/A)xyz = (tC/A)xyz = [(i‘C/A)x’y'z’ + wy; X (rC/A)xyz}

= (—6k) + 6j X (—0.3k)
= [-1.8i — 6k] m/s

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

(aC/A)xyz = (.l:C/A)xyz = [(.I:C/A)x’y'z’ + wy X (i'C/A)x'y'z’] + d)Z X (rC/A)xyz t wy X (i‘C/A)xyz
= [(=3K) + 6j X (=6K)] + 0 + [6f X (—18j — 6k)]

= [-72i + 7.8k] m/s’

Thus,
Ve =Va+ Q Xxeia + (Vera)sy:
= (—0.9i) + 3k X (—0.3k) + (—1.8i — 6k)
= [-2.7i — 6k] m/s Ans.
and

ac =a, + Q Xrea + QX (Q X 1c/0) + 2Q X (Vesa)eye T (Ac/a)y:
= (=27j) + 0 + 3k X [(3K) X (—0.3K)] + 2(3k) X (—1.8i — 6k) + (=72i + 7.8K)

= [-72i — 13.5j + 7.8k] m/s? Ans.
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*20-48. At the instant shown, the helicopter is moving z
upwards with a velocity vy =4 ft/s and has an

acceleration a;; = 2 ft/s%. At the same instant the frame H, 20 ft
not the horizontal blade, rotates about a vertical axis with a |

constant angular velocity w;; = 0.9 rad/s. If the tail blade B
rotates with a constant angular velocity wg/y = 180 rad/s,
measured relative to H, determine the velocity and
acceleration of point P, located on the end of the blade, at
the instant the blade is in the vertical position.

Relative to XYZ, let xyz have
Q = {0.9k} rad/s ® = 0 (Q does note change direction relative to XYZ.)

rp = {20j} ft (rz changes direction relative to XYZ.)
vg =tp = (tp)y, + @ X rg =4k + (0.9k) X (20j) = {—18i + 4k} ft/s
aB=i-B={('r'B)xyz+Qx(tB) }+Q><rB+Q><i-B
=[2k+0]+0+ [(o.x9yli) X (—18i + 4K)]|
= {-16.2j + 2Kk ft/s?

Relative to xyz,let x'y’z’ have

Q. = {—180i} rad/s Qyy; = 0 (Q,y, does not change direction relative to
xyz.)
(rP/B)xyz = {2.5k} ft ((rP/B)xyz change direction relative to xyz.)
(Ye/B)xyz = (¥p/B)xyz = (Ep/B)xyy + Qyye X (¥p/p)yy. = 0 + (—180i) X (2.5k) = {450} ft/s
@p/B)aye = Cpp)iye = [Fpyp)eye + Quye X (pyp)eye] + Dy X @pp)aye + Qe X (Epyp)aye
(ap/8)ye = [0 + 0] + 0 + (—180i) X (450j) = {—81 000K} ft/s>
Thus,
ve =vp+ Q Xrpp + (Vp/B)xy:

= (~18i + 4k) + [(0.9K) X (2.5k)| + (450j)

= {~18i + 450 + 4k)ft/s Ans.
ap = ag + Q X rpp + QX (Q X 1pp) + 20 X (Vp/p)aye + (Ap/8) sy

= (~162j + 2k) + 0 + (0.9k) X [(0.9K) X (2.5k)| + [2(0.9k) x (450j)] + (—81000k)

= {~810i — 16.2j — 81 000K} ft/s> Ans.
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©20-49. Atagiven instant the boom AB of the tower crane A z
rotates about the z axis with the motion shown. At this same |
instant, 6 = 60° and the boom is rotating downward such
that 6 = 0.4rad/s and 6 = 0.6rad/s’>. Determine the
velocity and acceleration of the end of the boom A at this o =2rad/s

i .Th h 1 hofl,p = 40 m. .
instant. The boom has a length of [ 45 0 m 6=04radss ||

| 5 = 3rad/s?
6=06 rad/sz‘~< \l\ “

Coordinate Axis: The rotating x, y, z frame is set to be coincident with the fixed X, Y,
Z frame with origin at point B.

Motion of B: Since point B does not move, then
agp = Vg = 0

Motion of A with Respect to B: Let xyz axis rotate at Q,,, = 60 = {0.4j} rad/s
and Q,,. = 6 = {0.6} rad/s>. Here.

xyz

145 = {40 cos 60°i + 40 sin 60°k} m = {20.0i + 34.64k} m.
(Va/B)aye = Fa/s = (F/8)xys + Qe X Tap = 0 + 0.4) X (20.0i + 34.640k) = (13.86i — 8.00k} m/s
(a4/B)xy: = Y = [(fA/B),vyz + QX ('I:A/B)xyz] + 0, X T+ Qyy X Typ
=0+ 0 + 0.6§ X (20.0i + 34.64k) + 0.4j < (13.86i — 8.00k)
= {17.58i — 17.54k} m/s?

Motion of Point A: Here, ) = w; = {2k} rad/s and Q = &, = {3k} rad/s>. Applying
Eqgs. 20-11 and 20-12. we have

Va=vVg+ Q Xryp+ (Vap)ry: = 0 + 2k X (20.0i + 34.64k) + (13.86i — 8.00k)
= {13.9i — 40.0j — 8.00k} m/s Ans.
ag=ag+ Q Xryp+ QX (QXryp) + 20 X (Vap)y: + (04/8).y:
=0 + 3k X (20.0i + 34.64k) + 2k X [2k X (20.0i + 34.64k)] + 2(2k) X (13.86i — 8.00k) + 17.58i — 17.54k

= [—62.4i + 115j — 17.5k} m/s? Ans.

917




© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.

20-50. At the instant shown, the tube rotates about the Z
z axis with a constant angular velocity w; = 2 rad/s, while
at the same instant the tube rotates upward at a constant
rate w, = 5 rad/s. If the ball B is blown through the tube at
a rate 7 =7m/s, which is increasing at ¥ = 2m/s?
determine the velocity and acceleration of the ball at the
instant shown. Neglect the size of the ball.

Coordinate Axis: The rotating x, y, z frame is set to be coincident with the fixed X, Y,
Z frame with origin at point A.

Motion of A: Since point A does not move, then
Ay = Vyu = 0

Motion of B with Respect to A: Let xyz axis rotate at {),,. = w, = {5i} rad/s and
Qxyz = wy = 0. Here, rp/4 = {3cos30°% + 3sin30°k} m = {2.5981j + 1.50k} m,
(*g/a)xy; = {7 cos 30% + 7sin 30°k} m/s = {6.0621j + 3.50k} m/s and

(¥p/a)xy. = {2 cos 30j + 2sin 30°k} m/s* = {1.7321j + 1k} m/s’.

(VB/A)xyz = l.'B/A = (i'B/A)xyz + Qxyz X Ip/a
6.0621j + 3.50k + 5i X (2.5981j + 1.50k) = {—1.4378j + 16.4903k) m/s

(aB/A)xyz = .r.B/A = [(EB/A)xyz + Qxyz X (.r.B/A)xysz + Qxyz X /A + Qxyz X l.‘B/A

1.7321j + 1k + 5i X (6.0621j + 3.50k) + 0 + 5i X (—1.4378j + 16.4903k)

= {—98.2199j — 24.1218k} m/s?

Motion of Point B: Here, ) = w; = {2k} rad/s and O =@, = 0. Applying
Egs.20-11 and 20-12, we have
Vg =Va+ Q X4+ (Vga)ey, = 0 + 2k X (2.5981j + 1.50k) + (—1.4378j + 16.4903k)

= {=5.20i — 1.44j + 16.5k} m/s Ans.

ag = Ay + + Q X rB/A + QO X (Q X rB/A) + 20 X (VB/A)xyz + (aB/A)xyz

0+ 0+ 2k X [2k X (2.5981j + 1.50K)] + 2(2k) X (—1.4378j + 16.4903K) + (—98.2199j + 24.1218k)

= {5.75i — 109j + 24.1k} m/s’ Ans.
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20-51. At the instant shown, the tube rotates about the z
z axis with a constant angular velocity w; = 2 rad/s, while
at the same instant the tube rotates upward at a constant
rate w, = 5rad/s. If the ball B is blown through the tube at
a constant rate 7 = 7 m/s, determine the velocity and
acceleration of the ball at the instant shown. Neglect the w; =2rad/s

size of the ball. I

Coordinate Axis: The rotating x, y, z frame is set to be coincident with the fixed X, Y,
Z frame with origin at point A.

Motion of A: Since point A does not move, then
Ay = Vyu = 0

Motion of B with Respect to A: Let xyz axis rotate at {,,, = w, = {5i} rad/s and
Qxyz =w, =0. Here, rg, = {3cos30°% + 3sin30°k} m = {2.5981j + 1.50k} m
and (fg/4)xy, = {7 cos 30j + 7 sin 30°k} m/s = {6.0621j + 3.50k} m/s.

(VB/A)xyz = TBja = (Eg/a)xyz + Quy; X T/

= 6.0621j + 3.50k + S5i x (2.5981j + 1.50k) = {—1.4378j + 16.4903k} m/s
(aB/A)xyz = .r.B/A = {(EB/A)xyz + Q')cyz X (i‘B/A)xyz] + Qxyz X Ip/aA + Q)ryz X l.‘IB/A

=0 + 5i X (6.0621j + 3.50k) + 0 + 5i X (—1.4378j + 16.4903k)

= {—99.9519j + 23.1218k} m/s’

Motion of Point B: Here, O = w; = {2k}rad/s and Q = @& = 0. Applying
Eqgs. 20-11 and 20-12, we have

Ve =4+ Q Xrga+ (Va)y: =0+ 2k X (25981 + 1.50k) + (—1.4378j + 16.4903k)
= {~5.20i — 1.44j + 16.5k}m/s Ans.

ay + + Q X rB/A + 0O X (Q X rB/A) + 20 X (VB/A)xyz + (aB/A)xyz

ap

0+ 0+ 2k X [2k X (2.5981j + 1.50k)] + 2(2k) X (—1.4378j + 16.4903k) + (—99.9519j + 23.1218k)

= {5.75i — 110j + 23.1k} m/s? Ans.
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*20-52. At the instant # = 30°, the frame of the crane and
the boom AB rotate with a constant angular velocity of
oy = 1.5rad/s and w, = 0.5 rad/s, respectively. Determine
the velocity and acceleration of point B at this instant.

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 = o, = [1.5k] rad/s O=0,=0
Since point A rotates about a fixed axis (Z axis), its motion can be determined from
vi = w; X rou = (1.5k) X (1.5j) = [-2.25i] m/s
a4 = 0 X roa T 01 X (0 X 10y)
=0 + (1.5k) X [(1.5k) X (1.5j)]

= [-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 Q' = w, = [0.5i] rad/s, the direction of (rz/4),,, Will
remain unchanged with respect to the x'y’z’ frame. Taking the time derivative of

(rB/A)xyzv

@ Y

(VB/A)xyz = (i‘B/A)xyZ = [(i'B/A)x’y’z’ t 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
)" = @, = 0.Taking the time derivative of (f4/p) 2,

(aA/B)xyz = (.l:A/B)xyZ = [(fA/B)x’y’z’ + wy X (l"A/B)x’y’z’} + 4)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,
Vg =Vu+ Q Xrga+ (Vara)sy:
= (—2.25i) + 1.5k X (12 cos 30°j + 12sin 30° k) + (—3j + 5.196k)
= [-17.8i — 3j + 5.20k] m/s Ans.
and

ag=a, + Q Xrgs+ QX (Q Xrga) + 20 X (Vap)ey + (045)y:

(—3.375)) + 0 + 1.5k X [(1.5k) X (12 cos 30° j + 12sin 30° k)| + 2(1.5k) X (=3j + 5.196k) + (—2.598j — 1.5k)

= [9i — 29.4j — 1.5k] m/s> Ans.
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©20-53. At the instant # = 30°, the frame of the crane is
rotating with an angular velocity of w; = 1.5rad/s and
angular acceleration of @, = 0.5 rad/s?, while the boom AB
rotates with an angular velocity of w, = 0.5 rad/s and angular
acceleration of @, = 0.25 rad/s% Determine the velocity and
acceleration of point B at this instant.

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

Q = 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 ros = (1.5k) X (1.5j) = [-2.25i] m/s
ay = o X roq + o1 X (01 X xp4)
= (0.5k) X (1.5§) + (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 (rp/4)yy, Will
remain unchanged with respect to the x'y’z’ frame. Taking the time derivative of

(*B/A)xyz>
(vB/A)xyz = (EB/a)xy: = [(l"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' = @, = [0.25i] m/s>. Taking the time derivative of (Fg/4) sz,
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2(0-53. Continued

(a/a) = (¥p/a)xy: = [(fB/A)x'y'z' + wy; X (i'B/A)x’y’z’] + (), X (rB/a)xy: T @2 X (E5/4)xyz
= [0 + 0] + (0.25i) X (12 cos 30°j + 12 sin 30°k) + 0.5i X (=3j + 5.196k)

= [—4.098j + 1.098k] m/s’

Thus,
Vg =Va+ Q Xrga+ (Vga)xy:
= (—2.25i) + 1.5k X (12 cos 30°j + 12 sin 30°Kk) + (—3j + 5.196k)
= [~17.8i — 3j + 5.20k] m/s Ans.
and

ag=a,=Q Xrg,+ QX (QXrg4) +2Q X (Vg/a)n: + (5/4)

(—0.75i — 3.375j) + 0.5k X (12 cos 30% + 12'sin 30° 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.

'N,' = l-5rad/5 /
=0’
0

X x,/“gw's’“"/s
A W 2008 padfer

(@) vty
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20-54. At the instant shown, the base of the robotic arm
rotates about the z axis with an angular velocity of
w; = 4 rad/s, which is increasing at &; = 3 rad/s%. Also, the
boom BC rotates at a constant rate of wpc = 8 rad/s.
Determine the velocity and acceleration of the part C held
in its grip at this instant.

@y = 3rad/s?

Relative to XYZ, let xyz have origin at B and have ¥

Q = {4k} rad/s, Q = {3k} rad/s> (Q does not change direction relative to
XYZ.)

rg = {0.5k} m (r; does not change direction relative to XYZ.)
vg =10
ag =10
Relative to xyz, let coincident x’y’z’ have origin at B and have

Oy, = {8} rad/s, Q. =0(Q

xyz +yz does not change direction relative to xyz.)

(*¢/B)xyz = (0.7} m ((x¢/p)yy, changes direction relative to xyz.)

(VC/B)xyz = (rC/B> = (i'C/B) + ‘Qxyz X <rC/B> =0+ (SJ) X (071) = {_56k} m/s
x'y'z xyz

xyz

(aC/B)xyz = (rC/B> = |:(rC/B> o + Qxyz X (i‘C/B) L ’:| + Qxyz X (rC/B> + Qxyz X (i.C/B)
xyz x'y'z x'y'z xyz xyz

=0+ 0+ 0+ (8) X (—5.6k) = {—44.8i) m/s?
Thus,
Ve = Vg + Q X s + (Vo) = 0 + (4k) X (0.7i) + (—5.6k)
= {2.80j — 5.60k} m/s Ans.
ac =ag+ Q Xrgp+ QX (Q X rC/B) + 2Q X (Ve/B)xyz + (ac/B)xyz

0 + (3k) X (0.7i) + (4k) X [(4k) x (0.7i)]

= 2(4k) X (—5.6k) — 44.8i

= {=56i + 2.1j} m/s’ Auns.

w; =4rad/s |

wpc = 8rad/s
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20-55. At the instant shown, the base of the robotic arm Z
rotates about the z axis with an angular velocity of
w, = 4 rad/s, which is increasing at @, = 3 rad/s>. Also,
the boom BC rotates at wgc = 8 rad/s, which is increasing
at wge = 2 rad/s?. Determine the velocity and acceleration
of the part C held in its grip at this instant.

wpc = 8rad/s
SS _opc = 2rad/s?

w =4rad/s |
@ = 3rad/s?

Relative to XYZ, let xyz with origin at B have

QO = {4k} rad/s, Q = {3k} rad/s> (Q does not change direction relative
to XYZ.)

rg = {0.5k} m (r; does not change direction relative to XYZ.)
vg =0

ag =10

Relative to xyz, let coincident x'y’z" have origin at B and have

Q. = {8} rad/s, Oy, = {2j} rad/s> (Q does not change direction relative
to xyz.)

(re/B)xy: = {0.7i} m (€2 does not change direction relative to xyz.)

(VC/B)xyz = (rC/B> = (rC/B) + ‘Qxyz X <rC/B) =0+ (SJ) X (071) = {_56k} m/s
xyz x'y'z xyz

(aC/B)xyz = (rC/B> = |:(rC/B> o + Qxyz X (i‘C/B) L ’:| + Qxyz X (rC/B> + Qxyz X (rC/B>
xyz x'y'z xX'y'z xyz xXyz

=0+ 0+ (2j) X (0.7i) + (8j) X (=5.6k) = {—44.8i — 1.40k} m/s>
Thus,
ve =vg+ Q Xrep + (Vesp)ry: = 0 + (4k) X (0.74) + (—5.6k)
= {2.80j — 5.60k} m/s Ans.
ac =ag+ Q Xrgp+ QX (Q X rC/B) + 2Q X (Ve/B)xyz + (ac/B)xyz
=0 + (3k) X (0.7i) + (4K) X [(4K) X (0.79)]
= 2(4k) X (—5.6k) — 44.8i — 1.40k

= {-56i + 2.1j — 1.40k} m/s’ Ans.
{ j
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