788

CHAPTER 1 4

General planar motion of a
single rigid object

The goal here is to generate equations of motion for general planar motion of a

(planar) rigid object that may roll, slide or be in free flight. Multi-object systems
are also considered so long as they do not involve kinematic constraints between the
bodies. Features of the solution that can be obtained from analysis are discussed, as

are numerical solutions.
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Many machine and structural parts move in straight-lines (Chapter
12) or circles (Chapters 13). But other things have with more general
motions, like a plane in unsteady flight or a connecting rod in a car
engine. Keeping track of sudch motion is a bit more difficult. To keep
things simpler we only treat these more general motions in 2-D this
chapter.

Mostly we will use these two modeling approximations:

e The objects are planar, or symmetric with respect to a plane; and

e They have planar motions in that plane.

A planar object is one where the whole object is flat and all its matter
is confined to one plane, say the xy plane. This is a palatable approx-
imation for a f piece cut out of flat sheet metal. For more substantial
real objects, like a full car, the approximation seems at a glance to be
terrible. But it turns out that so long as the motion is planar and the
car is reasonably idealized as symmetrical (left to right) that treating
the car as equivalent to its being squished into a plane does not intro-
duce any more approximation. Thus, even in this 3-D world we live in
with 3-D objects, it is fruitful to do 2-D analysis of the type you will
learn in this chapter.

A planar motion is one where the velocities of all points are in
the same constant plane, say a fixed xy plane, at all times and where
points with, say, the same z coordinate have the same velocity. The
positions of the points do not have to be in same plane for a planar
motion. Each point stays in a plane, but different points can be in
different planes, with each plane parallel to the others.

Example: A car going over a hill

Assume the road is straight in map view, say in the x direction. Assume the
whole width of the road has the same hump. Although the car is clearly not
planar, the car motion is probably close to planar, with the velocities of all
points in the car in the xy plane (see Fig. 14.1)

Example: Skewered sphere

A sphere skewered and rotating about a fixed axes in the k direction has a planar
motion (see Fig. 14.2). The points on the object do not all lie in a common
plane. But all of the velocities are orthogonal to £ and thus in the xy plane.
This problem does fit in with the methods of this chapter. The symmetry of the
sphere with respect to the xy plane makes it so that the three-dimensional mass
distribution does not invalidate the two-dimensional analysis.
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Figure 14.1: Planar motion of a 3D car.

If the car is symmetrical it can be stud-

ied by the means of this chapter.

Filename:tfigure-2D3Dcar

Figure 14.2: Planar motion of a skew-
ered sphere. This can be studied by
the means in this chapter.

Filename:tfigure-ball
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Figure 14.3: Planar motion of a planar
object. But the plane of the motion is
not the plane of the object. This is not
a natural topic for this chapter.

Filename:tfigure-crookedplate

© Actually, a two-dimensional
analysis of the plate in this ex-
ample we would be legitimate in
this sense. Project all the plates
mass into the plane normal to the
A direction. The projections of
the forces on this plane would be
correctly predicted, but three di-
mensional effects, like those asso-
ciated with dynamic imbalance,
would be lost in this projection.

Example: Skewered plate
A flat rectangular plate with normal 7 has a fixed axis of rotation in the direction

2 that makes a 45° to A (see Fig. 14.3). This is a planar object (a plane normal

to f2) in planar motion (all velocities are in the plane normal to A). But the plane
of motion is not the plane of the mass distribution, the object is not symmetric
with respect to a motion plane, o this example does not fit into the discussion of
this chapter™~/.

No real object is exactly planar and no real motion is exactly a planar
motion. But many objects are relatively flat and thin or symmetrical
and many motions are approximately planar motions. Thus many, if
not most, simple engineering analysis assume planar motion. For bod-
ies that are approximately symmetric about the xy plane of motion
(such as a car, if the asymmetrically placed driver’s mass efc. is ne-
glected), there is no loss in doing a two-dimensional planar rather than
full three dimensional analysis.

The plan of this chapter. We start with planar kinematics. Then
we evaluate and use expressions for the rates of change of linear and an-
gular momentum for planar bodies. Finally we discuss rolling, sliding
and collisions.

14.1 Description of motion: planar
rigid-object kinematics

We start our study of planar motion with the kinematic question: How
do points on a rigid object (or ‘body’) move? There are two reasons to
ask this question. First, velocities and accelerations of mass points are
needed to apply the momentum-balance equations. Second, formulas
for positions, velocities and accelerations of points are useful to un-
derstand mechanisms, machines where various parts (each one usually
idealized as a rigid object) are connected to each other with hinges and
bearings of one type of another.
The central observation in all rigid-object kinematics is that

all pairs of points on a single moving rigid object keep constant
distance from each other.

This is the definition of a rigid object. In this section you will learn
how to use rigidity to calculate positions, velocities and accelerations
of all points (millions and billions of them) on a rigid body given only
a few numbers (about 8 of them). This goal is achieved by putting
together the ideas from Chapter 11 (arbitrary motion of one particle),
Chapter 12 (straight-line motion), and chapter 13 (circular motion of
a rigid body in a plane).
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Displacement and rotation

When a planar object (read, say, body or machine part) 5 moves from
one configuration in the plane it has a displacement and a rotation. For
definiteness, we start in some reference position *. We mark a reference
point on the body that, in the reference configuration, coincides with a
fixed reference point, say 0. We also mark a (directed) line on the body
that, in the reference configuration, coincides with a fixed reference
line, say the positive x axis. The body never has to pass through this
reference position, however. For example, the position of an airplane
flying from New York to Mumbai is measured relative to a point in the
Gulf of Guinea 1000 miles west of Gabon,Qeven though the airplane
never goes there (nor does anyone want it to).

We could measure rotation by measuring the rotations of any lines
that connected any pair of points fixed to the object. For each line we
keep track of the angle that line makes with a line fixed in space, say
the positive x or y axis. Its simplest to stick to the convention that
counter-clockwise rotations are positive (Fig. 14.4). The angles 6y,
05 ..., all change with time and are all different from each other. But
all the angles change the same amount, just like in section 13.3. We
can pick any one line we like for definiteness and measure the object
rotation by the rotation of that line. So

The net motion of a rigid planar object is described by translation,
the vector displacement of a reference point from a reference
position ¥, = F,y, and a rotation 6 of the object from the
reference orientation.

That is, the general planar motion of a rigid object is the general mo-
tion of a point plus circular motion about that point.

The position of a point on a moving rigid
object.

Let’s denote the reference configuration with a star (x). Given that
P on the object is at 7p /0* in the reference configuration, where is
it (What is 7p/y?) after the object has been displaced by 7y, and
rotated an angle 8?7 An easy way to treat this is to write the new
position of P as (see Fig. 14.5)

rP/O = rol/o + rp/o/.

This is the base-independent or direct vector representation of the posi-
tion of P. The formula is correct no matter what base vectors are used
to represent the vectors in the formula. The vector ry /o describes
translation, that’s half the story. The other term rp jo we find by

®Thaut’s the location of O° lon-
Eitude and O° latitude.

ddy @/5/)

Figure 14.4: Rotation of object B is mea-
sured by the rotation of real or imag-
ined lines marked on the object. The
lines make different angles: 6; # 6>,
B> # B3 etc, but 9.1 = 9.2 = é3 =....
Angular velocity is defined as @ = wk
Witha)Eél =é2=é3=....

Filename:tfigure-2Drotation

Motion

Figure 14.5: The displacement and ro-
tation of a planar object relative to a
reference configuration.

Filename:tfigure-dispandrot
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rotating rp /0* as we did in Section 13.3. Thus, we can describe the
coordinates of a point as,

[F%/O]xy = [FE)//O]xy + [R(e)] [F%/O/]x/y’ (141)
—_———
displacement rotation

or, writing out all the components of the vectors and matrices,

Xp X0//0 cosf siné X;/O
= + 0 0 * . (14.2)
yp yO//O —Sin COS yP/O
As the motion progresses the displacement [ Xor/o changes with time
Yo'/o

as does the rotation angle 8. We call egn. (14.2) the fized basis or
component representation of the motion. It gives the components of
the position in terms of base vectors that are fixed in space.

Example:

If in the reference position a particle on a rigid object is at ¥p,o = (17 +2/) m
and the object displaces by Ty /o = (37+4) m and rotates by #r/3rad = 60 deg
relative to that configuration, then its new position is:

[FID/OL_V = "0//0} [R(O)][?P/O/L,y,

X070 cos@ sinf x;/o

EaRE
cosm/3 sinm/3 1

(PR il Y

35+I}

5—4/3/2
=P = (B5+V3I+(5-V3/2)j)m

Finally, the changing base representation uses base vectors i, /' that
are aligned with 7, j in the reference configuration but which are glued
to the rotating object. If we define x” and y’ as the x and y components
of P in the reference (*) configuration we have that

[7 *] =[? ,*] = X so  Fpo = (Xor/0f + yorsof)+(x'T + ' [
P/0 xy P/0 X'y y P/0 0’/0 0’'/0

Often the changing-base notation the clearest, the component or fixed

base representation the best for computer calculations, and the base-

independent or direct-vector notation the quickest and easiest.

Angular velocity

Figure 14.6: It is generally best to take . . . .
positive @ to be counterclockwise when  3€cause all lines object B rotate at the same rate (at a given instant)

viewed from the positive z axis. B’s rotation rate is the single number we call wg (‘omega b’). In order
Filenamestfigure-posomexn to make various formulas work out we define a vector angular velocity
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with magnitude wg which is perpendicular to the xy plane:

o= wp k
———
6

where 6 is the rate of change of the angle of any line marked on object
B.

So long as you are careful to define angular velocity by the rotation
of line segments and not by the motion of individual particles, the
concept of angular velocity in general motion is defined exactly as for
a object rotating about a fixed axis. A legitimate way to think about
planar motion of a rigid object is that any given point is moving in
circles about any other given point (relative to that point). When a
rigid object moves it always has an angular velocity (possibly zero).
If we call the object B (script B), we then call the object’s angular
velocity wg. In general it is best to use the sign convention that when
wp > 0 the object is rotating counterclockwise when viewed looking in
from the positive z axis (see Fig. 14.6).

The angular velocity vector wg of a object B describes it’s rate and
direction of rotation. For planar motions wp = wgk.

Relative velocity of two points on a rigid object

For any two points A and B glued to a rigid object B the relative
velocity of the points (‘the velocity of B relative to A’) is given by the
cross product of the angular velocity of the object with the relative
position of the two points:

VB4 =Vp— V4= XTp/4 (14.3)

This formula says that the relative velocity of two points on a rigid
object is the same as would be predicted for one of the points if the
other were stationary. The derivation of this formula is the same as
for planar circular motion.

Note that even though we are doing planar kinematics, it is conve-
nient to use three dimensional cross products. Generally we will call
the plane of motion the xy plane and @ will be in the z direction.

B o tb dicular to @ it i dicular to th Figure 14.7: The relative velocity of

ecause @ X F must be perpendicular to @ it is perpendicular to the & C 0" 0B i the xy plane and
z axis. So this three dimensional cross product always gives a vector  perpendicular to the line segment AB.
in the xy plane that is perpendicular to 7. Flonametifiguro-vperptoomesn
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We can also represent the relative velocity in the changing base
notation as

. d ’ N ’ ~
cod, . d,
= xB/AEl +xB/AE/

— ! Py ~ ! 0 d

Finally, we can use the fixed-base or component notation:

N _ d XB/A
[oaly, = E[ N }

_ 4 cos@ sinf XB/A
T dt —sin® cos6 y]’;/A
_ —0sinf  Ocosb XE/A
- —fcosf@ —Osind yE/A
_ 0 w cosf sin6 XE/A
- - 0 —sinf cos6 y;/A

where xp /4 and yp /4 are the components of the position of B with
respect to A in the reference configuration and hence do not change
with time.

Absolute velocity of a point on a rigid object

If one knows the velocity of one point on a rigid object and one also
knows the angular velocity of the object, then one can find the velocity
of any other point. How? By addition. Say we know the velocity of
point A, the angular velocity of the object, and the relative position
of A and B, then

vp = Va+(vp—vy)
vy —I—FB/A

= V4+wpXx ?B/A . (14.4)
——
TB—T4

That is, the absolute velocity of the point B is the absolute velocity
of the point A plus the velocity of the point B relative to the point A.
Because B and A are on the same rigid object, their relative velocity is
given by formula 14.4 above. For ease of understanding one pretends
one knows the quantities on the right and are trying to find the quan-
tity on the left. But the equation is valid and useful no matter which
quantities are known and which are not.
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An alternative approach is to differentiate the coordinate expression
eqn. (14.3) (see Box 14.1 on 795).

Angular acceleration

We define the angular acceleration @ (‘alpha’) of a rigid object as the
rate of change of angular velocity, @ = @. The angular acceleration of
a object B is ag. For two-dimensional bodies moving in the plane both
the angular velocity and the angular acceleration are always perpen-
dicular to the plane. That is w = = wk and @ = ok = &k. In 2-D the
angular acceleration is only due to the speeding up or slowing down of
the rotation rate; ie., 0 = w = g.

14.1 THEORY
Using matrices to find velocity from position

An alternative derivation for the velocity egn. (14.3) of
a point on a rigid object comes from differentiating the
matrix formula for the position (egn. (14.3)). Denoting
Tp,0 as the reference position of the particle and ¥p/ /o

as the position relative to the reference point on the
moved object at the time of interest, we have:

I:?P/O}xy = % [?P/O}xy
- L]
dt | Yo/o

d cosf sinf XP/O
+dt —sinf cos@ yP/O

_ [ xO//O T + —9:sin0 0:0059 |:
L yof/o ] —B@cosf —Bsinf
_ [ Foo ]
L Yor/o |
0 cosf sinf
+ —w —sinf  cosf

1)
0

_ [ %00 ] A }

= I ).)0//0 | +|: —w :| rp;/o/ xy

w
Thus, matrix product |: 0 :| |:rP’/0’j| is equiv-
= Xy

alent to the vector product @ X #p// and the matrix

|: _C(()) (6) :| is sometimes called the angular velocity

matrix. It is an example of a so-called skew symmetric
matrix because it is the negative of its own transpose.

*k
xlj‘,/o }
Yp/o0

xP/O }
yP/O
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Relative acceleration of two points on a rigid
object

For any two points A and B glued to a rigid object B, the acceleration
of B relative to A is

_ d _
ap/ja = EvB/A
d . N
BT (@B X Ta |
= OpXTp/a+@px (Vg
= WBXFp/4+@px (WX Ty,

= apk x Fp/a+ (—0grg0). (14.5)

This is the base-independent or direct-vector expression for relative
acceleration. If point A has no acceleration, this formula is the same
as that for the acceleration of a point going in circles from chapter 7.
On a rigid object in 2D all two points on rigid object can do relative
to each other is to go in circles.

Equation (14.5) could also be derived, with some algebra, by taking
two time derivatives of the relative position coordinate expression

— — *
[75/al,, = [R(O)] [rB/A ]x,y,
or by taking two time derivatives of the changing base vector expression
Ti/a = Xp/al + Vgjal"

Absolute acceleration of a point on a rigid
object

If one knows the acceleration of one point on a rigid body and the
angular velocity and acceleration of the body, then one can find the
acceleration of any other point. How?

—

ap = ag+(ap—ayg)=ayg+apy
= ag+ o X (WX Tp/4)+OBXTR/A

= @4—0iFpa+apk xFpy (14.6)

This is the base-independent or direct-vector expression for accelera-
tion. The fixed-base (component) and changing-base notations are
somewhat more complex.

Equation 14.7 is often called the three term acceleration formula.
The acceleration of a point B on a rigid object is the sum of three
terms. The first, a 4, is the acceleration of some point A on the object.
The second term, @p X (W X ¥ p/4), is the centripetal acceleration of



Chapter 14. Planar motion of an object 14.1. Rigid object kinematics 797

B going in circles relative to A. It is directed from B towards A. The

third term, @wp X ¥ /4, is due to the change in the magnitude of the
angular velocity and is in the direction normal to the line from A to
B.

Example: Robot arm

Given the configuration shown in Fig. 14.8 the acceleration of point B can be
found by thinking of link AB as the object B in egn. (14.7) and using what you
know about circular motion to find the acceleration of A:

ap = ﬁA_w%?B/A'i‘aBIEX?B/A
= (~03ati —doali) - (03pli) + (dank x (€1)
= —(d)oAZ—i-wiB@)f-i- (—w%AZ +d)ABZ)f

[Note that wap # 6§ where 8 is the angle between the links. Rather wap =
woa + 6.

Computer graphics

Given one point given by the xy pair |: ;0 :| we can find out what
0

happens to it by rotation [R] as
Figure 14.8: A two link robot arm.

X X0 Filename:tfigure-robotarm
y Yo

. 0 :
For example the point [ N i| gets changed by a 45 deg rotation to

T oGn®T
|:xi|:[R]|:xoi| _ |:co§4n s1n%i||:0i|
y Yo —sing cosy 2
N g7 01 [ 14
Tl -7 227 14|
A translation is just a vector addition. For example the point |: }i ]
gets translated a distance 2 in the y direction by the addition of

R
(1o LT[

Putting these together the point |: io ] gets rotated and translated
0

by first multiplying by the rotation matrix and then adding the trans-

(] - [ 20T
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Figure 14.9: (a) A house drawn as 6
dots connected by line segments. The
first and last point are the same. (b)
The same house but rigidly rotated and
translated.

Filename:tfigure-rotatedhouse2

O1n 1D it takes just 3 numbers
and in 3D just 18. The unusual
patter (3,9,18) comes from rota-
tion being characterized by 0, 1,
and 3 numbers in 1, 2, and 3 di-
mensions, respectively.

A collection of points all rotated the same amount and then all trans-
lated the same amount keep their relative distances.

A picture is a set of points on a plane. If all the points are rotated
and translated the same amount the picture is rotated and translated.
Thus a picture of a rigid object described by points is rigidly rotated
and translated. On a computer line drawings are often represented as
a connect-the-dots picture. The picture is represented by the x and y
coordinates of the reference dots at the corners. These can be stored
in an array with the first row being the x coordinates and the second
row the y coordinates as explained on page 703. Each column of this
matrix represents one point of the connect-the-dots picture. Thus a
primitive picture of a house at the origin is given by the array

00
2 1 :|
with the lower left corner of the house at the origin.

To rotate this picture we rotate each of the columns of the matrix
Py]. But this is exactly what is accomplished by the matrix multipli-
cation [R][Pp]. To translate the points you add the translation vector
to each of the columns of the resulting matrix. Thus the whole picture
rotated by 45° and translated up by 1 is given by

AT

which gives a new array of points that, when connected give the picture
shown. We have allowed the informal notation of adding a column
matrix to a rectangular matrix, by which we mean adding to each
column of the rectangular matrix.

To animate the motion of, say, a house flying in the Wizard of Oz
you would first define the house as the set of points [Py]. Then define,
maybe by means of numerical solution of differential equations, a set
of rotations and translations. Then for each rotation and translation
the picture of the house should be drawn, one after the other. The
sequence of such pictures is an animation of a flying and spinning
house.

: - 0 2 21
[Po] = [xy points originally] = [ 00 2 3

[Paon] = [R][Po] + [ N ]

Summary of the kinematics of one rigid object
in general 2D motion

You can use the position of one reference point and the rotation of the
object as simple kinematic measures of the entire motion of the object.
If you know the position, velocity, and acceleration of one point on a
rigid object (represented by 6 scalars, say) , and you know the rotation
angle, angular rate and angular acceleration (3 scalars) then you can
find the position, velocity and acceleration of any point on the object.
In 2D, just 9 numbers tell you the position, velocity, and acceleration
of any of the billions of points whose initial positions you know®.



14.1. Rigid object kinematics

799

SAMPLE 14.1 Velocity of a point on a rigid body in planar
motion. An equilateral triangular plate ABC is in motion in the x-y
plane. At the instant shown in the figure, point B has velocity vy =
0.3m/si + 0.6m/s; and the plate has angular velocity @ = 2rad/sl€.
Find the velocity of point A.

Solution We are given vy and w, and we need to find vy, the velocity of point A
on the same rigid body. We know that,
Uy =TV + O X Ty

Thus, to find v, we need to find 7A/B~ Let us take an x-y coordinate system
whose origin coincides with point A of the plate at the instant of interest and the
x-axis is along AB. Then,

Fa/p =Ty — 7 = 0 — (0.2mf) = —0.2mf
Thus,
A = ttoxTyp
= (0.37 +0.6/)m/s + 2rad/sk x (—0.27) m

(0.37 + 0.6/) m/s — 0.4/ m/s
(0.37 +0.27)m/s.

vy = (0.37 4+ 0.2/) m/s

SAMPLE 14.2 The instantaneous center of rotation. A rigid body
is in planar motion. At some instant ¢, the angular velocity of the body
isw = Srad/slg and the linear velocity of a point C on the body is
v = 2m/sT —5m/sj. Find a point on the body, assuming it exists,
that has zero velocity.

Solution Let the point of zero velocity be O, with position vector F¢ /C with respect
to point C. Since vy = v + @ X 7, for g to be zero, @ x ¥/ must be parallel
to and in the opposite direction of v. Since @ is out of plane, ro,c must be
normal to v for the cross product to be parallel to vo. Now, let v = ve A Then,
rojc = rii where i L A and r = |70/c|- Thus,

veh 4wk xri=v5=0 (14.7)

Dotting egn. (14.7) with 1, we get

V29
ve = wr = rzv—czim/szl.OSm.
1) S5rad/s

Since A = T /| T = 0.377 — 0.93/, A = 0.937 4 0.37/. Thus

ro/c = ri = 1.08m(0.937 + 0.37)) = 1m7 + 0.4 mj.

ro/c = 1mi+0.4m;

C A~
J
1
Vg
A
| 0.2m B
| |
Figure 14.10:

Filename:sfigo-1-triang-1

© The point with zero velocity
is called the instantaneous center
of rotation. Sometimes this point
may lie outside the body.

y
(0)
/
C Aﬁ X
A
e
w
Figure 14.11:

Filename:sfig9-1-2-body
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Note: It is also possible to find 70/0 purely by vector algebra. Assuming ?O/C =
(x7 + yj)m and plugging into v, = v + @ x 7 along with the given values,
we get 0 = (2 —5y)m/si + (=5 + 5x)m/sj. Dotting this equation with 7 and j,
we get 2 —5y = 0 and —5 + 5x = 0, which give x = 1 and y = 0.4. Thus,
Fo/c = 1mi 4 0.4mj as obtained above.
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SAMPLE 14.3 A cheerleader throws her baton up in the air in the N
vertical xy-plane. At an instant when the baton axis is at § = 60° from y A
the horizontal, the velocity of end A of the baton is v4 = 2m/si + /9:60
V3m/sj. At the same instant, end B of the baton has velocity in
the negative x-direction (but |vg| is not known). If the length of the G
baton is £ = % m and the center-of-mass is in the middle of the baton, !
find the velocity of the center-of-mass.
Solution
o B
We are given: v4 = (2 ++/3/)m/s .
and vgp = -—vpl
Figure 14.12:
where vg = |v | is unknown. We need to find vg. Using the relative velocity Filename:sfig7-1-1
formula for two points on a rigid body, we can write:
VG =04+ 0 X ?G/A (14.8)
Here, v4 and ¥ g/4 are known. Thus, to find v'g, we need to find @, the angular
velocity of the baton. Since the motion is in the vertical xy-plane, let @ = wk. A
Then, < /
0
vp = Va+oXT yp=v4+ wk x £(— cos 07 + sin 6 })
Ta/B
or —vgi = i+ +3))m/s—wl(cos ]+ sin07) ;
1 1 3
— @+ Apms—otm i Lo .
2 2 2 J
Dotting both sides of this equation with J we get: .
o 1 l > B
0 = 3m/s——m-— I A oA
2 2 Fa/B = £(-cos 01 +sinf )
4
= o = ﬁﬁ— = 4+/3rad/s.
s Ly
Figure 14.13:
Now substituting the appropriate values in Eqn 14.8 we get: Filename:sfig7-1-1a
N - ~ L A
vg = v4+ wkx=-(cosOf—sinf))
2
N ——— A
TG/a
wl \ / 0
= v4+ —(cosfj + sin07)
2 L2
1 3.
= Qi ++3/)m/s + ﬁm/s-(£f+ *2[1) \
-
3. V3 R
= @2+ E)m/sz +(V3+ T)m/sj
J

= 3.5m/si +2.6m/sj

v = (3.5 +2.6/)m/s

! B

FG/a = £/2(cos 0 —sin 6 )

Figure 14.14:

Filename:sfig7-1-1b
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Figure 14.15:

Filename:sfig7-2-2a

SAMPLE 14.4 A board in the back of an accelerating truck. A
10 ft long board AB rests in the back of a flat-bed truck as shown in
Fig. 14.15. End A of the board is hinged to the bed of the truck. The
truck is going on a level road at 55 mph. In preparation for overtaking
a vehicle in the front the trucker accelerates at a constant rate 3 mph/s.
At the instant when the speed of the truck is 60 mph, the magnitude
of the relative velocity and relative acceleration of end B with respect
to the bed of the truck are 10ft/s and 12ft/s2, respectively. There
is wind and at this instant, the board has lost contact with point C.
If the angle @ between the board and the bed is 45° at the instant
mentioned, find

1. the angular velocity and angular acceleration of the board,
2. the absolute velocity and absolute acceleration of point B, and
3. the acceleration of the center-of-mass of the board.

Solution At the instant of interest

v4 = velocity of the truck = 60 mph 7 = 88ft/s 7

@4 = acceleration of the truck = 3mph/s = 4.4ft/s>
|5\B/A| = wvpy4 = magnitude of relative velocity of B = 10ft/s
|@p/al = aps4 = magnitude of relative acceleration of B = 12 ft/s2.

Let @ = wk be the angular velocity and 5 = ok be the angular acceleration of the
board.

1. The relative velocity of end B of the board with respect to end A is

Vg4 = EX?B/A=wl€xL(cos€f—+—sin9f)
= wL(cos O] — sin 1)
|?B/A| UB/A 10ft/s

_ _ _ = 1rad/s.
= @ L L 10t rad/s

Note that we have taken the positive value for w because the board is rotating
counterclockwise at the instant of interest (it is given that the board has lost
contact with point C).

Similarly, we can compute the angular acceleration:

Gp4 = BDXTpa—w Tpa
= @k x L(cos 07 + sin 0 /) — w?L(cos 07 + sin 6 )
= @L(cosf —sin0f) —w?L(cosH7 + sin 0 f)

= lapal = (@L)? + (0?L)* =ap,4 (given)

= ag/A = (oL)>+ (02L)?

— /B/A B 12ft/52 4
= o = 52 \/ 0 —(lrad/s)

= +0.663rad/s?.

Once again, we select the positive value for @ since we assume that the board
accelerates counterclockwise.

@ = lrad/sk, @ = 0.663 rad/s2k
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2. The absolute velocity and the absolute acceleration of the end point B can
be found as follows.

—

vp = 7,4 + ?B/A

= vyl +vpsg(cos O —sin i)
1, 1 .
\7[2.1 - %l)
= 80.93ft/si + 7.07 ft/sj.

= 88ft/sf + 10ft/s(

ap = E\A+EB/A

= TA+DXTFp4—0 Th/4

= a4l + ok x L(cos 07 + sin 0 ) — w?L(cos 07 + sin 0 f)
= (a4 —®Lsin0 — w?Lcos0)i + (&L cos ) — w?Lsin )]

0.66 1 1 1
= (4.4ft/s®>— —— . 10ft — — — - 10ft. — |7
( Al N ﬁ)’

+ 0.66 10 ft ! ! 10 ft L),
s2 J2 o s? V2 /
= —7.34ft/s%F —2.40ft/s% .

| T5 = (80.931 + T07)) ft/s, @p = —(7.347 +2.40) /52,

3. Now, we can easily calculate the acceleration of the center-of-mass as follows.

—

ag = EA-I-Eg/A
= aul+ DX Fga—0°TFGa

~ L L
= a4l + wk X E(cosef—i—sinef) —a)zz(cosé)f+ sin 6 7)

L L
= aul+ a')z(cosﬂf—sinef) —wzz(c080f+ sin 0 7)

10 ft 1 1
= 4.4ft/s*1 +0.663rad/s? - — - (— F — —1)
/ [ =
10 ft 1 1
—(1rad/s)?  —  (—=f + —/
( /%) 2 (ﬁ ﬁj)

= —1.48ft/s%7 — 1.19ft/s*].

@G = —(1.487 + 1.19)) ft/s?

Comments: This problem is admittedly artificial. We, however, solve this problem

to show kinematic calculations.
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SAMPLE 14.5 Tracking motion. A cart moves along a suspended
curved path. A rod AB of length £ = 1 m hangs from the cart. End A
of the rod is attached to a motor on the cart. The other end B hangs
freely. The motor rotates the rod such that 8(¢) = 6 sin(A¢) while the
cart moves along the path such that F4 = 17+ L5 j, where all variables
(r, t, etc.) are nondimensional.

l 1. Find the velocity and acceleration of point B as a function of

nondimensional time ¢.

2. Take 6y = /3 and A = 6. Find and plot the position of the bar
B at t = 0,0.1,0.3,0.9,1,1.1,1.2, and 1.5. Find and draw vz and
ap at the specified 7.

Figure 14.16:

Filename:sfig9-2-rodontrack

Solution

1. The velocity and acceleration of point B are given by

vp = VA+VBA=Vat®XTpy

ag = ada+ox 7B/A_w27B/A~

Thus, in order to find the velocity and acceleration of point B, we need to
find the velocity and acceleration of point A and the angular velocity and
angular acceleration of the bar. We are given the position of point A and the
angular position of the bar as functions of . We can, therefore, find Vy, agy,

, and @ by differentiating the given functions with respect to ¢.

3

b

rqg = 1+ ﬁf
= T4 o= Fa=i+G%/0] (14.9)
= G4 = va=0/3)] (14.10)
and . )
0k = Opsin(Ak
= @ = 0k=0Acos(At)k (14.11)
= @ = 0k=-00A%sin(A)k. (14.12)
So,
vp = v4+ @ x{(sin0f —cosbj)
= 1+ (%/6)] + £0(sin O] + cos O7)
= (14 £L0cos)i + (12/6 + L0sin0)} (14.13)
@p = a4+ 0k x{(sinfi—cosOf)—0%(sin 07 — cos b f)

= (t/3)] +£0sin0f + £0 cos 07 + £62sin 07 + £6% cos ]
= ((fcosO—6%sin0)i +[t/3 + £(Hsin0 + 62 cos 0)]]
(14.14)
where 0 = 0y sin(Ar), 6 = O cos(Ar), and 6 = —0yA2 sin(At) = —A20. Thus
vp and a g are functions of ¢.

2. The position of the rod at any time ¢ is specified by the position of the two
end points A and B (or alternatively, the position of A and the angle of the
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0.2

0.1

rod 0). The position of point A is easily determined by substituting the value

of ¢ in the given expression for 7 4. The position of end B is given by

—

FB = TA+Tp4=ti+(>/18)]+ L(sin6i — cos0f)
= (t+{sin0)i+ (t3/18 —Lcos0)].

To compute the positions, velocities, and accelerations of end points A and
B at the given instants, we first compute 6, 6, and 6, and then substitute
them in the expressions for ¥ 4, 7 g, V4, Vg, @4, and @ g. A pseudocode for

computer calculation is given below.

t=1[00.10.30.91.01.11.2 1.5]
thetaO=pi/3, L=.5, lam=6
for each t, compute
theta = thetaO*sin(lam*t)
w = lam*thetaO*cos (lam*t)
wdot = -lam~2*theta
% Position of A and B
xA=t, yA=t"3/18
xB = xA + L*sin(theta)
yB = yA - Lxcos(theta)
% Velocity of A and B
ud =1, vA =t"2/6
uB = uA + L*w.*cos(theta)
vB = vA + L*w.*sin(theta)
% Acceleration of A and B
axA = 0, ayA = t/3
axB = Lx*wdot*cos(theta) - L*w 2*sin(theta)
ayB = ayA + Lxwdot*sin(theta) + L*w"2*cos(theta)

From the above calculation, we get the desired quantities at each ¢.

example, at t = 0 we get,

xA =0, yA =0, xB=0, yB=-0.5
ulh =1, vA = 0, uB 4.14, vB = 0, axB = 0, ayB = 19.74

which means,

— —

F4=0, Fg=-05]

—

=1, v =414,

B = 19.747.

For

The position of the bar, the velocity vectors at points A and B, and the
acceleration vector at B, thus obtained, are shown in Fig. 14.17 graphically.

— O’
t=1.2
=1.1
r t=1 =1 ICud
t=0. (Cud
=0 =0.1 t=0.3 0@9_» o
F A= o= =
VA
e
L A f& .," R P /
E ag o, @”\"‘:‘::‘ .~':
[ E ...... @/ 4 G’\) @/
v
- B G=———>
1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

© We can take several values of
t, say 400 equally spaced values
between t = 0 and ¢t = 4, and
draw the bar at each ¢ to see
its motion and the trajectory of
its end points. Fig. 14.18 shows
such a graph.

Figure 14.18: Graph of closely spaced
configuration of the bar between ¢ = 0
tot =4.

Filename:sfig9-1-rodconfig
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Figure 14.17: Position, velocity of the end points A and B, and acceleration of point B at
various time instants.

Filename:rodvelacc
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14.2 (General planar mechanics of a
rigid-object

We now apply the kinematics ideas of the last section to the general
mechanics principles in Table I in the inside cover. The goal is to
understand the relation between forces and motion for a planar object
in general 2-D motion. The simple measures@of motion will be the
displacement, velocity and acceleration of one reference point 0/ on the
object (¥y, vy and @) and the rotation, angular velocity, and angular
acceleration of the object (6, w and «).

We will treat all bodies as if they are squished into the plane and
moving in the plane. But the analysis is sensible for a object that is
symmetric with respect to the plane containing the velocities (see Box
14.2 on page 813).

The balance laws for a rigid object

As always, once you have defined the system and the forces acting
on it by drawing a free object diagram, the basic momentum balance
equations are applicable (and exact for engineering purposes). Namely,

Linear momentum balance:
Angular momentum balance:

The same point 0, any point, is used on both sides of the angular
momentum balance equation.

We also have power balance which, for a system with no internal
energy or dissipation, is

Power balance: P = Ex.

The left hand sides of the momentum balance equations are evaluated
the same way, whether the system is composed of one object or many,
whether the bodies are deformable or not, and whether the points move
in straight lines, circles, hither and thither, or not at all. It is the
right hand sides of the momentum equations that involve the motion.
Similarly, in the energy balance equations the applied power P only
depends on the position of the forces and the motions of the material
points at those positions. But the kinetic energy Ex and its rate of
change depend on the motion of the whole system. You already know
how to evaluate the momenta and energy, and their rates of change,
for a variety of special cases, namely

e Systems composed of particles where all the positions and accel-
erations are known (Chapter 5);

e Systems where all points have the same acceleration. That is, the
system moves like a rigid object that does not rotate (Chapter 6);
and

O Advanced aside: What we
call “simple measures” are ex-
amples of “generalized coordi-
nates” in more advanced books.
The idea sounds intimidating,
but is simply this: If some-
thing can only move in a few
ways, you should only keep track
of the motion with that many
variables. The kinematics of a
rigid object (Sect. 14.1) allow us
to “evaluate” the motion quan-
tities, namely linear momentum,
angular momentum, kinetic en-
ergy, and their rates of change in
terms of these “simple measures”.
By “evaluate” we mean express
the motion quantities in terms of
these measures. The alternative
is as sums over Avogadro’s num-
ber of particles (There are on the
order of 1023 atoms in a typi-
cal engineering part.). Even ne-
glecting atoms and viewing mat-
ter as continuous we would still
be stuck with integrals over com-
plicated regions if we did not de-
scribe the motion with as few
variables as possible. In the case
of 2-D rigid object motion, the
position of a reference point (x
and y) with the rotation 6 is
called a set of minimal coordi-
nates. These, and their time
derivatives are the minimal infor-
mation needed to describe all im-
portant mechanics motion quan-
tities.
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e Systems where all points move in circles about the same fixed
axis. That is, the system moves like a rigid object that is rotating
about a fixed skewer (Chapters 7 and 8).

Now we go on to consider the general 2-D motions of a planar rigid

object. Its now a little harder to evaluate Z, f, I_f/o, ﬁ/o, Ex and EK.
But not much.

Summary of the motion quantities

Table I in the back of the book describes the motion quantities for
various special cases, including the planar motions we consider in this
chapter. Most relevant is row (7).

The basic idea is that the momenta for general motion, which in-
volves translation and rotation, is the sum of the momenta (both lin-
ear and angular, and their rates of change too) from those two effects.
Namely, the linear momentum is described, as for any system with any
motion, by the motion of the center-of-mass

L = mtotﬁcm and E = mtotﬁcm, (1415)

and the angular momentum has two contributions, one from the mo-
tion of the center-of-mass and one from rotation of the object about
the center of mass,

Angular momentum
due to motion of the

center-of-mass ‘ 59 pt ‘
= = — —~
H/O = rcm/o X (mtot vcm) aF I;;na) (1416)
and H)o = TFopnjo X Miotlem) + I20.  (14.17)

An important special case for the angular momentum evaluation is
when the reference point is coincident with the center-of-mass. Then
the angular momentum and its rate of change simplify to

— —

H., =I" and H,, =I&s.  (14.18)

cm cm

The kinetic energy and its rate of change are given by
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kinetic energy from

center-of-mass motion ’30 pt
1 1
EK = Emtot ig,nla + 515?0)2 (1419)
Ve Ve
and Ex = Mot Vembem + ISP0d (14.20)

= e

Vem® 4 cm

The relations above are easily derived from the general center of mass
theorems at the end of chapter 5 (see box 14.2 on page 814 for some
of these derivations).

Equations of motion

Putting together the general balance equations and the expressions
for the motion quantities we can now write linear momentum balance,
angular momentum balance and power balance as:

2 Fi =
> Mo =
or Zﬁcm =

e — —~

Ftot'vcm+a)'M =

cm

LMB : Mot @ cm

AMB : ?cm/O X (mtotﬁcm) + I;;na

cm—.‘
177w,

MotV + [ ww.
(14.21)

and Power :

Independent equations?

Equations are only independent if no one of them can be derived from
the others. When counting equations and unknowns one needs to make
sure one is writing independent equations. How many independent
equations are in the set egns. (14.21)abc applied to one free object
diagram? The short answer is 3.

The linear momentum balance equation egn. (14.21)a yields two
independent equations by dotting with any two non-parallel vectors
(say, 7 and j). Dotting with a third vector yields a dependent equation.

For any one reference point the angular momentum equation
egn. (14.21)a yields one scalar equation. It is a vector equation but
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always has zero components in the 7 and j directions. But angular
momentum equation can yield up to three independent equations by
being applied to any set of three non-colinear points.

The power balance equation is one scalar equation.

In total, however, the full set of equations above only makes up a
set of three independent equations.

To avoid thinking about what is or is not an independent set of
equations some people prefer to stick with one of the canonical sets of
independent equations:

e The coordinate based set (“old standard”)
— {LMB}-7 or, equivalently, > Fx = motdem,
— {LMB}-; or, equivalently, ) F, = mot@cm,, and
— {AMB}-k or, equivalently, 3 My, = IS2o.
e Moment only (good for eliminating unknown reaction forces)
— {AMB about pt A}k (A is any point, on or off the ob-
ject)
— {AMB about pt B}-k (B is any other point)
— {AMB about pt C}l:’, (C is a third point not on the line
AB)
e Two moments and a force component
— {AMB about pt A}-I€ (A is any point, on or off the ob-
ject)
— {AMB about pt B}-k (B is any other point)
- {LMB}-jL (where A is not perpendicular to the line AB)
e Two force components and a moment (also good for eliminating
unknown forces)
- {LMB}-)ALl (where A is any unit vector)
- {LMB}-iz (where Ao is any other unit vector)

— {AMB about pt A}k qquad (A is any point, on or off the
object)

Any of these will always do the job. The power balance equation is
often used as a consistency check rather than an independent equation.

From a theoretical point of view one might ask the related question
of which of the equations of motion can be derived from the others.
There are many answers. Here are some of them:

e Power balance follows from LMB and AMB,
e AMB about three non-colinear points implies LMB, and
e LMB and power balance yield AMB
Interestingly, there is no way to derive angular momentum balance

from linear momentum balance without the questionable microscopic
assumptions discussed in box 77 on page 77.
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Some simple examples

Here we consider some simple examples of unconstrained motion of a
rigid object.

Example: The simplest case: no force and no moment.
If the net force and moment applied to a object are zero we have:

LMB =0 = mit@em and
AMB =0 = IS0k

SO @em = 0 and @ = 0 and the object moves at constant speed in a constant
direction with a constant rate of rotation, all determined by the initial conditions.
Throw an object in space and its center-of-mass goes in a straight line and it spins
at constant rate (subject to the 2-D restrictions of this chapter).

Example: Constant force applied to the center-of-mass.

In this case angular momentum balance about the center-of-mass again yields
that the rotation rate is constant. Linear momentum balance is now the same
as for a particle at the center-of-mass, i.e., the center-of-mass has a parabolic
trajectory.

Near-earth (constant) gravity provides a simple example. An ‘X’ marked
at the center-of-mass of a clipboard tossed across a room follows a parabolic
trajectory (see Fig. 14.19).

Example: Constant force not at the center-of-mass.

Assume the only force applied to an object is a constant force F=FfatA (see
Fig.14.20). Then linear momentum balance gives us that

ZF}=Z = Fi=mag = ag= F/mi = constant.

So if the object starts at rest, the point G will move in a straight line in the
7 direction (The common intuition that point G will be pulled up is incorrect).
Angular momentum about the center-of-mass gives

Y Mei=H,, = |FaoxFi=Io6k)

with £ = |Fj /g, which is the pendulum equation. That is, the object can swing
back and forth about § = 0 just like a pendulum, approximately sinusoidally if
the angle 6 starts small and with 8 initially also small. [One might wonder how
to do this experiment. One way would be with a jet on a space craft that keeps
re-orienting itself to keep in a constant spatial direction as the object changes
orientation. Another would be with a string tied to A and pulled from a great
distance.]

Example: The flight of an arrow or rocket.
As a primitive model of an arrow or rocket assume that the only force is from
drag on the fins at C and that this force opposes motion according to

F =—cv

where ¢ is a drag coefficient (see Fig. 14.21). From linear momentum balance

we have:
ZF,-:i = F = ma
—cT, = mv
mv = —c(T+dx 7o)
= —c(7T+0kx(-th))
(kxi=n) = v = %(ém-v).

Figure 14.19: The X marked at the
center-of-mass of a thrown spinning
clipboard follows a parabolic trajec-
tory.

Filename:tfigure-clipboard

Figure 14.20: The only force applied to

the object is the constant force F =
Fi applied at point A. The resulting
motion is a constant acceleration of the
center-of-mass dg = (F/m)i and an
oscillatory motion of € identical to that
of a pendulum hinged at G.

Filename:tfigure-constforce

Figure 14.21: A rocket is pointed in the
direction A which makes and angle 8
with the positive x axis. The position
and velocity of the center-of-mass at G
are called 7 and . The velocity of the
tail is v¢

Filename:tfigure-rocket
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So if v, 0 and 6 are known the acceleration ¥ is calculated by the formula above.
Similarly angular momentum balance about G gives

> My=Hc = {fo,ox F = Ik}
-k = IRo = o< F k.
Then, making the same substitutions as before for Fg,q and F we get

. cl
o=

~ ycm
Iz

(ix?-é—é@)

which determines the rate of change of w if the present values of v, 6 and 6 are
known.

Setting up differential equations for solution

If one knows the forces and torques on a object in terms of the bod-
ies position, velocity, orientation and angular velocity one then has a
‘closed’ set of differential equations. That is, one has enough infor-
mation to define the equations for a mathematician or a computer to
solve them.

The full set of differential equations is gathered from linear and
angular momentum balance and also from simple kinematics. Namely,
one has the following set of 6 first order differential equations:

X = vy,

vx = Fyx/m,

y = Uy,

vy = Fy/m,

0 = w, and

0 = Mcm/lgén,

where the positions and velocities are the positions and velocities of
the center-of-mass. The expressions for Fy, Fy, and M., may well be
complicated, as in the rocket example above.
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14.2 THEORY
2-D mechanics makes sense in a 3-D world

The math for two-dimensional mechanics analysis is
simpler than the math for three-dimensional analysis.
And thus easier to learn first. But we do actually live
in a three-dimensional world you might wonder at the
utility of learning something that is not right. There are
three answers.

1. Two dimensional analysis can give partial infor-
mation about the three-dimensional system that
is exactly the same as the three-dimensional anal-
ysis would give by projection, no matter what the
motion;

2. if the motion is planar the 2-D kinematics can be
used; and

3. if the object is planar or symmetric about the mo-
tion plane, and any constraints that hold the ob-
ject are also symmetric about the motion plane,
the 2-D analysis is not only correct, but complete.

Of course no machine is exactly planar or exactly sym-
metric, but if the approximation seems reasonable most
engineers will accept a small loss in accuracy for great
gain in simplicity.

a) Projection

First lets relax our assumption of 2-D motion. Consider
arbitrary 3-D motions of an arbitrarily complex system.
If we take the dot product of the linear momentum equa-
tions with 7 and j and the angular momentum balance

equation with k we get

YFi=Yma;\-i =Y Fi,=Yma,.
Y Fi=Ymia;}-[=Y Fiy =Y. ma,, and

Z?i XFi :Z?i ijﬁ,'}'ié

= Y rixFiy —riyFix =2 mi(rixaiy —riyaiy)-
(14.22)
These are exactly the equations of 2-D mechanics. That
is, if we only consider the planar components of the
forces, the planar components of the positions, and the
planar components of the motions, we get a correct but
partial set of the 3-D equations. In this sense 2-D anal-

ysis is correct but incomplete.

b) Planar motion

If all the velocities of the parts of a 3-D system have
no z component the motion is planar (in the xy plane).
Thus the right-hand sides of eqns. (14.22) are not just
projections, but the whole story. Further, in the case of
rigid-object motion, the 2-D kinematics equation

Tp = Ug + 0k X Fp g = Vg +wk X (rp/GXf+ rp/Gyf)

(14.23)
also applies (the z component of the position drops out
of the cross product) and the expression for, say, the z
component of the angular momentum of a object about
its center-of-mass is

Hen- = Il o.
Differentiating, or adding up the m; @; terms we get,

Hey- =170,

Similarly, the z component of the full angular momentum
balance equation for a 3-D rigid object in planar motion
is the same as the z component of eqgn. (14.21)b.

oMok = (Fonjo X Mior@em)) - + 1060

So for planar motion of 3-D rigid bodies one can do
a correct 2-D analysis with the full ease of analyzing a
planar object.

But this result is deceptively simple. The free ob-
ject diagram in 3-D most likely shows forces in the z
direction, pairs of forces in the x or y directions that are
applied at points with the same x and y coordinates but
different z values, or moments with components in the x
or y directions. Full information about these force and
moment components can’t be found from 2-D analysis.
That is,

the nature of the forces that it takes to keep a system
in planar motion can’t be found from a planar
analysis.

For example, a system rotating about the z axis which
is statically balanced but is dynamically imbalanced
(see section ?7?) has no net x or y reaction force, as a
planar analysis would reveal, yet the bearing reaction
forces are not zero.

Another example would be a plan view of a car in a
turn (assuming a stiff suspension). A 2-D analysis could
be accurate, but would no be complete enough to de-
scribe the tire reaction forces needed to keep the car flat.

()
@) Symmetric bodies and
(Blanar bodies

If the rigid object has all its mass in the xy plane, or its
mass is symmetrically distributed about the xy plane,
and it is in planar motion in the xy plane then

S mijaj-=0 and
{Z?fxmjﬁf}-fZO and {Z?,'XM,‘E,‘}‘]AZO

where 7 is measured relative to any point in the plane.
Thus, by linear and angular momentum balance,

>F-=0 and
{Z?;xf,-}-izo and {Z?fXFf}'fZO

SO

A planar object or a symmetric object in planar
motion needs no force in the z direction and no
moment in the x or y direction to keep it in the
plane.

Systems that are symmetric or flat and moving in an
approximately planar manner, are thus both accurately
and completely modeled with a 2-D analysis. A slight
generalization of the result is to any object or collection
of objects whose center’s of mass are on the plane and
each of which is dynamically balanced for rotation about

a k axis through its center-of-mass.
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That all the particles in a system are part of one planar

object in planar motion (in that plane) allows highly
useful simplification of the expressions for the motion
quantities, namely Eqns. 14.15 to 14.19. We can derive
these expressions from the center-of-mass theorems of
chapter 5. For completeness, we repeat some of those
derivations as the start of the derivations here. To
save space, we only use the integral (f) forms for the
general expressions; the derivations with sums (}_) are
similar. In all cases position, velocity, and acceleration
are relative to a fixed point in space (that is 7, v, and
@ mean 7, /g, and @/, respectively).

Linear momentum.

Here we show that to evaluate linear momentum and its
rate of change you only need to know the motion of the
center of mass.

L

Miot 7~ Fem = Mot Vem

dt

By identical reasoning, or by differentiating the expres-
sion above with respect to time,

L =mit@crm

Thus for linear momentum balance one need not pay
heed to rotation, only the center-of-mass motion matters.

Angular momentum.

Here we attempt a derivation like the one above but get
slightly more complicated results. For simplicity we eval-
uate angular momentum and its rate of change relative
to the origin, but a very similar derivation would hold
relative to any fixed point C.

H,, /?x?dm

[ (F = Fom + Fom) X (¥ — om + Fom) ds
= / (?/C,n + ?Cm) x (i}cm + ch) dm

= /f/cmxﬁ/cmder/fcmxicmdm
+[7‘/Clnxi‘cmdm+[?cmx Ve, dm

- /?/cmxv/cmder?mxam/dm

+ (/ ?/andm) XVem + Fom X (/ i/cmdm)

—_—

0 0

= [r/cm X v/cm dm + Fecm X UemMiot -

This much is true for any system in any motion. For
a rigid object we know about the motions of the parts.

14.3 THEORY
The center-of-mass theorems for 2-D rigid bodies

. d _. d [ _ d .
/‘Udm—/ardm—E/rdm—a(mtotrcm)
d _.

Using the center-of-mass as a reference point we know
that for all points on the object v, ,, = @ X ¥,.,. Thus
we can continue the derivation above, following the same
reasoning as was used in chapter 7 for circular motion of
rigid bodies:

H/O

/ F/em X (a) x r/cm) dm + Fem X YemMiot -

Using the identity for the triple cross product (see box 7?7
on page ?7) or using the geometry of the cross product

directly with @ = wk as in chapters 7 and 8 we get

H o

wk / r/zcm dm + Teom X VemMiot-

Then defining IS
sult:

[r /2cm dm we get the desired re-

H/O ?Cm X ?Cmmtot = Igénwk

A similar derivation, or differentiation of the result above
(and using that (% F)X7=77x0=0) gives

H/O = ?cm X Ecmmtot + I:C?‘a)k

The results above hold for any reference point, not just
the origin of the fixed coordinate system. Thus, relative
to a point instantaneously coinciding with the center-of-
mass

rcm/cm
———

== cm 7
O XVemMyot+177" wk

H,, = Ik,

and similarly

H

cm

I 0k.

Kinetic energy.

Unsurprisingly the expression for kinetic energy and it’s
rate of change are also simplified by derivations very sim-
ilar to those above. Skipping the details (or leaving them
as an exercise for the peppy reader):

Ex = [%F-de
= %mmtv?m-i-%lfi.“wz
and
EK = %EK

Mot V0 + [ 0w,
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14.4 THEORY
The work of a moving force and of a couple

The work of a force acting on a object from state one to
state two is
2
Wir = Pdz.
51
But sometimes we like to think not of the time integral of
the power, but of the path integral of the moving force.
So we rearrange this integral as follows.
2
Wi, = Pdt
5]

2
/ F - vd:
1 N —
dv

7\24‘
/A F.ar
¥

The validity of equation 14.24 depends on the force act-
ing on the same material point of the moving object as it
moves from position 1 to position 2; i.e., the force moves
with the object. If the material point of force application
changes with time, egn. (14.24) is senseless and should
be replaced with the following more generally applicable
equation:

(14.24)

2 G
Wiy = Pdt =

151 151

2
F -vdt (14.25)

where ¥ is the velocity of the material point at the
instantaneous location of the applied force.

Hand drags on a passing
train: a subtlety

There is a subtle distinction between egn. (14.24) and
egn. (14.25). As an example think of standing still and
dragging your hand on a passing train. Your hand slows
down the train with the force

Fhand on train®

It might seem that the work of the hand on the train
is zero because your hand doesn’t move; work is force
times distance and the distance is zero and egn. (14.24)
superficially evaluates to

?ZA
/A F.dr=o.
T

But we have violated the condition for the validity of
eqn. (14.24): the force be applied to a fixed material
point as time progresses. Whereas on the train your
hand smears a whole line of material points.

Clearly your hand does slow the train, so it must do
(negative) work on the train, as egn. (14.25) correctly
shows because

Prorce on train = Fhand on train * Ytrain # 0.

The power of the hand force on the train is the force on
the train dotted with the velocity of the train (not with
the velocity of your hand. Thus, your hand does negative
work on the train. egn. (14.25) applies to the train and
eqn. (14.24) does not.

On the other hand (so to speak) if one looks at the
power of the force on the hand we have:

F;

rain on hand — _Fhand on train

while the velocity of the hand is zero so

Prorce on hand = Ftrain on hand ~ Yhand = 0-

So the train does no work on your hand since while your
hand does (negative) work on the train. The difference,
of course, is mechanical energy lost to heat.

Work of an applied torque

By thinking of an applied torque as really a distribution
of forces, the work of an applied torque is the sum of
the contributions of the applied forces. If a collection
of forces equivalent to a torque is applied to one rigid
object the power of these forces turns out to be M- 5.
At a given angular velocity a bigger torque applies more
power. And a given torque applies more power to a faster
spinning object.

Here’s a quick derivation for a collection of forces
F‘i that add to zero acting at points with positions F;
relative to a reference point on the object o’.

P - YF-u

; (14.26)

Work of a general force
distribution

A general force distribution has, by reasoning close to
that above, a power of:
P =

Fo o 9y +o M,. (14.27)

For a given force system applied to a given object in a
given motion any point o’ can be used. The terms in the
formula above will depend on o/, but the sum does not.
Besides the center-of-mass, another convenient locations
for o’ is a fixed hinge, in which case the applied force has
Nno power.
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SAMPLE 14.6 Free planar motion. A rigid rod of length £ = I m
and mass m, = 1kg, and arigid square plate of side 1 m and mass m, =
10 kg are launched in motion on a frictionless plane (e.g., an ice hockey
rink) with exactly the same initial velocities Ve, (0) = 10m/si+1m/s;
and (0) = 1rad/ sk. Both the rod and the plate have their center-of-
mass at the baseline at t = 0.

1. Which of the two is farther from the base line in 3 seconds and
which one has undergone more number of revolutions?

2. Find and draw the position of the bar at ¢t = 1sec and at ¢ = 3 sec.

Solution

1. The free-body diagram of the rod is shown in Fig. 14.23. There are no
forces acting on the rod in the xy-plane. Although there is force of gravity
and the normal reaction of the surface acting on the rod, these forces are
inconsequential since they act normal to the xy-plane. Therefore, we do not
include these forces in our free-body diagram . The linear momentum balance
for the rod gives

E F = mracm

0 = mvem

=  Vem

/6dl = constant = Vemg
= Fom = f Tomo df = Fomo + Tomot (14.28)

It is clear from the analysis above that in the absence of any applied forces,
the position of the body depends only on the initial position and the initial
velocity. Since both the plate and the rod start from the same base line
with the same initial velocity, they travel the same distance from the base
line during any given time period; mass or its geometric distribution play no
role in the motion. Thus the center-of-mass of the rod and the plate will be
exactly the same distance (|Fem(?) — Femol = |Pemo?]) at time z. Similarly,
the angular momentum balance about the center-of-mass of the rod gives

ZMcm = H.,
0 = I
= o = /adt = constant = &g = ok
= 0 = /9’0 dt = 0y + ot (14.29)

Thus the angular position of the body is also, as expected, independent of the
mass and mass distribution of the body, and depends entirely on the initial
position and the initial angular velocity. Therefore, both the rod and the
plate undergo exactly the same amount of rotation (6(t) — 6p = o) during
any given time.

2. We can find the position of the rod at t = 1s and ¢ = 3s by substituting
these values of ¢ in egns. (14.28) and 14.29. For convenience, let us assume
that Femo = 0. From the initial configuration of the rod, we also know that
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0y = 0.
Fem(@ =18) = Wemo-(1s) = (10m/si + 1m/sj) - (1s)10m7 + 1 mj ! 1 rad 3rad
— — ~ ~ 4 10m,1 - -
Fem(t =3s) = Wemo-(3s) =30mi +3mj. —— o (30m,3m)
0(t=1s8) = 6p-(1s)=(lrad/s)-(1s) =1rad * (L3
. =1s
0(t =3s) = 0p-(3s) = 3rad. e
Figure 14.24:

Accordingly, we show the position of the rod in Fig. 14.24. Filename:sfigd 2 rodposition
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SAMPLE 14.7 A passive rigid diver. An experimental model of a
rigid diver is to be launched from a diving board that is 3 m above the
water level. Say that the initial velocity of the center-of-mass and the
initial angular velocity of the diver can be controlled at launch. The
diver is launched into the dive in almost vertical position, and it is
required to be as vertical as possible at the very end of the dive (which
is marked by the position of the diver’s center-of-mass at 1 m above the
water level). If the initial vertical velocity of the diver’s center-of-mass
is 3m/s, find the required initial angular velocity for the vertical entry
of the diver into the water.

Solution Once the diver leaves the diving board, it is in free flight under gravity,
i.e., the only force acting on it is the force due to gravity. The free-body diagram of
the diver is shown in Fig. 14.26. The linear momentum balance for the diver gives

ZF’ = MmMdcem
-mgj = myj
= JV = =g
ZMcm = Hcm
0 = Ik
= 6 = o.

From these equations of motion, it is clear that the linear and the angular motions
of the diver are uncoupled. We can easily solve the equations of motion to get

. I,
Yo+ Yo— 8¢t

y() 5

0(t) = 0Oy + byt

We need to find the initial angular speed 0o such that @ = 7 when y = 1m (the
center-of-mass position at the water entry). From the expression for 0(r), we get,
o = 7/t. Thus we need to find the value of ¢ at the instant of water entry. We can
find ¢ from the expression for y(¢) since we know that y = 1m at that instant, and
that yo = 3m and yg = 3m/s. We have,

. |
y = y0+y0—§gt

Yo £ /35 +28(vo = ¥)
14
3m/s + \/(3m/s)2 +2-98m/s2-(3m— I m)
9.8 m/s2

= 1.150r —0.53s.

We reject the negative value of time as meaningless in this context. Thus it takes
the diver 1.15s to complete the dive. Since, the diver must rotate by = during this
time, we have

0p = m/t = 7/(1.158) = 2.73rad/s.

0y = 2.73rad/s
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SAMPLE 14.8 A plate tumbling in space. A rectangular plate
of mass m = 0.5kg, I® = 2.08 x 1073 kg - m?, and dimensions a =
200mm and b = 100mm is pushed by a force F = 0.5Ni, acting
at d = 30mm away from the mass-center, as shown in the figure.
Assume that the force remains constant in magnitude and direction
but remains attached to the material point P of the plate. There is no
gravity.

1. Find the initial acceleration of the mass-center.

2. Find the initial angular acceleration of the plate.

3. Write the equations of motion of the plate (for both linear and
angular motion).

Solution The only force acting on the plate is the applied force F. Thus, Fig. 14.27
is also the free-body diagram of the plate at the start of motion.

1. From the linear momentum balance we get,

ZF M@ cm
. XF o05Ni
= dem = m  05kg

= 1 m/s?7.

which is the initial acceleration of the mass-center.

2. From the angular momentum balance about the mass-center, we get

M, = H

cm cm
Fdk = I"%
N Fd .~ 0.5N-0.03 ~
= o = P=2 Mg, rad/s%k

1 2.08 kg - m2

which is the initial angular acceleration of the plate.

@ = 7.2rad/s2k

3. To find the equations of motion, we can use the linear momentum balance

and the angular momentum balance as we have done above. So, why aren’t
the equations obtained above for the linear acceleration, @cn = F/mi, and
the angular acceleration, ® = Fd/ 1;;“12, qualified to be called equations of
motion? Because, they are not valid for a general configuration of the plate
during its motion. The expressions for the accelerations are valid only in the
initial configuration (and hence those are initial accelerations).
Let us first draw a free-body diagram of the plate in a general configuration
during its motion (see Fig. 7?7). Assume the center-of-mass to be displaced
by x7 and yJ, and the longitudinal axis of the plate to be rotated by 0k with
respect to the vertical (inertial y-axis). The applied force remains horizontal
and attached to the material point P, as stated in the problem. The linear
momentum balance gives

— - F
ZF_macm = Adem = —
m
wn own Fo . FoL
or Xityj=—i =) XxX=—, y=0.
m m

Figure 14.27:

Filename:sfig9-tumblingplatel

i

Figure 14.28: Free body diagram of the
plate at some instant ¢ when the longi-
tudinal axis of the plate makes an angle
A(t) with the fixed vertical axis.

Filename:sfigd-tumblingplatela
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/ F ?P/cm

~

Figure 14.29: Geometry of the plate at
the instant ¢ when the longitudinal axis
of the plate makes an angle 6(¢) with
the fixed y-axis. The position of point
P is ¥ pjem which makes a fixed an-
gle a(= tan™! hd%) with the transverse
axis of the plate. This angle is shown
here merely for ease of calculation.

Filename:sfig9 tumblingplatelb

Figure 14.30:

Filename:sfigd 2 odesoln

Since F/m is constant, the equations of motion of the center-of-mass indicate
that the acceleration is constant and that the mass-center moves in the x-
direction.

Similarly, we now use angular momentum balance to determine the rotation
(angular motion) of the plate. The angular momentum balance about the
mass-center give

MCm = HCm
Tojem X F = 1Mk
Now,
Pp/em = —Tlcos(0 +a)i +sin(0 + a) /]
F = Fi
= Tp/em X F = Frsin + k.
Thus,
. F
0 = r sin(f + «)
177"

where r = /d2 + (b/2)2 and « = tan~1(2d/b).

Thus, we have got the equations of motion for both the linear and the angular
motion.

X =

3|

. §=0, é:,%zsm(wa)

4. The equations of linear motion of the plate are very simple and we can solve

them at once to get

1F
x() = xo+%ot +-—1?

2m
y(®) = yo+ yol.

If the plate starts from rest (X9 = 0, yo = 0) with the center-of-mass at the
origin (xg = 0, yo = 0), then we have

F
x() = —12, and y(1) =0.
2m

Thus the center-of-mass moves along the x-axis with acceleration F/m.
The equation of angular motion of the plate is, however, not so simple. In
fact, it is a nonlinear ODE. It is very difficult to get an analytical solution of

this equation. However, we can solve it numerically using, say, a Runge-Kutta
ODE solver:

ODEs = {thetadot = w, wdot = (F*r/Icm)*sin(theta+a)}
Ic {theta(0) = 0, w(0) = 0}

Set F=.5, d=0.03; b=0.1; Icm=2.08e-03

compute r = sqrt(d"2+.25%b"2), a = atan(2*d/b)
Solve ODEs with IC for t=0 to t=10

Plot theta(t)

The plot obtained from this calculation is shown in Fig. 14.30.



14.2. Mechanics of a rigid-object

821

SAMPLE 14.9 Impulse-momentum. Consider the plate problem of
Sample 14.8 (page 819) again. Assume that the plate is at rest at t = 0
in the vertical upright position and that the force acts on the plate for
2 seconds.

1.

Find the velocity of the center-of-mass of the plate at the end of
2 seconds.

2. Can you also find the angular velocity of the plate at the end of
2 seconds?
Solution
1. Since we are interested in finding the velocity at a particular instant ¢, given
the velocity at another instant 1 = 0, we can use the impulse-momentum
equations to find the desired velocity.
- = 2 —
L,—L; = / F dt
D>
t —_—
MVem () —mVem(0) = / F dt
0
— R 1 (2
= Vem(®) = Yem(0)+ —/ F dt
mJo
- 1 2
= 04+ — 0.5N7) dt
*os kg/o (05ND
= 2m/sl.
| Tem(29) = 2m/si
2. Now, let us try to find the angular velocity the same way, using angular

impulse-momentum relation. We have,

%) .
f Y M, d
7

t
1250 - 1250 = [ Y Moy d
0

(ﬁcm)z - (ﬁcm)l

1 t —
= @) = @(0)+ fo > M, dt

177"
- 1 N —
= w(0)+lc—m/ (Fpjem x F)dt
zz JO

1

cm
IZZ

F ¢ ~
- IT’(/ sin(0+oe)dz)k.
zz 0

Now, we are in trouble; how do we evaluate the integral? In the integrand, we
have 6 which is an implicit function of . Unless we know how 6 depends on ¢
we cannot evaluate the integral. To find 6(¢) we have to solve the equation of
angular motion we derived in the previous sample. However, we were not able
to solve for O(¢) analytically, we had to resort to numerical solution. Thus,
it is not possible to evaluate the integral above and, therefore, we cannot
find the angular velocity of the plate at the end of 2 seconds using impulse-
momentum equations. We could, however, find the desired velocity easily
from the numerical solution.

t
= 0+ / (Frsin(0 + a)k) dt
0
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Sp = X¢

rolling
contact

X

Figure 14.31: Pure rolling of a round
wheel on a level support.

Filename:tfigure7-2D-pure-rolling

14.3 Kinematics of rolling and sliding
Pure rolling in 2-D

In this section, we would like to add to the vocabulary of special mo-
tions by considering pure rolling. Most commonly, one discusses pure
rolling of round objects on flat ground, like wheels and balls, and rolling
of round things on other round things like gears and cams.

2-D rolling of a round wheel on level ground

The simplest case, the no-slip rolling of a round wheel, is an instructive
starting point. First, we define the geometric and kinematic variables
as shown in Fig. 14.31. For convenience, we pick a point D which
was at xp = 0 at the start of rolling, when x¢ = 0. The key to the
kinematics is that:

The arc length traversed on the wheel is the distance traveled

by the wheel center.

That is,
Xc = Sp
= R¢
= vc =X = R(].S
=ac =bc =%c = R¢

So the rolling condition amounts to the following set of restrictions on
the position of C, ¥ ¢, and the rotations of the wheel ¢:

¥c = ROi+R}, Ve = Rpi, dc = Rpi, &= —¢k, and & =&
If we want to track the motion of a particular point, say D, we could

do so by using the following parametric formula:

rp = rc+ FD/C
= R(¢7 + J) + R(—singi —cos¢p))
= R[(¢ —sing)i + (1 —cose)j)]
= VUp = R[(@(1—cosp)i+ ¢singj)] (14.30)
=dp = RP*(singi + cos¢j).

assuming ¢= constant

Note that if ¢ = 0 or 27 or 4x, etc., then the point D is on the ground
and egn. (14.30) correctly gives that

1
R . —_—— R . R N
vp = R | ¢(1 —cos(Cnm) | i + ¢sin(Cnm) j = 0.
~———— (7
0 0
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Instantaneous Kinematics

Instead of tracking the wheel from its start, we could analyze the kine-
matics at the instant of interest. Here, we make the observation that
the wheel rolls without slip. Therefore, the point on the wheel touching
the ground has no velocity relative to the ground.

Velocity of point on
the wheel touching the
ground ’013‘5 ‘

/

_
vqy = VB (14.31)

Now, we know how to calculate the velocity of points on a rigid body.
So,
vg=7vc+ vy c,

where, since 4 and C are on the same rigid body (Fig. 14.31), we
have from egn. (13.35) that

?A/C = o X ?A/C~

Putting this equation together with eqn. (14.31), we get

— —

V4 = VB
= Vo +_o_XT =0
\9—* = ‘A/_-/C
vel wk —Rj}
= vel +wRi = 0
= vec = —wR. (14.32)
We use v¢ = vi since the center of the wheel goes neither up nor
down. Note that if you measure the angle by ¢, like we did before,
then @ = —¢k so that positive rotation rate is in the counter-clockwise

direction. Thus, vc = —wR = —(—¢)R = $R.
Since there is always some point of the wheel touching the ground,
we know that vec = —wR for all time. Therefore,

—

ac =0cl = —wRI.

Rolling of round objects on round surfaces reference line
Figure 14.32:

Filename:tfigure7-rolling-on-another

For round objects rolling on or in another round object, the analysis
is similar to that for rolling on a flat surface. A common application
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14.5 The Sturmey-Archer hub

In 1903, the year the Wright Brothers first flew powered
airplanes, the Sturmey-Archer company patented the
internal-hub three-speed bicycle transmission. This
marvel of engineering was sold on the best bikes until
finicky but fast racing bicycles using derailleurs started

Now, we can find the relation of these angular velocities
as follows. Look at the velocity of point C in two ways.

First,

to push them out of the market in the 1960’s. Now, [aA point on the spider

hundred years later, internal bicycle hubs (now made by
Shimano and Sachs) are having something of a revival,
particularly in Europe. These internal-hub transmis-
sions utilize a system called planetary gears, gears
which roll around other gears. See the figure below.

In order to understand this gear system, we need to
understand its kinematics—the motion of its parts.
Referring to figure above, the central ‘sun’ gear F is
stationary, at least we treat it as stationary in this
discussion since it is fixed to the bike frame, so it
is fixed in body F. The ‘planet’ gears roll around
the sun gear. Let’s call one of these planets P. The
spider S connects the centers of the rolling planets.

Finally, the ring gear R rotates around the sun.
Sun ¥ Ring R
(fixed frame) (rolls around
planets)

Spider 4
(connects
planets)

Planet &
(rolls on sun)

The gear transmission steps up the angular velocity
when the spider S is driven and ring R, which moves
faster, is connected to the wheel. The transmis-
sion steps down the angular velocity when the ring
gear is driven and the slower spider is connected to
the wheel. The third ‘speed’ in the three-speed gear
transmission is direct drive (the wheel is driven directly).

What are the ‘gear ratios’ in the planetary gear
system? The ‘trick’ is to recognize that for rolling con-
tact that the contacting points have the same velocity,
V4 =vp and ¥p = V. Let’s define some terms.

ws = wsk angular velocity of the spider
op = 0)73]2 angular velocity of the planet
R = a)RI:t angular velocity of the ring

Hlet
XL
vC = VC

= s XFC

0
= wsrc = wpRp
rc
> wp = —WOs (14.33)
Rp
Next, let’s look at point D and E:
vp = Vg
V4+Vp/a = WORXFR
6+5PX?D/A = a)R];X?R
wp(2Rp)éy = wRTREy
_ Ic
wp = p,Ws
2Rp ‘ &p
= wWR = wp
TR ~——
\ 10 pt
—_——
2Rp rc
wOR = ws
rrR Rp
_ 2@s ji Rp)
‘ rrR=rs +2Rp
R
—_—
R
oR 4 22 ,
= — = R angular velocity step-up.
s 4 =

= Vp +0p XFc/B
——’

Rolling
contact:

EA=5\B
FD=HE
ﬁ\C Zﬁc

Typically, the gears have radius ratio of If—;’ = % which
gives a gear ratio of %. Thus, the ratio of the highest gear

to the lowest gear on a Sturmey-Archer hub is g/% =

%g = 1.5625. You might compare this ratio to that of

a modern mountain bike, with eighteen or twenty-one
gears, where the ratio of the highest gear to the lowest
is about 4:1.
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is the so-called epicyclic, hypo-cyclic, or planetary gears (See Box 14.5
on planetary gears on page 824). Referring to Fig. 14.32, we can
calculate the velocity of C with respect to a fixed frame two ways and
compare:

ve = v+ Vc/B
v
——
Ve = V4 +FB/A -I-FC/B.
—— S —
0 0
é(R1+R2)éH = wpRaéy
R +R) 5 Ry
Swg = —— 2 =0(1 + —).
B s 1+ Rz)

Example: Two quarters.

The formula above can be tested in the case of R = R by using two quarters or
two dimes on a table. Roll one quarter, call it 3, around another quarter pressed
fast to the table. You will see that as the rolling quarter B travels around the
stationary quarter one time, it makes two full revolutions. That is, the orientation
of B changes twice as fast as the angle of the line from the center of the stationary

quarter to its center. Or, in the language of the calculation above, wz = 26.

Sliding

Although wheels and balls are known for rolling, they do sometimes
slide such as when a car screeches at fast acceleration or sudden braking
or when a bowling ball is released on the lane.

The sliding velocity is the velocity of the material point on the
wheel (or ball) relative to its contacting substrate. In the case of
pure rolling, the sliding velocity is zero. In the case of a ball or wheel
moving against a stationary support surface, whether round or curved,
the sliding velocity is

—

vsliding = Ueircle center

+ o x F;ontact/center (1434)

Example: Bowling ball

The velocity of the point on the bowling ball instantaneously in contact with the
alley (ground) is Ty = val + wk x Foyc = (g + @R)i. So unless @ = —vg/R
the ball is sliding.

Note that, if sliding, the friction force on the ball opposes the slip of the ball
and tends to accelerate the balls rotation towards rolling. That is, for example,
if the ball is not rotating the sliding velocity is vGi, the friction force is in the
—1 direction and angular momentum balance about the center-of-mass implies
@ < 0 and a counter-clockwise rotational acceleration. No matter what the
initial velocity or rotational rate the ball will eventually roll.

£
®

l=2pal

Figure 14.33: The bowling ball is sliding
so long as vg # —@R

Filename:tfigure-bowlball
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Figure 14.34:
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Figure 14.35:

Filename:sfig7-2-2b

SAMPLE 14.10 Falling ladder: The ends of a ladder of length L =
3m slip along the frictionless wall and floor shown in Figure 14.34. At
the instant shown, when 6 = 60°, the angular speed 6 = 1.15 rad/s
and the angular acceleration 6 = 2.5 rad/s?. Find the absolute velocity
and acceleration of end B of the ladder.

Solution Since the ladder is falling, it is rotating clockwise. From the given infor-
mation:

@ = 0k =—1.15rad/sk

0 = §IG=—2.5rad/szI€.

We need to find v g, the absolute velocity of end B, and @ g, the absolute acceler-
ation of end B.

Since the end A slides along the wall and end the B slides along the floor, we
know the directions of v 4, Vg, a4 and a 5.

Let ¥4 = vqj, a4 = ay4j, Vg = vgi and apg = api where the scalar quanti-
ties vy, a4, vp and ap are unknown.

NOW, ?A = ?B-FFA/B:?B-FC_()\X ?A/B
or v4j = vpl+0kxL(—cosfi—sindj)
Ta/B

= (v + éLsinO)f— 0L cosf].

Dotting both sides of the equation with 7, we get:

v4 f4 = (vp+6Lsin0) ~ +60Lcosf ji
( ) J
0 1 0
= 0 = v+ OLsin0
. 3
= wvp = —0Lsinf =—(—1.15rad/s)-3 m-g
= 2.99m/s.

Similarly,
—wZTA/B
a4 = EB+5X?A/B+5X(5X?A/B)
agj = api+ 0k x L(—cosi —sinf ) — 6% L(—cos O —sin 0 )

= (agp+0Lsin0+ 6%LcosO)i+ (—0L cos® + 0*Lsin0);.

Dotting both sides of this equation with 7 (as we did for velocity) we get:

0 = ap+0Lsin6 + 0%*Lcosd

= ag = —0Lsin0—6%LcosO
3 1
= —(—2.51ad/s?3 mg) —(~1.151ad/s)?3 m->

= 4.51m/s%.

ap =451m/s?
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SAMPLE 14.11 A cylinder of diameter 500 mm rolls down an inclined
plane with uniform acceleration (of the center-of-mass) @ = 0.1 m/s?.
At an instant fg, the mass-center has speed vg = 0.5m/s.

1.
2.

Find the angular speed @ and the angular acceleration @ at fg.

How many revolutions does the cylinder make in the next 2 sec-
onds?

. What is the distance travelled by the center-of-mass in those 2

seconds?

Solution This problem is about simple kinematic calculations. We are given the
velocity, X, and the acceleration, ¥, of the center-of-mass. We are supposed to find
angular velocity w, angular acceleration @, angular displacement 6 in 2 seconds, and
the corresponding linear distance x along the incline. The radius of the cylinder
R = diameter/2 = 0.25m.

1.

From the kinematics of pure rolling,

X 0.5
w = X m/s = 2rad/s,
R 0.25m
¥ 0.1m/s?
o = - 7m/s = 0.4rad/s.
R 0.25m

o =2rad/s, & = 0.4rad/s?

2. We can find the number of revolutions the cylinder makes in 2 seconds by

solving for the angular displacement 6 in this time period. Since,
0=w= constant,

we integrate this equation twice and substitute the initial conditions, 6)([ =
0) = w = 2rad/s and 0(t = 0) = 0, to get

1
0(r) = wt+5a‘)z2

= 0(t =2s)

(2rad/s) - (2s) + %(0.4 rad/s) - (4s%)

4.8
= 48rad = — rev = 0.76rev.
2

0 = 0.76rev

Now that we know the angular displacement 6, the distance travelled by the
mass-center is the arc-length corresponding to @, i.e.,

x=RO=(025m)-(4.8) = 1.2m.

Note that we could have found the distance travelled by the mass-center by
integrating the equation ¥ = 0.1m/s? twice.

Figure 14.36:

Filename:sfigd-rolling-may00

~
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Figure 14.38: The cylinder rolls on the
flat surface. Instantaneously, point P
on the cylinder is in contact with point
Q on the flat surface. For pure rolling,
points P and Q must have the same ve-
locity.

Filen
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SAMPLE 14.12 Condition of pure rolling. A cylinder of radius R =
20 cm rolls on a flat surface with absolute angular speed w = 12rad/s
under the conditions shown in the figure (In cases (ii) and (iii), you
may think of the ‘flat surface’ as a conveyor belt). In each case,

1. Write the condition for pure rolling.

2. Find the velocity of the center C of the cylinder.

J
i
vy = Im/s
vg = Im/s
(i) Fixed base (ii) Base moves to the right (iii) Base moves to the left
Figure 14.37:
Filename:sfig7-rolling1l

Solution At any instant during rolling, the cylinder makes a point-contact with the
flat surface. Let the point of instantaneous contact on the cylinder be P, and let the
corresponding point on the flat surface be Q. The condition of pure rolling, in each
case,is vp = FQ, that is, there is no relative motion between the two contacting
points (a relative motion will imply slip). Now, we analyze each case.

Case(i) In this case, the bottom surface is fixed. Therefore,
1. The condition of pure rolling is: vp = v g = 0.

2. Velocity of the center:

—

te = Tp+@xFcp=0+(-wk)xRj
wRi = (12rad/s) - (0.2m)7 = 2.4m/si.

Case(ii) In this case, the bottom surface moves with velocity ¥ = 1m/sf. There-
fore, v 9 = 1m/si. Thus,
1. The condition of pure rolling is: v p = FQ = lm/si.
2. Velocity of the center:

ve = Fp-l—axrc/}):vof-l—wa
Im/sf +2.4m/sf = 3.4m/sl.

Case(iii) In this case, the bottom surface moves with velocity ¥ = —1m/si.
Therefore, v 9 = —1 m/si. Thus,
1. The condition of pure rolling is: vp = v g = —1m/s.

2. Velocity of the center:

FC = FP—f-aX ?C/PI—U();-{—C()RZA
= —lm/si +2.4m/si = 1.4m/sl.

(a): ()op =0, (i)vp = lm/si, (il)7p = —1 m/si,
(b): ()ve =24m/si, (ii)ve =3.4m/si, (iii)ve = 1.4m/si
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SAMPLE 14.13 Motion of a point on a disk rolling inside a
cylinder. A uniform disk of radius r rolls without slipping with con-
stant angular speed w inside a fixed cylinder of radius R. A point P is
marked on the disk at a distance £ (£ < r) from the center of the disk.
at a general time ¢ during rolling, find

1. the position of point P,
2. the velocity of point P, and

3. the acceleration of point P

Solution Let the disk be vertically below the center of the cylinder at 1 = 0s such
that point P is vertically above the center of the disk (Fig. 14.40). At this instant,
Q is the point of contact between the disk and the cylinder. Let the disk roll for
time ¢ such that at instant ¢ the line joining the two centers (line OC) makes an
angle ¢ with its vertical position at ¢t = 0s. Since the disk has rolled for time ¢
at a constant angular speed w, point P has rotated counter-clockwise by an angle
0 = wt from its original vertical position P’.

Y

(b)

Figure 14.40: Geometry of motion: keeping track of point P while the disk rolls for time £,
rotating by angle 8 = wt inside the cylinder.

Filename:sfig6-5-3a

1. Position of point P: From Fig. 14.40(b) we can write

rp=rc+ 7p/c = (R—r)ioc +K:ch
where
Aoc = a unit vector along OC = —sin¢i —cos ¢,
Acp = a unit vector along CP = —sin 67 4 cos 0.
Thus,
¥p=[-(R—r)sing —€sin]i + [-(R —r)cos¢ + £ cos0]].

We have thus obtained an expression for the position vector of point P as a
function of ¢ and 0. Since we also want to find velocity and acceleration of
point P, it will be nice to express ¥ p as a function of /. As noted above,
0 = wt; but how do we find ¢ as a function of 1?7 Note that the center of the
disk C is going around point O in circles with angular velocity —d)l:t The disk,

Figure 14.39: A uniform disk of radius
r rolls without slipping inside a fixed
cylinder.

Filena
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however, is rotating with angular velocity = wk about the instantaneous
center of rotation, point D. Therefore, we can calculate the velocity of point
C in two ways:

ve = V¢
or  x ?C/D = —(]Béx?c/o
or wk x r(—ioc) = —¢1€ X (R — r):loc
or —a)r(lzxioc) = —q'b(R—r)(lz xioc)
r .
= R _ra) = ¢.

Integrating the last expression with respect to time, we obtain

$= ——owt
= wl.
R—r

Let
r

R—r’
then, the position vector of point P may now be written as

q:

¥ p = [-(R—r)sin(qwt)—Lsin(wt)]{+[—(R—r) cos(qwt)+£ cos(wt)]f. (14.35)

2. Velocity of point P: Differentiating Eqn. (14.35) once with respect to time
we get

vVp = —w[(R—r)gcos(qwt) + £ cos(wt)]f + w[(R — r)g sin(qwt) — £ sin(w?)] ;.
Substituting (R —r)g = r in v p we get

vp = —wr[{cos(qwt) + écos(a)t)}f — {sin(qwt) — ésin(a)t)}f]. (14.36)

3. Acceleration of point P: Differentiating Eqn. (14.36) once with respect to
time we get

ap = —o’r[-{gsin(qw?) + fsin(a)z)}f— {q cos(quwt) — é cos(wt)}j]. (14.37)

rp = [—(R—r)sin(qwt) —Lsin(wt)]i + [-(R — r) cos(qwt) + £ cos(wt)]]
—owrl{cos(qwt) + % cos(wt)}i — {sin(qwt) — % sin(wt)}]]
ap = -—w?’r[—{gsin(gwt) + % sin(wt)} — {q cos(qwt) — % cos(wt)}]]

<
v
I
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SAMPLE 14.14 The rolling disk: instantaneous kinematics. For
the rolling disk in Sample 14.13, let R = 4ft, r = 1ft and point P
be on the rim of the disk. Assume that at t = 0, the center of the
disk is vertically below the center of the cylinder and point P is on the
vertical line joining the two centers. If the disk is rolling at a constant
speed w = mwrad/s, find

1. the position of point P and center C at t = 1s, 3s, and 5.255,

2. the velocity of point P and center C at those instants, and

3. the acceleration of point P and center C at the same instants as
above.

Draw the position of the disk at the three instants and show the ve-
locities and accelerations found above.

Solution The general expressions for position, velocity, and acceleration of point
P obtained in Sample 14.13 can be used to find the position, velocity, and ac-
celeration of any point on the disk by substituting an appropriate value of £ in
equations (14.35), (14.36), and (14.37). Since R = 4r,

r _1
R—r 3

q:

Now, point P is on the rim of the disk and point C is the center of the disk.
Therefore,

for point P: { = r,
for point C: £ = 0.

Substituting these values for £, and ¢ = 1/3 in equations (14.35), (14.36), and
(14.37) we get the following.

. 3 wt \ . wt '\ .
rc —3r | sin 3 I+ cos 3 .,

Fp = TFc+r[-sin(wt)i+cos(wt)]].

1. Position:

2. Velocity:

d o (5) = (5) ]
v —wr | cos [ —sin j
7= oo () emonf i=fan (5 ) mmonf 1]
vVp —wr|3cos| — ) + cos(wt); i sin —sin (wt); J
3 f! 3
3. Acceleration:

. w?r . wt '\ . wt\ .

ac 3 I:sm(T)l—i—cos(:;)]],

ap w?r [% % sin (a) ) + sin (a)t)} I+ { lcos (a;t) — cos (a)t)} _fi| .

We can now use these expressions to find the position, velocity, and accel-

eration of the two points at the instants of interest by substituting r = 1ft,
w = mrad/s, and appropriate values of t. These values are shown in Ta-
ble 14.1.

The velocity and acceleration of the two points are shown in Figures 14.41(a) and
(b) respectively.
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t=0s

(a) (b)

Figure 14.41: (a) Velocity and (b) Acceleration of points P and C at t = 1s, 3s, and 5.25s.

Filename:sfig6-5-4a

It is worthwhile to check the directions of velocities and the accelerations by
thinking about the velocity and acceleration of point P as a vector sum of the
velocity (same for acceleration) of the center of the disk and the velocity (same for
acceleration) of point P with respect to the center of the disk. Since the motions
involved are circular motions at constant rate, a visual inspection of the velocities

and the accelerations is not very difficult. Try it.

t 1s 3 s 5.25 s

Fo () | 3¥i-3p | 3 | 3Gi-55D)
rp (ft) re—7 re—7 M5l = 757)
ve (ftfs) | m(=ii+ 2 i 7(=Jsi = 2= )
vp (ft/s) n(37+ 73f) 2nt 0

. 2 ~ ~ 2 . 2 ~ A
ac (1)) | H(Pi+3) | 5] | 55+ 5D
Tp (ft/s2) | 11.86(247 +.97)) | 2Z; 13.16(=25i + 25 /)

Table 14.1: Position, velocity, and acceleration of point P and point C
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SAMPLE 14.15 The rolling disk: path of a point on the disk.
For the rolling disk in Sample 14.13, take w = 7 rad/s. Draw the path
of a point on the rim of the disk for one complete revolution of the
center of the disk around the cylinder for the following conditions:

1. R = 8r,
2. R =4r, and
3. R=2r.

Solution In Sample 14.13, we obtained a general expression for the position of a
point on the disk as a function of time. By computing the position of the point for
various values of time ¢ up to the time required to go around the cylinder for one
complete cycle, we can draw the path of the point. For the various given conditions,
the variable that changes in Eqn. (14.35) is ¢. We can write a computer program
to generate the path of any point on the disk for a given set of R and r. Here is a
pseudocode to generate the required path on a computer according to Eqn. (14.35).

A pseudocode to plot the path of a point on the disk:

(pseudo-code) program rollingdisk

3

% This code plots the path of any point on a disk of radius

% ’r’ rolling with speed ’w’ inside a cylinder of radius ’R’.

% The point of interest is distance ’1’ away from the center of
% the disk. The coordinates x and y of the specified point P are
% calculated according to the relation mentioned above.

yA

phi = pi/50%[1,2,3,...,100] % make a vector phi from O to 2%pi

==

x = Rxcos(phi)
y = R*sin(phi)

create points on the outer cylinder

plot y vs x % plot the outer cylinder

hold this plot % hold to overlay plots of paths

q = r/(R-r) % calculate q.

T = 2xpi/(gq*w) % calculate time T for going around-
% the cylinder once at speed ’w’.

t = T/100%[1,2,3, ..., 100] % make a time vector t from O to T-
% taking 101 points.

rcx = —(R-r)*(sin(g*w*t)) find the x coordinates of pt. C.

rcy = -(R-r)*(cos(g*w*t)) find the y coordinates of pt. C.

rpx = rcx-l¥sin(wkt) find the x coordinates of pt. P.

P.

rpy = rcy + lxcos(g¥t) find the y coordinates of pt.
plot rpy vs rpx plot the path of P and the path
plot rcy vs recx % of C. For path of C

I I

Once coded, we can use this program to plot the paths of both the center and the
point P on the rim of the disk for the three given situations. Note that for any
point on the rim of the disk / = r (see Fig 14.40).



834

Planar motion of an object

Path of point P

Path of 5
center C b

Figure 14.42: Path of point P and the
center C of the disk for R = 8r.

Filename:sfig6-5-5a

Path of Path of 5
point P center C

Figure 14.43: Path of point P and the
center C of the disk for R = 4r.

Filename:sfig6-5-5b

. Path of
™ center C

Figure 14.44: Path of point P and the
center C of the disk for R = 2r.

Filename:sfig6-5-5¢

1. Let R = 4 units. Then r = 0.5 for R = 8r. To plot the required path, we run
our program rollingdisk with desired input,

R =4
r =0.5
w = pi
1=0.5

execute rollingdisk

The plot generated is shown in Fig.14.42 with a few graphic elements added
for illustrative purposes.

2. Similarly, for R = 4r we type:

R=4
r=1
w = pi
1=1

execute rollingdisk

to plot the desired paths. The plot generated in this case is shown in Fig.14.43

3. The last one is the most interesting case. The plot obtained in this case by

typing:
R=4
r=2
w = pi
1=2

execute rollingdisk

is shown in Fig.14.44. Point P just travels on a straight line! In fact, every
point on the rim of the disk goes back and forth on a straight line. Most
people find this motion odd at first sight. You can roughly verify the result
by cutting a whole twice the diameter of a coin (say a US quarter or dime)
in a piece of cardboard and rolling the coin around inside while watching a
marked point on the perimeter.

A curiosity. We just discovered something simple about the path of a point on the
edge of a circle rolling in another circle that is twice as big. The edge point moves
in a straight line. In contrast one might think about the motion of the center G of
a straight line segment that slides against two straight walls as in sample 14.23. A
problem couldn’t be more different. Naturally the path of point G is a circle (as
you can check physically by looking at the middle of a ruler as you hold it as you

sliding against a wall-floor corner).
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14.4 Mechanics of contact

Mechanics of contacting bodies: rolling and sliding A typical machine
part has forces that come from contact with other parts. In fact, with
the major exception of gravity, most of the forces that act on bodies of
engineering interest come from contact. Many of the forces you have
drawn in free body diagrams have been contact forces: The force of
the ground on an ideal wheel, of an axle on a bearing, etc.

We’d now like to consider some mechanics problems that involve
sliding or rolling contact. Once you understand the kinematics from
the previous section, there is nothing new in the mechanics. As al-
ways, the mechanics is linear momentum balance, angular momen-
tum balance and energy balance. Because we are considering single
rigid bodies in 2D the expressions for the motion quantities are espe-
cially simple (as: you can look up in Table I at the back of the book):

L = miot@em, H )¢ = Fopyjc X (Miot@em) + 10k (where I = IZ), and
EK = Mmiotv2,/2 + 102 /2.

The key to success, as usual, is the drawing of appropriate free
body diagrams (see Chapter 3 pages 88-91 and Chapter 6 pages 328-
9). The two cases one needs to consider as possible are rolling, where
the contact point has no relative velocity and the tangential reaction
force is unknown but less than u/N, and sliding where the relative
velocity could be anything and the tangential reaction force is usually
assumed to have a magnitude of u/N but oppose the relative motion.

For friction forces in rolling refer to chapter 2 on free body dia-
grams. Note that in pure rolling contact, the contact force does no
work because the material point of contact has no velocity. However,
when there is sliding mechanical energy is dissipated. The rate of loss
of kinetic and potential energy is

Rate of frictional dissipation = Pgjss = Fhriction - Vstip  (14.38)

where vg)p, is the relative velocity of the contacting slipping points. If
either the friction force (ideal lubrication) or sliding velocity (no slip)
is zero there is no dissipation. Work-energy relations and impulse-
momentum relations are useful to solve some problems both with and
without slip.

As for various problems throughout the text, it is often a savings of
calculation to use angular momentum balance (or moment balance in
statics) relative to a point where there are unknown reaction forces. For
rolling and slipping problems this often means making use of contact
points.

Example: Pure rolling on level ground
A ball or wheel rolling on level ground, with no air friction etc, rolls at constant
speed (see Fig. 14.45). This is most directly deduced from angular momentum

(9 Tt7

77T

FBD

9

(N

Figure 14.45: A ball rolls or slides on
level ground.

Filenam

e:tfigure-levelrolling
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balance about the contact point C:

M. =Hc = Fgox-mgj = Fgoxmig+allk
= 0 = Rjx(—moRi)+ oIk
dotting with E = w=0 = w = constant.
Because for rolling vg = —@wR we thus have that vg is a constant. [The result

can also be obtained by combining angular momentum balance about the center-
of-mass with linear momentum balance.]

Finally, linear momentum balance gives the reaction force at C to be F =
mgj. So,

assuming point contact, there is no rolling resistance.

Example: Bowling ball with initial sliding

A bowling ball is released with an initial speed of vg and no rotation rate. What
is it’s subsequent motion? To start with, the motion is incompatible with rolling,
the bottom of the ball is sliding to the right. So there is a frictional force which
opposes motion and F = —uN (see Fig. 14.45). Linear and angular momentum
balance give:

LMB: = {—-Fi+Nj—mgj=mai}
-7 = N =mg
) = a=—ug

AMB/q: = —Rumg = IMo

= v =uvo— ugt and = —uRmgt /I

Thus the forward speed of the ball decreases linearly with time while the counter-
clockwise angular velocity decreases linearly with time.

This solution is only appropriate so long as there is rightward slip, vg >
—oR. Just like for a sliding block, there is no impetus for reversal, and the block
switches to pure rolling when

Vo
ne (14 457)

Note that the energy lost during sliding is less than pumg times the distance the

vV=—0R=vo— gt =—(—nRmgt/ISP)R =1 =

a A center of the ball moves during slip.
Ve 1;‘ ~ FBD —m:]j
n J ~
7 1,7 - . .
N 1 N‘/ - Example: Ball rolling down hill.
¢ Z\ L ? s Assuming rolling we can find the acceleration of a ball as it rolls downhill (see
7O Fig. 14.46). We start out with the kinematic observations that @g = agA4,
. . s that Rw = —vg and that R = —ag. Angular momentum balance about the
ZE?:;GMAG' A ball rolls or slides down stationary point on the ground instantaneously coinciding with the contact point
Filename:tfigure-sloperolling glves
AMB/¢ =  FgcX(—mgj) =Ty, xmag+ ok
{—Rsin¢mg12 = (RA) x (macd) + 1_91.%;)12}
{}-12 = —Rmgsing = —Rmag —I{Pac/R
_ gsing
= 4G T [ mRrY)

Which is less than the acceleration of a block sliding on a ramp without friction:
a = gsin¢ (unless the mass of the rolling ball is concentrated at the center with
I = 0). Note that a very small ball rolls just as slowly. In the limit as the
ball radius goes to zero the behavior does not approach that of a point mass that
slides; the rolling remains significant.
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Example: Ball rolling down hill: energy approach
We can find the acceleration of the rolling ball using power balance or conserva-
tion of energy. For example
0=%Er= 0= Ex+Ep
= L (mv?/2+ I0?/2) + $- (mgy)
mvd + ISP ww + mgy
= mvd+IE2(w/R)O/R—mg(sing)v
assuming v # 0= 0= (m+ I$®/R?)0 —mgsing

g sing
1152/ (mR?)

as before.

Example: Does the ball slide?

How big is the coefficient of friction p needed to prevent slip for a ball rolling
down a hill? Use linear momentum balance to find the normal and frictional
components of the contact force, using the rolling example above.

AMB (F,,, = miag) = {Nﬁ +Fi—mgj= maG:l}
{}-n = N=mgcos¢
-2 = F+mgsing =m0

1+152/(mR2)
F = _—mg sing
1+mR2/I$™

tan ¢

Critical condition: TFmRZ/ Iem

= =T
If IS is very small (the mass concentrated near the center of the ball) then small
friction is needed to prevent rolling. For a uniform rubber ball on pavement
(with 4 ~ 1 and I ~ 2mR?/5) the steepest slope for rolling without slip
is a steep ¢ = tan"'(7/2) ~ 74°. A metal hoop on the other hand (with
pm~.3and I ~ mRz) will only roll without slip for slopes less than about

¢ = tan"1(.6) &~ 31°.

Example: Oscillations of a ball in a bowl.

A round ball can oscillate back and forth in the bottom of a circular cross section
bowl or pipe (see Fig. 14.47). Similarly, a cylindrical object can roll inside a
pipe. What is the period of oscillation? Start with angular momentum balance
about the contact point

oo x(—mgj) = TFgoxmag+ Ismok
rmgsinfk = —ré, x (m ((R —7)8é, — (R — r)ézé,-))
+Imok.

Evaluating the cross products (using that €, x é, = I:T) and using the kinematics
from the previous section (that (R — ré = —rw) and dotting the left and right
sides with & gives

gsinf
the tangential acceleration is the same as would have been predicted by putting
the ball on a constant slope of —#. Using the small angle approximation that

(R—r)é =

sinf = 6 the equation can be rearranged as a standard harmonic oscillator
equation
b+ ( g ) 9
R-rA+12/mr2)) >

If all the ball’s mass were concentrated in its middle (so I$2* = 0) this is naturally
the same as for a simple pendulum with length R —r. For any parameter values
the period of small oscillation is

— em /2
T —om (R r)(l—;]__ /mr ).

n
N
A
A r
0 !
JCe
Ty e

Figure 14.47: A ball rolls in a round
cross-section bowl.

Filename:tfigure-ballinbowl
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For a marble, ball bearing, or AAA battery in a sideways glass (with R —r ~
2cm = .04m, I /mr? ~ 2/5 and g &~ 10 m/s?) this gives about one oscillation
every half second. See page 77 for the energy approach to this problem.
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SAMPLE 14.16 A rolling wheel with non-negligible mass. Con-
sider the wheel with mass m shown in figure 14.48. The wheel rolls
to the left without slipping. The free-body diagram of the wheel is
shown here again. Write the equation of motion of the wheel.

Solution We can write the equation of motion of the wheel in terms of either the
center-of-mass position x or the angular displacement of the wheel 8. Since in pure
rolling, these two variables share a simple relationship (x = Rf), we can easily get
the equation of motion in terms of x if we have the equation in terms of 6 and vice
versa. Let @ = wk and @ = ok.

Since all the forces are shown in the free body diagram, we can readily write
the angular momentum balance for the wheel. We choose the point of contact C as
our reference point for the angular momentum balance (because the gravity force,
—mgJ, the friction force —Fy,;csioni, and the normal reaction of the ground N 7,
all pass through the contact point C and therefore, produce no moment about this
point). We have

S Mo = Hpj

R}
—_ ’—" ~
Y Mg = Tomcx(FA)
= Rjx F(—cos¢i —sing))
= FR cosd)ls

where

and ]
H/C = ?Cm/c X mﬁcm + IZC;“cT)
= Rjxm X I+ 0k
—®R
CB27 . p
= moRk + II'ok
= (IS +mR*)ok.
Thus,
FRcospk = (IS +mR*)ok
o =i — FRcos ¢
ISP + mR?

which is the equation of motion we are looking for. Note that we can easily substi-
tute 6 = —X/R in the equation of motion above to get the equation of motion in
terms of the center-of-mass displacement x as

_ FR? cos¢
IR +mR%"

é_ FRcos¢
T I +mR?

Comments: We could have, of course, used linear momentum balance with angular
momentum balance about the center-of-mass to derive the equation of motion.
Note, however, that the linear momentum balance will essentially give two scalar
equations in the x and y directions involving all forces shown in the free-body
diagram . The angular momentum balance , on the other hand, gets rid of some of

them. Depending on which forces are known, we may or may not need to use all

G O

cm

~>

mg

~>

C
F friction

N

Figure 14.48: FBD of a wheel with mass
m. Force F is applied by the axle.

Filename:tfigure2-wheel-mass-lhs
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the three scalar equations. In the final equation of motion, we must have only one

unknown.
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SAMPLE 14.17 Energy and power of a rolling wheel. A wheel
of diameter 2 ft and mass 20 1bm rolls without slipping on a horizontal
surface. The kinetic energy of the wheel is 1700 ft-1bf. Assume the

wheel to be a thin, uniform disk.

1. Find the rate of rotation of the wheel.

2. Find the average power required to bring the wheel to a complete

stop in 5 s.

Solution

1. Let w be the rate of rotation of the wheel. Since the wheel rotates without

slip, its center-of-mass moves with speed vey, = wor.

The wheel has both

translational and rotational kinetic energy. The total kinetic energy is

Ex
=  w?
= o

1 1
Emvgm + Elcmw2
lmwzrz n llcmwl
2 2

1 2 cm 2

E(mr + L 1)
%mr2

Zmrw?

4

4EK

3mr2
4 x 1700 ft- 1bf

3 % 201bm-1 ft?
4 x 1700 x 32.21bm- ft/ s2
3 % 20 1bm- ft

1
3649.33§
60.4rad/s.

o = 60.4rad/s

Note: This rotational speed, by the way, is extremely high. At this speed
the center-of-mass moves at 60.4 ft/s!

2. Power is the rate of work done on a body or the rate of change of kinetic
energy. Here we are given the initial kinetic energy, the final kinetic energy
(zero) and the time to achieve the final state. Therefore, the average power

is,

Exy — Exa
At

5s
= 340ft-1bf/s-

= 0.62hp

1700 ft-1bf — 0

1 hp

550 ft-1bf/ s

= 340 ft-1bf/ s

P =0.62 hp

~

-

Figure 14.49:

Filename:sfig7-4-1a
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5o SAMPLE 14.18 Equation of motion of a rolling wheel from en-
ergy balance. Consider the wheel with mass m from figure 14.50.
R F The free-body diagram of the wheel is shown here again. Derive the
\ equation of motion of the wheel using energy balance.
cm j
mg ; Solution From energy balance, we have
€ P E
Ffriction - K
N where N
P = Z F;,-v;
Figure 14.50: FBD of a rolling wheel. — — R R
Filename:tfigure2-wheel-mass-lhs-en 0 0 vl vl
_ .= LT e T
= _Ffrictionf' ve +Nj- v —mgj: Vem +FA- Vem
= —mgu(1-j)+Fv(A-1)
0 —cos¢
= —Fvcos¢
and
(x/R)?
. d 1, 1 2
1d 2,:2
= EE[(W‘F];?/R )X7]
= (m+ I /RHik.
Thus,
—Fvcos¢p = (m+ IZC;“/Rz))'w'E
or — FXcos¢p = (m+IZC;n/R2)X)'é

F cos¢

= § o= ke
m+ I§2/R2

We can also write the equation of motion in terms of 6 by replacing ¥ with OR
giving,

_ FRcos¢
Com+ ISP /R?
$=_ F cos ¢
T mtIE/R?
Comments: In the equations above (for calculating P), we have set v¢ = 0

because in pure rolling, the instantaneous velocity of the contact point is zero.
Note that the force due to gravity is normal to the direction of the velocity of the
center-of-mass. So, the only power supplied to the wheel is due to the force FA

acting at the center-of-mass.
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SAMPLE 14.19 Equation of motion of a rolling disk on an in-
cline. A uniform circular disk of mass m = 1 kg and radius R = 0.4m
rolls down an inclined shown in the figure. Write the equation of mo-
tion of the disk assuming pure rolling, and find the distance travelled
by the center-of-mass in 2s.

Solution The free-body diagram of the disk is shown in Fig. 14.52. In addition to
the base unit vectors 7 and J, let us use unit vectors A and A along the plane and
perpendicular to the plane, respectively, to express various vectors. We can write the
equation of motion using linear momentum balance or angular momentum balance.
However, note that if we use linear momentum balance we have two unknown forces
in the equation. On the other hand, if we use angular momentum balance about
the contact point C, these forces do not show up in the equation. So, let us use
angular momentum balance about point C:

YMe = Hc
where N
Y Mg = TFooxmg = Rix(-mgj)
= —Rmgsin ok
and .
Rn RoA
. LT T
H,c = —I;7'0k+ To/cXm adem
= —Iok + mR% (i x 1)
= —(If" +mR*)ok.
Thus, . .
—Rmgsinak = —(IM + mR*)ok
- o - gsina

R[1 + I3/ (mR2)]

gsina

@ = ROATI0 mED)]

Note that in the above equation of motion, the right hand side is constant. So,
we can solve the equation for w and 6 by simply integrating this equation and
substituting the initial conditions w(t = 0) = 0 and (¢ = 0) = 0. Let us write the
equation of motion as @ =  where § = gsina/R(1 + IZC’Zm/mRz). Then,

w = é=/3t+Cl

1
= Eﬂt2+C1Z+C2.

Substituting the given initial conditions 9(0) =0 and 6(0) = 0, we get C; = 0 and
C> = 0, which implies that 6 = %,312. Now, in pure rolling, x = RfO. Therefore,

1 1 gsina
t = Rel’zftzz -7—[2
*() O =P =R R0+ 17 mE?)
1 i 1
= 77(‘;"811110[ = 12 = f(gsinot)zz
2 1+ smR? 3
mR2
1 o
x(2s) = 598 m/s? - sin(30 ) - (28)? = 6.53 m.

x(28) = 6.53m

Figure 14.51:

Filename:sfigd-rolling-inclinel

Figure 14.52:

Filename:sfig9-rolling-inclinela
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Figure 14.53:

Filename:sfig9-rolling-incline2

Figure 14.54:

Filename:sfigd-rolling-incline2a
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SAMPLE 14.20 Using Work and energy in pure rolling. Consider
the disk of Sample 14.19 rolling down the incline again. Suppose the
disk starts rolling from rest. Find the speed of the center-of-mass when
the disk is 2m down the inclined plane.

Solution We are given that the disk rolls down, starting with zero initial velocity.
We are to find the speed of the center-of-mass after it has travelled 2 malong the
incline. We can, of course, solve this problem using equation of motion, by first
solving for the time ¢ the disk takes to travel the given distance and then evaluating
the expression for speed w(t) or x(¢) at that ¢t. However, it is usually easier to
use work energy principle whenever positions are specified at two instants, speed is
specified at one of those instants, and speed is to be found at the other instant. This
is because we can, presumably, compute the work done on the system in travelling
the specified distance and relate it to the change in kinetic energy of the system
between the two instants. In the problem given here, let w; and wy be the initial
and final (after rolling down by d = 2m) angular speeds of the disk, respectively.
We know that in rolling, the kinetic energy is given by

(wR)?
1 2 1 cm, 2 1 2 cmy, 2
Ex = 3™ Vem +§IZZ w° = E(MR + I;7o”.
Therefore,
1
AEk = Exy — Exy = 5(mR2 + IEM) (05 — ). (14.39)

Now, let us calculate the work done by all the forces acting on the disk during the
displacement of he mass-center by d along the plane. Note that in ideal rolling, the
contact forces do no work. Therefore, the work done on the disk is only due to the
gravitational force:
—sino
A ere
W = (-mgJj)-(dA) = —mgd( -1 ) = mgdsina. (14.40)

From work-energy principle (integral form of power balance, P = Ex ), we know
that W = AFExk. Therefore, from egn. (14.39) and egn. (14.40), we get

1
mgd sina = E(mR2 + IZC;“)(Q)% - a)%)
2mgd sina 2gd sina
2 2 2
:> 602 = wl + 2 cm = (,01 Jem
mR=+ 157 R2(1+ z:)
mR2
W2 dgd sinot.
! 3R2

Substituting the values of g,d,«, R, etc., and setting w1 = 0, we get

2 = 4-(9.8 m/i)((-)fg))z- (sin(30) _ 81.67/s2

= w; = 9.04rad/s.

The corresponding speed of the center-of-mass is

Vem = w2 R = 9.04rad/s-0.4m = 3.61 m/s.

Vem = 3.6l m/s
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SAMPLE 14.21 Impulse and momentum calculations in pure
rolling. Consider the disk of Sample 14.19 rolling down the incline
again. Find an expression for the rolling speed (@) of the disk after a
finite time At, given the initial rolling speed w;.

Solution Once again, this problem can be solved by integrating the equation of
motion (as done in Sample 14.19). However, we will solve this problem here using
impulse-momentum relationship. Note that we need the speed of the disk w,, after
a finite time At, given the initial speed w;. Since the forces acting on the disk do not
change during this time (assuming pure rolling), it is easy to calculate impulse and
then relate it to the change in the momenta of the disk between the two instants.

Now, from the linear impulse momentum relationship, Y F-At=1L 02— L 1, we have

(—th + Ni—mgpAt = m(vy — vl)i. (14.41)

Dotting egn. (14.41) with A gives

(=F=mg(j-A DAt = m@z—v1)
N——
—sina
(—F + mgsina)At = mR(wy —w1). (14.42)

Similarly, the angular impulse-momentum relationship about the mass-center,
MpAt = (H j5)2 — (H o)1, gives

(—FR];)AI —I{ (w2 —a)l)];
= FRAt = I (w2—w1). (14.43)

Note that the other forces (N and mg) do not produce any moment about the
mass-center as they pass through this point. We can now eliminate the unknown
force F from egn. (14.42) and egn. (14.43) by multiplying egn. (14.42) with R and
adding to egn. (14.43):

mgRsinaAt = (ISP +mR?)(wy — 1)
ICm
or gsinaAr = R[1+ 2% | (w2 —w1)
mR?2
L T
R(1+m21§2)

_ gsina
Wy = W] + —*—em~ At
R(1+255)

mR2

~

Figure 14.55:

Filename:sfig9-rolling-incline3
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Figure 14.56:
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A

6/ B>

Figure 14.57: A ladder, modeled as a
uniform rod of mass m and length £,
falls from a rest position at 8 = 6, (<
7m/2) such that its ends slide along
frictionless vertical and horizontal sur-
faces.

Filename:sfig7-3-1

Figure 14.58:

Filename:sfig7-3-1a

Figure 14.59: The free-body diagram of
the ladder.

Filename:sfig7-3-1b

SAMPLE 14.22 Falling ladder. A ladder AB, modeled as a uniform
rigid rod of mass m and length £, rests against frictionless horizontal
and vertical surfaces. The ladder is released from rest at 8 = 6, (6, <
7/2). Assume the motion to be planar (in the vertical plane).

1.

As the ladder falls, what is the path of the center-of-mass of the
ladder?

. Find the equation of motion (e.g., a differential equation in terms

of 8 and its time derivatives) for the ladder.

. How does the angular speed o (= 6) depend on 67

Solution Since the ladder is modeled by a uniform rod AB, its center-of-mass is
at G, half way between the two ends. As the ladder slides down, the end A moves
down along the vertical wall and the end B moves out along the floor. Note that
it is a single degree of freedom system as angle 6 (a single variable) is sufficient to
determine the position of every point on the ladder at any instant of time.

1. Path of the center-of-mass: Let the origin of our x-y coordinate system

be the intersection of the two surfaces on which the ends of the ladder slide
(see Fig. 14.58). The position vector of the center-of-mass G may be written
as

rg = ?B+?G/B

= fcosOi + g(—0050f+ sin 6 )
= g(cos 07 + sin07). (14.44)
Thus the coordinates of the center-of-mass are
xXGg = gcosﬂ and yg = gsme,

from which we get
2 2 0
¢ty =4
which is the equation of a circle of radius % Therefore, the center-of-mass

of the ladder follows a circular path of radius % centered at the origin. Of
course, the center-of-mass traverses only that part of the circle which lies
between its initial position at § = 6, and the final position at 6 = 0.

Equation of motion: The free-body diagram of the ladder is shown in
Fig. 14.59. Since there is no friction, the only forces acting at the end points
A and B are the normal reactions from the contacting surfaces. Now, writing
the the linear momentum balance (3. F = m@) for the ladder we get

Nii 4+ (No —mg)j =mag =mr¢g.
Differentiating eqn. (14.44) twice we get %G as

Y2 . R . .
rg = l(=0 sin0 - 02 cos )i + (6 cos 0 — 6% sin 0) /).

Substituting this expression in the linear momentum balance equation above
and dotting both sides of the equation by 7 and then by j we get

1 . .
Ny —Em€(9 sin 0 + 02 cos 0)

1 . )
Np Emﬁ(ﬂ cos 0 — 62 sin 0) + mg.



14.4. Mechanics of contact 847

Next, we write the angular momentum balance for the ladder about its center-

of-mass, Y A_i/G = ﬁ/G, where
_ l . L N
ZM/G = —N15s1n9+N25c039 k
1 . . ¢ .
= Emﬁ(f) sin 6 + 6~ cos 0)5 sin 0k
1 . . V4 ~
+ |:§m€(9 cos 0 — 02 sin ) + mg] 5 cos 0k
1 a1 R
= -me-0 + Emgﬁ cosf | k

4
and

L N 1 . A
H;c = Izz/Gw:Emzze(_k)v

where © = 9(—]2) because 6 is measured positive in the clockwise direction
(—I:T) Now, equating the two quantities Zﬁ/G = ﬁ/G and dotting both
sides with k we get

1, o 1 3 1 o
4m€ 0+ 2%g€cos@ = 121/1( 0
11, 1
or (E + Z)Z 0 = —Eéﬁcose
.. 3
or 0 = —ﬁ cos 6 (14.45)

which is the required equation of motion. Unfortunately, it is a nonlinear
equation which does not have a nice closed form solution for 6(z).

3. Angular Speed of the ladder: To solve for the angular speed » (= 9) as a
function of @ we need to express eqn. (14.45) in terms of w, 0, and derivatives
of w with respect to 6. Now,

dw B dw do dw

O=6=Tr=d0 2~ “an

Substituting in eqn. (14.45) and integrating both sides from the initial rest
position to an arbitrary position 6 we get

w [
3
/ wdw = —/ —gcos9d9
0 0 24

= —w° = —%(sm 0 — sin 6p)

= 0 = ﬂ:,/%(sin@o—sinﬂ).

Since end B is sliding to the right, 0 is decreasing; hence it is the negative
sign in front of the square root which gives the correct answer, i.e.,

. 3 R
@ = O(—k) = —,/Tg(smeo —sind) k.
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frictionless
Figure 14.60:
Filename:sfig7-4-3
A
N 1 —)
G
mg
B
1 N,

Figure 14.61:

datum for
Potential
energy

6o/ \ B %

£/2 sin 90 hl

hy = £/2 sin 6

Figure 14.62:
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of the ladder using energy.

balance.

Solution

SAMPLE 14.23 The falling ladder again. Consider the falling ladder
of Sample 14.10 again. The mass of the ladder is m and the length is
¢. The ladder is released from rest at § = 80°.

1. At the instant when 8 = 45°, find the speed of the center-of-mass

2. Derive the equation of motion of the ladder using work-energy

1. Since there is no friction, there is no loss of energy between the two states:

Oy = 80° and O = 45°.  The only external forces on the ladder are
N1, Nz, and mg as shown in the free body diagram. Since the displace-
ments of points A and B are perpendicular to the normal reactions of the
walls, N1 and N>, respectively, no work is done by these forces on the ladder.
The only force that does work is the force due to gravity. But this force is
conservative. Therefore, the conservation of energy holds between any two

states of the ladder during its fall.

Let E1 and E; be the total energy of the ladder at 6 and 0, respectively.

Then

E1 = E» (conservation of energy).

Now E; = FEg, + Ep,
~—— N———
K.E. P.E.
= 0+ mgh
L
= mg—=sin6,
g5 sinfo
1 2 1l o
and E; = EK2+EPZ=§va+§IZZa) +mghy.
—
Ex,

Equating E; and E; we get
{

%gz

(sin Gy —sinby)

or gl(sinfy —sinby)

1 1

2(’/“% + E//zkz ®?)
~——
I

1

2 2 2
L . 14.4
vg + pte ( 6)

Clearly, we cannot find vg from this equation alone because the equation
contains another unknown, w. So we need to find another equation which
relates vg and w. To find this equation we turn to kinematics. Note that

- L
rg = E(cos@f—f—sint)
— - 14 . .
= vg = rg= 5(— sin 0-07 + cos 0-0 J)
— 2 .
= vg = |vgl= Z(c0529+sin29) 62
/.
= 0= gw
2
2
= o = %G
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Substituting the expression for @ in egn. (14.46) we get

2
Mg

127 g2

I
<
Qw
+
\
S

gl(sin 0 — sin O5)

I
w |
<
Q

3
= vg = \/ig(sinGO—sint)

0.46+/gt.

v = 0.46./gl

2. Equation of motion: Since the ladder is a single degree of freedom system,
we can use the power equation to derive the equation of motion:

PZEK.

For the ladder, the only force that does work is mg. This force acts on the
center-of-mass G. Therefore,

P = Fv=-mgj-vg

—mgj- [g(— sin 07 + cos 0 1) é]

7.
= —mg=0cosf.
&2
Now, the rate of change of kinetic energy is

: d (1 o> 1l 2
EK = E (EWZUG + EIZZw

d (1 (202 N 1 me? 2
= —|-m—+-——0w
de \ 2 4 2 12

= —owo=—~00 (sincew =0 and o =0).

2
459 = —tﬁg%ﬂcos@
= 60 = Y, cos 0

which is the same expression as obtained in Sample 14.22 (b).

0 = —;—‘%0050

Note: To do this problem we have assumed that the upper end of the ladder stays
in contact with the wall as it slides down. One might wonder if this is a consistent
assumption. Does this assumption correspond to the non-physical assumption that
the wall is capable of pulling on the ladder? Or in other words, if a real ladder was
sliding against a slippery wall and floor would it lose contact? The answer is yes.
One way of finding when contact would be lost is to calculate the normal reaction
N; and finding out at what value of 6 it passes through zero. It turns out that Ny

is zero at about 0 = 41°.
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Side View FroHt View

Figure 14.63: A composite wheel made
of three uniform disks rolls down an in-
clined wedge without slipping.
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Figure 14.64: Free body diagram of the
wheel.
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Figure 14.65: Geometry of unit vectors.
This diagram can be used to find var-
ious dot and cross products between
any two unit vectors. For example,
A x | = sin 0k.
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SAMPLE 14.24 Rolling on an inclined plane. A wheel is made up
of three uniform disks— the center disk of mass m = 1 kg, radius r =
10 cm and two identical outer disks of mass M = 2kg each and radius
R. The wheel rolls down an inclined wedge without slipping. The angle
of inclination of the wedge with horizontal is & = 30°. The radius of
the bigger disks is to be selected such that the linear acceleration of
the wheel center does not exceed 0.2g. Find the radius R of the bigger
disks.

Solution Since a bound is prescribed on the linear acceleration of the wheel and the
radius of the bigger disks is to be selected to satisfy this bound, we need to find an
expression for the acceleration of the wheel (hopefully) in terms of the radius R.

The free-body diagram of the wheel is shown in Fig. 14.64. In addition to the
weight (m+2M)g of the wheel and the normal reaction N of the wedge surface there
is an unknown force of friction Fy acting on the wheel at point C. This friction force
is necessary for the condition of rolling motion. You must realize, however, that
Fr # uN because there is neither slipping nor a condition of impending slipping.
Thus the magnitude of Fy is not known yet.

Let the acceleration of the center-of-mass of the wheel be

EG = a(;i
and the angular acceleration of the wheel be
» = —ak.

We assumed @ to be in the negative k direction. But, if this assumption is wrong,
we will get a negative value for o.
Now we write the equation of linear momentum balance for the wheel:

YF =

—(m+2M)gj + Ni— Fph =

Mtotal axcm
(m + 2M)aG5&

This 2-D vector equation gives (at the most) two independent scalar equations. But
we have three unknowns: N, F. o and ag. Thus we do not have enough equations to
solve for the unknowns including the quantity of interest ag. So, we now write the
equation of angular momentum balance for the wheel about the point of contact
C (using ¥ g/c = ri):

Y Mc = Hp
where
Mg = Fgoxm+2M)g(—j)
= rax(m+2M)g(—j)
= —(m+2M)grsin0k (see Fig. 14.65)
and

IS &+ Fg/c X Miotal TG
= IZGZ (—a)l?) — Miotal a')rzlz
= (IS + myar?)(—ok)

Miotal

1 2 L p2y L 2 .2
= (Emr +2-EMR )+ (m+2M)r° | (—ok)

= - [%mﬂ + M(R? + 2r2)] ok.
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Thus,

~ 3 ~
—(m +2M)grsin0k = — |:§mr2 + M(R* + 21‘2)] ok

2M)gr sin 0
> 6 = 5 (m +2M)grsinf (14.47)
smr2 4+ M(R? + 2r2)

Now we need to relate @ to ag. From the kinematics of rolling,
ag = or.
Therefore, from Eqn. (14.47) we get

(m +2M)gr?sin6
%mr2 + M(R2 +2r2)

ag =

Now we can solve for R in terms of ag:

(m +2M)gr?sin 6

3
Emr2 + M(R? +2r%)

aG
2M 3
= MQR*+2/%) = n+2M)8 2 G0 — Sy
ag 2
2M 3
= R? = urzsing——mrz—b’z.
Mag 2M
Since we require ag < 0.2g we get
2M 3
g2 > (Mg o, 3 )2
M -0.2g 2M
5k 1 3k
258 2 2% 5)(0.1m)?
0.4kg 2 4kg
> 0.035m?
= R > 0.187m

Thus the outer disks of radius 20 cm will do the job.

R >18.7cm
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Figure 14.67: Free-body diagram of the
ball during sliding.
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SAMPLE 14.25 Which one starts rolling first — a marble or
a bowling ball? A marble and a bowling ball, made of the same
material, are launched on a horizontal platform with the same initial
velocity, say vg. The initial velocity is large enough so that both start
out sliding. Towards the end of their motion, both have pure rolling
motion. If the radius of the bowling ball is 16 times that of the marble,
find the instant, for each ball, when the sliding motion changes to
rolling motion.

Solution Let us consider one ball, say the bowling ball, first. Let the radius of the
ball be r and mass m. The ball starts with center-of-mass velocity v, = vgi. The
ball starts out sliding. During the sliding motion, the force of friction acting on the
ball must equal uN (see the FBD). The friction force creates a torque about the
mass-center which, in turn, starts the rolling motion of the ball. However, rolling
and sliding coexist for a while, till the speed of the mass-center slows down enough
to satisfy the pure rolling condition, v = wr. Let the instant of transition from the
mixed motion to pure rolling be ¢*. From linear momentum balance , we have

mvl = —puNi+ (N—mg)J (14.48)
eqn. (14.48)-7 = N = mg
eqn. (14.48)-1 = md = —uN =—umg
= v = -ug
= v vo — Jgt. (14.49)
Similarly, from angular momentum balance about the mass-center, we get
—ISP0k = —puNrk =—pmgrk
= o = Hrer
Iz
= o = g +502 (14.50)
Iz
0

At the instant of transition from mixed rolling and sliding to pure rolling, i.e., at
t =t*, v = wr. Therefore, from egn. (14.49) and eqn. (14.50), we get

2
Hmgr=
vg — pugt* = t
0— HE Ism
2
mr
= v = pg*(l+ —)
IZZ
= ¥ = Yo

mr2y’
png(l + 1;;1)
Now, for a sphere, I7]" = %mrz. Therefore,

x® Vo _ 2vgp

g+ 2y g

202
gmr

t

Note that the expression for ¢* is independent of mass and radius of the ball!
Therefore, the bowling ball and the marble are going to change their mixed motion
to pure rolling at exactly the same instant. This is not an intuitive result.

* _ 209
"= for both.
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SAMPLE 14.26 Transition from a mix of sliding and rolling to
pure rolling, using impulse-momentum. Consider the problem
in Sample 14.25 again: A ball of radius r = 10 cm and mass m = 1 kg
is launched horizontally with initial velocity vgp = 5m/s on a surface
with coefficient of friction u = 0.12. The ball starts sliding, rolls and
slides simultaneously for a while, and then rolls without sliding. Find
the time it takes to start pure rolling.

Solution Let us denote the time of transition from mixed motion (rolling and sliding)
to pure rolling by t*. At ¢t = 0, we know that vey = vg = 5m/s, and w9 = 0. We
also know that at t = t*, veyy = vy = wyxr, where r is the radius of the ball. We do
not know ¢* and v,«. However, we are considering a finite time event (during t*) and
the forces acting on the ball during this duration are known. Recall that impulse
momentum equations involve the net force on the body, the time of impulse, and
momenta of the body at the two instants. Momenta calculations involve velocities.
Therefore, we should be able to use impulse-momentum equations here and find the
desired unknowns. From linear impulse-momentum, we have

(XF)r -

(=uNi+ (N —mg)))t* =

Dotting the above equation with j and 7, respectively, we get
N = mg

muvgxi — mvol

m(vgx — vo)i.

—u N t* = m(vs —vg)
mg
=  —ugt*t = v —o. (14.51)

Similarly, from angular impulse-momentum relation about the mass-center, we get

Zﬁcmt*

(ﬁcm)t* - (ﬁcm)o

(—uNrk)* = (I op =157 oo )(=k)
——
0
or —pmgrt®* = —IPwx
=  wpx = pmgrt*/I®
= v = wpr = pmgritt /IS

Substituting this expression for vy« in egn. (14.51), we get

2
—pugt® = pumgrit* /I —vo
* vo

= t = 7””2
png(l+ @)

which is, of course, the same expression we obtained for * in Sample 14.25. Again,

noting that /5" = %m r? for a sphere, we calculate the time of transition as

«_ 200 2-(5m/s)

T Tug 7-(0.2)-(9.8m/s2)

=0.73s.

Figure 14.68:

Filename:sfig9-rollandslide-ball2

mg

~>

F=uN
N

~>

Figure 14.69: Free-body diagram of the
ball during sliding.
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Figure 14.70: Two bodies collide at point
C. The only non-negligible collision im-

pulse is P acting on body 2 (and -P
on body 1) at point C. The material
points on the contacting bodies are Cy
and Cz. The outward normal to body
1at Cyis A.
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14.5 Rigid object collision mechanics

Now we extend the concepts from 2D particle collisions (section 11.2
starting on page 612).

2D collisions

For collisions between rigid bodies with more general motions before
and after the collisions we depend on the three ideas from the start of
this section, namely that

1. Collision forces are big,
II. Collisions are quick, and

III. The laws of mechanics apply during the collision.

There are two extra assumptions that are needed in simple analysis:

IV. Collision forces are few. For a given rigid body there is one, or at
most two non-negligible collision forces. This is the real import of
idea (I) above. Because collision forces are big most other forces
can be neglected.

V. The collision force(s) act at a well defined point which does not
move during the collision.

Based on these assumptions one then uses linear and angular momen-
tum balance in their time-integrated form.

Example: Two bodies in space

Two bodies collide at point C. The impulse acting on body 2 is P = [ F cop dt.
If the mass and inertia properties of both bodies is known, as are the velocities
and rotation rates before the collision we have the following linear and angular
momentum balance equations for the two bodies:

~P = m (75 -7a)

P - mz(?&_i&) (14.52)
Foax (P = I (of —o7)k
Foiax P = 1% (0f —03) k.

These make up 6 scalar equations (2 for each momentum equation, 1 for each
angular momentum equation). There are 8 scalar unknowns: Fgl (2), FEQQ

(2), a)f' (1), a);' (1), and P (2). Thus the motion after the collision cannot be
determined.

[Note that linear and angular momentum balance for the system would give
equations which could be obtained by adding and subtracting combinations of
the equations above. So adding system momentum balance equations does not
add information (ie, adds linearly dependent equations).]

So, as for 1-D collisions, momentum balance is not enough to deter-
mine the outcome of the collision. Eqns. 14.52 aren’t enough. A thou-
sand different models and assumptions could be added to make the sys-
tem solvable. But there are only two cases that are non-controversial
and also relatively simple: 1) sticking collisions, and 2) frictionless
collisions.



Chapter 14. Planar motion of an object

14.5. Collisions 855

Sticking collisions

A ‘perfectly-plastic’ sticking collision is one where the relative velocities
of the two contacting points are assumed to go suddenly to zero. That

is
—+ —+
Vc1 = Vc2
Writing ?gl = 5& + (0] k) x 7 /G1 and similarly for vcg thus adds
a vector equation (2 scalar equations) to the equation set 14.52. This
gives 8 equations in 8 unknowns.

A little cleverness can reduce the problem to one of solving only 4
equations in 4 unknowns. Linear momentum balance for the system,
angular momentum balance for the system and angular momentum
balance for object 2 make up 4 scalar equations. None of these equa-
tions includes the impulse P. Because the system moves as if hinged
at Cp after the collision, the state of motion after the system is fully
+
5 -

. —t . .
characterized by v, a)fr , and w, . Thus we have 4 equations in 4

unknowns.

Example: One body is hugely massive: collision with an immovable
object

If body 2, say, is huge compared to body 1 then it can be taken to be immovable
and collision problems can be solved by only considering body 1 (see Fig. 14.71).
In the case of a sticking collision the full state of the system after the collision is
determined by w1+. This can be found from the single scalar equation obtained
from angular momentum balance about the collision point.

s
H, = H,
Foa Xmbg + [P0 k= ?G/Avanglgg‘wﬂé

Because the state of the system before the collision is assumed known (the left
“” side of the equation, and because the post-collision (+) state is a rotation
about A, this equation is one scalar equation in the one unknown w¥. Note that

—+ —+ ~
H , could also be evaluated as H, = o TI24k. So one way of expressing the
post-collision state is as

(?G/A xXmvg + I:Cf.“a)*l:t) -k

1A

ot = and Fg=w+12x7‘G/A.

Note also that the same ?G/A is used on the right and left sides of the equation
because only the velocity and not the position is assumed to jump during the
collision. N

The collision impulse P can then be found from linear momentum balance
as

P=m(v5-7g).-

Sticking collisions are used as models of projectiles hitting targets, of
robot and animal limbs making contact with the ground, of monkeys
and acrobats grabbing hand holds, and of some particularly dead and
frictional collisions between solids (such as when a car trips on a curb).

Frictionless collisions

The second special case is that of a frictionless collision. Here we add
two assumptions:

v
before

LA
7/ / /immovable object

/{uVle

Collision FBD
Colloorm =7

ﬁ.—)

& P
Figure 14.71: Sticking collision with an
immovable object. The box sticks at
A and then rotates about A. Angular
momentum about point A is conserved

in the collision.

Filename:tfigure-collimmovable
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Figure 14.72: Frictionless collision be-
tween two identical round objects. Ball
one is initially moving to the right, ball
2 is initially stationary. The impulse of

ball 1 on ball 2 is P.

Filename:tfigure-poolballs

1. There is no friction so P = Pi. The number of unknowns is thus
reduces from 8 to 7.

2. There is a coefficient of (normal) restitution e.

The normal restitution coefficient is taken as a property of the col-
liding bodies. It is a given number with 0 < ¢ < 1 with this defining
equation:

. — -
(Vop— Vo) A =—e(Voy— V) A

This says that the normal part of the relative velocity of the contacting
points reverses sign and its magnitude is attenuated by e. This adds
a scalar equation to the set Eqns. 14.52 thus giving 7 scalar equations
(4 momentum, 2 angular momentum, 1 restitution) for 7 unknowns (4
velocity components, 2 angular velocities and the normal impulse).

The most popular application of the frictionless collision model is
for billiard or pool balls, or carrom pucks. These things have relatively
small coefficients of friction.

We state without proof that a frictionless collision with e = 1 con-
serves energy.

Example: Pool balls

Assume one ball approaches the other with initial velocity ?gl = vl and has an
elastic frictionless collision with the other ball at a collision angle of 8 as shown

in Fig. 14.72. Defining # = cos §7 —sin 8 we have that P = P#. To determine
the outcome of the equation we have the angular momentum balance equations
(about the center-of-mass) which trivially tell us that

of =wf =

because the balls start with no spin and the frictionless collision impulses P = Ph

and —P = —P# have no moment about the center-of-mass. Linear momentum
balance for each of the balls

—Pi =
Pa =

—~+ ~
mvg, —muvi
mﬁ& -0
gives 4 scalar equations which are supplemented by the restitution equation (using
e=1)

B3

(a77) i =—e(a77)-

e
= —vcosh =Vgy A— Vg 7

which together make 5 scalar equations in the 5 scalar unknowns ?gl, ?gQ, and
P (each vector has 2 unknown components). These have the solution

73_1 = vsinf(sin 87 + cos 8 ),
?érl = wvcosB(cosf —sin6)), and
P = mvcosh.

The solution can be checked by plugging back into the momentum and restitution
equations. Also, as promised, this ¢ = 1 solution conserves kinetic energy. The
solution has the interesting property that the outgoing trajectories of the two
balls are orthogonal for all 8 but & = 0 in which case ball 1 comes to rest in
the collision. [The solution can be found graphically by looking for two outgoing
vectors which add to the original velocity of mass 1, where the sum of the squares
of the outgoing speeds must add to the square of the incoming speed.]
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Frictional collisions

For a collision with friction, but not so much that total sticking is ac-
curate, the modeling is complex and subtle. As of this writing there
are no standard acceptable ways of dealing with such situations. Com-
mercial simulation packages should be used for such with skeptical
caution. They are generally defective in that they can predict only a
limited range of phenomena and/or they can create energy even with
innocent input parameters.

Why is it hard to find a good collision law

Ideally one would like a rule to determine how bodies move after a
collision from how they move before the collision. Such a rule would
be called a collision law or a constitutive relation for collisions. That
accurate collision laws are rare at best might be surmised from the
basic problem that the phrase rigid body collisions is in some sense
a contradiction in terms, an oxymoron. The force generated in the
contact comes from material deformation, and deformation is just what
we generally try to neglect when doing rigid body mechanics.

There is a temptation to say that one wants to continue to neglect
deformation during the collision, but for in an infinitesimal contact
region. And some collision laws are formulated with this approach.
Even then, there are no reliable models for the deformation in that
small region, and such laws are doomed to inaccuracy in situations
where the deformation is not so limited.

For complex shaped bodies touching at various points that are gen-
erally not known a priori, no collision law is reliably accurate.
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SAMPLE 14.27 The vector equation m o1 + ma¥s = m vy + mav,

expresses the conservation of linear momenturn of two masses. Suppose
=t + 4
v, = 0, V2 = —vgy/. v1 = v;7 and 1)2 = v2 é —|—v2 é,, where
¢, =cosOl +sinfj and e, = —sin 67 + cos 6.
1. Obtain two independent scalar equations from the momentum
equation corresponding to projections in the é, and é, directions.

2. Assume that you are given another equation v's, = —vgsin 6. Set
up a matrix equation to solve for vfr, v;' , and v;; from the three
equations.

Solution

1. The given equation of conservation of linear momentum is

N N .+ .+
mp v1 +mpvy = mivy + mpv,
——
0
or —mavgj = mlvri—l- mz(v;tét + v;nén). (14.53)

Dotting both sides of eqn. (14.53) with &, gives
cos 6 —sin @ 0 1
-~ + 5 + 5 +
—mavo(én-J) = mivy (e 1)+ mZUZZ(en )+ mav,, (én - &)
_ 0 = — + o 0 +
or mavg cos ) = —myvy sinf + mav, . (14.54)
Dotting both sides of eqn. (14.53) with é, gives

sin @ cos 1 0

- +/ + +
—mavo( & - j) =mivy (&-1)+mavy (&-&)+mavy (&-é)

or —mavgsinf = mlviF cos O + mzv;t. (14.55)
—mpvg cos ) = —mlvf' sin 0 + mzv;'n, —movgpsinf = mlvf' cos O + mgv;'l

2. Now, we rearrange eqn. (14.54) and 14.55 along with the third given equation,
v'2, = —vp sin 0, so that all unknowns are on the left hand side and the known
quantities are on the right hand side of the equal sign. These equations, in
matrix form, are as follows.

+

—misinf 0 myp vy —myvg cos O
—mjcos® mp 0 v;z = —movg sin 0
0 1 0 v —vg sin 0
25

This equation can be easily solved on a computer for the unknowns.
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SAMPLE 14.28 Cueing a billiard ball. A billiard ball is cued by
striking it horizontally at a distance d = 10mm above the center
of the ball. The ball has mass m = 0.2kg and radius r = 30 mm.
Immediately after the strike, the center-of-mass of the ball moves with
linear speed v = 1 m/s. Find the angular speed of the ball immediately
after the strike. Ignore friction between the ball and the table during
the strike.

Solution Let the force imparted during the strike be F. Since the ball is cued by
giving a blow with the cue, F is an impulsive force. Impulsive forces, such as F, are
in general so large that all non-impulsive forces are negligible in comparison during
the time such forces act. Therefore, we can ignore all other forces (mg, N, f) acting
on the ball from its free body diagram during the strike.

Now, from the linear momentum balance of the ball we get

Fi=L or (Fhdt=dL = /(Ff)dt:fz—fl

where Ly—1L1 = AL is the net change in the linear momentum of the ball during the

strike. Since the ball is at rest before the strike, fl =m v = 0. Immediately
—_——
0

after the strike, ¥ = vi = 1 m/s.
Thus L, =m%v = 0.2kg 1 m/si = 0.2 N-sf.

Hence [(Ff)dt =02N-si or [th = 0.2N-s. (14.56)

To find the angular speed we apply the angular momentum balance. Let w be the
angular speed immediately after the strike and w = wk. Now,

Zﬁcm:ﬁcm = /Zﬁcmd[:/dﬁcm:(ﬁcm)z_(ﬁcm)l~

Since ﬁcm = [ZZ® and just before the strike, @ = 0,
(ﬁ em)1 = angular momentum just before the strike = 0
(ﬁcm)z =  angular momentum just after the strike = Icznzia)I;,
_. ~ 2 ~
/X:MCH1 dt = 1wk = gmrza)k (since for a sphere, 127 = Zmr?).

But Y M,, =—Fdk,

~ 2 ~
therefore —/(Fd)dzk = gmrza)k

2 5d
or - d [th:fmrza) = w=- /Fdz.
~—— 5 2mr?
constant

Substituting the given values and [ Fdt = 0.2N-s from equation 14.56 we get

5(0.01
o= DO0Im N = 2778 rad/s.
2-0.2 kg-(0.03 m)2
The negative value makes sense because the ball will spin clockwise after the strike,
but we assumed that w was anticlockwise.

]w = —27.78 rad/s. \

F

d
-
Figure 14.73:
Filename:sfig7-3-DH1
F
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Figure 14.74: FBD of the ball during the
strike. The nonimpulsive forces mg, N,
and f can be ignored in comparison to
the strike force F.
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Figure 14.76: The free-body diagram of
the bar during collision. The impul-
sive force at the point of impact C is
so large that the force of gravity can be
completely ignored in comparison.
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Osince C is a fixed point for the
motion of the bar after impact,

.+
we could calculate H - as follows.

.+ 1
H;. =150 = gmﬁ w(—k)
N——
15

SAMPLE 14.29 Falling stick. A uniform bar of length £ and mass m
falls on the ground at an angle 8 as shown in the figure. Just before
impact at point C, the entire bar has the same velocity v directed ver-
tically downwards. Assume that the collision at C is plastic, i.e., end
C of the bar gets stuck to the ground upon impact.

1. Find the angular velocity of the bar just after impact.

2. Assuming 6 to be small, find the velocity of end B of the bar just
after impact.

Solution We are given that the impact at point C is plastic. That is, end C of the
bar has zero velocity after impact. Thus end C gets stuck to the ground. Then we
expect the rod to rotate about point C as rest of the bar moves (perhaps faster) to
touch the ground. The free-body diagram of the bar is shown in Fig. 14.76 during
the impact at point C. Note that we can ignore the force of gravity in comparison
to the large impulsive force F. due to impact at C.

1. Now, if we carry out angular momentum balance about point C, there will be
no net moment acting on the bar, and therefore, angular momentum about
the impact point C is conserved. Distinguishing the kinematic quantities
before and after impact with superscripts ‘-’ and ‘+’, respectively, we get
from the conservation of angular momentum about point C,

- o+
H¢ Hc¢

I8 + Fgoxmg = ISPGT + Fgjoxmvg.
Now, we know that @ = 0 since every point on the bar has the same vertical
velocity ¥ = —vJ, and that just after impact, Fg — o x TG/ where we
can take @1 = a)(—l@). Thus, ©

He = Tgioxmvg = /2)Axmu(—])
V4 ~ ~
= —% cos Ok (since A = cos 07 +sin6))
_+ R . T
Hqs = 1;;“w++ rG/me(w+x rG/c)

= —Iwk 4+ (£/2)A x m (—ok x £/2))
N————

wl/2(—n)
I 5 a1 5 |
= ——mlwk — -ml vk = ——ml wk.
12 4 3
L o ot
Now, equating H -~ and H ¢ we get
3 N 3 A
wzz—Zcosé, = a)=—§c059k

—~ _  3p ~
0= -3 cos Ok

2. The velocity of the end B is now easily found using vg = v + vg,c = vp/c
and ?B/C = 5X ?]3/0 ThuS,

Vg = OxXTgic= —wk x (A
3
= —wln= —71) cos O(—sin 07 + cos 0 )
but, for small 0, cos@ ~ 1, and sin@ ~ 0. Therefore, FB/C = —32—vf Thus,

end B of the bar speeds up by one and a half times its original speed due to
the plastic impact at C.
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Figure 14.77:
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Figure 14.78: The free-body diagram of
the box during collision.
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Figure 14.79: The free-body diagram of
the box just after the collision is over.
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SAMPLE 14.30 tipping box. A box of mass m = 20kg and dimen-
sions 2a = 1m and 2b = 0.4 m moves along a horizontal surface with
uniform speed v = 1m/s. Suddenly, it bumps into an obstacle at A.
Assume that the impact is plastic and point A is at the lowest level
of the box. Determine if the box can tip over following the impact. If
not, what is the maximum v the box can have so that it does not tip
over after the impact.

Solution Whether the box can tip or not depends on whether it gets sufficient
initial angular speed just after collision to overcome the restoring moment due to
gravity about the point of rotation A. So, first we need to find the angular velocity
of the box immediately following the collision. The free-body diagram of the box

during collision is shown in Fig. 14.78. There is an impulse Facting at the point of
impact. If we carry out the angular momentum balance about point A, we see that
the impulse at A produces no moment impulse about A, and therefore, the angular

4+ =
momentum about point A has to be conserved. That is, Hy = H, . Now,
ﬁA_ =TGg/A xmvg = (=bi +aj) x mvi = —mavk
Let the box have angular velocity ot = wk just after impact. Then,
= T cm =+ - - + cm, 7 7 [ 3
H, = ;70 +7rgaxmvg =170k +rkxmwkxrl)
A ~ 1 A A
= IPwk +mriok = E(4a2 + 4b%)mwk + m(a® + b*)wk
4 2 r
= §(a + b )mwk.

Now equating the two momenta, we get

3a _+ 3a i
=———F—5°0 o =———F—-—"vk.
4(a? + b?) 4(a? + b2)

Thus we know the angular velocity immediately after impact. Now let us find out if
it is enough to get over the hill, so to speak. We need to find the equation of motion
of the box for the motion that follows the impact. Once the impact is over (in a few
milliseconds), the usual forces show up on the free-body diagram (see Fig. 14.79).
We can find the equation of subsequent motion by carrying out angular momen-

tum balance about point A (the box rotates about this point), ) 1\_le = ﬁA.

. ~ A -7
FG/A X mg(=j) = I;0k
. mgh 3gbh

= o = i = 2g 2y
14 4@ +b?)
Thus the angular acceleration (due to the restoring moment of the weight of the
box) is counterclockwise and constant. Therefore, we can use w? = a)g +20A0 to
find if the box can make it to the tipping position (the center-of-mass on the vertical
line through A). Let us take 0 to be positive in the clockwise direction (direction of
tipping). Then o is negative. Starting from the position of impact, the box must
rotate by A@ = tan~1(h/a) in order to tip over. In this position, we must have
w > 0.

2

24bg(a? + b2
P =R -2A020 = 222040 = 2z 8@ FDD) ),

942
Substituting the given numerical values for a, b, and g = 9.8 m/s?, we get
v > 1.52m/s>.

Thus the given initial speed of the box, v = 1 m/s, is not enough for tipping over.

v > 1.52m/s?
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SAMPLE 14.31 Ball hits the bat. A uniform bar of mass m, = 1kg
and length 2¢ = 1 m hangs vertically from a hinge at A. A ball of mass
m1 = 0.25 kg comes and hits the bar horizontally at point D with speed
v = 5m/s. The point of impact D is located at d = 0.75m from the
hinge point A. Assume that the collision between the ball and the bar
is plastic.

1. Find the velocity of point D on the bar immediately after impact.

2. Find the impulse on the bar at D due to the impact.

3. Find and plot the impulsive reaction at the hinge point A as a
function of d, the distance of the point of impact from the hinge
point. What is the value of d which makes the impulse at A to
be zero?

Solution The free-body diagram of the ball and the bar as a single system is shown
in Fig. 14.81 during impact. There is only one external impulsive force F'A acting at
the hinge point A. We take the ball and the bar together here so that the impulsive
force acting between the ball and the bar becomes internal to the system and we
are left with only one external force at A. Then, the angular momentum balance

about point A yields H A= 0 since there is no net moment about A. Thus the
angular momentum about A is conserved during the impact.

1. Let us distinguish the kinematic quantities just before impact and immedi-
ately after impact with superscripts ‘-’ and ‘+’, respectively. Then, from the

conservation of angular momentum about point A, we get ﬁ; =H 4 - Now,

Hy = (Hpvan+ (Hpvar
= %/Axm1?_+lz‘4267)\_
= djxmv(=i)+ 0 = mdvk.
Similarly,
Hy = maxmv +I45"
but, vt =5t x rpja = —wdf, where ot = wk (let). Hence,

—+ 1 ~
H, = djxmi(—wdi)+ §m2(2€)2wk

4 A
= (md?+ §mzﬁ)wk.

Equating the two momenta, we get

midv
w =
my1d? + (4/3)my 42
_ v
o 2
d (1 +4m () )
= o = o Xrpj=owd-i)

Now, substituting the given numerical values, v = 5m/s, m; = 0.25kg, mp =
lkg, £ =0.5m, and d = 0.75m, we get v = —2.08 m/si

’ oy = —2.08m/s?

)

= D
my P . 1
BU i

Figure 14.80:
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Figure 14.81: The free-body diagram of
the ball and the bar together during
collision. The impulsive force at the
point of impact is internal to the sys-
tem and hence, does not show on the
free-body diagram.

Filename:sfig9-5-ballbar-a
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777'
-F)
—|

U

Figure 14.82: Separate free-body dia-
grams of the ball and the bar during
collision.

Filename:sfig9-5-ballbar-b
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Figure 14.83: Plot of normalized impulse
at A as a function of ¢ = {/d.

Filename:sweetspot

2. To find the impulse at D due to the impact, we can consider either the ball or
the bar separately, and find the impulse by evaluating the change in the linear
momentum of the body. Let us consider the ball since it has only one impulse
acting on it. The free-body diagram of the ball during impact is shown in
Fig. 14.82. From the linear impulse-momentum relationship we get,

— — —t — _+ -
PD=/FDdt = L —-L =m(v —7v )
v ~
= mp |- 2l+vz
4mz (£
1+ 402 (4)
= mv|1- 7.

Substituting the given numerical values, we get FD = 0.73kgm/si. The
impulse on the bar is equal and opposite. Therefore, the impulse on the bar

is —FD = —0.73kgm/si.

Impulse at D = —0.73 kg-m/sf‘

3. Now that we know the impulse at D, we can easily find the impulse at A
by applying impulse-momentum relationship to the bar. Since, the bar is
stationary just before impact, its initial momentum is zero. Thus, for the

bar,

+ —t _

= +
—L =L =mpv,.

[(Fa=Fyai =T
Denoting the impulse at A with FA, the mass ratio mo/m1 by m;, and the
length ratio £/d byh ¢, and noting that VC—; = wk x (] = —wli, we get

—

Py = fﬁdr:/ﬁ)dwmz(—wﬁ)

1 R v R
= mqv 1—472 I—mpl————1
1+ 3mrq d (1 + %mrq2)

%mrq2 ~ q ~
= mjv 472 I —mpv 472 1
1+ 3mrq L+ 3mpq

_ (4)/3maq® —mag . q(4q —3) R
= vl = movi.

1+ 4m,q2 3(1+%mrq2>

Now, we are ready to graph the impulse at A as a function of ¢ = £/d.
However, note that a better quantity to graph will be P4/(m1v), that is, the
nondimensional impulse at A, normalized with respect to the initial linear
momentum m1v of the ball. The plot is shown in Fig. ??7. It is clear from
the plot, as well as from the expression for FA, that the impulse at A is zero
when g = 3/4 or d = 4£/3 = 2/3(2€), that is, when the ball strikes at two
thirds the length of the bar. Note that this location of the impact point is
independent of the mass ratio m; .

d =2/32C) for P4 =0

Comment: This particular point of impact D (when d = 2/3(2¢)) which induces
no impulse at the support point A is called the center of percussion. If you imagine
the bar to be a bat or a racquet and point A to be the location of your grip, then
hitting a ball at D gives you an impulse-free shot. In sports, point D is called a

sweet spot.
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SAMPLE 14.32 Flying dish and the solar panel. A uniform rectan-

gular plate of dimensions 2a = 2m and 26 = 1 m and mass mp = 2kg
drifts in space at a uniform speed v, = 10m/s (in a local Newtonian
reference frame) in the direction shown in the figure. Another circular
disk of radius R = 0.25m and mass mp = 1kg is heading towards
the plate at a linear speed vp = 1m/s directed normal to the facing
edge of the plate. In addition, the disk is spinning at wp = 5rad/s in
the clockwise direction. The plate and the disk collide at point A of
the plate, located at d = 0.8 m from the center of the long edge. As-
sume that the collision is frictionless and purely elastic. Find the linear
and angular velocities of the plate and the disk immediately after the
collision.

Solution To find the linear as well as the angular velocities of the disk and the
plate, we will have to use linear and angular momentum-impulse relations. In
total, we have 7 scalar unknowns here — 4 for linear velocities of the disk and the
plate (each velocity has two components), 2 for the two angular velocities, and 1
for the collision impulse. Naturally, we need 7 independent equations. We have
6 independent equations from the linear and angular impulse-momentum balance
for the two bodies (3 each). We need one more equation. That equation is the
relationship between the normal components of the relative velocities of approach
and departure with the coefficient of restitution e (=1 for elastic collision). Thus
we have enough equations. Let us set up all the required equations. We can then
solve the equations using a computer.

The free-body diagrams of the disk and the plate together and the two separately
are shown in Fig. 14.85 and 14.86, respectively. Using an xy coordinate system
oriented as shown in Fig. 14.85, we can write

LMB for disk:  mp(vp—op) = —Pi
LMB for plate: mP(F; -vp) = PP
AMB for disk:  I5"(@) ~@p) = O
AMB for plate: [Ig™(wp —wp) = Tp/qx PP
. . ot 4 vz o
kinematics: P4V , =4, = e(Vy, —Vy,)}

where, in the last equation v 4 , and vy p refer to the velocities of the material
points located at A on the disk and on the plate, respectively. Other linear ve-
locities in the equations above refer to the velocities at the center-of-mass of the
corresponding bodies. We are given that v = vpi, vp = —vpil, wp = —2pk,
and @p = 0. Let us assume that 5; = opk, L_J; = wpk, v} = U$Xf+ vi';yf7
and similarly, vv; = v}",xf+ v}fy J. Then,

Ty, = Vp+@pXTFao=vpi—wpRj

7:,3 = ?z + 5; X Tr/0 = v'gxi+ (vz;y + ng)_f

V4, = vp=-vpl

Vi, = Tp+opxTag=0p —ofdi+ W, —ofd)j.

Substituting these quantities in the kinematics equation above and dotting with the
normal direction at A, 7, we get

vgx — v;,'x + w;,rd = ¢ (—vp—vp)=—-vp—vp. (14.57)

1

Now, let us extract the scalar equations from the impulse-momentum equations for
the disk and the plate by dotting with appropriate unit vectors.

Dotting LMB for the disk with 7 and J, respectively, we get

Figure 14.84:

Filename:sfigd-5-diskplate

Figure 14.85: The free-body diagram of
the disk and the plate together during
collision. The impulsive force at the
point of impact is internal to the sys-
tem and hence, does not show on the
free-body diagram .

Filename:sfig9-5-diskplate-a

j\/i

Figure 14.86: Separate free-body dia-
grams of the disk and the plate during
collision.

Filename:sfig9-5-diskplate-b
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mp(j, —vp) = —P (14.58)
mp vgy = 0. (14.59)
Dotting LMB for the plate with 7 and [, respectively, we get
mp(p —vp) = P (14.60)
mpvp = 0. (14.61)
Dotting AMB for the disk and the plate with k, we get
Ig™(wh —wp) = 0 (14.62)
I§0f = Pd. (14.63)

We have all the equations we need. Let us rearrange these equations in a matrix
form, taking the known quantities to the right and putting all unknowns to the left
side. We then, write eqns. (14.58)—(14.63), and then egn. (14.57) as

Cmp O 0 0 0 0 -1 ”l}rx mpup
0 mp O 0 0 0 0 Up, 0
0 0 mp O 0 0 1 v}fx mpuvp
0 0 0 mp O 0 0 vh (= 0
o 0 0 0 Ig 0 0 It I$%wp
o 0 0 0 0 Ig™ —d or 0

L 1 0 —1 0 0 d 0 | PP —vp —VUp

Substituting the given numerical values for the masses and the pre-collision veloc-
ities, and the moments of inertia, I5™ = (1/2)mp R? and Ig" = (1/12)ymp (4a* +
4h?), and then solving the matrix equation on a computer, we get,

ThH = 034m/si, Tp=-9.6Tm/si
ng = —5rad/sk, 5}_ = —1.26rad/sk
P = —0.66kgm/s.

You can easily check that the results obtained satisfy the conservation of linear
momentum for the plate and the disk taken together as one system.

T4 =034m/si, Tp = —9.67m/si, @) = —5rad/sk, @ p = —1.26rad/sk

Comments: In this particular problem, the equations are simple enough to be
solved by hand. For example, eqns. (14.59), (14.61), and (14.62) are trivial to solve
and immediately give, vgv =0, v?,'v = 0, and a)g' = wP = 5rad/s. Rest of the
equations can be solved by usual eliminations and substitutions, etc. However, it is
important to learn how to set up these equations in matrix form so that no matter
how complicated the equations are, they can be easily solved on a computer. What
really counts is do you have 7 linear independent equations for the 7 unknowns. If

you do, you are home.



Problems for
Chapter 14

General planar motion of a single rigid body

14.1 Kinematics of
planar rigid-body
motion

14.1 The slender rod AB rests
against the step of height A, while
end “A” is moved along the ground
at a constant velocity vy. Find ¢ and
$ in terms of x, h, and v,. Is ¢ pos-
itive or negative? Is ¢ positive or
negative?
B

Filename:pfigure-blue-98-1

14.2 A ten foot ladder is leaning be-
tween a floor and a wall. The top
of the ladder is sliding down the wall
at one foot per second. (The foot
is simultaneously sliding out on the
floor). When the ladder makes a 45
degree angle with the vertical what
is the speed of the midpoint of the
ladder?

14.3 A uniform rigid rod AB of
length £ = 1m rotates at a con-
stant angular speed @ about an un-
known fixed point. At the instant
shown, the velocities of the two ends
of the rod are ¥4 = —1m/si and
vp =1lm/sj.
a) Find the angular velocity of
the rod.

b) Find the center of rotation of
the rod.

Filename:pfigure4-3-rp6

14.4 A square plate ABCD rotates
at a constant angular speed about an
unknown point in its plane. At the
instant shown, the velocities of the
two corner points A and D are v4 =
—2ft/s(f + j) and vp = —(2ft/s)i,
respectively.

a) Find the center of rotation of

the plate.

b) Find the acceleration of the
center of mass of the plate.

A D

~>

LB cl

I

Filename:pfigure4-3-rp7

14.5 Consider the motion of a rigid
ladder which can slide on a wall and
on the floor as shown in the figure.
The point A on the ladder moves
parallel to the wall. The point B
moves parallel to the floor. Yet, at
a given instant, both have velocities
that are consistent with the ladder
rotating about some special point,
the center of rotation (COR). Define
appropriate dimensions for the prob-
lem.

a) Find the COR for the ladder
when it is at some given posi-
tion (and moving, of course).
Hint, if a point is A is ‘going
in circles’ about another point
C, that other point C must be
in the direction perpendicular
to the motion of A.

b) As the ladder moves, the COR
changes with time. What is
the set of points on the plane
that are the COR’s for the lad-
der as it falls from straight up
to lying on the floor?

A

wall ladder

et

B

floor

Filename:pfigure-blue-96-1

14.6 A car driver on a very boring
highway is carefully monitoring her
speed. Over a one hour period, the
car travels on a curve with constant
radius of curvature, p = 25mi, and
its speed increases uniformly from
50 mph to 60 mph. What is the ac-
celeration of the of the car half-way
through this one hour period, in path
coordinates?

14.7 Find expressions for &, ar, ay,
é,, and the radius of curvature p, at
any position (or time) on the given
particle paths for

a) problem 10.11,
) problem 10.12,
) problem ?7,

d) problem 10.14,
) problem 10.13, and
) problem 10.10.

14.8 A particle travels at non-
constant speed on an elliptical path
given by y2 = h2(1 — Z—;). Carefully
sketch the ellipse for particular val-
ues of a and b. For various positions
of the particle on the path, sketch
the position vector 7(¢); the polar
coordinate basis vectors e, and ég;
and the path coordinate basis vec-
tors ¢, and ¢. At what points on
the path are é, and ¢, parallel(or &
and é, parallel)?

867
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14.2 General planar
mechanics of a rigid
body

14.9 The uniform rectangle of width
a = 1m, length » = 2m, and mass
m = lkg in the figure is sliding on
the xy-plane with no friction. At
the moment in question, point C
is at xc = 3m and y¢ = 2m.
The linear momentum is L = 47 +
37 (kgm/s) and the angular mo-
mentum about the center of mass is
H., = 5k(kgm/s?). Find the ac-
celeration of any point on the body
that you choose. (Mark it.) [Hint:
You have been given some redundant
information.|

y l no applied forces

Filename:pfigure-blue-101-1

14.10 The vertical pole AB of mass
m and length £ is initially, at rest on
a frictionless surface. A tension T is
suddenly applied at A. What is X¢m ?
What is 0457 What is Xg? Gravity
may be ignored.

B

~

y
L. Al =T

Filename:pfigure-blue-95-1

14.11 Force on a stick in space.
2-D . No gravity. A uniform thin
stick with length ¢ and mass m is,
at the instant of interest, parallel to

the y axis and has no velocity and no

angular velocity. The force F =Fi
with F > 0 is suddenly applied at
point A. The questions below con-
cern the instant after the force F is
applied.
a) What is the acceleration of
point C, the center of mass?

b) What is the angular accelera-
tion of the stick?

¢) What is the acceleration of the
point A?

d) (relatively harder) What addi-
tional force would have to be
applied to point B to make
point B’s acceleration zero?

A N
(O == F = Fi

L

&

Filename:pfigure-s94h10p2

14.12 A uniform thin rod of length
£ and mass m stands vertically, with
one end resting on a frictionless sur-
face and the other held by someone’s
hand. The rod is released from rest,
displaced slightly from the vertical.
No forces are applied during the re-
lease. There is gravity.

a) Find the path of the center of
mass.

b) Find the force of the floor on
the end of the rod just before
the rod is horizontal.

14.13 A uniform disk, with mass
center labeled as point G, is sit-
ting motionless on the frictionless xy
plane. A massless peg is attached to
a point on its perimeter. This disk
has radius of 1 m and mass of 10kg.
A constant force of F = 1000 Nz is
applied to the peg for .0001s (one
ten-thousandth of a second).

a) What is the velocity of the
center of mass of the center of
the disk after the force is ap-
plied?

b) Assuming that the idealiza-
tions named in the problem
statement are exact is your an-
swer to (a) exact or approxi-
mate?

c¢) What is the angular velocity of
the disk after the force is ap-
plied?

d) Assuming that the idealiza-
tions named in the problem
statement are exact is your an-
swer to (¢) exact or approxi-
mate?

14.14 A uniform thin flat disc is
floating in space. It has radius R and
mass m. A force F is applied to it a
distance d from the center in the y
direction. Treat this problem as two-
dimensional.

a) What is the acceleration of the

center of the disc?

b) What is the angular accelera-
tion of the disk?
yl_

X

Filename:pfigure-blue-102-1

14.15 A uniform 1lkg plate that is
one meter on a side is initially at rest
in the position shown. A constant
force F = 1N7 is applied at t = 0
and maintained henceforth. If you
need to calculate any quantity that
you don’t know, but can’t do the cal-
culation to find it, assume that the
value is given.

a) Find the position of G as
a function of time (the an-
swer should have numbers and
units).

b) Find a differential equation,
and initial conditions, that
when solved would give 0 as a
function of time. 6 is the coun-
terclockwise rotation of the
plate from the configuration
shown.



Chapter 14. Homework problems

c) Write computer commands
that would generate a drawing
of the outline of the plate at
t = 1s. You can use hand cal-
culations or the computer for
as many of the intermediate
commands as you like. Hand
work and sketches should be
provided as needed to justify
or explain the computer work.

d) Run your code and show clear
output with labeled plots.
Mark output by hand to clar-
ify any points.

fLy

7

Fy E

Filename:S02p2p2flyingplate

14.16 A uniform rectangular metal
beam of mass m hangs symmetrically
by two strings as shown in the figure.
a) Draw a free-body diagram of
the beam and evaluate Y. F.
b) Repeat (a) immediately after
the left string is cut.
A B

e

Filename:pfig2-2-rp8

14.17 A uniform slender bar AB
of mass m is suspended from two
springs (each of spring constant K)
as shown. If spring 2 breaks, deter-
mine at that instant

a) the angular acceleration of the
bar,

b) the acceleration of point A,
and

c¢) the acceleration of point B.

| | B
| L \

Filename:pfigure-blue-50-2

14.18 Two small spheres A and
B are connected by a rigid rod of
length £ = 1.0 ft and negligible mass.
The assembly is hung from a hook,
as shown. Sphere A is struck, sud-
denly breaking its contact with the
hook and giving it a horizontal veloc-
ity vg = 3.0ft/s which sends the as-
sembly into free fall. Determine the
angular momentum of the assembly
about its mass center at point G im-
mediately after A is hit. After the
center of mass has fallen two feet, de-
termine:

a) the angle 6 through which the
rod has rotated,

b) the velocity of sphere A,

c) the total kinetic energy of the
assembly of spheres A and B
and the rod, and

d) the acceleration of sphere A.

AW
—
Im v =g
W=51b gl
—_ G

Filename:pfigure-blue-105-1

The next several problems con-
cern Work, power and energy 14.19
Verify that the expressions for work
done by a force F, W = FAS, and
by a moment M, W = MA@, are di-
mensionally correct if AS and A6 are
linear and angular displacements re-
spectively.

14.20 A uniform disc of mass m and
radius r rotates with angular veloc-
ity wk. Tts center of mass translates
with velocity v = X7+ yj in the xy-
plane. What is the total kinetic en-
ergy of the disk?

14.21 Calculate the energy stored in
a spring using the expression Ep =
%kS2 if the spring is .cornpressed by
100 mm and the spring constant is
100 N/m.

14.22 In a rack and pinion system,
the rack is acted upon by a constant
force F = 50N and has speed v =
2m/s in the direction of the force.
Find the input power to the system.

w
e

fF:SON

Filename:pfig2-3-rp6

14.23 The driving gear in a com-
pound gear train rotates at constant
speed wg. The driving torque is M.
If the driven gear rotates at a con-
stant speed wgyr, find:
a) the input power to the system,
and

b) the output torque of the sys-
tem assuming there is no
power loss in the system; i.e.,
power in = power out.

" ‘

driving gear
radius r

Wout

driven gear
radius R

Filename:pfig2-3-rp7

14.24 An elaborate frictionless gear
box has an input and output roller
with V;, = const. Assuming that
Vour = 7Vip and the force between
the left belt and roller is Fj, = 31b:
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a) What is Fyys (draw a picture
defining the signs of Fj, and
Four)?.

b) Is Fou: greater or less than
the Fj,? (Assume F;, > 0.)
Why?

gear box
N

box
(frictionless)

Positive
power in

Positive
power out

Filename:pfigure-blue-138-1

14.3 Kinematics of
rolling and sliding

14.25 A stone in a wheel. A
round wheel rolls to the right. At
time ¢t = 0 it picks up a stone the
road. The stone is stuck in the edge
of the wheel. You want to know
the direction of the rock’s motion
just before and after it next hits the
ground. Here are some candidate an-
swers:

e When the stone approaches
the ground its motion is tan-
gent to the ground.

e The stone approaches the
ground at angle x (you name
it).

e When the stone approaches
the ground its motion is per-
pendicular to the ground.

e The stone approaches the
ground at various angles de-
pending on the following con-
ditions(...you list the condi-
tions.)

Although you could address this
question analytically, you are to try
to get a clear answer by looking at
computer generated plots. In par-
ticular, you are to plot the pebble’s
path for a small interval of time
near when the stone next touches the
ground. You should pick the param-
eters that make your case for an an-
swer the strongest. You may make
more than one plot.

Here are some steps to fol-
low:

a) Assuming the wheel has ra-
dius Ry and the pebble is a

distance Rp from the center
(not necessarily equal to Ry).
The pebble is directly below
the center of the wheel at time
t = 0. The wheel spins at con-
stant clockwise rate w. The
x-axis is on the ground and
x(t = 0) = 0. The wheel
rolls without slipping. Using a
clear well labeled drawing (use
a compass and ruler or a com-
puter drawing program), show
that

X(t) = wtRy — Rp sin(wt)
y(t) = Ry — Rp cos(wt)

b) Using this relation, write a
program to make a plot of the
path of the pebble as the wheel
makes a little more than one
revolution. Also show the out-
line of the wheel and the peb-
ble itself at some intermedi-
ate time of interest. [Use any
software and computer that
pleases you.]

¢) Change whatever you need to
change to make a good plot of
the pebble’s path for a small
amount of time as the peb-
ble approaches and leaves the
road. Also show the wheel and
the pebble at some time in this
interval.

d) In this configuration the peb-
ble moves a wvery small dis-
tance in a small time so your
axes need to be scaled. But
make sure your x- and y- axes
have the same scale so that
the path of the pebble and the
outline of the wheel will not be
distorted.

e) How does your computer out-
put buttress your claim that
the pebble approaches and
leaves the ground at the angles
you claim?

f) Think of something about the
pebble in the wheel that was
not explicitly asked in this
problem and explain it using
the computer, and/or hand
calculation and/or a drawing.

14.26 A uniform disk of radius r
rolls at a constant rate without slip.
A small ball of mass m is attached to

the outside edge of the disk. What
is the force required to hold the disk
in place when the mass is above the
center of the disk?

14.27 Rolling at constant rate.
A round disk rolls on the ground at
constant rate. It rolls 1% revolutions
over the time of interest.

a) Particle paths. Accurately
plot the paths of three points:
the center of the disk C, a
point on the outer edge that
is initially on the ground, and
a point that is initially half
way between the former two
points. [Hint: Write a para-
metric equation for the posi-
tion of the points. First find
a relation between w and v¢.
Then note that the position
of a point is the position of
the center plus the position of
the point relative to the cen-
ter.] Draw the paths on the
computer, make sure x and y
scales are the same.

b) Velocity of points. Find
the velocity of the points at
a few instants in the motion:
after %, %7 %7 and 1 revolu-
tion. Draw the velocity vec-
tor (by hand) on your plot.
Draw the direction accurately
and draw the lengths of the
vectors in proportion to their
magnitude. You can find the
velocity by differentiating the
position vector or by using rel-
ative motion formulas appro-
priately. Draw the disk at its
position after one quarter rev-
olution. Note that the veloc-
ity of the points is perpendic-
ular to the line connecting the
points to the ground contact.

¢) Acceleration of points. Do
the same as above but for ac-
celeration. Note that the ac-
celeration of the points is par-
allel to the line connecting the
points to the center of the
disk.

P

Filename:pfigure-s94h11p2
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14.28 The concentric wheels are
welded to each other and roll without
slip on the rack and stationary sup-
port. The rack moves to the right at
vy = lm/s. What is the velocity of
point A in the middle of the wheels
shown?
concentric wheels
\/\

stationary support

Filename:pfigure-blue-118-1

14.29 Questions (a) - (e) refer to
the cylinders in the configuration
shown figure. Question (f) is closely
related. Answer the questions in
terms of the given quantities (and
any other quantities you define if
needed).

a) What is the speed (magnitude
of velocity) of point c?

b) What is the speed of point P?

¢) What is the magnitude of the
acceleration of point c?

d) What is the magnitude of the
acceleration of point P?

e) What is the radius of curva-
ture of the path of the particle
P at the point of interest?

f) In the special case of A = 2b
what is the curve which par-
ticle P traces (for all time)?
Sketch the path.

A
little cylinder (with outer radius b and
center at point ¢) rolls without slipping
inside a bigger fixed cylinder (with inner
radius A and center at point O). The
absolute angular velocity of the little
cylinder @ is constant. P is attached to
the outside edge of the little cylinder.
At the instant of interest, P is on the
line between O and c.

Filename:pfigure-blue-50-1

14.4 Mechanics of
contacting bodies:
rolling and sliding

14.30 A uniform disc of mass m and
radius r rolls without slip at constant
rate. What is the total kinetic en-
ergy of the disk?

14.31 A non-uniform disc of mass m
and radius r rolls without slip at con-
stant rate. The center of mass is lo-
cated at a distance % from the center
of the disc. What is the total kinetic
energy of the disc when the center of
mass is directly above the center of
the disc?

14.32 Falling hoop. A bicycle
rim (no spokes, tube, tire, or hub)
is idealized as a hoop with mass m
and radius R. G is at the center
of the hoop. An inextensible string
is wrapped around the hoop and at-
tached to the ceiling. The hoop is
released from rest at the position
shown at t = 0.
a) Find yg at a later time ¢ in
terms of any or all of m, R, g,
and ¢.

b) Does G move sideways as the
hoop falls and unrolls?

@ -
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14.33 A uniform disk with radius
R and mass m has a string wrapped
around it. The string is pulled with a
force F. The disk rolls without slip-
ping.

a) What is the angular acceler-
ation of the disk, ¥ p; =
—0k? Make any reasonable as-
sumptions you need that are
consistent with the figure in-
formation and the laws of me-
chanics. State your assump-
tions.

b) Find the acceleration of the
point A in the figure.

uniform disk, F=IN
I=0.5 kg m?
M=1kg

Rolling contact,—\,
no slip

Filename:pfigure-blue-43-1

14.34 If a pebble is stuck to the edge
of the wheel in problem 14.27, what
is the maximum speed of the peb-
ble during the motion? When is the
force on the pebble from the wheel
maximum? Draw a good FBD in-
cluding the force due to gravity.
P

Filename:pfigure-s94hl1p2-a

14.35 Spool Rolling without
Slip and Pulled by a Cord. The
light-weight spool is nearly empty
but a lead ball with mass m has been
placed at its center. A force F is ap-
plied in the horizontal direction to
the cord wound around the wheel.
Dimensions are as marked. Coordi-
nate directions are as marked.

a) What is the acceleration of the

center of the spool?

b) What is the horizontal force of
the ground on the spool?

)
—_

Filename:pfigure-s94h11p5

roll without
slip

14.36 A film spool is placed on a
very slippery table. Assume that the
film and reel (together) have mass
distributed the same as a uniform
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disk of radius R, What, in terms
of Rj, Ry, m, g, 1, J, and F are the
accelerations of pomts C and B at
the instant shown (the start of mo-

tion)?
B J I
frictionless

T
contact
F
#

(no friction) K

Filename:p-f96-f-4

14.37 Again, Spool Rolling
without Slip and Pulled by a
Cord. Reconsider the spool from
problem 14.35. This time, a force
F is applied vertically to the cord
wound around the wheel. In this
case, what is the acceleration of the
center of the spool? Is it possible
to pull the cord at some angle be-
tween horizontal and vertical so that
the angular acceleration of the spool
or the acceleration of the center of
mass is zero? If so, find the angle in
terms of R;, Rg, m, and F.

14.38 A napkin ring lies on a thick
velvet tablecloth. The thin ring
(of mass m, radius r) rolls without
slip as a mischievous child pulls the
tablecloth (mass M) out with accel-
eration A. The ring starts at the
right end (x = d). You can make a
reasonable physical model of this sit-
uation with an empty soda can and
a piece of paper on a flat table.
a) What is the ring’s acceleration
as the tablecloth is being with-
drawn?

b) How far has the tablecloth
moved to the right from its
starting point x = 0 when the
ring rolls off its left-hand end?

c) Clearly describe the subse-
quent motion of the ring.
Which way does it end up
rolling at what speed?

d) Would your answer to the pre-
vious question be different if
the ring slipped on the cloth
as the cloth was being pulled
out?

napkin ring

My
l X /tablecloth
m—
A
1 d 1

Filename:pfigure-blue-51-1

14.39 A block of mass M is sup-
ported by two rollers (uniform cylin-
ders) each of mass m and radius r.
They roll without slip on the block
and the ground. A force F is ap-
plied in the horizontal direction to
the right, as shown in the figure.
Given F, m, r, and M, find:
a) the acceleration of the block,

b) the acceleration of the cen-
ter of mass of this block/roller

system,

¢) the reaction at the wheel
bases,

d) the force of the right wheel on
the block,

e) the acceleration of the wheel
centers, and

f) the angular acceleration of the
wheels.

F
M —

%

Filename:pfigure-blue-108-2

14.40 Dropped spinning disk. 2-
D . A uniform disk of radius R and
mass m is gently dropped onto a sur-
face and doesn’t bounce. When it is
released it is spinning clockwise at
the rate 6p. The disk skids for a
while and then is eventually rolling.

a) What is the speed of the cen-
ter of the disk when the disk
is eventually rolling (answer in

terms of g, uu, R, 0y, and m)?

b) In the transition from slipping
to rolling, energy is lost to fric-
tion. How does the amount
lost depend on the coefficient
of friction (and other parame-
ters)? How does this loss make
or not make sense in the limit
as 4 — 0 and the dissipation
rate — zero?

Filename:pfigure-s95q10

14.41 Disk on a conveyor belt. A
uniform metal cylinder with mass of
200kg is carried on a conveyer belt
which moves at Vo = 3m/s. The
disk is not rotating when on the belt.
The disk is delivered to a flat hard
platform where it slides for a while
and ends up rolling. How fast is it
moving (i.e. what is the speed of the
center of mass) when it eventually

rolls?
m =200 kg

r =0. lm no rotation

no slip
rollmg
L O disk
—>

Filename:pfigure-s94h11p3

be1t>

14.42 A rigid hoop with radius R
and mass m is rolling without slip
so that its center has translational
speed vy. It then hits a narrow bar
with height R/2. When the hoop
hits the bar suddenly it sticks and
doesn’t slide. It does hinge freely
about the bar, however. The grav-
itational constant is g. How big is
Ve if the hoop just barely rolls over
the bar?

hoop of mass m

gl
ES -
Vo /\/l‘lgld bar

|ri2

Filename:pfigure-blue-87-5

14.43 2-D rolling of an unbal-
anced wheel. A wheel, modeled
as massless, has a point mass (mass
= m) at its perimeter. The wheel
is released from rest at the position
shown. The wheel makes contact
with coefficient of friction .
a) What is the acceleration of the
point P just after the wheel is
released if p = 07

b) What is the acceleration of the
point P just after the wheel is
released if p = 27

¢) Assuming the wheel rolls with-
out slip (no-slip requires, by
the way, that the friction be
high: © = oo) what is the ve-
locity of the point P just be-
fore it touches the ground?
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Filename:pfigure-s94f1p1l

14.44 Spool and mass. A reel
of mass M and moment of inertia
IS = I rolls without slipping up-
wards on an incline with slope-angle
«. It is pulled up by a string at-
tached to mass m as shown. Find
the acceleration of point G in terms
of someor allof M,m, I, R,r,«, g and
any base vectors you clearly define.

-
massless
pulley

Filename:s97f4

14.45 Two objects are released on
two identical ramps. One is a slid-
ing block (no friction), the other a
rolling hoop (no slip). Both have
the same mass, m, are in the same
gravity field and have the same dis-
tance to travel. It takes the sliding
mass 1 s to reach the bottom of the
ramp. How long does it take the
hoop? [Useful formula: “s = %atz”]

Filename:pfigure-blue-51-2

14.46 The hoop is rolled down an
incline that is 30° from horizontal.
It does not slip. It does not fall over
sideways. It is let go from rest at t
=0.
a) At t = 0% what is the accel-
eration of the hoop center of
mass?

b) At t = 0T what is the acceler-
ation of the point on the hoop
that is on the incline?

¢) Att = 0T what is the acceler-
ation of the point on the hoop
that is furthest from the in-
cline?

d) After the hoop has descended
2 vertical meters (and traveled
an appropriate distance down
the incline) what is the ac-
celeration of the point on the
hoop that is (at that instant)
furthest from the incline?

300/

Filename:pfigure-blue-47-1

14.47 A uniform cylinder of mass
m and radius r rolls down an incline
without slip, as shown below. Deter-
mine: (a) the angular acceleration «
of the disk; (b) the minimum value of
the coefficient of friction p that will
insure no slip.

‘|
?30"

Filename:pfigure-blue-49-3

14.48 Race of rollers. A uniform
disk with mass My and radius Ry is
allowed to roll down the frictionless
but quite slip-resistant (u = 1) 30°
ramp shown. It is raced against four
other objects (4, B, C and D), one
at a time. Who wins the races, or are
there ties? First try to construct any
plausible reasoning. Good answers
will be based, at least in part, on
careful use of equations of mechan-
ics.

a) Block 4 has the same mass
and has center of mass a dis-
tance Rp from the ramp. It
rolls on massless wheels with
frictionless bearings.

b) Uniform disk B has the same
mass (Mg = My) but twice
the radius (Rp = 2Ry).

¢) Hollow pipe C has the same
mass (M¢ = Mp) and the
same radius (R¢ = Ry).

d) Uniform disk D has the same
radius (Rp = Rp) but twice
the mass (Mp = 2My).

Can you find a round object
which will roll as fast as the block
slides? How about a massless cylin-
der with a point mass in its center?
Can you find an object which will go
slower than the slowest or faster than
the fastest of these objects? What
would they be and why? (This prob-
lem is harder.)

i

A B
C D

Filename:pfigure-s94h11p4

14.49 A roller of mass M and polar
moment of inertia about the center
of mass Ig is connected to a spring
of stiffness K by a frictionless hinge
as shown in the figure. Consider two
kinds of friction between the roller
and the surface it moves on:

1. Perfect slipping (no friction),
and

2. Perfect rolling (infinite fric-
tion).

a) What is the period of oscilla-
tion in the first case?

b) What is the period of oscilla-
tion in the second case?
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roller, M, I

hinge K
friction —_\

Filename:pfigure-blue-141-2

14.50 A uniform cylinder of mass
m and radius R rolls back and forth
without slipping through small am-
plitudes (i.e., the springs attached at
point A on the rim act linearly and
the vertical change in the height of
point A is negligible). The springs,
which act both in compression and
tension, are unextended when A is
directly over C.

a) Determine the differ-
ential equation of motion for
the cylinder’s center.

b) Calculate the natural fre-
quency of the system for small
oscillations.

k k

Filename:pfigure-blue-152-1

14.51 Hanging disk, 2-D. A uni-
form thin disk of radius R and mass
m hangs in a gravity field g from
a pair of massless springs each with
constant k. In the static equilibrium
configuration the springs are verti-
cal and attached to points A and B
on the right and left edges of the
disk. In the equilibrium configura-
tion the springs carry the weight,
the disk counter-clockwise rotation
is ¢ = 0, and the downwards ver-
tical deflection is y = 0. Assume
throughout that the center of the
disk only moves up and down, and
that ¢ is small so that the springs
may be regarded as vertical when
calculating their stretch (sing ~ ¢

and cos¢ ~ 1).
a) Find ¢ and 7 in terms of some
or all of ¢,q§,y,j1,k,m, R, and

g.

b) Find the natural frequencies of

vibration in terms of some or
all of k,m, R, and g.

Filename:pfigure-disktwosprings

14.52 A disk rolls in a cylinder.
For all of the problems below, the
disk rolls without slip and s back and
forth due to gravity.

a) Sketch. Draw a neat sketch
of the disk in the cylinder.
The sketch should show all
variables, coordinates and di-
mension used in the problem.

b) FBD. Draw a free body dia-
gram of the disk.

¢) Momentum
balance. Write the equa-
tions of linear and angular mo-
mentum balance for the disk.
Use the point on the cylin-
der which touches the disk for
the angular momentum bal-
ance equation. Leave as un-
known in these equations vari-
ables which you do not know.

d) Kinematics. The disk
rolling in the cylinder is a
one-degree-of-freedom system.
That is, the values of only one
coordinate and its derivatives
are enough to determine the
positions, velocities and accel-
erations of all points. The
angle that the line from the
center of the cylinder to the
center of the disk makes from
the vertical can be used as
such a variable. Find all
of the velocities and acceler-
ations needed in the momen-
tum balance equation in terms
of this variable and it’s deriva-
tive. [Hint: you’ll need to

think about the rolling contact
in order to do this part.]

e) Equation of motion. Write
the angular momentum bal-
ance equation as a single sec-
ond order differential equa-
tion.

f) Simple pendulum?  Does
this equation reduce to the
equation for a pendulum with
a point mass and length equal
to the radius of the cylinder,
when the disk radius gets ar-
bitrarily small? Why, or why
not?

¢) How many? How many
parts can one simple question
be divided into?

A
disk rolls without slip inside a bigger
cylinder.

Filename:h12-3

14.53 A uniform hoop of radius R
and mass m rolls from rest down a
semi-circular track of radius R as
shown. Assume that no slipping oc-
curs. At what angle 6 does the hoop
leave the track and what is its angu-
lar velocity w and the linear velocity
v of its center of mass at that in-
stant? If the hoop slides down the
track without friction, so that it does
not rotate, will it leave at a smaller
or larger angle 6 than if it rolls with-
out slip (as above)? Give a qualita-
tive argument to justify your answer.

HINT: Here is a geometric rela-
tionship between angle ¢ hoop turns
through and angle 6 subtended by
its center when no slipping occurs:
¢ = [(R1 + R2)/R3]0. (You may or
may not need to use this hint.)
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Filename:pfigure-blue-46-1

14.5 Collisions

14.54 The two blocks shown in the
figure are identical except that one
rests on two springs while the other
one sits on two massless wheels.
Draw free-body diagrams of each
mass as each is struck by a ham-
mer. Here we are interested in the
free-body diagrams only during col-
lision. Therefore, ignore all forces
that are much smaller than the im-
pulsive forces. State in words why
the forces you choose to show should
not be ignored during the collision.

— —
G el

Filename:pfig2-1-rp9

14.55 These problems concerns two
colliding masses. In the first case In
(a) the smaller mass hits the hanging
mass from above at an angle 45° with
the vertical. In (b) second case the
smaller mass hits the hanging mass
from below at the same angle. As-
suming perfectly elastic impact be-
tween the balls, find the velocity of
the hanging mass just after the col-
lision. [Note, these problems are not
well posed and can only be solved
if you make additional modeling as-
sumptions.]

45°%
7
(a) (b)

Filename:pfig2-2-rp7

14.56 A narrow pole is in the middle
of a pond with a 10 m rope tied to it.
A frictionless ice skater of mass 50 kg
and speed 3 m/s grabs the rope. The
rope slowly wraps around the pole.
What is the speed of the skater when
the rope is 5m long? (A tricky ques-
tion.)

—
o
——5m — ‘
/ I rope Q
!
pole !  m=50kg
/ !
/ 1 V= 3m/s

Filename:pfigure-blue-49-1

14.57 The masses m and 3m are
joined by a light-weight bar of length
4¢. If point A in the center of the bar
strikes fixed point B vertically with
velocity Vp, and is not permitted to
rebound, find 0 of the system imme-
diately after impact.
4¢ ‘
A

3m :B

Neglect gravity

|
—

O lVO
m

gravity!
Filename:pfigure-blue-81-1

14.58 Two equal masses each of
mass m are joined by a massless rigid
rod of length £. The assembly strikes
the edge of a table as shown in the
figure, when the center of mass is
moving downward with a linear ve-
locity v and the system is rotat-
ing with angular velocity ¢ in the
counter-clockwise sense. The impact
is ’elastic’. Find the immediate sub-
sequent motion of the system, as-
suming that no energy is lost dur-
ing the impact and that there is no

Neglec}\

gravity. Show that there is an in-
terchange of translational and rota-
tional kinetic energy.

| ¢ |

Filename:pfigure-blue-137-2

14.59 In the absence of gravity, a
thin rod of mass m and length £
is initially tumbling with constant
angular speed @y, in the counter-
clockwise direction, while its mass
center has constant speed vy, di-
rected as shown below. The end A
then makes a perfectly plastic colli-
sion with a rigid peg O (via a hook).
The velocity of the mass center hap-
pens to be perpendicular to the rod
just before impact.

a) What is the angular speed wy

immediately after impact?

b) What is the angular speed 10
seconds after impact? Why?

¢) What is the loss in energy in
the plastic collision?

Before impact

OV hook

fter impact

/o

Perfectly
plastic
collision

wf

Filename:pfigure-blue-78-2

14.60 A gymnast of mass m and ex-
tended height L is performing on the
uneven parallel bars. About the x, y,
z axes which pass through her center
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of mass, her radii of gyration are ky,
ky, and k;, respectively. Just before
she grasps the top bar, her fully ex-
tended body is horizontal and rotat-
ing with angular rate w; her center
of mass is then stationary. Neglect
any friction between the bar and her
hands and assume that she remains
rigid throughout the entire stunt.

a) What is the gymnast’s rota-
tion rate just after she grasps
the bar? State clearly any ap-
proximations/assumptions
that you make.

b) Calculate the linear speed
with which her hips (CM)
strike the lower bar. State all
assumptions/approximations.

¢) Describe (in words, no equa-
tions please) her motion im-
mediately after her hips strike
the lower bar if she releases
her hands just prior to this im-
pact.

Just as top
bar is grasped

Filename:pfigure-blue-130-2

14.61 An acrobat modelled as a
rigid body. An acrobat is modeled
as a uniform rigid mass m of length
[. The acrobat falls without rotation
in the position shown from height A
where she was stationary. She then
grabs a bar with a firm but slippery
grip. What is & so that after the sub-
sequent motion the acrobat ends up
in a stationary handstand? [ Hints:
Note what quantities are preserved
in what parts of the motion.]

fe—— L —>y DURING
—O

ST

bar
BEFORE /G

Filename:pfigure-s94h10p4

AFTER

14.62 A crude see-saw is built with
two supports separated by distance
d about which a rigid plank (mass
m, length L) can pivot smoothly.
The plank is placed symmetrically,
so that its center of mass is midway
between the supports when the plan
is at rest.

a) While the left end is resting
on the left support, the right
end of the plank is lifted to
an angle 6 and released. At
what angular velocity w; will
the plank strike the right hand
support?

b) Following the impact, the left
end of the plank can pivot
purely about the right end if
d/L is properly chosen and
the right end does not bounce.
Find w, under these circum-
stances.

Just Before Collision

= o=
U

Just After Collision

2

[ —

@

AN -

Filename:pfigure-blue-81-2

14.63 Baseball bat. In order to
convey the ideas without making the
calculation to complicated, some of
the simplifying assumptions here are
highly approximate. Assume that
a bat is a uniform rigid stick with
length L and mass mg. The motion
of the bat is a pivoting about one
end held firmly in place with hands
that rotate but do not move. The
swinging of the bat occurs by the ap-
plication of a constant torque My at
the hands over an angle of 0 = /2
until the point of impact with the
ball. The ball has mass mj, and ar-
rives perpendicular to the bat at an
absolute speed vy at a point a dis-

tance £ from the hands. The colli-
sion between the bat and the ball is
completely elastic.

a) To maximize the speed vy;, of
the hit ball How heavy should
a baseball bat be? Where
should the ball hit the bat?
Here are some hints for one
way to approach the problem.

e Find the angular velocity
of the bat just before col-
lision by drawing a FBD
of the bat etc.

e Find the total energy of
the ball and bat system
just before the collision.

e Draw a FBD of the ball
and of the bat during the
collision (with this model
there is an impulse at
the hands on the bat).
Call the magnitude of
the impulse of the ball on
the bat (and vice versa)

J Fdt.

e Use various momentum
equations to find the an-
gular velocity of the bat
and velocity of the ball
just after the collision in
terms of [ Fdt and other
quantities above. Use
these to find the energy
of the system just after
collision.

e Solve for the value of
J Fdt that conserves en-
ergy. As a check you
should see if this also
predicts that the relative
separation speed of the
ball and bat (at the im-
pact point) is the same
as the relative approach
speed (it should be).

e You now know can cal-
culate vp;, in terms of
mp,mg, Mg, L, £, and vp.

e Find the maximum of
the above expression by
varying mg and £. Pick
numbers for the fixed
quantities if you like.

b) Can you explain in words what
is wrong with a bat that is too
light or too heavy?

¢) Which aspects of the model
above do you think lead to
the biggest errors in predicting
what a real ball player should
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pick for a bat and place on the
bat to hit the ball?

Describe as clearly as possible
a different model of a baseball
swing that you think would
give a more accurate predic-
tion. (You need not do the cal-
culation).
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Answers to *’d problems

2.55)

2.77)
2.78)

2.83)

2.86)
2.90a)
b)
c)
d)
e)
f)
g)
h)
2.92a)
b)
c)
2.94)
2.110)

ry =7 -1 =3cosf + 1.5sin0)ft, ry, =7r -] = 3sinb —
1.5 cos 0) ft.

No partial credit.
To get chicken road sin theta.

N%(z%j#lé).
_ 3
d= /3
hop = 5 (41 + 3] + 5k).
iOA = ﬁ(:&f‘l‘ SkA)
Fi= %(3j+5/€), Fo= %(4{+ 3/ + 5k).
ZAOB = 34.45deg .

Fi, =0

Fpo x Fi= (187 — L) N-m
_ 140

M, = mNm

M, = %N-m.(same as (7))

A=10i+2/+k).

d=1.

1(=2,19,11).

£/N2

Yes

2.122a)F, = 1, + F; x kM, /|F\|?, F, = F,.
b)?; = ?1 + F, x I€M1/|F’1|2 + ¢F, where ¢ is any real number,

F2 F1

c) F2 = 0 and M2 M1 applied at any point in the plane.
2. 1233)”2 = "1 + F) x M1/|F1|2 F,=F, My, =M, - F,F/|F.

F1 = 0 then F2 =0, M2 Ml, and r, is any point at all in
space.

b)r2 = r1 + F1 X M1/|F1| CFI where ¢ is any real number,

F, = F,, M, = M, - F,F,/|F,|>. See above for the special
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2.124)
3.1a)

b)

3.2)
3.12)

4.5)

4.23)
4.59)
4.62)

4.66)
4.66)
4.68a)

4.69a)
b)

4.70a)
b)
4.75)

4.90)
4.93)

4.94)

4.97g)

case of Fl =0.
(0.5m, —0.4m)

The forces and moments that show on a free body diagram,
the external forces and moments.

The forces and moments that show on a free body diagram, the
external forces and moments. No “inertial” or “acceleration”
forces show.

You don’t.

Note, no couples show on any of the free body diagrams re-
quested.

Ty, = Nmg, T» = (N — l)mg, Ty = (1)mg, and in general
T, =(N+1—n)mg

(a)Tap = 30N, (b) Tup = 390N, (¢)Tup = 25N

0 > tan~! (1 — pu?)/2u)

For this device to hold, 4 > 1. (Demanding u > 1 is large for
a practical device because typical rock friction has pu ~ 0.5.

The too-large number follows from the simplified geometry
and numbers chosen for a homework problem.)

Ty = ~10umg/(3 + )

Minimum tension if rope slope is p (instead of 1/3)
m _ _Rsinf __  2sinf
M = RcosO+4+r = 142cosf

_ _ in 6
T = mg = 2Mgl+séncos‘9'

Fc=Mg [—22055133_1 i+ f’] (where i’ and ;' are aligned with

the horizontal and vertical directions)

tang = ZJS:Z‘OQSQ. Needs somewhat involved trigonometry, ge-

ometry, and algebra.
_ m __ _2sin@

tanyy = M — 142cos@"

m _ Rsinf _  2sinf

M = Rcosfr = 2cosf—-1°

F¢c = %[Sinef—i— (cosB —2)]].

1—2cos
1 _ Ro+Rjsing

F> = R,—R;sn¢

For R, = 3R; and p = 0.2, % ~ 1.14.
None are true. The tension is 100 N.
Maximum overhang when n — ooisé.

Assuming no side-loads from floor the support from leg AB is
250N, Typ = —250N.

Tig = mg/2.Tcy = ~2mg/2.Tgy = -mg/2,Ax =
mg/2, Ay =mg/2,A; =mg

Tgg = 0 as you can find a number of ways.
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4.98a)

Use axis EC.

b) Use axis AH.

)

Use j axis through B.

d) Use axis DE.

e)
f)
4.99)

4.99)
4.99)

4.101)

5.9)
5.10)
5.13)

5.36)
5.36)
5.36)
6.1)
6.2)
6.3)
6.4)
6.5)
6.7)
6.8)
6.12)
6.37)
6.48)
6.55)

6.56)

Use axis EH.
Can’t do in one shot.

Tyc = —/2mg = —1000/2N ~ —1410N (the bar is in com-
pression)

Txr = 2mg/6 = (1000&/6)1\7 ~ 408N (the bar is in
tension)

Hint: With reference to a free body diagram of the robot, use
moment balance about axis BC.

T4c = —1000N, (AC is in compression)
Tap = 173N

12 of the 15 bars are zero-force members; all but BD, DG, and
GJ. The others carry no load but are needed for stability.

Tep = —11F/2

Tyr = —11bF/2a

Tyx = —35bF/2a, (more than 3 times the compression of HI)
1000N

0.08 cm

1160 N

5cm

ke = 66.7N/cm, § = 0.75¢cm

k =20N/cm

Middle spring: § = 1 cm; side-springs § = 0.5 cm

Surprise! This pendulum is in equilibrium for all values of 8.
200N

N =(h(w+d)/dl) Fy

Either by looking at part KAP or at part BAQ, if we think of
moment balance about A we see that the cutting force has to
fight about twice the torque in the gear mechanism as in the

ungeared mechanism. For example KAP is aided in its cutting
by the torque from the force at G.

The mechanism multiplies the force at B and C by a factor of
2 compared to having the handle hinged at A. The force at G
also gets (a shade less than) this force but with half the lever
arm. Together they give a force multiplication of (a shade less
than) 24+1=3.
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6.57) Fp = 125N
6.57) Fp = 125N
6.57) For the load at I, Fp = 75N. For the load at J, Fp = 250N .

6.57) With the welded handle there is just a simple lever and the
mechanical advantage comes from the horizontal distance be-
tween the load and hinge A. For the 4 bar mechanism the force
at C is the applied vertical load, no matter where it is applied.
So the lever arm is the horizontal distance from A to C.

6.58) F4 = 5001bf

6.59d) reduce the dimension marked “2 inches”. The smaller the less
the friction needed.

e) Asthe “2inch” dimension is reduced to zero, the needed coef-
ficient of friction goes to zero and the forces squeezing the pipe
go to infinity. This is bad because it can damage the pipe. It
is also bad because a small pipe deformation will cause the
hinge on the wrench to snap through, like a so called “toggle
mechanism” and thus not grab at all.

6.60) R4=0

6.60) T = 2001bf

6.62) Fp =Llpc(lguy —d)F/dlcp

6.62) Tcc' = (gn/d —1)(Lec/tecp + D) F

6.62) As d — 0,Fp — oo. Two problems: the amount of mo-
tion goes to zero and the assumption of rigidity becomes non-
negligibly inaccurate.

6.63) Fy (b(a® 4+ b?)/a*)) F = 130F = 13001bf

6.63) The mechanism uses three tricks to multiply the force: a lever,
a wedge, and a toggle. Fach of these multiplies by about 5.

Thus the nut-force Fx is on the order of 53 = 125 times as
big as F'.

7.3)  (117y/2)m3® = 5.85% 10°N
7.4) Water starts to spill at # = 3rqyp = 3m.
7.4)  Assuming no friction at B, F4 = 2.25% 10°/ N
7.9a) pgnr?d
b) —pgmr?(h —{), note the minus sign, it now takes force to lift

the can.

8.14) F4y, = —500N, M4 = —500/3N-m

8.15) V(£/2) = —wl/8, M(£/2) = wl?/16, Myax = M(3L/8) =
owl?/128

8.17b) [Hint: at every height y the cross sectional area must be big
enough to hold the weight plus the wire below that point.
From this you can set up and a differential equation for the
cross sectional area A as a function of y. Find appropriate
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9.1)

9.2)

9.3)

9.4)
9.5)
9.6)
9.7)
9.8)

9.11)
9.15)

9.16)

9.48)
9.51)

f)
g)
h)

9.55a)

b)

initial conditions and solve the equation. Once solved, the
volume of wire can be calculated as V = fol 0OmiA(y)dy and
the mass as pV.]

a) a car with given thrust and drag, b) a person falling verti-
cally during bungy jumping, c) a speaker cone oscillating due
to magnetic forces on its coils and resistance from air pressure.
All points have equal velocity so all have the same velocity as
the center of mass, any point can be used to measure the car’s
position.

No. You need also to know v(0). v(T) = v(0) + fOTa(Z) dt.
Knowing a(t) determines the change of v but not the value
v(T).

(b)

(a) or (b), provided the linear acceleration starts from zero.
(c)
(b)

What’s this, 7th grade again? t = djv =
(10km)/(15mi/ hr) (1 mi/1.61 km) (60 min/ hr) = 24.8 min

1 1
x(3s) =20m

(a) v(3s) = 2m/s in each case. (b) x(3s) = 3m for case (a),
x(3s) = 4m for case (b).

Fy = %FT

Time span = 37 \/W/Z

(a) m¥ +kx = F(t), (b) mX +kx = F(t), and (c) mj + 2ky —

2k \/egy+7 =F(t)

mg — k(x —4{y) = mi

i+kx=g+ keo

This solution is the static equilibrium position; i.e., when the
mass is hanging at rest, its weight is exactly balanced by the
upwards force of the spring at this constant position x.
i+kr=0

x(0) = [D = (€ + )] cos /& 1 + (b + ™)

period=2n \/%

If the initial position D is more than £y + 2mg/k, then the
spring is in compression for part of the motion. A floppy spring

would buckle.

period= 2% = 0.96s

[k
m

maximum amplitude=0.75 ft
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c)
9.56)

9.69)

9.70)
9.71b)

9.72a)
b)

9.74)

9.79a)
b)
9.82a)

9.86)
9.91a)

b)

10.3a)
b)
10.5)
10.11)
10.21)

10.29)

period= 2,/2g—h + \/%[n + 2tan™! ‘/%} ~ 1.64s.

LHS of Linear Momentum Balance: )’ F = —(kx + bx)i +
(N —mg)j.

ap = ipi = ;-[—kaxp—ka(xp—x4)+c1(¥p —ip)+k3(xp -
xp)li.

ap = ipi = g-[—kaxp — c1(¥p — Xa) + (k2 + k3)(xp — xp)].
If we start off by assuming that each mass undergoes simple
harmonic motion at the same frequency but different ampli-
tudes, we will find that this two-degree-of-freedom system has
two natural frequencies. Associated with each natural fre-
quency is a fixed ratio between the amplitudes of each mass.
Each mass will undergo simple harmonic motion at one of the
two natural frequencies only if the initial displacements of the
masses are in the fixed ratio associated with that frequency.

Two normal modes.

X2 = const x x;1 = const x (Asin(ct) + B cos(ct)),where
const = £1.
3k k
w1 = o wy = me
2
UA — mBkS

One normal mode: [1,0,0].

The other two normal modes: [0, 1, li+m].
_ 2k
hmax — €2h.
vy = %(mvB + mpvp + mqvy).
V1 = —(mt”mB)UB.
(1) Eloss = %m I:v(%_ (m-i—%) Ulzg] - %mAvi- Eloss
2

v(5s) = (307 + 3007) m/s.
a(5s) = (61 + 1207) m/s>.
F(t) = (xo+ 5 — X9 cos(221)) I + (yo + vot) J.
v =2rm/s?1 + esm/sf, @ = 2m/s? + e* m/s}.
T3 = 13N
Equation of motion: —mg j—b(%2% + y?) (M) = m(Xi +

JEe
V).
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10.30a)System of equations:

S
= ’Uy
v — 2 2
Vy = —va vx+vy
b
T 2 2
Vy = —g— —Up,/vi+v
Y m IV XY

11.4) No. You need to know the angular momenta of the parti-
cles relative to the center of mass to complete the calculation,
information which is not given.

11.9) The mass would stay on the z axis if the solution was exact.

11.9) The solution would be exactly periodic if the ratio of the
masses was infinite rather than just 1000. There are special
initial conditions for which the motion is periodic for any mass
ratio, the oscillations of the light mass need to be synchronous
with the in-and-out oscillations of the heavier nearly-circular-
motion masses.

11.10) The trajectories should all be parts of the same figure 8.
11.10) The trajectories trace and retrace the same figure 8.
11.10) The trajectories make a beautiful swirl resembling a figure 8.

11.10) The trajectories get wild, possibly ejecting one or more masses
off to infinity.

11.20) Hint: One test problem is this: v; =17,v, = 0.m; = my =

l,e = 0,0 = 0. This should have the solution FT = F; =

0.51, P = .50
12.2a) ap = (Zf;;’;g) g
b) T =2 14%8 o

ma+mp

12.6) (a) a4 = ap = %f, where 7 is parallel to the ground and
pointing to the right., (b) a4 = 2£7, ap = %ﬂ (c) ag =
Liap=2Li () as=Li ag=-Li

12.8) 44 =38l

a
P
12.11) T, = 2.4,

12.14a)ay = %z, ap = %f, where 7 is parallel to the ground and
points to the right.
b)ay = Mw(%mz — 3mo)Ay, ap = —m@mz —
V3m2)As, where A1 is parallel to the slope that mass m; trav-
els along, pointing down and to the left, and 12 is parallel to
the slope that mass m»y travels along, pointing down and to
the right.

12.18) angular frequency of vibration = A = 4/ g;%.
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12.25a)mi + 4kx = Asinwt + mg, where x is the distance measured
from the unstretched position of the center of the pulley.

b)The string will go slack if o > 4k (1 A).

m T mg
12.26a) a4 = — 24},

b)v = 3d mLA

12.32) Tup = 3¥2m(ay + g)
12.40) ay > 3g
12.43) Can’t solve for T4p.

12.54d)Normal reaction at rear wheel: N, = #}fw), normal reac-

tion at front wheel: Ny = mg — %, deceleration of car:
Ao = MEW
car 2(hpu+w) -

e)Normal reaction at rear wheel: N, = mg — #_zm, normal
reaction at front wheel: Ny = %, deceleration of car:

dear = —%. Car stops more quickly for front wheel
skidding. Car stops at same rate for front or rear wheel skid-
ding if & = 0.

f) Normal reaction at rear wheel: N, = M8W/2Zuh) =y o)
reaction at front wheel: Ny = w, deceleration of

car: degr = —JUg.
g)No. Simple superposition just doesn’t work.
h)No reaction at rear wheel.

i) Reaction at rear wheel is negative. Not allowing for rotation
of the car in the xy-plane gives rise to this impossibility. In
actuality, the rear of the car would flip over the front.

12.55a)Hint: the answer reduces to a = £,g/h in the limit u — o00.]

12.56a)a = g(sin¢ — pcos )i, where 7 is parallel to the slope and
pointing downwards

b)a = gsing
c)v = g(sing — pcosP)ti, r = g(sing — Mcosqﬁ)%
d)v = gsingti, ¥ = gsinqﬁ%f
12.58a) Ry = (Lmwmecosb (v _ 7,
¢) No tipping if Ny = w > 0; i.e., no tipping if u < 1
since cos 6 > 0 for 0 < § < Z.(Here u = 0.9)

12.60) braking acceleration= g( % cos 8 — sin ).

12.64a)v = d \/g

b)The cart undergoes simple harmonic motion for any size os-
cillation.
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12'67a)ﬁbike = MR;'

b)max(abike)—ﬁ'

12.68) Tgr = 640+/21bf.
12.69a)Tpp = 92.61bm - ft/s2.
b)Tgy = 5+/611bm - ft/s2.
12.70b)Tgy =0
c) (Rc,—T4B)i+(Rc, — TGD)J+(THE+RC- Tch),; =ma
10Nk.
d) Y M, = (TGTf — Tue — Re)i + (R, — 182 — Typ)j +

o V2
(T4p + Rc, — Rc, — TGTf)k =
e)
Rc, —Tap =
T
Re, — % =0
T
RC:+%+TEH=5N
Tep
—TEH+$—RCZ ZO
T
—TEH_%+RC: =0
Tep
Tap——= + Rc, —Rc, =0
\/z J )

f)RCx =5N, Rcy =5N, Rc. = 5N, Tgp =
T4p =5N.
)Fmd moment about CD axis; e.g., (3 MC = Fem/Cc X Ml cm):
)\CD, where )Lc p 1s a unit vector in the direction of axis CD.
12.75a) F; = Emtotg
b)ap = wmo [2(T — Fp) — D]i.

j/—%N, Ty = 0N,

c) F = [ Mu(OT — D = 2Fp) =T + Fp | i + (muwg = F1.)j and

(bFL —ampg)i + [(bFD —eT) +aeQT - D - 2FD)] h
12.76) sideways force = Fpi = “5541.
13.16) F = 0.521bf = 2.3N
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13.22b) For 6 = 0°,

e = 1
& = ]
R 2nr
v = —J
T
~ 4712rA
a = - - 7,
for 6 = 90°,
e, J
e = —I
_ 2nr
v = ——1
T
. A’y R
a = -— ,
72 J
and for 8 = 210°,
. V3.1,
e, = —I——]j
2 2
R 1, V3,
“@ = 37
- 3rr . nwr.
v = — Jj+ —i
T
_ Zﬁnzn 272y
a = ]
72 72
2
)T = —4"’1’; r

d)Tension is enough.

13.25b) (H,)r = 0, (H,0)11 = 0.0080 N-mék.

c) Position-A: (H 0); = 0.012N-m - sk,(H )77 = 0.012N-m -
sk, Position-B: (H ;)70.012N-m - sk, (H ;o)1 = 0.014N-m -

sk .|

13.29) £y =02m
13.31b)7 = 0.167*N.

c) ﬁ/o = 0.0472 kg-m/sle
d)r = [\/TE —v cos(”Tt)]f + [“/TE +v Sin(ﬂTt)]f'
13.33a)2mg.

b)w = /99¢g/r

c)r ~ 1m (r > 0.98m)
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13.36) (b) 6 + 2 sinf =0
13.39b)The solution is a simple multiple of the person’s weight.
13.41a) 6 = —(g/L)sin0
d)d = —(g/L)sinf, 0=«
f) Tma_x == 30N
. 2
13.42a)0 = —u%.
b)v = vge MY,
13.45a) The velocity of departure is vgep = 4/ k(i_eﬁ —2GR]J, where
J is perpendicular to the curved end of the tube.
b)Just before leaving the tube the net force on the pellet is due

to the wall and gravity, F e = —mgj— I; Just after
leaving the tube, the net force on the pellet is only due to

|?dep|2
m—g

gravity, F e = —mgJ.

13.70) wmin = 10rpm and wpax = 240rpm
13.72) I;; = 0.125kg- m?,
13.73a)0.2kg - m2.

b)0.29 m.
13.74) At 0.72¢ from either end
13.75a) (I;;)min = m{?/2, about the midpoint.

b)(Ir2)max = ml?, about either end
13.76a)C

b)A4

c)IA/IB =2

d)smaller, rgy, = /IS /(Bm) = /2L
13.77a)Biggest: 12; smallest: Iyoy = Ig.

3
b)10 = Emez =15. 19 =3me2,

d)rgyr =4L.

gL(M+2)+K
(M+2)L2+ME2

13.82a)w, =
gL(M+2)+K
(M+%)L>
13.83a) IS = 2mi?
b)P = A, B, C,or D
c)rgyr = £/V2
13.84) 19 =19 =03kg- m%.
2 b rhx/b
13.86a)10 = ﬁ/ / (x2 + y2) dy dx.
bh Jo Jo
13.100a}.85 kW

b)w, = . Frequency higher than in (a)
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b).85 kW
cJ50 rev/min
d)00 N-m.
13.103a)p = 2m/s.
byp = —2m/si.
cp =—4m/s?].
dy, = 1m/ sjtr, where 3&, is a unit vector pointing in the direc-
tion of the rack, down and to the right.
elNo force needed to move at constant velocity.
13.104ap;, = 7.33kilo-watts
300 rpm
cMour = 140N-m
13.108a¢p = 20rad/s?> (CW)
h) = 4m/s? (up)
cJ = 280N.
13.111akfp = 1001bf.
Cbright =v.
13.119b)
(b) T =2.29s
() T =1.99s
(b) has a longer period than (e) does since in (b) the moment of inertia

about the center of mass (located at the same position as the
mass in (e)) is non-zero.

13.123a = 0 rad/s2.
bj = S (Dk —mg).
13.124b)} F(t)f cos ¢ — mglsing + Ty, = —ml2¢.
13.125af) F = 0.33N7 — 0.54N}.
13.126af (r) = 292 (L2 — 12)
byt r = 0; i.e., at the center of rotation
c) = L/\V2
13.135alpoint at 2L/3 from A
bpg /4 directed upwards.

_ 2 1 d

gyl = 0.29¢

13.139alet force: Fnor = —(3m‘2"2L)f — (m‘;ZL)f, Net moment:
Myer = 0.
bYet force: Fper = —(%)H— 2mg — msz)f, Net moment:

2
Vi 3mgL
Mnet = 2g k.
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2
13.140) Trep = |/ 2400 T.

/2
13.146)period = 7,/ F*.

13.148ay = 6k =?rad/s%k (oops).
bF = 538 N.

13149) ?B = \/Zgh[mB_ZmA(sin 0+ cos 0)] )

[4mA +mp+4amc (%)2}

13.150)a,, = 0.188m/s?
14.7a)

[~

2 ~ SN
R Tites)

2 2t
\/4;—2+e s

4135+ e rn/s2

b) F,y; is always less than the Fjj,.

14.332) & pigk = — 5 rad/s%k.

b)ay = %m/szf.

14.35a)ac = (F/m)(1 — R;/Ro)?.

b)(—R;/Ro)Fi.

_ RY
14.40a)speed v = 57.

b)The energy lost to friction is Ef;. =

ay =
\/4t2 +e s
2L ~ 2 r ~
= (2—2§)e s m/szz + (4ts—2 —4%)65 m/s?J
" 42 4 o%
52
P eLsf—2LSf
‘/4% +et
2 2t
_ (4;—2 +e)
P YINN:
S
14.11a)@cm = L1
b)a = —Lk.
c)as = 2L
d)Fp =L
14.14a)a = L ;.
b)a = £4k
m
14.24a) Fouy = 21b

mR 90

. The energy lost

to friction is independent of u for pu > 0. Thus the energy lost
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14.41)

14.42)
14.48)

14.61)

to friction is constant for given m, R, and fp. As u — 0, the
transition time to rolling — oo. It is not true, however, that
the energy lost to friction — 0 as w — 0. Since the energy
lost is constant for any u > 0, the disk will slip for longer
and longer times so that the distance of slip goes to infinity.
The dissipation rate — 0 since the constant energy is divided
by increasing transition time. The energy lost is zero only for

u=0.

V =2m/s.
Accelerations of the center of mass, where 7 is parallel to the
slope and pointing down: (a) @¢m = gsinbi, (b) aem =

%gsin@f, (c) @Gem = %gsin@f, (d) aem = %gsin@f. So, the
block is fastest, all uniform disks are second, and the hollow
pipe is third.

h =2L/3|
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Index

acceleration
absolute
general motion of a rigid
object, 796
centripetal, 797
circular motion, 680
circular motion at constant
rate, 676
2D, 676
circular motion at constant
rate, derivation, 677
general motion
cartesian coordinates,
553
one-dimensional  motion,
427
relative
general motion of a rigid
object, 796
relative motion of points on
a rigid object, 708
accelerometer, 548
action and reaction
free-body diagrams, 157
partial FBD’s of interact-
ing bodies, 166
angular momentum about a
point C
theory
box, one-dimensional
motion, 648
angular momentum about a
point C
one-dimensional  motion,
649
angular acceleration
general motion of a rigid
object, 795

2D, 795
angular frequency of vibration,
468
angular momentum
circular motion at constant
rate
2D, 737
angular velocity
general motion of a rigid
object, 793
2D, 793
rigid body in 2-D | 699

balancing units, 879
ball-and-socket joint
free-body diagrams, 161
belt drive, 777
bicycle helmet, 459
body forces
free-body diagrams, 154
brush gearing, 772
buoy, 484

¢, linear damping coefficient,
474
Calculation  strategies and
skills, 17
counting equations and un-
knowns, 93
understanding the ques-
tion, 17
cantilever resonator, 534
carrying units, 880
cartesian coordinates
general motion
acceleration, 553
position, 553
velocity, 553
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center of gravity, 122
center of percussion, 864
center-of-mass, 122
centrifugal force, 155
centripetal acceleration, 797
changing units, 880, 881
circular motion
simple pendulum, 689
Circular motion , 674
circular motion at constant rate
acceleration, 676
2D, 676
acceleration derivation, 677
angular momentum
2D, 737
kinematics, 676
2D, 676
kinetic energy
2D, 738
linear momentum
2D, 736
motion quantities
2D, 736
rate of change of angular
momentum
2D, 737
rate of change of linear mo-
mentum
2D, 736
velocity, 676
2D, 676
velocity derivation, 677
circular motion at variable rate
2-D and 3-D, 708
examples, 688
linear momentum balance,
739
collisions
free body diagrams, 854
computers, 20
graphing of curves, 676
constant rate circular motion
acceleration, 676
2D, 676
angular momentum

2D, 737

kinematics, 676
2D, 676
kinetic energy
2D, 738
linear momentum
2D, 736
motion quantities
2D, 736
rate of change of angular
momentum
2D, 737
rate of change of linear mo-
mentum
2D, 736
velocity, 676
2D, 676
constitutive laws
dashpots, 473
springs, 332
contact mechanics, 174
constrained bodies

one-dimensional  motion,
646
constrained motion and applied
forces

free-body diagrams, 158
contact mechanics
constitutive laws, 174
friction, 175
Coulomb friction, 176,
184
normal force, 184
critical damping, 475
cross product, 72
distributive law, 83
special cases, 78
curve graphing, 676

D’Alembert, 436

D’Alembert’s mechanics, 436

dam design, 398

dam tipping, 397

damped oscillations, 464
measurement, 475
solutions, 475

damping coefficient, ¢, 474

dashpots
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free body diagrams, 473
differential equations
ordinary, 476
ordinary, summary box of
simplest ODE’s, 438
dimensionless variables, 883
dimensions, 879, 880
disk
moment of inertia, 724
dot product, 62
finding components using,
63
dot products
with other than the stan-
dard basis, 64
drawing free-body diagrams,
155
Dynamics of particles , 632
Dynamics: What Is It
How Is It Done?
calculation strategies and
skills, 17

FEx, 449

é., 677, 678

€9, 677, 678

eigenvalues, 505

eigenvectors, 505

energy balance equation
circular motion at constant

rate, 676

equivalent force systems

in free-body diagrams, 156

f, natural frequency of vibra-
tion, 468
flyball governor, 369
force
centrifugal, 155
what is, 28
force units, 880
forced oscillations
frequency response, 521
measurement, 523
forced oscillations and reso-
nance, 518
four-bar linkage, 371

free body diagrams
collisions, 854
ideal wheels, 181
Free body diagrams , 151
free-body diagrams, 153
ball-and-socket joint, 161
body forces, 154
constrained motion and ap-
plied forces, 158
cuts at hinges, 160
cuts at rigid connections,
158
definition and features, 153
equivalent force systems in,
156
how to draw, 155
interactions, 157
string, rope, wires, light
chain, 162
summary, 164
frequency response, 521
measurement, 523
friction, 175
Coulomb friction, 176, 184
normal force, 184
Fuller, Buckminster, 309

gears, 359
Sturmey-Archer hub, 824
General motion of a point
mass or system of point
masses
cartesian coordinates, 553
General Motion of a rigid body
pure rolling in 2-D
planetary gear, 824
pure rolling in2D
Sturmey-Archer hub, 824
rolling of round objects on
round surfaces, 823
General motion of a rigid body
pure rolling in 2-D | 822
General Motion of a Rigid Ob-
ject
acceleration
absolute, 796
relative, 796
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angular acceleration, 795
2D, 795
angular velocity
2D, 793
momenta balance, 807
summary of motion quanti-
ties, 808
velocity, 790
absolute, 794
relative, 793
General Motion of a Rigid ob-
ject
angular velocity, 793
General planar motion of parti-
cles and rigid bodies ,
788
graphing curves, 676
gyration, radius of, 721

H ., 648, 649

H ¢, 648, 649
harmonic oscillator, 464
hinges

free-body diagrams, 160
hoop

moment of inertia, 724
hydrostatics, 384

1], 735
(1], 720
ideal pulley

in a free body diagram, 212
ideal wheels

free body diagrams, 181
inertial forces, 436
interactions

free-body diagrams, 157

kinematics
circular motion at constant
rate, 676
2D, 676
one-dimensional
426
kinetic energy
circular motion at constant
rate

motion,

2D, 738
one-dimensional

449

motion,

L, 430
L, 430
A, oscillation frequency, 468
left-hand side of the energy
equation
potential energy of a force,
574
work of a force, 574
length
units, 879, 880
lever, 352
light chain
free-body diagrams, 162
linear algebraic equations, 103
linear damping coefficient, c,
474
linear momentum
circular motion at constant

rate, 2-D , 736
one-dimensional  motion,
430

linear momentum balance
circular motion at variable
rate, definition of, 739
logarithmic decrement, 475
loudspeaker
resonance, 526

mass

units, 879
mass-spring-dashpot, 464
matrices

solving systems of equa-

tions, 103

mechanics, its three pillars, 28
mechanics, what is it, 27
MEMS gyroscope, 505
MEMS resonator, 534, 547
mixed triple product, 79
moment of inertia

2-D examples, 724

polar, 721
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Index

used in equations of me-
chanics, 735
moment of inertia, scalar and
matrix, 720
momenta balance
general motion of a rigid
object, 807
momentum balance equations
circular motion at constant
rate, 676
motion quantities
circular motion at constant
rate
2D, 736
one-dimensional

430

motion,

natural frequency, 505

natural frequency of vibration,
f, 468

Negligible Motion: Statics

left-hand sides of the mo-

mentum balance equa-
tions, 193

non-Newtonian frames, 560

nonlinear oscillator, 697

nonlinear pendulum, 696

normal mode, 505

O’, 647

one-dimensional kine-
matics and mechanics,
426

one-dimensional motion

theory box, angu-

lar momentum about a
pointC, 648

ordinary differential equations
summary box of simplest
ODE’s, 438
oscillation frequency, A, 468
overdamping, 475

parallel axis theorem
2D, 721
2D, theory box, 723
Particle dynamics, 551

period of vibration, 468
perpendicular axis theorem
2-D , theory box, 723
perpendicular axis theorem for
planar objects, 722
plate
moment of inertia, 724
Plato
discussion of spinning in
circles, 710
point mass
moment of inertia, 724
polar coordinates
acceleration derivation, 678
unit vectors, 677
velocity derivation, 678
polar moment of inertia, 737
position
general motion

cartesian coordinates,
553

one-dimensional  motion,
427

potential energy of a force, 574
Power and rate of change of ki-
netic energy, 572
product rule, 555
products of three vectors, 79
pseudo-force balance, 436
pseudo-moment balance, 436
pseudo-statics
equations, 436
pulley
idealin a free body dia-
gram, 212
pulleys, 636
pure rolling
2D, 822

radius of gyration, 721

RAP, pseudo-computer
language, 23

rate of change of linear momen-
tum

one-dimensional

430

rate of change of a

motion,
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non-Newtonian frame, 560
Rate of change of a vector, 552
rate of change of a vector

frame dependency, 560

product rule, 555
rate of change of angular mo-

mentum about a point
C
one-dimensional
649
rate of change of angular mo-
mentum
circular motion at constant
rate
2D, 737
rate of change of angular mo-
mentum about a point

motion,

C

theory
box, one-dimensional
motion, 648

rate of change of linear momen-

tum

circular motion at constant
rate, 2-D , 736

relation of force to motion, 31
relative motion
one-dimensional
491
relative motion of points on a
rigid object, 708
acceleration, 708
velocity, 708
resonance, 518
loudspeaker, 526
resonant frequency, 534
rigid body motion
acceleration
absolute, 796
rigid connections
free-body diagrams, 158
rigid object motion, 808
acceleration
relative, 796
angular acceleration, 795
angular velocity, 793

motion,

2D, 793
centripetal
797
general motion of a rigid

object, 807
velocity, 790

absolute, 794

relative, 793

acceleration,

rod

moment of inertia, 724
rolling of round objects on

round surfaces, 823

rope

free-body diagrams, 162
rotating frames

introduction, 709

scalar
summary tables, 52
separatrix, 697
simple pendulum, 689
slider crank, 368
sliding objects
one-dimensional
650
sluice gate, 396
spring-mass system
examples, 473
springs, 330
free body diagrams, 332
parallel and series, 345, 480
statics
three-force members, 210
two-force bodies, 209
Straight Line Motion
2-D and 3-D forces, 646
acceleration, 427
kinetic energy, 449
linear momentum, 430
one-dimensional kinemat-
ics and mechanics, 426
one-dimensional motion
quantities, 430
position, 427
pulleys, 636
rate of change of linear mo-
mentum, 430

motion,
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velocity, 427
Straight-Line Motion, 632
Highly Constrained Bodies,
646
theory box, rate of change
of angular momentum
about a pointC, 648
Straight-line motion
angular momentum about
a point C, 649
rate of change of angu-
lar momentum about a
point C, 649
sliding objects, 650
string
free-body diagrams, 162
Sturmey-Archer hub, 824
sweet spot, 864

tensegrity structure, 273, 309
three-force members, 210
time

units, 879
Time derivative of a vector, 552
two degree of freedom system,

505

two-force bodies, 209

undamped harmonic oscillator
natural frequency of vibra-

tion, f, 468
oscillation frequency, A,
468

period of vibration, 468
solution, 467
underdamping, 475
unforced damped harmonic os-
cillator, 464
critical damping, 475
linear damping coefficient,
c, 474
logarithmic decrement, 475
overdamping, 475
solutions, 475
underdamping, 475
unforced harmonic oscillator
summary, 476

unit vectors
polar coordinates, 677
units
balancing, 879
carrying, 880
changing, 880, 881
computers and calculators,
883
consistent system of
table, 883
dimensionless
883
force, 880
guidelines, 883
length, 879
mass, 879
time, 879
units and dimensions, 879

variables,

variable rate circular motion
2-D and 3-D, 708
examples, 688
linear momentum balance,
739
vector
cross product, 72
dot product, 62
finding components us-
ing, 63
how to write, 42
identities, 78
mixed triple product, 79
products of three vectors,
79
rate of change of a, 552
frame dependency, 560
non-Newtonian  frame,
560
product rule, 555
skills, 66, 92
summary box, 53
vector equations
reduction of into scalar
equations, 103
Vector skills for mechanics , 40
vectors and scalars, 42
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vectors, matrices, and linear al-
gebraic equations, 103
velocity
absolute
general motion of a rigid
object, 794
circular motion, 680
circular motion at constant
rate, 676
2D, 676
circular motion at constant
rate, derivation, 677
general motion
cartesian coordinates,
553
general motion of a rigid
object, 790
one-dimensional  motion,
427
relative
general motion of a rigid
object, 793
relative motion of points on
a rigid object, 708
Vibrations, 464
forced oscillations
frequency response, 521
forced oscillations and res-
onance, 518
resonance
loudspeaker, 526
undamped harmonic oscil-
lator
energy, 471
oscillation frequency, 468
period of vibration, 468
solution, 467
unforced damped harmonic
oscillator, 464
critical damping, 475
linear damping coefhi-
cient, ¢, 474
logarithmic decrement,
475
measurement, 475
overdamping, 475

solutions, 475
underdamping, 475
unforced harmonic oscilla-
tor
summary, 476
viscous drag, 461

wires
free-body diagrams, 162
work of a force, 574

Zero-force members, 271
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TABLE I
Momenta and energy

Linear Momentum Angular Momentum Kinetic Energy
L (a) i-%c (b i () T S (<)) Ex e
What system L= dtL (b) ¢ He= dz‘HL @)
In General A o r . . LA
. N A PN Hcyi+ HeyJ + Hezk 7 j R
Lyi+Lyj+ Lk Lai - Lyj+ Lk * vJ \ Hest + Heyj + Hek .
= r;l[miC“‘A = Miot@em = Fem/C X UemMiot + Hpy = Fem/C X GemMior + ﬁcm Mot Vem + EX/om (1)
= gi-MotFem/ d . . .
“F = ma” = g;-no such thing/ = (no simple general expression)

One Particle P mpvp mpdp Fpjc X Vpmyp Fp/c X dpmp %mpvf, 2)
Sysl.em of miv; m;a; Fijc x vim; Fijc X dim; v»zm,- (3)
Particles all particles i all particles i all particles all particles ol parietes !

Continuum / vdm / adm / Ficxvdm / Ficxadm / v2dm (4)
all mass. all mass all mass all mass 2 all mass
System of Systems miv; mid; H-. H Ex;
L . c c Ki
(eg. rigid bodies) all \uh-zg:\vcm\ all \uhzﬂ:\vcm\ all sub-systems ! all sub-systems ! all sub-systems (5)
Rigid Bodies
?cm/c X @cmMiot —Miot v2
= = emy | em
One rigid body . Fem/C X Uemiior + 1] - @ omy 5o B 2
7 a. st + I - w+®x H
(2D and 3D) hotten o H, —_— +16-07)- 6 ©
HCm _2 Y
EX fem
= = om, 7 = P om ; F St Vi
2D rigid body R o Fem/C X VemMior + 17" wk Fem/C X @emMiot + 177" ok 2
in xy plane Mot Yem Morlem ~ ~ 1 5 @)
N 2 Loem, 2
with ® = wk Ho H,, oI
[
EX jem
One rigid body
if Mot Te - 9. =He 9.6+ @x He 1o € 8
C is a fixed point totTem forfem . 2w rl-e ( )
(2D and 3D)
2D riiid body 1Sk
L . Z
C is a fixed point Miot Vem Miot@em 18wk “M = la” % Co? 9)
with & = wk
The table has used the following terms:
Mot =total mass of system, i N N ! b
: = r. X .m;v;/ angular momentum about
m; = mass of body or subsystem i, em = 2 i/cm ivi/ ang

Fecm/c = the position of the center of mass relative to
point C,

v; = velocity of the center of mass of sub-system or
particle i,

a; = acceleration of the center of mass of sub-system
i

Hc ; = angular momentum of subsystem i relative to
point C.

H c; = rate of change of angular momentum of sub-
system i relative to point C.

the center of mass
H., =3 Fi/cm x .m;@;/ rate of change of angular
momentum about the center of mass

® is the angular velocity of a rigid body,

® = o is the angular acceleration of the rigid body,
[I¢*] is the moment of inertia matrix of the rigid body
relative to the center of mass, and

[I°] is the moment of inertia matrix of the rigid body
relative to a fixed point (not moving point) on the body.
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Table II. Methods for calculating velocity and acceleration
Some facts about path coordinates
The path of a particle is 7 (z).
dr(s) dr(t)dt v _ de de 1
6=—, 6=—"—=—, K=—=——,
! ds ! dt ds v ds dt v
A K A 1
€, = —, e =€ X6, p= 1=
|k K]
Summary of the direct differentiation method
In the direct differentiation method, using moving frame B, we calcu-
late v p by using a combination of the product rule of differentiation
and the facts that ¥ = wg x 7', [ = wgx j, and k= wp X Ig/, as
follows: o P
N d _
vp = —F
P dt P v a
d . N y rpior
= —[rojo+rri0]
dt Fp x'
d . . A N N ~
= —[(xz+yj—|—Zk)—|—(x’z'—|—y’j/—|—z’k)] 2
dt o'
. A « A . - o | A . A~ . A/
= XM+ y/+zk)+ @&V +y 7 +2k)+ A
~ r oy
[ @5 x )+ @5 x ) + 2 @5 x )] o
(0] \'\37 X
but stop short of identifying these three groups of three terms as
Figure A.3:

Vp =000+ Trel +®BXTFp/o.

We would calculate @ p similarly and would get a formula with 15 non-
zero terms (3 for each term in the ‘five-term’ acceleration formula).

Filename:tfigure8-alt-app2

Method Position

Velocity

Acceleration

In general, as measured ¥ or ?P or
relative to the fixed frame

F.

F\1’/0

v or ?p or ?p/f

a or ?p or E\p/f

ral + 7',\']’\ + "zkA

Cartesian Coordinates

vxl vy i+ Uzlg
=iyl + iy S+ ik

ﬂ.\'f+(lyf+ﬂzlg
= l').\'f+ i),\‘f‘i’z.z,f

= ii iy S ik

vRéR + v(.;é(.; + L‘zk

aréy +apéy +azk

Polar Coordinat Ré, +zk R o T vzt .. R T r .
olar Coordinates/ %t = Ré, + ROGy + 2k = (R— R6)é, + (R +2R6)éq + 2k
Cylindrical Coordinates
aré + anén
Path Coordinates not used vé;

=v¢ + (UZ/)O)EH

Using data from a moving
frame B with origin at O’
and angular velocity Tory0+Trio
relative to the fixed frame

of wi. The point P’ is

glued to B and

instantaneously coincides

with P.

VprFtVps=

?0//0 + @wpx ?P//O/ +B?p/0/
[———

vprE v p/B

Ti,,//]_-+7ip/5+2$5x?p/5 =

Tprr

?0//0 +op XaBX?P//O/ + o X?P//O/

+B?1)/O/ +265 x ikp/g
—_—

@p/s

‘the 5-term acceleration formula’
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Table IIT
Object [1]
Point mass 000
[IN7=m| 0 0 O
y 0 0 0
Q
(0] I 2+ 22 Xy Xz
X I°) =m xy x*4722 vz
z xz vz x4 y?
2 2
Yiem + Lem X/emY/em X/emZ/em
[ = X/emY/cm X/ZEm + Z?cm Y/emZ/em dm
X/emZ/em Y/emZ/em x/zt‘m + y/zcm
General 3D bOd If the axes are principal axes of the body.
P p
T A O O With A, B,C > 0 and A +
[Iz:m]: 0 B 0 BzC, B“FCZA, and
L 0 0 C A+C > B.

y/zv + Z?u X/0Y/o X/0Z /o0
[I°]= X/0Y/o X/zo + Z?D Y/oZ/o dm
X/0Z/o YioZjo X}, + Y],

yfm/o + sz/o Xem/joYem/o Xem/oZem /o
1= +m Xem/oYem o xcz'm/o + sz/u YemjoZem/o
Xem/oZem/o Yem/oZem /o xgm/o + yfm/a

The 3D Parallel Axis Theorem

y/Zcm X/emY/em 0
2
X/emY/em x/cm 0
cmy _
[I ] - 0 0 x/zcm + y/zzrm dm
—
General 2D Body &
If the axes are principal axes of the body.
A 0 0 With A+B = C (The perpen-
1= 0 B 0 dicular axis theorem). Also,
0 0 C A>0, B>0.
Yo X/oY/o 0
[I°]1 = X/0Y/o x?g 0 dm
2 2
0 0 X+ Vi,
2 0
ycm/o Xem/oYem/o
2
Xem/oYem/o xcm/o 0
I’ =[I"14+m 2 2
[ ] [ ] 0 0 xcm/o + ycm/o
—————
a2

The 3D Parallel Axis Theorem. The 2D thm concerns the lower right terms of these 3 matrices.

General moments of inertia. The tableshows a point mass, a general 3-D body,
and a general 2-D body. The most general cases of the perpeendicual axis theorem
and the parallel axis theorem are also shown..
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Table IV
Examples of Moment of Inertia
Object (1]
Uniform rod 0 0 0
1
Y " = —me?, I‘”’]——m€2|: 0 1 o}
— 12 00 1
[0) e
x { 0 0 07
z 19 = —me?, (19 = méz 01 0
3 00 1|
Uniform hoop
) -
YI—Rr 3 0 0
w I=mR>, I =mR*| 0 L 0
0 0 1
- i
4
Uniform disk
' | 100
1;;“:5mR2, " =mR*| 0 1 0
0 0 1
Rectangular plate
y
f | > 0 0
1;;"=Em.a2+b2/, U™ =pm| 0 @ 0
/ j— 0 0 a®+0b?
l~a—
Solid Box
y
= T 1 b +c 0 0
-~ 0 b [ = Em 0 a® + c? 0
&t ———, 0 0 a’+b?
//
< .
SA—a—
Uniform sphere
)7
| 1 00
\e I1=ZmR*| 0 1 0
R - 00 1
- X
Z

Moments of inertia of some simple objects. For the rod both the [1"] and [1 ] (for
the end point at O) are shown. In the other cases only [1“"] is shown. To calculate [/ 9]
relative to other points one has to use the parallel axis theorem. In all the cases shown the

coordinate axes are principal axes of the objects.
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Basic modeling.
. What things are rigid? )
Force modeling. What things can move and how? (for dynamics only)

Contact forces, friction, How are things ¢ ted? o 0 .
- gs connected? >
hinges, gravity, springs, Klngmatlcs moqehng‘
- Description of constraints.
2 3 (for dynamics)
Choose basic configuration
4 . variables
Tyersos Balance equations.
. (for dynamics) S onq
e olve for unknown positions
Efsei tggg}% ?Jgg:;:zgs —Use forces and Use positions, <— e post ’
¥ P g moments from @4 velocities and velocities and accelerations
raealemions of points of interest (hinges, centers of
FBDs f ki . mass) in terms of knowns, or
rom kinematics . configuration variables, Also find
\ rotational angles, rates and accelerations.
I. Linear momentum [force balance], \i
IL. Angular momentum [moment balance],
III. Energy or Power. a. Kinematics analysis complete
5 .
Solve the balance equations for forces,
and accelerations of interest either for
i
(for dynamics)
General configuration A configuration of
/ \ interest.
if m0t1on is unknown if motion is known \
b. Statics or Instantaneous
6 (for dynamics) dynamics analysis complete
solve for second derivatives
of configuration variables.
Set up ODEs and initial
conditions, and either
Sol or . c. "Inverse dynamics"
olve Solve with analysis complete
numerically pencil and paper
\ | 8
7 (for dynamics) Make plots:
Plug the now-known configuration variables s i
into tl.le balance equations and kigematics > p ositi;)n VS t, d. Dynamics analysis
equations to solve for other quantities of trajectories complete
interest (e.g. forces) animations’

Basic flow chart for solving the various types of dynamics problems.
Statics only uses the solution route 1 »2 »4 B 5 B b.

Dynamics uses other boxes as needed.

At first reading this chart shows you the logic of the subject.

Later it is self-evident and internalized as the approach to solve problems.





