Welcome online! Before we start:

e if you don’t hear music, connect your audio (Audio menu)

e your microphone will be muted by default (please keep so)

e put any questions you have in chat box (lower right)

e if you haven’t done so, register at http://app.perusall.com
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how to effectively transfer information outside classroom?










e transfer pace set by video

® viewer passive

e viewing/attention tanks as time passes

e isolated/individual experience
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turn out-of-class component

also into a social interaction!
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n the preceding two chapters, we developed a math-

ematical framework for deseribing motion along a

straight line. In this chapter, we continue our study of
motion by investigating inertia, a property of objects that
afffects their motion. The experiments we carry oul in
studying inertia lead us to discover one of the most funda-
mental laws in physics—conservation of momentum.

4.1 Friction

Picture a block of wood sitting motionless on a smooth
woaoden surface, If you give the block a shove, it slides some
distance but eventually comes to rest. Depending on the
smoothness of the block and the smoothness of the wooden
surface, this stopping may happen sooner or it may hap-
pen later. If the two surfaces in contact are very smooth and
slippery, the block slides for a longer time interval than if
the surfaces are rough or sticky. This you know from every-
day experience: A hockey puck slides easily on ice but not
on a rough road.

Figure 4.1 shows how the velocity of a wooden block
decreases on three different surfaces. The slowing down is
due to friction—the resistance to motion that one surface or
object encounters when moving over another. Notice that,
during the interval covered by the velocity-versus-time
graph, the velocity decrease as the block slides over ice is
hardly observable. The block slides easily over ice because
there is very little friction between the two surfaces. The
effect of friction is to bring two objects to rest with respect
to each other—in this case the wooden block and the sur-
face it is sliding on. The less friction there is, the longer it
takes for the block to come to rest.

Figure 4.1 Velocity-wersus-time graph for a wooden bock sliding on

three diffesent surfaces. The rougher the surface, e more quickly the
velocity decreases,
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Figurne 4.2 Low-friction irack and caris used in the experimenis described
i this chapter.

You may wonder whether it Is possible 10 make surfaces
that have no friction at all, such that an object, once given
a showve, continues to glide forever. There is no totally fric-
tionless surface over which objects slide forever, but there
are ways to minimize friction. You can, for instance, float an
object on a cushion of air. This is most easily accomplished
with a low-friction track—a track whose surface is dotted
with little holes through which pressurized air blows. The
air serves as a cushion on which a conveniently shaped ob-
jeet ean float, with friction between the abject and the track
all but eliminated. Alternatively, one can use wheeled carts
with low-friction bearings on an ordinary track. Figure 4.2
shows low-friction carts you may have encountered in your
lab or class. Although there is still some friction both for
low-friction tracks and for the track shown in Figure 4.2,
this friction is so small that it can be ignored during an
experiment. For example, if the track in Figure 4.2 is hori-
zontal, carts move along its length without slowing dewn
appreciably. In other words:

In the absence of friction, objects moving along a
horizontal track keep moving without slowing down,

Another advantage of using such carts is that the track
constrains the motion to being along a straight line. We can
then use a high-speed camera to record the cart’s position
at various instants, and from that information determine its
speed and acceleration,

%4.1 {a) Are the accelerations of the motions shown in
Figure 4.1 constant? {(b) For which surface is the acceleration

. Eric Mazur -
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ematical framework for deseribing motion along a

straight line. In this chapter, we continue our study of
motion by investigating inertia, a property of objects that
afffects their motion. The experiments we carry oul in
studying inertia lead us to discover one of the most funda-
mental laws in physics—conservation of momentum.

4.1 Friction

Picture a block of wood sitting motionless on a smooth
woaoden surface, If you give the block a shove, it slides some
distance but eventually comes to rest. Depending on the
smoothness of the block and the smoothness of the wooden
surface, this stopping may happen sooner or it may hap-
pen later. If the two surfaces in contact are very smooth and
slippery, the block slides for a longer time interval than if
the surfaces are rough or sticky. This you know from every-
day experience: A hockey puck slides easily on ice but not
on a rough road.

Figure 4.1 shows how the velocity of a wooden block
decreases on three different surfaces. The slowing down is
due to friction-
object encoun|
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hardly observable. The block slides easily over ice because
there is very little friction between the two surfaces. The
effect of friction is to bring two objects to rest with respect
to each other—in this case the wooden block and the sur-
face it is sliding on. The less friction there is, the longer it
takes for the block to come to rest.

Figure 4.1 Velocity-wersus-time graph for a wooden bock sliding on

three diffesent surfaces. The rougher the surface, e more quickly the
velocity decreases,
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experiment. For example, if the track in Figure 4.2 is hori-

zontal, carts move along its length without slowing dewn
appreciably. In other words:

In the absence of friction, objects moving along a
horizontal track keep moving without slowing down,

Another advantage of using such carts is that the track
constrains the motion to being along a straight line. We can
then use a high-speed camera to record the cart’s position
at various instants, and from that information determine its
speed and acceleration,

%4.1 {a) Are the accelerations of the motions shown in
Figure 4.1 constant? {(b) For which surface is the acceleration
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n the preceding two chapters, we developed a math-

ematical framework for deseribing motion along a

straight line. In this chapter, we continue our study of
motion by investigating inertia, a property of objects that
afffects their motion. The experiments we carry oul in
studying inertia lead us to discover one of the most funda-
mental laws in physics—conservation of momentum.

4.1 Friction

Picture a block of wood sitting motionless on a smooth
woaoden surface, If you give the block a shove, it slides some
distance but eventually comes to rest. Depending on the
smoothness of the block and the smoothness of the wooden
surface, this stopping may happen sooner or it may hap-
pen later. If the two surfaces in contact are very smooth and
slippery, the block slides for a longer time interval than if
the surfaces are rough or sticky. This you know from every-
day experience: A hockey puck slides easily on ice but not
on a rough road.

Figure 4.1 shows how the velocity of a wooden block
decreases on three different surfaces. The slowing down is
due to friction—the resistance to motion that one surface or
object encounters when moving over another. Notice that,
during the interval covered by the velocity-versus-time
graph, the velocity decrease as the block slides over ice is
hardly observable. The block slides easily over ice because
there is very little friction between the two surfaces. The
effect of friction is to bring two objects to rest with respect
to each other—in this case the wooden block and the sur-
face it is sliding on. The less friction there is, the longer it
takes for the block to come to rest.

Figure 4.1 Velocity-wersus-time graph for a wooden bock sliding on

three different surfaces. The rougher the surface, e more quickly the
velocity decreases.
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i this chapter.
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uanjcs.s surfn:t over whh:h uhjects slide forever, but there
are ways to minimize friction. You can, for instance, float an
object on a cushion of air. This is most easily accomplished
with a low-friction track—a track whose surface is dotted
with little holes through which pressurized air blows. The
air serves as a cushion on which a conveniently shaped ob-
ject can float, with friction between the object and the track
all but eliminated. Alternatively, one can use wheeled carts
with low-friction bearings on an ordinary track. Figure 4.2
shows low-friction carts you may have encountered in your
lab or class. Although there is still some friction both for
low-friction tracks and for the track shown in Figure 4.2,
this friction is so small that it can be ignored during an
experiment. For example, if the track in Figure 4.2 is hori-
zontal, carts move along its length without slowing dewn
appreciably. In other words:

In the absence of friction, objects moving along a
horizontal track keep moving without slowing down,

Another advantage of using such carts is that the track
constrains the motion to being along a straight line. We can
then use a high-speed camera to record the cart’s position
at various instants, and from that information determine its

ed and acceleration,

-@4.1 {a) Are the accelerations of the motions shown in
dlmnmnt!’{h}hrwhﬂmﬁ:ekthm&n
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motion by investigating inertia, a property of objects that
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studying inertia lead us to discover one of the most funda-
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woaoden surface, If you give the block a shove, it slides some
distance but eventually comes to rest. Depending on the
smoothness of the block and the smoothness of the wooden
surface, this stopping may happen sooner or it may hap-
pen later. If the two surfaces in contact are very smooth and
slippery, the block slides for a longer time interval than if
the surfaces are rough or sticky. This you know from every-
day experience: A hockey puck slides easily on ice but not
on a rough road.

Figure 4.1 shows how the velocity of a wooden block
decreases on three different surfaces. The slowing down is
due to friction—the resistance to motion that one surface or
object encounters when moving over another. Notice that,
during the interval covered by the velocity-versus-time
graph, the velocity decrease as the block slides over ice is
hardly observable. The block slides easily over ice because
there is very little friction between the two surfaces. The
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to each other—in this case the wooden block and the sur-
face it is sliding on. The less friction there is, the longer it
takes for the block to come to rest.
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three different surfaces. The rougher the surface, e more quickly the
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Figurne 4.2 Low-friction irack and caris used in the experimenis described
i this chapter.
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air serves as a cushion on which a conveniently shaped ob-
ject can float, with friction between the object and the track
all but eliminated. Alternatively, one can use wheeled carts
with low-friction bearings on an ordinary track. Figure 4.2
shows low-friction carts you may have encountered in your
lab or class. Although there is still some friction both for
low-friction tracks and for the track shown in Figure 4.2,
this friction is so small that it can be ignored during an
experiment. For example, if the track in Figure 4.2 is hori-
zontal, carts move along its length without slowing dewn
appreciably. In other words:

In the absence of friction, objects moving along a
horizontal track keep moving without slowing down,

Another advantage of using such carts is that the track
constrains the motion to being along a straight line. We can
then use a high-speed camera to record the cart’s position
at various instants, and from that information determine its

ed and acceleration,

-@4.1 {a) Are the accelerations of the motions shown in
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woaoden surface, If you give the block a shove, it slides some
distance but eventually comes to rest. Depending on the
smoothness of the block and the smoothness of the wooden
surface, this stopping may happen sooner or it may hap-
pen later. If the two surfaces in contact are very smooth and
slippery, the block slides for a longer time interval than if
the surfaces are rough or sticky. This you know from every-
day experience: A hockey puck slides easily on ice but not
on a rough road.

Figure 4.1 shows how the velocity of a wooden block
decreases on three different surfaces. The slowing down is
due to friction—the resistance to motion that one surface or
object encounters when moving over another. Notice that,
during the interval covered by the velocity-versus-time
graph, the velocity decrease as the block slides over ice is
hardly observable. The block slides easily over ice because
there is very little friction between the two surfaces. The
effect of friction is to bring two objects to rest with respect
to each other—in this case the wooden block and the sur-
face it is sliding on. The less friction there is, the longer it
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uanjcss surfn:t over whh:h uhjcc-ts slide forever, but there
are ways to minimize friction. You can, for instance, float an
object on a cushion of air. This is most easily accomplished
with a low-friction track—a track whose surface is dotted
with little holes through which pressurized air blows. The
air serves as a cushion on which a conveniently shaped ob-
jeet ean float, with friction between the abject and the track
all but eliminated. Alternatively, one can use wheeled carts
with low-friction bearings on an ordinary track. Figure 4.2
shows low-friction carts you may have encountered in your
lab or class. Although there is still some friction both for
low-friction tracks and for the track shown in Figure 4.2,
this friction is so small that it can be ignored during an
experiment. For example, if the track in Figure 4.2 is hori-
zontal, carts move along its length without slowing dewn
appreciably. In other words:

In the absence of friction, objects moving along a
horizontal track keep moving without slowing down,

Another advantage of using such carts is that the track
rains the motion to being along a straight line. We can
use a high-speed camera to record the carts position
various instants, and from that information determine its
ed and acceleration,

-%4.1 {a) Are the accelerations of the motions shown in
] 4.1 constant? (b) For which surface is the acceleration
largest in magnitude?
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n the preceding two chapters, we developed a math- Figure 4.2 Low friction irack and carts used in the experiments described =
ematical framework for describing motion along a i this chapter
straight line. In this chapter, we continue our study of
motion by investigating inertia, a property of objects that e
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lever arm: Fs
perpendicular distance
framm line of action of farce to rotation axid (pivet)

action of the force and the axis of rotation. So, the torque
caused by a force exerted on an object is the product of the
magnitude of the force and its lever arm distance, It can be
wrilten equivalently as rF, and as r F,

Like other rotational quantities, torque carries a sign
that depends on the choice of direction for increasing 4.
In Figure 12.4, for example, the torque caused by F, about
the pivot tends to rotate the rod in the direction of increas-
ing ¥ and so is positive; the torque caused by F; is nega-
tive. The sum of the two torques aboul the pivat is then
nF + (—nF). As we've seen, the two torques are equal in
magnitude when the rod is balanced, and so the sum of the
torgues is zero. When the sum of the torques is not zero, the
rod’s rotational acceleration is nonzero, and so its rotational
velocity and angular momentum change.

In the situations depicted in Figures 124 and 12.5 we
used the pivol to calculate the lever arm distances, This is a
natural choiee because that is the point about which the ob-
ject under consideration is free to rotate. However, torques
also play a role for stationary objects that are suspended or
supported at several different points and that are not free
to rotate—for example, a plank or bridge supported at ei-
ther end. To determine what reference point lo use in such
cases, complete the following exercise.

Exercise 12.1 Reference point

Consider again the rod in Figure 12.4. Caleulate the sum of the
torgques about the lzft end of the rod.

SOLUTION I begin by making a sketch of the rod and the three
forces exerted on it, showing their points of application on the
rod (Figure 12.6).
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The lever arm distances must now be determined relative to
the left end of the rod. The lever arm distance of force F; to this
point is zero, and so the torque caused by that force abour the
left end of the rod is zero. IF I choose counterclockwise as the
pus:lhr:djmuunul'mmmn.ﬁmn negative torgue ahout
MMMJMMMMF exerted by the pivot causes
npmﬁhctmqu!nbuutﬂullnﬁmdufthnmd The lever arm
dmmnrﬁ:bnmmlcﬁmduﬂhzmdhr,+r,.thnuf
F‘ is r. Because the rod s ar rest, the magnitude of the
fmmmdhrlh:pimhqunllnmmonheﬁmﬁﬁ
and Fi. Taking Into account the lgns of the torques, we find
that the sum of the torques about the left end of the rod is
nif + B = (n + nlF = nF = nf. This s the same result
we obtained for the torques about the pivot, and so the sum of
the torques about the left end is zero. v

Exercise 12.1 shows that the sum of the torques about the
left end of the rod is zero, just like the sum of the torques
about the pivol. You can repeat the caleulation for the
torques about the right end of the red or any other point,
and each time you will find that the sum of the torques is
zero. The reason is that the rod is not rotating about any
point, and so the sum of the torques must be zero about any
point. In general we can say:

For a stationary object, the sum of the torques is zero.

For a stationary object we can choose any reference point
we like to calculate torques. It pays to choose a reference
point that simplifies the caleulation. As you have seen, we
do not need to consider any force that is exerted at the ref-
erence point. So, by putting the reference point at the point
of application of a force, we can eliminate that force from
the calculation.

%1Hmm¢mmmdepkudlnﬁguu111mymm
continue to exert a force on the seesaw to keep the child off the
ground. The force you exert causes a torque on the seesaw, and
yet the seesaw’s rotational acceleration ks zern, How can this be

if torques cause objects to accelerate rotationally?

Example 12.2 Torques on lever

Three forces are exerted on the lever of Figure 12.7. Forces Fy
lﬂﬁmuﬁuﬂnmlﬂnﬂnﬁhmﬂﬂﬂnﬂﬂﬂhﬂnn{ﬁuhﬂfu
great. Force F, is horizontal, F; and F, are vertical, and the lever
makes an angle of 45° with the horizontal, Do these forces cause
the kever to rotate about the pivot? IT so, in which direction?
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| don't understand how this combination of Cct 2012:08 am %

factors tells you anything about direction? Aren’t magnitude and
lever arm distance both scalar quantities? It seams like we would need to
know some sort of direction to calculate torque.

I think you may be able to think about the Oct 20 12:38 am
direction separately. So, after multiplying this magnitude and &
@ distance, you can attach a sign to the torque based on the defined
parameters of the system. In the following paragraph, they start to
expiain how 1o choose this direction.

9 This is a great question. To further elaborate on Oct 22 8:48 pm
this, we can think of this in terms of the Torque equation. The

equation for torque Is T = r X F, with r being the level arm distance &
and F belng force. We know that force 1s a vector vector from previous

‘ chapters, and in regards to “r" it can also be thought of as the radial
vector. What this means Is that this distance from the pivot points from
the axis of rotation to the point where the force acts. In as previoushy
mentioned, there is a general convention {thia ight-hand rule) that is usad
1o determine the direction which happens to be perpendicular to both the
radius from the axis and to the force.
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The lever arm distances must now be determined relative to
the left end of the rod. The lever arm distance of force F; to this
point is zero, and so the torque caused by that force abour the
left end of the rod is zero. IF I choose counterclockwise as the
pus:lhr:djmuunul'mmmn.ﬁmn negative torgue ahout
MMMJMMMMF exerted by the pivot causes
npmﬁhctmqu!nbuutﬂullnﬁmdufthnmd The lever arm
dmmnrﬁ:bnmmlcﬁmduﬂhzmdhr,+r,.thnuf
F‘ is r. Because the rod s ar rest, the magnitude of the
fmmmdhrlh:pimhqunllnmmonheﬁmﬁﬁ
and Fi. Taking Into account the lgns of the torques, we find
that the sum of the torques about the left end of the rod is
nif + B = (n + nlF = nF = nf. This s the same result
we obtained for the torques about the pivot, and so the sum of
the torques about the left end is zero. v

Exercise 12.1 shows that the sum of the torques about the
eft end of the rod is zero, just like the sum of the torques
ibout the pivol. You can repeat the caleulation for the
orques about the right end of the rod or any other point,
ind each time you will find that the sum of the torques is
ero. The reason is that the rod is not rotating about any
point, and so the sum of the torques must be zero about any
point. In general we can say:

For a stationary object, the sum of the torques is zero.

For a stationary object we can choose any reference point
ve like to calculate torques. It pays to choose a reference

do not need to consider any force that is exerted at the ref-
erence point. o, by putting the reference paint al the point
of application of a force, we can eliminate that force from
he calculation.

ground. The force you exert causes a torque on the seesaw. and
1heumﬂmninmlmd.embnkum How can this be

Af torques cause objects to accelerate rotationally?
g 12.2 Torques on lever

c¢ forces are excried on the bever of Figure 12.7. Forces F,
F, are equal in magnitude, and the magnitude of F, is half as
great. Force F, is horizontal, F; and F, are vertical, and the lever
-makes an angle of 45° with the horizontal, Do these forces cause
the bever to rotate about the pivet? If so, in which direction?
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a factors tells you anything about direction? Aren't magnitude and
lever arm distance both scalar quantities? It seems like we would need to
know some sort of direction to calculate torgue.

| think you may be able 1o think about the Oct 20 12:38 am

direction separately. So, after multiplying this magnitude and
distance, you can attach a sign to the torque based on the defined
parameters of the system. In the following paragraph, they start to
explain how to choose this direction.

This is a great question. To further elaborate on Oct 22 8:48 pm

this, we can think of this in terms of the Torque equation. The
equation for torque is T = r X F, with r being the level arm distance
and F being force. We know that force is a vector vector from previous

‘ chapters, and in regards to “r" it can also be thought of as the radial

vector. What this means is that this distance from the pivot points from
the axis of rotation to the point where the force acts. In as previously
mentioned, there is a general convention (the right-hand rule) that is used
to determine the direction which happens to be perpendicular to both the

radius from the axis and to the force.
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direction separately. So, after multiplying this magnitude and
distance, you can attach a sign to the torque based on the defined
parameters of the system. In the following paragraph, they start to
explain how to choose this direction.

This is a great question. To further elaborate on this, we  ©Oct 22 8:48 pm
can think of this in terms of the Torque equation. The equation for
torque is T = r X F, with r being the level arm distance and F being " o
force. We know that force is a vector vector from previous chapters, and
‘ in regards to "r" it can also be thought of as the radial vector. What this
means is that this distance from the pivot points from the axis of rotation
to the point where the force acts. In as previously mentioned, there is a
general convention (the right-nand rule) that is used to determine the
direction which happens to be perpendicular to both the radius from the
axis and to the force.
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The lever arm distances must now be determined relative to
7 @ the left end of the rod. The lever arm distance of force F to this @
P‘-"’“‘-C 1\" point Is zero, and so the torque caused by that force about the
left end of the rod is zero. IF1 choose counterclockwise as the
4 positive direction of rotation, F‘lumes a negative torgue aboul a

l,f{ line of action of F

lever arim: F
perpendicular distance
from line of action of fatce to retation axld (pivot)

| don’t understand how this combination of Cct 20 12:08am %

factors tells you anything about direction? Aren't magnitude and
lever arm distance both scalar quantities? It seams like we would need to
know some sort of direction 1o calculate torque.

I think you may be able to think about the Oct 20 12:38 am
direction separately. So, after multiplying this magnitude and &
@ distance, you can attach a sign to the torque based on the defined
parameters of the system. In the following paragraph, they start to
expiain how 1o choose this direction.

9 This is a great question. To further elaborate on Oct 22 8:48 pm
this, we can think of this in terms of the Torque equation. The
equation for torque IS T = r X F, with r being the level arm distance
and F belng force. We know that force 1s a vector vector from previous
‘ chapters, and in regards to “r" it can also be thought of as the radial
vector. What this means Is that this distance from the pivot points from
the axis of rotation to the point where the force acts. In as previoushy
mentioned, thene is a general convention {thia right-hand rule) that is used
1o determine the direction which happens to be perpendicular to both the
radius from the axis and to the force.
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Fe I8 1. Becanse the rod s a1 rest, the magnitude of the
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and Fi. Taking into account the lgns of the torques, we find
that the sum of the torques about the lefl end of the rod is
niF + B = (n + nlF = nF = nk. This is the same result
we obtained for the torques about the pivot, and so the sum of
the torques about the left end is zero. o

Exercise 12.1 shows that the sum of the torques about the
eft end of the rod is zero, just like the sum of the torques
ibout the pivol. You can repeat the caleulation for the
prques about the right end of the red or any other point,
ind each time you will find that the sum of the torques is
ero. The reason is that the rod is not rotating about any
point, and so the sum of the torques must be zero about any
point. In general we can say:

For a stationary object, the sum of the torques is zero.

For a stationary object we can choose any reference point
ve like to calculate torques. It pays to choose a reference

do not need to consider any force that is exerted at the ref-
erence point. o, by putting the reference paint al the point
of application of a force, we can eliminate that force from
e calculation.
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Ccontinue to exert a force on the seesaw to keep the child off the
ground. The force you exert causes a torque on the seesaw. and
& et the seesaw’s rotational acceleration is zero, How can this be
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° 122 Torques on lever

“Three forces are exerted on the lever of Figure 12.7. Forces Fy
ﬁmuﬁulinmnpﬂnﬁﬁ&mﬂﬂg!nﬂﬂnihﬂnnfﬁiﬁhﬂfu
great. Force F, is horizontal, Fy and F, are vertical, and the lever
- makes an angle of 45° with the horizontal, Do these forces cause
the lever to rotate about the pivot? 1T so, in which direction?
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factors tells you anything about direction? Aren’t magnitude and
levar arm distance both scalar quantities? It seems like we would need to
know some sort of diraction to calculate torque.

I think you may be able to think about the Oct 20 12:38 am

direction separately. So, after multiplying this magnitude and
distance, YOou can attach a Slg]‘l 1o the torgue based on the defined @
parameters of the system. In the following paragraph, they start to
explain how to choose this direction.

This is a great question. To further elaborate on this, we  Oct 22 8:48 pm
can think of this in terms of the Torque equation. The equation for

torque is T = r X F, with r being the level arm distance and F being s o
force. We know that force is a vector vector from previous chapters, and
in regards to °r" It ¢can also be thought of as the radial vector. What this
means ts that this distance from the pivet points from the axis of rotation
1o the point where the force acts. in as previously mentioned, there is a
general convention (the right-hand rule) that |s used 1o determineg the
direction which happens to be perpendicular to both the radius from the
axis and to the force.
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action of the ﬁm:e and lhe axis uf rotation. Sﬂ,, ﬂ!e mrque.

the Jeit end of the rod, The lever arm distance of force F, to this
point is zero, and so the torque caused by that force abour the
left end of the rod is zero, If I choose counterclockwise as the
positive direction of rotation, F causes a negative lorgue ahoul
the left end of the rod; I;h:fmtl:i"’ exerted by the pivot causes
& positive torque about the left i:nd of the rod. The lever arm
gistmnf'ﬁ_.:buutﬂwlzﬁendufm rod is r; + ry; that of
Fie I8 1. Becanse the rod s ai rest, the magnitude of the
force exerted by the pivot s equal to the sum of the forces Fy
and F,. Taking into account the signs of the torques, we find
that the sum of the torques about the left end of the rod is
riF + B = (r + nlR = nF, = nF. This s the same result
we obtained for the torques about the pivot, and so the sum of
the torques about the left end is zero. o

Exercise 12.1 shows that the sum of the torques about the
eft end of the rod is zero, just like the sum of the torques
about the pivot. You can repeat the caleulation for the
lerques about the right end of the red or any other point,
and each time you will find that the sum of the torques is
gero. The reason is that the rod is not rotating about any
point, and so the sum of the torques must be zero about any
point. In general we can say:

For a stationary object, the sum of the torques is zero.

For a stationary object we can choose any reference point
ve like to calculate torques. It pays to choose a reference
point that simplifies the calculation. As you have seen, we
do not need to consider any force that is exerted at the ref-
erence point. So, by puiting the reference point at the point
of application of a force, we can eliminate that force from
he calculation.

Q 12.2 In the situation depicted in Figure 12.2a, you must
continue to exert a force on the seesaw to keep the child off the
ground. The force you exert causes a torque on the seesaw, and
et the seesaw’s rotational acceleration is zero, How can this be
torques cause objects to accelerate rotationally?

ole 12.2 Torques on lever

Three forces are exerted on the lever of Figure 12.7. Forces ft]
and F, are inmngrlﬁudg.udﬂ!:nﬂﬂnihﬂnnfﬁishﬂ]fu
great. Force F, is horizontal, F; and F, are vertical, and the lever
makes an angle of 45° with the horizontal, Do these forces cause
the lever to rotate about the pivet? If so, in which direction?
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Brian Lukoff responded to a question in Mazur Chapter 4 Sample that

you wanted to know the answer to

21 minutes ago, you asked this question on Perusall:

| No friction at all seems impossible. Isn't there always some friction In any real
| case?

Brian Lukoff just responded to the question by saying:

| Right - | think there will always be some friction due to the second law of
thermodynamics.

If this helps your understanding, click the button below. If you want to respond,
simply reply to this email to post to Perusall.

This comment helps my understanding
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If this helps your understanding, click the button below. If you want to respond,
simply reply to this email to post to Perusall.
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fully automated assessment

e specialized machine learning algorithm
e assesses intellectual content

e exceeds intercoder reliability
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3 Total number of annotations 16
3 Total number of annotations submitted 11

on time

Average quality of top 10 annotations 1.80
3 submitted on time

Distribution of annotations 3.8
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confusion report

Confusion report for Chapter 24

right hand rule (11 questions)

©
&

e

Can someone in simpler terms explain the right- hand rule? (1 LW
Is there another way, besides the right hand rule, to find the direction of the magnetic field it
with a current?

Using the right hand rule, | believe the answer is D. Is that correct? it

b L2 1"

direction magnetic field (8 questions)

@

@
@

Why is it that the magnet field points away from the north pole and towards the south @ G
pole? When on the previous page it stated that the direction of the magnetic field is the
direction that the north pole of a compass needle points.

How can you determine which direction the magnetic field will point towards? ﬂ it

So whichever way the north pole faces is the direction of the magnetic field but that @ I
doesn't always mean its pointing true north?

earth magnetic field (6 questions)

@
@

Does that mean that the compass will be distracted from the Earth's magnetic field and use L
the magnetic field that the current of the wire gives off?

Can someone explain why this type of bacteria knows what direction the earth's magnetic b
fields are facing?

Does the circular loop of current have any similarities with the look of the earths magnetic &
field? They kind of look similar to me.




motivating factors
Intrinsic:

e social interaction



motivating factors
Intrinsic:
e social interaction

e tie-in to in-class activity



motivating factors
Intrinsic:
e social interaction
e tie-in to in-class activity
Extrinsic:

e assessment (fully automated)



research data

80

percent of students
N D
o o)
I I
| I

N
o
|
|

. .-J-_
o 1 2 3 4

5 6

number of chapters missed before class




research data

close to 95%!




research data

every student prepared for every class



Let’s do a live demo together



Demo

e sigh on to http://app.perusall.com
e enter access code WEBINAR
e click on “Chapter 4"

 scroll to second page



e®e® < > m

————— ——

X & | © .6, 8%9, 0

—— -

[u =

s

Per‘usau Weblnar dema » Mazur Chapter 4 Sample

DO Q %

76 CHAFTER 4 MOMENTUM

n the preceding two chapters, we developed a math-

ematical framework for deseribing motion along a

straight line. In this chapter, we continue our study of
motion by investigating inertia, a property of objects that
afffects their motion. The experiments we carry oul in
studying inertia lead us to discover one of the most funda-
mental laws in physics—conservation of momentum.

4.1 Friction

Picture a block of wood sitting motionless on a smooth
woaoden surface, If you give the block a shove, it slides some
distance but eventually comes to rest. Depending on the
smoothness of the block and the smoothness of the wooden
surface, this stopping may happen sooner or it may hap-
pen later. If the two surfaces in contact are very smooth and
slippery, the block slides for a longer time interval than if
the surfaces are rough or sticky. This you know from every-
day experience: A hockey puck slides easily on ice but not
on a rough road.

Figure 4.1 shows how the velocity of a wooden block
decreases on three different surfaces. The slowing down is
due to friction—the resistance to motion that one surface or
object encounters when moving over another. Notice that,
during the interval covered by the velocity-versus-time
graph, the velocity decrease as the block slides over ice is
hardly observable. The block slides easily over ice because
there is very little friction between the two surfaces. The
effect of friction is to bring two objects to rest with respect
to each other—in this case the wooden block and the sur-
face it is sliding on. The less friction there is, the longer it
takes for the block to come to rest.

Figure 4.1 Velocity-wersus-time graph for a wooden bock sliding on

three diffesent surfaces. The rougher the surface, e more quickly the
velocity decreases,

All commeants -

Figurne 4.2 Low-friction irack and caris used in the experimenis described
i this chapter.

You may wonder whether it Is possible 10 make surfaces
that have no friction at all, such that an object, once given
a showve, continues to glide forever. There is no totally fric-
tionless surface over which objects slide forever, but there
are ways to minimize friction. You can, for instance, float an
object on a cushion of air. This is most easily accomplished
with a low-friction track—a track whose surface is dotted
with little holes through which pressurized air blows. The
air serves as a cushion on which a conveniently shaped ob-
jeet ean float, with friction between the abject and the track
all but eliminated. Alternatively, one can use wheeled carts
with low-friction bearings on an ordinary track. Figure 4.2
shows low-friction carts you may have encountered in your
lab or class. Although there is still some friction both for
low-friction tracks and for the track shown in Figure 4.2,
this friction is so small that it can be ignored during an
experiment. For example, if the track in Figure 4.2 is hori-
zontal, carts move along its length without slowing dewn
appreciably. In other words:

In the absence of friction, objects moving along a
horizontal track keep moving without slowing down,

Another advantage of using such carts is that the track
constrains the motion to being along a straight line. We can
then use a high-speed camera to record the cart’s position
at various instants, and from that information determine its
speed and acceleration,

%4.1 {a) Are the accelerations of the motions shown in
Figure 4.1 constant? {(b) For which surface is the acceleration

. Eric Mazur -
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n the preceding two chapters, we developed a math-

ematical framework for deseribing motion along a

straight line. In this chapter, we continue our study of
motion by investigating inertia, a property of objects that
afffects their motion. The experiments we carry oul in
studying inertia lead us to discover one of the most funda-
mental laws in physics—conservation of momentum.

4.1 Friction

Picture a block of wood sitting motionless on a smooth
woaoden surface, If you give the block a shove, it slides some
distance but eventually comes to rest. Depending on the
smoothness of the block and the smoothness of the wooden
surface, this stopping may happen sooner or it may hap-
pen later. If the two surfaces in contact are very smooth and
slippery, the block slides for a longer time interval than if
the surfaces are rough or sticky. This you know from every-
day experience: A hockey puck slides easily on ice but not
on a rough road.

Figure 4.1 shows how the velocity of a wooden block
decreases on three different surfaces. The slowing down is
due to friction—the resistance to motion that one surface or
object encounters when moving over another. Notice that,
during the interval covered by the velocity-versus-time
graph, the velocity decrease as the block slides over ice is
hardly observable. The block slides easily over ice because
there is very little friction between the two surfaces. The
effect of friction is to bring two objects to rest with respect
to each other—in this case the wooden block and the sur-
face it is sliding on. The less friction there is, the longer it
takes for the block to come to rest.

Figure 4.1 Velocity-wersus-time graph for a wooden bock sliding on

three diffesent surfaces. The rougher the surface, e more quickly the
velocity decreases,

Figurne 4.2 Low-friction irack and caris used in the experimenis described
i this chapter.

You may wonder whether it Is possible 10 make surfaces
that have no friction at all, such that an object, once given
a showve, continues to glide forever. There is no totally fric-
tionless surface over which objects slide forever, but there
are ways to minimize friction. You can, for instance, float an
object on a cushion of air. This is most easily accomplished
with a low-friction track—a track whose surface is dotted
with little holes through which pressurized air blows. The
air serves as a cushion on which a conveniently shaped ob-
jeet ean float, with friction between the abject and the track
all but eliminated. Alternatively, one can use wheeled carts
with low-friction bearings on an ordinary track. Figure 4.2
shows low-friction carts you may have encountered in your
lab or class. Although there is still some friction both for
low-friction tracks and for the track shown in Figure 4.2,
this friction is so small that it can be ignored during an
experiment. For example, if the track in Figure 4.2 is hori-
zontal, carts move along its length without slowing dewn
appreciably. In other words:

In the absence of friction, objects moving along a
horizontal track keep moving without slowing down,

Another advantage of using such carts is that the track
constrains the motion to being along a straight line. We can
then use a high-speed camera to record the cart’s position
at various instants, and from that information determine its
speed and acceleration,

%4.1 {a) Are the accelerations of the motions shown in
Figure 4.1 constant? {(b) For which surface is the acceleration




e®e® < > m

————— ——

Perusall

@ 89 9 O

—— - i

[u =

s

. Eric Mazur -

D Q &4 Alcomments -

Weblnar demo » Mazur Chapter 4 Sample

Bl rinn Lukor

76 CHAFTER 4 MOMENTUM

n the preceding two chapters, we developed a math-

ematical framework for deseribing motion along a

straight line. In this chapter, we continue our study of
motion by investigating inertia, a property of objects that
afffects their motion. The experiments we carry oul in
studying inertia lead us to discover one of the most funda-
mental laws in physics—conservation of momentum.

4.1 Friction

Picture a block of wood sitting motionless on a smooth
woaoden surface, If you give the block a shove, it slides some
distance but eventually comes to rest. Depending on the
smoothness of the block and the smoothness of the wooden
surface, this stopping may happen sooner or it may hap-
pen later. If the two surfaces in contact are very smooth and
slippery, the block slides for a longer time interval than if
the surfaces are rough or sticky. This you know from every-
day experience: A hockey puck slides easily on ice but not
on a rough road.

Figure 4.1 shows how the velocity of a wooden block
decreases on three different surfaces. The slowing down is
due to friction—the resistance to motion that one surface or
object encounters when moving over another. Notice that,
during the interval covered by the velocity-versus-time
graph, the velocity decrease as the block slides over ice is
hardly observable. The block slides easily over ice because
there is very little friction between the two surfaces. The
effect of friction is to bring two objects to rest with respect
to each other—in this case the wooden block and the sur-
face it is sliding on. The less friction there is, the longer it
takes for the block to come to rest.

Figure 4.1 Velocity-wersus-time graph for a wooden bock sliding on

three diffesent surfaces. The rougher the surface, e more quickly the
velocity decreases,

Figurne 4.2 Low-friction irack and caris used in the experimenis described
i this chapter.

You may wonder whether it Is possible 10 make surfaces
that have no friction at all, such that an object, once given
a showve, continues to glide forever. There is no totally fric-
tionless surface over which objects slide forever, but there
are ways to minimize friction. You can, for instance, float an
object on a cushion of air. This is most easily accomplished
with a low-friction track—a track whose surface is dotted
with little holes through which pressurized air blows. The
air serves as a cushion on which a conveniently shaped ob-
jeet ean float, with friction between the abject and the track
all but eliminated. Alternatively, one can use wheeled carts
with low-friction bearings on an ordinary track. Figure 4.2
shows low-friction carts you may have encountered in your
lab or class. Although there is still some friction both for
low-friction tracks and for the track shown in Figure 4.2,
this friction is so small that it can be ignored during an
experiment. For example, if the track in Figure 4.2 is hori-
zontal, carts move along its length without slowing dewn
appreciably. In other words:

In the absence of friction, objects moving along a
horizontal track keep moving without slowing down,

Another advantage of using such carts is that the track
constrains the motion to being along a straight line. We can
then use a high-speed camera to record the cart’s position
at various instants, and from that information determine its
speed and acceleration,

%4.1 {a) Are the accelerations of the motions shown in
Figure 4.1 constant? {(b) For which surface is the acceleration
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n the preceding two chapters, we developed a math- Figure 4.2 Low friction irack and carts used in the experiments described =
ematical framework for describing motion along a i this chapter
straight line. In this chapter, we continue our study of
motion by investigating inertia, a property of objects that e

Mo friction at all seems impossible. Isn't thera
always some friction In any real case.

afffects their motion. The experiments we carry oul in
studying inertia lead us to discover one of the most funda-
mental laws in physics—conservation of momentum.

4.1 Friction

Picture a block of wood sitting motionless on a smooth
woaoden surface, If you give the block a shove, it slides some
distance but eventually comes to rest. Depending on the
smoothness of the block and the smoothness of the wooden
surface, this stopping may happen sooner or it may hap-
pen later. If the two surfaces in contact are very smooth and
slippery, the block slides for a longer time interval than if
the surfaces are rough or sticky. This you know from every-
day experience: A hockey puck slides easily on ice but not
on a rough road.

Figure 4.1 shows how the velocity of a wooden block
decreases on three different surfaces. The slowing down is
due to friction—the resistance to motion that one surface or
object encounters when moving over another. Notice that,
during the interval covered by the velocity-versus-time
graph, the velocity decrease as the block slides over ice is
hardly observable. The block slides easily over ice because
there is very little friction between the two surfaces. The
effect of friction is to bring two objects to rest with respect
to each other—in this case the wooden block and the sur-
face it is sliding on. The less friction there is, the longer it

Nov 1441 pm %
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uanjcss surfn:t over whh:h uhjcc-ts slide forever, but there
are ways to minimize friction. You can, for instance, float an
object on a cushion of air. This is most easily accomplished
with a low-friction track—a track whose surface is dotted
with little holes through which pressurized air blows. The
air serves as a cushion on which a conveniently shaped ob-
jeet ean float, with friction between the abject and the track
all but eliminated. Alternatively, one can use wheeled carts
with low-friction bearings on an ordinary track. Figure 4.2
shows low-friction carts you may have encountered in your
lab or class. Although there is still some friction both for
low-friction tracks and for the track shown in Figure 4.2,
this friction is so small that it can be ignored during an
experiment. For example, if the track in Figure 4.2 is hori-
zontal, carts move along its length without slowing dewn
appreciably. In other words:

In the absence of friction, objects moving along a
horizontal track keep moving without slowing down,

Another advantage of using such carts is that the track
rains the motion to being along a straight line. We can
use a high-speed camera to record the carts position
various instants, and from that information determine its
ed and acceleration,

-%4.1 {a) Are the accelerations of the motions shown in
] 4.1 constant? (b) For which surface is the acceleration
largest in magnitude?
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ematical framework for describing motion along a i this chapter
straight line. In this chapter, we continue our study of
motion by investigating inertia, a property of objects that e

afffects their motion. The experiments we carry oul in
studying inertia lead us to discover one of the most funda-
mental laws in physics—conservation of momentum.

4.1 Friction

Picture a block of wood sitting motionless on a smooth
woaoden surface, If you give the block a shove, it slides some
distance but eventually comes to rest. Depending on the
smoothness of the block and the smoothness of the wooden
surface, this stopping may happen sooner or it may hap-
pen later. If the two surfaces in contact are very smooth and
slippery, the block slides for a longer time interval than if
the surfaces are rough or sticky. This you know from every-
day experience: A hockey puck slides easily on ice but not
on a rough road.

Figure 4.1 shows how the velocity of a wooden block
decreases on three different surfaces. The slowing down is
due to friction—the resistance to motion that one surface or
object encounters when moving over another. Notice that,
during the interval covered by the velocity-versus-time
graph, the velocity decrease as the block slides over ice is
hardly observable. The block slides easily over ice because
there is very little friction between the two surfaces. The
effect of friction is to bring two objects to rest with respect
to each other—in this case the wooden block and the sur-
face it is sliding on. The less friction there is, the longer it

uanjcss surfn:t over whh:h uhjcc-ts slide forever, but there
are ways to minimize friction. You can, for instance, float an
object on a cushion of air. This is most easily accomplished
with a low-friction track—a track whose surface is dotted
with little holes through which pressurized air blows. The
air serves as a cushion on which a conveniently shaped ob-
jeet ean float, with friction between the abject and the track
all but eliminated. Alternatively, one can use wheeled carts
with low-friction bearings on an ordinary track. Figure 4.2
shows low-friction carts you may have encountered in your
lab or class. Although there is still some friction both for
low-friction tracks and for the track shown in Figure 4.2,
this friction is so small that it can be ignored during an
experiment. For example, if the track in Figure 4.2 is hori-
zontal, carts move along its length without slowing dewn
appreciably. In other words:

In the absence of friction, objects moving along a
horizontal track keep moving without slowing down,
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0 Mo friction at all seems impossible. Isn't there
always some friction In any real case.

Another advantage of using such carts is that the track
rains the motion to being along a straight line. We can
use a high-speed camera to record the carts position
various instants, and from that information determine its
ed and acceleration,

. Enter your comment or quastion and press Enter

-%4.1 {a) Are the accelerations of the motions shown in
] 4.1 constant? (b) For which surface is the acceleration
largest in magnitude?




Bes oK jojlojstolo & swppersalzon S N =R
Per‘usau Weblnar demo » Mazur Chapter4Sample ') Q  «  Allcomments - A [ Page'z . Eric Mazur ~
=2
76 CHAPTER4 MOMENTUM [
n the preceding two chapters, we developed a math- Figure 4.2 Low friction irack and carts used in the experiments described =
ematical framework for describing motion along a i this chapter
straight line. In this chapter, we continue our study of
motion by investigating inertia, a property of objects that e

0 Mo friction at all seems impossible. Isn't there
always some friction in any real case.

afffects their motion. The experiments we carry oul in
studying inertia lead us to discover one of the most funda-
mental laws in physics—conservation of momentum.

4.1 Friction

Picture a block of wood sitting motionless on a smooth
woaoden surface, If you give the block a shove, it slides some
distance but eventually comes to rest. Depending on the
smoothness of the block and the smoothness of the wooden
surface, this stopping may happen sooner or it may hap-
pen later. If the two surfaces in contact are very smooth and
slippery, the block slides for a longer time interval than if
the surfaces are rough or sticky. This you know from every-
day experience: A hockey puck slides easily on ice but not
on a rough road.

Figure 4.1 shows how the velocity of a wooden block
decreases on three different surfaces. The slowing down is
due to friction—the resistance to motion that one surface or
object encounters when moving over another. Notice that,
during the interval covered by the velocity-versus-time
graph, the velocity decrease as the block slides over ice is
hardly observable. The block slides easily over ice because
there is very little friction between the two surfaces. The
effect of friction is to bring two objects to rest with respect
to each other—in this case the wooden block and the sur-
face it is sliding on. The less friction there is, the longer it
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air serves as a cushion on which a conveniently shaped ob-
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with low-friction bearings on an ordinary track. Figure 4.2
shows low-friction carts you may have encountered in your
lab or class. Although there is still some friction both for
low-friction tracks and for the track shown in Figure 4.2,
this friction is so small that it can be ignored during an
experiment. For example, if the track in Figure 4.2 is hori-
zontal, carts move along its length without slowing dewn
appreciably. In other words:

In the absence of friction, objects moving along a
horizontal track keep moving without slowing down,

Another advantage of using such carts is that the track
rains the motion to being along a straight line. We can
use a high-speed camera to record the carts position
various instants, and from that information determine its
ed and acceleration,

-%4.1 {a) Are the accelerations of the motions shown in
] 4.1 constant? (b) For which surface is the acceleration
largest in magnitude?
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4.1 Friction

Picture a block of wood sitting motionless on a smooth
woaoden surface, If you give the block a shove, it slides some
distance but eventually comes to rest. Depending on the
smoothness of the block and the smoothness of the wooden
surface, this stopping may happen sooner or it may hap-
pen later. If the two surfaces in contact are very smooth and
slippery, the block slides for a longer time interval than if
the surfaces are rough or sticky. This you know from every-
day experience: A hockey puck slides easily on ice but not
on a rough road.

Figure 4.1 shows how the velocity of a wooden block
decreases on three different surfaces. The slowing down is
due to friction—the resistance to motion that one surface or
object encounters when moving over another. Notice that,
during the interval covered by the velocity-versus-time
graph, the velocity decrease as the block slides over ice is
hardly observable. The block slides easily over ice because
there is very little friction between the two surfaces. The
effect of friction is to bring two objects to rest with respect
to each other—in this case the wooden block and the sur-
face it is sliding on. The less friction there is, the longer it
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shows low-friction carts you may have encountered in your
lab or class. Although there is still some friction both for
low-friction tracks and for the track shown in Figure 4.2,
this friction is so small that it can be ignored during an
experiment. For example, if the track in Figure 4.2 is hori-
zontal, carts move along its length without slowing dewn
appreciably. In other words:

In the absence of friction, objects moving along a
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Compare the magnitude of the momenta of a 0.010-kg bullet
fired from a rifle at 1300 m /s and a 6.5-kg bowling ball lumber-
ing across the floor at 4.0 m /s,

@ GETTING STARTED Momentum is the product of inertia
and velocity. 1 have to calculate this quantity for both the

bullet and the bowling ball and then compare the resulting
values.

© DEVISE PLAN Equation 4.6 gives the momentum of an object.
To determine the magnitude of the momentum of an object, |
must take the product of the inertia m and the speed & p = mw.,

© EXECUTE PLAN Substituting the values given in the problem
statement, [ get

Pratiee = (0010 kg) {1300 ms) = 13kg-m/s ¢
Prowing = (65 kgh{4.0m/s) = 26kg-m /s v

© EVALUATE RESULT Surprisingly, the magnitudes of the mo-
menta are very close! | have no way of evaluating momenta
becanse I don't have much experience yet with this quantity.
However, the bullet has less inertia and a high speed and the
bowling ball has greater inertia and a low speed, so it is not un-
reasomnable that the product of these quantities is similar,

Momentum is a quantitative measure of “matter in motion” and depends on
both the amount of matter in motion and how fast that matter is moving. Mo-
mentum is very different from inertia. A truck, for example, has greater inertia
than a fly (it has a higher resistance to a change in its velocity), but if the truck
is at rest and the fly is in motion, then the magnitude of the flys momentum
is larger than that of the truck, which is zero. In Example 4.5, the inertias of
the bullet and the bowling ball are very different, yet their momenta are similar,
Conceptually you can think of an object’s momentum as its capacity to affect the
motion of other objects in a collision.

With the definition of momentum, we can rewrite Eq. 4.5 in the form

Paxt ~ Puxs * Pzt — P = 0. (4.8)

If we write APue™ Purs — Paxs and APyr ™ Pory — Pars Eq 4.8 takes on the
beautifully simple form

Ap,. + Ap,. = 0. (4.9)

This equation means that, whenever an object of unknown inertia collides with
the inertial standard, the changes in the x components of the momenta of the two
objects add up to zero, In other words, the change in the x component of the
momentum for one object §s always the negative of the change for the other.

Example 4.6 Collisions and momentum changes

{a} A red cart with an initial speed of 0.35 m/s collides with a
stationary stanclard cart (m, = 1.0 kg). After the collision, the
standand cart moves away at a speed of 0,38 m /5. What iz the mo-
mentum change for each cart? (b) The experiment is repeated witha
blue cart, and now the final speed of the standand cart 50,31 m /5.
What is the momentum change for each cart in this second

Figure .18  [a]  initial
=Ny %3

=—r=————

collision? () If in the collisions ©,,.; = +0.032 m/s and ¥, =
—0.039 m,'s, what are the inertias of the red and the blue caris?

© GETTING STARTED I begin organizing the information given

in the problem in a picture by showing the initial and final con-
ditions for each of the two collisions (Figure 4.18).

final

e
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fired from a rifle at 1300 m /s and a 6.5-kg bowling ball lumber-
ing across the floor at 4.0 m /s,

@ GETTING STARTED Momentum is the product of inertia
and velocity. 1 have to calculate this quantity for both the

bullet and the bowling ball and then compare the resulting
values.

© DEVISE PLAN Equation 4.6 gives the momentum of an object.
To determine the magnitude of the momentum of an object, |
must take the product of the inertia m and the speed & p = mw.,

© EXECUTE PLAN Substituting the values given in the problem
statement, [ get

Pratiee = (0010 kg) {1300 ms) = 13kg-m/s ¢
Prowing = (65 kgh{4.0m/s) = 26kg-m /s v

© EVALUATE RESULT Surprisingly, the magnitudes of the mo-
menta are very close! | have no way of evaluating momenta
becanse I don't have much experience yet with this quantity.
However, the bullet has less inertia and a high speed and the
bowling ball has greater inertia and a low speed, so it is not un-
reasomnable that the product of these quantities is similar,
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Momentum is a quantitative measure of “matter in motion” and depends on
both the amount of matter in motion and how fast that matter is moving. Mo-
mentum is very different from inertia. A truck, for example, has greater inertia
than a fly (it has a higher resistance to a change in its velocity), but if the truck
is at rest and the fly is in motion, then the magnitude of the flys momentum
is larger than that of the truck, which is zero. In Example 4.5, the inertias of
the bullet and the bowling ball are very different, yet their momenta are similar,
Conceptually you can think of an object’s momentum as its capacity to affect the
motion of other objects in a collision.

With the definition of momentum, we can rewrite Eq. 4.5 in the form

Pust — Puss + Pist — Poxi = 0. (4.8)

If we write APue™ Purs — Paxs and APyr ™ Pory — Pars Eq 4.8 takes on the
beautifully simple form

Ap,. + Ap,. = 0. (4.9)
This equation means that, whenever an object of unknown inertia collides with
the inertial standard, the changes in the x components of the momenta of the two

objects add up to zero, In other words, the change in the x component of the
momentum for one object §s always the negative of the change for the other.

Example 4.6 Collisions and momentum changes

{a} A red cart with an initial speed of 0.35 m/s collides with a
stationary stanclard cart (m, = 1.0 kg). After the collision, the
standand cart moves away at a speed of 0,38 m /5. What iz the mo-
mentum change for each cart? (b) The experiment is repeated witha
blue cart, and now the final speed of the standand cart 50,31 m /5.
What is the momentum change for each cart in this second

Figure .18  [a]  initial
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collision? () If in the collisions ©,,.; = +0.032 m/s and ¥, =
—0.039 m,'s, what are the inertias of the red and the blue caris?

© GETTING STARTED I begin organizing the information given

in the problem in a picture by showing the initial and final con-
ditions for each of the two collisions (Figure 4.18).
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Compare the magnitude of the momenta of a 0.010-kg bullet © EXECUTE PLAN Substituting the values given in the problem
fired from a rifle at 1300 m /s and a 6.5-kg bowling ball lumber- statement, | get
ing across the floor at 4.0 m /s, =

@ GETTING STARTED Momentum is the product of inertia
and velocity. 1 have to calculate this quantity for both the

bullet and the bowling ball and then compare the resulting
values.

© DEVISE PLAN Equation 4.6 gives the momentum of an object.
To determine the magnitude of the momentum of an object, |
must take the product of the inertia m and the speed & p = mw.,

Pratiee = (0010 kg) {1300 ms) = 13kg-m/s ¢
Prowing = (65 kgh{4.0m/s) = 26kg-m /s v

© EVALUATE RESULT Surprisingly, the magnitudes of the mo-
menta are very close! | have no way of evaluating momenta
becanse I don't have much experience yet with this quantity.
However, the bullet has less inertia and a high speed and the
bowling ball has greater inertia and a low speed, so it is not un-
reasomnable that the product of these quantities is similar,

Momentum is a quantitative measure of “matter in motion” and depends on
both the amount of matter in motion and how fast that matter is moving. Mo-
mentum is very different from inertia. A truck, for example, has greater inertia
than a fly (it has a higher resistance to a change in its velocity), but if the truck
is at rest and the fly is in motion, then the magnitude of the flys momentum
is larger than that of the truck, which is zero. In Example 4.5, the inertias of
the bullet and the bowling ball are very different, yet their momenta are similar,
Conceptually you can think of an object’s momentum as its capacity to affect the
motion of other objects in a collision.

With the definition of momentum, we can rewrite Eq. 4.5 in the form

Pust — Puss + Pist — Poxi = 0. (4.8)

If we write APue™ Purs — Paxs and APyr ™ Pory — Pars Eq 4.8 takes on the
beautifully simple form

Ap,. + Ap,. = 0. (4.9)
This equation means that, whenever an object of unknown inertia collides with
the inertial standard, the changes in the x components of the momenta of the two

objects add up to zero, In other words, the change in the x component of the
momentum for one object §s always the negative of the change for the other.

Example 4.6 Collisions and momentum changes

{a} A red cart with an initial speed of 0.35 m/s collides with a
stationary stanclard cart (m, = 1.0 kg). After the collision, the
standand cart moves away at a speed of 0,38 m /5. What iz the mo-
mentum change for each cart? (b) The experiment is repeated witha
blue cart, and now the final speed of the standand cart 50,31 m /5.
What is the momentum change for each cart in this second

Figure .18  [a]  initial
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collision? () If in the collisions ©,,.; = +0.032 m/s and ¥, =
—0.039 m,'s, what are the inertias of the red and the blue caris?

© GETTING STARTED I begin organizing the information given

in the problem in a picture by showing the initial and final con-
ditions for each of the two collisions (Figure 4.18).
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Compare the magnitude of the momenta of a 0.010-kg bullet © EXECUTE PLAN Substituting the values given in the problem thermodynamics.
fired from a rifle at 1300 m /s and a 6.5-kg bowling ball lumber- statement, | get afowsecondsago
g crou che Hooras 41 s & Prate = (0010 kg) (1300 m/s) = 13kg-m/s ¢ -
. GETTING STARTED Momentum is the pmdmn‘ of inertia i = (6.5 A0 = kg v
and velocity. 1 have to calculate this quantity for both the il s g% =
bullet and the bowling ball and then compare the resulting @ EVALUATE RESULT Surprisingly, the magnitudes of the mo-
values, menta are very close! | have no way of evaluating momenta

becanse I don't have much experience yet with this quantity.
@ DEVISE PLAN Equation 4.6 gives the momentum of an object. However, the bullet has less incrtia and a high speed and the
To determine the magnitude of the momentum of an object, | bowling ball has greater inertia and a low speed, so it is not un-
must take the product of the inertia m and the speed & p = mw, reasomnable that the product of these quantities is similar,

Momentum is a quantitative measure of “matter in motion” and depends on
both the amount of matter in motion and how fast that matter is moving. Mo-
mentum is very different from inertia. A truck, for example, has greater inertia
than a fly (it has a higher resistance to a change in its welocity), but if the truck
is at rest and the fly is in motion, then the magnitude of the flys momentum
is larger than that of the truck, which is zero. In Example 4.5, the inertias of
the bullet and the bowling ball are very different, yet their momenta are similar,
Conceptually you can think of an object’s momentum as its capacity to affect the
motion of other objects in a collision.

With the definition of momentum, we can rewrite Eq. 4.5 in the form

Paxd ~ Puss + Pusy — Pia = 0. (4.8)

If we write APue™ Purs — Paxs and APyr ™ Pory — Pars Eq 4.8 takes on the
beautifully simple form

Ap,. + Ap,. = 0. (4.9)

This equation means that, whenever an object of unknown inertia collides with
the inertial standard, the changes in the x components of the momenta of the two
objects add up to zero, In other words, the change in the x component of the
momentum for one object §s always the negative of the change for the other.

Example 4.6 Collisions and momentumn changes

{a} A red cart with an initial speed of 0.35 m/s collides with a collision? () If in the collisions ©,,.; = +0.032 m/s and ¥, =
stationary standard cart (ms, = 1.0 kg). After the collision, the —0.03% m s, what are the inertias of the red and the blue caris?
standand cart moves away at a speed of 0,38 m /5. What iz the mo-

mentum change for each cart? (b) The experiment is repeated witha @ GETTING STARTED | begin organizing the information given
blue cart, and now the final speed of the standand cart 50,31 m /5. in the problem in a picture by showing the initial and final con-
What is the momentum change for each cart in this second ditions for each of the two collisions (Figure 4.18).
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there always some friction in any real case.
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straight line. In this chapter, we continue our study of
motion by investigating inertia, a property of objects that
affects their motion. The experiments we carry out in
studying inertia lead us to discover one of the most funda-
mental laws in physics—conservation of momentum,

4.1 Friction

Picture a block of wood sitting motionless on a smooth
wooden surface, If you give the block a shove, it slides some
distance but eventually comes to rest. Depending on the
smoothness of the block and the smoothness of the wooden
surface, this stopping may happen sooner or it may hap-
pen later. If the two surfaces in contact are very smooth and
slippery, the block slides for a longer time interval than if
the surfaces are rough or sticky. This you know from every-
day experience: A hockey puck slides easily on ice but not
on a rough road.

Figure 4.1 shows how the velocily of a wooden block
decreases on three different surfaces. The slowing down is
due to friction—the resistance 1o motion that one surface or
object encounters when moving over another. Notice that,
during the interval covered by the velocity-versus-lime
graph, the velocity decrease as the block slides over ice is
hardly observable. The block slides easily over ice because
there is very little friction between the two surfaces. The
effect of friction is to bring two objects 1o rest with respect
to gach other—in this case the wooden block and the sur-
face it is sliding on. The less friction there is, the longer it
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lies r There is no [ma]l;qr fric-
tm.nlm surfanc over wh.n:h ub]ecls slide forever, but there
are ways to minimize friction. You cam, for instance, float an
object on a cushion of air. This is most easily accomplished
with a low-friction track—a track whose surface is dotted
with little holes through which pressurized air blows. The
air serves as a cushion on which a conveniently shaped ob-
ject can float, with friction between the object and the track
all but eliminated. Alternatively, one can use wheeled carts
with low-friction bearings on an ordinary track. Figure 4.2
shows low-friction carts you may have encountered in your
lab or class. Although there is still some friction both for
low-friction tracks and for the track shown in Figure 4.2,
this friction is so small that it can be ignored during an
experiment. For example, if the track in Figure 4.2 is hori-
zontal, carts move along its length without slowing down
appreciably. In other words:

In the absence of friction, objects moving along a
horizontal track keep moving without slowing down.

Another advantage of using such carts is that the track
strains the motion to being along a straight line. We can
use a high-speed camera to record the cart’s position
various instants, and from that information determine its
and aceeleration.

'gid {a) Are the sccelerations of the motions shown in
Figure 4.1 constamt? (b) For which surface is the acceleration

largest in magnitude?

2 Inertia
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ematical framework for describing motion along a

straight line. In this chapter, we continue our study of
motion by investigating inertia, a property of objects that
affects their motion. The experiments we carry out in
studying inertia lead us to discover one of the most funda-
mental laws in physics—conservation of momentum,

4.1 Friction

Picture a block of wood sitting motionless on a smooth
wooden surface. If you give the block a shove, it slides some
distance but eventually comes to rest. Depending on the
smoothness of the block and the smoothness of the wooden
surface, this stopping may happen sooner or it may hap-
pen later. If the two surfaces in contact are very smooth and
slippery, the block slides for a longer time interval than if
the surfaces are rough or sticky. This you know from every-
day experience: A hockey puck slides easily on ice but not
on a rough road.

Figure 4.1 shows how the velocity of a wooden block
decreases on three different surfaces. The slowing down is
due to friction—the resistance to motion that one surface or
object encounters when moving over another. Notice that,
during the interval covered by the velocity-versus-lime
graph, the velocity decrease as the block slides over ice is
hardly observable. The block slides easily over ice because
there is very little friction between the two surfaces. The
effect of friction is to bring two objects to rest with respect
to each other—in this case the wooden block and the sur-
face it is sliding on. The less friction there is, the longer it
takes for the block to come to rest.

Figure 4.1 Velocity-versus-time graph for a wooden block sliding on

three different surfaces. The rougher the surface, the more quickly the
velocily decreases.

In the preceding two chapters, we developed a math-
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Figure 4.2 Low-{riction track and carts used in the experiments describiedd
in this chapter,

You may wonder whether it is possible to make surfaces
that have no friction at all, such that an object, once given
a shove, continues to glide forever. There is no totally fric-
tionless surface over which objects slide forever, but there
are ways to minimize friction. You can, for instance, floatan
abject on a cushion of aie. This is most casily accomplished
with a low-friction track—a track whose surface is dotted
with little holes through which pressurized air blows. The
air serves as a cushion on which a conveniently shaped ob-
ject can float, with friction between the object and the track
all but eliminated. Alternatively, one can use wheeled carts
with low-friction bearings on an ordinary track. Figure 4.2
shows Jow-friction carts you may have encountered in your
lab or class. Although there is still some friction both for
low-friction tracks and for the track shown in Figure 4.2,
this friction is so small that it can be ignored during an
experiment. For example, if the track in Figure 4.2 is hori-
zontal, carts move along its length without slowing down
appreciably. In other words:

In the absence of friction, objects moving along a
horizontal track keep moving without slowing down.

Another advaniage of using such carts is that the track
constrains the motion to being along a straight line. We can
then use a high-speed camera to record the cart’s position
at various instants, and from that information determine its
speed and acceleration.

&4.1 {g) Are the accelerations of the motions shown in
Figure 4.1 constam? (&) For which surface is the acceleration

largest in magnitude?

4.2 Inertia
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ematical framework for describing motion along a

straight line. In this chapter, we continue our study of
motion by investigating inertia, a property of objects that
affects their motion. The experiments we carry out in
studying inertia lead us to discover one of the most funda-
mental laws in physics—conservation of momentum,

4.1 Friction

Picture a block of wood sitting motionless on a smooth
wooden surface. If you give the block a shove, it slides some
distance but eventually comes to rest. Depending on the
smoothness of the block and the smoothness of the wooden
surface, this stopping may happen sooner or it may hap-
pen later. If the two surfaces in contact are very smooth and
slippery, the block slides for a longer time interval than if
the surfaces are rough or sticky. This you know from every-
day experience: A hockey puck slides easily on ice but not
on a rough road.

Figure 4.1 shows how the velocity of a wooden block
decreases on three different surfaces. The slowing down is
due to friction—the resistance to motion that one surface or
object encounters when moving over another. Notice that,
during the interval covered by the velocity-versus-lime
graph, the velocity decrease as the block slides over ice is
hardly observable. The block slides easily over ice because
there is very little friction between the two surfaces. The
effect of friction is to bring two objects to rest with respect
to each other—in this case the wooden block and the sur-
face it is sliding on. The less friction there is, the longer it
takes for the block to come to rest.

Figure 4.1 Velocity-versus-time graph for a wooden block sliding on

three different surfaces. The rougher the surface, the more quickly the
velocily decreases.

In the preceding two chapters, we developed a math-
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Figure 4.2 Low-{riction track and carts used in the experiments describiedd
in this chapter,

You may wonder whether it is possible to make surfaces
that have no friction at all, such that an object, once given
a shove, continues to glide forever. There is no totally fric-
tionless surface over which objects slide forever, but there
are ways to minimize friction. You can, for instance, floatan
abject on a cushion of aie. This is most casily accomplished
with a low-friction track—a track whose surface is dotted
with little holes through which pressurized air blows. The
air serves as a cushion on which a conveniently shaped ob-
ject can float, with friction between the object and the track
all but eliminated. Alternatively, one can use wheeled carts
with low-friction bearings on an ordinary track. Figure 4.2
shows Jow-friction carts you may have encountered in your
lab or class. Although there is still some friction both for
low-friction tracks and for the track shown in Figure 4.2,
this friction is so small that it can be ignored during an
experiment. For example, if the track in Figure 4.2 is hori-
zontal, carts move along its length without slowing down
appreciably. In other words:

In the absence of friction, objects moving along a
horizontal track keep moving without slowing down.

Another advaniage of using such carts is that the track
constrains the motion to being along a straight line. We can
then use a high-speed camera to record the cart’s position
at various instants, and from that information determine its
speed and acceleration.

&4.1 {g) Are the accelerations of the motions shown in
Figure 4.1 constam? (&) For which surface is the acceleration

largest in magnitude?

4.2 Inertia
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affects their motion. The experiments we carry out in
studying inertia lead us to discover one of the most funda-
mental laws in physics—conservation of momentum,
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wooden surface. If you give the block a shove, it slides some
distance but eventually comes to rest. Depending on the
smoothness of the block and the smoothness of the wooden
surface, this stopping may happen sooner or it may hap-
pen later. If the two surfaces in contact are very smooth and
slippery, the block slides for a longer time interval than if
the surfaces are rough or sticky. This you know from every-
day experience: A hockey puck slides easily on ice but not
on a rough road.

Figure 4.1 shows how the velocity of a wooden block
decreases on three different surfaces. The slowing down is
due to friction—the resistance to motion that one surface or
object encounters when moving over another. Notice that,
during the interval covered by the velocity-versus-lime
graph, the velocity decrease as the block slides over ice is
hardly observable. The block slides easily over ice because
there is very little friction between the two surfaces. The
effect of friction is to bring two objects to rest with respect
to each other—in this case the wooden block and the sur-
face it is sliding on. The less friction there is, the longer it
takes for the block to come to rest.
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You may wonder whether it is possible to make surfaces
that have no friction at all, such that an object, once given
a shove, continues to glide forever. There is no totally fric-
tionless surface over which objects slide forever, but there
are ways to minimize friction. You can, for instance, floatan
abject on a cushion of aie. This is most casily accomplished
with a low-friction track—a track whose surface is dotted
with little holes through which pressurized air blows. The
air serves as a cushion on which a conveniently shaped ob-
ject can float, with friction between the object and the track
all but eliminated. Alternatively, one can use wheeled carts
with low-friction bearings on an ordinary track. Figure 4.2
shows Jow-friction carts you may have encountered in your
lab or class. Although there is still some friction both for
low-friction tracks and for the track shown in Figure 4.2,
this friction is so small that it can be ignored during an
experiment. For example, if the track in Figure 4.2 is hori-
zontal, carts move along its length without slowing down
appreciably. In other words:

In the absence of friction, objects moving along a
horizontal track keep moving without slowing down.

Another advaniage of using such carts is that the track
constrains the motion to being along a straight line. We can
then use a high-speed camera to record the cart’s position
at various instants, and from that information determine its
speed and acceleration.

&4.1 {g) Are the accelerations of the motions shown in
Figure 4.1 constam? (&) For which surface is the acceleration

largest in magnitude?

4.2 Inertia
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ematical framework for describing motion along a

straight line. In this chapter, we continue our study of
motion by investigating inertia, a property of objects that
affects their motion. The experiments we carry out in
studying inertia lead us to discover one of the most funda-
mental laws in physics—conservation of momentum,
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Picture a block of wood sitting motionless on a smooth
wooden surface. If you give the block a shove, it slides some
distance but eventually comes to rest. Depending on the
smoothness of the block and the smoothness of the wooden
surface, this stopping may happen sooner or it may hap-
pen later. If the two surfaces in contact are very smooth and
slippery, the block slides for a longer time interval than if
the surfaces are rough or sticky. This you know from every-
day experience: A hockey puck slides easily on ice but not
on a rough road.

Figure 4.1 shows how the velocity of a wooden block
decreases on three different surfaces. The slowing down is
due to friction—the resistance to motion that one surface or
object encounters when moving over another. Notice that,
during the interval covered by the velocity-versus-lime
graph, the velocity decrease as the block slides over ice is
hardly observable. The block slides easily over ice because
there is very little friction between the two surfaces. The
effect of friction is to bring two objects to rest with respect
to each other—in this case the wooden block and the sur-
face it is sliding on. The less friction there is, the longer it
takes for the block to come to rest.

Figure 4.1 Velocity-versus-time graph for a wooden block sliding on
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Figure 4.2 Low-{riction track and carts used in the experiments describiedd
in this chapter,

You may wonder whether it is possible to make surfaces
that have no friction at all, such that an object, once given
a shove, continues to glide forever. There is no totally fric-
tionless surface over which objects slide forever, but there
are ways to minimize friction. You can, for instance, floatan
abject on a cushion of aie. This is most casily accomplished
with a low-friction track—a track whose surface is dotted
with little holes through which pressurized air blows. The
air serves as a cushion on which a conveniently shaped ob-
ject can float, with friction between the object and the track
all but eliminated. Alternatively, one can use wheeled carts
with low-friction bearings on an ordinary track. Figure 4.2
shows Jow-friction carts you may have encountered in your
lab or class. Although there is still some friction both for
low-friction tracks and for the track shown in Figure 4.2,
this friction is so small that it can be ignored during an
experiment. For example, if the track in Figure 4.2 is hori-
zontal, carts move along its length without slowing down
appreciably. In other words:

In the absence of friction, objects moving along a
horizontal track keep moving without slowing down.

Another advaniage of using such carts is that the track
constrains the motion to being along a straight line. We can
then use a high-speed camera to record the cart’s position
at various instants, and from that information determine its
speed and acceleration.

&4.1 {g) Are the accelerations of the motions shown in
Figure 4.1 constam? (&) For which surface is the acceleration

largest in magnitude?

4.2 Inertia
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e Engagement:

e Active reading:

e Performance:

81% spend 2-6 hrs/wk reading

85% annotate as they read and
40% take notes while reading

significantly higher scores
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Only 7%
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current adoption process

1. Instructor selects textbook on perusall.com

2. Students buy access on perusall.com

textbook available on Day 1!
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