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1. Introduction

Sir Issac Newton (1642-1727) was the first to discover the correct laws of motion of
particles. Since then much work has been done to verify the validity of these laws and to
generalize them for deformable media. The study of rigid body dynamics is concerned
with developing and analyzing the equations of motion of: a single particle, a system of
particles, a rigid body, and a system of rigid bodies.

To analyze the motion of a particle it is necessary to first develop kinematical
expressions for the position, velocity and acceleration of the particle. Then, it is
necessary to consider the kinetic equations of motions which characterize the influence of
the forces applied to the particle on its motion. Thus, the analysis of both kinematics and
kinetics are necessary for a complete formulation of a specific problem. Since the
analysis of the motion of a single particle is simpler than that of a rigid body, most
courses in dynamics develop the material in the following order. The kinematics and
kinetics of motion of a single particle are discussed for the simplest case of motion in a
straight line. Then, the equations are generalized to motion in a plane followed by
motion in three-dimensional space. Next, the kinematics and kinetics of motion of a
system of particle is developed. The analysis of rigid body motion starts with analysis in
a plane and then is concluded with analysis in three-dimensional space. This approach
has the advantage that mathematical complexity increases gradually and that physical
concepts are presented in their simplest forms. However, it has the disadvantage that the
more complicated mathematical tools required to analyze general three-dimensional
motion are presented near the end of the course when there is often not sufficient time to
fully absorb the material.

This course in dynamics presents the material in a different order from that in a
standard presentation. The course is loosely separated into two parts. Part 1 includes
sections 2-15 which develop the analysis of kinematics in three-dimensions and Part 2
includes sections 16-39 which introduce the kinetic equations of motion to analyze forces
and energies of systems of rigid bodies. This approach has the advantage that the more
complicated mathematical tools of analyzing motion in rotating coordinate systems is
developed in Part 1. Since the analysis of the kinetics of particles and rigid bodies

necessarily requires the determination of acceleration, the more complicated
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mathematical tools for analyzing motion in three-dimensions are used in almost all
example problems in Part 2. This ensures that these mathematical tools are fully
absorbed. Moreover, it ensures that at the end of the course each student can confidently

formulate even the most complicated dynamics problems in three-dimensions.



2. Vector Algebra and Indicial Notation

In mechanics it is necessary to use vectors and vector equations to express physical
laws. To conveniently express the component forms of these vector equations it is
desirable to use a language called indicial notation which develops simple rules
governing manipulations of the components of these vector equations. For the purposes
of describing this language we introduce a set of right-handed orthonormal base vectors

denoted by (€1.€,5,€3), such that

e ce=1,e°e=1,e°e=1, (2.1a,b,c)
e *e,=0,¢e°e3=0,e,°e;=0, (2.1d,e,1)
e Xe,=¢€; , e3Xe =€, , e xXe;=€ , (2.1g,h,1)

where €, ¢ e, denotes the dot product between the two vectors, and €, X e, denotes the
cross product between the two vectors. In this text we will use a bold faced symbol like a

to indicate a vector quantity and in the written form we will use a wavy line under the

symbol like a to indicate the same vector quantity a.

VECTOR ALGEBRA

Rules of Vector Addition and Multiplication by a Scalar: Let a, b, and ¢ be vectors

and o and [ be scalars. Then the commutative and associative laws of vector addition are
(see Fig. 2.1)

a+b=D>b+a (commutative law) , (2.1a)

a+(b+c)=(a+b)+c (associative law) , (2.1b)

Furthermore, the associative laws of scalar multiplication may be summarized as

a(Ba)=(f)a=Pp(axa)=a(@p) , (2.22)
(a+PB)a=oca+Pa, (2.2b)
a(@+b)=ca+ab . (2.2¢)



Fig. 2.1

Components of a Vector: An arbitrary vector a in Euclidean three-dimensional space

may be expressed in terms of its components {al,a2,a3} relative to the fixed base vectors
{el,e2,e3} such that
a=a e +ae,+aje; . (2.3)

Scalar (Dot) Product: Magnitude and Direction of a Vector: The scalar (or dot)

product between two vectors a and b is defined by
a*b=(a e +a,e,+aje;)*(b,e +b,e,+byey)
=a;b; +ayb, +a3b; 2.4)
where {b;,b,,b;} are the components of b relative to the base vectors {e;.e,.e;}. It

follows that the magnitude a and the unit direction e, of vector a may be defined by

a=lal= (a-a)l/zz(a%+a%+a%)l/2, (2.5a)
a 4 i) i)
€,=3 =3 €+ 3 &+, e ,ece =1, (2.5b,¢)

so that a may be represented in the form

a=ae, . (2.6)

a

The scalar product a b may also be written in the more physical form

a*b=abcoso , (2.7a)
a*b=a(bee)=a(bcosd) , asb=b(ace ) =b(acosh), (2.7b,¢)
where 0 is the angle between a and b (see Fig. 2.2). The representation (2.7b) expresses

a * b as the magnitude of a times the projection of b in the direction of a, whereas the



representation (2.7¢) expresses a ¢ b as the magnitude of b times the projection of a in the

direction of b. Furthermore, we note that the scalar product is commutative so that

a*b=bea . (2.8)
|
|
| b
b
|
‘ ~
| acos9 -
0 | 0 I
|- \‘
- = a a
b cos O
Fig. 2.2

Also, it follows that the components of a may be calculated by using the scalar product
by

aj=ae°e ,a,=ace,, a;=ace; . (2.9a,b,¢)
Defining {8,,8,,05} as the angles between the vector a and the base vectors {e,e,.e5},
respectively, the components of the direction vector e, in (2.5b) may be represented by
(see Fig. 2.3)

a B a3
2 =cosh; , 3 =cosb, , :cosG)3 . (2.10a,b,c)

Fig. 2.3



Vector (Cross) Product: The vector product between the two vectors a and b may be

calculated directly using the expressions (2.1g,h,i) or may be calculated using the

determinant of a matrix of the form

€ € &
axb=|% 3 4| | (2.11a)
by by by
= (ayby —azb,) €/ —(a;b;—asb;) e, +(a;b, —ayb;) e;. (2.11b)

The vector product a X b may also be written in the more physical form
axb=(absinO)n , nen=1, (2.12a,b)
where 0 is the angle between a and b and n is the unit vector that is normal to the plane

of the vectors a and b and is defined by the right-hand rule (see Fig. 2.4). It follows that

since n is defined by the right-hand rule the vector product is not commutative because
axb=-bxa . (2.13)

Furthermore, from Fig. 2.4 we realize that the vector product a X b yields the area of the

parallelogram formed by the vectors a and b times the unit normal vector n. Thus, the

vector product of a vector with itself vanishes (a x a =0).

n‘ b b |
| b sin O

0 0 ‘
a a

Fig. 2.4

Scalar Triple Product: The scalar triple product between the three vectors a,b,c may
be expressed in the following equivalent forms
ap 4 43
asbxc=ceaxb=becxa=|01 P2 D3| (2.14)
€1 € €3
Physically, the scalar triple product may be interpreted as giving the volume of the

parallelepiped formed by the vectors a,b,c (see Fig. 2.5) since
axbec=(absinO) nec , (2.15)



where (a b sin 0) is the area of the base of the parallelepiped and n ¢ ¢ is the height of the

parallelepiped.
7
‘ /
n /
7 _

/
C < b

"6, .
a

Fig. 2.5

Note that the order of the scalar and vector product may be interchanged without
changing the value of the scalar triple product. This can also be seen by realizing that the
volume of the parallelepiped in Fig. 2.5 can be obtained by expressing the scalar triple
product in terms of the vector product of an two of the three vectors a,b,c whose normal
n (according to the right-hand rule) points toward the interior of the parallelepiped.

Vector Triple Product: The vector triple product between the three vectors a,b,c may

be expanded in the form

ax(bxc)=(a°c)b-(asb)c . (2.16)
It is important to emphasize that since the vector product between two vectors generates
another vector it is essential to include parentheses in the definition (2.16). Also note that
the vector a X (b X ¢) is perpendicular to the vector (b X ¢). But the vector (b X ¢) is
perpendicular to the plane formed by b and ¢. This means that the vector a X (b X ¢)
must lie in the plane of b and ¢, which is consistent with the result (2.16). Furthermore,
the vector a X (b X ¢) must also be perpendicular to a, which is consistent with the result

(2.16).
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INDICIAL NOTATION

Quantities written in indicial notation will have a finite number of indices attached to
them. Since the number of indices can be zero a quantity with no index can also be
considered to be written in index notation. The language of indicial notation is quite
simple because only two types of indices may appear in any term. Either the index is a
free index or it is a repeated index. Also, we will define a simple summation convention
which applies only to repeated indices. These two types of indices and the summation
convention are defined as follows.

Free Indices: Indices that appear only once in a given term are known as free indices.
For our purposes each of these free indices will take the values (1,2,3). For example, i is
a free index in each of the following expressions

(X1, Xy, %3) =%; (1=1,2,3) , (2.17a)

(e;.e,e3)=¢ (i=1,2,3) . (2.17b)
Notice that the free index i in (2.17) refers to the group of three quantities defined by 1
taking the values 1,2,3.

Repeated Indices: Indices that appear twice in a given term are known as repeated

indices. For example i and j are free indices and m and n are repeated indices in the
following expressions

abc T d , A

i°j“m "mn n

aA"

imn Bjrnn :

immjnn (2.18a,b,c)
It is important to emphasize that in the language of indicial notation an index can never

appear more than twice in any term.

Einstein Summation Convention: When an index appears as a repeated index in a
term, that index is understood to take on the values (1,2,3) and the resulting terms are
summed. Thus, for example,

X; € =X € +X,€ +X5€;5 . (2.19)
Because of this summation convention, repeated indices are also known as dummy
indices since their replacement by any other letter not appearing as a free index and also
not appearing as another repeated index does not change the meaning of the term in
which they occur. For examples,

X;e,=x.e , ab c =ab.c . (2.20a,b)

] ] 1 "mm 1 7] 7]
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It is important to emphasize that the same free indices must appear in each term in an
equation so that for example the free index i in (2.20b) must appear on each side of the
equation.

Kronecker Delta: The Kronecker delta symbol 81j is defined by

| ifi=j

Since the Kronecker delta 81j vanishes unless i=j it exhibits the following exchange
property
Sijxj:(Sljxj,82jxj,83jxj):(xl JXg s X3) =X . (2.22)
Notice that the Kronecker symbol may be removed by replacing the repeated index j in
(2.22) by the free index i.
Recalling that an arbitrary vector a in Euclidean 3-Space may be expressed as a linear
combination of the base vectors e; such that
a=ae , (2.23)
it follows that the components a; of a can be calculated using the Kronecker delta

a=eca=e-°(a e )=(e*e )a =06 a =a (2.24)
Notice that when the expression (2.23) for a was substituted into (2.24) it was necessary
to change the repeated index 1 in (2.23) to another letter (m) because the letter i already
appeared in (2.24) as a free index. It also follows that the Kronecker delta may be used to

calculate the dot product between two vectors a and b with components a, and b,
respectively by

Contraction: Contraction is the process of identifying two free indices in a given

expression together with the implied summation convention. For example we may

contract on the free indices 1,j in 81j to obtain
Note that contraction on the set of 9=32 quantities Tij can be performed by multiplying

T;; by 81j to obtain

12



Tj; 8= Ty =Ty +Tyy + T35 (2.27)

Matrix Multiplication: In order to connect the summation convention with standard

matrix multiplication consider two vectors with components a.,b., and three square
matrices with components Aij,Bij,Cij and define

im-mj °
Since the first index of Aij indicates the row and the second index indicates the column, it
can easily be seen that the summation on the index j in (2.28a) yields the same result of

the multiplication of the matrix Aij with the column vector a; to obtain the column vector
b,. Similarly, since the second index of A,  in (2.28b) is summed with the first index of
ij it is easy to see that Cij is the matrix that is obtained by multiplying the matrix A;
with the matrix ij.

Transpose: Let Aij be the components of a matrix A. Then the components of the

transpose AT of A are given by
(AT)ij = A% =A; (2.29)
In the above we have considered terms that have no free indices like in equations
(2.19), (2.20a), (2.23), (2.25)-(2.27); that have one free index like in equations (2.22),
(2.24), (2.28a); and that have two free indices like in equations (2.18), (2.21), (2.28b),
(2.29). Obviously, it is possible to write terms that have any number of free indices. In
general, a term is said to be of order zero if it has no free index, of order one if it has one
free index and of order n if it has no free indices. Usually in mechanics terms with
indices are components of quantities called tensors, which are generalizations of vectors.
In particular, when a and b are vectors the quantity a b in (2.25) is called a scalar or

zero order tensor (or a tensor of order zero). Also, the quantities a; in (2.24) are the

components of the vector a, which is also called a first order tensor (or a tensor of order

one). In this course we will consider tensors up to order three.

13



Permutation Symbol: The permutation symbol €iik is defined by

+1 for (i,j,k) equal to an even permutation of (1,2,3),

(1,5.k) =(1,2,3), (3,1,2), (2,3,1)

€k =€ X € * e = -1 for (i,j,k) equal to an odd permutation of (1,2,3),
(1,j,k) =(1,3,2), (2,1,3),(3,2,1)
0 whenever any of the indices (i,j,k) are, repeated more than

once (i.e i=j, or i=k, or j=k, or i=j=k)
(2.30)

It can be shown that the nine vectors e; X e; can be expressed in terms of the permutation

symbol using the expression
€ X € =gy € . (2.31)
Thus, the vector product between the two vectors a and b may be expressed in the form
axb=a e X bj € = &5 & bj e . (2.32)
For convenience we summarize the expanded and short forms of a number of vector

quantities in Table 2.1.
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Short Form

Quantity Expanded Form

Rectangular Cartesian X| 0Ky x, (i=1,2.3)

Coordinates

Rectangular Cartesian €,.€,.e; e

Base Vectors

Position Vector X=X € +Xy€, +X5e; X; €
aj=a*e; , a,=ace,

Components of Vector a a=aee
213 =a°* e3

Vector a a=a e +aye,+ase; a=ae

Scalar Product asb=ab +a,b, +asb; |acb=ab

Vector Product

axb=(a,b;—asb,) e
+ (213b1 - a1b3) [
+ (a1b2 - azbl) €5

90 90
Vo= a_xl e + a_xz €
Gradient of a Scalar ¢ P Vo=23x e
1
+ 8_)(3 €3
) da; da, dayg da;
Divergence of a Vectora |y e g = %+ Ix. +Ix Vea=73¢
1 2 3

Curl of a Vector a

day da,
Vxa= X, %3 | €1

da; dag
tlox; T ax, | ©

+ 0x, ~0x, | &3

N
V xa=ey gx. &

Table 2.1
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3. Vector Calculus
In dynamics most vectors will be considered to be functions of time t and many of the
equations in dynamics will be differential equations that need to be integrated.
Consequently, it is important to learn how to differentiate and integrate vector functions.
Differentiation: To this end, we define the time derivative of the vector function a(t)

by the same limiting process that derivatives of scalar functions are defined

da o limit a(t+At) —a(t)
dt =2 =At20 At . (3.1)

In (3.1) and throughout the text we use the notation da/dt and a superposed (¢) to denote
time differentiation. It is important to note that both the magnitude and direction of a

vector can change with time (see Fig. 3.1).

a(t+At) a(t+At) — a(t)

a(t)
Fig.3.1

The standard rules of differentiation of scalar functions apply to vector functions except

that the commutative law does not apply to the vector product between two vectors. It

follows that if a and b are vector functions of time and o is a scalar function of time that

d da db
di@a+b) =4 +30 > (3.2a)
d do da
di(ca) =7 a+og (3.2b)
d da db
di@*b) =4t *b+ae* g , (3.2¢)
d da db
dt@eb) =grxXb+ax g . (3.2d)

Vector of Constant Magnitude: Since we usually refer vectors to base vectors that

have unit length it is desirable to consider the derivative of a general vector a of constant

magnitude. Thus, let
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a * a=constant . (3.3)

Taking the derivative of (3.3) we have

a-a+a-a:23-;1:0, (3.4)

which means that a is perpendicular to a (see Fig. 3.2) so that the vector a can only

rotate.

e

a

Fig. 3.2

Indefinite Integral of a Vector: The indefinite integral of the vector vector function

f(t) is denoted by

Jt f(t) dt, (3.5)

where the lower limit of integration is understood to be any arbitrary fixed value and 7 is

merely a variable of integration. It follows that (3.5) denotes all functions whose

derivative is f, so that

d
I [ty ae =10 . (3.6)

Definite Integral of a Vector: The definite integral of a vector function f(t) from time

ty to time t is denoted by

J t f(t) dt . (3.7)
to

Integral of a Vector Differential Equation: Consider the vector differential equation

given by

dF
at =t . (3.8)

Integrating (3.8) using the indefinite integral (3.5) we deduce that

F(t) :,[tf(t) dt+C , 3.9)

17



where C is an arbitrary constant vector. Now in order to determine the function F(t)

uniquely we need to specify the initial value of F [say F(t;)]. Thus, with the help of this

initial condition we may determine the value of C in (3.9) by the equation
F(ty) = [t ar+c . (3.10)
Now substituting (3.10) into (3.9) we deduce that

F() =F(ty + ,[tt f(r)dt , (3.11)
0

where we have used the fact that

Jtt f(1) dt = ft f(t) dt — ft Y f(7) dt . (3.12)
0

Finally, we note that the integral of the sum of two vector functions a,b is equal to the

sum of the integrals of the functions

J(a+b)dt=,[adt+_[bdt. (3.13)

18



4. Position, Velocity, Acceleration
Let x(t) be the position vector relative to a fixed origin of a point that moves in space

along a curve C (see Fig. 4.1). The average velocity v, _ over the time period [t,t+At] is

avg

defined by

X(t+At) — x(t)
Vavg = At ) “4.1)
and the velocity (instantaneous velocity) v is defined as the derivative of the position

vector

. limit  x(t+At) — x(t)
VO = X0 = A0 a0 - (4.2)

v(t)

X(t+At)—x(t)

Fig. 4.1

Note from Fig. 4.1 that in the limit that At approaches zero the vector x(t+At)—x(t)

becomes tangent to the curve C so the instantaneous velocity v is always tangent to the
path traversed by the point. Furthermore, the acceleration a of a point is defined as the

derivative of the velocity so that

° limit V(t+At) — V(t) oo
A=V = At 507 Ar T X - 4.3)

The displacement of a point from the position x(t;) at time t; to its position x(t,) at

time t, may be obtained by integrating the velocity v
2
X(ty) — x(t)) = J: v(t)dT . (4.4)
1
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Also, the distance traveled along the path traversed by the point is an increasing function

of t so the distance traveled from time t; to time t, is calculated by integrating the

magnitude of the velocity v and is denoted by D,

D, :ﬁ * v ldr . (4.5)
1
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5. Tangential and Normal Coordinates
Consider a space curve that is parameterized by the arclength s so that the position
vector x(s) may be expressed in terms of its Rectangular Cartesian coordinates
X(8) = x(s) €] + X,(s) €, + X5(s) &3 =X,(s) ¢, , (5.1)
where the arclength s is determined by integrating the element of arclength ds which is
given by
(ds)?> =dx  dx , (5.2)
Recalling that dx is tangent to the space curve (see Fig. 5.1) we may define the unit

tangent vector e by

dx
e=qs - (5.3)

The vector e, can easily be shown to be a unit vector by using (5.2)

dx dx dxedx
€°€=ds °ds = (ds)2 —1- (5.4)

Fig. 5.1

Notice from Fig. 5.1 that the tangent vector e, may change its direction as the curve is
traversed. Recalling that e, is a unit vector of constant length its derivative with respect

to s must be perpendicular to it so that we may write

de

d_st =Ke, = 20, (5.5a,b)




where K is the curvature and p is the radius of curvature of the space curve. Note that

since K is nonnegative the vector e points towards the inside of the space curve (see Fig.

5.1).
To help understand the curvature consider the special case of a planar curve for which
X(s) = x,(8) €] +X5(8) €, .
Furthermore, let Ay be the angle between the tangent vector e(s) at s and the tangent

vector e (s+As) at s+As (see Fig. 5.2). It follows from geometry that the vector e (s+As)

may be expressed in terms of the base vectors €(s) and e_(s) at s such that

e (s+As) = cosAY e(s) + sinAy e, (s) . (5.7)
e (s+As)
e (s+As)
e (s) e (s)
n Ny
e (s) e (s)
Fig. 5.2

Recalling the definition of the derivative we have

de limit  €(st+As) —e(s)

_t
ds TAs—0 As ’
limit cosAy — 1 sinAy
=As—0 As 8O T TAs &™) - (5.8b)
But using the Taylor series expansions of cosAy and sinAy
Ay)? Ay)?
CosAy = 1 — ( ;V) +..., SIDAy= A\p—( 2’) +.., (5.9a,b)

we may rewrite (5.8b) in the form

de,  limit (Ay)? A d
d—st = As _)0{_ Z\Aps et(s)+(A—\gen(s)} = d—\sp e, (s) . (5.10)
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Thus, comparing the result (5.10) with the definition (5.5) we have

p
Note that the relationship (5.11b) is consistent with the relationship that connects the

1 dy
= » ds=pdy . (5.11a,b)

arclength of a circle with the radius of the circle and the angular displacement (see Fig.

5.3).

/)

Fig. 5.3
Note also from Fig. 5.4 that for planar curves it is easy to find e (to within a plus or
minus sign) by the formula

e, =te;xe., (5.12)

since €3 X e, is a vector that lies in the e;—e, plane and is normal to the space curve.

e (s)

Fig. 5.4
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For some problems it is convenient to use tangential and normal coordinates to
describe motion of a particle moving in space. Within this context, the position vector x
depends on time parametrically through the specification of s(t) so that

x = x(s(t)) . (5.13)
Thus, with the help of (5.3) and (5.5a) we may use the chain rule of differentiation to

calculate the velocity v and acceleration a in the forms

° dx e °
V=X ={g S =s ¢,
L]
L] (1] LN ] (1] .2det (1] S2
a=v=se+se,=5s e+s G = S e+ 0 e . (5.14b)

It follows that the tangential and normal components of the velocity and acceleration

become
[ ]
Vi=Vee =S5 the component of the velocity tangent to the curve defining
the path of motion
v,=vee =0 the velocity is always tangent to the path of motion
(1] .
a,=a*e=s the component of acceleration tangent to the curve
2
a,=a*e = E the component of the acceleration normal to the path of

motion and directed towards the center of curvature of the

path

L] (1]
Note that even if the speed is constant [s = constant, s = 0] the acceleration does not

vanish when the path is curved (p # o) because the velocity changes direction.
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Summary of Tangential and Normal Coordinates

Position vector x(s(t))
arclength (ds)? = dx  dx
dx
tangent vector € =ds
de,
curvature K=1ds
1
radius of curvature P=x
de,
normal vector €. =pPds
[ ]
velocity V=S &
o0 ;2
acceleration = se+ — e
a= t p n
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6. Rectilinear Motion
For rectilinear motion (motion in a straight line) the radius of curvature p becomes

infinite so that the tangent vector e, becomes constant.

de,
p—e, g =0. (6.1a,b)

Thus, we may chose our coordinate system so that e, is in the positive e; direction and

deduce that the position, velocity and acceleration are characterized by the scalars s,v,a,

respectively, such that

X=se , (6.2a)
v=ve , V= ; , (6.2b,c)
a=ae; ,a= \‘/ = .s. . (6.2d,e)

In what follows we consider four cases where the acceleration a is specified by
different functional forms. For each case we develop equations that express the velocity
v and the position s in terms of the initial position s; and velocity v, at the initial time t,

s(t)) =s; , V(t)=vy . (6.3a,b)
Case 1: a = constant

For the case when the acceleration a is constant we may integrate the differential

equations (6.2c,e) to obtain
dv t
T =a = v(t):C1+,[tlad‘c:C1+a(t—t1), (6.4a)

ds Jt 1 2
adT =V = s()y=C, + ) v(Ddt =G, +Ci(t—-t)+73 a(t—t)~ . (6.4b)
1

Now using the initial conditions (6.3) we deduce that

v =v, +a(t-t)) , (6.52)

s(t) =s; +vy(t—1t)) +% a(t-t)?%. (6.5b)

Case 2: a=a(t)
For the case when the acceleration is a general function of time we can only express

the velocity v and position s in terms of integrals that need to be evaluated
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vi)=v, + _[tt a(t)dr , (6.6a)
1

s(t) =s; + _[tt v(t)dt . (6.6b)
1

Case 3: a=a(v)
The case when the acceleration is a function of velocity occurs often when damping

or air drag are modeled. For this case the differential equation (6.2¢) yields

dv dv

T =av) = av) =dt . (6.7a,b)
Thus, with the help of the initial condition (6.3b) we may obtain an equation for v(t) of
the form

(t) dv Jt

v a(V) = ( dt=(t-t)) . (6.8)

Then s(t) can be determined by the solution (6.6b).
Alternatively, sometimes it is of interest to find v(s) directly. For this case v is

thought of as a function of s and the chain rule of differentiation is used to deduce that

d d d
aw) = o V)] =2 § = v B 6.9)

Thus, the velocity v(s) can be determined by evaluating the integral

(s) vadv S
JV a(V) =Jsl dS=(s-sp) . (6.10)

Vi

Finally, using (6.10) the differential equation (6.2c) yields

ds ds
dt =V6) = () =dt, (6.11a,b)

which may be integrated to obtain an equation for s(t) of the form

JS(t) ds

t
s, v(S) :,[tl dr=(t—t)) . (6.12)

Case 4: a=a(s)

The case when the acceleration is a function of position occurs often when springs are
[ ]
modeled. For this case we may multiply the differential equation (6.2e) by s =v to obtain
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o dv dv .
sdt =Vdar =a(s)s ,

which may be integrated using the initial conditions (6.3) to obtain

,[V(S)VdV:% [v(s)? —v3] = JS a(S)ds .
A4 $q

Thus, v(s) becomes

v(s) =+ [vZ + 2J i a(S) ds ]1/2.
1 84

Then, using (6.12) it is possible to determine s(t).
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7. Polar Coordinates
By way of introduction to the description of general planar motion in terms of polar
coordinates let us first consider circular planar motion. For this case the position vector
may be expressed in the form
X=X e +X,€ , (7.1)

where the rectangular Cartesian coordinates x,X, may be expressed in terms of the radius

r of the circle and the angle 0 by (see Fig. 7.1)

Xy =rcosh , x,=rsind . (7.2a,b)

Fig. 7.1

Thus, the position vector may be expressed in the form

x=r1(cosbe +sinbe,)=re,, (7.3)
where e is the unit vector in the direction of the point of interest
e.=e(0)=cosbe +sinbe, , ece=1. (7.4a,b)
Furthermore, we define the unit vector ey by

de
ey(0) :d_er =-—sinfe; +cosbe, , egeeg=1, (7.5a,b)

which points in the direction of increasing 8 (see Fig. 7.1). Also, note that e and ey are

orthogonal vectors

e*e=0, (7.6)
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and that the derivative of eq with respect to 0 is related to e by the expression

dee

5 =-e. . 7.7

It follows from (5.2) and the above definitions that for constant radius r the increment

of arclength ds is related to the angle increment dO by

dx
(ds)* =dx*dx =g de (d6)? =(reg) * (reg) (d0)%, (7.8a)
(ds)? =12 (d6)? , ds=rd® . (7.8b,c)

Furthermore, recall from (5.3) that the tangent vector is given by

dx dx do 1
€=qds =g ds =(Teg)T =¢€g . (7.9)

Thus, for circular motion ey is tangent to the path. Also, using (5.5) we may determine

that the normal vector e and the radius of curvature p are given by

de, degdo 1 1
d = de dS == T er = p en s (7.103)
p =1, el’l = — er . (710b,C)

For general planar motion the position vector is a function of time parametrically
through the polar coordinates {r,0} and may be expressed in terms of the polar base
vectors e and ey by

x=x(t)=re(0) , r=r(t) , 6=06(1) . (7.11a,b,c)

It is important to emphasize that unlike for rectangular Cartesian coordinates the position
vector in polar coordinates is not equal to the sum of the coordinates times their

associated base vectors. This is because the base vectors e, and e are functions of the
angular coordinate 0, so that e_ already is directed towards the point of interest. Now,

differentiation of (7.1a) yields

V:).( :; e.+tre . (7.12)

Using the definition (7.5a) we may deduce that
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. der . .
€ =10 0 =0eqy, (7.13)

so the velocity becomes

v:;er+r6ee:vrer+veee. (7.14)
Recalling from (5.14a) that the velocity is always tangent to the particle path the tangent

vector e, may be determined by the equation

v Vr er+ve ee 715
&=V = (2432 (7.15)

This shows that for the general planar case eg is not tangent to the path of motion. Next,

differentiation of (7.14) yields the acceleration in the form

a:\‘7:.r.er+rer+r6ee+r6ee++r6ee, (7.16a)
:.r.er+;6ee+;6ee+r9ee—rezer, (7.16b)
=[T-r02] e +[r0+2r6]e, (7.16¢)

o0 i 1dr2é
=[r -ro?] er+?%ee =a. e +agey , (7.16d)

The physical interpretation of the velocity components in (7.14) and the acceleration

components in (7.16¢) may be summarized as follows

re, velocity due to changing length of the position vector
[ ]
roeg velocity due to changing direction of the position vector
b d . . . .
re. acceleration due to changing radial velocity
[ ]
—r@? Centripetal acceleration: acceleration due to changing eg direction
(1] [ ]
roeg acceleration due to changing angular speed 0

o ®
2r0ey  Corriolis acceleration due to motion in a rotating coordinate system
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8. Cylindrical Polar Coordinates
For cylindrical polar coordinates the position vector x of a point is defined in terms of

the three coordinates {r,e,x3} (see Fig. 8.1)
x=re(0)+x5e; , (8.1)

and all vectors are expressed in terms of the right-handed orthonormal set of base vectors

{er,ee,e3} defined by

de
e(0) =cosbe +sinbe, , d_er =eq , (8.2a,b)
deg
eg(0) =—sinbe; +cosBe, , 0 = (8.2¢,d)
dey
e;=¢e;3 , E =0 . (8.2¢,1)

Since {e_eg.e5} are a right-handed orthonormal set of base vectors they satisfy the

relations
ece=1,e°¢e=1,¢e°e3=1, (8.3a,b,¢)
e*e=0,e°e3=0,e5°e3=0, (8.3d,e,f)
e Xey=¢€; , e3Xe =¢€; , egXey=e. . (8.3g,h,1)

Fig. 8.1

Using the results of the previous section and the fact that e; is a constant vector the

velocity and acceleration may be calculated and the results are summarized below.
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Summary of Cylindrical Polar Coordinates

coordinates r, 0, X3
base vectors €. €y, €3
de, dee
derivatives of base vectors 40 =% > a9 — &
position vector x=re/(0)+x;e;
. ° L4 °
velocity v=re +r16ey+x;e;

. Ad '2 1 d(r26) oo
acceleration [r-r6%]e +7 —gr €yt X3 €5
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9. Relative Motion

By way of introduction to the topic of relative motion consider the example shown in
Fig. 9.1 of a cylinder rolling on a flat surface with point A moving in a slot that rotates
with the cylinder. It is quite difficult to describe the motion of point A relative to the

fixed origin O directly by writing the position vector x(t) relative to e, and e,. However,

it is possible to describe this complicated motion by separating the description into
smaller simpler parts. In separating the description of motion it is often convenient to use
moving and rotating coordinate axes. It is important to emphasize that depending on how
we separate the motion we can either simplify or complicate the kinematic description.
Since this separation is not unique we will have to develop experience solving many
problems in order to learn the advantages and disadvantages of different separations of
motion.

With reference to Fig. 9.2 we can describe the general motion of point A in terms of
its position x, velocity v, and acceleration a, relative to the fixed origin O by separating
the motion into the sum of the motion of point B, with position vector X and the motion

of A relative to B, with the position vector p. Thus, we have

x=X+p , x=%x, , X=Xxg, (9.1a,b,c)
v:)‘(+1.) ,V=VA,).(=VB, (9.1d,e,f)
a:§+.p. ,a:aA,SZ:aB. (9.1g,h,1)
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In (9.1) the subscripts A or B are used to denote quantities characterizing the motion of

L[] (1]
the points A and B. Also, the position vector p, velocity p , and acceleration p, describe

the relative motion of point A relative to point B. Sometimes it is convenient to express

these vectors in alternative forms that emphasize their relative nature

P=XpB=Xp~Xpg (9.22)
P =VAB=VA~Vp > (9.2b)
P=aypg=a,—ag, (9.20)

where the notation x, p denotes the position of A relative to B.

ABSOLUTE AND RELATIVE MOTION

Motion relative to a fixed point in space is called absolute motion whereas motion

relative to a moving point is called relative motion. Thus, with reference to Fig. 9.2, the

quantities X,, V,, a, are called the absolute position, velocity, and acceleration,
respectively, and the quantities X, /5, V5 /g 85 ,/p are called the relative position, velocity,

and acceleration, respectively.
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10. Rotating Coordinate Axes and Angular Velocity
In the description of relative motion it is often convenient to use a rotating coordinate

system like the one shown in Fig. 9.1. Here and throughout the text we let e, be a fixed
right-handed orthonormal set of coordinate axes and let e; be another right-handed

orthonormal set of coordinate axes that is allowed to rotate in space. By way of

introduction let us first consider the simple case where e; rotates about a fixed axis ej,

which for convenience is identified with e5 (see Fig. 10.1). Thus we take

e =cosbe +sinbe, , (10.1a)
e, =—sinbe; +cosbe, , (10.1b)
e;=e; . (10.1¢)

A

)
) €
o(t)
¢
Fig. 10.1

Since e, are fixed their derivatives vanish ((:,i =0) so differentiation of (10.1) yields

(:,i =0 (-sinbe; +cosbe,) = 0Oe, , (10.2a)
¢} =0 (—cosOe, —sinde,)=—0e] . (10.2b)
e} =0 . (10.2¢)

Now from Fig. 10.1 we observe that the angle 6 characterizes the rotation of the e} axes

about the fixed e3 axis so that § characterizes the angular velocity. In this regard it is

important to emphasize that the origin of the rotating coordinate axes e} can move without
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changing the description (10.2). Furthermore, by introducing the angular velocity vector

® defined by

w=0e} , (10.3)

we can conveniently rewrite equations (10.2) in the compact form

¢ =0xel (10.4)

1
which explicitly states that @ is the angular velocity of the e; coordinate axes.

In the above we have proved equation (10.4) for the special case of rotation about a
fixed axis in space. However, it can be shown that (10.4) holds even if the angular
velocity ®(t) is a function of times whose magnitude and direction change. To prove this

we recall that since €} form an orthonormal set of axes they satisfy the conditions

In view of the fact that (10.5) is symmetric in the indices (i,j) these equations represent

six constraints on the nine scalar quantities that characterize the three vectors e;. Thus,
the coordinate axes e} have only three degrees of freedom, which corespond to three

independent rotations. To show that (10.4) is consistent with the constraints (10.5) we

differentiate (10.5) to obtain

¢ieeitejee =0 (10.6)

Next, substitution of (10.4) into (10.6) yields

[ ] [ ]
1 1 1 L 1 1 1 N — 1 1 1 1
ei-ej+ei-ej—(u)xei)-ej+ei-((1)><ej)—a)-(eixej)+(ej><ei)'(1) ,

:m-[eixej+ejxei]:0 . (10.7)

This means that the differential equations (10.4) satisfy the differential form (10.6) of the

constraint (10.5) so that the vectors €; calculated by integrating (10.4) for arbitrary @ will
remain an orthonormal set of vectors. Thus, the components ®; = @ * €} of the angular

velocity @ represent the rates of rotation of the rotating coordinate axes about the each of

!

the axes e, respectively. Finally, we represent @ in terms of its magnitude ® and

direction €,
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w=we, ,e, e, =1, (10.8a,b)

and note that the sign convention is chosen so that positive values of ® indicate counter-
clockwise rotation about the positive e axes.

As an example we can reconsider the cylindrical polar coordinate axes shown in Fig.

10.2 and take

e =e , e = €y » eé =e; . (10.9a,b,¢)

Noting that the angular velocity @ is given by

w=0e; , (10.10)
the derivatives of the vectors €,.€q,€; may be calculated using the formula (10.4) to obtain

e.=wxe=0e, . (10.11a)
cg=wxeg=—0e, , (10.11b)
;=0 xe;=0. (10.11¢)
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11. General Differential Operator
Returning to our discussion of relative motion we note that vectors can be referred to
any complete set of base vectors. Thus, with reference to Fig. 9.2 the vector p, which
describes the position of point A relative to point B, may be represented in terms of the
base vectors e} and its components p; relative to e; such that
p=pe . (11.1)
Since in dynamics we are interested in the time rate of change of vectors it is important to
emphasize that whenever we introduce a set of base vectors like e; we must also define
the angular velocity @ with which the base vectors are rotating. To emphasize this we

write

e=wxel (11.2)

which explicitly indicates that @ is the angular velocity of the base vectors ;. This is

particularly important when we use more than one set of rotating base vectors so that
more than one angular velocity is used.

Now, differentiation of (11.1) and use of (11.2) yields
P =pje+pje, (11.3a)

p =p;e +®X(p;e). (11.3b)
Thus, the derivative of p naturally separates into two parts
° 8p
P=g TOXP, (11.4)
where the operator 8( )/0t is defined as the frame derivative by
St =p;e; . (11.5)

The physical interpretation of these terms may be explained as follows:

39



op The frame derivative of p is the rate of change of the

p; e . .
ot t vector p measured relative to e; assuming that e; do not
rotate.
®Xp The rate of change of the vector p due to the rotation of

the coordinate axes ei.

The differential operator (11.4) is sometimes called the general operator because it is

valid even if the coordinate system is rotating. It is important to emphasize that the
angular velocity @ that appears in (11.4) characterizes the rate of rotation of the same
coordinate system in which p is represented. For example, if we were to consider a

second coordinate system with base vectors e;' which rotate with angular velocity Q

e'=Qxel (11.6)

Then the general operator (11.4) would take the form

p:§+9xp : St =pi'e . (11.7a,b)

Recalling that the vector product @ X p may be calculated using the determinant

!

1 1
€ € €&

oxp=| 0O 0 03| (11.8)

Pi P> P3
it is very convenient to calculate the derivative of a vector referred to a rotating

coordinate system by writing the following table.

40



e e e3

o) o] ) @3

P P ) P3

o bl P b}
® X Pp @) P3— O3 p; — @) p3 + O3 p; @] Py — @) P

p pi Ps P}
+ 0, p3 - 03P — @) p3 + O3 p; + O] Py~ O, Py

Using the general operator (11.4) we can calculate the derivative of any vector. For

(1]
example we can calculate the relative acceleration p in the form

[ 8p °
P=g TOXP, (11.9a)
oo ) 8]) 8])
p:§[§+a)xp]+a)x[§+a)xp] , (11.9b)
oo 82p om 8p
p:¥+§xp+2mx§+a)x(a)xp). (11.9¢)

However, using the general operator (11.4) the angular acceleration ® is given by

e O0W dw

a):§+mxm:§, (11.10)

so the relative acceleration (11.9¢) becomes

[ 821) ° 8p
P=52 t® ><p+2(o><§+(o><(a)><p). (11.11)
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The physical interpretation of these terms may be explained as follows:

&%p The acceleration as measured relative to e; assuming that
S5t2 e} do not rotate.

[ ] [ ]

®XxXp The acceleration due to the angular acceleration @ of the

coordinate axes ei.

op
2w x5 The Corriolis acceleration
® X (® X p) The Centripetal acceleration
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12. Spherical Polar Coordinates
For spherical polar coordinates the position vector x of a point is defined in terms of
the three coordinates {R,0,0} (see Fig. 12.1)
x =R er(6,0) , (12.1)
and all vectors are expressed in terms of the right-handed orthonormal set of base vectors

{eR,ee,eq)} defined in terms of the cylindrical polar base vectors {er,ee,e3}by

er(6,0) =cosh e, +sind e , (12.2a)
eg(0) =—sinbe; +cosBe, , (12.2b)
eq)(e,q)) =—sind e + cosd e; , (12.2¢)

Since {eR,ee,eq)} are a right-handed orthonormal set of base vectors they satisfy the

relations
eg*eg=1,e5°e5=1 ,eq)-eq):l , (12.3a,b,c)
eR-ee:O,eR-eq):O,ee-eq):O, (12.3d,e,f)
eRxee:eq) , eq)xeR:ee , eexeq):eR . (12.3g,h,1)

In order to calculate derivatives of vectors expressed in spherical coordinates it is
necessary to calculate derivatives of the base vectors. This can be done directly by

deriving the formulas

dep dep
0 = cosd eq , 3 =€ (12.4a,b)
8ee 8ee
% =~ cos{ eg + sind € 39 =0, (12.4¢c,d)
8e¢ 8e¢
90 =—sind ey > 3 =-eg , (12.4¢,1)

and using the chain rule of differentiation. Alternatively we may take

e =ep , €= €y » eé =€ (12.5a,b,c)

and write the angular velocity ® in the form (see Fig. 12.1)

0=0e,—0 e . (12.6)
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Notice that in (12.6) 6 represents the angular velocity about the e5 axis and ¢ represents

the angular velocity about the (—eg) axis. Furthermore, using (12.2) we can express the

vector e; in terms of the spherical base vectors such that
ey =sind eg + cosd €

so the angular velocity ® becomes

u):esin¢eR—q‘)ee+6cos¢e¢ .

Now the rate of change of the base vectors may be calculated by
eR:mxeR:6c0s¢ee+¢e¢ ,

ee:mxee:—6c0s¢eR+6sin¢e¢ ,

eq):(n)><eq):—q.)eR—€)sinq)ee .

(12.7)

(12.8)

(12.9a)

(12.9b)

(12.9¢)

Using the procedure described in the last section we can calculate the velocity and

acceleration in spherical coordinates and the results are summarized in the following

table.
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Spherical Polar Coordinates

e e
R €q 0
o . . "
0 sind -0 9 cos¢
X R 0 0
Ox
dt R 0 0
MW XX o .
0 R 0 cos® R &
A\ ° (] °
R R 0 cosd R¢
5 l‘iecosq)
\% PYY o o
St R +R 0 cosd RO
—Req‘)sinq) *R¢
_R(T)z °° 02 )
WXV R —R ¢ 0 sing R 0- cos¢sind
_ 2 2 o o )
R 6% cos0 +R 0 cosd +R ¢
R‘ R 0 cosd R‘CE
a —R¢2 o ® .
. + 2 R 0 cosd + R 62 sindcosd
_R62 2 ° o L)
cos”0 —2R 0 ¢ sind +2R0
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13. General Rigid Body Motion

e, Fig. 13.1

A body is said to be rigid if the distance between any two points remains constant.

Letting A and B be two points on the rigid body (see Fig. 13.1) we have

x5 /B I2:XA/B-XA/B:c0nstant . (13.1)
It follows that the angle 0 between any two material lines on the rigid body remains
constant (see Fig. 13.2) so that we can attach a coordinate system e} to the body that will

remain orthonormal. This coordinate system is called a body coordinate system. Since

the coordinate system e; is attached to the body its angular velocity @

e =oxel, (13.2)

is the same as the angular velocity of the rigid body. Now with reference to Fig. 13.1 it is

apparent that a rigid body has 6 degrees of freedom: 3 translational degrees of freedom

characterized by xg ; and 3 rotational degrees of freedom characterized by .

The relative velocity between two points A and B on a rigid body may be determined

by referring the relative position vector to the body coordinate system

XA g =P=D;¢€ . (13.3)
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Fig. 13.2

Then, use of the general operator (11.4) and the expression (13.2) we have

° 8p
VAB=P =5 T@®XP . (13.4)

However, since A and B lie on the rigid body and e; is a body coordinate system the

coordinates p; are constant so that 6p/0t vanishes

B _Mam s, 13.5
& T ot TRGTY (13.5)
and (13.4) reduces to

Note that this means that the relative velocity v, p is perpendicular to the relative

position vector X,z so that

VaB*Xap=0 . (13.7)
Also, note that the result (13.7) is consistent with the basic definition of a rigid body
because it can be obtained by differentiating (13.1).
Furthermore, it follows from (13.6) that the velocity of a general point A may be
expressed in the form
VA=V +OXX, g . (13.8)
Then, the acceleration of point A can be determined by differentiating (13.8) and using
(13.6) to obtain
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a) =ag + OXX, g+ OX(OXX, /) - (13.9)

Next, we develop a formula to determine the angular velocity @ of a rigid body using

the velocity of three points A,B,C on the rigid body. Specifically, using (13.6) the

relative velocity v becomes
Vop = OXXcop > (13.10)
so that v, 5 and v are both perpendicular to the angular velocity @. This means that
the vector v, p XV p is parallel to . Consequently, with the help of (13.10) we have
VaABXVeB = VapX (OXXc/p) - (13.11)
However, the vector triple product may be expanded with the help of (2.16) to obtain
VaBXVeB = (Vap * Xcp) @ — (Vo ® @) Xcpp - (13.12)
Since v, 5 is perpendicular to @ we can solve (13.12) for @ whenever (Vyp * Xc/p)

does not vanish

VaB X Ve/B
= VamB *XcB (13.13)
Finally, we note that
VaB® XcB = (XX, ) * Xo/p = 0 * (Xz g XXcp) - (13.14)

Thus, in order for (v, 5 * Xc/p) to be nonzero ® cannot lie in the plane of x, 5 and X,
and (x A/BXXc/p) cannot vanish, which means that the points A,B,C cannot lie on the
same line.
If o lies in the plane of x, g and X~/ then
®w=Ax,p+Bxcp > (13.15)
However,
VAB=® XXy ==BXypXXcp s Vop=®XXcp=AXspXXcp > (13.16)
which yields

Vos * YoB VaB * VA/B
XA/B ~

o=

Vo * (Xa XXcyp) ] Xc/B - (13.17)

VaB * XaB XXc/p)
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.

A/B

Fig. 13.3
If we only have knowledge of the velocity of two points A and B on a rigid body
(such as the velocity of the end points of a rigid bar; Fig. 13.3) then we cannot determine
all components of the angular velocity. In particular we cannot determine the component

of the angular velocity in the direction of the relative position vector x, p. Letting L be
the length of the vector x, p and e, 5 be the unit vector directed from B to A
Xap=Lexp - €peap=1- (13.18a,b)
and taking the vector product of (13.6) with x, p we may deduce that
XA/BXVAB = XaABX (OXXyp) =(Xz*XpB) @ — (Xpp* ®) Xy
=L?[0-(epp° @ esp] - (13.19)

Thus, the normal component @, of the angular momentum ® of the bar is given by

XA/B ¥ VA/B
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14. Instantaneous Screw Motion Of A Rigid Body

axis of rotation

Fig. 14.1
In this section we show that the general motion of a rigid body can be described by
the motion of a screw with the rigid body rotating about an axis in space and translating
parallel to this axis. This screw motion is considered to be instantaneous in the sense that
the axis of rotation and velocity of translation can change with time.

For convenience we express the angular velocity @ of the rigid body in terms of its
magnitude ® and direction e by

e e =1 (14.1a,b)

w=me, , €,°*€, )

and recall from (13.8) that the velocity of a general point A on a rigid body may be

expressed in terms of the velocity vy of another point on the rigid body by the formula
VA=Vgt®XX,p - (14.2)
Taking the inner product of (14.2) with the vector e, we may deduce that

Vate,=Vpee, . (14.3)
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This means that all points have the same component of velocity in the e direction. In
other words, the body is advancing in the e  direction with uniform velocity.
Furthermore, since v, is not necessarily parallel to e, we realize that the body is also
rotating about some axis parallel to e . To find this axis of rotation, let X~ locate an

arbitrary point on this axis of rotation and note from (14.3) that all points on this axis

have the same absolute velocity which is parallel to e, so that

ve=(Vgeeye,. (14.4)
However, since all points C are attached to the same rigid body we may write

Ve=Vp+® XXcp - (14.5)
Using the fact that @ is parallel to v it follows that
0=0XVe=0Xvg+®X (®XXcp)
0=0XVg+(@*Xcp) ® —(©°*O)Xcp » (14.6)
so that the relative position vector X~ may be written in the form

® X vy (0 *xcp) ®
XeB= 2t 2 , (14.7a)

W Xvp

Notice that the vector xp, ~ is perpendicular to e so it locates the point D on the axis of

rotation that is closest to the point B (see Fig. 14.1). Also, the scalar s in (14.7¢c)
determines the location of an arbitrary point on the axis of rotation as measured from the
point D.

In summary, the rigid body is instantaneously rotating with angular velocity ® about

the axis DC at the same time that it is advancing in the direction e with uniform velocity
(Vg * €, so the motion can be described as motion of a screw.

For the simpler case of planar motion in the e;—€, plane the angular velocity @ is in
the constant e direction

w=wme, , (14.8)
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the velocity vy is in the e;—e, plane so the velocity v of points on the axis of rotation
vanishes. Thus, the intersection of the axis of rotation with the x;=0 plane is the

instantaneous center of rotation and is given by (14.7b) with s=0

® X vy |VB| €3 X Vg

XB= o2 T o legxvgl ° (14.9)

The formula (14.9) indicates that the instantaneous center of rotation is located along a

line perpendicular to the velocity vy and a distance | vg | /| @ | from point B (see Fig.
14.2). It is important to note that ® in (14.8) can be positive or negative so the sign of ®
controls the direction of r/g in (14.9). Furthermore, since v vanishes the velocity of an
arbitrary point B on the rigid body is perpendicular to the relative position vector Xg

because

VE=Vo+ O XXg,c =0 XXp - . (14.10)

C " <«—— axis of rotation

Fig. 14.2
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15. Contact of Bodies

Time t = t;

Time t > t

Body B"

Fig. 15.1
In this section we study the conditions that describe contact and sliding of two bodies.
To this end, consider two bodies B' and B" that are both translating and rotating in space.

Let €} be a body coordinate system attached to B' which rotates with angular velocity ®'

so that

€= xe (15.1)

-
In what follows it is necessary to distinguish between the locations and velocities of

various points. For example, let M' be the material point on body B' that at time t; was
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closest to body B" and let M" be the material point on body B" that at time t; was closest

to body B'. Also, let P' be the point in space that lies on the surface of body B' (but is not
a material point) that is always closest to B". Similarly, let P" be the point in space that
lies on the surface of body B" (but is not a material point) that is always closest to B'. In
general, as bodies B' and B" move the points P' and P" traverse different material points
on the surfaces of bodies B' and B", respectively. Furthermore, since P' and P" are the
points of closest contact between the two bodies, the tangent planes to the bodies B' and
B" are parallel at the points P' and P", and the vector n that is directed from P' towards P"
is normal to these tangent planes (see Fig. 15.1).

Here we are interested in conditions that determine whether the bodies are in contact
and whether they will remain in contact or tend to separate. To this end, we note that if

the vector xp pi vanishes then the two bodies are instantaneously in contact, whereas if
the vector Xp pn is nonzero then the bodies are separated. In any case, the normal
component Vp,pn ® 1 Of the relative velocity between the two points P' and P" determines
whether the two bodies maintain contact (Vp,pr ® n = 0), are separating (Vp,p: * n < 0), or
are approaching each other when they are separated (vp,pi ® m > 0). In general, since P'

and P" move on the surface of the bodies B' and B", respectively, it is rather difficult to
determine their velocities. However, we will show presently that the normal component
vp' * n of the velocity of point P' is equal to the normal component vy, ® n of the velocity
of the material point M' on body B' that instantaneously coincides with P'. Thus, the
conditions of contact can be reformulated in terms of the velocities of the material points
M' and M", which are easily calculated.
The motion of P' relative to the material point M' can be described by the vector
Xpymr = Xpywp); € (15.2)

so the velocity of P' relative to M' may be expressed in the form

SXPV/MV '
VPV/MV - 8t + @O X XPV/MV N (15.33)
SXPV/MV ° L
8t - (XPV/MV)I el . (15.3b)
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Notice that since P' moves on the surface of body B' it follows that the vector (15.3b) is

instantaneously tangent to the surface of B' so that

SXPV/MV
Tt en=0, (15.4a)
VPV/MV ‘n-= ((!)' X XPV/MV) ‘n . (15.4b)

This means that in the limit that t approaches t; (and xp,, approaches zero), the normal

component of the velocity of the point P' of closest contact with the body B" is the same
as the normal component of the material point M' which instantaneously coincides with P'
so that
Vo *N=0, vpen=vy, *n for Xpv =0 - (15.6a,b)
Consequently, using a similar result for the velocity of P" relative to M"
Ve *0=0, vpeen=vynen for Xpypm=0 . (15.7a,b)
it may be seen that
Vpypr * = Vypam ® M for Xpan =Xppyp =0 . (15.8)
Thus, we can use the instantaneous velocities vy and vy« to make the following physical

interpretation of the relative velocity vy

Ve ® 0= Normal component of the relative velocity which
measures the rate of approach (positive value) or

separation (negative value) of the bodies B' and B".

VM — (Vv ) 0= Magnitude and direction of the slip velocity of material
points M' and M" on the bodies B' and B", respectively.
It follows that if the two bodies B' and B" are in contact at some point in time they will
remain in contact if the relative velocity vy of the contact points M' and M" has
vanishing normal component. Furthermore, if vy, vanishes then the bodies remain in
contact and do not slip.
As an example consider a cylinder of radius r which rotates with angular velocity ®

about the e; axis and whose center B translates with velocity v in the negative e;

direction (see Fig. 15.2). At time t; the material point M' attached to the cylinder is in
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contact with a stationary horizontal plane at the material point M". It follows that the

velocity vy vanishes so that the velocity of point M' relative to point M" is given by
VvM = Vv = VRt OX Xypg=—Vve +(wez)X(-re,) ,(15.9a)
Ve = (O —v) e . (15.9b)
Since the relative velocity vy, has vanishing normal component (vyp\m ® €, = 0) the

cylinder remains in contact with the horizontal plane. Furthermore, if wr > v then point

M' is sliding in the positive e, direction relative to the fixed point M" and if wr < v then
M'" is sliding in the negative e, direction relative to M". Finally, if @wr = v then the

relative velocity vy p,m vanishes and the cylinder rolls without slipping.

Timet=t 0]
e 1 N
"
v
€
Z R 3
P'(t)
Timet>t | M
€
A
¢
| . |
P'(t) P'(t 1)
MII
Fig. 15.2
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16. Kinetics of a Particle

In the previous sections we have devoted most of our attention to the study of
kinematics of particles and rigid bodies by learning how to analyze position, velocity and
acceleration. Such kinematical quantities are considered to be primitive quantities
because they can be measured directly. In this section we introduce the notion of force
which is a kinetical vector quantity that usually is measured indirectly. In particular, the
magnitude of a force is often measured by comparing it to the weight of an object or by
using the displacement of a spring, which itself has been calibrated by measuring the
weights of standard objects.

Obviously, the direction of a force matters because when we push an object in one
direction it tends to move in that direction, whereas when we push it in the opposite
direction it tends to move in the opposite direction. In fact, for rectilinear motion it can
be shown that the acceleration is in the same direction as the force. To see if this
observation remains true for more general motions we can consider the motion of a ball
on a smooth (frictionless) horizontal plane that is confined to move in a circle by a string
that is attached to a weight (Fig. 16.1). The first thing that we can observe is that the
acceleration vector rotates and is always pointed towards the center of the circle.
Specifically, the acceleration vector a always points in the same direction as the force
vector F which is applied to the ball by the string. Mathematically this means that F is
parallel to a

Flla. (16.1)
By keeping the weight constant and changing the radius of the circular path we can
observe that the angular velocity of the ball changes in such a way that it preserves the
magnitude of the acceleration. Furthermore, by using the same ball but taking different
weights we can determine that the magnitude of the force F applied by the string on the
ball (which is equal to the weight applied) always remains proportional to the magnitude

of the acceleration. Thus, for different forces {F, , F, , F3 } and associated accelerations
{a, ,32,33}Wehave

IF, 1 1F,l |F;l
a1 = Ta,l = Tayl =M, (16.2)
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where the constant of proportionality m is a property of the ball which is called the mass

of the ball.

O

LA L)

Fig. 16.1

NEWTONS LAWS OF MOTION
Sir Issac Newton (1642-1727) was the first to discover the correct laws of motion of
particles which are summarized as the following three laws of motion:
Law I: A particle remains at rest or continues to move in a straight line

with uniform velocity if there is no unbalanced force acting on it.

F=0 = v =constant . (16.3)
Law II: The resultant force F acting on a particle is equal to the rate of
change of linear momentum.

p= 2@V (16.4)

Law III: The forces of action and reaction between interacting bodies are
equal in magnitude and opposite in direction (Fig. 16.2).

(F o /p 1s the force applied by body B on body A)

58



B/A
Fig. 16.2

CONSERVATION OF MASS
For our purposes we will only consider bodies that have constant mass so we may

write the law of conservation of mass in the form

dm .
dt =m =0 . (16.6)

BALANCE OF LINEAR MOMENTUM

Newton's second law of motion is referred to in modern terms as the balance of linear
momentum. In words it states that the rate of change of linear momentum (mv) is equal
to the total external force F applied to the body. In view of the conservation of mass

(16.6) the balance of linear momentum can be written in the form

d(mv) dv

It is important to emphasize that the velocity v and the acceleration a in the balance of
linear momentum must be absolute not relative quantities so they must be measured
relative to a fixed point.

Since the balance of linear momentum is a vector equation it may be expressed with
respect to any convenient set of base vectors. For example, if we consider two sets of

rectangular Cartesian base vectors e; and e, we may write the following scalar equations
F.=ma, (¢*F=mea), (16.8a)

Fi=ma; (e*F=mel*a). (16.8b)
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Similarly, if we refer the vectors to the cylindrical polar base vectors {e_, €q , €3} or the
spherical polar base vectors {eg , g , eq)} we may write
F.=ma, , Fg=may , F;=ma, , (16.9)

or

FR:maR,Fe:mae,Fq):maq). (16.10)

FREE BODY DIAGRAM

In order to correctly translate a physical problem into a mathematical problem in
dynamics it is essential to carefully draw a free-body diagram which isolates the body of
interest and includes all external forces acting on the body (Fig. 16.3). In this regard we
should emphasize that the force F appearing in the balance of linear momentum is the

resultant force which is the sum of all external forces acting on the body.

F4/
Fl/ m’/F3

£\

Fig. 16.3

In the above we have focused attention on Newton's second law of motion which we
call the balance of linear momentum. This is because the balance of linear momentum
actually contains Newton's first and third laws as special cases. It is obvious from the
balance of linear momentum (16.7) that when the resultant force F vanishes the velocity

of the particle is constant because

F=0 :>a:\‘7:0 = v =constant . (16.11)

Thus, we have proved Newton's first law.
To prove Newton's third law from the balance of linear momentum we return to Fig.

16.2 and note that F, and Fy are the external forces applied to the macroparticle which is

composed of the two particles A and B. Assuming that the particles are small enough
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and remain in contact it follows from continuity that they both move with the same
acceleration a

a,=ag=a. (16.12)

Letting m, be the mass of particle A and mg be the mass of particle B, the balance of

linear momentum applied to the macroparticle of total mass m ,+ mg yields the equation

F),+Fg=(m,+mg)a . (16.13)

Alternatively, we can consider the free body diagrams of the particles A and B separately

and denote F, p as the internal force (contact force) applied by particle B on particle A,
and denote Fg , as the internal force applied by particle A on particle B. Then the

balances of linear momentum of each of the particles may be written in the forms

F,+F,g=mya, Fg+Fyz,=mga . (16.14a,b)

Next, we add equations (16.14a,b) and subtract (16.13) from the result to deduce that
Fopg+Fpr=0, (16.15)

which proves Newton's third law. The main theoretical point associated with this proof is
the basic assumption that the conservation of mass and the balance of linear momentum
are valid for any arbitrary part of a body (which in this case includes both the

macroparticle and the two particles, separately).

D'ALEMBERT'S PRINCIPLE
In order to extend the principle of virtual work for static problems to dynamical
problems d'Alembert (1717-1783) introduced the notion of the "force of inertia" I,
defined in terms of the mass of a particle and its absolute acceleration by
I =—ma . (16.16)
Using this definition the balance of linear momentum (16.7) can be rewritten in the form
F+1=0. (16.17)
This changes the balance of linear momentum into a principle that states that every body
is in a state of "dynamical equilibrium". In our opinion, the introduction of the concept
of an inertial force confuses the concept of force since acceleration is a kinematical
quantity that can be measured independently of the concept of force and mass is an

intrinsic property of the body that is independent of the particular motion of the body.
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Furthermore, the introduction of the concept of "dynamical equilibrium" does not
simplify the formulation of the balance of linear momentum because it still requires the
calculation of the absolute acceleration a. Also, since the balance of linear momentum
and the principle of "dynamical equilibrium" (16.17) are mathematically identical, any
mathematical operation performed on equation (16.17) can be performed on equation

(16.7) to obtain the same result.

TWO MAIN PROBLEMS IN DYNAMICS
There are two main problems in the study of dynamics which can be summarized as
follows:
Problem I: Given the motion and mass of a particle, determine the
resultant force necessary to create this motion. This problem is relatively
simple because we just need to differentiate the motion to determine the
absolute acceleration and then use the balance of linear momentum to
determine the resultant force.
Problem II:  Given the resultant force acting on a particle and its mass,
determine the motion of the particle. This problem is much more difficult
than problem I because we need to integrate the equations of motion.
Because of the analytical difficulty with integrating the set of nonlinear equations of
motion that usually result in dynamical problems we will focus most of our attention to

either problem I or to the formulation (but not solution) of problem II.
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17. Vibrations

In this section we consider the physically important problem of both free and forced
vibration of a damped spring-mass system. To this end, let us first consider the simple
problem of free vibrations of the undamped spring-mass system shown in Fig. 17.1. The
spring has a free length L and spring constant k and the body has mass m. Friction is

neglected but gravity is included.

/ x(t)
82 ig
ary
[
m
[ k,L

o N N N S N N N N N N S S N S SN S S SRS S S

$mg

k(x-L)

i
Fig. 17.1

Recalling that the force in a spring is equal to the spring constant k times the change
in its length relative to its force-free length L, we may use the free body diagram of the

mass m in Fig. 17.1 to write the resultant external force F in the form
F=-k(x-L)e,+[N-mg]e, , (17.1)
where N is the contact force that the horizontal plate applies to the mass and mg is the
force of gravity. Notice that the origin of the coordinate system has been chosen
conveniently so that x is the current length of the spring and the position of the mass.
Furthermore, since the mass is only allowed to move in the horizontal direction its

acceleration is given by

a=x e . (17.2)
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Thus, the balance of linear momentum yields the following vector equation

~k(x-L)e,+[N-mg]e,=m x e, (17.3)
which gives the following scalar equations
mx +k(x-L)=0, N=mg . (17.4a,b)
The first of these equations is a differential equation to determine the position x of the
mass and the second merely states that the contact force is equal to the force of gravity.

Noting that L is constant, equation (17.4a) may be rewritten in the form

2 k
2 x-L1) +02(x-L)=0, 02=7 , (17.5a,b)

where the constant @_ is called the natural frequency and it has the units of inverse time.

The general solution of (17.5a) may be written in terms of sines and cosines and takes the
form

x—L=A, sin(@,t) + A, cos(®,t) , (17.6)

where A and A, are constants of integration to be determined by the initial conditions

L]
x(0) =x4 , x(0) =v . (17.7a,b)
However, for ease of interpretation it is more convenient to rewrite (17.6) as

Al A2
x-L=A[7& sinot+7 cos@t)] , A=(A? +A3)12  (17.8ab)

and recall the trigonometric relation
sin(@,t +0) = sin(w,t) cosh + cos(w,t) sind , (17.9)
to deduce that the general solution of (17.5) may be expressed in the alternative form
x—L=Asin(ot+9) . (17.10)
In (17.10) it is easy to see that A is the amplitude of the vibration and ¢ is the phase
angle. These constants (A,0) are determined by the initial conditions (17.7) which yield

the equations

Xg—L=Asing , vg=A ®, cosd . (17.11a,b)
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Furthermore, using the fact that sin?d + cos2¢ = 1 we can determine the value of the

5 E 12
A= (XO—L) + o . (17.12)

Then the phase angle ¢, which is restricted to the range [0 < 0< 2m], is uniquely

amplitude A by

determined by the two equations (17.11a,b). The general solution (17.10)-(17.12)

indicates that the spring-mass system vibrates freely with the natural frequency ®, and

the amplitude of the vibration is determined by the initial conditions. Notice from

(17.5b) that @, decreases as the body becomes more "massive" and thus has more

inertia. Also, ®, increases as the spring becomes stiffer with a larger spring constant.

x(t)
— Js
s(t) c
ezw 1
m
€ k,L
A N
i
c().(—g)
k(x—s-L)

N

Next we consider the more complicated but also more realistic case of forced

Fig. 17.2

vibration of a damped spring-mass system (Fig. 17.2). For this case we include a dashpot

[ ] [ ]
damper that creates a force c(x —s ) that resists the relative motion between the two ends
of the dashpot. This resisting force is modeled as a linear function of the relative
velocity, with the damping coefficient ¢ being a property of the dashpot. Furthermore,

for this case the base of the spring and dashpot is forced to move with the motion
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described by s(t). Also, since the current length of the spring is given by (x — s) the

resultant force applied to the mass becomes
F=[-k(x-s—L) —c(x -s) ] e, +[N-mg]Je, . (17.13)

Since x is the position of the mass m measured relative to a fixed wall, the absolute
acceleration of the mass is still given by (17.2) so the vector equation representing the

balance of linear momentum is given by

[-k(x-s-L) —c(x -$) ] e, +[N-mgle,=m x ¢, , (17.14)
and the two scalar equation become

m x +k(x—s—L) +c(x —5)=0 , N=mg . (17.15a,b)
By dividing (17.15a) by the mass m and using the definition (17.5b) for the natural

frequency o we may rewrite (17.15a) in the form

[ C o [

W+aw+0)%W:—s , w=x—-s—-L , (17.16a,b)

where the quantity w denotes the extension of the spring from its stress-free length L.
Integration of (17.16a) requires the specification of the function s(t) and the initial
conditions (17.7).

In order to understand the influence of damping we first consider the case of free
damped vibrations for which the base is held constant so that s(t) vanishes and the

balance of linear momentum (17.16a) reduces to

(1} C e
WAmw +o2 w=0 . (17.17)
By using the transformation
ct
w(t) =exp(—3y,) &) (17.18)
together with the results
. ct * ¢
w=exp-2m) [ & -2m &1 (17.192)
'Y C (1] C [ ] C
w =exp-7m) [ & -mé +(%)2 gl . (17.19b)

we can transform (17.17) into the simpler form
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'g' + 02 (1-8H€E=0 , c=2mlo, , (17.20)
where { is a non-dimensional damping parameter. Now, the initial conditions (17.7) with
;(0) =0 may be used with the definitions (17.16b) and (17.18) to deduce that

w(0) =xy—sg—L » W(0) =v, , (17.21a,b)
E0)=xy—-s,-L , é(O) =vy+Cw, (xg—sy—L) , (17.21c,d)

Noting that (17.20) is similar to (17.5a) we obtain three types of solutions which are

differentiated by the relative value of the damping coefficient C.

Underdamped ({ < 1)

w(t) = exp(~ (@, t) A sin(@'t+¢) , (17.22a)
o =o \1-E, (17.22b)

) vy Cop 2(12
A=|(xg=s-L?+ |57+ 5 Ko—%-L) : (17.22¢)

1 1
sing =& (xg—59—L) » cosd =7 [ vg+ Lo, (xg—s-D)] . (17.22de)
Critically Damped ({ = 1)

w(t) = exp(-o,t) [(x) — sy — L) + {vy + ©,(xg—so—~ L) } ], (17.23)

Overdamped (§ > 1)

w(t) = exp(- o 0) A sinh(@'t+¢) , (17.24a)
o =o\NZ-1, (17.24b)
vy Q(,)n 2 ) 1/2
A=zl o Fo—S0-D[ —(xg—s9-L) , (17.24c)

1 1
sinhg =& (xg—sy—L), coshp =7 = [ vo+ Lo, (xg—so-D)].  (17.24d,e)

In deriving the solution (17.24a) we have followed similar procedures used to derive the
solution (17.10) and have used the hyperbolic identities
sinh("t + ¢) = sinh(w"t) coshd + cosh(w't) sinh¢ | (17.25a)
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cosh2¢ — sinh2p =1 . (17.25b)
Notice that because of the presence of the exponential terms in (17.22a),(17.23a) and
(17.23a) each of these solutions yields the same equilibrium solution of vanishing w for
long times (large values of t). More specifically, (17.22a) is called an underdamped
solution because it exhibits oscillations that damp to zero; solution (17.23a) is called
critically damped because the damping coefficient { attains its critical value ({=1, the
minimum value necessary to damp to zero without any oscillation); and solution (17.24a)

is called overdamped because  attains a value larger than its critical value. This response

for v = 0 is shown in Fig. 17.3 for different values of the damping coefficient C.
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Fig. 17.4

The above solution indicates that when damping is present ({ >0) the homogeneous
solutions of (17.16a) damp out so that after a reasonably long time the only solution that

remains is the particular solution. As a special case let us consider the problem where the

base vibrates with frequency ® and amplitude s, such that

s(t) = s sin(ot) , (17.26)
so that (17.16a) reduces to
W+ w + 02 w=s, o sin(ot) (17.27)
m n " —°0 : :
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Now, the particular solution Wy, of (17.27) may be written in the form
Wp(t) = A sin(ot + ¢) , (17.28)

where the amplitude A and phase angle ¢ are to be determined. Substituting (17.28) into
(17.27) we obtain

A [ {mg - (02} sin(ot + ) + 2L, ® cos(ot + ¢)] =5,®” sin(ot) , (17.29a)
A [ (@2 — ?) {sin(ot) cos() + cos(wt) sin(9) }

+ 200, o { cos(t) cos() — sin(ot) sin(q))}] =5y 02 sin(@t) ,  (17.29b)
A [ (@2 — ?) {sin(ot) cos(9) + cos(wt) sin(9) }

+ 200, o { cos(t) cos(9) — sin(ot) sin(q))}] =5y 02 sin(@t) ,  (17.29b)

o? 20w,
A[{(@ — 1) cos(¢) — — o sin(9) fsin(wt)
o2 20w,
+ {(@ — 1) sin(9) + — cos(q))}cos((z)t)] = 5, sin(ot) . (17.29¢)

It follows that the term cos(mt) can be eliminated by appropriately specifying the phase

angle ¢ so the solution becomes

A=y G((x)n,?;,(x)) , (17.30a)
1
G860 =T7 3 ZRITE (17.30Db)
ERIRES
® ®
20w, o?
sing = — "o G(w,,{,m) , cosd = Pl 1|G(w,.Cw , (17.30c,d)

where G(w,,C,m) is called the amplification function because it determines how much the

amplitude A of the response w is amplified relative to the forcing amplitude s,.
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From a physical point of view we are often more interested in the absolute motion of
the mass instead of its motion relative to the base which is described by w. Thus, using

(17.16b), (17.28) and (17.30) the solution for the position x of the mass becomes
x(t) =L + s sin(ot) + G((on,?;,co) S sin(wt + 0) . (17.31)
This solution can be written in the simpler form

x(t) =L + s g(®,,C,0) sin(ot + D) , (17.32)

where the amplification function g and the phase angle @ associated with the absolute

motion of the mass are determined by the equations

gcos®=1+Gecosd , gsin®=Gsind . (17.33)
Now using the results (17.30b,c,d) we may deduce that
g% = (1 + G cosh)? + (G sing)? = 1 +2G cos + G2 , (17.34a)
® 12
1+ 4@2[—)2
(Dl’l
2 . (17.34b)

8= o? ®
-] - ta)

The main physical implications of this solution can be observed by considering the
following limiting cases:

Limit o << 0,

g=1,®=0, x()=L+s(t), (17.35a)
Limit(o:(on
1 1
g= 2—(;\/1+4C2 , @~ —tan’! GO (17.35b)
Limit @ >> 0,
T
g=0,d= -7 ,x()=L, (17.35¢)

This means that for very low forcing frequencies (w<<m, ) the mass moves with the base;
for very high forcing frequencies (w>>w,) the mass is isolated from the base vibration

because it does not move at all. Furthermore, for very low and very high forcing

frequency the limiting solution is independent of the value of damping. In contrast, when
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the forcing frequency m equals the natural frequency ®, , the amplitude of the vibration is

totally controlled by the value of damping and increases as the damping coefficient
decreases. More specifically, if the damping coefficient vanishes ({ = 0) then the
response amplitude becomes infinite. For this reason it is essential to design a
mechanical system to have natural frequencies different from any expected forcing
frequency. This response can be seen graphically in Fig. 17.4 which plots the

amplification function g.

0.0 1.0 20 3.0 40 5.0
0/®

n

Fig. 17.4
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18. Mechanical Power, Work and Energy (Particle)
In this section we consider notions of work and energy in particle mechanics. To this
end we first define the mechanical power P

P=Fev, (18.1)

of a force F acting on a particle with absolute velocity v. The mechanical power P is the

rate of work done by the force F on the particle. Letting U=U,,; be the work done on the
particle by the force F during the time interval t € [t;,t,] we may calculate U, by the

integral

b b
U:UM:Jt P dt :Jt Fevdt . (18.2)
1 1

In order to better understand the meaning of mechanical power let us consider the
simple case when P is constant so that the work U, is given by

U=U,,;=P(t,-t) . (18.3)

It follows form (18.3) that in order to do a given amount of work (U,,; = constant) we

need a short time if the mechanical power P is large and a long time if P is small. For this

reason it is convenient to measure the strength of motors by the mechanical power that

A

Fig. 18.1

they can supply.

Sometimes it is convenient to think of F e v as the projection of the force in the

direction of the velocity

P=Fev=Fes ¢=Fs . (18.4)
For example, when considering a particle moving in a stationary slot (Fig. 18.1) the

direction e, of the velocity is known to be tangent to the slot path. For this case equation

(18.4) means that the component of the force normal to the slot does no work. However,
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when the slot is not stationary then (18.4) still holds but e is no longer tangent to the path

of the slot so the component of the force normal to the slot does work on the particle.

R
R
F<—© —_—
m

Fig. 18.2

Sometimes it is convenient to think of F ¢ v as the projection of the velocity in the
direction of the force. For example, when considering the force of gravity acting between
two particles of masses M and m (Fig. 18.2) the direction of the force F is known

P=Fev=F(eg*V) . (18.4)

If the force F is the total resultant force applied to a particle of mass m then the

balance of linear momentum (16.7) may be used to rewrite the mechanical power in the

form
d 1 *
P:F-v:ma-v:a(jmv-v):T, (18.5)
where the kinetic energy T is defined by
1 1 )
T=7 mvev=35 mv-. (18.6)
Now, substitution of (18.5) into (18.2) yields
t .
Uu=1,, :'[t Tdt =T,-T,, (18.7)

1

which states that the work done by the resultant force applied to a particle is equal to the
change in kinetic energy of the particle. In order to emphasize that U in (18.7) is the
work done by the resultant force let us consider the example of a motor lifting a mass m
from position 1 to position 2 in a gravitational field (Fig. 18.3). Assuming that at the

beginning and end of the process the mass is at rest it follows that the kinetic energies T,
and T, vanish so that the work U also vanishes. In order to explain how the work U can

vanish when we lift a weight we note that the resultant force F is composed of the force
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due to gravity and the force due to the motor. Since the work done by F vanishes we may

conclude that work done by the motor (which is positive) exactly balances the work done

|

by gravity (which is negative).

[~ ]
Position 2: m
i
\
\
Position 1:
Fig. 18.3
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19. Conservative Force Fields

The resultant force F that acts on a particle may be composed of two types of forces:
conservative forces which are denoted by F_. and nonconservative forces which are
denoted by F_

F=F_ +F . (19.1)

It follows that the mechanical power P of the force F also separates into the mechanical
power P_ associated with the conservative forces and the mechanical power P,
associated with the nonconservative forces
P=Fev=P +P  ,P =F ¢v P =F *v. (19.2a,b,c)
Conservative forces are of interest because they have special properties that allow the

mechanical power P, to be integrated easily.

Fig. 19.1

In general a force may be a vector function of position x and time t. However, if the
force is a function of position x only (independent of time)

F.=F(x) , (19.3)

then the work done by F can be expressed as an integral over position instead of time

b X)
U,/ :,[ F evdt :,[ F edx . (19.4)
t X
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For a general function F the work done traversing path C; from x to x, is different from

that traversing path C, (see Fig. 19.1). However, if the work done by F_ is path

independent
I I
F edx= F edx , 19.5
Cyxy © Cyx, © (19.5)

then F_ is called a conservative force field. It follows from (19.5) that the work done by

a conservative force F . depends only on the end points of integration so the integral over

an arbitrary closed path vanishes
{[) F,edx =0 . (19.6)

It can be shown that F_ is a conservative force field with (19.6) holding for any

closed path if and only if there exists a potential V(x) which is a function of position only

such that

WV v
F.=-VV=-3¢, Fci:_axi , (19.7a,b)

where F and x; are the components of FC and x, relative to the fixed Cartesian base

vectors e;. Now, substitution of (19.7) into (19.4) yields

X X 9V X
U2/l:-[ F, e dx :-[ [-ax * dx] :.[ [-av]
X X X

Uy == [ V(x) = V(x) ] == (V,—V)) . (19.8)

This means that the work done on the particle by a conservative force equals minus the
change in potential energy.

Notice from (19.7a) that since a potential function exists for a conservative force F,

the conservative force field satisfied the vector equation

VXF,=VXx(=VV)=0. (19.9)
It follows that if V X F =0 and F__ is independent of time then F_ is a conservative force

field and a potential V(x) exists that is independent of time which is related to F_ by
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equation (19.7a). These conditions can be used to check if a given force field is
conservative or not. Tables 19.1 and 19.2 summarize useful vector formulas in
cylindrical polar coordinates and spherical polar coordinates, respectively.

Notice from (19.2b) and (19.7a) that the mechanical power of a conservative force is

equal to minus the rate of change of the potential

oV e o
P.=F,ev=—gg *x =—V , (19.10)

C
because the potential V is independent of time. In order to understand why a

conservative force field must be independent of time we note that if a force field F (x,t)
is a function of position and time and yet satisfies the equation
VXxF, (x)=0, (19.11)

then a potential function V, (x,t) of position and time exits such that

Ve
F, (x)=-VV, (x0)=-"9x . (19.12)

However, for this case the mechanical power P . associated with F_ is not equal to the

total derivative of the potential because

P .=F, *v=-"3x °*x=-V  +73 . (19.13)

nc
This means that F . is not a conservative force field because the work done traversing a
given path depends on the speed at which the path is traversed.
In the following we consider examples of four common conservative force fields and
one common nonconservative field.
CONSTANT FORCE FIELD

Let F, = b where b is a constant vector. Since F_ is independent of time and
independent of space it satisfies equation (19.9) so we know that F_ is a conservative

force field. The functional form for the potential V is obtained by integrating

IV
FC:—VV > Ix :_Fci:_bi , (19.14a,b)
to obtain
V:Vo—bixi:VO—b-X, (19.15)
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where V) is a constant of integration.

GRAVITATIONAL FORCE BETWEEN TWO MASSES

R
RO
M > -
eR Fg
Fig. 19.2

The gravitational force acting between two masses M and m is a central force that
acts along the line connecting the center of mass of the two masses. Taking the origin of

a spherical coordinate system at the center of mass of the body with mass M, the force F o

acting on mass m may be represented in the form

KMm
Fg = FgR er > FgR = FgR(R) =-"RZ - (19.164a,b)

where K is a universal constant of gravitation. Denoting mg to be the magnitude of the

gravitation force at the surface (R=R;) of mass M we have

KMm gR3
| Fr(Rp) | = —R(% =mg , K=731 . (19.17a,b)

so that (19.16b) may be rewritten in the form

RO
FgR: -mg|\ R | - (19.18)
Now, since Fg is independent of time and is a central force field it follows from Table
19.2 that equation (19.9) is satisfied so that Fg is a conservative force field that is related

to a potential Vg by the equation

v
F,=F(R)eg =—3R g - (19.19)
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Using (19.18) we have

R R ng%
Vg =V_- J;o FgR(i) d§ = V_+ J;o §2 dg , (19.20a)
ng%
Vg =V_- "R (19.20b)

where V__ is the value of the gravitational potential Vg at R=co. It follows that the change

in potential energy is given by

11
Vg — Vg, = mgR} (R_I_R_2) >0 for R,>R, . (19.21)

This means that the gravitational potential increases as the distance between the masses

increases.

GRAVITATION CLOSE TO THE EARTH

R:R0+ X5

e X

Fig. 19.3

For the gravitational force field close to the surface of the earth the height x5 above the
surface of the earth is quite small relative to the radius R, of the earth so that the position

R of the mass m may be approximated by

X3
R:R0+x3:RO[1+R—O) , (19.22a)
o1 L1 3 19.22b
R = X3 *Ry|' "Ry - (19.22b)
RO 1+R

so that the gravitational potential (19.20b) may be approximated by
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X3
Vg =V, - mgR, [1 _R_O) =(V, - mgRy) + mgx; , (19.23a)

Vg =Vp+mgxy , Vo=V _-mgR, , (19.23b,¢)
where V, is the value of the gravitational potential at the surface of the earth. Notice

again that the gravitational potential increases as the distance between the mass m and the

surface of the earth increases (x5 increases). At the surface of the earth the force of

gravity g per unit mass (often called the acceleration of gravity) is approximately 9.81

m/sZ.

ELASTIC POTENTIAL OF A SPRING

R
— - &,
°r

m
—CO

F

(]
m

Fig. 19.4

Consider a spring whose free length is L and whose elastic force acting on the mass m is
given by

F,=FrR)e; . (19.24)
Since F is independent of time and is a central force field it is a conservative force field

with the potential V, given by

Ve:—Ji Fp(®) dt , (19.25)

where we have taken V, = 0 when the spring is force free with R=L. For a linear spring

we have
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1
Fr=-k(R-L), V,=7 k(R-L)? . (19.26a,b)

NONCONSERVATIVE FORCE FIELD

/ x(t)
82 i g
.
[
m
[ k,L
’ 38

B N N N N N N NN N N A S S S S SN S S SRS S SN

$mg

k(x —L)

i
Fig. 19.5
An important example of a nonconservative force field is the force F; due to sliding

friction. Consider the mass m sliding on a flat plane with friction coefficient it shown in

Fig. 19.4. Since the force of friction always opposes the motion of the mass we may

express F; in terms of the velocity v of the mass by the equation

v
Fe=—uNTyT for v£0 , (19.27)

where N is the magnitude of the normal force applied by the plane on the mass. In order

to show that the friction force F; is nonconservative we calculate the mechanical power

P, due to Ff

Vev
Pr=Fev=—uUNTyT <0 for v£0 . (19.28)

Thus the rate of work done by friction on the mass is always negative so energy is always

dissipated and the force of friction is nonconservative.
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Table 19.1: Cylindrical Polar Coordinates
x=re/(0)+x;e;

v 1oV =~ oV
VV="3r e+19 €+ Ix; €3

oeF) | OFy OF,
o tr 59 toxg

| 9F; 9F, OF, OF, | 0aFg) | OF;
€.+ ee+

V><F={? 00 ~ x5 0X3 ~ or T dr Trog9 %

1
r

VeF

v PV 14V 13V 9%V
V=02 Trar 22 Yoxd

Table 19.2: Spherical Polar Coordinates
x =R eg(6,0)

A _1 9V 14V
VV=TR €R*Rcosp 90 0+t R gy €
1 R%Fp) | 9F, | 9(F,cosp)
VeF=R27R  “*Rcoso 90 tTRcosd 90
dF,  d(Fg coso) | [0Fg  9(RFy)
V xF = - e +R| o = OR €
R cosp | 96 ah R a0 0
1 [a(RFe cosf) aFR}
TR cosd oR ~ 00 | %

Py o () i Y L, O
V=RZ R (R"IR) +*RZ cos29 967 T RZ cosd 90 [“°*® 30
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20. Energy Equation For A Particle
With the help of (18.2) and (18.7) it follows that we can write an energy equation for

a particle in the form

b
Uy, :Jt Fevdt =(T,-T,) . (20.1)
|

where T and T, are values of the kinetic energy T at the times t; and t,, respectively,
and U,/ is the work done by all forces acting on the particle. In view of the simple

relationship (19.10) between the mechanical power and the time rate of change of the
potential associated with a conservative force field it is convenient to separate the total

force F into known conservative force fields Fg associated with gravity, F,_ associated

with elastic springs, and the remainder F such that

F:Fg+Fe+F ,F'V:—Vg—Ve+F °v, (20.2a,b)

where Vg is the gravitational potential given by (19.20b) or (19.23.b), and V_ is the

elastic potential given by (19.26b). Defining the work U »;1 done by the force F

b
U, = Jt Fevdt, (20.3)
1

we may rewrite (10.1) in the convenient form

Uy = (Ty=TP+ (V= Vg ) + (Vey = Vo) = (By - E) (20.4)

where the total energy E is equal to the sum of the kinetic energy and the potential

energies which are not included in the work done by F

E:T+Vg+Ve . (20.5)

Equation (20.5) states that the work done by F on the particle is equal to the change in

total energy E. In particular, notice that if all forces acting on the particle are

conservative then 62 ;1 Vanishes and the total energy E remains constant.
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When 62 ;1 Vanishes or the mechanical power F « v is a simple expression which can

be integrated with respect to time, the energy equation (20.4) can be a very convenient
equation to use in obtaining the solution of a particular problem. However, we must
emphasize that the energy equation (20.4) is merely a scalar integral of the vectorial
equations of motion (16.7) and therefore it does not include additional information about
the motion of a particle. In this sense the energy equation may be used to replace one of
the three scalar equations associated with the balance of linear momentum (16.7) but we
must remember that by itself, the energy equation can only provide a single piece of

information about the motion of the particle.
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21. Linear And Angular Momentum Of A Particle
BALANCE OF LINEAR MOMENTUM
For a single particle it is sometimes convenient to introduce a definition of the linear
momentum G of the particle
G=mv , (21.1)
and rewrite the balance of linear momentum (16.7) in the form

G =F . (21.2)
In words equation (21.2) states that the rate of change of linear momentum is equal to the
total force acting on the particle. It should be recalled that the velocity v that appears in

the definition (21.1) is the absolute velocity which is measured relative to a fixed point in

space.

BALANCE OF ANGULAR MOMENTUM THEOREM
Although the balance of linear momentum (21.2) characterizes the complete motion
of a particle it is sometimes desirable to introduce the notion of the angular momentum

H of the particle relative to the fixed origin O of a coordinate system by the expression
H =xxG , (21.3)

where x(t) is the position of the particle relative to the point O. Now differentiating

(21.3) with respect to time and using (21.1) and (21.2) we may deduce that

HOZ).(XG+X><(.}:V><1’1’1V+XXF:XXF, (21.4)

which means that

H=M_, (21.5)
where M| is the moment of the force F applied about the fixed point O
M, =xxF . (21.6)

In words, the balance of angular momentum (21.5) states that the rate of change of
angular momentum about a fixed point is equal to the resultant moment about the same
fixed point. It is important to emphasize that for a single particle the balance of angular
momentum (21.5) is theorem which has been proved using the balance of linear
momentum. In this sense, the balance of angular momentum does not introduce new
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information about the motion of the particle which is not contained in the balance of

linear momentum.

Fig. 21.1
By way of example let us prove that the angular momentum is conserved for a
particle that is moving under the action of a central force field only. To this end assume
that the earth is fixed in space and that the position of a satellite relative to the center O of

the earth is denoted by x = R ep. Also, let the force of gravity F applied by the earth on
the satellite of mass m be given by F = F, ep. It follows that the moment about O of the
force F is given by

M,=RegxFrez =0 . 21.7)
Using the balance of angular momentum (21.5) we may deduce that the rate of change of
angular momentum vanishes so that H | is a constant vector ¢

H =c. (21.8)

However, since

H =xxmv=c, (21.9)

it follows that x is always perpendicular to the constant vector ¢ (x L ¢) so the particle

always moves in the plane which is perpendicular to the constant vector c.
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22. Conservation Of Momentum (?)
Sometimes it is easy to observe that one or more components of linear momentum G

or angular momentum H are conserved (remain constant). When this happens part of

the equations of motion of a particle integrate simply so it is convenient to use the
integrated equations instead of the differential equations. For example, it follows from
the balances of linear momentum (21.2) and angular momentum (21.5) that both linear

and angular momentum are conserved if the force F vanishes

F=0 = G =constant , (22.1a)
F=0 = M,=0 = H_=constant . (22.1b)

In view of the simplicity of the equations (22.1a,b) it is reasonable to consider what
might happen if only one component of force or moment vanish. In particular, let us
consider the case where the component of the force F in the b direction vanishes. It

follows from (21.2) that

beF=0= Geb=0 . (22.2)

The question then arises as to what can be said about the component of linear momentum
in the same direction b that the force component vanishes. To answer this question let us

differentiate the component b ¢ G to obtain

d(b* G) . . .
=gt~ = b*G =b *G+b*G =b +G . (22.3)

Equation (22.3) shows that in general the component of linear momentum G in the

direction b is not constant (conserved) even though the component of force F in the same

direction vanishes. However, if the direction b is constant so that l.) vanishes then the
component of linear momentum in the direction b will be conserved. This means that a
component of linear or angular momentum is conserved whenever a component of force
or moment vanishes in a fixed direction b.

By way of example let us consider the motion of a particle of mass m which moves
under the action of a force F which in cylindrical polar coordinates is expressed in the
form

F=F.e . (22.4)

rTr
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From the point of view of linear momentum it follows from (22.4) that

(] (]
ee-G:O,e3-G:0. (22.5a,b)
Since ey is not a constant vector we do not expect the component eg * G to be constant

whereas we do expect the component e; ¢ G to be constant. More specifically, we have

L] L]
X=re +xy€e; , V=r e +r0eg+x5e;, (22.6a,b)

G:m(;er+r6ee+;c3e3), (22.6¢)

0)eg+xse;] (22.6d)

sz[(.r.—rez)er+(2;6 +r

Using (22.5) it follows that

° o ® (1] 1 d (]
€g*G=0=2r0+r0=0 = 7 G (t?6) =0, (22.7a)
° (1} d °
e;°G=0 = x3=0 = G (x3)=0. (22.7b)
Consequently,
20 = constant , ;43 = constant . (22.8a,b)

[ ]
This means that eg * G = mr6 is not necessarily constant whereas e; * G = mx; is

constant. However, the result (22.8a) indicates that something is conserved.
To determine the physical meaning of (22.8a) let us consider the balance of angular

momentum. It follows from (22.4) that
M =xxF=(re +x;e;) XF e =x5F ¢eg . (22.9)
Thus there is no moment the e and e, directions so we expect the component of angular

momentum in the e; direction to be preserved. To see this consider

HO:XXmV:(rer+x3e3)xm(; er+r6ee+;<3e3) , (22.10a)
HO:m[ —1 04 er+(;x3—r;c3) ee+(r26) e3] . (22.10b)

Using (22.9) and (22.10b) we have
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e;*M =0 = e;* H = constant = 120 = constant , (22.11)
which shows that the result (22.8b) indicates that angular momentum about the e; axis is

conserved.
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23. Impulse And Momentum
In view of the simplicity of the balance of linear momentum (21.2) and the balance of

angular momentum (21.5) it follows that the changes in momentum from time t; to time

t, can be determined by integrating these balance laws over time. In particular, it is

A
convenient to define F as the impulsive force due to F

b
£ =Jt Fdt | (23.1)
1

and use the balance of linear momentum (21.2) to deduce that

b
ﬁ‘:Jt Gdt =G,-G, . (23.2)
1

This states that the impulsive force is equal to the change in linear momentum.

A
Similarly, we can define M as the impulsive moment due to M|

b
A
M, = Jtl M, dt (23.3)

and use the balance of angular momentum (21.5) to deduce that

M= fd=H,-H, | (23.4)

ol

This states that the impulsive moment about a fixed point is equal to the change in
angular momentum about the same fixed point.
By way of example consider the one-dimensional problem of the impact of two

masses m, and mg. Before impact mass m, moves with constant velocity v, towards
mass mg and mass mg is stationary. After impact we assume that both masses move

together with common velocity v (see Fig. 23.1). Neglecting friction, the only forces
acting on the two masses are gravity, and the contact force between themselves and the

floor. Let F 5 be the force applied by mass my on mass m, and let Fg,, be the force
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applied by mass m, on mass mg. Since by Newton's third law these forces must be equal

in magnitude and opposite in direction we have

where F is the magnitude of the force Fg,,. The free body diagrams of each of the

masses are shown in Fig. 23.2.

Before Impact After Impact
i

€ V,=V = =V =
2 A" 0 v=0 WVB Y

—_—= —_—
m, my my | My

s VAT AT Vi ]
|
Fig. 23.1

From these free body diagrams it follows that the total force F, applied to mass m

may be written in the form

Fy,=-Fe +(Ny-m,ge, . (23.6)

Similarly, the total force Fy applied to mass mg may be written in the form

Fg=Fe +(Ng-mgg)e, . (23.7)
e NA N
2 ﬁ ﬁ B
mA =— F F — l’IlB
!
e
1 Q/ mAg mBg

Fig. 23.2

Assuming that the impact occurs over the time interval [t;,t,] we may apply equation

(23.2) to each of the masses and deduce that

A
Fp=Gpy—Gpp=my (V-vy e, (23.8a)
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A
A
Next we consider the determination of the impulsive force F ,. By definition
b

A
FA:Jt [-Fe,+(N,-m,g)e, ] dt . (23.9)
1

During the impact the forces N, and m,g remain bounded but the force F may become

quite large. As a simple approximation we can assume that the impact occurs over an

infinitesimally short time so the impulse due to N, and m, g vanish but the impulse due

to F does not so that

limit Jt2

A
FA:t2—>t1 . [—Fe1+(NA—mAg)e2] dt

. t
limit _[2 A
= oty Fe di=—Fe, . (23.10)

A
Similarly the impulsive force Fz becomes

limi t2
A imit _[ A
1

Now, substitution of the results (23.10) and (23.11) into the equations (23.8a,b) we may
deduce that

1/5 =-my (V-vp) , 1/5 =mgV . (23.12a,b)

A
Solving these equations for v and F we have
my A [ MaAMp
V={m, +myg | Vo - F= m, +mg | Yo - (23.13a,b)
A
Notice that if mg is small relative to m, then v —v, and F —0, whereas if mg is much

A
greater than m, then v —0 and F —>m, v,
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In the above analysis we have considered the dynamics of each mass separately.
However, sometimes it is of interest to consider the properties of the system of two
masses. To this end, let G be the sum of the linear momentum of each of the masses so

that before impact we have

G=G =myvye, (23.14)
and after impact we have
My
G=G,=(my v+mgvV)e =(m, +mg) m Vo€ =my vpe; . (23.15)

This means that the total linear momentum of the system of two masses did not change
during the impact. We can also consider what happens to the total kinetic energy T,

which is the sum of the kinetic energies of the two masses. Before impact we have

1
T=T,=7 m,v,>, (23.16)

whereas after impact we have
1 2, 1 2 Ma )1 2
T=T,=7 m, v:+3 mgvVv =|m, +myg 2 my Vo<, (23.17)
so that kinetic energy is lost during the impact
_ M |1 2
T,-T,=- m, + mp 7 my vy© <0 . (23.18)

In a more complete analysis it could be shown that kinetic energy is converted into heat

during the dissipative process which causes the two masses to stick together after impact.
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24. Kinetics Of Systems Of Particles

Fig. 24.1

Consider a set of N particles and let a typical particle, called the i'th particle have

mass m;, and position Xx;, relative to a fixed origin. Furthermore, let F; be the external
force (external to the system) applied to the i'th particle and let fij be the internal force

applied by the j'th particle on the i'th particle. Then the balance of linear momentum for

the i'th particle may be expressed in the form

N

. d

Gy=gr(m;v) = Fj+2 £ i=1,2,..,N (nosumoni) . (24.1)
=

In the above it is assumed that f;; vanishes (i.e. the i'th particle does not apply an internal

force on itself). Notice that the N vector equations of motion (24.1) are sufficient to
determine the motion of all the N particles in the system. Sometimes it is convenient to
determine what can be said about the system as a whole. To this end, let us define F to
be the total external force applied to the system, f to be the total internal force, and G to

be the total linear momentum of the system

N N N N
G=2G ,F=2F , f=22f . (24.2a,b,c)
i=1 i=1 i=1j=1

It follows by summing the equations (24.1) that we may write

G=F+f, (24.3)
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which is a single vector equation characterizing the balance of linear momentum of the
system of particles.
A vector equation representing the balance of angular momentum of the system of

particles can be obtained by defining the total moment M of external forces about the
fixed point O, the total moment m, of internal forces about O, and the total angular

momentum H0 about O

N
H, = 2 xxG; , (24.4a)
i=1
N
M, = 2 xxF, , m, Z Z X xf (24.4b.c)
i=1 i=1j=1

Now, taking the cross product of each of equations (24.1) with the position vector x; and

summing the resulting equations we may deduce that

H =M +m, . (24.5)
Before continuing let us reconsider the quantities f and m_. In particular by changing

the indices for the summations we have

N N N N

f=2 2 f=22f, (24.6a)
i=1j=1 j=li=1
N N N N

my =2 X xxf= 2 X oxxf (24.6b)
i=1j=1 j=li=1

Now, interchanging the order of the summations we may deduce that

N N N N
f=XXf =X 2f,, (24.72)
ij AL
i=1j=1 i=1j=1
N N N N
m, ZZxxf_ZZxxf . (24.7b)
i=1j=1 i=1j=1

By expressing f and m as the averages of the two representations in (24.7a,b) we may

write
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N N

1
f=7 2 2 (f+f) | (24.82)
i=1j=1
! N N
i=1j=1

Now, in view of Newton's third law, the force fij applied by the mass m; on the mass m, is
equal in magnitude and opposite in direction to the force fji applied by the mass m; on the
mass m; so that

f.=—f. . (24.9)

Substituting (24.9) into (24.8) we have

1
f=0, m =7
i

Mz
Lz

(x;— X)xf; . (24.10a,b)

1

1
Using the result (24.10a) together with equation (24.3) we obtain the equation

G=F , (24.11)
which states that the resultant external force applied to the system of particles is equal to
the rate of change of linear momentum of the system. Since equation (24.11) is identical
to the balance of linear momentum (21.2) of a single particle it is sometimes convenient

to think of the system of particles as a single particle with total mass m located at the

center of mass X, such that

N N
m= 2, m; , mx= )Y m; X; . (24.12a,b)
i=1 i=1

Notice that the location of the center of mass of the system is defined as the mass-

weighted average of the position of the particles. Furthermore, the linear momentum G

o —
and rate of change of linear momentum G may be expressed in terms of the velocity v =

[ ] [ ]
x and acceleration a = v of the center of mass of the system

N N
G:Zmivi:mV ,(.}:Zmiai:mﬁ. (24.13a,b)
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Thus, the balance of linear momentum may be written in the form

d _ _
G=3 (mv) =ma =F . (24.14)

Equation (24.14) is sometimes called the Principle of Motion of the Center of Mass. In

words it states that relative to an inertial frame of reference the mass center of a system of
particles moves as though the system were a single particle of mass equal to the total
mass of the system moving under the action of the total external force applied to the
system. It is important to note that (24.14) is only a single vector equation so it can only
provide limited information about the motion of the system of N particles.

Notice that even with the help of Newton's third law (24.9) the internal moment m,

does not necessarily vanish (24.10b). Nevertheless, it is of interest to consider three

cases when the internal moment m vanishes:
Case I: A simple system of particles with the internal forces fij which are central forces

that act along the line of centers of the masses so that
f= f(xij) (x; - Xj) . X = (x; - Xj) * (x;— Xj) , (nosumoni,j) (24.15ab)
where Xij is the square of the distance between the masses m; and m; and the function

f(xij) characterizes the force acting between the masses m; and m.

Case II: Forces perpendicular to the line of centers of the masses are allowed but the
masses are assumed to be in contact so that for some values of i and j we have

Case I1II: The trivial case when there are no internal forces

For each of these cases the internal moment m vanishes and the balance of angular

momentum of the system of particles (24.5) reduces to

H=-M_, (24.18)

(6] (6]
which is identical to the balance of angular momentum (21.5) of a single particle.
However, in contrast with the angular momentum equation for a single particle which

was derived as a theorem, the balance of angular momentum (24.18) contains
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independent information about the system of particles. For example it gives information

about the rotation of the system of particles about its center of mass.
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25. Alternative Formulation of the Balance Laws

Fig. 25.1

It is often convenient to formulate the balances of linear and angular momentum
relative to an arbitrary moving point B. To this end, let X denote the location of point B

relative to a fixed origin O and let p; be the location of mass m; relative to B. It follows

that the position r;, velocity v; and acceleration a; of the mass m; are given by

The objective here is to use the balance laws (24.11) and (24.18) to obtain alternative

forms expressed in terms of quantities referred to the moving point B.

Recalling the definition (24.2a) of the linear momentum of the system of particles we

may write
N N .
G=2 mv=2XmX+p)=mX+p), (25.2)
i=1 i=1

where m is the total mass of the system and p denotes the location of the center of mass

of the system relative to the point B

N
mp = '21 m, p; - (25.3)

1=
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Thus, the absolute position of the center of mass x and velocity of the center of mass v

become

X=X+p,v=X4+p . (25.4a,b)
It follows that the balance of linear momentum may be written in the alternative form

mX+p)=F . (25.5)
It is important to notice that the acceleration which appears in (25.5) is the absolute

acceleration and not the acceleration p of the center of mass of the system relative to the
moving point B. In this sense, the form of the balance of linear momentum is changed
when it is referred to a moving point instead of a fixed point. Also notice that when the

point B moves with constant velocity the balance of linear momentum reduces to

mp=F for ).( = constant . (25.6)

This means that the balance of linear momentum remains invariant (unchanged in form)

[J
to a superposed constant velocity X.
To develop the alternative form of the balance of angular momentum we substitute

(25.1) into the definition (24.2a) and obtain the expressions

N N N
HO:'Z(X+pi)><mivi:X>< 2 m; v, + 2 p; Xm,v; ,
i=1 =1 =1
N
H =XXxmv + iZI pixmi().(+l.)i),

N N

=1

H = Xxmv +mpxX+Hg , (25.7)
where the relative angular momentum Hg about the point B is defined by replacing the

absolute position r; and velocity v, in (24.4a) by the relative position p; and relative

[ ]
velocity p; so that
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N
1=

Furthermore, the derivative of H_  may be expressed in the form

H =XxmvV +Xxma +mp xX+mpxX +Hy ,

H =XXxma + mpxX+Hgz+ XXm(V -p) ,

ﬁO:XxF+ mﬁx§+I:IB+ ).(Xm).(,

H =XXxF+ mpxX+Hg , (25.9)

where use has been made of (24.14) and (25.4b). Now, substituting (25.1) into (24.4b)

the expression for the moment M | about the origin becomes

N N N

M, =XXF+Mg , (25.10)

where the moment My of the external forces about the point B is defined by

N
Mp= X p,xF, . (25.11)

=1
In words, equation (25.10) states that the moment about the origin is equal to the sum of
the moment of the resultant force F as if it were applied at the point B, and the moment

Mg, of the external forces about the point B. Finally, substitution of (25.9) and (25.11)

into (24.18) yields the balance of angular momentum in the alternative form

Hy+mpxX=Mg . (25.12)
Notice that for a general moving point B the balance of angular momentum changes

form. However, for the special case when p x X vanishes, the balance of angular

momentum remains invariant with

Hy =M for pxX=0. (25.13)
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This happens for the following three cases.

Case I: The point B moves with constant velocity

X = constant , (25.14)
so the balance of angular momentum remains invariant to a superposed constant velocity.

Case II: The point B is the center of mass of the system

p=0, (25.15)
and the balance of angular momentum may be written in the form

[ ]

H=M , (25.16)
where for convenience we have denoted the value of Hy by H and the value of Mg by M
, so that H is the relative angular momentum about the center of mass and M is the
moment due to external forces about the center of mass. It is important to emphasize that

equation (25.16) holds even when the center of mass accelerates.

Case III: The point B accelerates towards or away from the center of mass

XIlp . (25.17)
Before closing this section it is convenient to use the result (25.7) and consider the

special case when B is taken to be the center of mass with

X=X, p=0, Hy=H, (25.18a,b,0)
to derive the result that
H = Xxmv)+ H .
This means that the angular momentum about the origin O is equal to the sum of the

angular momentum of the center of mass (x X m v) about O and the angular momentum

H of the system about the center of mass.
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26. Impulse And Momentum (System Of Particles)

In view of the simplicity of the balance of linear momentum (24.11) and the two

forms of the balance of angular momentum (24.18) and (25.16) it follows that changes in

momentum from time t; to time t, can be determined by integrating these balance laws.

A

A A a
In particular we can define the impulsive force F and impulsive moments M| and M such

that

b

A

Fz_[ Fdt ,
t

b

A

M=) Moar
t

so that integration of these balance laws yields the equations

b

A °

F:Jt Gdt =G,-G, .
|

b
A J‘ °
MO: ( Hodt :H02 H01 ,
A f2 . _
M:Jt Hdt=H,-H,
1
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27. Mechanical Power And Kinetic Energy (System Of Particles)
In order to discuss the energy equation for a system of particles we first define the

mechanical power P; and the kinetic energy T; associated with mass m. by the formulas

N
1

Recalling the balance of linear momentum (24.1) for each mass it follows that the

mechanical power is equal to the rate of change of kinetic energy of the mass m; so that

P.=T. , (27.2)

1 1
It now is convenient to define the total mechanical power P and the total kinetic energy T

of the system of particles by

N N
P=2P , T=XT,, (27.3a,b)
i=1 i=1
so that
P=T . (27.4)

Notice that this is the same result as that obtained for a single particle (18.5). It follows
that when some of the external forces applied to the system of particles are conservative
forces then we can write an energy equation for the system of particles. In particular if
we separate the external effects of gravity and springs we can write an energy equation of

the type (20.4) for the system of particles
Uy =My =TP+ Vg = Vg + (Ve = Vo) (27.5)

By representing the motion of each mass relative to the center of mass x of the system
of particles
_ _ e
X;=X+Pp;, V;=V+p, , (27.6a,b)
we may rewrite the kinetic energy in the form
N N

1 1 _ e e
T:_Zlg m, (V; * V,) :‘215 m (V+p)e(V+p) ,
1= 1=
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N
1 J— —_ _ (] [ ] [ ]
T:_le m [ ev)+2F *p)+p;op) |,

1=

1 N N . N] . .
T=5|Zm, |((VeV) + V| Zmp; |+ 7 m (p,*p) - (27.7)
i=1 i=1 i=1

But since the motion has been referred to the center of mass we have

N N N .
‘Z mi:m,‘z mipi:mﬁ:O,‘Z mipi:(), (27.8a,b,c)
i=1 i=1 i=1

so that (27.7) reduces to

1 Nyoo..
T=3 m(¥ *v)+ 1517 m, (p,*p;) - (27.8)
In words, equation (27.8) states that the kinetic energy of the system of particles is equal
to the sum of the kinetic energy of center of mass of the system and the kinetic energy of
the motion of the masses relative to the center of mass. This split of kinetic energy is
sometimes used in atomic theories which relate the second term in (27.8) with the
temperature of the system.

Next it is desirable to reconsider the expression for total mechanical power P and in

particular consider the role of the internal forces fij~ To this end, we use Newton's third

law (24.9) and follow the arguments of section 24 to obtain

N N | N N
Eljfl it vis2 iiji Bi* i=vp (27.9)

so that the total mechanical power P becomes

N | NN
P:ii F,ev, + jiZIjEI fiis (vi—v) (27.10)

Notice that in general the internal forces do work and thus contribute to the total

mechanical power. For the special case of central forces fij given by (24.15) the

expression (27.10) further reduces to
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N N N

1 .
P= 151 Fievi+ 7 izljgl ;) x5 (27.11)

(]
where the time derivative Xij of the relative distance squared between the masses m; and

m; is given by

> e

Since the function f(xij) depends only on the relative distance between the two masses m;

and m; a potential function \p(xij) exists such that

dy(xy) g
Tﬁ”— =7 f(xp) - (27.13)

Thus, (27.11) can be rewritten in the simpler form

N NN
P= X Fiev.— 2 2 yx,) . (27.14)
i=1 i=lj=1 "

These results show that the internal forces do work and thus contribute to the change in
kinetic energy of the system of particles.

For the special case of a system of particles which are rigidly connected with no
external moments (i.e. a special rigid body) the relative distance between any two masses

remains constant so that

x;=0 (27.15)

and the internal forces do no work. Consequently, only the external forces contribute to

the mechanical power so that

N

P= i§1 F, v, for arigid body . (27.16)

Finally, we emphasize that the velocity which appears in the expression (27.16) is the

velocity of the particular point of application of the force F.
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28. Impact of two particles
The objective of this section is to develop a simple empirical model for analyzing the

impact of two particles. To this end, consider the case of two particles of masses m, and
my which at time t; just before impact are moving with absolute velocities v, ; and vy,

respectively. Also, the particles are assumed to collide at a single point at which the unit
outward normal to particle A is denoted by n (see Fig. 28.1). The impact process occurs

during the time period [t;,t,] and at time t, just after impact the particles have absolute
velocities v, , and vg,, respectively.

Just before impact t=t,

VAl

Just after impact t=t,

VA2 VB

&

Fig. 28.1 Two particles just before (t=t,) and just after (t=t,) impact. During the impact

process the velocities of the particles change abruptly.
Given the state of the two masses just before impact
{mA’VAl , My, Vg b, (28.1)

the objective is to determine the velocities
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1Va2:VB2 } s (28.2)

just after impact.

During the impact process a number of very complicated interactions occur between
the two particles which can cause energy to be dissipated. In particular, the particles can
deform elastically, or plastically and friction can act, with or without slip. Analyzing the
details of these interactions is beyond the scope of particle dynamics. Consequently, for
simplicity, it is assumed that the impact process occurs over a very short time so that the

impact process can be modeled as an abrupt change in momentum of each particle. This

A
means that it is only necessary to consider the impulse F of the force F(t) applied by

particle B on particle A during the impact process

b

A

F = Jt F(t) dt . (28.3)
1

Now, by integrating the balance of linear momentum associated with each of the

particles it can be shown that
A A

where use has been made of Newton's third law which states that (—F) is the force applied

by particle A on particle B (see Fig. 28.2). Thus, the velocities v,, and vy, are

determined by the equations

1 A 1 A
VA2=VA1+m_AF , VB2=VB1—m_BF . (28.5a,b)

This means that the complicated phenomena occurring during impact can be modeled by

A
proposing an equation for the impulse F.

or:

Fig. 28.2 Impulse acting during the impact process.
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Simple analysis (Coefficient of restitution)

In the simple analysis, the two particles are treated as a system of two particles which
is not influenced by external forces during the impact period. This means that the linear
momentum of the system remains constant

G, =my V) +Mg Vg =My Vyr + Mg Vg, =G, . (28.6)
Moreover, in the simple analysis it is common to introduce an empirical constant e called
the coefficient of restitution which specifies the ratio of the separation velocities to the

approach velocities of the masses

ne (V) —Vay)  separation velocity
©=ne(v,,—vg)) = approach velocity - (28.7)

This empirical constant attempts to model the net effect of the complicated interactions
during impact.
Next, taking the normal component of the linear momentum equation (28.6) it follows
that
my (Vasom)+mg (Vgoenm)=my (Vo *n)+my (Vg *Nn) . (28.8)
Also, rewriting the (28.7) in the form
—(Vpp*m) +(vgyen)=e (v *n)—e(vg;*n) , (28.9)
these equations can be solved to obtain
m, —emg mg(l+e)

Va2 *M="m, +mg Var*®+'m +mg Vg1 °M

my, (1+e) mp — € my
(VBz'n)zm(VAl -n)+m(vm-n) . (28.10)

A
For smooth particles, the impulsive force F has no component in the tangential

direction t

A
Fet=0, (28.11)
so that from (28.4) it follows that the component of linear momentum in the tangential

direction is preserved for each of the particles

(Vpr o) =(vp °t) , (Vgret)=(vg D) . (28.12)

A
Thus, with the help of (28.5a) it can be shown that for this case, the impulse F is given by
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A *
F=-m" (l+e) [(VAl —~vgp)*® n|n . (28.13)

k. .
where m” is the effective mass

., MaMmpg
m* =5 T - (28.14)

Now, the total kinetic energy T, before impact and T, after impact are given by
1 2 2. L 2 2
T, =7my, [(vAl *n)*+(vy et ] + 7 mg [(vBl *n)“+(vg; * t) ] ,

1 1
T, =3my [(vy, e MV, e 2] + 7 mp [(vgy e mP*+(vg, e 2] . (28.15)

so with the help of thee results for smooth particles it can be shown that the that the loss

of kinetic energy during impact becomes

nl o« 2
T,-T,=(1-e>)73m" [(vo;-vg)en] . (28.16)
Note, that energy is preserved if e=1
T,-T,=0 fore=1, (28.17)

and that the maximum energy is lost if e=0

1 2
T,-T,=72m" [(vy;—Vg)*n] >0 for e=0 . (28.18)
Moreover, since energy cannot be created during the impact, the value of e is taken in the

range

O<ex<l. (28.19)

More general analysis

In a more general analysis it is of interest to analyze physical restrictions on an
A
equation for F. To this end, it is convenient to define the relative velocities of the
particles just before and just after the impact event by the formulas
AV =V, =Vg » AV, =V,5—Vp, . (28.20a,b)
Thus, using (28.5) it can be shown that

1
Avy=Av, +—<F (28.21a,b)
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where m” is the effective mass (28.14).

A
Next, it is assumed that the impulse F must satisfy the following four physical

restrictions:

A
(P1) The impulse F must have a component that resists the relative velocity Av,
A
Fe(-Av) >0, (28.22a)

A
(P2) The impulse F must have a component that resists penetration and aids

separation of the two particles

A
Fe(—m)>0 , (28.22b)
(P3) The two particles have a tendency to separate after the impact event

Av,*(-n)20 , (28.22c¢)

(P4) The dissipation of kinetic energy of the two particle system during the impact
event is nonnegative

T,-T,20 . (28.22d)
Also, it is noted that impact will not occur unless the component of the approach velocity

Av in the normal direction n is positive
Avien= (Vo~—Vg)*n>0. (28.23)
Now, in order to analyze implications of these physical restrictions it is convenient to
write ﬁ in terms of its magnitude f and its direction f such that

F=ff,f20, fef=1. (28.24a,b.c)
Then, the restrictions (28.22a,b) limit the direction of f by the expressions

fe(-Av))>0 , fe(-n)=0 . (28.25a,b)

It will be shown presently that it is convenient to express the magnitude f of the impulse

in terms of another parameter 1 through the formula
f=m" (1+n) (-f*Av)) . (28.26)
Thus, with the help of (28.24) and (28.26) the equation (28.21a) becomes
AV, =Av; + (1+n) (=feAv ) f . (28.27)
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Moreover, by taking the dot product of (28.27) with f it can be shown that

(feAvy) e (vgyVpo)
n= (—feAv) ~ Fo(VpA1=VBD -

(28.28)

Physically, this means that 1 is the ratio of the component of the separation velocity
(-Av,=vg,—V,,) in the direction of impulse f to the component of the approach velocity
(Av,=v~Vgy) in the direction of f.

Next, consider the expressions for energy T, before impact and T, after impact

1 1

1 1

However, with the help of (28.5) and (28.26) these equations (28.5) can be rewritten in

the forms

m”(1+1)(-f *Av )
Var =V t+ m, f, (28.30a)

m”(1+1)(-f *Av,)
Vgr = Vg — mpg f. (28.30b)

Thus, the kinetic energy after impact can be expressed in the form

T, =T, +m (14+n)(-f * Av))(f* v, ) —m (1+n) (£ * Av)(E * vg,)

1 m (14+n)(-f*Av) 2 m”(14M)(-f* Av))
+7my M, ]+ 3mg mg ], (28.31a)

s LT ol S 2
T,=T,-m (1+n)(-f* Av))? +7 [mA+mB] [m*(1+n)(f+ Av)] , (28.31b)

* 1 *
T, =T, - m"(1+n)(-f* Av))? + 3 m (1+1)2(-f* Av))? | (28.31c)

[
T,=T,-72m" (1-1?) (-f*Av))? , (28.31d)

so the restriction (28.22d) on the energy dissipation reduces to

[
T,-T,=2m" (1-n?) (-f*Av,)? 20 . (28.32)
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This restriction can easily be satisfied by limiting the value of 1 by
n’=1. (28.33)
However, in view of the physical interpretation (28.28) of 1 it does not seem reasonable
to allow M to be negative so 1 is restricted to the range
O=sn=1. (28.34)
In particular, note that the maximum energy dissipation (for fixed f) occurs when n=0
and the energy is conserved if n=1. For this reason the collision is called elastic if n=1
and kinetic energy is preserved. Also, note that if f is taken in the special direction which

is parallel to Av, then it can be shown that

AV1
lAv,| -

Av, =-mAv, for f=- (28.35a,b)

Thus, for this specification of the direction of the impulse the relative velocity Av,
remains parallel to Av,, its direction is changed and its magnitude is reduced by the value

of n.

In summary, the physical restrictions (28.22) can be rewritten in the forms

fe(-Av) >0, fe(-n)20, (28.36a,b)
Avye(—=n)=—(Av,*n) + (1+1) (-f*Av|) fe (-n) =0 , (28.36¢)
O=sn=1. (28.36d)

where use has been made of the expression (28.27). Fig. 28.3 shows that the restrictions
(28.364a,b) require the impulse direction f to lie in a conical region. However, it will be

seen below that the condition (28.36¢) is more difficult to satisfy in general.
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AV1

Fig. 28.3 Conical region satisfying the restrictions (28.36) on the direction f of the

A
impulse F acting on particle A during the impact process.

SMOOTH PARTICLES
For the special case of smooth particles with no friction acting during the impact
process the direction of impulse must be normal to the surface of impact so that
f=—n . (28.37)
It then follows that the restrictions (28.36a,b,c) are automatically satisfied whenever 1
satisfies the restriction (28.36d). Also, it follows that (28.27) and (28.28) reduce to
Av,=Av, - (1+n) (m*Av)) n , (28.38)

and the equation

(meAv,)  ne(vpy—Vu»)
M= Cne Av)) ~me(Vo-Vgy) -

(28.39)

Thus, 1 is seen to be a generalized coefficient of restitution e defined in (28.7).

NONSMOOTH PARTICLES
For the more general case of nonsmooth particles with friction acting it is reasonable

to specify the direction of impulse f to lie in the plane of the relative velocity Av, and the

normal n. To this end, let t be a unit vector in the contact plane (t * t=1, t e n=0) with a

nonnegative component in the Av, direction such that
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T
Av,=Av, [cosOn +sin0t] , Av, >0, 0<6<7 . (28.40a,b,0)
Also, define the direction f by the friction angle ¢ such that
f=-— [cosq) n + sing t] . (28.41)

Now, substitution of the expressions (28.40a) and (28.41) into the restrictions

(28.364a,b,c) yields the expressions

fo(CAV,) = AV, cOS(0-8) >0 => —3+0<h<7+6 . (28.42a,b)
fo(cm)=cos020 = -3 <0=7 (28.42¢.d)

AV, * (-n) = Av, F(8,0) 20 , (28.42¢)

F(6,0) = (1+1) cos(9—8) cosd — cosd . (28.42f)

The restrictions (28.42a,c) are satisfied whenever ¢ lies in the range

T T
-57+0<0<73 . (28.43)
However, it can easily be shown that at the boundaries of the this range the restriction

(28.42¢) is violated

T
Av,* (—=n)=Av, F(0,-7 + 0)) =—Av, cos6 <0 , (28.44a)

(L
Av,+ (-m)=Av, F(8,3)) =— Av; cosf <0 . (28.44b)

This means that the acceptable range of ¢ is completely determined by the restriction
(28.42e).
To determine the bounds on ¢ consider the value ¢~ of ¢ which the equality holds in

(28.42¢)
Av, * (-m)=Av; F(0,07) = Av, [(141) cos(¢"-0) cosd™ —cos®] =0 . (28.45)

Thus, ¢ is determined by the equation
(1+M) cos(¢"—0) cosd” —cos® =0 , (28.46a)

(1+M) [cosd” cosb + sind™ sind | cosdp™ —cos® =0 | (28.46b)
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[(14m) cos?d™ — 1] cosB + (141)] sind* cosd” | sin@ =0 , (28.46¢)
[(141) {1 + cos(2¢™)} — 2] cosb + (1+1) sin(2¢*) sin® =0 , (28.46d)
(1+M) cos(2¢™) — (1-1) = — (1+n) sin(20*) tano . (28.46¢)
Squaring both sides of (28.46¢) yields a quadratic equation for cos(2¢") of the form
(1+m)2 cos2(29™) — 2(1-m?) cos(2¢”) + (1-n)? = (1+m)? tan20 [1- cos2(20™)] , (28.47a)

(1+m)2 (1 + tan20) cos2(20") — 2(1-n?) cos(26™) + [(1-1)2 — (1+m)? tan?0] =0 (28.47b)

1
[ﬁ]z cos?(20°) - 2(1-n%) cos(20°") + [(1-m)? = (14+m)* tan?6] =0 . (28.47¢)

Thus, the solutions of this quadratic equation become

(1—T12)i\/(1—r12)2 {Cose} {(1-m)? = (1+n)? tan?6 }
14,2

{cose}

However, the term under the radical can be simplified to obtain

cos(20™) = (28.48)

(1-m?)* - {Cose} {@=n)? - (14m)* tan®6 }

(1+n)*
c0s20

1
=(1-n»)?[1- C0s26] +[ ] tan2@

n2e

c0s26]

— (1?2 tan?0 + (1+m)* [

(1+m)*tan26
= [w] [1 {1 +T1} cos2e] >0 . (28.49)

Since this term is nonnegative, the solutions of (28.48) are real and the relevant solutions

¢, and ¢, of (28.45) can be written in the simplified forms

1
¢, =-7 cos! [{1+n}c0s26 +{1- {1+T1} cosze} sme] (28.502)

%=1 cosl[{m}co@e - {1+n} cos20} “sin6] . (28.500)
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Moreover, it follows from (28.25) that if the impulse is parallel to the approach velocity
(6=0) then the restriction (28.42¢) is satisfied since
Av,* (—n)=Av, F(0,0) =M Av, cos6 =0 for ¢=6 . (28.51)
This means that 0 is within the bounds on the friction angle ¢
0, <6=<0, . (28.52)
Finally, it then can be shown that all of the physical restrictions (28.22) are satisfied

provided that
d;<0=<0, ,0=m=1. (28.53)

Fig. 28.4 plots the acceptable the bounds on ¢ for three different values of m.
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Fig. 28.4 Plots of the minimum (¢,) and maximum (¢,) values of the friction angle ¢ as

function of the angle 0 of the approach velocity for three different values of the

coefficient of restitution 1
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29. Equations Of Motion Of A Rigid Body

Fy

Fig. 29.1
To describe the dynamics of rigid bodies we define the mass m, linear momentum G,
angular momentum H_ (about the origin). Motivated by the definitions of m, G, H for a
system of particles we replace the summation process by integration over the body of an

elemental mass dm and write

m:_[dm , (29.1a)
G:,[Vdm , (29.1b)
HO:J xXvdm , (29.1¢)

where v is the linear momentum per unit mass, and x X v is the angular momentum (about
the origin) per unit mass. In rigid body dynamics we define two types of external forces
that act on the body: (1) body forces per unit mass denoted by the vector b (like the force
of gravity), and (2) concentrated forces F; acting at the points x; (see Fig. 29.1). Then the

resultant external force F applied to the rigid body is given by

N

F :J b dm + '21 F, . (29.2)
1=

Similarly, the resultant moment M (about the origin) is given by
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N M
MO:Jxxbmn+§ingi+§aMﬁ, (29.3)
1= 1=

where M, (i=1,2,...,M) are M moments applied to the rigid body at various points.

We now assume that the equations of motion of a rigid body have the same form as

those for a single particle and a simple system of particles so we postulate the

conservation of mass

m=0, (29.4)
the balance of linear momentum
G=F, (29.5)
and the balance of angular momentum
H =M, . (29.6)

Notice that these balance laws are postulated instead of being derived directly from the
dynamics of a system of particles, and they are consistent with the dynamics of a system

of particles if the internal forces are such that they apply no net moment m, to the body.

Ultimately the validity of these assumptions can only be verified by comparing
theoretical predictions with results of experiments. In this regard, we note that numerous
experiments have proven these equations of motion of a rigid body to be quite accurate
for nonrelativistic velocities. In fact, the generalizations (29.4)-(29.6) hold even for
continuous deformable media like fluids and elastic solids.

It is important to emphasize that since a rigid body has six degrees of freedom (three
translational characterized by the position vector of a point on the body, and three
rotational characterized by the angular velocity vector) both the balances of linear
momentum and angular momentum must be used to determine the position of a point on
the body and its angular orientation in space. This should be contrasted with the fact that
the balance of angular momentum of a single particle was derived as a theorem using the
balance of linear momentum, so the balance of angular momentum contains no

information that is not already contained in the balance of linear momentum.
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In our study of dynamics of rigid bodies we will confine attention to values of b

which are constant (like the case of a constant gravitational field, e.g. b = - g e;). For
this case the body force F, and the moment My of the body force may be expressed in

the simple forms

Fb:_[bdm:mb,Mboz_[xxbdmzixmb, (29.7)

where x denotes the location of the center of mass of the body
miz_[xdm . (29.8)

The results (29.7) indicates that when b is constant the body force F is merely the total
mass of the body m times b and the body force Fy acts at the center of mass of the body.

This proves that the gravitational force acts through the center of mass of the body.

Fig. 29.2

Sometimes it is convenient to refer the equations of motion to a moving point. To
this end we let X be the position vector from the fixed origin to an arbitrary moving point

B and let p be the vector from B to any material point in the body (see Fig. 29.2) so that
X:X+p,§:X+ﬁ,xi:X+pi, (29.9a,b,¢)
where p is the location of the center of mass of the body relative to B. Using (29.1b) and

differentiating (29.8) we may deduce that the linear momentum of a rigid body is the

mass of the body times the absolute velocity of its center of mass
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G=myv . (29.10)
Now, with the help of (29.9) and (29.10) the balance of linear momentum (29.5) may be
written in the alternative form

mX+p)=F . (29.11)
This is identical to equation (25.5) for a system of particles so it follows that the balance

of linear momentum of a rigid body remains invariant (unchanged in form) to a

superposed constant velocity X [see equation (25.6)].
To develop the alternative form of the balance of angular momentum we substitute

(29.9a) into the definition (29.1c) and obtain the expressions

HO:J (X+p)><vdm:X><J Vdm+,[ pXxXvdm ,
HO:XXmV+J pxX+p)dm ,
H, =XxmvV+ [ pamxX+ [ pxpdm .

H,=Xxmv+mpxX+Hg , (29.12)

where Hy, is the relative angular momentum about the point B

Hy = [ pxpdm . (29.13)

Furthermore, following the development of (25.9) we may differentiate (29.12) to obtain

H =XXF+mpxX+Hjg . (29.14)
Now, substituting (29.9a,c) into (29.3), the expression for the moment M about the
origin becomes

N M
M, = J (X+p)><bdm+i§1(X+pi)><Fi+i§1Mi ,

N N M
MO:Xx[J bdm+i§1Fi]+ J pxbdm+ ¥ p; xFi+ Z M, ,

- =1
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M, =XXF+Mg , (29.15)

where the moment My of the external forces about the point B is defined by

N M
MB:Jpxbdm+ vp xFi+ 2 M, . (29.16)

- =1

Furthermore, if b is constant then (29.16) reduces to

N M
M = J pdmxb + 3 p; ><Fi+i§lMi,
i=1 -
N M
Mp=pxmb+ zpixFi+i§lMi, (29.17)
i=1 -

which shows that b acts through the center of mass. Finally, substitution of (29.14) and

(29.15) into (29.6) yields the balance of angular momentum in the alternative form

Hy+mpxX=Mg . (29.18)
Notice that for a general moving point B the balance of angular momentum changes

form. However, for the special case when p x X vanishes, the balance of angular

momentum remains invariant with

Hy =M for pxX=0. (29.19)

This happens for the following three cases.

Case I: The point B moves with constant velocity

X = constant , (29.20)
so the balance of angular momentum remains invariant to a superposed constant velocity.

Case II: The point B is the center of mass of the system

p=0, (29.21)
and the balance of angular momentum may be written in the form

H=M |, (29.22)
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where for convenience we have denoted the value of Hg by H and the value of Mg by

M, so that H is the relative angular momentum about the center of mass and M is the
moment due to external forces about the center of mass. It is important to emphasize that
equation (29.22) holds even when the center of mass accelerates.

Case III: The point B accelerates towards or away from the center of mass

XIlp . (29.23)
Before closing this section it is convenient to use the result (29.12) and consider the

special case when B is taken to be the center of mass with

X=x,p=0, (29.24a,b)
HB:ITI:J (x-X) X (v-v)dm , (29.24¢)

to derive the result that
H =xxmv)+ H . (29.25)

This means that the angular momentum about the origin O is equal to the sum of the

angular momentum of the center of mass (x X m v) about O and the angular momentum

H of the rigid body about its center of mass. Also, we may solve (29.12) for Hgy and
substitute (29.25) into the resulting expression to obtain
Hy=H, -Xxmv-mpxX=&xmv)+ H-Xxmv-mpxX ,
Hy=(X+p)xmv+ H-Xxmv-mpxX,

Hy= pxmv+ H-mpxX=pxmX+p)+H-mpxX,

Hy=pxmp+ H . (29.26)

which is similar to (29.25).
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30. Inertia Tensor

Fig. 30.1

By way of introduction to the concept of the inertia tensor of a rigid body consider the
case of a rigid body which is connected by a frictionless joint at the fixed point O and

rotates with angular velocity ® = ® e; due to the moment M = M e; (see Fig. 30.1).

For simplicity, let the mass m of the rigid body be concentrated at a distance r from the
point O. Letting x be the vector from O to the concentrated mass we may use polar

coordinates to write

X=re_ . (30.1)

r
Since the mass is concentrated at a point, the integral in (29.1c) for the angular

momentum H  about O may be simply evaluated to obtain

HO:XXmV:rerxm(r(x)ee):(mr2)0)e3=H0e3, (30.2)

[ ]
where v = x is the velocity of the mass and H | is the component of H | in the e; direction.

Since the mass m and the distance r are constant we have

H, =H e;=m?) e (30.3)

(0)

so that the balance of angular momentum (29.6) yields the equations

H =H e;=(mr)we;=M e;=M, . (30.4)
For this simple case we can define I to be the moment of inertia of the rigid body about

the e axis

[ =m1? , (30.5)



and write the angular momentum H_ in the form
H =1 o, (30.6)

and the balance of angular momentum in the scalar form

H =M. (30.7)

Fig. 30.2

Formulas of the type (30.6) and (30.7) hold for special cases of a rigid body rotating
about the e; axis even when the mass is not concentrated (see Fig. 30.2). For this case we
sometimes use the analogy of a concentrated mass (30.5) and define the radius of
gyration k by the formulas

I, 172
I,=mk?, k=[] . (30.8)
Thus the radius of gyration k is the radius at which the mass of the body would have to be
concentrated in order to obtain the correct value of the moment of inertia I | for rotation
about the origin.

To describe three-dimensional motion of a rigid body we must generalize the scalar
equation (30.6) to a vector equation. It will be shown presently that the appropriate
vector equation can be written in the form

H=1,o, (30.9)
where ® is the angular velocity vector of the rigid body and I is the inertia tensor of the

rigid body about the point O. The inertia tensor I is a second order tensor that operates
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on the vector ® to give the vector H,. Writing (30.9) in the component form relative to
the basis e;
Hoe;=1,;0¢;, Hy=I 0, (30.10a,b)

we may observe that the (i,j) components Ioij of I, may be identified as a square matrix

so that (30.10) merely represents a matrix Ioij multiplying a vector ; to obtain another
vector H ;. More generally we can write the angular momentum H about the center of

mass and the angular momentum Hy about a moving point B in terms of the inertia 1

about the center of mass and the inertia IB about B in the forms

To derive explicit expressions for the components of the inertia tensor let B be an

arbitrary material point attached to the rigid body and recall the definition (29.13) for Hg

HB:Jpr)dm , (30.13)

where p is the vector from the point B to any point in the body. Since B is a material

point and the vector p connects two material points on the rigid body it follows that

P=w0xp, (30.14)

so that (30.13) may be written in the form
HB:Jpx<w><p>dm:J[(p-pm—(p-w)p]dm. (30.15)

It is important to note that the angular velocity ®(t) is a function of time only so it is not
affected by the integration over the mass of the body and therefore @ can be factored out
of the integral. This can be done by defining the tensor product ® such that for any
vectors a,b,c, the quantity (a ® b) is a second order tensor and d = (a ® b) ¢ is a vector
having the properties
d=(@®b)c=a(bec)=(bec)a , (30.16a)
d; = (g bj) ¢ =3 (bj cj) = (bj cj) a . (30.16b)

Thus, we may write
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Ppeo)p=p®p o, o0=1o0, (30.17a,b)
where I denotes the unit tensor and should not be confused with inertia tensors which are
denoted by the same symbol with either an over bar I or a subscript I;. Now

substituting (30.17) into (30.15) we may deduce that
Hy=lyo , IB=J[(p-p)1_(p®p)] dm . (30.18a,b)

Notice that the inertia tensor Iy is a property of the body and is independent of the

motion of the body. It follows that it is most convenient to calculate the components of

I; relative to a body coordinate system e;' which rotates with the body

e=mxe; . (30.19)
Letting p; = e; * p be the coordinates of the body coordinate system, P' be the region of
space occupied by the body, dV = (dp; dp, dp;) be the element of volume, and p(p;) be

the positive mass density (mass per unit volume), we may write

Iy = JP. plepI-Gepldv, (30.20a)

Igj; = J Loy P 8- B} pPI aV (30.20b)

where the Kronecker delta 8 are the components of the unit tensor I and IB]J are the
components of Iy relative to the basis e;. Notice that since we have chosen a body

coordinate system the limits of integration in (30.20b) are independent of time
(independent of the motion of the body).

In view of either of the representations (30.20a,b) it can be seen that the inertia tensor
I; is a symmetric tensor (i.e. its transpose IE is equal to itself)
T _ —
Iz=1 , IBji = IBij , (30.21a,b)
and it is a positive definite tensor. By positive definite we mean that for an arbitrary
nonzero constant vector a the scalar product a ¢ I a is positive

aslga=alg.a,>0 for az0 . (30.22)

Bij
This can be proved by substituting (30.20a) into (30.22) to obtain
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astya=l p[@ep @ a)-@eap-a]av>o. (30.23)

which is positive since the constant vector a can only be equal to p at at most one point in
the body.
In order to discuss the physical meaning of the inertia tensor Iy it is convenient to

consider the expanded forms of the components (30.20b). In particular the diagonal

components may be written in the forms

gy = JP. p [y +my?]av, (30.242)
Iy = JP. p[ @2 +my?]av, (30.24b)
Ig3s = JP. p[ )2 +mp?]av, (30.240)

and the off-diagonal components may be written as

g1 = —-[P.P [ppylav . (30.252)
Ig13= —JP.P [p;pi]av . (30.252)
Igy3 = —JP.P [pypi]av . (30.25a)

Physically the integrands of the diagonal components of inertia can be interpreted as the

square of the distance of the material point from the coordinate axes e;.

It is also convenient to expand equation (30.12c¢) for the angular momentum to obtain

Hg; = Ig;; o) +Ig; 0 +Ig;3 03 , (30.26a)
Hg, Igi1 Igiz Igiz \ (@
Hp) | =| Igi2 1g2o Ipos || 03 | | (30.26b)
Hg; Ig13 1823 1833 )\ @}

Notice from (30.26b) that in general the inertia tensor has six independent
components and the angular momentum vector has a different direction from the angular

velocity vector. This means that if you rotate the body about a given direction then in
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general you will get angular momentum components in the direction of rotation and in
the plane normal to the rotation. From a physical point of view it makes sense to ask the
question whether there are special directions in which you can rotate the body and only

get angular momentum in the direction of rotation. For this case we would have

Hy=Iyo=Iw , Hg,= Il'3ij (DJY =lo;, (30.27a,b)
where I is a scalar to be determined. Rewriting (30.27) we have
Ig-1Dw=0, (Il'3ij -1 Sij) (x)JY =0, (30.28a,b)
or in expanded form
Igi -1 Igpp BI3 ®; 0
Igip Il Ipp3 0 | = 0|, (30.29)
IBi3 Ig2s  Tesz 1 ){ 0

Thus, we have reduced the problem to a standard eigenvalue problem. Since the tensor

!

Bij is real and symmetric there exists three eigenvalues I which are determined by the
characteristic equation

det (Il'3ij -1 Sij) =0, (30.30)
and three associated eigenvectors which are determined by solving (30.29) for the
associated directions of ®;. These eigenvectors can be ordered to form a right-handed
orthonormal set of vectors which we denote by ei'. Then letting 11'3'ij be the components of

IB relative to ei' we have

Igyy O 0
Bij = 0 Igyp O , (30.31)
0 0 Igy

with I, Ig,, Ig53 being positive constants, since for example
gy =l e L)+ @2 Jav . (30.32)

Sometimes the eigenvalues are called principal values and the eigenvectors are called

principal directions of the tensor IB.

!

In general the components Bij relative to e}, and 11'3'ij relative to €' of the tensor I

must satisfy tensor transformation rules in order for I to be independent of our choice of
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the coordinate system. In particular, let Aij be the transformation tensor (direction
cosines) characterizing the relationship between the orientations of e; and e;' such that

Aij =e'e eJ‘ , €'= Aij eJ‘ , €= AJl eJ” . (30.33a,b,¢)
Notice that by definition the first index of Aij always refers to the double primed system

and the second index always refers to the single primed system. It follows that Aij is an

orthogonal tensor because

— ' e p!' — ' o _ T
Sij =6t = Aim €m A €, =4, A]l‘l Smn = Aim Aj Aim AmJ ) (30.34a)
—p o p! — y 'o "o_ _ _ T

Recalling that the components of I satisfy the equations

Il'31J =e* Iy e 11'3'1J =e oIy eJ!' , (30.35a,b)
we may use (30.33) to derive the transformation relations
11'3'1J =A e Iy Ajn e, =A (e *Ize )Ajn, (30.36a)
noo_ \ I T
I8 = Aim Bmn Ajn = Aim B AL (30.36b)
Igh1 Ighs Igis Al Ap A I Igio Igis Ap Ay Agy
Ity Igny Igng | =| Agp Ay Aps Ig1p Igao Igo3 Ay Ay Az
B13 1823 IB33 Azp Az Asz ) Ig13 Ipos g3z || Az Agz Asz
(30.36¢)
and
Il'31J A eIz AL e Alm(n'l'-IBem)A (30.37a)
| " T "
Thi; = Ami Ipmn Anj = AT Tgin Apj - (30.37b)
Igy; Ign Igis Al Ay Ay Igh1 Ig12 Ig13 (Al A Az
Igio Ippp Igoy | =| Ap Agp Asy || Ighn Ighy Ipos || Ay Ay Aps
Igi3 Ipos Ips3 Az Ayz Asz ) Ig13 Igpz Ipsy J{ Az Az Asz
(30.37¢)
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Fig. 30.3

In order to understand the physical meaning of the off-diagonal terms of the inertia
tensor consider the case of a body with two concentrated masses M, which rotates with

constant angular velocity @ about the e,' axes (see Fig. 30.3). Letting ;' be the base

vectors of a body coordinate system and letting @ be the angular velocity of the body we

have

c=oxe , 0=0¢ . (30.38a.b)

1

Then referred to the basis e;, the components I .. of the inertia tensor about the fixed

oij

origin become

I, = JP, [ P2+ @P? ] dm =2M L2 cos? ot , (30.392)
Iy = JP, [ )2+ @H?] dm =2 M L2 sin2 o0 (30.39b)
o33 = JP. [ )2+ dm =2ML2, (30.390)
L= - JP, [ pjp5 ] dm =M (L sin o)(L cos o)
~M (- L sin a)(- L cos o) =— M L? sin 20t , (30.39d)
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013 = —JP. [ pipsldm =0, (30.39)
523=—JP. [ pypy]dm =0, (30.39f)

since the masses are located in the p; = 0 plane. Substituting (30.38b) and (30.39) into
(30.10) the angular momentum H_ may be written in the form
H,=1; o e =1;, oe =I5, 0)e; + (5 0)e,+(I; w)e;,
H, =(2ML?cos? o) we] —(ML?sin20) o e . (30.40)
Notice first that the off-diagonal term I, causes the angular momentum H_ to have a
term in the e) direction even though the body is only rotating about the e; direction.

Recalling that H  is expressed in terms of the rotating basis e}, the rate of change of

angular momentum becomes

H, = xH =-(ML?sin20) 0?e} , (30.41)
since  is constant. Thus the balance of angular momentum (29.6) yields an expression
for the moment M| applied to the body of the form

M, =1, ®%e}=-(ML?sin20) o’ e} . (30.42)
Notice from (30.42) that if the angle o vanishes then e} are principal axes of inertia so

the off-diagonal terms of the inertia tensor vanish and there is no moment required to

rotate the body with constant angular velocity about the principal e; axes. This means

that in general there is no moment required to rotate a body with constant angular
velocity about any of its principal directions. Notice also, that if 0 < o0 < /2 then the

moment M is directed along the negative e; axes which is consistent with the physical
notion that if masses were allowed to rotate freely in the e;—e; plane then the angle o

would tend to zero.
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Fig. 30.4

Since we can always choose a body coordinate system in which the inertia tensor is
diagonalized it is of interest to reconsider the previous example and examine what
simplification and complications occur when we refer all tensors to the vectors €;" which
are oriented along the principal directions of the body (see Fig. 30.4). For this case the

base vectors e!' also rotate with angular velocity @ such that

(:DO

= xe' , ®=m(cosoe+sinoey) . (30.43a,b)

n

Since e!' are principal axes of inertia the components 1".. of the inertia tensor referred to
1 0i]

e;' become
— — 2 — — — —
L=l =2ML", I =1 =113=153=0 . (30.44a,b)
Recalling that any vector or tensor can be referred to any coordinate system, the angular

momentum vector H  may be written in the form
— I n "n _ n " " n " " n " "
H, =1 o ¢/ = (15} o) €)' + (55, ;) €)' + (I 533 03) €3,

H, =1, ®)e]'=2ML?) (@cos o) e]' . (30.45)

Since m is constant we have

H =0 xH =-(ML?sin20) o’ e;" , (30.46)
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which gives the same moment M as in (30.42). Notice that here the components I(')ij of

the inertia tensor are simple but the components of the angular velocity ® referred to e;'

are more complicated. Since both choices of the coordinate system yield rather simple

analyses the particular choice becomes merely a matter of preference.
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31. Transfer Theorem For The Inertia Tensor

ot

Fig. 31.1

If a body is composed of N parts P;' (I=1,2,...,N) (see Fig. 31.1), then by the additive
property of integration we obtain the additive property of the inertia tensor referred to an
arbitrary point B in the body

P'=P,UP,U..UPY , (31.1a)
Ig= g+ g +... + I > (31.1b)
where I is the inertia tensor of the whole body relative to B and I is the inertia tensor

of the part P of body relative to B

=), pl@+p1-peplav . (31.20
5=l oL+ p 1-poplav . (31.25)
I
Furthermore letting Ifaij be the components of Iz and Iléij be the components of Iy
relative to the body base vectors €; we have
Igij = 11pij + 2lgjj + - + nlpij - (31.3)
It is important to emphasize that the components of tensors can only be added if they are

referred to the same base vectors.
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Fig. 31.2

Sometimes a body is composed of simple parts such as the body shown in Fig. 31.2.
Since the each of the parts is a simple geometric shape it is usually possible to find the
principal values of inertia about the part's center of mass in tables found in dynamics
books. However since the centers of mass and principal directions of the parts do not
necessarily coincide the components found in the tables cannot be added directly. It is
necessary to calculate the inertia tensor of each part relative to the common point B and
also transform the components to a common coordinate system before we can use the
formula (31.3). In the previous section we discussed the transformation of components

of a tensor from the primed system e} to the double primed system e} [see equations
(30.37) and (30.37)] so here we can focus on the transfer theorem which allows us to
calculate the inertia tensor relative to an arbitrary point B attached to the body, given the

inertia tensor I of the body relative to its center of mass.

To this end let: B be an arbitrary point attached rigidly to the body; p be the position
vector of the center of mass cm relative to B; p be the position vector of an arbitrary point
in the body relative to B; and & be the position vector of an arbitrary point in the body

relative to the center of mass so that (see Fig. 31.3)
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Fig. 31.3

p=p+§& . (31.4)

Using the formula (31.2a) for I, and the representation (31.4) we may write

=) o {@+8) G+E )} 1-@+8)0F+)]av .
=) p[@ep+2pE+E &) 1-(pop +p&E + £Op+ £ ®E) AV |
p=lopl€ 8 1-gsglav+ [ p[@-m1-peplav

] oplepet)1-goee +eop Jav . (31.5)
However, since & is measured from the center of mass of the body

Jppa dv=0, (31.6)

and p is independent of the integration equation (31.5) reduces to
Ig=m[(pep) I-p®p] +1 , 31.7)

where 1 is the inertia tensor relative to the center of mass. This is the transfer theorem

for the inertia tensor. Now, if we refer all tensors to the base vectors e} we may write the
component form of (31.7) as
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Igi = 1+ m [y, by 8- P (31.8a)

and the expanded form as

g =1 +m [@E)*+ ()2 . (31.92)
I3y =1, +m [@)? +(Py?] . (31.9b)
Ips3 =135 +m [GD*+ @y (31.90)
I,=1 -m[p;p3] . (31.9d)
iz=15 —m[pj p3] (31.9)
Loy =1p; —m[pyps] - (31.90)

Notice that even if e; are parallel to the principal directions of inertia about the center of

mass (i.e. Ti'j is a diagonal tensor) they may no longer be parallel to the principal
directions of inertia relative to the point B (i.e. Ifaij may not be a diagonal tensor).

Finally, we emphasize that although equation (31.7) holds even if the point B is not

rigidly attached to the body the resulting tensor Iz cannot be used in the expression Hg =

I; o for the angular momentum of the body since then p will not be a vector of constant

length rotating with angular velocity @ (i.e. p # ® X p).
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32. Planar Motion

Fig. 32.1

GENERAL PLANAR MOTION

For general planar motion of a rigid body relative to the plane e,—e, we require all
points in the rigid body to move in planes parallel to the plane e,—e,. Mathematically
this means the velocity of every point in the e; direction vanishes

e;ev=0. (32.1)
Letting: p be the position of an arbitrary point in the body relative to the center of mass;
v be the velocity of the center of mass; and ® be the angular velocity of the rigid body,
the condition (32.1) requires
e;*(V+oxp)=e;*V +(e3xm)*p=0, (32.2)
for every point p. It follows that for planar motion we require
e;°v=0,e;xw=0, (32.3a,b)
which means that the center of mass moves in the e,—e, plane and the body only rotates
about the e; direction so the angular velocity becomes
w=me; . (32.4)

Since the center of mass only moves in the plane it follows that it has no acceleration

in the e; direction so from the balance of linear momentum we may deduce that the force

F is also planar with
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Thus, for planar motion the balance of linear momentum reduces to the two scalar

equations
ma, =F, , ma,=F, . (32.6a,b)

We can also refer the vectors to the rotating body coordinate system e} defined by

[ )
e =mXxe (1):0)e3:0)eé , (32.7a,b)

i )
and write the balance of linear momentum in the form

m a;=F; , ma,=F, . (32.8a,b)
Letting Ti'j be the components of the inertia tensor I relative to the center of mass we
may express the angular momentum H relative to the center of mass in the form
=Tj) of ¢ + I o) ¢ + Ty o} €],
=l0ej+1;0e)+1;0€]. (32.9)

* SH _ 8H _
H:—+(o><H:§+(oeé><H. (32.10)

However since e; is a body coordinate system the components Ti'j are constants so that

SH _ o
gzligme; . (32.11)

Expanding the cross product in (32.10) we deduce that

H=(150-T,;5 0% e +(y0+15 0% e+ (I 0)e) . (32.12)

Thus, the component form of the balance of angular momentum (29.22) may be written

as
T50- 15 0*=M] (32.13a)
Th0+T502 =M} (32.13b)
T 0=M; . (32.13c)



It is important to emphasize that since the body is rotating about an axis which is not
parallel to a principal axis of inertia the off diagonal components of the inertia tensor do
not vanish so we must apply moments 1\_/Ii and 1\_/Ié in order to maintain planar motion
relative to the e;—e, plane.

PURELY PLANAR MOTION

If the plane of motion e;—e; is perpendicular to a principal direction of the inertia

tensor then two of the off-diagonal components of inertia vanish (note that Tl'z need not

vanish and will depend on our choice of €;)

I,3=0 ,1,;=0, (32.14a,b)

so the balance of angular momentum reduces to a single scalar equation (32.13c) which

can be rewritten in the simpler form 1= T3'3)

H=To=M , H=To. (32.15a,b)
For this case the motion is called purely planar motion since the only moment that need

be supplied is a moment in the direction perpendicular to the plane of motion.
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33. Impulse On A Rigid Body

In view of the simplicity of the balance of linear momentum (29.5) and the two forms

of the balance of angular momentum (29.6) and (29.2) it follows that changes in

momentum from time t; to time t, can be determined by integrating these balance laws.

A
A A a
In particular, we can define the impulsive force F and impulsive moments M , M such

that

b

A

Fz_[ Fdt ,
t

b

A

M=) Moar
t

so that integration of these balance laws yields the equations

b

A °

F:,[t Gdt=G,-G, .
|

b

0 =]

MO: ( Hodt:H02 H01 ,
A t2: _
M:Jt Hdi=H,-H,

1

(33.1a)

(33.1b)

(33.1¢)

(33.2a)

(33.2b)

(33.2¢)

As an example let us consider the purely planar motion of a rigid body that is acted

A
upon by an impulsive force R (see Fig. 33.1). The body has mass m, moment of inertia

— — A
I = m k2 about its center of mass and is initially at rest. The impulsive force R is applied

in the ei direction
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A

A
R=Re; , (33.3)
at the position x; relative to the center of mass

x;=-se —he;, . (33.4)

@ center of percussion

Fig. 33.1

Letting v, be the velocity of the center of mass after the application of the impulsive

force, equation (33.2a) can be used to deduce that
A
AAA - - - R
which means that the center of mass moves in the direction of the impulsive force. Next,
we consider the consequence of the balance of angular momentum about the center of
mass and let @, = m, e3 be the angular velocity of the body after the application of the

impulsive force, so that (33.2c) yields

A

M=H,-H,=1w,¢; . (33.6)

However, if we assume that the impulsive force is applied to the body over an

infinitesimally small time interval then the vector x; remains nearly constant during the
A

application of the impulsive force so that M may be approximated by

A 2 A A
M= Jt x, xR(H) dt=x, xR=hRe} . (33.7)
1
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A
where R(t) is the force associated with the impulsive force R. Substituting (33.7) into

(33.6) we may calculate the value of the angular velocity ®,

A
h R

W,=0m,e3 , W= ? . (33.8a,b)

Next, we calculate the velocity of an arbitrary point A which is attached to the body
and which is located by the position vector p relative to the center of mass. Thus, after

application of the impulsive force we have

— o —
A=SV+P = V+O XD,

A\
A A
R 1 hR 1 1 1 1 1
VA= m €t ?%X(Pl e +pye;) ,
A A A
R hR . hR
Va=lm - : pyl e +[T pile; . (33.9)

Recall that the body instantaneously rotates about its instantaneous center of zero velocity

which is located by the values of p; and p, associated with the point A whose velocity

vanishes

P1=0.P=mh =h - (33.10a,b)
The result (33.10a) states that the instantaneous center of zero velocity lies along the line
perpendicular to the velocity of the center of mass of the body as it should. Also, note

that for impulsive problems this point is called the center of percussion because if the

body were hinged there the impulsive reaction at the hinge would vanish.
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34. Energy Equation For A Rigid Body

Recall from (18.5) that we proved that for a single particle the rate of work of all

external forces is equal to the rate of change of kinetic energy

|
P=Fev=T=g[amvev]. (34.1)

Similarly we proved for a system of particles rigidly connected by central forces that the
internal forces do no work so the rate of work done by external forces again equals the

rate of change of kinetic energy [see (27.4) and (27.16)]

N ® N 1

Before developing the energy equation for a rigid body it is desirable to first develop
an expression for the kinetic energy of the rigid body. It follows from the definition
(27.3b) for the kinetic energy of a system of particles that the kinetic energy of a rigid
body should be defined by

T:J%v-vdm. (34.3)
Next, referring the motion to the center of mass we may write

X=X+p, V=EV+P=V+OXPp , (34.4a,b)

where p is the vector from the center of mass X to an arbitrary point in the body and ® is

the angular velocity of the body. It follows from (34.4b) that
vev=(V+OXp)*(V+®Xp) ,
Vev=vev+2ve(®@Xp) +(®xp)e(wXp) ,

vev+2ve(@Xp) +we[pX(®xp)],

<

Vv

Vvev=vev+2ve(@Xp)+oe[(pepo-(pew)p] . (34.5)

Thus, the kinetic energy becomes

1 _ _ _ 1
T= _[j v-vdm+2v-[a)xjj p dm]

1
+2 w‘.[[(P‘p)(O—(p'(O)p]dm,
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1 -
T=5 mvev+T, (34.6)

where the kinetic energy of motion relative to the center of mass T is given by

- 1 _ 1 - 1
T=3w*H=50°10 =75 o

I o . (34.7)
Note that in words, equation (34.6) states that the kinetic energy of the rigid body is equal
to the kinetic energy of the center of mass plus the kinetic energy of motion relative to
the center of mass.

If the body rotates about a fixed point O (see Fig. 34.1) then the kinetic energy T may

be expressed in the alternative form
I3 1| 1|
T=)73 vevdm =5 J(@Xxxev)dm=5])(®w*xXVv)dm |,

T:% m-J(xxv)dm:% m-HO:% oI ® :%mff'u(of : (34.8)

One of the differences between a rigid body and a system of particles is that it is
possible to apply external moments at points on a rigid body which can do work on the
body. Therefore, in order to develop the general form of the energy equation for a rigid
body we generalize the procedure used to obtain (34.2) which took the scalar product of
the equations of linear momentum of each particle with its associated velocity and

summed the result. Thus, for a rigid body we multiply the linear momentum equation

(29.5) by the velocity of the center of mass v and multiply the balance of angular

momentum (29.22) by the angular velocity ® and sum the results to obtain

J N ~ J N M
[Jbdm+ 3 F,] ev+[Jpxbdm+ ¥ p;xF,+ ¥ M] .0
=mvev+Hew , (34.9)

where p; is the vector measured from the center of mass to the point of application of the

force F;. Using the properties of the scalar triple product and the fact that v and o are

functions of time only it is possible to rearrange this equation into the form
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N M L] [ )
Jb-(V+(o><p)dm+ Y Fie(v+oxp)+ Y Meow=mvev+Hewo . (34.10)
i=1 i=1

However, since p and p; are each vectors that connect two material points on the rigid

body it follows that the absolute velocity v of an arbitrary material point and the absolute

velocity v; of the point of application of the force F; are given by

V=V+®XP, V;=V+OXP,, (34.11a,b)
so that (34.10) reduces to
N M s
Jb-vdm+_21 Fi-vi+'21Mi-u):mv-v+H-(o. (34.12)
1= 1=

Next, using (34.7) and the fact that e; is a body coordinate system it may be shown that

3l e

= | Ti'j o (34.13)

Moreover, expressing H in terms of its components relative to e; we have

H=1oe , (34.14a)
* SH _
H:g +0xH, (34.14b)
i SH _ e .
H'u)—st'u):ll' wecw=0lw=T. (34.14¢)
Thus, it follows that
myvev+Hew=T (34.15)
so the energy equation for a rigid body may be written in the usual form
P=T, (34.16)
where the mechanical power P is defined by
N M
P:J‘b-vdm+‘21 Fi-vi+_21Mi-(1). (34.17)
1= 1=
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For a uniform (independent of position) body force b, the rate of work of the body force

can be expressed in the simple form
Jb-vdm:mb-V, (34.18)

which is equivalent to an external force (m b) acting at the center of mass of the body.

Then, (34.17) reduces to the simpler form

N M
P:mb-v+_21 Fi-vi+‘21Mi-(1) : (34.19)
1= 1=

Here it is important to emphasize that the external forces F; are multiplied by the absolute
velocities v; of the material points where they are applied and that all the external
moments M; are multiplied by the same absolute angular velocity @ of the rigid body.

Using the form (34.19) of the mechanical power we may integrate the energy

equation (34.16) over the time interval [t,t,] and write an energy equation in the form
Uy =(Ty =T+ (Vg = Vg )+ (Vey = Vo)) (34.20)

where 62 ;1 1s the work done by all external forces which don't contribute to gravitational
potential energy Vg or elastic potential energy V, and the work done by all external

moments.

Fig. 34.1
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35. Angular Momentum And Transformation Relations

Fig. 35.1

Consider a rigid body that is moving and rotating with absolute angular velocity ®

relative to a fixed coordinate system e, with origin O. Let €; be a body coordinate system
rotating with angular velocity @ and let e] be another coordinate system rotating with

angular velocity Q such that

¢ =oxe , ¢/ =Qxe| . (35.1a0)

1
1 b

Recall from (29.25) that the angular momentum H | of a body about the fixed point O is

the angular momentum of the center of mass plus the angular momentum H about the

center of mass

H=xxmv+H , (35.2)

(0)

where H may be expressed in terms of the components Ti'j of the inertia tensor I relative
to the basis €; as
H=1

Loe . (35.3)

Note that since ﬁ, i,  are tensors we can express them in terms of any basis which we

choose. In particular we can use the basis e} and write
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H= I” el . (35.4)

To prove this we recall the properties (30.33a,c),(30.34a) of the transformation tensor Aij
between the two bases €' and e}

Aj=efee, e=Anen o Ay, =8, (35.5a,b.c)

and use (30.33b,¢) to derive the transformation relations between the components ®," and

®;' of the angular velocity vector ®

o A Ap A (9
o' =A o |95 |= Ay Ay Apz |0y | (35.6a,b)
®} Azl Az Az )| o)
O A Ay Ay (O
o =A o' =AT o, |0 |= App Ap Az || o) | (35.6a,b)
®} Az Az Az ) | oy

Then, with the help of (35.5), (35.6) and the transformation relations (30.37b) it may be

shown that
H=1}ole= (A, AL L) (A o) (Age) |
H = (A Ag) Apj A (g, 7' €Q) =87, 8, (T, o €))
H=I o'e=1}oe . (35.7)

Using the expressions (35.3) and (35.4) and recalling the associated angular velocities

of the base vectors e} and €| we may calculate the rate of change of angular momentum in

the equivalent forms

d — _
H:a(li'j 03]!) e +oxH, (35.8a)

hd d - —
H= g (Ii'JY (x)JY') el +QxH . (35.8b)
It is important to note that although the components Ti'j are independent of time because €;

is a body coordinate system the components TI'J' may depend on time.
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For example, let us consider the simple case when e; are parallel to the principal axes

of inertia so that

I, 00
I=| 9 L0 (35.9)
Plo oy
Also, let €; be related to e} such that
e, =cosde| +sinp e; , e, =—sind e] + cosp e}, (35.10a,b)
eé = eg , O=pt, (35.10c,d)

For this case the rigid body rotates with angular velocity p ey relative to the € coordinate

system. It follows from the definition (35.5a) that

cos¢ —sing O
Aij: sing cos¢p O | , (35.11)
0 0 1

so that the transformation relations (30.36c) yield

" Tu Tu

_11 _12 _13 cos¢ —sind O I, 00 cosd sing O
Iy Ty 15 |=| sing coso 0 || O L2 O 1l sing coso 0
o 0 0 1){00I 0 0 1
I3 Ip3 133
T1”1 T1”2 T1”3 . I,cos¢p I;sinp O
T cos¢ —sind O 1 1

11”2 12”2 12”3 = sinq) COS¢ 0 —I2sin¢ IZCOS¢ 0
T oIn o Ion 0 0 1 0 0 13

I3 Ip3 133

Iy I I3 1,cos20 + Lysin?p ~ {I,I,}sinpcosd O
15 Ly 1y |5 {I-I}sinocos¢  I;sin*¢ +Lcos’0 0 | (35.12)
T oIn o Ion 0 0 I3
I3 Ip3 133

Notice from (35.12) that in general the components TI'J' are functions of time and that TI'J' is
not a diagonal tensor. However, if the components of inertia I; and I, of the body along

the axes perpendicular to the axis of relative rotation e5 are equal
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I =1, (35.13)
then (35.12) simplifies to give

I, 00
n_ T 0I O
n=T=[01 (35.14)
1 1
00 I,

Physically, this means that when two principal values of inertia are equal then the body
possesses rotational symmetry about any axis in the plane characterized by the associated
principal axes of inertia. Consequently, the components of the tensor of inertia are

insensitive to rotations of the coordinate axes about the axis perpendicular to this plane.
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36. Point Masses, Massless Links, And A System Of Rigid Bodies
A point mass is an idealized rigid body which has finite mass m but zero volume so
that its mass is concentrated at a point instead of distributed over a region of space. It

follows from the definition (30.20a) of the inertia tensor about a point B that the inertia
tensor I about the center of mass of a mass point vanishes
I=0. (36.1)

Thus, the angular momentum H about the center of mass of the mass point vanishes

H=0, (36.2)

so the balance of angular momentum requires the resultant moment M about the center of

mass to also vanish

M=0, (36.3)
These results indicate that a mass point can only be subjected to a force which passes

through its center of mass.

Fig. 36.1
Sometimes a rigid body may be idealized as a collection of point masses connected

by massless rigid links (see Fig. 36.1). It follows that if the rigid body is idealized as

massless then both the linear momentum G and the angular momentum H vanish so the

153



balances of linear momentum and angular momentum require the resultant force F and
moment M to vanish

F=0,M=0 . (36.4)
Furthermore since the mass vanishes it follows from the balance of angular momentum

(29.18) about an arbitrary moving point B that the resultant moment My vanishes
Mg =0 . (36.5)

This means that the resultant moment about any point vanishes.

J'th rigid body I'th rigid body

€ L'th massless link

K'th rigid body

Fig. 36.2
Here we consider a system of N rigid bodies connected by M massless links. For
example, consider a typical case where the L'th massless link connects the I'th, J'th and

K'th rigid bodies (see Fig. 36.2). Let R; be the resultant external force applied to the I'th

rigid body and let i be the resultant external moment applied to the I'th rigid body about

its center of mass EI. Also, let R; and p; be the resultant external force and moment
applied to the L'th link at the point x; . Furthermore, let fj; be the force and my; be the
moment, both applied by the L'th link on the T'th rigid body at their point of contact xy; .

Since the force and moment applied by the I'th rigid body on the L'th link are equal in

magnitude and opposite in direction to the f;; and my, respectively, the free-body

diagrams of the I'th rigid body and the L'th link are given by Fig. 36.3.
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L'th massless link

1259 R
R, -my I

fiL ; XL L

I'th rigid body

- fKL — My

Fig. 36.3
It follows from the free body diagram that the balances of linear and angular

momentum of the I'th rigid body may be written in the forms

G =R, +f; . (36.62)

Hp =x; X Ry +pp+xpy X fi; +myp (36.6b)

To

where Gy is the linear momentum of the I'th rigid body and Hy, is the angular momentum

of the I'th rigid body about the fixed origin O.

For our present purposes we allow the massless link to be a joint which enforces
kinematical constraints on the relative motion of the connected body or even a motorized
joint which can control the relative motion between the connected bodies. However,
since the link is considered to be massless we assume that like a massless rigid body, the
resultant force and moment applied to it both vanish. In particular, with reference to the
L'th link in Fig. 36.3 this assumption requires

Ry + (1) +(—f) + () =0, (36.7a)

+(—my) +(-myp) + (—my)] =0 . (36.7b)

Now, if we sum the balances of linear and angular momentum of the system of three

rigid bodies in Fig. 36.2 we may deduce that

GI + GJ + GK = (RI + fIL) + (RJ + f]L) + (RK + fKL) ,
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G+ Gy +G=R + R+ Ry + (F +1 + ) (36.82)

[ [ _
HIO + H]0 + HKO = (xI X RI + Mg+ Xqp X fIL + mIL)

+ (X]XR]+].L]+X]L><f]L+mJL)

+ (Xg X Ry + U + X X fep +myp)
Hp, +H; +Hg = XX R+ By + X X Ry + g + X X R + )

+ [XIL Xt +my +xpp X +myp 4 X X + mKL] . (36.8b)

With the help of the equations of motion (36.7) of the massless link equations (36.8) may

be rewritten in the forms

(.}I + é] + éK =R+R;+Rp) + Ry, (36.9a)

HIO + HJ

0+HK0:(EIXRI+;.LI+§]><R]+;.L]+§K><RK+uK)

+xp XRy + 1y . (36.9b)

These equations state that the rate of change of the linear momentum of the system is

equal to the total resultant external force applied to the system

G=F, (36.10)
and that the rate of change of angular momentum of the system about the fixed point O is

equal to the total resultant external moment applied to the system about O

H=-M_ . (36.11)

(6] (6]
It is important to emphasize that in calculating the resultant external force applied to the
system we must include both the external forces and moments applied directly to the rigid
bodies as well as those applied directly to the link.

Obviously, this analysis of a system of three rigid bodies connected by a single
massless link can be generalized to a system of any number of rigid bodies connected by
any number of massless links. The end result of such and analysis is the statement of the
balances of linear momentum and angular momentum of the system in the forms (36.10)

and (36.11), respectively.
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Fig. 36.4

Consider the example shown in Fig. 36.4 of two point masses, each of mass m, which
are connected to a massless link AOBD which is allowed to rotate freely about the fixed

e, axis. Letting e; be a rotating set of base vectors defined so that the two masses remain

in the e;—e, plane we have

e=mXxe , ®=e,. (36.12a,b)

1 9
Furthermore, the link has a motor D (also idealized as massless!) which controls the

angle o between the bars OA and OB and the e, direction. Initially the system has

constant angular velocity mj, and constant angle o, so that

®(0) = @y , 0) =0y , 00)=0 . (36.13a,b,)
The motor D is then operated to change the angle o as a function of time. The objective is

to determine the value of ®(t) caused by this change in o
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e e) €3
0] 0 O] 0
X\ — L sino L cosa. 0
Ox 5 /8t _ L ¢ coso, _ L o sino 0
® X X, 0 0 o L sino
Va -L (;c cosQL -L (;L sino ® L sino
XA XMV, m o L2 sino coso. m o L2 sino. mL2 (;L
Xp L sino L cosa 0
Oxp/dt L o coso, L o sino 0
® X Xg 0 0 — L sino
VB L o cosot ~L o sinot — © L sino
Xg XM vy —m o L? sino coso m o L2 sino. ~mL2 (;L
G 0 ~2mL o sino 0
d e
G/t 0 ~2mL g (o sino) 0
o xXG 0 0 0
. d e
G 0 ~2mL g (o sino) 0
H, 0 2 m o L2 sin%o. 0
d
oH /ot 0 2 m L2 g (o sin%o) 0
o xH, 0 0 0
. d
H 0 2 m L2 g (o sinZo) 0

Table 36.1
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Since the link is presumed to be massless the balance laws (36.10) and (36.11) hold

for the system under consideration where
G=mvy+mvpg , H =x, XmV, +XgXmvg. (36.14a,b)

In particular, with the help of Table 36.1 we have

d o
F=-2mL (osina) e, (36.15a)
2i 2 '
M, =2 m LG (0 sin“o) ey . (36.15b)
m

A B

>

€

Fig. 36.5

Replacing the bearing with a force F; and moment M, each associated with the point x,;

of application of the force, and neglecting the force of gravity we obtain the free body

diagram Fig. 36.5 and expressions for F and M| of the form
F=F , M =x,xF +M, . (36.16a,b)
However since x is parallel to the e} axis with
x,=-he) , (36.17)

it follows from (36.15a) that (36.16b) may be written in the simpler form
M, =M, . (36.18)
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Furthermore, since the system is free to rotate about the e) axis the component of the
external moment M, in the e, direction vanishes
M,*e;=0 . (36.19)
Thus, in view of the result (36.15b) and (36.18) we may conclude that M| vanishes
M, =0, (36.20)
so the angular momentum H | is constant
H =2mo L2 sino e, = constant . (36.21)

With the help of the initial conditions (36.13) we may conclude that

sinocO 2
o= ) > (36.22)

sino
which is the desired result. Notice from (36.15a) and (36.22) that the external force
applied by the bearings on the system is in the e) direction only and that the angular
velocity  increases as the angle o decreases.

As another example consider the system of two rigid disks A and B connected by a

massless link that includes a motor D (see Fig. 36.6). The system is free to rotate about
the fixed e5 axis and the angle o between the horizontal plane and the shaft of the motor
remains constant. The system is initially at rest. Then the motor D is turned on and it
starts rotating body A relative to body B until the shaft of motor D attains a constant
angular speed p. At this time the system reaches steady state with body B rotating with

angular speed €2 in the e} direction. The objective is to determine the angular velocity of

the body B.
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Fig. 36.6

To this end, let e} be base vectors defining a body coordinate system which rotates

with body B such that the angular velocity € is given by

e=Qxel , Q=Qe} (36.23a.b)

m

and the shaft of motor D remains in the e|—e; plane. Furthermore, let e!' be another set

m

of rotating base vectors defined by taking e3' parallel to e3 and e} parallel to the shaft of

the motor so that

e|' =coso e} +sinae; (36.24a)
e;' =—sino e] + coso e, (36.24b)
ey'=e;, (36.24¢)

&' =Q xel' . (36.24d)

Also, since the body A rotates relative to e} with angular speed p in the direction of the

shaft of motor D it has angular velocity @ given by

m m

®=Q +pe|' =Q (sinc.e]' +cosoey) +pe;" . (36.25)
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M1 F1

Fig. 36.7

Replacing the bearing with a force F; and moment M, each associated with the point
x, of application of the force, and neglecting the force of gravity we obtain the free body
diagram Fig. 36.7 and expressions for resultant external force F and moment M of the
form
F=F , M =x,xF +M,, (36.26a,b)
where x| is parallel to the €5 and is given by
x;=-he; . (36.27)
Since the system is free to rotate about the e; axis, the component of the external moment
M, in the e direction vanishes
M, *e;=0. (36.28)
It then follows from (36.26b)—(36.28) that no matter what the value of F| we have
M ee;=0, (36.29)

so that the balance of angular momentum of the system yields the result that the

component of angular momentum H | in the constant ej direction remains constant

H ¢ e; = constant . (36.30)
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However, since the system initially is at rest the value of the constant is zero so that
H *e;=0 . (36.31)

In order to derive an expression for H  of the system for the steady state situation we

denote the mass of body A by m, and its inertia tensor 1 Kij about its center of mass and

relative to the e}' system by

T om 0 I 0

m

This indicates that body A has rotational symmetry about the e|' axis. Similarly, we

denote the mass of body B by my and its inertia tensor TB”ij about its center of mass and

relative to the e} system by

T 0 1 0

This indicates that body B has rotational symmetry about the e} axis.

Now, the angular momentum H_ of the system may be represented in the form
H, =[x, xm, v, +H, ]+ [xgxmp vg + Hg] . (36.34)

However, for body A we have

x,=Lel" , vy =Qxx, =-—QLcosoej , (36.35a,b)
§A><mAVA:mAQL2 cosov ey’ (36.35¢)
H,=1,®=1,,(Qsino+p)e}'+1,,(Qcosa)ey , (36.35d)

and for body B we have

Combining these results we have

H, =1,; (Q2sina +p) e} + (Q cosa) (m, L2+ [, e) +1z,Qe5 . (36.37)
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Here, it is important to emphasize that we have calculated each of the vectors with
respect to the base vectors which yield the simplest expressions and that we have added
these results in vectorial form. It follows from (36.31) that Q2 and p are related by the
expression
1,, (Qsino +p) (e]' *€}) +(Qcoso) (my L2 +1,,) () *€}) +15,Q2=0 .

Next, with the help of (36.24) we may deduce that

1,, (Qsina + p) sina + (Q cosar) (m, L2 +1,,) cosa + 15, =0, (36.39)
so that

I, p sina

O=_ (36.40)

Iy sinZol + (my L2+ Ix,) cosZa, + Iz,
which is the desired result. Notice that the denominator is positive and that for o

between 0 and 1/2 and the sign of € is opposite to that of p.
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37. Gyroscopic Effects
In order to begin to understand gyroscopic effects let us first consider the simple case
of a gyroscope which is designed with three perpendicular frictionless gimbals that allow

the gyroscope to rotate freely without applying any moment about its center of mass

M =0 . (37.1)

It follows from the balance of angular momentum that (37.1) causes the angular

momentum H about the center of mass to be constant

H = constant . (37.2)
Now if we start the gyroscope spinning with angular velocity @ parallel to one of its

principal axis of inertia we have

H=To=1o , (37.3)

where T is the principal value of inertia associated with this axis of rotation. Since I is
constant it follows from (37.2) and (37.3) that angular velocity ® remains constant

® = constant . (37.4)
This means that the gyroscope will continue to rotate with constant rotational speed l®|

about a fixed direction in space. For this reason the gyroscope tends to point in a
constant direction and can be used for navigational purposes. Of course, frictional effects

cause small moments to be applied to the gyroscope which must be corrected.

/I\ q
o 42 Ao

n
€

n

4

Fig. 37.1
Now that we know what happens to a gyroscope which is free of moment let us

consider the case when moments are applied that cause constant angular speed about two
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axes. With reference to Fig. 37.1, let e] be parallel to a principal axis of a body which is
tilted by an angle 8(t) relative to the horizontal plane. Furthermore, let the €} coordinate
system rotate with angular velocity Q so that e3 always remains in the horizontal plane

and the vertical e]—e5 plane rotates about the vertical axis e, with constant angular speed

q so that

e =Qxe (37.52)

Q=qe,+0e;=q(sinbe] +cosbe)) +0e3 . (37.5b)
Also, let the body rotate relative to the e} coordinate system with constant angular speed

p about the €] axis so that the absolute angular velocity @ of the body becomes

w=Q +pe|=(qsinb+p)ej+qcosbe;+ O ez . (37.6)

In this example we calculate the moments applied to the body about its center of mass O
and we calculate the rotation 0(t) caused when the body is assumed to rotate freely about

the eg axis.

Assuming that the body is a homogeneous body of revolution with respect to the e

axis, the components Ti'j of the inertia tensor relative to its center of mass and relative to a
body coordinate system e; parallel to the principal axes of inertia may be written in the

form

I, 0 0
Ii=| 01, 0 (37.7)
00 1,

Since T2'2 and T3'3 are equal it follows that the components of inertia TI'J' relative to e} are

unaffected by the rotation of e; relative to e} so that
II'J' = Ii'j . (37.8)
Thus, the angular momentum H about the center of mass becomes
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H=I}ole/=1,(qsin6+p)ej+1,(qcosb) es + [,0ej . (37.9)

From the balance of angular momentum we may calculate the moment M applied to the

center of mass

M=H . (37.10)
The results of this calculation are summarized in Table 37.1. Since the body is free to

rotate about the e;" axis the component of the moment about this axis vanishes

Mee}=0 . (37.11)

This gives an equation for determining 6(t) of the form

I, 0+ (Tz—fl) q> sinG)cosG)—fl pqcos6=0 . (37.12)
Multiplying (37.12) by 0 and integrating we obtain

_ e 1 — _ —
1,02+73 (I,-1,)q?sin®0 -1, pqsin@=C , (37.13)

N —

where C is a constant of integration which is determined by the initial conditions. For
(]
example if the initial values of 6 and 0 are given by

0(0)=0 . 6(0) =0 . (37.14a,b)

then the constant C vanishes and (37.12) and (37.13) may be written in the forms

(1) 1 _ _ _

0=—" [(11— 1,) > sind + Ilpq} cosf , (37.152)
I
2

6=+ [(T ~1,)¢*sinf+21 } sin (37.15b)
i 1~ 1204 1Pd : :
2

Notice that initially we have

|>—<|
—_

00)=0 , 6(0)= — pq . (37.16a.0)

2

— |
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so that if pq > 0 then 6(0) > 0 and the axis €] tends to tilt up whereas if pq < 0O then

0(0) < 0 and the axis €] tends to tilt down. Also, notice that when 6= +1 we have

|>—<|
—_

0(zn)=0 , 6(xm) =— Pq -

— |

(37.17a,b)
2

This means that the body will oscillate between 6=0 and 6=r for pq > O whereas it will
oscillate between 6=0 and 0= —= for pq < 0.

() e e;
Q g sin® q cosO é
H Tl (q sin® + p) Tz (q cosB) Tz 0
SH/8t Tl q 6 cosO — Tz q 0 sin6 Tz
q cos9 Tz 0 —q sinf Tz 0 g sinf Tz (q cos0)
Q xH . o
~qcos 01,0 + 1,(qsin®+p) 0 | —I;(qsinb +p)qcosd
. 1,0
. -21,q06sin6
H Tl q 0 cosO ~ . +(T2—T1)q2sin6cos6
+ I,(qsin6 +p) 6 _
—1,pqcosd
Table 37.1

168



38. Euler Angles And A Spinning Top

Fig. 38.1

In order to describe Euler angles it is convenient to consider the physical problem of a
spinning top whose tip O is fixed in space (see Fig. 38.1). In this problem we introduce

four coordinate systems and consider the transformation relations between them
e—e' — e — e . (38.1)

The base vectors e; are fixed in space with

=0, (38.2)
whereas the base vectors e!", e;', e} rotate with angular velocities which are functions of
the rates of change of the Euler angles {y, 0, ¢} which define the orientation of e; relative
to e,

Precession Angle : The base vectors e;" are related to e; by a rotation about the e axis

through the angle y, which is called the precession angle, and the transformation

relations are given by
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m

e"=cosye +sinye, , (38.3a)

m

e)'=-sinye +cosye, , (38.3b)

ey =e; . (38.3¢)

m
1

m

Nutation Angle 8: The base vectors ;' are related to e}" by a rotation about the e;" axis

through the angle 0, which is called the nutation angle, and the transformation relations

are given by
e'=e’" . (38.4a)
ey =cosbe," +sinBey" , (38.4a)
e;'=—sinfe," +cosbey" . (38.4b)

Spin Angle ¢: The base vectors e} are associated with a body coordinates system which
rotates with the top. These base vectors are related to e}' by a rotation about the e;' axis

through the angle ¢, which is called the spin angle, and the transformation relations are

given by
e, =cospe; +sindpe) , (38.5a)
e,=-sinpe;' +cospe) , (38.5b)
e;=e;' . (38.5¢)

It is important to note that even though the relationship between e; and e; is quite

complicated it can be described by three consecutive simple rotations, each about a single

axis (see Fig. 38.2).

Fig. 38.2
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Before proceeding with the solution of the spinning top problem it is important to

note that the transformations (38.3)—(38.5) can be written in a convenient matrix forms

ei”
m
€
eé”
ei'
eé‘

eé'

1
€
e'
e

W=

€

—siny cosy 0 || €2 |,

[cosw siny 0
0 0 1 €3

10 0 (e
—| 0 cos® sinb || e
0 —sin® cosO )"

(¢
w

"

[cosq) sing 0 [ €1

"

—sing cosdp O || €2
"

0 0 1 €3

(38.6a)

(38.6b)

(38.6¢)

Furthermore, since the matrices in (38.6) are orthogonal their inverses are equal to their

transposes so that the inverse transformations can be written in the matrix forms

€

Now the angular velocity €2

m

€

cosyy —siny O
[sin\p cosy 0 || €
0 0 1 €3
1 0 0 €
—| 0 cos6 —sinb || e,
0 sin® cosO e

cosdp —singp 0 [ €1
=| sing cosp O || €2
0 0 1 €3

of the system e;' is given by

° ° L4
e'=Q xe' , Q =y e;+0 e .

(38.7a)

(38.7b)

(38.7¢)

(38.8a,b)

However from the geometry of Fig. 38.1 we may write e; in terms of €}' in the form

so that Q becomes

— b " "
ey = sin6 e,' + cos6 e,

Q =0 ei'+\‘|f( sinf e,' + cos6 e3')

Also, the angular velocity @ of the system e; is given by
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[ )
1 1
e=0 Xe ,

(38.11a)

© =Q+de;'=0 e;'+(y sinb ) e, + (Y cosb +¢) e3'. (38.11b)
Furthermore, let the body base vectors e; be parallel to the principal axes of inertia and let
the top have rotational symmetry about the e; and e axes so that the components IO'ij of

the inertia tensor about the point O and relative to the basis ;' are

" 0 I 0
Ioij = 0 0011 ; . (38.11)
033

However since I 1, =15, it follows that the components Io'ij of the inertia tensor relative

to ;' are unchanged by the spin ¢ so that

IH

— 1
oij = Lojj -

(38.12)

A 3

Fig. 38.3

From the free-body diagram in Fig. 38.3 we see that the only forces acting on the top

are the force of gravity mg which acts through the center of mass in the negative e4
direction and the reaction R applied at the point O by the floor on the top so that
F=R-mge; =R} e/'-mg(sinb e)' + cosb e3) , (38.13a)
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F =(R]) e;' + (R} — mg sinB) ;' + (R3 —mg cosb) e}’ . (38.13b)
In order to calculate the value of R and the motion {y(t), 6(t), ¢(t)} we must consider the

balances of linear and angular momentum. To this end we note that the vector x from O

to the center of mass is given by
x=Le} , (38.14)
where L is a constant. Also, the angular momentum H_ about the fixed point O becomes

H =lo=1} o (38.15a)

oy —j 1
H,=(,,,0)e]' + 0, ¥ sin6)e; +[I 33 (W cosB+) ] ey .  (38.15b)

Now the acceleration a of the center of mass and the rate of change of angular
momentum are calculated in Table 38.1.

It follows from the balance of linear momentum that

R=mge;+ma =mg(sinO e} +cosOe}’) + ma , (38.16a)
Rj=m [LVsing+2Ly 6 cosd ] , (38.16b)

Ry =m [ gsinf— L.G. + L\‘p2 sin@ cosO | , (38.16¢)

Ry =m [gcosO—L 62— Ly2sin0] . (38.16d)

Furthermore, the moment M| about the point O becomes

M,=(Le)xX[-mges], (38.17a)
M, = (L e3) X[-mg(sinb ey +cosbey) ], (38.17b)
M, =mgLsinfe;' , (38.17¢)

so the balance of angular momentum yields the equations

I,,[6- \‘|12 sin@ cosO |+ 1 55 \‘p sin® (\.p c0s6+q‘)) =mgLsin®, (38.18a)
T.;; [ sind+2 0 cosd] — T 55 ( cosO+6) 8 =0 , (38.18b)

d ° °
[ 33 gt (Wcosb+0) =0 . (38.18c¢)
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In general the solution of (38.18) is quite complicated, however, for the special case

of steady precession we have

v=Q,y=0, (38.19a,b)
8=0,6=0, (38.19¢,d)
6=p,0=0, (38.19,)

so that the equations (38.16) for the forces R' reduce to

R} =0, (38.20a)
Ry=m [ gsinf+L Q2 sin6 cosb ] , (38.20b)
Ry=m[gcosd —L Q?sin%0] , (38.20c)

and the angular momentum equations (38.18) reduce to the single equation

— 1y, Q2 sin® cosO+ 1 55 Q sinB (Q cos®+p) = mgL sind. (38.21)
Rewriting (38.21 we have

[ £, —To33) cos0 } Q2 —(I 33 p) @+ mgL] sin6=0 . (38.22)
Trivial solutions of (38.22) correspond to sin® = 0 for which 6 = 0 or 6 = +1 and the top
is vertical. If we discard these solutions then the term in square brackets must vanish so

we get a quadratic equation for the rate of precession €2 in terms of rate of spin p which

gives the solutions

lyz3p \/ (Iy33 P)* —4 mgL (I} — 1 33) cos®

Q= . (38.23
2 (Iy11 —1y33) cosO ( )

Since we require 2 to be real, the term under the square root sign must be nonnegative so

that
4 mgL (I, — L 33) cos6
p° = (1 )2 (38.24)
033
If I);; <155 then (38.24) place no restriction on the magnitude of the spin, whereas if

I,;1 > 1,35 then (38.24) means that the spin p must be greater than a minimum value for

steady precession to exist.
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At this point it is reasonable to ask which one of the solutions (38.23) is the one most
observed? In order to get a simple estimate for the difference in magnitude of these two
solution let us consider the reasonable approximation that the spin p is quite large. It

follows that (38.23) may be rewritten in the equivalent, but alternative, form

. T33P { 1 1 4 mgL (I, —133) cosb } .
= + —
2y —1g33) cos® | (Iy33 D) - (G8D)

Now, for large values of the spin p the second term in the square root function is small so

by using a Taylor series expansion we can approximate (38.25) by

I 2P 2mgL (I, -1 )coseH
033 oll  “033
Q= 1+31 , 38.26
2 (Ioll - 1033) cos6 |: +{ (1033 p)2 ( )
which yields the two solutions
o mgL
Q=Q = T 33D ° (38.27a)
o33P
33
Q=~Q,= . (38.27b)

(g1 —To33) cos® -
Notice that for large values of the spin p, the value of €2, is much smaller than €2,. Since

tops which have large spin are usually observed to have slow precession rates we may
conclude that the solution (38.26) with the negative sign is the one usually observed.
However, it is important to emphasize that the above observation does not replace
theoretical analysis of the stability of the solutions (38.26). For example, if it could be
shown that the solution with a positive sign is unstable to perturbations then we could

conclude that it is unlikely to be observed during steady precession of the top.
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+ 1,33 y? sind cosO

+ 1,33 ¢ ¥sinb

— 133 (W cosB+0) 6

€] ) €3
Q 0 \T} sin® \I} cosO
X 0 0 L
V=0 xX L y sin® L8 0
Sv/8t | Ly sin®+ Ly O cosd Lo 0
Qxv L \T; 0 cosO L \112 sin® cosO —L6%-L \112 sin%@
Ly sin® Lo .
a . . ~L 6% - L y?sin’0
+ 2L y 6 cosO + L y? sin® cos@
H, I, 0 I, V sin® I35 (W cos®+0)
. I,;; v sinB 133 (:l; cosO
OH /ot
0 Io11 © . ® .« ® .o
+1,11 W O cosb — 0sinf+ 0)
1033(\11 cose+q‘))\11 sinf | —1 33 (\I} cos€)+q‘)) 0 I \I} 0 sin®
Q xH,
~Iyp1 ¥? sinf cosd +1,,, 0y cosd I,V O sin
Lo © I, W sin@
. —1Iyp; W sin® cosd +21,, \I} é cosf To33 (v cos®
H

_y 6 5ind+0)

Table 38.1
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39. Euler Equations Of Motion

Recall that the balances of linear momentum and angular momentum are vector
equations which can be referred to any coordinate system. However, if we refer these
equations to base vectors €; which remain parallel to the principal axes of inertia of the
body then the component equations of angular momentum simplify considerably. These
simplified equations are called the Euler equations of motion of a rigid body. In

particular, let the body rotate with angular velocity ® so that the base vectors e} attached

to the body also rotate with angular velocity ®

[ ]
e =wxe; (39.1)
Referring the balance of linear momentum to the base vectors e; we may write
ma;=F] , ma}=F) ,maj=F} . (39.2a,b,c)

Since the vectors e; are parallel to the principal directions of inertia the components

Ti'j of the inertia tensor I about the center of mass may be written in the simple

diagonalized form

L= 0 Inp 0 . (39.3)
0 0 I35
so the angular momentum H about the center of mass becomes

H=1} o ¢ =, 0)ej+ (I o) e; +(;0)e} . (39.4)

Thus, using Table 39.1 the balance of angular momentum yields the equations
M| =1}, 0] + (135 -1,,) 0y o} , (39.5a)
M) =1, 0y + (I} - 133) 0] o} , (39.5b)
M} =15 o)+ (1, - 1) 0] 0 , (39.5¢)

for the components 1\_/Ii of the moment M about the center of mass.
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H L} o Iy, o, I35 03
SH/St 1) o 1y, o I35 03
o xH (135 - 1)) @ o) (1)} - 133) 0] (I, - 1)) o] )
. Ly 01 + (I35 = Iyp) @) | Ip @y + (14 = I53) 0 | I3 03 + (I — Iy o
H !
3 3 195)
Table 39.1

Fig. 39.1

Now consider the problem of a flipping coin which is a cylindrical disk of radius R,

thickness h and mass m (see Fig. 39.1). Initially the center of mass of the coin is located

at position X, it has velocity v, and the coin has angular velocity @, so that

x(0)=x, , v(0)=v, , 0(0)=0w, . (39.6a,b,c)
The coin then flips in space and its motion is influenced only by the force of gravity
which acts in the negative e; direction (see the free-body diagram in Fig. 39.2) so that the
resultant force F acting on the coin is

F=-mge, . (39.7)
Notice that since the force of gravity acts in a fixed direction it is most convenient to
solve the balance of linear momentum in terms of the fixed base vectors e;. It follows

from (39.7) that the balance of linear momentum becomes
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mXx=-mge; . (39.8)

Integrating (39.8) subject to the initial conditions (39.6) we deduce that
_ _ _ 1
x()=x5+ Vot—2 g t2 e, (39.9)

which shows that the center of mass of the coin moves in a plane parallel to the v ,—e;

plane.

Fig. 39.2
Taking e to be parallel to the axis of revolution of the coin, the components Ti'j of the
inertia tensor I about the center of mass of the coin are

I, 00

_ 1 1 h? 1
I = 8 101 IO , I; =3 mR? [§+@], I, =3 mR? . (39.10)
3

Since the coin is free from moments (l\_/Ii = 0), the Euler equations (39.5) reduce to

1o+ (I5-1) 0y 0} =0 (39.11a)
I, 0y — (I5-1) 0] 03=0 (39.11b)
®y=0 . (39.11c)

Integrating (39.11c¢) subject to the initial condition (39.6¢) we have

W3 =0); =0, *e3(0)=constant , (39.12)
where we emphasize that the components ®; are the components of the vector @, in the

direction of the base vectors €;(0) at time t=0 so that
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®g; = ® *€i(0) . (39.13)
Now the equations (39.11a,b) may be rewritten in the simpler forms
O+ Aoy=0, - L] =0 (39.14a.b)

where the constant A is defined by

a1
A="T o . (39.15)

Differentiating (39.14a) and substituting (39.14b) into the result we deduce that
O] +A0 =0 + 220 =0 . (39.16)
Thus, the solution of (39.16) and hence (39.14b) may be written in the forms
®] = Wy; cos(At) — @y, sin(At) , @, =0y sin(At) + 0y, cos(At), (39.17a,b)

where the constants have been determined by satisfying the initial conditions (39.13).

Next, it is convenient to introduce the base vectors e} such that

e =cos(At) e; +sin(At) e ,e; =—sin(At)e; +cos(At) e, ,e3=e;3 ,

I
° 3 1 n
e/=Axel, A=0+ALej=ay e + gy €5 +T, Op3 €5 - (39.18)
However, since the components of A are constants
* OA
7L=§+7L><7L=0 , (39.19)

A is a constant vector which can be written in the form

° ° oA
A=y e, ,y=alAl, e=Tp  » o=1formy;>0 anda=-1 formy; <0,(39.20)
It then follows that the motion of the coin can be described like a spinning top with the
rate of precession \‘p about the fixed e axis, with spin rate (-A) (relative to the e! axes)

about e3, and with constant angle of nutation 6 given by

cosbO=e3 *e . (39.21)

Moreover, using the fact that the components of T relative to e. and e! are the same it

follows that the angular momentum about the center of mass
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H=1} ol e =1[og) ef + oy es] +1; [oj; e3]
_ I3
H=1[A - T oges] +1; [oges] =1 A, (39.22)

is a constant vector. This is consistent with the fact that M vanishes.

\
-A \ 4 e
n e
€3
Fig. 39.3
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