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Engineering Dynamics
Jerry H. Ginsberg

Answers to Selected Homework Problems
Corrected October 1, 2008

1.1 F̄ = 3009ı̄− 3492j̄ + 1937k̄ N, M̄A = 7749ı̄− 12034k̄, Mshaft = −11624 N-m.
1.4 c1 = −143.39, c2 = −0.534501, c3 = 440.334 rad/s.
1.6 F 1 = 336.8, F 2 = 386.2 N.

1.8 v̄P = [εα cos (αt) cos θ −Rαt sin θ] ı̄+ [εα cos (βt) sin θ +Rαt cos θ] j̄,

θ =
1

2
αt2, v̄k = εα cos (αt) , v̄⊥ = Rαt.

1.10 v̄ =
h
ẋ+ L1θ̇1 cos θ1 + L2

³
θ̇1 + θ̇2

´
cos (θ1 + θ2)

i
ı̄

−
h
L1θ̇1 sin θ1 + L2

³
θ̇1 + θ̇2

´
sin (θ1 + θ2)

i
j̄,

where ẋ = 1000 cos (50t) mm/s, θ̇1 = −10π sin (50t) rad/s,
θ̇2 = 10π cos (50t− π/3) rad/s.

2.1 v̄ = [2gR sin (s/R)]
1/2

ēt, ā = g cos (s/R) ēt + 2g sin (s/R) ēn.

2.3 (a) s = s0/4, (b) s = s0/2, (c) R = 2s0/π, (d) sin (πs/s0) = (2/3)
1/2 .

2.6 v̄ =
¡
0.1451i− 0.4785j̄

¢
β, ā =

¡
0.0304i− 0.16973j̄

¢ ¡
β2/k

¢
.

2.9 v̄ = v0 (1− kβ sinh η)

µ
ı̄+ sinh η j̄

cosh η

¶
,

ā = −v20k (1− kβ sinh η)

µ
ı̄+ sinh η j̄

cosh η

¶
+

v20
β
(1− kβ sinh η)2

"
− sinh η ı̄+ j̄

(cosh η)3

#
.

2.11 ēt = −0.4804ı̄+ 0.27740j̄ + 0.8321k̄, ēn = −0.5160ı̄+ 0.6769j̄ − 0.5241k̄,
ēb = −0.7086ı̄− 0.6818j̄ − 0.1818k̄, ρ = 6.392 m, τ = 40.33 m.

2.14 ēb =
ρ

(s0)3
r̄0 × r̄00, τ =

(s0)
6

ρ2 (r̄0 × r̄00) · r̄000 ,

where ρ =
(s0)3h

(r̄ 00 · r̄ 00) (s0)2 − (r̄ 0 · r̄ 00)2
i1/2 .

2.16 v̄ = Lβ
£
− sin (βt) ı̄+ cos (βt) j̄ − 2 sin (2βt) k̄

¤
,

ā = Lβ2
£
− cos (βt) ı̄− sin (βt) j̄ − 4 cos (2βt) k̄

¤
.

2.19 (a) x = 32.72 m, (b) β = 37.85◦. x = 35.61 m.

2.21 (a) v0 = 0.2887
µ
αH3

m

¶1/2
, (b) tf = 1.3095

³ m

aH

´1/2
, yf = 0.8574

³mg

αH

´
.

2.24 (a) v̄ = uı̄+
πHu

L
cos
³πx
L

´
j̄, ā = −π

2Hu2

L2
sin
³πx
L

´
j̄,

(b) max (v) = u

"
1 +

µ
πH

L

¶2#!/2
at x = nL, n is an integer,

(c) max (|ā|) = π2Hu2

L2
at x =

2n− 1
2

L, (d) u <

µ
gL2

π2H

¶1/2
.

2.26 x =
ẏ0
u
[1− cos (μt)] + ẋ0

u
sin (μt) , y =

ẏ0
u
sin (μt)− ẋ0

u
[1− cos (μt)] ,

z = ż0t, helical path.

2.28 v̄ = (cβ)
1/2

λēR −
2π

3
(cβ)

1/2
γλēθ +

8π

3
λβēz,

ā = −π
3
(cβ)1/2 γ2λ2ēR +

µ
2π√
3
− 1
¶
(cβ)1/2 γλ2ēθ + 2βλ

2ēz.
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2.31 v̄ = u cot θēR − LΩ sin θēψ − uēz, ā = −
Ã

u2

L (sin θ)
3 + LΩ2 sin θ

!
ēR − 2Ωu cot θēψ.

2.33 N = −554.3 N, Ft = 999.2 N.
2.36 v̄ = ah

³
α̇ēa + β̇ēβ

´
,

ā =
a

h

h
h2α̈+

³
α̇2 − β̇2

´
(sinhα) (coshα)− 2α̇β̇ (sinβ) (cosβ)

i
ēα

+
a

h

h
h2β̈ +

³
α̇2 − β̇2

´
(sinβ) (cosβ) + 2α̇β̇ (sinhα) (coshα)

i
ēβ .

2.39 v = 12.329 m/s, v̇ = −8.922 m/s2, ρ = 3.719 m.

2.41 v̄ =
³
Ṙ cos θ −Rθ̇ sin θ

´
ı̄+

³
Ṙ sin θ +Rθ̇ cos θ

´
j̄,

a =
³
R̈ cos θ − 2Ṙθ̇ sin θ −Rθ̈ sin θ −Rθ̇2 cos θ

´
ı̄

+
³
R̈ sin θ + 2Ṙθ̇ cos θ +Rθ̈ cos θ −Rθ̇2 sin θ

´
j̄.

2.44 v = Aω
h
1 + 3 (sin θ)

2
i1/2

, v̇ = 3ω2A
sin θ cos θh

1 + 3 (sin θ)
2
i1/2 , ā · ēn =

2ω2Ah
1 + 3 (sin θ)

2
i1/2 .

2.46 ṙ = −350.0 m/s, λ̇ = 0.06239 rad/s, θ̇ = −0.0324 rad/s,
r̈ = 40.40 m/s, λ̈ = 0.02345 rad/s, θ̈ = −0.00516 rad/s.

2.49 v̄ = θ̇ (R0ēR +Rēθ) , ā = θ̇2 [(R00 −R) ēR + 2R
0ēθ] , ρ =

h
(R0)2 +R2

i3/2
R00R−R2 − 2 (R0)2

.

2.51 v = 30.05 m/s, v̇ = −520.8 m/s2, F = 40.01.N.

2.54 v = 20.62 m/s, v̇ = 250.0 m/s2

3.1
[R] =

⎡⎣ 0.8321 −0.5547 0
0.3714 0.5571 0.7428
−0.412 −0.618 0.6695

⎤⎦ , r̄C/A = 0.4828j̄ − 0.5356k̄ m.

3.4
[R] =

⎡⎣ −0.9285 0.3714 0
−0.1564 −0.3910 0.9070
0.3369 0.8422 0.4211

⎤⎦ , r̄O/A = 46.42ı̄+ 7.82j̄ − 16.84k̄ m.

3.6 (a) [xE yE zE ] = [−75.09 − 48.32 − 42.73] mm,
(b) [XE YE ZE ] = [−1.62 − 98.80 − 6.06] mm.

3.9 β = cos−1 (0.7198 cos θ + 0.6428 sin θ) .

3.11 [XC YC ZC ] = [0.1465 0.3357 0.0766] m.

3.14 φ = 77.14◦ about K̄0 = 0.9265Ī − 0.3258J̄ − 0.1881K̄.

3.16
[R] =

⎡⎣ 0.2588 0.8365 −0.4830
−0.8365 0.4441 0.3209
0.4830 0.3209 0.8147

⎤⎦ , 51.74◦ between original and new y axes

3.19 ∆r̄C = −406.9Ī − 378.6J̄ − 505.1K̄ mm.

3.21 ∆r̄A = −113.19Ī + 124.14J̄ − 13.76 mm, ∆r̄B = 95.83Ī − 25.66J̄ + 13.76K̄ mm.

3.24 ∆r̄C = −49.65Ī − 33.59J̄ + 5.30K̄ mm, v̄C (t = 0)∆t = −56.12Ī − 23.13J̄ + 12.21K̄ mm.

3.26 ω̄ = 1000πı̄+ 0.16667k̄ rad/s, ᾱ = 166.7πj̄ rad/s2,
where ı̄ = ēt and j̄ = ēn for the airplane’s path.

3.29 θ = 90◦ : ω̄ = 5236j̄ − 20k̄ rad/s, ᾱ = 104 720ı̄+ 100k̄ rad/s2.
θ = 60◦ : ω̄ = 5246j̄ − 17.32k̄ rad/s, ᾱ = 90 690ı̄− 50j̄ + 86.60k̄ rad/s2.

3.32 ω̄ = −0.4330
³
θ̇ + 2β̇

´
ı̄+ 0.5

³
θ̇ + 2γ̇

´
j̄ + 0.250

³
3θ̇ − 2β̇

´
k̄,

ᾱ = −0.250
³
θ̇β̇ + 3θ̇γ̇ − 2β̇γ̇

´
ı̄− 0.8660θ̇β̇j̄ + 0.4330

³
θ̇β̇ − θ̇γ̇ − 2β̇γ̇

´
k̄.

3.34 āC =
h
Lθ̈ sin 2θ − Lθ̇2 (9 + cos 2θ)

i
ı̄+

h
Lθ̈ (3 + cos 2θ) + Lθ̇2 sin 2θ

i
j̄, ı̄ = ēC/B.

3.37 āB/A =
³
−Ω2H + 2Ωθ̇W sin θ

´
ı̄−

³
Ω2 + θ̇2

´
W (cos θ) j̄ − θ̇2W sin θk̄.
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3.39 v̄E = − (3.77L+ 127.3R) j̄ − 10 (L+R) k̄,
āE = − (106.3L+ 16315R) i+ 25.13 (L+R) j̄ − (495.3L+ 182.1R) k̄.

3.42 v̄D = −6.566ı̄−−2.347j̄ + 11.638k̄ m/s, āD = −314.9ı̄− 237.4j̄ − 317.4k̄ m/s2,
where j̄ = ēC/B and k̄ = ēB/A × ēC/B/

¯̄
ēB/A × ēC/B

¯̄
.

3.45 ω̄ =

µ
v

τ
+ v

dβ

ds

¶
ēt +

v

ρ
ēb,

ᾱ =

µ
v̇

τ
− v2

τ2
dτ

ds
+ v̇

dβ

ds
+ v2

d2β

ds2

¶
ēt +

v2

ρ

dβ

ds
ēn +

µ
v̇

ρ
− v2

ρ2
dρ

ds

¶
ēb.

3.47 u̇ = (50− sin θ) g + θ̇2s+Ω2s (cos θ)
2
,

Nhorizontal = 2mΩ
³
u cos θ − θ̇s sin θ

´
, Nvertical = m

³
g cos θ +Ω2

s

2
sin 2θ + 2θ̇u

´
3.50 v̄B = ξ̇ ı̄+Ωξ sin θj̄ + θ̇ξk̄,

āB =
h
ξ̈ − θ̇2ξ − Ω2ξ (sin θ)2

i
ı̄+

h
2Ωξ̇ sin θ + 2Ωθ̇ξ cos θ

i
j̄

+
h
θ̈ξ − Ω2ξ sin θ cos θ + 2θ̇ξ̇

i
k̄.

3.52 ω̄ = −0.9397Ω cosφı̄− 0.9397Ω sin θj̄ +
³
−0.3420Ω+ φ̇

´
k̄,

ᾱ = −0.9397Ωφ̇ sinφı̄− 0.9397Ωφ̇ cosφj̄ + φ̈k̄,

v̄G = −1.47ΩL sinφı̄+ L
h
− (0.171 + 1.47 cosφ)Ω+ 0.5φ̇

i
j̄ + 0.4698ΩL sinφk̄,

āG = L
h³
−0.5− 0.5027 cosφ+ 0.8415 (cosφ)2

´
Ω2 − 0.5φ̇2 + 0.342Ωφ̇

i
ı̄

+L
h
0.5φ̈+ (0.5027 sinφ− 0.2208 sin 2φ)Ω2

i
j̄

+L
h
− (1.281 + 0.1607 cosφ)Ω2 + 0.9397Ωφ̇ cosφ

i
k̄

3.55 (v̄B)x2y2z2 = −46.57Ī + 41.16J̄ m/s, (āB)x2y2z2 = −19668Ī − 35112J̄ m/s
2.

3.57 (ācan)xyz = (0.25s− 2.503) i− 0.918j̄ − (s+ 5.553) k̄.

3.60 s = −
µ
ωe sinλ

u

¶
d2 to the right.

3.62 (a) x = 0, y = −ωe cosλ
µ
2H

g

¶1/2µ
2H

3

¶
,

(b) x = 0, y = ωe cosλ

µ
2H

g

¶1/2µ
H

3
+Re

¶
.

4.1 v̄D =
³
Rω1 cosβ −Rω2 − Lβ̇

´
ı̄+ Lω1 sinβj̄ −Rω1 sinβk̄,

āD =
³
Lω21 sinβ cosβ − Lβ̈

´
ı̄+

h
−R

¡
ω21 + ω22

¢
+ 2ω1

³
Lβ̇ +Rω2

´
cosβ

i
j̄

−
h
ω21L (sinβ)

2 + Lβ̇2 + 2Rω2β̇
i
k̄.

4.3 φ̇ = 97.93 rad/s, θ̇ = −20 rad/s, ψ̇ = −48.44 rad/s,
ω̄ = 10.12ı̄− 19.19j̄ + 50.22k̄ rad/s.

4.6 [R] = [Rx (φ)] [Ry (θ)] [Rz (ψ)] ,

ω̄ =
³
φ̇− ψ̇ sin θ

´
ı̄+

³
θ̇ cos θ + ψ̇ sinφ cos θ

´
j̄ +

³
−θ̇ sin θ + ψ̇ cosφ cos θ

´
k̄,

ᾱ =
h
φ̈− ψ̈ sin θ − ψ̇θ̇ cos θ

i
ı̄+

h
ψ̈ cos θ sinφ+ θ̈ cosφ− ψ̇θ̇ sin θ sinφ+ ψ̇φ̇ cos θ cosφ

−θ̇φ̇ sinφ
i
j̄ +

h
ψ̈ cos θ cosφ− θ̈ sinφ− ψ̇θ̇ sin θ cosφ− ψ̇φ̇ cos θ sinφ− θ̇φ̇ cosφ

i
k̄.

4.8 v = 5.313 m/s, v̇ = 724.1 m/s2.

4.11 v̄A = bθ̇ cos θJ̄, āA = b
³
θ̈ cos θ − θ̇2 sin θ

´
J̄,

v̄B = −bθ̇ sin θĪ, āB = −b
³
θ̈ sin θ + θ̇2 cos θ

´
Ī ,

v̄G =

√
2

2
bθ̇ cos

³
θ +

π

4

´ ¡
Ī + J̄

¢
,

āG =

√
2

2
b
h
θ̈ cos

³
θ +

π

4

´
− θ̇2 sin

³
θ +

π

4

´i ¡
Ī + J̄

¢
.
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4.13 θ = 60◦ : ω̄BC = −0.1111θ̇k̄, ᾱBC = −0.4467θ̇2k̄, k̄ is outward.
θ = 120◦ : ω̄BC = −0.2727θ̇k̄, ᾱBC = −0.1232θ̇2k̄.

4.16 ω̄BC = 0.8660ωAB k̄, ω̄CD = −0.50ωAB k̄, ᾱBC = 0.250ω2AB k̄,
ᾱCD = 1.616ω

2
AB k̄, k̄ is outward.

4.18 v̄B = 0.866vAı̄+ 0.866LΩj̄ + 0.5vAk̄, v̄G = 0.433vAı̄+ 0.433LΩj̄ − 0.25vAk̄,
where k̄ is upward and ı̄ is radial.

4.21 v̄C = −RΩ sin θı̄+ uj̄ − u tan θk̄, āC = −2Ωuı̄−RΩ2 sin θj̄ − u2

R

1

(cos θ)3
k̄.

4.23 vD = 18.138 m/s, ω̄CD = 17.490ı̄+ 141.22j̄ − 90.88k̄ rad/s,
aD = −13802 m/s2, αCD = 950.7ı̄+ 4718j̄ − 4940k̄ rad/s2.

4.26 (a) No unique solution, (b) ωAB = −ωCD = 1.20vAJ̄ + 1.60vAK̄ rad/s, where Ī = ēA/C .

4.28 v̄P = (R− r) θ̇
h³
1 +

ε

r
cosφ

´
θ̇ı̄− ε

r
sinφj̄

i
,

āP = (R− r)

∙
θ̈
³
1 +

ε

r
cosφ

´
− ε

r

µ
R

r
− 1
¶
θ̇2 sinφ

¸
ı̄

+(R− r)

∙
−θ̈ ε

r
sinφ+ θ̇2

µ
1 +

ε

r
− εR

r2

¶
cosφ

¸
j̄.

4.31 ω̄A = 0.7273
v

R
clockwise, ᾱA = 0.1172

v2

R2
clockwise.

4.33 ω̄ =
v (cos θ)2

R (cos θ)
2
+ h

clockwise, ᾱ =
2v2h (cos θ)3 sin θh
R (cos θ)2 + h

i3 clockwise.
4.36 ω̄ = − v

R
ı̄+

v

R
cosβj̄, ᾱ =

v2

R2
(1 + cosβ) sinβk̄,

ı̄ parallel to the cone generator and j̄ upward.

4.39 ω̄ =

∙
Ω1 cos (β + γ) + (Ω1 − Ω2)

sinβ

sin γ

¸
i− Ω1 sin (β + γ) j̄,

ᾱ =

∙
Ω̇1 cos (β + γ) +

³
Ω̇ 1 − Ω̇2

´ sinβ
sin γ

¸
i− (Ω1 − Ω2)Ω1

sinβ

sin γ
sin (β + γ) j̄

−Ω̇1 sin (β + γ) k̄.

4.41 Precession : ψ̇ = Ω1 +
(Ω1 − Ω2)
(sinβ)

2

∙µ
R

r
− 1
¶
cosβ − 1

¸
,

Spin: φ̇ =
(Ω1 − Ω2)
(sinβ)2

µ
R

r
− 1− cosβ

¶
,

ω̄ =
³
ψ̇ cosβ + φ̇

´
ı̄+ ψ̇ sinβk̄, ᾱ = −φ̇ψ̇ sinβj̄,

ı̄ parallel to the cone generator, k̄ upward.
4.44 ψ = 33.69◦, ψ̇ = −15.428 rad/s, θ̇ = 0.6934 rad/s, φ̇ = 13.699 rad/s.

4.46 ω̄ = 2Ω (1 + cosβ) ı̄+ β̇j̄ − Ω cosβk̄, β̇ =
u

R

µ
1

sinβ − 2 cosβ

¶
ᾱ = −2Ωβ̇ sinβı̄−

∙
u2

R2
1

(sinβ − 2 cosβ) 3 +Ω
2 cosβ (2 + 2 cosβ − sinβ)

¸
j̄

−2Ωβ̇ (1 + cosβ − sinβ) k̄, ı̄ = ēC/B , k̄ upward.
5.1 Initial H̄O = 2mhΩ sin θ

¡
− sin θĪ + cos θJ̄

¢
,

∆H̄O = −mhΩ sin 2θ
£
1.523

¡
10−4

¢
J̄ + 0.01745K̄

¤
,

where XY Z is stationary, with X aligned with the shaft and
Z perpendicular to the initial plane of the bars.

5.6 m =
7

12
πρR2L, zG =

11

28
L, Ixx = Iyy = m

128L2 + 93R2

560
, Izz = m

93R2

280
.

5.9 m = 6.369 kg, xG = 1.1078 m, yG = 0.5847 m,
Ixx = 3.544, Iyy = 9.931, Izz = 13.475 kg-m

2, Ixy = 5.776 kg-m
2.

5.11 m = 414.1 kg, r̄G/O = 2.26j̄ + 200k̄ mm, centroidal x̂ŷẑ are principal axes with
Ix̂x̂ = 9.495, Iŷŷ = 9.498, Iẑẑ = 9.800 kg-m

2.
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5.13
[I] = mR2

⎡⎣ 0.542 0.042 0
0.042 2.542 0
0 0 2.583

⎤⎦ .
5.16 Ixx = 0.006667− 0.004 (cos θ)2 , Iyy = 0.002667 + 0.004 (cos θ)

2
,

Ixy = 0.002 sin 2θ kg-m
2.

5.19 I1 = 26.61
¡
10−6

¢
, I2 = 456.7

¡
10−6

¢
, I3 = 483.3

¡
10−6

¢
kg-m2.

5.21
[I] =

⎡⎣ 191.5 229.6 −64.8
229.6 1687.5 −11.1
−64.8 −11.1 1613.0

⎤⎦ kg-m2.
5.26 H̄C =

1

9
mL2Ω sin θj̄, dH̄C/dt =

1

9
mL2Ω2 sin θ cos θk̄.

5.28 Ix0x0 = 0.125, Iy0y0 = 0.260, Iz0z0 = 0.225 kg-m
2,

H̄C = 0.1520ωı̄+ 0.054ωj̄ = 0.1118ωı̄
0 + 0.1163ωj̄0 kg-m2/s, T = 0.076ω2 J

5.31 F̄A = −
1

3
mbω2j̄, M̄A = −

17

36
mabω2ı̄, k̄ = ēB/A.

5.33 F̄O = −mL
h
ψ̇2 (sin θ)2 + θ̇2

i
ı̄−mL

h
θ̈ − ψ̇2 sin θ cos θ

i
j̄ − mL

h
ψ̈ sin θ + 2ψ̇θ̇ cos θ

i
k̄,

M̄O =
h
I1ψ̈ cos θ − (I1 − I2 + I3) ψ̇θ̇ sin θ

i
ı̄+

h
I2ψ̈ sin θ − (I1 − I2 − I3) ψ̇θ̇ cos θ

i
ı̄

−
h
I3θ̈ + (I1 − I2) ψ̇

2 sin θ cos θ
i
k̄, ı̄ = ēG/O.

5.36 H̄G = mR2ω1
£
0.125λı̄+ (0.433λ− 0.5) k̄

¤
,

dH̄G

dt
= mR2ω21

¡
0.25λ− 0.10825λ2

¢
j̄

λ = 2.309 for no dynamic reactions,
ı̄ is the axis of the disk, j̄ is perpendicular to the diagram.

5.39 F̄B = 3mRΩ2Ī +mgK̄, M̄B =
1

4
mR2

h
−2Ωφ̇ (cos θ)2 +

³
Ω2 − φ̇2

´
sin θ cos θ

i
j̄

ı̄ is the axis of the disk, j̄ is perpendicular to the diagram.

6.1 Ω =

µ
3g

2L cos θ

¶1/2
.

6.3 F̄A =

∙
−mLΩ2

µ
1

3
+
1

9
cos θ

¶
− 1
6
mg

¸
(sin θ) ı̄,

F̄B =

∙
−mLΩ2

µ
1

3
− 1
9
cos θ

¶
+
1

6
mg

¸
(sin θ) i+ 2mgk̄,

i is radial to left, k̄ is upward.

6.6 v̇ = 0, F̄left = −
mv2

6R
cos θĪ +

µ
3

2
mg +

mv2

6R
sin θ

¶
K̄,

F̄right =
mv2

6R
cos θĪ +

µ
3

2
mg − mv2

6R
sin θ

¶
K̄, K̄ upward.

6.9 F̄A =
h
10g cos γ − 2.5ψ̇2 (sin γ)2

i
ı̄+

h
10g sin γ − 2.5ψ̇2 sin γ cos γ

i
j̄ − 2.5ψ̈ sin γk̄ N,

M̄A = 0.4ψ̈ cos γı̄+ 0.225ψ̈ sin γj̄ +
³
2.5g sin γ − 24πψ̇ sin γ − 0.175ψ̇2 sin γ cos γ

´
k̄ N-m,

ı̄ along the axis of symmetry, k̄ horizontal.

6.11 F̄A = −F̄B =
mR2

2L
Ω1Ω2 cos θ parallel to the upward diameter of the disk,

M̄1 =
1

8
mR2Ω22 sin 2θēA/B.

6.14
1

3
θ̈ +Ω2

µ
1

2
+
1

3
cos θ

¶
sin θ =

g

2L
cos θ.

6.16 ξ̈ + ψ̇2
∙µ

L

4
− ξ

¶
(sin θ)

2 − L

6
sin θ cos θ cosφ

¸
+

L

3
ψ̇φ̇ sin θ cosφ = g cos θ,

1

27
Lφ̈− ψ̇2

∙
1

27
L (sin θ)2 sinφ cosφ+

1

24
(L− 4ξ) sin θ cos θ sinφ

¸
−1
3
ψ̇ξ̇ sin θ cosφ =

1

6
g sin θ sinφ.
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6.19 ω21 >
g/R

0.4 + 1.25 sin 2θ
.

6.21 N [L (1 + cos γ)−R sin γ] = mgL (1 + cos γ)−mR2Ω2
∙
L2

R2
sin γ

+

µ
1

4
− L

2R

¶
cos γ

¸
sin γ, γ =

π

6
.

6.24 NB = mg cotβ +m (R− r)Ω22 −
2

5
mrψ̇φ̇ cosβ,

fB = −
2

5
mrφ̇ψ̇, NA =

mg

sinβ
− 2
5
mrψ̇φ̇,

where φ̇ =
R− r − r cosβ

r (sinβ)2
(Ω1 − Ω2) and ψ̇ = Ω2 − φ̇ cosβ.

6.26 Front wheel drive: v̇ = μg
L− b

L+ μh
, rear wheel drive: v̇ = μg

b

L− μh
,

all wheel drive: v̇ = μg.

6.29 θ̈ = 14.392
g

L
.

6.31 φ̈ = 25.02 rad/s.

6.34 (a) Fcrit = min

Ã
mg

sin θ
,

μmg
¡
κ2 + r21

¢
κ2 (cos θ + μ sin θ) + μr21 sin θ + r1r2

!
,

v̇ =
F

m

r21 cos θ − r1r2
κ2 + r21

.

6.36 v̇ =
1

3
g, μmin = 0.2.

6.39 F = σv.

6.41 ωA − ωB =
gL

R2ψ̇
.

6.44 ∆N = 63.4 N, increase at front wheels, decrease at rear wheels.

6.46 v2 =
5.193

1 + κ2/R2

µ
FR

m

¶
.

6.49 maxφ = 37.49◦, φ̇ = 6.106 rad/s when φ = 32.49◦.

6.51 v2 =
2FR3

m (R2 + κ2)

∙
θ + sin θ −

√
5 +

³
8− 2 cos θ − (cos θ)2

´1/2¸
.

6.54 maxφ = 37.49◦.

6.56 (a) θ̇ = 4.3503
³ g
L

´1/2
, (b) max (θ) = 133.8◦ above horizontal.

6.59 (a) β = 46.56◦, Ω1 = 0.9494
³ g
L

´1/2
,

(b) P∆t = 0.1148m (gL)
1/2

, vG = 1.1123 (gL)
1/2

.

.

6.61 ω2 =
mvh

2IA
where point A is the corner where impact occurs.

6.64 ω2 = 4.065 rad/s, v̄2 = 24.70 rad/s at 59.17◦ above left horizontal.
6.66 (v̄G)2 = −0.2467v sin θj̄, ω2 = −0.2220v sin θ,

v̄ball = (− cos θı̄− 0.01328 sin θj̄) v.
6.69 (v̄B)2 = 0.8613v1 at 50.74

◦ below the left direction.

6.71 v̄G = 15.459 m/s downward, ω2 = 17.441 rad/s counterclockwise.

6.74 v̄2 = 16.57ı̄+ 1.33j̄ + 6k̄ m/s, ω̄2 = 33.7ı̄+ 484.3j̄ + 50k̄ rad/s.

7.1 2β (X − ut) Ẋ − Ẏ − 2β (X − ut)u = 0, Y = β (X − ut)
2
.

7.3 Rθ̇ + ṡ− ẊC cos θ + ẎC sin θ = 0, sθ̇ + ẊC sin θ + ẎC cos θ = 0,
both constraints are holonomic.

7.6 ẋ cos θ − θ̇x sin θ = 0.

7.8 θ̇1 sin θ1 + θ̇2 sin θ2 + θ̇3 sin θ3 = 0, θ̇1 cos θ1 − θ̇2 cos θ2 − θ̇3 cos θ3 = 0.

7.11 ẋA sin (θ + β)− Lθ̇ cosβ = 0.
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7.14 (sinβ − 2 cosβ)Rβ̇ − u = 0, [2 (1 + cosβ)− sinβ] ψ̇ + φ̇ = 0.

7.16 q1 = y : Qcons1 = −k (y − 1.5L)− 8σL, Qnc1 = −
F
¡
3y2 + 4L2

¢
+ 2ML

2L (4L2 − y2)1/2
,

q1 = θ : Qcons1 = −2kL2 (2 sin θ − 1.5) cos θ − 8σL2 cos θ,
Qnc1 = −FL

h
2 + 6 (sin θ)

2
i
−M.

7.19 δW = −NB sin (θ + β) δxA +NBLδθ cosβ,

δxA = Lδθ
cosβ

sin (θ + β)
if kinematically admissible.

7.21 V = −
¡
x2 − y2

¢1/2
.

7.24 m

"
1

3
L2 +

H2

(cos θ)4

#
θ̈ + 2m

H2 sin θ

(cos θ)5
θ̇2 +

1

2
mgL cos θ

+
mgH

(cos θ)2
+ kH2

³
tan θ − tan π

9

´
(cos θ)2

= −Γ,

θ = 16.092◦ for static equilibrium.

7.26 3mẌ +ms̈ cos θ + 2kX = 0, ms̈+mẌ cos θ + ks−mg sin θ = 0.

7.29 m
h
2R̈1 + R̈2 − (2R1 +R2) θ̇

2
i
+ k (R1 − L)− 2mg cos θ = 0,

m
h
R̈1 + R̈2 − (R1 +R2) θ̇

2
i
+ k (R2 − L)−mg cos θ = 0.

7.31
8

3
mL2θ̈ + kL2

µ
4 sin θ − 3

2
L

¶
cos θ = 2 (F +mg)L cos θ.

7.34
1

3
mL2θ̈ +

1

2
mL (ü+ g) sin θ = 0.

7.36
1

3
mL2φ̈+

1

2
mLεΩ2 sinφ+ kφ = 0.

7.39 4mR2
³
θ̈ + ω2 sin θ cos θ

´
+ 2mgR sin (2θ + ωt) = 2FR sin θ.

7.41
h
1 + 8 (cos θ)2

i
θ̈ −

³
9Ω2 + 8θ̇2

´
sin θ cos θ =

(2mg − 4F )
mL

sin θ.

7.44 (m1 +m2) ẍ−m2 (R− r)
³
θ̈ cos θ − θ̇2 sin θ

´
+ kx = F,

3

2
(R− r) θ̈ − ẍ cos θ + g sin θ = 0.

7.46
µ
1

12
b2 +

1

3
h2 +R2θ2

¶
θ̈ +R2θθ̇2 + g

µ
Rθ cos θ − h

2
sin θ

¶
= 0.

7.48 (m1 +m2) s̈+m1 (R+ ε cos θ) θ̈ −m1εθ̇
2 sin θ = (m1 +m2) g sinβ,

m1

¡
R2 + ε2 + κ2 + 2Rε cos θ

¢
θ̈ +m1 (R+ ε cos θ) s̈

−m1Rεθ̇
2 sin θ = m1g [R sinβ + ε sin (β + θ)] .

7.51 I θ̈ +
1

2

dI

dθ
θ̇2 +

3

2
mgL cos θ = FL

cos (β − θ)

sinβ

where I = mL2

(
1

12
+

1

(sinβ)2

∙µ
5

4
+

κ2

R2

¶³
(cos θ)2 + cos (β − θ)2

´
+
1

2
cos θ cos (β − θ) cosβ

¸¾
7.54 m1s̈−m1

h
θ̇2 + ψ̇2 (sin θ)

2
i
s+ ks+m1g sin θ cosψ = 0,¡

I1 +m1s
2
¢
θ̈ + 2m1sṡθ̇ −m1s

2ψ̇2 sin θ cos θ +m1gs cos θ cosψ = 0,h
I2 +m1s

2 (sin θ)
2
i
ψ̈ + 2m1ψ̇s

h
ṡ (sin θ)

2
+ sθ̇ sin θ cos θ

i
−m1gs sin θ sinψ = Γ.

7.56
1

4
mR2

h³
1 + (cos θ)2

´
Ω̇1 + 2Ω̇2 cos θ

i
= C.
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7.58
2

3
mL2θ̈ +

1√
2
mgL sin θ = 0,

1

3
mL2ψ̈ =M.

7.61 ξ̈ − Ω2ξ (sin θ)2 −
µ
ξ − L

2

¶
θ̇2 − g cos θ = 0,µ

1

3
L2 − Lξ + ξ2

¶
θ̈ + (2ξ − L) ξ̇θ̇ − Ω2

µ
ξ2 +

1

12
L2
¶
sin θ cos θ + g

µ
ξ − L

2

¶
sin θ = 0.

7.63 (m1 +m2) z̈ +
1

2
m2L

³
θ̈ sin θ + θ̇2 cos θ

´
+ (m1 +m2) g + kz = F,

1

3
Lθ̈ +

1

2
z̈ sin θ − 1

3
Lψ̇2 sin θ cos θ +

1

2
g sin θ = 0,

1

3
m2L

2
h
ψ̈ (sin θ)

2
+ 2ψ̇θ̇ sin θ cos θ

i
=M.

7.66
∙
Ip +m

µ
L2 +

1

4
R2
¶³
1 + (cosβ)2

´
+ 2mL2 cosβ

¸
ψ̈

−2m sinβ
∙
L2 +

µ
L2 +

1

4
R2
¶
cosβ

¸
β̇ψ̇ +

1

2
mR2φ̇β̇ sinβ = Γ,

m

µ
L2 +

1

4
R2
¶
β̈ +m sinβ

∙
L2 +

µ
L2 +

1

4
R2
¶
cosβ

¸
ψ̇2 − 1

2
mR2ψ̇φ̇ sinβ −mgL cosβ = 0.

8.2 m
h
R2 + κ2 + 2R2 (1 + sin θ)2

i
θ̈ + 3.75mR2 (1 + sin θ)

h
φ̈ sinφ+ φ̇2 cosφ

i
+2mR2θ̇2 (1 + sin θ) cos θ = FR (1 + sin θ) + λ1 cos θ,

25

12
mR2

nh
1 + 3 (sinφ)

2
i
φ̈+ 3φ̇2 sinφ cosφ

o
+ 3.75mR2 sinφ

h
θ̈ (1 + sin θ) + θ̇2 cos θ

i
+1.25mgR cosφ = 2.5FR sinφ− 2.5λ1 cosφ,

θ̇ cos θ − 2.5φ̇ cosφ = 0

8.4 {z} =
h
ψ β ψ̇ β̇

iT
, I1 = m

h
L2 + κ21 (sinβ)

2
+ κ22 (cosβ)

2
i

⎡⎣ I1 0 −c1
0 mκ22 1
−c1 1 0

⎤⎦⎧⎨⎩ ψ̈

β̈
λ1

⎫⎬⎭ =

⎧⎪⎨⎪⎩
−m

¡
κ21 − κ22

¢
ψ̇β̇ sin 2β +mκ21Ω1β̇ cosβ + Γ

1

2
m
¡
κ21 − κ22

¢
ψ̇2 sin 2β +mκ21Ω1ψ̇ cosβ

c2ψ̇

⎫⎪⎬⎪⎭
8.6 (m1 +m2) ẍ−m2

³
R̈−Rθ̇2

´
cos θ +m2

³
Rθ̈ + 2Ṙθ̇

´
sin θ + 2k1x = λ1 sin θ,

m2

³
R̈− ẍ cos θ −Rθ̇2

´
+ k2 (R−R0) = 0

m2

³
Rθ̈ + ẍ sin θ + 2Ṙθ̇

´
−m2g cos θ = λ1, ẋ sin θ +Rθ̇ = 0.

8.9 m1R
2

½h
4.5 + 8 cos θ + 3.75 (cos θ)

2
i
ψ̈ +

1

2
(sin θ) φ̈− (8 + 7.5 cos θ) (sin θ) ψ̇θ̇

+
1

2
φ̇θ̇ cos θ

¾
=M + λ1R (sin θ − 2− 2 cos θ) ,n

4.25m1R
2 +m2R

2
h
1− 2 sin 2θ + 3 (cos θ)2

io
θ̈ − 1

2
m2R

2 (4 cos 2θ + 3 sin 2θ) θ̇2

+m1R
2 (4 + 3.75 cos θ) (sin θ) ψ̇2 − 2 (m1 +m2) gR cos θ +m2gR sin θ

= FR (sin θ − 2 cos θ) ,
1

2
m1R

2
³
φ̈+ ψ̈ sin θ + ψ̇θ̇ cos θ

´
= λ1R, R (sin θ − 2− 2 cos θ) ψ̇ +Rφ̇ = 0.

8.11 (mA +mAB +mB) ẍA −
1

2
(mAB + 3mB)L

³
θ̈ sin θ + θ̇2 cos θ

´
= F + λ1 sin (β + θ) ,µ

1

3
mABL

2 +
3

2
mBL

2 +
1

4
mBR

2

¶
θ̈ − 1

2
(mAB + 3mB)LẍA sin θ

= −λ1L cosβ, ẋA sin (β + θ) + θ̇L cosβ = 0.
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8.13 q1 = XC , q2 = YC , q3 = θ, ẊC sin θ − ẎC cos θ = 0µ
m+

3

2
mw

¶
ẌC +mL

³
θ̈ sin θ + θ̇2 cos θ

´
=
¡
F̄1 + F̄2

¢
· Ī + λ1 sin θµ

m+
3

2
mw

¶
ŸC −mL

³
θ̈ cos θ − θ̇2 sin θ

´
=
¡
F̄1 + F̄2

¢
· J̄ − λ1 cos θµ

I +m1L
2 +

1

4
mwR

2

¶
θ̈ +mL

³
ẌC sin θ − ŸC cos θ

´
= r̄A/C × F̄1 + r̄B/C × F̄2

8.15 4ms̈+ 2mLθ̈ sin θ + 2mLθ̇2 cos θ = F + λ2 sinΩt,∙
1

6
+
3

2
(sinψ)2 (sin θ)2

¸
ψ̈ − 3

8
θ̈ sin 2ψ sin 2θ +

3

2
ψ̇2 sinψ cosψ (sin θ)2 +

3

4
θ̇2 sin 2ψ

+
3

2
ψ̇θ̇ (sinψ)2 sin 2θ =

1

mL
(λ1 cosψ sin θ − λ2 cosΩt sinψ sin θ) ,

mL2
∙
1

6
+
3

2
(sin θ)

2
+
3

2
(cosψ)

2
(cos θ)

2

¸
θ̈ + 2mLs̈ sin θ

+
3

2
mL2θ̇2 sin 2θ

h
1 + (cosψ)2

i
− 1
2
mL2ψ̇2

∙
1

3
+ 3 (sinψ)2

¸
sin 2θ

= λ1L sinψ cos θ + λ2L [sinΩt sin θ + cosΩt cosψ cos θ] ,

Lψ̇ cosψ sin θ + Lθ̇ sinψ cos θ = 0,

ṡ sinΩt− Lψ̇ cosΩt sinψ sin θ + Lθ̇ [sinΩt sin θ + cosΩt cosψ cos θ]

+Ω
h
s cosΩt− L sinΩt cosψ sin θ − L (cosΩt)

2
i
= 0.

8.17 XG = −111.2 m, YG = −70.0 m, θ = 56.2◦ at t = 60 s.
8.19 θ passes 89◦ when t = 9.28 s.

8.22 max(θ) = 80.73◦ when t = 1.995 s.

8.25
1

2
θ̈ +

4

3π

g

R
sin θ + μ

∙
g

R
− 4

3π

³
θ̈ sin θ + θ̇2 cos θ

´¸
sgn
³
θ̇
´
= 0.

8.28
1

3
mL2φ̈+

1

2
mlŸB sinφ−

1

2
mgL sinφ = μ |NA| (cosφ) sgn

³
φ̇
´
−NA sinφ,

mŸB (sinφ)
2
+
1

2
mLφ̈ sinφ+

1

2
mLφ̇2 cosφ = − H

sinφ
NA, ẎB (sinφ)

2
+Hφ̇ = 0.

8.31 {q} = [φ XB YB]
T
, {x} =

h
{q}T {q̇}T

iT
,

d

dt
{x} =

h
{q̇}T {q̈}T

iT
,∙

[M ] − [B]
− [a] [0]

¸⎧⎨⎩ {q̈}½
NA

NB

¾ ⎫⎬⎭ =

½
{F}

[ȧ] {a} {q̇}

¾
,

[M ] =

⎡⎣ L2/3 (L/2) cosφ (L/2) sinφ
(L/2) cosφ 1 0
(L/2) sinφ 0 1

⎤⎦ ,
[B] =

⎡⎢⎢⎣
−H/ sinφ 0

−
³
μ sinφsgn

³
φ̇
´
+ cosφ

´
1³

μ cosφsgn
³
φ̇
´
− sinφ

´
0

⎤⎥⎥⎦ , {F} =

⎧⎨⎩
(L/2) g sinφ

(L/2) φ̇2 sinφ

g − (L/2) φ̇2 cosφ

⎫⎬⎭ ,

[a] =

∙
0 1 0

H 0 (sinφ)
2

¸
, [ȧ] =

∙
0 0 0

0 0 φ̇ sin 2φ

¸
,

NB = 0 at t = 0.237 s, φ = 45.54◦.

9.2 μẅ + (EIw00)00 + μg − f = 0; either w is specified or (EIw00)0 = 0 at x = 0 and x = L;
either w0 is specified or EIw00 = 0 at x = 0 and x = L.

9.5 −μẅy + F

("
1− 3

2

µ
∂wy

∂x

¶2
− 1
2

µ
∂wz

∂x

¶2#
∂2wy

∂x2
− ∂wy

∂x

∂wz

∂x

∂2wz

∂x2

)
− μg + fy = 0,

−μẅz + F

("
1− 3

2

µ
∂wz

∂x

¶2
∂2wz

∂x2
− 1
2

µ
∂wy

∂x

¶2#
∂2wz

∂x2
− ∂wy

∂x

∂wz

∂x

∂2wy

∂x2

)
+ fz = 0.
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9.7
1

2
μLq̈1 +

π2F

2L
q1 −

π4F

16L3
¡
3q31 + 24q1q

2
2

¢
+
2

π
μgL = 0,

1

2
μLq̈2 +

4π2F

L
q2 −

3π4F

2L3
¡
q21q2 + 2q

3
2

¢
= 0.

9.10
1

2
μLp̈1 +

π2F

2L
p1 −

π4F

L3

∙
3

16
p31 +

3

16
p1q

2
1 +

3

2
p1p

2
2 +

1

2
p1q

2
2 + q1p2q2

¸
+
2

π
μgL =

2

π
f0L sin (Ωt) ,

1

2
μLq̈1 +

π2F

2L
q1 −

π4F

L3

∙
3

16
q31 +

3

16
p21q1 +

1

2
q1p

2
2 +

3

2
q1q

2
2 + p1p2q1

¸
= 0,

1

2
μLp̈2 +

2π2F

L
p2 −

π4F

L3

∙
3

2
p21p2 +

1

2
q21p2 + p1q1q2 + 2p

3
2 + 2p2q

2
2

¸
= 0,

1

2
μLq̈2 +

2π2F

L
q2 −

π4F

L3

∙
1

2
p21q2 +

3

2
q21q2 + p1q1p2 + 2q

3
2 + 2p

2
2q1

¸
= 0.

9.12 mẋ1 =
p1 − p2 cos θ

5− (cos θ)2
, mẋ2 =

−p1 cos θ + 5p2
5− (cos θ)2

, ṗ1 = 0, ṗ2 = m2g sin θ − kx2.

9.15 ψ̇ =
p1
∆
, β̇ =

p2
I2
, ṗ1 = −mg

µ
H

2
− w

¶
sinβ cosψ,

ṗ2 = −
p21
2∆2

(I1 − I2) sin 2β −mg

µ
H

2
− w

¶
cosβ sinψ,

∆ = I1 (cosβ)
2 + I2 (sinβ)

2 .

9.17 Ḣ = 2mṘR̈−m (2R− L) ṘΩ2 = 0,

Ė − Ḣ = 2m (2R− L) ṘΩ2 = ΓΩ.

9.20 Define I1 = m1κ
2
1, I2 = m1κ

2
2 +

µ
m1 +

1

3
m2

¶
L2.

Case (a) Ḣ = I1φ̇φ̈+ I2θ̇θ̈ +
1

2
(I1 − I2) (sin 2θ)Ω

2θ̇ +

µ
m1 +

1

2
m2

¶
gLθ̇ sin θ = 0,

Ė = I1φ̇φ̈+ I2θ̇θ̈ −
1

2
(I1 − I2) (sin 2θ)Ω

2θ̇ +

µ
m1 +

1

2
m2

¶
gLθ̇ sin θ = ΓΩ.

Case (b) Ḣ = I2θ̇θ̈ +
1

2
(I1 − I2) (sin 2θ)Ω

2θ̇ +

µ
m1 +

1

2
m2

¶
gLθ̇ sin θ = 0,

Ė = I2θ̇θ̈ −
1

2
(I1 − I2) (sin 2θ)Ω

2θ̇ +

µ
m1 +

1

2
m2

¶
gLθ̇ sin θ = ΓΩ+ Γφφ̇.

9.22
1

2
mL2θ̈

h
1 + 8 (cos θ)2

i
− 4mL2θ̇2 sin θ cos θ − 2p22

9mL2
cos θ

(sin θ)3
−mgL sin θ = −2FL cos θ,

p2 =
9

2
mL2ψ̇ (sin θ)2 .

9.25 mR2θ̈ − p22 cos θ

mR2 (sin θ)
3 +

1

2
mgR sin θ

"
3− 1

(5 + 4 cos θ)1/2

#
= 0,

p2 = mR2ψ̇ (sin θ)
2
=
3

4
m
¡
gR3

¢1/2
.

9.27 p2 =
h
Ĩ + Iφ (cosφ)

2
i
ψ̇ − Iφφ̇ cosβ, p3 = Iφ

³
φ̇− ψ̇ cosβ

´
R =1

2

µ
mL2 +

1

2
Iφ

¶
β̇2 − 1

2Iφ Ĩ

h
Iφ (p2 + p3 cosβ)

2 + Ĩ p23

i
+mgL sinβ

Ĩ = mL2 (1 + cosβ)2 +
1

2
Iφ (sinβ)

2 + IP

9.30 γ̇1 = ψ̇, γ̇2 = θ̇

mL2 sin θ

∙
1

2
γ̈1 sin θ + 2γ̇1γ̇2 cos θ

¸
= 0∙

1

2
+ 4 (cos θ)

2

¸
γ̈2 −mL2

µ
9

2
γ̇21 + 4γ̇

2
2

¶
sin θ cos θ =

(mg − 2F )
ML

sin θ

9.32 γ̇1 = v, γ̇2 = θ̇, ẊG = γ̇1 cos θ, ẎG = γ̇1 sin θ, mγ̈1 = F cosβ, Iγ̈2 = −FD sinβ.
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9.34
∙
1

3
L2 (cos θ)

5 −DL (cos θ)
4
+D2 cos θ

¸
γ̈1 +

∙
2D2 − 1

2
DL (cos θ)

3
(sin θ) γ̇21

¸
= g

∙
D − L

2
(cos θ)3

¸
(cos θ)3 , γ̇1 = θ̇.

9.37 γ̇1 = ψ̇, γ̇2 = β̇, γ̇1 − c1γ̇2 − c2β − c3 = 0,

m
h
L2 + κ21 (sinβ)

2 + κ22 (cosβ)
2
i
γ̈1 + 2m

¡
κ21 − κ22

¢
γ̇1γ̇2 sinβ cosβ

−mκ21γ̇1Ω1 cosβ = λ1,
mκ22γ̈1 +mκ21γ̇1Ω1 cosβ −m

¡
κ21 − κ22

¢
γ21 sinβ cosβ =M − c1λ1.

9.39 γ̇1 = ṙ, γ̇2 = θ̇,
7

5
γ̈1 − rγ̇22 = 0,

µ
r2 +

2

5
R2
¶
γ̈2 + 2rγ̇1γ̇2 = 0.

9.42 γ̇1 = θ̇,
1

2

h
1 + 8 (cos θ)

2
i
γ̈1 −

µ
4γ̇21 +

9

2
ψ̇2
¶
sin θ cos θ =

(mg − 2F )
mL

sin θ.

9.45 γ̇1 = β̇, mκ22γ̈1 +mκ21Ω1ψ̇ cosβ +m
¡
κ22 − κ21

¢
ψ̇2 sinβ cosβ =M.

9.48 γ̇1L cosβ + γ̇2 sin (θ + β) = 0,µ
1

3
m1L

2 +m2L
2 + I2

¶
γ̈1 +

µ
1

2
m1 +m2

¶
Lγ̈2 sin θ + I2β̈ = F sinβ +NB cosβ,"

m1 +m2 +m3 +
I1
R2

µ
cos θ

cosβ

¶2#
γ̈2 +

µ
1

2
m1 +m3

¶
L
¡
γ̈1 sin θ + γ̇21 cos θ

¢
− I1
R2

γ̇1γ̇2
sin θ cos θ

(cosβ)2
+

I1
R2

γ̇2β̇
(cos θ)

2
sin θ

(cosβ)3

= −F cos (β + θ)−NB sin (θ + β) + k (c− c0) , γ̇1 = θ̇, γ̇2 = ċ.

9.50 ẊA = γ̇1 cos (θ + β) , ẎA = γ̇1 sin (θ + β) , vA sinβ − Lθ̇ = 0∙
m1

µ
1 +

κ21
R2

¶
+mC

¸
v̇A −mChθ̈ sinβ +mChθ̇

2 cosβ =
Γ

R1
+ (NB +NC) ,µ

1

2
mκ21 +mCh

2 + IC

¶
θ̈ +

1

2
mκ21β̈ −mCh

h
v̇A sinβ + vA

³
θ̇ + β̇

´
cosβ

i
= − (NB +NC)L,

1

2
mκ21 (γ̈2 + γ̈3) = Γ.

10.1 |ω̄1| = 3.135 rad/s, θ = 86.96◦, ∆H̄G = −3.130I 0ı̄, |ω̄2| = 0.1667 rad/s.
10.3 ωx = 50 rad/s, ωz = 450 rad/s, β = 83.66◦, θ = 86.82◦.

10.6 ω̄ = 7.2902
¡
10−5

¢
rad/s about an axis through the center of the earth at 0.1558◦ from

the Polar axis in the meridional plane at 90◦ from the meridian of impact.

10.8 Precession about the z azis; ω̄ = 7.594ı̄+ 6.275k̄ rad/s @ max (θ) = 45.91◦;

ω̄ = 5.534ı̄+ 8.766k̄ rad/s @ min (θ) = 13.57◦.

10.11 Looping precession, min (θ) = 53.130◦, max (θ) = 53.300◦, ψ̇ = 0 at θ = 53.199◦.

10.14 ψ = A1 cos

µ
ω2

σ
t+ ν1

¶
+A2 cos (σt+ ν2) , ω2 =

mgL

I 0
, σ =

I

I 0 +mL2
,

θ =
π

2
+A1 sin

µ
ω2

σ
t+ ν1

¶
−A2 sin (σt+ ν2) .

10.16
I 0λ

c
À 1, tÀ I 0Ω1

cΩ0
,

I 0

I
=O(1) .

10.19
h
(I + C) (cos θ)

2
+ (I 0 +A) (sin θ)

2
+A

i
ψ̇ + Iφ̇ cos θ = pψ,

I
³
ψ̇ cos θ + φ̇

´
= pφ, (I 0 +B) θ̈ + (I + C − I 0 −A) ψ̇2 sin θ cos θ + Iφ̇ψ̇ sin θ = 0.


