NEWTON’S SECOND LAW PROBLEMS
step-by-step solutions

Step-by-step discussions for all solutions are also available in the YouTube videos.
For briefer solutions, use the Brief Solutions document.

The problems are available in the Problems document.

Answers without solutions are available in the Answers document.

You can find links to these resources at my website: www.freelance-teacher.com

You can support these resources with a monthly pledge at my Patreon page:
www.patreon.com/freelanceteacher

Or you can make either a one-time donation or a monthly pledge using the PayPal
Donate button on my website: www.freelance-teacher.com

If you find that the video explanations move too slowly, you can simply try the problems in the
Problems document, study the solutions in the Solutions documents, and, if necessary, skip to the
particular parts of the videos that cover parts of the solutions that are giving you difficulty. Each video
has a table of contents, to make it easier to skip to particular topics.

If you find a particular problem to be difficult, then, after studying the solution, before you try the
next problem, you should take a blank piece of paper and retry that problem from scratch. Don’t move
on to the next problem in the series until you are comfortable with the solution for the current problem.
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (1)

Video (1)
Here is a summary of some of the main steps in the solution:
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The step-by-step solution begins on the next page.
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (1)

Jessica drags a 3.0 kg block along a table, using an ideal massless rope that forms an angle of 60° with
the horizontal, as shown. The tension in the rope is 20 N. The coefficient of kinetic friction between the
table and the block is 0.20. Find the magnitude and direction of the acceleration of the block.
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The problem refers to the concepts of mass, tension (which is a force), friction (which is a force),
and acceleration, all of which can be substituted into the Newton’s Second Law equations, so we plan
to use the Newton’s Second problem-solving framework to solve the problem.

When possible, represent what the question is asking you for using a symbol, or a combination
of words and a symbol.

The question asks for the magnitude of the acceleration vector, which we can symbolize as a, and
for the direction of the acceleration vector.
?=a
? = direction of d

Notice that the symbol “a” (written without an arrow on top) stands for the magnitude of the overall
acceleration vector, while the symbol @ (written with an arrow on top) stands for the complete
acceleration vector including both magnitude and direction.

The definition of a “magnitude” is:
a number that can be positive or zero, but that can never be negative.

Draw the object’s velocity vector.

The direction of an object’s velocity vector indicates the object’s direction of motion.

In this problem, the wording of the problem, taken together with the orientation of the rope in the
provided sketch, implies that the block is moving to the right. Therefore, we have drawn a velocity
vector pointing to the right in the sketch above, to indicate the block’s direction of motion.

(Do not include an arrow for the velocity vector in your Free-body diagram: as shown on the next
page, the Free-body diagram should include only forces, and velocity is not a force. Instead, draw the
arrow for the velocity vector in your “main sketch”, as shown on this page.)

Check that all given units are SI units. The problem uses units of kg and Newtons, which are
indeed SI units.

(Remember that SI units are the standard units which we usually prefer to substitute into our
physics equations.)
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (1)

We usually need to draw a Free-body diagram for the object whose mass is mentioned in the
problem. This problem mentions the mass of the block. This is a clue that we will need to apply the
Newton’s Second Law equations to the block. Draw a Free-body Diagram showing all the forces being
exerted on the block. Do not include any forces being exerted by the block!

General two-step process for identifying the forces for [: fe®
your Free-body Diagram:
(1) Draw a downward vector for the object’s weight. IS
(2) Draw a force vector for each thing that is touching the exyert
object.

(This method works for most first-semester problems.)

The block is being touched by the table and by the rope.

The table is treated as a “surface”, which can exert both a —
normal force and a frictional force. (Some typical “surfaces” are
floors, tables, walls, inclined planes, etc.)

The block is sliding, so the table exerts a kinetic friction
force, rather than a static friction force.

The force exerted by the rope is referred to as a “tension
force”.

Here is the rule for determining the direction of the weight force ( w ):
The weight force always points straight down.

Here is the rule for determining the direction of the normal force ( n ):
The normal force points perpendicular to, and away from, the surface that is touching the object.
(In math, “normal” means “perpendicular”.)

In this problem, the surface touching the block is the table. So the normal force points perpendicular
to, and away from, the surface of the table. Therefore, the normal force on this problem points “up”.

The “purpose” of the normal force is to prevent the object from moving through the surface.

Here is the rule for determining the direction of the kinetic friction force ( fk ):
Kinetic friction points parallel to the surface, and opposite to the direction that the object is
sliding. Friction opposes sliding.

The block is sliding to the right, so for this problem the kinetic friction points to the left.

Don’t assume that the normal force will always point up on other problems. Don’t assume that the
friction force will always point left on other problems. Use the rules stated above to figure out the
direction of the normal force and friction force for each individual problem.

Here is the rule for determining the direction of the tension force ( T ):

The tension force points parallel to the rope, and away from the object.

This rule embodies the commonsense idea that a rope can only pull, not push, on an object.
So, in this problem, the tension force points parallel to the rope, and away from the block.
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In the first row of the Force Table, calculate or represent the magnitude of each of the overall force
vectors from your Free-body diagram, using this three-step process:
* If you are given a value for the magnitude of a force, use that value to represent the magnitude.
* Otherwise, if a force has a special formula, use the special formula to calculate or represent the
magnitude.
* If a force has no given value and no special formula, represent the magnitude with a symbol.
For purposes of filling out your Force Table, do nof try to figure out how the forces will interact
with each other. Let the Newton’s Second Law equations figure out those interactions for you, later in
your solution. (The formula fi=pn automatically takes into account the interaction between n and f.)

magnl tudes of

Al $h: .2_n T ZZON ’S the overall vectors
¥"sx= _rx - comf - '_n* g

The magnitude of the overall tension force vector is given in the problem: 20 N.

We use the special formula w=mg to determine the magnitude of the overall weight force (29.4 N).

We use the special formula fi=pin to represent the magnitude of the overall kinetic friction force.
The formula gives us the mathematical expression .2n to represent the magnitude.

There is no special formula for the magnitude of the normal force, so we represent the unknown
magnitude of the overall normal force vector with the symbol n (written without an arrow above it).

Notice that the symbols w, n, f, and T, written without arrows on top, stand for the magnitudes of
the overall vectors. In contrast, the symbols w , n , fk , and T , written with arrows on top,
stand for the complete vectors, including both direction and magnitude. Remember, a “magnitude” is a
number than can be positive or zero, but that can never be negative.
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The special formulas w=mg and fi=pn
w m Don’t confuse mass (m) with
T /)\ the weight force ( w ).
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A vector symbol written without an arrow on top stands just for the magnitude of the vector. So, in

these formulas, the symbols w, g, fi, and n all stand for magnitudes.
In contrast, a vector symbol written with an arrow on top (e.g., W , ¢ , n , f, )stands for

the complete vector, including both direction and magnitude.
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Before you break the forces into components you must choose your axes. It is usually best to

choose an axis that points in the object’s direction of motion. The block is moving right, so we choose a
positive x-axis that points right. We will choose a y-axis that points up. Write down your axes!

The weight force is anti-parallel to the y-axis, the normal force is parallel to the y-axis, and the
kinetic friction force is anti-parallel to the x-axis. Therefore, we can use the following rule to break
those three forces into components:

If a vector is parallel or anti-parallel to one of the axes, then

the component for that axis has the same magnitude and direction as the overall vector, and
the component for the other axis is zero.

The weight force points in the negative y-direction, so w, is negative. w, has the same magnitude as
the overall weight force, so w, = -29.4 N. And the other component, w,, is zero. It is crucial to include
a negative sign in front of w,.

The normal force points in the positive y-direction, so n, is positive. n, has the same magnitude as
the overall normal force, so n, = +n. And the other component, n,, is zero.

The kinetic friction force points in the negative x-direction, so fi is negative. fi, has the same
magnitude as the overall kinetic friction force, so fi. = -.2n. And the other component, fi, is zero. It is
crucial to include a negative sign in front of f,..

Include a “+” sign in front of positive components (like n,). This will help you to remember to
include the crucial “-” signs in front of negative components (like w, and fi,).
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The tension force is neither parallel nor anti-parallel to either axis. Therefore, we need to draw a
right triangle in order to break the tension force into components. The overall tension force vector
forms the hypotenuse of the right triangle. And we draw the legs of the right triangle parallel (or anti-
parallel) to the x- and y-axes.

Because the tension force points up and right, we know that the components point up and right.

(More generally, we can use this rule to determine the directions of the components: The
components are supposed to represent the overall vector. Therefore, the head of a component arrow
should be at the head of the overall vector, or the tail of a component arrow should be at the tail of the
overall vector.)

We choose to use the 60° angle in the right triangle in our SOH CAH TOA equations (rather than
using the 30° angle in the right triangle). T, is labeled “adjacent” because it is adjacent to the 60° angle
we are focusing on. T, is labeled “opposite” because it is opposite to the 60° angle we are focusing on.
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We use absolute value symbols in our SOH CAH TOA equations to indicate that the SOH CAH TOA
equations can only tell us the magnitudes of the components. We determine the signs of the
components (“+” or “-”) in a separate step, based on the directions of the component arrows in our right
triangle. Include a “+” sign in front of positive components (like T, and T),). This will help you to
remember to include the crucial negative “-” signs in front of negative components.

Don’t assume that you will always use sine for the y-component and cosine for the x-component in

other problems. Use the SOH CAH TOA process, as illustrated above, to determine correct approach
for each individual problem.

10" sl G0 =
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Now we can add our results for T, and T, to our Force Table.

-
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Notice that we do not include “+” signs in the first row of the Force Table. Remember, the first row
represents magnitudes. A magnitude can never be negative, so there is no need to emphasize that the
magnitudes in the first row are positive.

In contrast, a component can be negative. Therefore, it is helpful to include “+” signs in front of
positive components (like n,, T,and T,), to help us remember the crucial negative signs in front of
negative components (like wy, and fiy).

Now we’re ready to work with the Newton’s Second Law equations. We write two Newton’s
Second Law equations, one for the x-component, and one for the y-component, as shown below.

The symbol X is the Greek letter “sigma”. The symbol £ means “add”. So, on the left side of the
Newton’s Second Law x-equation, we add all all the x-components of the forces. We take the x-
components from the second row of our Force Table. On the left side of the Newton’s Second Law y-
equation, we add all all the y-components of the forces, taken from the third row of the Force Table.
When adding these components, be careful to include negative signs in front of negative components!

For the mass, we substitute 3 kg.

If an object is motionless in a component, or if an object moves with constant velocity in a
component, then that component of its acceleration is 0. The block is moving horizontally, in the x-
component. The block is motionless vertically, in the y-component. Because the block is motionless in
the y-component, a, = 0. Substitute 0 for a, in the Newton’s Second Law y-equation, as shown below.

Most Newton’s Second Law problems in the introductory course have an object that is motionless
in at least one component, so you will need to substitute zero for at least one acceleration component
for most Newton’s Second Law problems.

There is no reason to substitute 0 for a,. So far we have no information about a,, so we continue to
use the symbol a,. (a, is what we need to figure out in order to answer the question.)

2 o= il ;Q'FV:mar
C;.‘.Ox_’.(_;‘n)q.fox — 3 = . -Z“L‘1+n+O+l7.3=3(O)

For a projectile motion problem, we would substitute -9.8 m/s? for a, (assuming “up” is our positive y-
direction.). But, for a Newton’s Second Law problem we generally do not substitute -9.8 m/s* for a,.
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We have organized our math into two adjacent columns: Newton’s Second Law x-equation in the

left column, and Newton’s Second Law y-equation in the right column.
At this point, the Newton’s Second Law x-equation has two unknowns (n and a,), so we postpone

working with the Newton’s Second Law x-equation. The Newton’s Second Law y-equation has only
one unknown (n), so the next step is to solve the Newton’s Second Law y-equation for n.

ﬁ.F = MmMay z,F,=may
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[
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Always include units on your results. All the numbers that we substituted into the equation were in
ST units, we can trust that our result is in SI units. Like any other force, the SI units for the normal force

are Newtons.

Don’t assume that the magnitude of the normal force will equal the magnitude of the weight force.
For some problems the magnitude of the normal force will equal the magnitude of the weight force; but
for some problems, like this one, the magnitude of the normal force will not equal the magnitude of the

weight force. Use the Newton’s Second Law equations to determine the correct magnitude of the
normal force for each individual problem, as we have illustrated above.

Next, we substitute our result for n into the Newton’s Second Law x-equation.
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Now, we substitute our result for n into the Newton’s Second Law x-equation.
A —
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The Newton’s Second Law x-equation now has only one unknown (ay), so we can solve the
Newton’s Second Law x-equation for a.
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Always include units on your results. All the numbers that we substituted into the equation were in
SI units, we can trust that our result is in SI units. You should have memorized that the SI units for

acceleration are m/s’.
For clarity I have shown every little step of the algebra, but of course it would be fine to skip or

combine steps if the algebra was easy for you.
We have arranged our math in two adjacent columns: all the versions of the Newton’s Second Law

x-equation in the left column, and all the versions of the Newton’s Second Law y-equation in the right
column. You should imitate this “two columns” approach in your own work on Newton’s Second
Law problems, as it will help you to keep your algebra organized.
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Now we are ready to answer the question.

Jessica drags a 3.0 kg block along a table, using an ideal massless rope that forms an angle of 60° with
the horizontal, as shown. The tension in the rope is 20 N. The coefficient of kinetic friction between the
table and the block is 0.20. Find the magnitude and direction of the acceleration of the block.

—
— /Fope.
-

1 ? - A T)(_,
O X

C = dirccfolon of a’

T T T TTITIr table

We have determined a, and a,, the components of the acceleration. The question is asking for the
magnitude and direction of the overall acceleration vector. But, since a, is zero, we know that the
magnitude and direction of the overall acceleration vector will be the same as the magnitude and
direction of a.

ay is positive. The positive x-direction is “right”. Therefore, the overall acceleration vector points to
the right (as drawn in the sketch above).

The magnitude of a, is 2.53 m/s?. Therefore, the magnitude of the overall acceleration vector is also
2.53 m/s’.

Here is the rule we have used:

If one component of a vector is zero, then the magnitude and direction of the overall vector is the same
as the magnitude and direction of the nonzero component.

Answer
T he bklock has acceleration
With mocﬁni'fude. 2.5-—?—;
and direction ”l‘ishf\\.

I have rounded the final answers to two digits.

Check to make sure your answer includes units. A numerical answer without units is wrong.

Check to make sure you answered the right question. Instead of asking for the acceleration, the
question could have asked for the normal force.

Check to make sure you answered all parts of the question. The question is asking, not only for the
magnitude of the acceleration vector, but also for the direction of the acceleration vector.

Check whether your results make sense. We will discuss whether our results for this problem make
sense on the next page.
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Check: Do our results make sense?
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In the version of the Free-body diagram above, I have broken the tension force into components.
Does it make sense that our result for n is positive? The symbol “n”, written without an arrow on
top, stands for the magnitude of the normal force. A magnitude can never be negative, so, yes, it makes

sense that our result for n is positive.

Does it make sense that n=12.1 N? To prevent the block from beginning to move down into the
surface of the table, n must cooperate with T, to cancel w . So we must have: n +|T,| =w
So, yes, it makes sense that: n+ |T)|=12.1 N+ 17.3N=294N=w

Does it make sense that our result for a, is positive? fk is pulling to the left, while T, is pulling to
the right. We found that T, = 10 N. And, while working on the Newton’s Second Law x-equation, we
found that fi, = 2.42 N. So |T,| will exceed fi, and the net force on the block will point to the right.

The “net force” is the sum of all the individual forces; the symbols XF, and XF, stand for the x- and
y-components of the net force. According to Newton’s Second Law (£F,=may and £F,=ma,), the net
force at a particular point in time determines the acceleration at that point in time. Since the net force on
the block is to the right, the acceleration will be to the right. “Right” is our positive x-direction, so, yes,
it makes sense that our result for a, is positive.

In the Free-body diagram, I have drawn the length of the W arrow equal to the sum of the lengths

of the n arrow and the T, arrow, and I have drawn the arrow for T, longer than the arrow for f, .

The direction of the velocity vector indicates the object’s
direction of motion. The block’s velocity points to the right,
because the: block is moving to the right.. ‘ —0 with ia trea S}nj Spe ed

In physics, “acceleration” refers to: increasing speed, or
decreasing speed, or changing the object’s direction of motion. In this problem, we found that the
acceleration vector is parallel to the velocity vector; this means that the block is speeding up.

—>V T he block is Mw?nj rijlﬁt
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Additional notes

As a beginning physics student, you will have better understanding, and will make fewer mistakes, if
you make it a habit to write the general equation before you plug in specifics. In this solution, notice
0°=% , cos60°:ﬂ s

h hyp
LF(=may, and £F,=may) before we plugged specific numbers or symbols into the equations.

that we always wrote the general equations (w=mg, fi=n, sin6

I recommend using these symbols:

Lower-case w = weight force. (Upper-case W = “work”)

(The weight force can also be referred to as the “gravitational force”, symbolized as F c )
Lower-case n = normal force. (Upper-case N = units of “Newtons”.)

Lower-case fk = kinetic friction force. (Upper-case F =the general concept of “force”)

Upper-case T = tension force. (Lower-case ¢ ="“time”)

To avoid confusing the concepts, don’t use word the word “it”.

Don’t confuse the forces with each other. Don’t say “it points down’ or “it points up” or “it points
left” or “it points at a 60° angle”. Instead, say “the weight force points down” or “the normal force
points up” or “the kinetic friction force points left” or “the tension force points at a 60° angle”.

Don’t confuse the mass (m) with the weight force (  w ). Don’t say “it is 3 kg” or “it is 29.4 N”.
Instead, say “the mass is 3 kg” or “the magnitude of the weight force is 29.4 N”.

Don’t confuse the coefficient of kinetic friction (p) with the force of kinetic friction ( fk ). Don’t
say “itis 0.2” or “it is 0.2n”. Instead, say “the coefficient of kinetic friction is 0.2” or “the magnitude of
the force of kinetic friction is 0.2n”.

Don’t confuse the velocity with the acceleration. For this problem, don’t say “it points to the right”.
Instead say, “the velocity vector points to the right” and “the acceleration vector points to the right”.

Don’t confuse a,, a,, and g.
a, = the y-component of the acceleration, taking al// the forces on the object into account
a, = the y-component of the acceleration, taking al// the forces on the object into account
g = what the magnitude of the acceleration would be, due only to the force of the Earth’s gravity

For a projectile motion problem, the only force on the object is gravity, so we substitute a,=-9.8 m/s*
(assuming “up” is the positive direction). For a Newton s Second Law problem, there generally are other
forces besides gravity, so we generally do not substitute a,= -9.8 m/s>. We do substitute g = 9.8 m/s? in
our w=mg formula, as we saw when working on our Force Table.

Don’t confuse a,, a,, and g. Don’t say “it is unknown” or “it is 0” or “it is 9.8 m/s*”. Instead, say “a,

is unknown” or “a, is 0” or “g is 9.8 m/s*”.

Can you explain why an object that is motionless in the y-component will have a,= 0?

Here’s the justification: Suppose the block is motionless in the y-component during an interval of
time. That means that v, will have a constant value of zero during that interval. a, measures the rate of
change of v,. Because v, is constant, its rate of change will be zero. That is to say, because v, is constant,
a, will be zero.
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (1)

Recap:

Study the logic of the Newton’s Second Law problem-solving process:

The Free-body diagram should include all the forces exerted on the object. The Free-body diagram
indicates the directions of the overall force vectors.

The first row of the Force Table represents the magnitudes of the overall force vectors.

The second and third rows of the Force Table represent the components of the force vectors. Include
plus signs in front of positive components, since this will help you remember to include the crucial
negative signs in front of negative components.

We write two Newton’s Second Law equations, one for the x-component and one for the y-
component, at the top of two adjacent columns.

On the left sides of the Newton’s Second Law equations, we add all the individual force
components, using the components we obtained in our Force Tables. When adding these components,
be careful to include negative signs in front of the negative components.

If an object is motionless in a component (or moving with constant velocity in a component), then
that component of the acceleration is zero. Substitute O for that component of the acceleration in the
Newton’s Second Law equation for that component.

Organize your math for the Newton’s Second Law equations in two adjacent columns. On this
problem, the x-equation began with two unknowns, while the y-equation had only one unknown (n). So
we began by solving the y-equation for n, then substituted our result into the x-equation.

Think in terms of components:

Write down two versions of the Newton’s Second Law equations, one for the x-component, one for
the y-component.

The problem told us that the magnitude of the tension is 20 N. We did not substitute this 20 N value
into either Newton’s Second Law equation! Instead, we used the 20 N value to break the tension force
into components. Then we substituted those components into the Newton’s Second Law equations.

Notice how differently we treated a, and a,, the two acceleration components.

Thinking separately about T, and T, was crucial for helping us to see why our results make sense.

Use the exact right symbols, including the exact right subscripts:
Use x- and y-subscripts to distinguish x-components from y-components.

Use careful symbols (e.g., (e.g., 1 , W , T, f. ) to distinguish the forces from each other.

A vector symbol written with an arrow on top (e.g., i , w , T , f, ,or @ )stands for the
complete vector, including both magnitude and direction. A vector symbol written without an arrow on
top (e.g., n, w, T, or a) stands just for the magnitude of the overall vector.

(In your textbook, the complete vector may be symbolized in boldface, for example, w.)

Why should you make an effort to use the exact right symbols? If you use wrong symbols, you are
likely to mix up the concepts, and you will likely use the wrong concepts at the wrong points in your
solution. Using the exact right symbols is a tool to help you avoid mixing up the concepts.

Learn the method for completing the Free-body diagram:
(1) Draw the downward vector for the weight force
(2) Draw a force vector for each thing that is touching the object

www.freelance-teacher.com


http://www.freelance-teacher.com/

NEWTON’S SECOND LAW PROBLEMS

Video (2)

Here is a summary of some of the main steps in the solution:

step-by-step solution for Video (2)
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The step-by-step solution begins on the next page.
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (2)

A mass of 10 kg slides down a hill which is at an angle of 40° to the horizontal. The coefficient of
kinetic friction is 0.30. What is the acceleration of the mass?

. -
e 6,‘(@;{3)6/\ of aQ

el #

40’

The problem mentions the concepts of mass, friction force, and acceleration, all of which fit into a
Newton’s Second Law framework, so we plan to use the Newton’s Second problem-solving
framework to solve the problem.

The question asks for “the acceleration”. Since acceleration is a vector, I will choose to interpret the
question as asking for the magnitude and direction of the overall acceleration vector.

When possible, represent what the question is asking you for using a symbol, or a combination
of words and a symbol.
?=a
? = direction of ad

Keep in mind that the symbol “a” (written without an arrow) indicates the magnitude of the
acceleration.

Draw the object’s velocity vector.

The direction of an object’s velocity vector indicates the object’s direction of motion.

The problem says that the mas is sliding down the hill, so I draw the velocity vector parallel to, and
down, the hill.

Check that the given units are SI units. The only given units on this problem are kilograms,
which are indeed SI units.
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (2)

We generally need to draw a Free-body diagram for the object whose mass is mentioned in the
problem.

This problem mentions the mass of an object which it refers to as “the mass”. This is a clue that we
will need to apply the Newton’s Second Law equations to “the mass”.

Therefore, we need to draw a Free-body diagram showing all the forces being exerted on the mass.

General two-step process for identifying the forces .
for your Free-body Diagram: rr ce ~body dia i F e
(1) Draw a downward vector for the object’s weight. ~ ¢hewing all the forces
) Drfiw a force vector for each thing that is touching exe rted on the mass
the object. e

In this case, the mass is being touched only by the 719
hill. The hill is treated as a “surface”, which can exert ”
both a normal force and a friction force. ‘Fh

We know that kinetic friction applies for this
problem because the mass is sliding. N

ke N
\ ~
N
w S
70"~

Here is the rule for determining the direction of the weight force:
The weight force always points straight down.
Notice that the fact that the mass is on an incline has no effect on the direction of the weight force.

Here is the rule for determining the direction of the normal force:
The normal force points perpendicular to, and away from, the surface that is touching the object.
(In math, “normal” means “perpendicular”.)

So, on this problem, the normal force points perpendicular to, and away from, the surface of the
hill.

Here is the rule for determining the direction of the kinetic friction force:
Kinetic friction points parallel to the surface, and opposite to the direction that the object is sliding.
The mass is sliding down the hill, so for this problem the kinetic friction force exerted by the
surface of the hill on the mass points parallel to, and up, the hill.
Friction opposes sliding.

From the rules above, notice that the normal force exerted by a surface is always perpendicular to
the surface, while the friction force exerted by a surface is always parallel to the surface.
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We use the special formula f;, = . to represent the magnitude of the overall kinetic friction force,
and we use the special formula w = mg to determine the magnitude of the overall weight force.
We represent the unknown magnitude of the normal force with the symbol #.

It is usually best to choose an axis that points in the object’s direction of motion. The mass moves
parallel to, and down, the hill, so we choose a positive x-axis that points parallel to, and down, the

hill. And let’s choose a positive y-axis that points perpendicular to, and away from, the hill.
Write down your axes, as shown above.

The friction force is anti-parallel to the x-axis, and the normal force is parallel to to the y-axis, so
we can use the following rule to break the normal force and friction force into components:
If a vector is parallel or anti-parallel to one of the axes, then

the component for that axis has the same magnitude and direction as the overall vector, and
the component for the other axis is zero.

The normal force points in the positive y-direction, so n, is positive.
The kinetic friction force points in the negative x-direction, so fi is negative.
It is crucial to include a negative sign on fi, for this problem. If you include a “+” sign in front of

positive components (such as “n, = +n”), you are more likely to remember to include the crucial
negative signs in front of negative components.

In this problem, the weight vector is neither parallel nor anti-parallel to either axis, so we need to

draw a right triangle and apply the SOH CAH TOA equations in order to break the weight
vector into components. We begin this process on the next page.
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (2)

To break the weight force into components, we must first draw a right triangle to represent the
components.

We can use this rule to draw the L
components of a vector: Draw a right triangle, b =
with the overall vector representing the A W x i
hypotenuse, one leg of the triangle parallel
(or anti-parallel) to the x-axis, and one leg of
the triangle parallel (or anti-parallel) to the =99 N
y-axis. The two legs of the right triangle W =
represent the x- and y-components of the
vector. e X

Our x-axis is parallel to surface of the hill; ) y == .
so, we draw one leg of the right triangle C \
parallel to the surface of the hill. Our y-axis is
perpendicular to the surface of the hill; so we (-{O oN \
draw the other leg of the right triangle
perpendicular to the surface of the hill. We use
the overall vector w as the hypotenuse of the right triangle.

We can use this rule to determine the directions of the components: The components are supposed
to represent the overall vector. Therefore, the head of a component arrow should be at the head of the
overall vector, and the tail of a component arrow should be at the tail of the overall vector.

The overall vector points away from point A, so w, points away from point A.

The overall vector points toward point C, so w, points toward point C.

Use these directions for the components to determine the signs for the components. w, points
parallel to, and down, the hill, in the positive x-direction, so wy is positive. w, points perpendicular to,
and into, the hill, in the negative y-direction, so w, is negative. We’ve added these signs to the sketch.

Next, use geometry to find the %
angles inside right triangle AABC. NN H
Begin by extending line AC down
to point D, and by extending the
horizontal line from point E to point
D. This creates a new right triangle,
AADE.
The acute angles in a right B B 9% N
triangle add to 90°.
In right triangle AADE, the acute ‘,\ Y f)
angles are 6 and a.
So 0+ a=90°
so 40°+a=90° so a=>50°. C
In right triangle AABC, the acute
angles are o and .

So o+ p=90° DY ; I ——————. %Y Z
so 50°+ 3 =90° so B=40°
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (2)

In our SOH CAH TOA equations, we will choose to focus on the 40° angle inside the small right
triangle, since that matches the angle we were given in the problem. Therefore, our assignment
of the “opposite” and “adjacent” legs is based on the 40° angle, not on the 50° angle. Mark
the 40° angle with an asterisk (*) to indicate that that is the angle we have chosen to focus on.

The length of the hypotenuse (98 N), representing the magnitude of the overall weight vector,
was calculated earlier from the w = mg special formula.

D, = F

W T B i L S Bt
S 10" 2pp Cog 707" ad;
hy P hyp
3'.,\‘1'()0: | W x| CQSVoot)WyJ

9% e

q3-5:1440"= [ Wx| 3% 9p.cos90" = |Wy) 2
43 T
lwyxl]= 63.0N | = 7T I K

UJX:*‘G?)-ON U\)y_*“_?S”.l N,

It is crucial to include the “-” sign on w,. We use absolute value symbols in our SOH CAH TOA
equations to indicate that the SOH CAH TOA equations can only tell us the magnitudes of the
components. We determine the signs of the components (“+” or “-”) in a separate step, based on
the directions of the component arrows in our right triangle. Include a “+” sign in front of
positive components (like w,). This will help you to remember to include the crucial negative
sign in front of negative components (like w,)).

For this problem we used sine for the x-component and cosine for the y-component. But, for the
problem in Video (1), we used sine for y-component and cosine for the x-component! Use the SOH
CAH TOA process, as illustrated above, to determine the correct approach for each individual problem.

“« »n

“_»
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (2)

Now we can add our results for w, and w, to our Force Table.
< Force Table
% oani fudes of
(N - C]g N i -FA:O,?)/\ é?heaouerq.”‘\slcctors
Wy 63N | MO Fro™ "03 R L campancats
w71"75_l N n),:']'f\ —‘F”W—‘O

Next, we can use our Force Table to set up our Newton’s Second Law equations, as shown below.

If an object is motionless in a component, or if an object moves with constant velocity in a
component, then that component of its acceleration is 0.

In this problem, the mass is moving parallel to the hill, in the x-component. The mass has no motion
perpendicular to the hill, in the y-component. Because the mass is motionless in the y-component,
a, = 0. Substitute zero for a, in the Newton’s Second Law y-equation, as shown below.

There is no reason to substitute zero for a,. In fact, a, is what we need to determine in order to

(13 2

answer the question. So simply continue to use the symbol “a,” in our Newton’s Second Law x-
equation.

ZJJZX: PO, 5¥F7ifjmaq7

rIo=ma Wyt Ny Trry=
ot S A
63 ° SSE TR

(DB - 3n :]OO'X

The Newton’s Second Law x-equation still has two unknowns (n and a,), so we are not ready yet to
solve the Newton’s Second Law x-equation.

The Newton’s Second Law y-equation now has only one unknown (n), so we are ready to solve the
Newton’s Second Law y-equation for n.
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (2)

Solve the Newton’s Second Law y-equation for n. Substitute the result into the Newton’s Second
Law x-equation. Then solve the x-equation for a,. To keep your algebra organized, arrange your math
for the Newton’s Second Law equations in two adjacent columns, as illustrated below.

£F.= Mo, ) ifyin;ag
y Axpg:kx:mc)\x 'U\)T‘i' Y Rj: J
ng p @ H-Ba"0ag FILEAT e

s m
dRCR S Rl R -

We have determined a, and a,, the components of the acceleration.

The question was “What is the acceleration of the mass?”

Acceleration is a vector, so I am interpreting the question as asking for the magnitude and direction
of the overall acceleration vector. But, since a, is zero, we know that the magnitude and direction of the
overall acceleration vector will be the same as the magnitude and direction of a,. (If one component of
a vector is zero, then the magnitude and direction of the overall vector is the same as the magnitude and
direction of the nonzero component.)

ay is positive. The positive x-direction is “parallel to, and down, the hill”. Therefore, the overall
acceleration vector points “parallel to, and down, the hill”.

The magnitude of a, is 4.047 m/s*. Therefore, the magnitude of the overall acceleration vector is
also 4.047 m/s. In my final answer I will round this result to two digits.

AnswWer - -
Tlr\{ QCC&ltra{]oﬂ ‘/\0.5 a'nfec,tlgn mpafo 2 o, Cu~ d()bdﬂJ

4t he hill 7“ N M03n1{.u¢)e, L/.O _g_z.

I have chosen to interpret this problem as asking for the magnitude and direction of the overall
acceleration vector. But, since a, = 0, most professors would probably regard “a, = 4.0 m/s*” as an
acceptable answer for “the acceleration™.
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (2)

Check: Do our results make sense?
n= _f' .S- | M
Does it make sense that our result for n is
positive? n represents the magnitude of the %\'R =22.53N
normal force, and a magnitude can’t be negative,
so, yes, it makes sense that n came out positive.
Check: Does it make sense that our result for n is ]n.,u xi =63 N
75.1 N? To prevent the box from beginning to move
down into the surface of the hill, 17 must cancel

w,. So we must have: n = |w,| \‘JO \_:. 7SN N X
So, yes, it makes sense that: ¥ | 8

n=751N =|w)| "

~

Does the sign of our result for a, make iense? {_{On\ "
wy is pulling the mass down the hill, and f, s o . . _ _ _ -
pulling the mass up the hill. w, has a greater
magnitude than f « (63 N > 22.5N), so the net force for the x-component (ZF,) is pulling y

down the hill. According to Newton’s Second Law, the net force determines the acceleration,
so a, should also point down the hill. Down the hill is the positive x-direction, so, yes, it
makes sense that our result for a, came out to be positive. (We found that f,=22.53 N during
our work on the Newton’s Second Law x-equation.)

In the Free-body diagram above, I have now drawn the length of the w, arrow equal to the length of

the n arrow. And I have drawn the arrow for w, longer than the arrow for f, .

x

The direction of the velocity vector
indicates the object’s direction of motion. The
mass is sliding down the hill, so the velocity ]
vector points parallel to, and down, the hill. \ g (with incrRas 1Ny Sp R,

The acceleration vector is parallel to the o
velocity vector. This means that the mass is speeding up.

Don’t assume that a positive acceleration component means “speeding up”. Speeding up or slowing
down is based on whether the acceleration vector is parallel or anti-parallel to the velocity vector.

\V T he mass is moving down the hill

Does our result for the magnitude of a, make sense?

On this problem, it is interesting to compare our result for the magnitude of a, to 9.8 m/s?. 9.8 m/s?
is the magnitude of the acceleration that we would obtain due to the full force of the weight, unimpeded
by any other forces.

But on this problem, a, is due, not to the full force of the weight, but only to w,. Furthermore, on
this problem w, is partially impeded by f . - For both of these reasons, on this problem, the magnitude
of a, must be less than 9.8 m/s”.

Intuitively, it should match your common sense that an object sliding down a hill will accelerate
more slowly than an object in free fall.

So, yes, it makes sense that, on this problem: |a,| = 4.047 m/s* < 9.8 m/s*=g
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (2)

Recap

The purpose of this problem is to introduce the basic method for solving inclined plane problems.
This problem demonstrates that inclined plane problems can be solved using the same Newton’s
Second Law problem-solving framework that we used for the problem in Video (1).

For an inclined plane problem, rather than choosing horizontal and vertical axes, we choose
“slanted” axes, with our x-axis parallel to the incline, and our y-axis perpendicular to the incline.
Write down your axes.

In order to break the weight force into components based on these axes, we had to draw a right
triangle, use geometry to find the angles inside the right triangle, and then use the SOH CAH TOA
equations. When drawing the right triangle for this problem, do not draw horizontal and vertical legs.
Instead, be sure to draw the legs of the right triangle parallel to your axes.

And it was crucial to remember to include a negative sign on w,.

Inclined plane problems are common on exams! Make sure you are comfortable with the process
for breaking the weight force into components for an inclined plane problem.

Based on our axes, the mass is motionless in the y-component, so we substituted 0 for a, in the
Newton’s Second Law y-equation. In fact, for an inclined plane problem, the main advantage of using
axes that are parallel to the incline and perpendicular to the incline, rather than using horizontal and
vertical axes, is that the slanted axes allow us to substitute 0 for a,.

In these solutions, I always write the general equation before I plug specific numbers or symbols
into the equation. For example, in the solution, I wrote each of these general equations before I plugged
in specifics: w=mg fi = pn

XF, = ma, XF, = ma,
sin40°:m cos40°:ﬂ
hyp hyp

You should imitate this habit in your own work. As a beginning physics student, you will have
better understanding and make fewer mistakes if you make it a habit to write the general equation
before you plug in specific numbers or symbols.

The most common mistake made by physics students is mixing up the concepts. To avoid mixing up
the concepts: don’t use the word “it”.

For example, don’t say “it is +4 m/s*” or “it is zero”. Instead, say “a, is +4 m/s*” and “a, is zero”.

Don’t say “it points straight down” or “it points perpendicular to the hill” or “it points up the hill”.
Instead, say “the weight force points straight down” or “the normal force points perpendicular to the
hill” or “the kinetic friction force points up the hill”.

Don’t say “it is 98 N” or “it is +63 N” or “it is -75.1 N”. Instead, say “the magnitude of the weight
force is 98 N” or “w, is +63 N” or “w, is -75.1 N”.

Even when thinking about the concepts in your head, try to avoid using the word “it”. Instead, use a
name or symbol to label exactly which concept you are thinking about.

If I could only give a beginning physics student one piece of advice, it would be:
To avoid confusing the concepts, don’t use the word “it”.

25
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NEWTON’S SECOND LAW PROBLEMS

Video (3)

Here is a summary of some of the main steps in the solution:
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step-by-step solution for Video (3)
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The step-by-step solution begins on the next page
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (3)

Starting from a speed of 10 m/s, a box with mass 40 kg slows to a stop with uniform deceleration over
a distance of 10 m while sliding across a horizontal floor.
Find the coefficient of kinetic friction between the floor and the box.

— o ?:/JA

O -

|O m —’il y
I LX
|
L

When possible, represent what the question is asking for with a symbol.
For this problem, we can write: ? =

Notice that the problem is asking for the coefficient of friction (ji), not the force of friction ( f !

- - -

The direction of the velocity vector indicates the object’s direction of motion. The sketch implies
that the box is moving to the right, so we draw Vv pointing to the right.
The problem uses units of m/s, kg, and meters, all of which are SI units.

The problem mentions some concepts (mass and friction) that fit into Newton’s Second Law. But
the problem also mentions some concepts (speed and distance) that fit into a kinematics framework.
Therefore, we plan to use both the Newton’s Second Law problem-solving framework, and also a
general one-dimensional kinematics problem-solving framework.

Remember: We use the concepts that are mentioned in the problem to determine the problem-
solving frameworks that are appropriate for the problem.

We will use “general” kinematics, as opposed to “projectile motion” kinematics. “Projectile
motion” applies when the only force on the object is the force of the Earth’s gravity; i.e., “projectile
motion” applies when the only force on the object is the force of the object’s weight. Projectile motion
does not apply to this problem because there are other forces on the box besides the weight force.

We will use “one-dimensional” kinematics, because the box is moving in a straight line.

We will use the axes shown at right. Y L
"¢
The connecting link between Newton’s Second Law and general one-dimensional kinematics
kinematics is the concept of acceleration. The box is moving in \L
the x-component, so the connecting link for this problem will
be a. QA

The question is asking for i, which we expect to determine
from our Newton’s Second Law equations. So our plan for

attacking this problem is: Use general one-dimensional Newton’s Second Law
kinematics to determines a,. Then, substitute our result for ay J/

into the Newton’s Second Law x-equation. Then, use the e

Newton’s Second Law equations to determine . . P k
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The problem mentions the mass of the box. This is a clue that our
Free-body Diagram should focus on the box. Draw a Free-body
Diagram showing all the forces being exerted on the box.

verted or he pOX
General two-step process for identifying the forces for your Free- ~
body Diagram: A
(1) Draw a downward vector for the object’s weight. e
(2) Draw a force vector for each thing that is touching the object. _F
R <o

In this case, the box is being touched by the surface of the floor,
which exerts both a “normal force” and a “friction force”.

We know that kinetic friction applies for this problem because the
box is sliding. ';3

The weight force always points straight down.
The normal force points perpendicular to, and away from, the surface that is touching the object.
Kinetic friction points parallel to the surface, and opposite to the direction that the object is sliding.

Notice that, although the box is moving to the right, there are no forces to the right. That does not
mean we made a mistake. We have drawn the correct free-body diagram.

Newton’s First Law:
zero net force < an object at rest will remain at rest,
and a moving object will continue to move, in a straight line, with constant speed

According to Newton’s First Law, if an object is already moving, and the net force on the object is
zero, then the object will continue to move, in a straight line, at constant speed.

So, according to Newton’s First Law, once an object is moving, no force is required to explain
why the object continues to move.

In this problem, the box was already moving to the right when the problem began.

So, according to Newton’s First Law, no force is required to explain why the object continues to
move.

Of course, in this problem, the box does not experience zero net force. Because of the leftward
frictional force, the box will experience a net force to the left. So the box will not move at constant
speed. Instead, because of the leftward net force, the box will be slowing down (as mentioned in the
problem), and, eventually (after sliding for 10 meters), the box will stop moving to the right.

Another way to put it is that, according to Newton’s Second Law, the net force at particular point in
time determines the acceleration at that point in time.

The net force at a particular point in time does not determine the velocity that point in time.

So, the fact that the velocity is pointing to the right does not mean that any of forces have to point to
the right.
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Ff’tt-boay &'-oujru.m
Sktwi.ﬂj all the forces
exerted onthe box

w= "9
:HOL%.?} =
= 3?2 N dF"'<—T

AR

V3
yL)X Force Table
masni tudts of
w - 3(3,2 N N\ -JEA':}]&A efheaouerq.IIVQcénrs

e O Ny= O Fro™ = MR camponents
wy=-392N | Ny=+n iy O

We use the special formula f; = pn to represent the magnitude of the overall kinetic friction force,
and we use the special formula w = mg to determine the magnitude of the overall weight force.

Notice that, so far, we are unable to plug any numbers into the “f; = wn” formula, so we use the
special formula itself to represent the magnitude of the overall kinetic friction force in the first row of
our Force Table.

It is usually best to choose an axis that points in the object’s direction of motion. The box moves to
the right, so we choose a positive x-axis that points right. And let’s choose a positive y-axis that points
up. Write down your axes, as shown above.

The friction force is anti-parallel to the x-axis, the normal force is parallel to to the y-axis, and the
weight force is anti-parallel to the y-axis, so we can use the following rule to break all three forces into
components:

If a vector is parallel or anti-parallel to one of the axes, then
the component for that axis has the same magnitude and direction as the overall vector, and
the component for the other axis is zero.

For example, the kinetic friction force points in the negative x-direction, so fi. is negative. The
magnitude of f, is the same as the magnitude of the overall friction force, which we are representing by
the expression “pn”. So fix = -pn . And fiy, is zero.

It is crucial to include a negative sign on fi, and w, for this problem. If you include a “+” sign in
front of positive components (such as “n, = +n”), you are more likely to remember to include the
crucial negative signs in front of negative components.
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4 Fof’cq_, TCLB}'E.«
X
mnanifuJeS of

b\) - 3(13,2 N N\ ]EA:}J/EA <— theoverall vectors
Wy = O M= 0O Fra™ T M {components
wy=-392N | MyEEn [Rm O

Next, we can use our Force Table to set up our Newton’s Second Law equations, as shown below.

If an object is motionless in a component, or if an object moves with constant velocity in a
component, then that component of its acceleration is 0.

In this problem, the box is moving horizontally, in the x-component. The box has no motion
vertically, in the y-component. Because the box is motionless in the y-component,
a, = 0. Substitute zero for a, in the Newton’s Second Law y-equation, as shown below.

There is no reason to substitute zero for a.. In fact, we have decided that a, is what we need to
figure out in order to link our kinematics framework with out Newton’s Second Law framework. So we
simply continue to use the symbol “a,” in our Newton’s Second Law x-equation.

éFrx:MOx {F\/imq
Uy +f’\—x+wt Tmay | Wyt Ny +¥k#mo/
0 +O% M i i D

~Mrn=200x ~Jih #a=

We have now completed the “setup” for our Newton’s Second Law equations. But remember that,
for this problem, we are also expecting to use a kinematics problem-solving framework. Now is a good
time to set up that kinematics framework, as discussed beginning on the next page.

(Our plan is to first use the kinematics framework to find a,, then substitute our result for a, into the
Newton’s Second Law framework. Nevertheless, my personal preference is to “set up” both
frameworks before using kinematics to find a,. And my preference is to set up the Newton’s Second
Law framework before setting up the kinematics framework. This is the approach that I've illustrated in
this solution.)
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Starting from a speed of 10 m/s, a box with mass 40 kg slows to a stop with uniform deceleration over
a distance of 10 m while sliding across a horizontal floor.
Find the coefficient of kinetic friction between the floor and the box.

For this problem, our plan is to apply both the Newton’s Second Law problem-solving framework
and the general one-dimensional kinematics framework. Now is a good point to pause with our work
on the Newton’s Second Law framework, and to shift to the preliminary steps for executing the general
one-dimensional kinematics framework

There are two different types of kinematics in an introductory course: (1) “constant velocity”, and
(2) “constant acceleration with changing velocity”.

In this problem, the box is slowing down; so the speed is decreasing; so the magnitude of the
velocity is decreasing; so the velocity is changing, not constant.

Is the acceleration constant? Yes, the problem says there is “uniform deceleration”, which means
that the box is moving with constant acceleration.

(In physics, the term “acceleration” refers to “speeding up, or slowing down, or changing direction
of motion”. So, in physics, “deceleration” is a type of “acceleration™.)

By the way, even if the problem had not included the phrase “uniform deceleration”, we would still
know that the acceleration is constant, because all the forces on the box are constant. Therefore, the net
force on the box is constant. According to Newton’s Second Law, the net force determines the
acceleration, so when the net force is constant, we know that the acceleration is constant. So this gives
us another way to know that the acceleration in this problem is constant.

So for this problem we apply constant acceleration with changing velocity kinematics. This is the
most common type of kinematics used in an introductory physics course.

In this problem, the box is moving in the x-component, so we will apply kinematics specifically to
the x-component.

The most common student mistake in physics is mixing up the concepts. For example, students
often mix up the concept of velocity with the concept of acceleration. You can see from the analysis on
this page that it is crucial to treat velocity and acceleration as two separate, distinct concepts: the object
is moving with changing velocity, but with constant acceleration.

To help you avoid confusing the concepts, don’t use the word “it”. For example, don’t say “it is
slowing down” or “it is changing” or “it is uniform” or “it is constant”. When you use the word “it”,
you are likely to be confusing different concepts with each other.

Instead, say “the box is slowing down” or “the velocity is changing” or “the deceleration is
uniform” or “the acceleration is constant”. To help you avoid confusing the concepts, always identify
what you are thinking about with a specific label.

In physics, to avoid mixing up the concepts, don’t use the word “it”.
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For a kinematics problem, build as much kinematics information as possible into your sketch,
as shown below.

We have labeled the key points in time: ¢, the point when the problem begins; and t;, the point
when the problem ends. Set t, = 0. (This is a standard simplifying assumption in physics problems.)
We have labeled the object’s path of motion, from the position at time ¢, to the position at time t;.

Vo, Stands for the x-component of the velocity at time t,.

The direction of the velocity vector indicates the box’s direction of motion. The box is moving to
the right (the positive x-direction), so vy is positive.

The magnitude of the velocity vector indicates the box’s speed. The box’s starting speed is 10 m/s,
so the magnitude of vy, is 10 m/s. So vy, = +10 m/s. Remember that it’s best to include a “+” sign in
front of a positive component, to help you notice when you need a “-” sign in front of a negative
component.

If the object starts at rest, then the initial velocity is zero; if the object ends at rest, then the
final velocity is zero. Because the problem tells us that the box comes to a stop, v;, = 0.

Notice that we build this information about vy, and v;, into our sketch, as shown below.

Think in terms of components! We are applying kinematics to the x-component, so we focus on the
x-components of the velocity, v, and vi,.

We label t, as our “initial” point (“i”) and t; as our “final” point (“f”). The “initial” and “final”
points are defined as the two points that we will be substituting into our kinematics equation.
Starting from a speed of 10 m/s, a box with mass 40 kg slows to a stop with uniform deceleration over
a distance of 10 m while sliding across a horizontal floor.
Find the coefficient of kinetic friction between the floor and the box.

A :
: | T—,x
{ - s

=0 Z

No, = HI0S W=

Build as much kinematics information as you can into your sketch. For this problem, we were
able to build the following kinematics information into our sketch:
the key points in time (labeled as ¢, and t;)
the box’s path of motion (between t, and t;, labeled with an arrow to show the direction of motion)
the x-components of the object’s velocity at the key points in time (labeled as vy, and viy)
the “initial” and “final” positions (labeled i and f)
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For “constant acceleration with changing velocity”, there are three kinematics equations to choose
from:
Kinematics Equations for constant a, with changing v,

X equations missing
variables
Ax=vi.x£|t+%ax(dt)2 Vi
v;=vfx+2axdx At
V=V, +a, At AXx

We don’t know yet which of these three equations we are going to use, so instead of writing a
kinematics equation, we simply list the five general kinematics variables for the x-component:
At, AX, Vi, Vi, 0y

Notice that this list of variables takes into account that the velocity is changing—that’s why we
need separate variables for initial and final velocity.

And our list of variables takes it for granted that the acceleration is constant—that’s why we can
represent the acceleration throughout the interval with the single variable a,.

By the way, when working with kinematics, you can choose to work either with the concept of
“displacement” (Ax or Ay) or with the concept of “position” (x or y).

For general one-dimensional kinematics problems, it is usually most convenient to use the concept
of displacement, rather than position. That is why, on this problem, we are using the kinematics
variable Ax (which stands for the x-component of the displacement), rather than the variable x (which
stands for the x-component of the position).

For projectile motion problems (and for general one-dimensional kinematics involving multiple
objects), on the other hand, it is usually best to use position, rather than displacement. In my series on
Projectile Motion Problems, therefore, I use the symbols x and y, rather than the symbols Ax and Ay.

ZFX:MQX éFy:mo‘)f AfJAK )fo,v-Fxlax

L 5oima, | Wyt Nyt ey = MO,
T e s A1 6 =0

._.(_joox ~3‘32 N :O

Arrange your math in three adjacent columns, as shown above, with the Newton’s Second Law
equations in the left and middle columns, and the kinematics setup in the right-hand column.

The object is moving only in the x-component, so we apply kinematics only to the x-component.

(On the other hand, there are forces in both components, so we apply Newton’s Second Law to both
the x- and the y-components.)
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Starting from a speed of 10 m/s, a box with mass 40 kg slows to a stop with uniform deceleration over
a distance of 10 m while sliding across a horizontal floor.
Find the coefficient of kinetic friction between the floor and the box.

E——/OMH ¥
L

_5:.

L

il LE
Vo= +10% Vis”

\’

L E——

Under your list of the general kinematics variables, list the specific numbers and symbols that
apply to the kinematics variables for this problem.

Ax stands for the x-component of the displacement between the initial point (i) and the final point
(f). (The box is being displaced parallel to the x-axis, so the y-component of the displacement is zero.)
The box is being displaced to the right (the positive x-direction), so Ax is positive. The problem tells
us that the distance between the initial and final points is 10 m, so the magnitude of Ax is 10 m. So
Ax = +10 m. Remember that it is best to include a “+” sign in front of positive components, since that
will help us to notice when we need a negative sign in front of a negative component.

We have already determined that v, = +10 m/s, and that, because the box comes to a stop, vx = 0.

We need to use kinematics to determine a,, so that we can substitute our value for a,into the
Newton’s Second Law x-equation to help us find p. Therefore, in the kinematics setup, label a, as the
variable we “need”, as shown below.

need

Z/L é/:y:may AfJZAx )\/;;,\/\c,,ax
- +0m Ho%5 O, Q
+ N +¥ =110 Qg f/d y* Nyt ey = M0y O, gty e e
Wx # Ax ) =40 _?)an. n b O L/O(O)
H}Jkn:‘fOOx 314 %D 2
By the way, we do not use 9.8 m/s” as the magnitude of either a, or a,, because 9.8 m/s” is the
magnitude of the acceleration only for projectile motion problems.
For projectile motion problems, use a, = -9.8 m/s* (assuming up is the positive direction).

But for Newton’s Second Law problems and general kinematics problems, we generally do not
plug in a, =-9.8 m/s* or a, = -9.8 m/s.
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| unknown

three “unknowns” (n, a, and p,). Since the Newton’s

Second Law x-equation has three unknowns, we aren’t ready to solve it yet.

The Newton’s Second Law y-equation has only one unknown (n). Since the Newton’s Second Law
y-equation has only one unknown, we are ready to solve it for n.

need

$
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We can substitute our result for n into the Newton’s Second Law x-equation. After this substitution,
the Newton’s Second Law x-equation still has two unknowns (pxand a,), so we are still not ready to
solve the Newton’s Second Law x-equation. Instead, let’s try working with our kinematics framework.

The kinematics equations each have four variables, so we need to know values for three
kinematics variables in order to pick a kinematics equation. We do know three of the kinematics
variables: Ax, v, and vx. (Remember that v,=0 because the object comes to a stop.) So we are ready to
choose a kinematics equation.

(By the way, for a kinematics setup in which you use the concept of position instead of
displacement, as you probably would for a projectile motion problem, you would need to know values
for four kinematics variables before you could pick a kinematics equation.)

We want our kinematics equation to include our three known variables, and we also want it to
include a,, since that is our “connecting link” with the Newton’s Second Law equations. So we pick the
kinematics equation that is missing Az, since that is the one kinematics variable that we don’t care
about for this problem. Write down this kinematics equation, v?x =v: +2a,Ax, as shown below.

Kinematics Equations for constant 4, with changing v,

X equations missing
variables
Ax=vi.x/_".t+%ax (At) Vi
v;=vfx+2ax.dx At
Vo=V t+a, At Ax
nleed
6'inm0«x % Fo = 9| DG OK Vi Ve, O

b WCky—“ M a, A +0m )HO?J 0, Qx

mo,|Wy+ "

3 1 O+ pHoa 372 A

Ihree hnowns

=Y0ax _3‘32“\ :O 2
i kﬂ . = ;
P%ﬁzﬁ“fom F392 nn s Vg, = Vi F 20, A%

L R

Notice that the strategy of writing down a kinematics “setup” consisting of the five general
kinematics variables, and then writing down the specific numbers and symbols that apply to the
kinematics variables for this problem, helped us to organize our kinematics data and to pick the correct
kinematics equation. You should imitate this kinematics “setup” on all problems that involve
kinematics.

Make it a habit to write the general equation before you plug in specific numbers or symbols.

For this problem, notice that we have written the general kinematics equation, above. Now we are
ready to plug specific numbers and symbols into this general equation.
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Substitute the specific numbers and symbols from our kinematics setup into the kinematics
equation. Notice that, to avoid cluttering the equation, we do not include the “+” signs when
substituting for Ax and v;, into the equation.

Next, solve the kinematics equation for a,, as shown below.

As usual, we do not include units when substituting into the equation, but you should be sure to
include units at the end of the algebra when you finish solving for a,, as shown below. All the numbers
we plugged into the kinematics equation were in S.I. units, so we can trust that our result for a, is in S.I.
units. The S.I. units for acceleration are m/s?.

need
= L
é‘}:'x:moix éFy“fV’Oty AfJAX )V;Xpi\/‘cx:ax
Wy T Nt Frao M Ox Wy* n)*gky:mo)f A?}J*‘lOm)HOTJO)Qx
X X )
QX y O +(-pkn):q0ax 2392+ A+ O =90(0)

392 +n =0 =
F3I2 192 Vi = Viy T Z2a, AX

30N O 107+ Z0x(10)
D: !OO+2(’D)O\><

e [0 20w
=[O —/00

-]-L\f'(t knowans

—100= 20 0d

—/00 = Z0 Qy
Z0 2

’S% = Cly

At this point, you should immediately ask yourself whether it makes sense that our result for a, is
negative. But to avoid breaking up the flow of the solution, we will save this check for the end of the
solution.

Notice that arranging our math in three adjacent columns helps to keep our math organized. If

there is sufficient room on your paper, you should imitate this “three-column approach” in your own
solutions for problems that involve both Newton’s Second Law and one-dimensional kinematics.
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Substitute the value we have found for a, into the Newton’s Second Law x-equation. The Newton’s
Second Law x-equation now has only one remaining unknown (i), so we are now ready to solve this
equation for .

Z, = PO £Fy =My | At Ax }vlg,\/g,cﬁx

= + +10% CL

s Nyt Fr™M Ox wy+ﬂy+¥hy_ﬂ’104 At 10m 05, O, QL
C§<+ O +(-)u,§n)‘-tloa>< 232+ n + O =90()
—-—}Jkﬂ. = 40ax "'3(:12 N :O | 5 =

1392 Vg, = Viy T Za,AX

n= 312N (O = 10° + 20 (/0)
0= 100+20U0)0

0= 160+ 20 B
—fen ~400

-}L\ftt knowans

—100= 2004
=00 = 20 Qx
Z0 2

,_S',_"‘_S’_’_i = Cly

Notice that we have organized our math for this problem in three adjacent columns:
Newton’s Second Law x-equation in the left column,
Newton’s Second Law y-equation in the middle column,
kinematics variables and kinematics equation in the right column

You should imitate this three columns approach in your own work on problems that involve both
Newton’s Second Law and general one-dimensional kinematics. This will help to keep your work
organized and help you to avoid confusion.

Q ns wer’

Notice that i is a concept that has no units.
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Do our results make sense?
= "M 4
Pu= o2l pz 39N -SErox

Does it make sense that our result for n is positive? n represents the e P 172 N
magnitude of the normal force, and a magnitude can’t be negative, so, yes, it N
makes sense that n is positive. 1

Does it make sense that n=392 N? The magnitude of the weight force is also ~<—%
392 N. The weight force is attempting to make the box begin moving
downward. To prevent this, the normal force has to cancel the weight force. So, kel N
yes, it does make sense that n = w.

Do not say “on this problem, the normal force equals the weight force.” The normal force points in
a different direction than the weight force, so the normal force on this problem does not equal the
weight force. Instead, say “on this problem, the magnitude of the normal force equals the magnitude of
the weight force.”

Do not assume that n=w on other problems. On some problems (such as this one), n=w, but on
many problems (such as the previous problems in this series) n#w. Use the Newton’s Second Law
equations to determine n for each individual problem.

Does it make sense that our result for ay is negative? This result means that a, points left. Since
a,=0, we know that the overall acceleration also points left. Does that make sense?

The direction of the velocity vector indicates the object’s direction of motion. Since the =
block is moving right, the velocity vector points right. a’

To interpret the acceleration vector, compare it with the velocity vector:
acceleration vector is parallel to the velocity vector < increasing speed, constant direction of motion
acceleration is anti-parallel to the velocity vector < decreasing speed, constant direction of motion
acceleration is perpendicular to the velocity vector < changing direction of motion, constant speed
acceleration is zero over an interval of time < constant speed and direction of motion over the interval

The leftward acceleration vector is anti-parallel to the rightward velocity vector. This indicates that
the object is slowing down. But we know from the wording of the problem that the block is indeed
slowing down, so, yes, it makes sense that a, came out negative.

Notice that the term “acceleration” has a different meaning in physics than in ordinary language. In
physics, acceleration means “speeding up, or slowing down, or changing direction of motion”. In this
problem, we have seen that the box’s acceleration indicates that the box is slowing down.

Don’t assume that a negative acceleration component means “slowing down”. Speeding up or
slowing down is based on whether the acceleration is parallel or anti-parallel to the velocity vector.

Notice that the direction of the acceleration does not indicate the object’s direction of movement!
(That’s the velocity’s job.) The object is moving right, but the acceleration vector points left.

Our result for yy is .51. This is consistent with the rule that py should be between 0 and 1.!

1 TItis theoretically possible for a coefficient of friction to be greater than 1, but this rarely occurs on typical problems.
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Recap

In this problem we learned how to combine the general one-dimensional kinematics problem-
solving framework with the Newton’s Second Law problem-solving framework. Here are some of the
keys to succeeding with this type of problem:

Build as much kinematics information as possible into your sketch.
If there is sufficient space on your paper, use a three-column approach: two columns for the

Newton’s Second Law equations, and one column for our kinematics setup and kinematics equation.
Begin the kinematics column with a list of the five

need
general kinematics variables. A :
Underneath this list, write the specific numbers and A 'f‘ ; AX ) V.‘ X, \/{,- i a X
symbols that apply for the kinematics variables for the ~
problem you are working on. At) & jom ;.+ 10 S O J . X

To determine the order in which to work with the columns,
count the unknowns for the Newton’s Second Law equations,
: : d Jhre<x knowans
and count the knowns for your kinematics framework.
When you know values for three of the kinematics variables, you can choose a kinematics equation.
Choose the equation that is missing the variable that you do not care about. For example, on this

problem, we did not care about the variable At. So, we picked the kinematics equation that was missing

the variable At: vy =v; +2a,Ax

Kinematics Equations for constant a, with changing v,

X equations missing
variables
Ax=vixdt+%ax(dt]2 Vi
v?x=vfx+2axﬂx At
V=V, +a, At Ax

(This is the method used for “constant acceleration with changing velocity” kinematics.)
We know that vi = 0, because the problem says that the object comes to a stop.

The connecting link between kinematics and Newton’s Second Law is acceleration. On this
problem, we used kinematics to find a,, then substituted our result for a, into the Newton’s 2nd Law x-
equation.

But you will see other problems where we will first use the Newton’s Second Law framework to
determine a,, then substitute our value for a, into the kinematics framework.

(And, for problems in which we apply kinematics to y-component, rather than to the x-component,
we would use a,, rather than a,, as the connecting link between the frameworks.)

We had no values to substitute into the special formula f, = pxn, so we used the special formula itself
to represent the magnitude of the kinetic friction force in the first row of our Force Table.
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NEWTON’S SECOND LAW PROBLEMS

Video (4)

step-by-step solution for Video (4)

The difference between the force of friction and the coefficient of friction

The meaning of the formula f,= pn
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Loosely speaking, the coefficient of friction measures the roughness of the surface and the object.
For example, ice would tend to have a small coefficient of friction, because ice is smooth. Sandpaper
would tend to have a large coefficient of friction, because sandpaper is rough.

The coefficient of friction takes values between 0 and 1.'

Don’t confuse the coefficient of friction () with the force of friction ( fk ).

The normal force exerted by the surface on the object measures how firmly the surface is pressing

against the object.

So the meaning of the formula f,=pxn is that there are two factors that affect the force of friction:
the rougher the surface or the object, the greater the force of friction; and,
the more firmly the surface is pressing against the object, the greater the force of friction.

I think that both of those factors will match your commonsense understanding of how friction

works in real life.

1 Tt is theoretically possible for the coefficient of friction to be larger than 1, but this rarely occurs on typical problems.
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (4)

Don’t confuse velocity with acceleration
Video (1) Video (2) Video (3)

7 The block is movins riakt \7 The mass is moving downthe hill 5, —\:} The box is maumj righf

__)a with iacreasing speed \ a with ircreasing speed  €— a with decreasing speed

The direction of the velocity vector indicates the object’s direction of motion.

In video (1), the block is moving to the right, so the velocity vector points to the right. In video (2),
the mass is moving parallel to, and down, the incline; so the velocity points parallel to, and down, the
incline. In video (3), the box is moving to the right, so the velocity points right.

The direction of the acceleration vector does not indicate the object’s direction of movement. So,
what does the acceleration indicate?

In physics, “acceleration” refers to: increasing speed, or decreasing speed, or changing the
direction of motion.

Notice that the term “acceleration” has a broader meaning in physics than in ordinary language.

Here are some rules we can use to help us interpret the acceleration vector:
acceleration vector is parallel to the velocity vector < increasing speed, constant direction of motion
acceleration is anti-parallel to the velocity vector < decreasing speed, constant direction of motion
acceleration is perpendicular to the velocity vector < changing direction of motion, constant speed
acceleration is zero over an interval of time <> constant speed and direction of motion over the interval
(“Parallel” vectors point in the same direction, “anti-parallel” vectors point in opposite directions.)

In video (1), the block’s acceleration vector is parallel to the velocity vector; so the block is speeding
up. In video (2), the mass’s acceleration is parallel to the velocity, so the mass is speeding up. In video
(3), the box’s acceleration is anti-parallel to the velocity, so the box is slowing down.

In video (3), the acceleration points left, but the box is moving to the right. This confirms that the
direction of the acceleration vector does not indicate an object’s direction of motion!

Don’t assume that a positive acceleration component means that the object is speeding up, or that a
negative acceleration component means the object is slowing down. Speeding up or slowing down is
based on whether the acceleration vector is parallel or anti-parallel to the velocity vector.

We’ve said that, in general, the direction of the acceleration vector does not indicate the object’s
direction of motion. But here’s an important exception: If the object begins at rest, then the direction
of the acceleration vector does indicate what direction the object will begin moving.

Many physics problems do involve objects that begin moving from rest, so this exception will be
applicable to many of the problems you will see.

“Acceleration” is a difficult and subtle concept. I believe that, historically, the lack of a clear concept
of acceleration, and the failure to carefully distinguish between the concept of velocity and the concept
of acceleration, was one of the most significant barriers to the development of the science of physics.

So remember: don’t confuse velocity with acceleration.
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (4)
Newton’s First Law

Here is Newton’s First Law:
zero net force < an object at rest will remain at rest,
and a moving object will continue to move, in a straight line, with constant speed

The surprising part of Newton’s First Law is that, if the net force on an object is zero, then a
moving object will continue to move, in a straight line, with constant speed.

Imagine a puck sliding along a very smooth surface, such as very smooth ice, or a giant air-hockey
table. If you do not touch the puck, then the puck will continue to slide in a straight line, at constant
speed, indefinitely.

Actually, any real-world surface is at least a /ittle bit bumpy, so, in the real world, even on a very
smooth surface the puck will slow down, very gradually. The microscopic bumps on the surface
provide tiny “taps” that very gradually slow the puck down.

If we imagine an ideal surface that is perfectly smooth, then the puck really would continue to slide
in a straight line, at constant speed, indefinitely.

In deep space, where there is almost zero friction, a moving object will indeed continue to move in
a straight line, at constant speed, indefinitely.

According to Newton’s First Law, once an object begins moving, no force is required to explain
why the object continues to move.

Have you seen the movie WALL+E? In that movie, there’s a scene in which the robot WALL-E is
floating in outer space. WALL-E is holding a fire extinguisher which he can use to provide a force on
himself.

Once WALL-E is moving, if he doesn’t use the fire extinguisher anymore, then he will continue to
move, in a straight line, at constant speed, indefinitely. Once WALL-*E is moving, no force is required
to explain why he continues to move!

Here is a video showing the scene with WALL<E and his fire-extinguisher:
https://www.youtube.com/watch?v=hHXx8 AmBwX
(In my opinion, some aspects of this scene are not consistent with Newton’s Laws of motion.)

In video (3), the box was already
moving to the right when the problem Video (3)
Evecin;.e Therea,fore, no r‘zghtward force AT —5 ﬁ v l\)
quired to explain why the box A

continued to move to the right during .
the problem K3 7 The box is moving right
: —_— H wnq I

In video (3), the box experienced a ‘Yk 4 v d

leftward force from friction. So the net P 'a' with decreasing speed

force on the box was not zero; there was

a leftward net force on the box. So, a

instead of continuing to move to the v W = 3 ] 2 \\]

right indefinitely at constant speed, the

box slowed down and eventually came to a stop.
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (4)
Newton’s First Law, continued

Here is Newton’s First Law:
zero net force < an object at rest will remain at rest,
and a moving object will continue to move, in a straight line, with constant speed

We have seen that, according to Newton’s First Law, once an object is moving, no net force is
required to explain why the object continues to move.

What about if the object begins at rest?

According to Newton’s First Law, if an object is at rest, and the net force on the object is zero, then
the object will stay at rest.

So, according to Newton’s First Law, if an object begins moving from rest, then a net force is
required to explain why the object begins to move.

Many physics problems do involve an object that begins moving from rest.

So, for those problems, remember that, if an object begins moving from rest, then a net force is
required to explain why the object begins to move.
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (4)
The meaning of Newton’s Second Law: net force and acceleration

The direction of the velocity vector indicates the object’s direction of motion.

The direction of the acceleration vector does not indicate the object’s direction of movement.

In physics, “acceleration” refers to: increasing speed, or decreasing speed, or changing the object’s
direction of motion.

The expressions XF, and XF, stand for the x- and y-components of the net force.

The sigma (X) symbol means “add”, so these expressions remind us that the “net force” is the sum of
the individual forces.

According to Newton’s Second Law (XF,=may and £F,=may), the net force at a particular point
in time determines the acceleration at that point in time.

The net force at a particular point in time does not determine the velocity at that point in time.

So, the meaning of Newton’s Second Law is: The net force at a particular point in time does not
determine the object’s direction of motion at that point in time. Instead, the net force at a particular
point in time determines whether the object will be speeding up, or slowing down, or changing its
direction of motion, at that point in time.

Video (3)

For example, in video (3), the net force is to o= A2 N
the left. This does not mean that the objectis  __ - ——
moving to the left! Instead, given that the object ¥ T Sy e
1s moving to the right, the leftward net force s 'a with decreasing speed
means that the object is slowing down. I T e R

Again, imagine a puck that is sliding along a very smooth surface.

If you tap the puck in the direction that it is sliding, the puck will speed up.

If you tap the puck opposite to the direction that it is sliding, the puck will slow down.

If you give the puck a tap that is perpendicular to the direction that it is sliding, the puck will
change its direction of motion.

On an ideal, perfectly smooth surface, if you don’t touch the puck at all, then it will continue to
move, in a straight line, at constant speed, indefinitely.

Imagine that the robot WALL<E is moving through outer space while holding a fire-extinguisher.

If WALL-E shoots the extinguisher so as to create a force on himself in the direction that he is
moving, he will speed up.'

If WALL-E shoots the extinguisher so as to create a force on himself opposite to the direction that
he is moving, he will slow down.

If WALL-E shoots the extinguisher so as to create a force on himself in a direction perpendicular to
the direction that he is moving, then he will change his direction of motion.

And, if WALL<E doesn t shoot the fire extinguisher at all, then he will continue to move, in a
straight line, at constant speed, indefinitely.

1 Shooting the extinguisher creates a force on WALL*E due to Newton’s 3rd Law. In order to create a force on himself in
the direction that he is moving, WALL<E must shoot the extinguisher opposite to the direction that he’s moving.
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (4)

The meaning of Newton’s Second Law: net force and acceleration, continued

WJides L1D Vides (2) Video (3)
_)TJ The block is moving right \? The mass is mw:nj down the Aill S, -\? The bo is moving right
—)3 with iacreasing speed \ a with increasiog specd . — a with decreasing speed

12Ny e Az 15N e 332 N
; $x=22.53N .
fazz.92n ITee|=r0N et 4
lw,|= 7SN \\\ =392\
VSRR o

The meaning of Newton’s Second Law is: The net force at a particular point in time does not
determine the object’s direction of motion at that point in time. Instead, the net force at a particular
point in time determines whether the object will be speeding up, or slowing down, or changing its
direction of motion, at that point in time.

In video (1), T is trying to speed up the block, and f . 1s trying to slow down the block; |T}|
exceeds fi. so the block will speed up.

In video (2), wy is trying to speed up the mass, and fk is trying to slow down the mass; |w
exceeds fi, so the mass will speed up.

In video (3), fk is trying to slow down the box; there are no opposing forces, so the box will slow
down.
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (4)

The meaning of the concept of “net force”

Uideo (1) Video (3)
J— v The Hock is Movina f;a’\t Y _\7 T'.e bOX is Mpvllns f;'skt
.__.;,a with incnns;ns s’:ted - - a with deu‘eusinj ;’ned
| Tyl=173N
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e STAN

jw=29.4N
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The expressions XF, and XF), stand for the x- and y-components of the net force. The sigma (X)
symbol means “add”, so these expressions remind us that the “net force” is the sum of the individual
forces. But forces are vectors, so when we add the forces, we must take the directions of the forces
into account.

For example, in video (3), the normal force is 392 N, pointing up; while the weight force is 392 N,
pointing down. Adding these two forces does not result in a sum with magnitude 784 N. Instead, since
these two forces have equal magnitudes but opposite directions, when we add these two forces they
cancel each other out.

Working with components is helpful because the signs of the components take into ' 4
account the directions of the forces. In video (3), n, =+392 N and w, =-392 N,
so LF, =(+392 N) + (-392 N) = 0, confirming that the normal force cancels the weight force. =~ — X

Another example: In video (1), 7. has magnitude 10 N, pointing right; and the kinetic ¥
friction force has magnitude 2.4 N, pointing left. Adding these two forces does not result in a
sum with magnitude 12.4 N. Instead, since the two forces have opposite directions, when we L —= X
add these two forces, the kinetic friction force partially cancels 7.

T.=+10N, and fix =-2.4 N, so XF, = (+10 N) + (-2.4 N) = +7.6 N.

LF, is positive (and ZF, is 0), so the net force points to the right. Therefore, the box’s acceleration
also points to the right.

To summarize the key ideas about net force:

Forces are vectors, so when we add the forces, we must take the directions of the forces into
account. Working with components is helpful because the signs of the components take into account
the directions of the forces.
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (4)

The difference between mass and weight. The meaning of the formula w=mg
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The mass of an object can be loosely defined as a measure of the “quantity of matter” contained in
the object.

For example, a bowling ball has a greater mass than a marble, because the bowling ball contains a
greater “quantity of matter”. For another example, a bowling ball also has a greater mass than a soccer
ball (largely because the soccer ball is filled with air, while the bowling ball is solid, so that the
molecules are more densely packed together in the bowling ball than in the soccer ball).

The weight force on an object measures the downward pull on the object due to the force of the
Earth’s gravity. (This definition applies to objects on or near the Earth. For example, on the moon, the
weight force will measure the downward pull on the object due to the force of the moon’s gravity.)

The meaning of the formula w=mg is that, the greater the “quantity of matter” contained in the
object, the greater the downward pull of the Earth’s gravity on the object. For example, a bowling
ball contains a greater quantity of matter than a soccer ball, so a bowling ball feels a greater downward
pull from the Earth’s gravity. That’s why it is more difficult to hold a bowling ball motionless in your
hand than to hold a soccer ball. To be more precise, the weight is directly proportional to the mass; this
means that, for example, doubling the quantity of matter will double the downward pull due to gravity.

Don’t confuse the concept of mass (“quantity of matter”) with the concept of weight
(downward pull from the force of Earth’s gravity).

If you take a bowling ball from the Earth to the moon, the ball’s mass will stay the same, because
the ball still contains the same quantity of matter on the moon.

But the moon’s gravity is weaker than the Earth’s, so the ball will feel a weaker downward pull
from the moon’s gravity. So the ball will weigh less on the moon.

The constant g is smaller on the moon than on the Earth (1.6 m/s? vs. 9.8 m/s?), so the formula
w=mg confirms that the bowling ball will weigh less on the moon than on the Earth, even though the
ball will have the same mass in both locations.

I hope this example helps you to see that mass really is a different concept than weight.
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (4)

The meaning of Newton’s Second Law: mass and acceleration
JF

Y

If we solve the Newton’s Second Law equations for a, and a,, we get aszX and a,= -

Since net force is on the top of the fractions, increasing the magnitude of the net force on the object
(while holding the mass constant) will increase the magnitude of the object’s acceleration.

Remember that mass measures the “quantity of matter” contained in an object. Since m is on the
bottom of the fraction, this version of Newton’s Second Law shows that increasing the object’s mass
(while holding the net force constant) will decrease the magnitude of the object’s acceleration.
(Increasing the denominator of a fraction makes the fraction as a whole smaller.)

This means that a more massive object is more difficult to accelerate. An object that contains
more matter will be more difficult to speed up, or to slow down, or to change its direction of motion.

In fact, Newton’s Second Law tells us that the acceleration is directly proportional to the net force,
and that the acceleration is inversely proportional to the mass. E.g., doubling the net force on an object
(while holding the mass constant) will double the object’s acceleration; while doubling the quantity of
matter contained in an object (while holding the net force constant) will cut the acceleration in half.

Imagine a 1 kg puck and a 20 kg puck, both sliding along a very smooth surface. It would be very
easy to accelerate the 1 kg puck. That is, it would be very easy to speed up, or to slow down, or to
change the direction of motion of, the 1 kg puck, by giving the puck a tap in the same direction it’s
moving, or a tap in the opposite direction it’s moving, or a tap perpendicular to the direction it’s moving.

But, because the 20 kg puck is much more massive (contains a greater quantity of matter), the 20 kg
puck would be more difficult to accelerate. That is, it would be more difficult to speed up, or to slow
down, or to change the direction of motion of, the 20 kg puck. A tap that would have a big effect on the
1 kg puck would have a much smaller effect on the 20 kg puck.

We can see now that increasing the mass of an object has two, separate effects on the object:

(1) A more massive object is more difficult to accelerate. I.e., an object that contains a greater
quantity of matter is more difficult to speed up, or to slow down, or to change its direction of motion.

(2) A more massive object has a greater weight. I.e., an object that contains a greater quantity of
matter will feel a greater downward pull from the Earth’s gravity.

Because of these two, separate effects, the concept of mass is difficult and subtle to analyze.

I believe that, historically, an imperfect understanding of these two effects of the mass, and a failure
to carefully distinguish between mass and weight, was one of the most significant barriers to the
development of the science of physics.

Imagine taking the 20 kg puck from the Earth to the moon. The puck will weigh less on the moon
(less downward pull from the moon’s gravity). Therefore, it will be easier to hold the puck motionless in
your hand on the moon than it would be to hold the puck motionless in your hand on the Earth.

The puck will have the same 20 kg mass (same quantity of matter) on the moon as on the Earth. So
the puck will be equally difficult to accelerate on the moon as on the Earth. So if you imagine the puck
sliding along a very smooth surface on either the Earth or the moon, it would be equally difficult to
speed up, or slow down, or change the puck’s direction of motion, on either the Earth or the moon.

Again, I hope this example helps you to see that mass really is a different concept than weight.
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (4)

The biggest mistake made by physics students
Don’t use the word “it”

I mentioned in a previous video that the biggest mistake that physics students make is mixing up the
concepts.

For example, students mix up velocity with acceleration.

And students mix up mass with weight.

To avoid mixing up the concepts, don’t use the word “it”.

Don’t say “it indicates the direction of motion” or “it refers to speeding up, slowing down, or
changing direction of motion”.

Instead say “velocity indicates the direction of motion” and “acceleration refers to speeding up,
slowing down, or changing direction of motion”.

Don’t say “it measures the quantity of matter” or “it represents the downward pull from the Earth’s
gravity”.

Instead, say, “the mass measures the quantity of matter” or “the weight force represents the
downward pull from the Earth’s gravity”.

Even when you are simply thinking about the concepts in your own head, try to avoid using the
word “it”. Instead, always label the specific concepts you are thinking about with a name or a symbol.

This advice applies to all the concepts you will encounter in your physics course, not just the
concepts we’ve discussed in this video.

Don’t mix up x-components with y-components. Don’t mix up the coefficient of friction with the
force of friction. Don’t mix up the various forces with each other. Don’t mix up individual forces with
the net force. Don’t mix up position with displacement. Et cetera.

The biggest barrier to understanding physics is mixing up the concepts.
To avoid mixing up the concepts, don’t use the word “it”.

You may notice that I try to follow this advice myself in the videos and in this solutions document.

Discussion continues on next page
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (4)
Problems to try on your own

Problem 1:
Use Newton’s Second Law to prove Newton’s First Law.

It was once thought that heavier objects fall faster than lighter objects.

This seems like a natural assumption. A heavier object does feel a stronger downward pull from the
Earth’s gravity, so it seems natural to expect that a heavier object will fall faster.

But it turns out that, when the effects of air resistance are small, a lighter object will fall at
approximately the same rate as a heavier object. And, in a vacuum, where there is no air resistance, a
lighter object will fall at exactly the same rate as a heavier object! (A vacuum is empty space, devoid of
air or other matter.)

Try the experiment of dropping a piece of paper and a textbook you don’t like, simultaneously, from
the same height. Ordinarily, you will see that the textbook hits the ground much sooner than the piece of
paper. But this is because of the effect of air resistance on the paper!

So try crumpling the piece of paper into a tight ball. This will largely eliminate the force of air
resistance on the paper. Now, try the experiment of dropping the textbook and the tightly crumpled ball
of paper, simultaneously, from the same height. I think you will see now that both objects hit the ground
nearly simultaneously, even though the textbook is still much heavier than than the piece of paper.

We take this for granted in projectile motion problems, where we say that all objects fall with the
same magnitude of acceleration, g = 9.8 m/s?, regardless of their weight.

Here is a video demonstrating that, in a vacuum, a feather falls at the same rate as a metal cube:
https://www.youtube.com/watch?v=s9Zb3xAgloY

Problem 2:

(a) Use the concepts we have been discussing to provide a verbal explanation for why, when the
effects of air resistance are negligible, a heavier object will fall with the same acceleration as a lighter
object, even though the heavier object feels a greater downward pull from the Earth’s gravity.

(b) Use Newton’s Second Law to prove that, in free fall, when the effects of air resistance are
negligible, all objects will fall same with the same magnitude of acceleration, g, regardless of their
mass.

Problem 3

(a) If you redo the problem in Video (3) with a different mass, you will get the same answer.
Explain why changing the mass doesn’t affect the answer to the problem.

(b) If you redo the problem in Video (2) with a different mass, you will get the same answer.
Explain why changing the mass doesn’t affect the answer to the problem.

(c) If you redo the problem in Video (1) with a different mass, you will get a different answer.
Explain why changing the mass does affect the answer to this problem.
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (4)

As I’ve already mentioned, the concepts we have been discussing are subtle and difficult. It took
scientists centuries to achieve a clear understanding of these concepts, so you can’t expect to get a full
understanding from reading a nine page explanation. If you make an effort to keep thinking about the
meaning of physics concepts and physics formulas, and if you make an effort to avoid mixing up the
concepts with each other, then I think that your understanding of the concepts and formulas will grow
and deepen over time.

Since it does take time to achieve understanding, if you found this discussion to be interesting then I
encourage you to reread it again at some point in the future, to help you solidify the ideas in your mind.
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NEWTON’S SECOND LAW PROBLEMS

Video (5)

step-by-step solution for Video (4)

Here is a summary of some of the main steps in the solution:
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NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (5)

The process for finding Ax is summarized on the next page.
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The key to this problem is determining Ax.

Ax represents the x-component of the displacement, between the initial (i) and final (f) points; we
have built a label for Ax into the sketch. (The box is being displaced parallel to the x-axis, so the y-
component of the displacement is zero.) The 5 m vertical height of the ramp does not represent Ax!

We can use SOH CAH TOA to determine Ax.

~ g

Vox=0 ~ "N A
s ey ) 4

ady
So H CAH TO A We use absolute value symbols in our SOH
i CAH TOA equations to indicate that the SOH
CiA S 3= Qﬂﬁ CAH TOA equations can only tell us the
hy P magnitude of the displacement component. We
s AR, ~ determine the sign of the component (“+” or
R i —I_ “-”) in a separate step, based on the direction
’ Ax of the displacement in the sketch.
.. LB E S . -{79*.1_ In this problem, the object is displaced in
JAx|- sia N B the “+” direction (down the ramp) so Ax is
'}_&*'L positive.
,-I Ax h' s 33 =3 Here are the steps we used in our SOH
< CAH TOA process:

]Axlf‘-’"‘g&b -

. Label the angle you are focusing on with an
s 30 -é - 133 323

PRGN, ¥ g . Label the sides of the triangle as “adj”,
g e “opp”, and “hyp”. Write down the general
4 A X\ =% —’ e SOH CAH TOA equation that is appropriate
A = + 9 S for the problem. Then, plug in specifics, and
. use algebra to solve.

Notice that, for this problem, the SOH CAH TOA algebra indicated that we needed to divide 5 by
sin 35°, rather than multiplying 5 times sin 35°.

A step-by-step discussion of the complete solution to this problem begins on the next page.
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Here is a step-by-step solution to the problem:
An 8 kg box starts sliding down a ramp which is at an angle of 35° to the horizontal. The box
begins sliding from a height of 5 m. The coefficient of kinetic friction is 0.3.
How long does it take the box to reach the bottom of the ramp?

e
\-\7 c= At

361 I
When possible, represent what the question is asking you for with a symbol.
This problem asks for the time that elapses between the initial point at the top of the ramp and the
final point at the bottom of the ramp. The symbol for “time elapsed” is At. So we write: ? = At

The direction of the velocity vector indicates the object’s direction of motion.
The box is sliding down the ramp, so we draw Vv pointing parallel to, and down, the ramp.

The problem uses units of kg and meters, both of which are SI units.

The problem mentions some concepts (mass and friction) that fit into Newton’s Second Law. But the
problem also mentions some concepts (height, which is a type of distance, and time elapsed) that fit into
a kinematics framework. Therefore, we plan to use both the Newton’s Second Law problem-solving
framework, and also a general one-dimensional kinematics problem-solving framework.

We will use “general” kinematics, as opposed to “projectile motion” kinematics. o 4

We will use “one-dimensional” kinematics, because the box is moving in a straight line. <

We will use the axes shown at right. X

The connecting link between Newton’s Second Law and kinematics is EEWAN ~
the concept of acceleration. The box is moving in the x-component, so the
connecting link for this problem will be a,.

The question is asking for At, a kinematics variable. So our plan for general one-dimensional kinematics

attacking this problem is: Use Newton’s Second Law to determine a,.
Then, substitute our result for a, into the kinematics framework. Then, T
use the kinematics framework to determine At. s
My personal preference is to “set up” both the Newton’s Second Law
framework and the kinematics framework, before using those frameworks ,g
to solve the problem. And my preference is to begin by setting up the Newton’s Second Law

Newton’s Second Law framework.
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The problem mentions the mass of the box. This is a clue that our Free-body Diagram should focus
on the box. Draw a Free-body Diagram showing all the forces being exerted on the box.

General two-st.ep process for identifying the forces for Free-bo 97 diayremn
your Free-body Diagram: o Doty ell #he [orces
(1) Draw a downward vector for the object’s weight. Jhe Bimed;

(2) Draw a force vector for each thing that is touching the e ©
object. .
n

In this case, the box is being touched by the ramp. The
ramp is a type of “inclined plane”, which we treat as a
“surface”. A surface can exert both a normal force and a 5,
frictional force on the object. The problem confirms that My,
there will be friction in this case. =

We know that kinetic friction applies for this problem e
because the box is sliding. b

)

g
/

The rule for the direction of the weight force is: The weight force always points straight down.

The rule for the direction of the normal force is: The normal force points perpendicular to, and
away from, the surface that is touching the object.

The surface touching the box is the ramp. So, on this problem, the normal force points
perpendicular to, and away from, the surface of the ramp.

The rule for the direction of the kinetic friction force is: Kinetic friction points parallel to the
surface, and opposite to the direction that the object is sliding.

The box is sliding down the ramp, so for this problem the kinetic friction points “parallel to, and up,
the ramp”.
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Free-beody dieyrem
W= My ¢ kowing < | &he [orces
= §9.8 g dhe hex.

=T78.4N A
— R
Tr= Pan Ny

’0‘3/" W \\\

It is usually best to choose an axis that points in the object’s direction of motion. The box moves to
parallel to, and down, the ramp, so we choose a positive x-axis that points parallel to, and down, the
ramp. And let’s choose a positive y-axis that points perpendicular to, and away from, the ramp.

Write down your axes, as shown above.

The friction force is anti-parallel to the x-axis, and the normal force is parallel to to the y-axis,, so
we can use this rule to break the friction force and the normal force into components:

If a vector is parallel or anti-parallel to one of the axes, then:
the component for that axis has the same magnitude and direction as the overall vector, and
the component for the other axis is zero.

The weight force is neither parallel nor anti-parallel to either axis, so we will need to use the SOH
CAH TOA approach to break the weight force into components, as shown on the next page.
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To break the weight vector into components, draw a right triangle whose legs are parallel to the
axes. Our x-axis is parallel to the ramp, and our y-axis is perpendicular to the ramp. So we draw the leg
for the x-component parallel to the ramp, and the leg for the y-component perpendicular to the ramp.

Use this rule to determine the directions of the components: The components are supposed to
represent the overall vector. Therefore, the head of a component arrow should be at the head of the
overall vector, and the tail of a component arrow should be at the tail of the overall vector.

Use geometry to determine the angles inside the right triangle.

3T opp cay B =227
3 hyp j"?’/

T | W] Co335° | Wy

S?/\'ggot ]WKJW'j?‘L!CDSESUTJ]wy/ ':2“?7’%
-4 =W

| x| =H5.0 N Jw,l= &%2V
w?{‘:;i{{}\/ WV?—éH.lN

We use absolute value symbols in our SOH CAH TOA equations to indicate that the SOH CAH
TOA equations can only tell us the magnitudes of the components. We determine the signs of the
components (“+” or “-”) in a separate step, based on the directions of the component arrows in our right
triangle.

It is crucial to include a negative sign on w, for this problem. If you include a “+” sign in front
of positive components (such as “w, = +45 N”), you are more likely to remember to include the crucial
negative signs in front of negative components, such as w,.
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Now we can add our results for w, and w, to our Force Table.

Force Table

W= T8UN [N ra" 03

w’X: +L)§N ﬂ(x—l— O —F}{f)(: - O,gn
P = &

LMI?’ ?)\/Jﬂ7 L ;Ry - O

It is crucial to include a negative sign on wy and fi, for this problem. If you include a “+
sign in front of positive components (such as w, and n,), then you are more likely to remember to
include the crucial negative signs in front of negative components.

Next, we can use our Force Table to set up our Newton’s Second Law equations, as shown below.

If an object is motionless in a component, or if an object moves with constant velocity in a
component, then that component of its acceleration is 0.

In this problem, the box is moving parallel to the ramp, in the x-component. The box has no motion
perpendicular to the ramp, in the y-component. Because the box is motionless in the y-component,
a, = 0. Substitute zero for a, in the Newton’s Second Law y-equation, as shown below.

There is no reason to substitute zero for a,. (In fact, since the box is beginning to slide from rest, we
know that a, cannot be zero.) Remember, we plan to use a, as our connecting link between our
Newton’s Second Law framework and our kinematics framework. Since we do not know what a, is, we
simply continue to use the symbol a, in our Newton’s Second Law x-equation.

Next, we can use our Force Table to set up our Newton’s Second Law equations.

- M é F -
=N yN+f =Ma
Wx +NyF ’Fkx A WY n?’ F&y 7
-6421n40=3-0
~09.24A= 0O

Ty 10 4(-3m) =80y
_3In"Fay

For this problem, our plan is to apply both the Newton’s Second Law problem-solving framework
and the general one-dimensional kinematics framework. Now is a good point to pause with our work
on the Newton’s Second Law framework, and to shift to the preliminary steps for executing the general
one-dimensional kinematics framework.
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An 8 kg box starts sliding down a ramp which is at an angle of 35° to the horizontal. The box
begins sliding from a height of 5 m. The coefficient of kinetic friction is 0.3.
How long does it take the box to reach the bottom of the ramp?

Now is a good point to pause with our work on the Newton’s Second Law framework, and to shift
to the preliminary steps for executing the general one-dimensional kinematics framework.

There are two types of kinematics in an introductory course: (1) “constant velocity”, and
(2) “constant acceleration with changing velocity”. Which type of kinematics applies to this problem?

The problem says that the block “starts sliding down the ramp”. This wording implies that the block
begins its motion from rest. This means that the block’s speed starts from zero and then increases. This
means that the block’s velocity is changing. (Speed is the magnitude of velocity, so changing speed
means changing velocity.)

So the velocity is changing, not constant.

Is the acceleration constant? The acceleration is determined by the net force. The forces we have
identified in our force table are all constant. (The weight is constant at 78.4 N. The normal force will be
determined by its interaction with the weight force, so the normal force will be constant. The kinetic
friction force will be determined by its interaction with the normal force, so the kinetic friction force
will be constant.)

Since the forces are all constant, the net force on the object is constant. According to Newton’s
Second Law, the net force determines the acceleration, so when the net force is constant, we know that
the acceleration is constant.

So for this problem we apply constant acceleration with changing velocity kinematics. The object

is moving only in the x-component, so we apply kinematics only to the x-component. (On the other
hand, there are forces in both components, so we apply Newton’s Second Law to both components.)
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For a kinematics problem, build as much kinematics information as possible into your sketch,
as shown below.

We have labeled the key points in time: ¢, the point when the problem begins; and t;, the point
when the problem ends. Set t, = 0.

We have labeled the object’s path of motion, from the position at the top of ramp at time ¢, to the
position at the bottom of the ramp at time ¢;.

The problem says that the block “starts sliding down the ramp”. This wording implies that the block
begins its motion from rest. This means that the block’s speed starts from zero. This means that
vox = 0. (Speed is the magnitude of velocity.) We will apply kinematics to the x-component, so we focus
on the x-component of the velocity.

Notice that we build this information about vy, into our sketch, as shown below.

We label ¢, as our “initial” point (“i”) and t; as our “final” point (“f”). The “initial” and “final”
points are defined as the two points that we will be substituting into our kinematics equation.

The problem is asking us for the time that elapses between the initial point and the final point. We
can represent this concept with the symbol At, so we write “? = At”.

And we can build the question into the sketch, as shown below.

When possible, represent what the question is asking you for with a symbol. And when possible,
build the question into your sketch.

oo S

Build as much information as you can into your sketch, as illustrated above.
Draw a large sketch, so that there is ample room to fit in all the pieces of information which we
would like to build into the sketch.
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We don’t know yet which of the three kinematics equations we are going to use, so instead of
writing a kinematics equation, we simply list the five kinematics variables for the x-component:
At, AX, Vi, Vi, g

.

We arrange the Newton’s Second Law x-equation, the Newton’s Second Law y-equation, and the
kinematics setup in three adjacent columns.

Always try to use the exact right symbols, including the exact right subscripts.

Notice that some of the kinematics variables involve two subscripts: We use x subscripts to indicate
that we are applying kinematics to the x-component. And we use i and f subscripts to distinguish the
initial velocity from the final velocity.

Next, we have to determine Ax!
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Now, we determine the value of Ax, the box’s displacement. To be precise, Ax stands for the x-
component of the box’s displacement. (The box is being displaced parallel to the x-axis, so the y-

component of the displacement is zero.)

Notice that we have labeled the “initial” and “final” points on the path below (“i” and “f”). Ax
represents the displacement between those initial and final points; notice that we have built a label for
Ax into the sketch. The 5 m vertical height of the ramp does not represent Ax!

We can use SOH CAH TOA to determine Ax.

Vox=0 ~ e
D R
- Jx

ady
SoH CAH TOA
Sia3% =888

We use absolute value symbols in our SOH
CAH TOA equations to indicate that the SOH
CAH TOA equations can only tell us the
magnitude of the displacement component. We
determine the sign of the component (“+” or
“-”) in a separate step, based on the direction
of the displacement in the sketch.

In this problem, the object is displaced in
the “+” direction (down the ramp) so Ax is
positive.

Here are the steps we used in our SOH
CAH TOA process:

Label the angle you are focusing on with an
«“#”_Label the sides of the triangle as “adj”,
“opp”, and “hyp”. Write down the general
SOH CAH TOA equation that is appropriate
for the problem. Then, plug in specifics, and
use algebra to solve.

Notice that, for this problem, the SOH CAH TOA algebra indicated that we needed to divide 5 by

sin 35°, rather than multiplying 5 times sin 35°.
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Now, we build the value for Ax into our sketch so that we can check whether our result makes
sense.

N

Check: The hypotenuse should be the longest side of a right triangle. So it makes sense that our
result for the length of the hypotenuse (8.7 m) is greater than the length of the side (5 m). If the length
of the hypotenuse were less than 5 m, then we would know that we had made a mistake.

Moral: Don’t assume that the number you are given in the problem is the number you need to
plug into your equations, even if it has the correct units.

This problem gave us the number 5 m, which has the correct units for Ax. Nevertheless, 5 m is not
the correct number to plug into our kinematics equations for Ax. The correct number to plug into the
kinematics equations for Ax is the number we figured out using SOH CAH TOA, +8.7 m.

Were you able to successfully use SOH CAH TOA to determine Ax? If not, the way to improve
your SOH CAH TOA skills is to write down all the steps, as illustrated on the previous page. Don’t
skip any steps of the SOH CAH TOA process unless you are already always getting SOH CAH TOA
problems correct. And if a problem seems a little different than what you are used to, be especially
willing to write down all the steps of the SOH CAH TOA process.
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We continue writing specific values and symbols in our kinematics framework.

Write the value we have determined for Ax in the kinematics setup, as shown below. Remember that
it’s a good idea to include a plus sign in front of a positive component, since that will help us to notice
when we need a negative sign in front of a negative component.

If an object starts at rest, then the initial velocity is zero; if an object ends at rest, then the final
velocity is zero.

The problem says that the block “starts sliding down the ramp.” This wording implies that the box
begins sliding from rest, so v, = 0. We already included vy, = 0 in our sketch, as shown above. Now
write this value for v;, in the kinematics setup, as we have done below.

Most general one-dimensional kinematics problems will involve an object that either begins or ends
at rest.

The question is asking for At. Build a “?” into your kinematics setup to indicate this question, as
we have done below.

e

éFx:Max 2):730/1&7 A+ \&'}( )\/.-.X/\/M}O.X

we b M FHaTMO (Wy 30y F TRy MRy [ vy g, O v
Ys+ O H(~3)38Qx |-642+ 1 + O =%(0)

ys *.3ﬂ:80x 612+ 1 =0
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=
é}:xzn/)dx £F = Moy, A+ ]A'X J\/,-.X}\/*X Qy
'l'f'\x'}“;hx‘qu (/\) 4n7+ g:k ~MOL>, Ai’ +§Im, OJ Vix  Qux
b et (O He 3080 “Ghaent O8(0) [ BT ’

—_— ‘-80 —69-1+A :O
Ys « 90 &
I 7 s e
2 u/\hﬂbwns

Our kinematics setup has two knowns (Ax and v;,). The kinematics equations each contain four

variables. So, to solve a kinematics equation, we need to know three of the kinematics variables. So we
aren’t ready to pick a kinematics equation yet.

The x-equation for Newton’s Second Law has two unknowns (a, and n). Since x-equation has two
unknowns, we aren’t ready to solve it yet.

The y-equation for Newton’s Second Law has only one unknown (n). Since the y-equation has only
one unknown, we are ready to solve it for n, as shown below.

e
£ Fx = ™o g Fyima, | At A% Vix,V,, O
W +NFFa= MU | Wyrngf=may | QAE, +m, O V'x, Qi

Ls +04C- In)=fa, [ -672tn +0=3-0

—6Y.24tn= 0O
U5 = = ¥a,. Y2 64,2

n=649.2N
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Substitute the value of n we determined from the x-equation for Newton’s Second Law into the y-
equation for Newton’s Second Law.

For constant acceleration with changing velocity kinematics: When you know values for three
kinematics variables, you are ready to choose a kinematics equation.

We still know only two kinematics variables, so we are still not ready to choose a kinematics
equation.

After substituting 64.2 N for n, Our Newton’s Second Law x-equation now has only one unknown
(ay), so we can now solve the Newton’s Second Law x-equation for a,.

?
éF'x = Mo, ¢ Fyrma, |} At AX v‘* \/ y Sa
W1+ﬂ)(+ ka‘::mc;x ‘ U\)yd-/}),-n-hytmo), Af +87m 3 J?CJ Ll o
L§+O+f‘-3"‘>:ga* *6"),’2+V\+O—8-O ﬂ\ /g
) =4 E = D
45 - 3n=Foax) Tb1.2 Tyt \P\mbwﬂg

45 -3(642) =8 ax BE=R

G "40.22 "3
Notice how we keep our work organized by arranging our math in three columns.

Remember that, earlier, we said that the forces on the box will be constant, so that the box’s
acceleration will be constant. Now we can confirm that prediction.

We have now determined the magnitude of each of the three forces: w=45 N, n=64.2 N, and
fi=19.26 N (we determined f, in the course of our work on the Newton’s Second Law x-equation).
These values apply for the entire interval between the initial point at the top of the ramp and the final
point at the bottom of the ramp. Therefore, we have confirmed that all of the forces will be constant
during this entire interval.

We used the values for the three force magnitudes to determine the box’s acceleration, which turned
out to be a, = +3.22 m/s?. This value for the acceleration applies during the entire interval between the
initial point and the final point, which confirms that the acceleration will be constant during this
interval. This confirms that we are justified in applying constant acceleration kinematics to solve the
problem.
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Now that we have used the Newton’s Second Law framework to determine a,, we can substitute our
value for a, into the kinematics framework. (Remember, acceleration is the “connecting link” between
the Newton’s Second Law framework and the kinematics framework.)

Now we can treat three of the kinematics variables as “knowns” (Ax, v, and a,). Remember, we
know that v;, = 0 because the wording of the problem implies that the object begins from rest.

When you know three of the kinematics variables, you are ready to choose a kinematics equation.
We want our kinematics equation to include our three knowns, and we also want it to include Az, since
that is what the problem is asking for. So we pick the kinematics equation that is missing v, since that
is the one kinematics variable that we don’t care about for this problem. The equation that is missing v

1s szviXAH%ax(At)z.

Kinematics Equations for constant a, with changing v,

X equations missing
variables
Ax=vi.x.ﬂt+%ax[dt]2 Vi
v;=vfx+20xﬂx At
Ve =Vyta, At Ax

?

2 Fyma, | At | AX Vix Yy, O
Wy sMmay | NE, HOm O ) Vhx, Qx
-6421140=3-0
~6424n=0
F642  +61.2 | D= Vi bt * o (ad

n=64.2N g7 = O M +5029(4d)°

3 knowns —— #3227

g8 = __5n:570x

45 - 3(69.2)= 80
ys — 1926 = POk

)

25,74 = ¥ox
SN =05
8 K

Q,=+3.22%

It is a good habit in physics to write the general equation before you plug specific numbers or
symbols into the equation.

: : . . 1
Notice that we wrote the general kinematics equation, Ax=v, At+ 5 a,(At), before we started

plugging specific numbers into the equation.

Other examples: We wrote the general Newton’s Second Law equations, XF, = ma, and XF, = ma,,
before plugging in specifics. We wrote the general special formulas for weight and kinetic friction
magnitudes, w = mg and f = pn, before plugging in specifics.

As a beginning physics student, you will make fewer mistakes and have better understanding if you
make it a habit to write the general equation before plugging in specifics.
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Now we can solve the kinematics equation for At.
Any positive number has both a positive square root and a negative square root. Should we take the

positive or the negative square root of 5.4? At stands for time elapsed, a concept which can never be
negative. So we should take the positive square root of 5.4.

To simplify the math, we did not include units when we plugging numbers into the kinematics
equation. But you should include units when you finish solving the equation. Since all the numbers we

plugging into the equation were in S.I. units, we can trust that our result will come out in S.I. units. The
S.I. units for time are seconds.

Vi, Be sure to include units on your answer.
Vox=0O B e
i T

ﬁ/‘ S\,}Qr;
T 4 Lehes dhe box 73 ¢
fo [eoch “flﬂoJ"FoM of theramp.
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Do our results make sense?

b 4
Q:*+3.22% N=64Y.2N Atz 2.32s <1,

Does it make sense that our result for. n is positive?
n represents the magnitude of the normal force, and a B
magnitude can’t be negative, so, yes, it makes sense that n came J‘:k
out positive.

Does the size of our result for n make sense? To prevent the box
from beginning to move down into the surface of the ramp, 7
must cancel w,. So we must have: n = |w,|
So, yes, it makes sense that:

n=642N = |w,| e
Therefore, in the new Free-body diagram on the right, I have now R [ .
drawn the length of the w, arrow equal to the length of the n
arrow.

Does the sign of a, make sense? Our result for a, came out positive, indicating an acceleration
pointing parallel to, and down, the ramp.

The box started from rest and then began moving down the ramp.

In general, the direction of the acceleration vector does not indicate the object’s direction of
movement. But, if an object starts from rest, then the direction of the acceleration vector does indicate
what direction the object will begin moving.

The only way the box could begin moving down the ramp would be if it experienced an
acceleration pointing down the ramp. So, yes, it makes sense that the acceleration points down the
ramp.

Does the magnitude of a, make sense? Our result for |a| is less than the magnitude of free-fall
acceleration (3.22 m/s* < 9.8 m/s?). Does that make sense?

9.8 m/s* is is the magnitude of the acceleration that would be caused by the full force of the object’s
weight, unimpeded by any other forces.

In this problem, the acceleration down the ramp is being caused, not by the full weight force, but
only by w,. Furthermore, a portion of w, is being cancelled by ]?k . For both of these reasons, yes, it
makes sense that the magnitude of the acceleration is less than the magnitude of free-fall acceleration.

Intuitively, it should make sense that an object that slides down an incline will accelerate less
quickly than an object that is dropped into free-fall.

At (time elapsed) must be positive, so in our solution we took the positive square root of 5.4.

Does the size of At make sense? Is it reasonable that a box could slide down a ramp from a height
of 5 m in about 2 seconds?

1 m is roughly 1 yard, so 5 m is roughly 5 yards. 1 yard is 3 feet, so 5 m is roughly 15 feet.
Therefore, the box is sliding down the ramp from a height of roughly 15 feet. I think it does seem
reasonable for the box to slide down a 15 foot tall ramp in about 2 seconds.
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Recap

Don’t assume that the number you are given in the problem is the number you need to plug
into your equations, even if it has the correct units.

This problem gave us the number 5 m, which has the correct units for Ax. Nevertheless, 5 m is not
the correct number to plug into our kinematics equations for Ax. The correct number to plug into the
kinematics equations for Ax is the number we figured out using SOH CAH TOA, +8.7 m.

If you were unable to determine Ax for this problem, you can get more practice with the SOH CAH
TOA process from my video series “Sine, cosine, and tangent: SOH CAH TOA?”, available on my
website.

Begin the kinematics column with a list -
of the five general kinematics variables. .
Underneath this list, write the specific . >
numbers and symbols that apply for the A % A'x '1,; P X \J (J
- N | J J'T X .
kinematics variables for the problem you are !

working on, as shown at right. A -i- + 8 ‘7 m, O \j Q
When appropriate, label the kinematics ) T T ) I X J T:(

variable that the question is asking you for

with a “?”, as shown at right. nn
When you know values for three of the ’?) h.ﬂ owN S > +322 g2

kinematics variables, you can choose a

kinematics equation. Choose the equation that is missing the variable that you do not care about. For

example, on this problem, we did not care about the variable v4. Therefore, we picked the kinematics

equation that was missing At: Ax=v, At+ % a (At)

Remember that for this problem, we know that v;, = 0, because the wording of the problem (“the
block starts sliding down the ramp”) implies that the object began from rest.

When combining Newton’s Second Law with one-dimensional kinematics, use the “three-column
approach” for organizing your work which we demonstrated on the previous pages of this solution.

To determine the order in which to work with the columns, count the unknowns for the Newton’s
Second Law equations, and count the knowns for your kinematics framework.

When a Newton’s Second Law equation has one unknown, you’re ready to solve it.

When you know values for three kinematics variables, you’re ready to choose and solve a
kinematics equation.

On this problem, we used ay as the “connecting link” between our kinematics framework and our
Newton’s Second Law framework. We used the Newton’s Second Law equations to determine a,, then
plugged our value for a, into the kinematics framework.

But remember that, on the previous problem, we first used the kinematics framework to determine
a,, then substituted our value for a, into the Newton’s Second Law equations.

Also keep in mind that, for a problem in which the object is moving in the y-component, we would
use a,, rather than a,, as the connecting link between the frameworks.
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Video (6)
Here is a summary of some of the key steps in the solution for part (a):
Free-body Qieyromn
m?) m@x¥ }j n gl.;wm‘j GP; bhe [orceg
“‘Lf(q 8) “0—25_/1 on the hlocR
= 392N N
F:PP
max T
///
"
P <
Y
Forcz th}'i \/%
W)= 39.2 N ML Mox -FS:O_'ZS-A I:QM t__mqggij’t\.j:ﬁ :,/ttil:jj
I\Mj{ = "']3."f~ ﬁo{ i O MC\X stro.‘l‘.fﬂ F“PP-":+FQP,° g C oMy oA oAt s
Wy=-36.8N [Ny =N lmax b2 O | E <
fo:mgx & F = P
by & €lx +MmoxX st Fappx“?;‘x bd + ﬂy +mox I':s'y Ezpfy (O)
-Ylo 1
,]3"{+O+(25ﬂ) Fapp =1 [ 3540+ ©
=) -3L.8 +n 3 A
"'|3Li "'-Zgﬂ ¥ f"nﬂn 5 +3L ?
" 25(36 3)+Fa =0 +36.% . :
=]3: . L T
"'13L‘]' "'92 +F&ppﬂo rl-"' 6:
L ¥ P 50
+22.6 +22.6
et SERR e ————
Fapp 22.6N
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Here is a summary of some of the key steps in the solution for part (b):
Free-body Qiejrem

: 4F = n ¢ howing cll 2hr [orceg
w:m3 k /u"? on the hlocR
sy@Eg = ]
= 392N .
A =
» e
il L. ™

Force Takle ’</7oc

magaifuder oF €N E

L= 3(:?.2 N | L -Fk-:o‘fn EM‘-'-ZZ.QH o 901,{._,0” vectors
waa:h"?"q"u P"X:o o ~0.1n Fp :+22.EN§ poneats
B . u appX CDMpE oA EA
ly==36.8 N | Ty =*A Fy = O Fwy = O
fo:mox £ by~ Py
= may f +E _ sma
bl ¥ Flise T LS L s # g ™ ky 3 Of“f")’:q (03’
%4—@4(—010*22@1%1 368 +n + O 0
-13. * . " S
-134 — 1K 4226310k 3087 +3¢.8
g (368226290, = 36.8N
T - 3.8 22620 i
552 YUx |
5.52 =90,
Yy 9

Q,=+].38 %
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Here is the step-by-step solution.
Part (a):

A block of mass 4.0 kg is sitting on an inclined plane. The plane is inclined at an angle of 20° above the
horizontal. The coefficient of static friction between the plane and the block is 0.25; the kinetic friction
coefficient is 0.10.
Suppose that someone exerts a force on the block parallel to the incline.
(a) What minimum force must be exerted on block to get it started moving up the incline?
(b) If this force is continually applied, what will be the acceleration of the block once it starts moving
up the incline?
(Q) P32 misimum FQPF to mahg thg

block stard mou]ﬂ‘j wp the inchine

/ =horderlinge anﬂ at which thabloch
15 on the borderling betwern fhou;ﬂj up
£he inclin® and Aot moving
AS SuUmg 'éAG'é Fa-pp s at thay borderllne Velue,

V20

The problem mentions the concepts of mass, friction force, applied force, and [in part (b)]
acceleration, all of which fit into a Newton’s Second Law framework. So we plan to use the Newton’s
Second problem-solving framework to solve the problem.

The concept of acceleration also fits into a kinematics framework. But there are no other kinematics
concepts mentioned in the problem, so we do not expect to need a kinematics problem-solving
framework for this problem.

When possible, represent what the question is asking for with a symbol, or a combination of
words and a symbol:
(a) ? = minimum F, to start the block moving

We interpret the question as asking for the magnitude of the applied force, since the direction of the
applied force is already given in the problem. We use the symbol F,,, written without an arrow on top,
to stand for the magnitude of the applied force.

Although the problem refers to the “minimum” applied force, what the problem is really asking for
is the borderline applied force—the value of F,,, for which the block is just on the borderline between
starting to slide up the incline and not starting to slide. So we can rewrite the question as shown above:
(a) ? = borderline F,,, at which the block is on the borderline between sliding and not sliding

Therefore, in order to solve the problem, we will assume that F,,, is at the borderline value, at

which the block is on the borderline between sliding up the incline and not sliding. We have written
down this assumption, as shown above.
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ThS® hlo ¢ R

does glid-
up the incline

Jo€Ss AU{- slide.

|
|
|
|
|
I
i
] “ PP
borderline

Fopp=:

When F.,,, is equal to the “borderline” value, you can assume either that the block will slide, or
that the block will not slide, whichever is convenient for solving that part of the problem.

As shown in the diagram above, when F,, is less than the borderline value, the block will not begin
to slide.

And when F,, is greater than the borderline value, the block will begin to slide up the incline.

What happens if F,, is equal to the borderline value, as in part (a)? Surprisingly, at the “borderline”
Fqp, we can assume either that the block will slide up the incline, or that the block will not slide,
whichever is convenient for that part of the problem.

It turns out that, for a “minimum or maximum problem involving whether an object will slide”, it is
convenient to assume that the object will not slide. Therefore, for part (a), we will assume that the
block will not slide at the borderline F,,,—even though the wording of part (a) refers to the object
starting to move! This may seem strange, but it is a valid problem-solving technique.

Since we will assume for part (a) that the object does not slide, our plan for part (a) is to use static
friction, rather than kinetic friction.

Since the object will be on the borderline of sliding, for part (a) we should apply the maximum
static friction. The reason that the object is on the verge of sliding is because static friction is “maxed
out”.

Write down all the assumptions we are making for part (a), as shown below:

- (G) 22 minimum qup to mahe f“'t .
'_5"___ O block sto,4 ,u.ovjnj wp the sacling
N = horderlat Fqu at which thebloch
IS on the borderling brtween mauif'j b
4he incling and net modiﬁj
Assumsg that Fayy is ot £he borderlise Velue,
Assuma {:L‘d{, ak kht bacirrliny FGPFJ
3 20° the blechk does nst slide.
Since we are assuming in part (a) that the object does not slide, the velocity in part (a) will be zero.
Write down that the velocity for part (a) will be zero in your sketch, as shown above.
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The problem mentions the mass of the block. This is a clue that our Free-body Diagram should
focus on the block. Draw a Free-body Diagram showing all the forces being exerted on the block.
General two-step process for identifying the forces for your Free-body Diagram:
(1) Draw a downward vector for the object’s weight.
(2) Draw a force vector for each thing that is touching the object.

In this case, the block is being touched by the surface of the inclined plane, which exerts both a
“normal force” and a “friction force”.
We know that static friction applies for part (a), because for part (a) we are assuming that the
block is not sliding. We apply maximum static friction, because the block is on the verge of sliding.
The problem also refers to a force that is being exerted by “someone” on the block, parallel to the
incline. We will describe this as an “applied force”, symbolized by F wp -
Here is the rule for determining the direction of the maximum static friction force:
1. Ask, in what direction are we imagining the object to be on the borderline of sliding?
2. The direction of the max f . is parallel to the surface, and opposite to the direction determined in
step 1.
In part (a), the block is on the borderline of sliding up the inclined plane.
Therefore, the direction of the max f . will be parallel to, and down, the inclined plane. This is the
direction required to prevent the block from sliding up the incline.
This is the first inclined plane problem we’ve seen in which the friction force points down the
incline, rather than up the incline.

The proble_rp specifies that the Epprwdos gy dieyromn

direction of F,,, is parallel to the o Bgeiay wll Abe Fures
?nclined plane. Since the applied force i Dkn Eleek

is on the borderline of causing the R

block to begin to slide up the inclined =3

plane, we know that the direction of /

F,, is parallel to, and up, the
inclined plane.

(Notice that the direction of F wp 1S F.

not horizontal.) =
— _FS I/

The weight force always points e
straight down. e
e
/
The normal force points il
perpendicular to, and away from, the 2 R [ 'a?

surface that is touching the object.
So, on this problem, the normal force points perpendicular to, and away from, the surface of the
inclined plane.
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._;
N
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M OX .FS = Sn ///
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| - | Qpﬁ
Wiy = Nx = O |max Fsx™0257 ) | =+ Fapp
.‘ . =+n | = - -
Wy D\f lma’( 'Fsy o I‘*'mv -0

It is usually best to choose an axis that points in the object’s direction of motion. For part (a), we are
assuming that the block is motionless; but the block is on the borderline of moving up the incline.
Furthermore, in part (b) the block will indeed be moving up the incline. So we choose a positive x-axis
that points parallel to, and up, the incline. And let’s choose a positive y-axis that points
perpendicular to, and away from, the incline. Write down your axes, as shown above.

This is the first inclined-plane problem we’ve seen in which we’ve chosen a positive x-axis
pointing up the incline.

Remember that for part (a) we have decided that we are applying maximum static friction.

There is a special formula for the magnitude of maximum static friction: “max f; = psn”. We apply
this special formula to represent max f; in our Force Table. For part (a), be careful to use 0.25, the
coefficient of static friction, rather than 0.1, the coefficient of kinetic friction.

We are not given a value for the magnitude of the applied force, F,,. [After all, F,, is what part (a)

is asking for.] And there is no special formula for the magnitude of the applied force. So we simply
represent the unknown magnitude of the applied force by a symbol, F,,,.
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For this problem, p,=0.10 and p,=0.25. These values are consistent with the rules above:
For this problem, both i and p; are between 0 and 1, in accord with the rules above.
And, for this problem, pi < s, again in accord with the rules above.

The “max f; = p;n” formula only applies when we assume that static friction is at its maximum. If
we were not assuming that static friction is at its maximum, then there would be no special formula for
representing the static friction.

In an introductory course, most static friction problems will involve maximum static friction, so, for
most static friction problems you can use the special formula “max f; = pn”.

But you may occasionally see a static friction problem in which you are not assuming that static
friction is at its maximum. For such a problem, you can not use a special formula to represent the
magnitude of the static friction.
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In this problem, the weight vector is neither parallel nor anti-parallel to either axis, so we need to
draw a right triangle in order to break the weight vector into components.

We can use this rule to draw Wa
the components of a vector: 2
Draw a right triangle, with the >
overall vector representing the \7 o
hypotenuse, one leg of the - o w=2392N
triangle parallel (or anti-parallel) " Wy~
to the x-axis, and one leg of the e
triangle parallel (or anti-parallel) g Sl C
to the y-axis. The two legs of the _~ 7~ Z_O D T
right triangle represent the x-
and y-components of the vector.

Our x-axis is parallel to the incline, and our y-axis is perpendicular to the incline. So, we draw one
leg of the right triangle parallel to the incline, and we draw the other leg of the right triangle
perpendicular to the incline. We use the overall vector w as the hypotenuse of the right triangle.

We can use this rule to determine the directions of the components: The components are supposed
to represent the overall vector. Therefore, the head of a component arrow should be at the head of the
overall vector, and the tail of a component arrow should be at the tail of the overall vector.

The overall vector points away from point A, so w, points away from point A.

The overall vector points toward point C, so w, points toward point C.

Use these directions for the components to determine the signs for the components: w, points in the
negative x-direction, w, points in the negative y-direction. We have added these signs to the sketch.

This is the first problem we’ve seen in which both components of the weight force are
negative. It is crucial to get both of those negative signs correct!

4]

Next, use geometry to find Wy=-
the angles inside right triangle
AABC. B, A
Begin by extending line - e
AC down to point D, and by i w=39.2N
extending the horizontal line _— — oy
from point E to point D. This P 7
creates a new right triangle, S =
AADE. e Pk B :
The acute angles in a - - — — — -
right triangle add to 90°. E D

In right triangle AADE, the acute angles are 6 and a.
So 06+ a=90°so 20°+a=90°soa=70°

In right triangle AABC, the acute angles are o and (.
Soa+[=90°so070°+=90° sof3=20°.
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We choose to focus on the 20° angle inside the small right triangle, since that matches the
angle we were given in the problem. Therefore, our assignment of the “opposite” and “adjacent”
legs is based on the 20° angle, not on the 70° angle. Mark the 20° angle with an asterisk (*) to
indicate that that is the angle we have chosen to focus on.

The length of the hypotenuse (39.2 N), representing the magnitude of the overall weight
vector, was calculated earlier from the w = mg special formula.

hyp Y
w=39.2N \/X

Sod CAH TOA

ais 0 * o Cog 20 7 &9
b PP

cia20te [l cosz0= Ly
T % 9.3

33-1‘51‘/1?0": lk\i’i—,% 399« Cal 20 "= JUJ: } I3
S S

wal= 13N w36 N
U\)q(T‘“]B'L/N W7:”36.9M

We use absolute value symbols in our SOH CAH TOA equations to indicate that the SOH CAH
TOA equations can only tell us the magnitudes of the components. We determine the signs of the
components in a separate step, based on the directions of the component arrows in our right triangle.

This is the first problem we’ve seen in which both components of the weight force are
negative. It is crucial to get both of those negative signs correct!

www.freelance-teacher.com


http://www.freelance-teacher.com/

NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (6)

Add your results for w, and w, to your Force Table.

Fofcg TCXI/J}Q \Y/"

w=332NM N mox OB (. gy SR
wk b “-}?)L”\/ ﬂ‘X ) O maoXx sti-—ﬂ_ilgn F&’P.x: + Faff CdmMup oA eatS

WY:—36.?N ﬁ\/:+n MOJ(‘FS),:O ]';W -

It is crucial to include negative signs for w,, w,, and max f...
You should include plus signs in front of positive components (such as n, and F,,,,), because that
will help you remember to include the crucial negative signs in front of negative components.

Next, we can use our Force Table to set up our Newton’s Second Law equations, as shown below.

If an object is motionless in a component, or if an object moves with constant velocity in a
component, then that component of its acceleration is 0.

For part (a), we are assuming that the object is completely motionless.

So, for part (a), the object will be motionless in both the x- and the y-components.

So, for part (a), we can substitute a, = 0 and a, = 0 into our Newton’s Second Law equations.

fo:fv‘Ox 8 g

J; + I M Ay o +max!‘:$7+
+ Ny tABY T Toppx W
il B e e 8 &, TE =D
.13 g+ 0 +(250) 7 Fapp B

' =0 ihE T =

ey _ 25n +Fapy

Remember that, at the borderline F,, it is valid to assume either that the block will slide, or that
the block will not slide, whichever is convenient for the part of the problem that you’re working on. We
have said that, for “minimum or maximum problems involving whether an object will slide”, the
convenient assumption is that the object will not slide at the borderline. Now you can see why that
assumption is convenient for this problem: it allows us to substitute O for a,.

Moral: For “minimum or maximum problems involving whether an object will slide”, assume

that the object does not slide at the “borderline” value, and use that assumption to determine a, and
a,. Use “max f; = ps;n” in your Force Table.
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fo:f‘”‘C‘x & F,= ey
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The Newton’s Second Law x-equation has two unknowns (n and F,,), so we are not ready yet to
solve the Newton’s Second Law x-equation.

The Newton’s Second Law y-equation has only one unknown (n), so we can solve the Newton’s
Second Law y-equation for n, as shown below.

After solving for n, we substitute our result for n into the Newton’s Second Law x-equation.

At this point, the Newton’s Second Law equation has only one unknown remaining (F), SO we are
now ready to solve the Newton’s Second Law x-equation for F,,,, as shown below.

# I = Py 2 by P

Sma
S 30y tmax By Hheppy= 70
L)y # Nx tMmox Tsx FPX v ¥ .
];q+0+('.25“) * FQPP =4(0) Figtm* o 0 —’7’(0)
' _ asA#Fagp =0 )] R6EIL =0

:mc‘x w

R ) 1368

-13.4 . 25(3b.8) g =0 135 -
’ - = ¢

_‘]3[‘{ __q,z *Fa)o/o O /‘1—36, N

227, b+ Fep,=0
127 L 2.t

;:W: 22.6N

Raswer to (O)

A minsmum Sorce oF 23N must
be exerted on £he block +0 Set
it started mou'mj up the incline.

While solving part (a), we assumed that the block does not start to move at the borderline F,.
Nevertheless, in our answer to part (a), we interpret the borderline F,, as the minimum force required
to make the block start moving. Again, this is valid because, at the borderline F,,,, you can assume
either the block will slide or that it will not slide, as is convenient.
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Do our results for part (a) make sense?

éJFx:mOx é‘F :fmq),
g ¥ Dhy FPAHS Foa ¥ F"‘f’/"‘“mgx Wy * Ny +I"\U>($S' Fc—ﬁ/‘7 (
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]31{ Y ;FQN— A= 36.2N

+27 Q +22.6
FO,D/): 22~6N
Nn=36.8N
]Wx""u 4N

/2/0__ TP a—

Does it make sense that our result for n is positive? n represents the magnitude of the normal
force, and a magnitude can’t be negative, so, yes, it makes sense that n came out positive.

Does the size of our result for n make sense? The block begins at rest in the y-component.. w, is
trying to begin the object moving into the surface of the incline. To prevent the block from beginning to
move into the surface of the incline, 7 must cancel w,.

So, yes, it does make sense that n = 36.8 N = |w,|. So, yes, the size our result for n does make sense.

Does it make sense that our result for F,, is positive? Yes, because the symbol F,,, stands for the
magnitude of the applied force, and a magnitude can never be negative.

Does the size of our result for F,,, make sense? The block begins at rest and, in part (a), we assume

that the block remains at rest. So, to prevent the block from beginning to slide, we see from our Free-
body diagram that F wp Must be exactly canceled by the combination of max fs and w,. So we
must have F,,, = max f; + |wy/. This is indeed the case: max f; + |w,| =9.2 N+ 13.4N =226 N =F,,
(Notice that the value of 9.2 N for max f; was calculated during our work on the Newton’s Second x-
equation, as shown above.) So, yes, our result for the size of F,,, does make sense. In the Free-body
diagram above, I have drawn the length of F op €qual to the sum of the lengths of max fs and w,,

to reflect this relationship.
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Part (b):
A block of mass 4.0 kg is sitting on an inclined plane. The plane is inclined at an angle of 20° above the
horizontal. The coefficient of static friction between the plane and the block is 0.25; the kinetic friction
coefficient is 0.10.
Suppose that someone exerts a force on the block parallel to the incline.
(a) What minimum force must be exerted on block to get it started moving up the incline?
(b) If this force is continually applied, what will be the acceleration of the block once it starts moving
up the incline?

(/(A?:Q,,?: directiva c.%::‘f

US}/‘J tie FQ,fP ;rom f&-rt (G\.) ' ‘
onte thr block sta-ts moving p the iacline

ﬁSS\_‘M)\' 'é!d&{ FQPP:Z26MJ f‘;h?.. bw'JEr“"(.Uu}uE.

N2O"

As we work on part (b), we must carefully consider which parts of our solution to part (a) can
be reused for part (b), and which parts of our solution to part (a) no longer apply to part (b).

When possible, represent what the question is asking for with a symbol, or a combination of
words and a symbol:
(b)?=a

? = direction of @
Remember that the symbol a, written without an arrow, stands for the magnitude of the overall
acceleration vector.

Acceleration is a vector, so I will choose to interpret the question as asking for the magnitude and
direction of the overall acceleration vector. But, since a, is zero, for this problem most professors
would probably settle for you just reporting the value of a,.

The wording for part (b) says that we will continue to apply the value of F,,, that we determined in
part (a). But remember that this value of F,,, is the “borderline” value, at which the block is just on the
borderline between starting to slide up the incline and not starting to slide. So we write down that, for
part (b), we will continue to assume that F,, is at this borderline value (22.6 N), as shown above.
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When F,,, is equal to the “borderline” value, you can assume either that the block will slide, or that the
block will not slide, whichever is convenient for solving that part of the problem.

o )

The block begins the problem at rest. As shown in the diagram above, when F,, is less than the
borderline value (22.6 N), the block will not begin to slide.

And when F,,, is greater than the borderline value, the block will begin to slide.

What happens if F,, is equal to the borderline value, as in part (b)? Surprisingly, at the “borderline”
Fopp, we can assume either that the block will start to slide up the incline, or that the block will not
slide, whichever is convenient for this part of the problem.

Part (b) is asking us to determine the acceleration with which the block starts to slide. Therefore, for
part (b), it is convenient to assume that the block does start to slide. (If we assume that the block does
not slide, then we will obtain an acceleration of zero, which could not cause the object to start sliding.)

Therefore, for part (b), we will assume that the object will start to slide at the borderline F,,
— even though we made the opposite assumption about the borderline F,,, in part (a)! This may seem
strange, but it is a valid problem-solving technique.

Since we will assume for part (b) that the object does slide, our plan for part (b) is to use kinetic
friction, rather than static friction.
Write down all the assumptions we are making for part (b), as shown below.

(/@?_‘Gl,?:d}rect:o,\ OS?E?
T/)‘/ quAj the ch,fp Yrom ,Darf (CL)

once Lhe block sta, s moving p khei anlin®

ﬁSS\JM-\ -él’w‘{ qup_" Z 2,6 MJ f}n&. berderline velue ,
Assume that ot tha berderling FanJ
1207 £he block does siide,
The direction of the velocity vector indicates the object’s direction of motion.
Since we are assuming in part (b) that the object does start to slide, the velocity in part (b) after t,
will point up the inclined plane. Write down this velocity vector in your sketch, as shown above.
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Draw a Free-body Diagram showing all the forces being exerted on the block in part (b).

General two-step process for identifying the forces for your Free-body Diagram:
(1) Draw a downward vector for the object’s weight.
(2) Draw a force vector for each thing that is touching the object.

As we work on part (b), we must carefully consider which parts of our solution to part (a) can
be reused for part (b), and which parts of our solution to part (a) no longer apply to part (b).

In part (b), we assume that the object is sliding. Therefore, for part (b), we apply kinetic friction,
not maximum static friction.

Here is the rule for determining the direction of the kinetic friction force:
Direction of the kinetic friction force on an object =
parallel to the surface, and opposite to the direction that the object is sliding

The wording of the problem refers to sliding up the incline, not down the incline. Therefore, in part
(b), we assume that the block is sliding up the incline.

Therefore, the direction of f . will be parallel to, and down, the inclined plane.
(Friction opposes sliding.)

There is no reason to make any other changes to our free-body diagram from part (a).
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As we work on part (b), we must carefully consider which parts of our solution to part (a) can
be reused for part (b), and which parts of our solution to part (a) no longer apply to part (b).

Remember that for part (b) we have decided that we are applying kinetic friction, not maximum
static friction. So for part (b) we use the special formula fi = pn.
For part (b), be careful to apply the coefficient of kinetic friction (0.1), not the coefficient of static

friction (0.25).

In part (b) we continue to assume that F, is equal to the “borderline” value. In part (a), we
discovered that the borderline F,,, = 22.6 N, so we continue to use that number for part (b). [The
wording for part (b) specifically tells us to apply the same value for F,, for part (b) that we found in

part (a).]

We will not assume that the value for n is the same in part (b) as in part (a). We will let the
Newton’s Second Law equations determine for us whether n for part (b) will be the same as in part (a),

or different than in part (a).
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Next, we can use our Force Table to set up our Newton’s Second Law equations for part (b), as
shown below.

As we work on part (b), we must carefully consider which parts of our solution to part (a) can
be reused for part (b), and which parts of our solution to part (a) no longer apply to part (b).

If an object is motionless in a component, or if an object moves with constant velocity in a
component, then that component of its acceleration is 0.

For part (b), we are assuming that the object is sliding parallel to, and up, the incline.

So, for part (b), the object is still motionless in the y-component.

So, for part (b), we can still substitute a, = 0 into our Newton’s Second Law equations.

Unlike in part (a), there is no reason to substitute a, = 0 for part (b). In fact, since we are now
assuming that, from rest, the object is beginning to slide, we know that a, cannot be zero. a, is what we
need to determine in order to answer the question for part (b). So, in our Newton’s Second Law x-
equation, we continue to use the symbol a,.
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The x-equation for Newton’s Second Law has two unknowns (n and a,), so we are not ready yet to
solve the Newton’s Second Law x-equation.

The y-equation for Newton’s Second Law has only one unknown (n), so we can solve the Newton’s
Second Law y-equation for n, as shown below.

Substitute the value of n we determined from the Newton’s Second Law y-equation into the
Newton’s Second Law x-equation. The Newton’s Second Law x-equation now has only one unknown
(ay), so we are ready now to solve the Newton’s Second Law x-equation for a,, as shown below.
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We have determined a, and a,. We are interpreting the
question to be asking for the magnitude and direction of the _ / /
overall acceleration vector. But, since a, is zero, we know v
that the magnitude and direction of the overall acceleration ~ _ /
vector will be the same as the magnitude and direction of o
Qy. =
ay is positive. The positive x-direction is “parallel to, 120
and up, the incline”. Therefore, the overall acceleration vector also points up the incline.
The magnitude of a, is 1.38 m/s?. Therefore, the magnitude of the overall acceleration vector is also
1.38 m/s?.
Here is the rule we have used:

If one component of a vector is zero, then the magnitude and direction of the overall vector is the same
as the magnitude and direction of the nonzero component.

A block of mass 4.0 kg is sitting on an inclined plane. The plane is inclined at an angle of 20°
above the horizontal. The coefficient of static friction between the plane and the block is 0.25;
the kinetic friction coefficient is 0.10.

Suppose that someone exerts a force on the block parallel to the incline.

(a) What minimum force must be exerted on block to get it started moving up the incline?

(b) If this force is continually applied, what will be the acceleration of the block once it starts
moving up the incline?
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Since a, = 0, most professors would probably regard “a, = 1.4 m/s*” as an acceptable answer for
part (b).
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Do our results for part (b) make sense?

Does it make sense that our result for » for part (b)
is the same as for part (a)? There have been no
changes to the forces or acceleration in the y-
component for part (b), compared to the y-component F
for part (a). So, yes, it makes sense that our result for g
n is the same for parts (a) and (b). a

Notice that we did not assume that n will be the
same for part (b) as for part (a). We used the Newton’s ~7 Wk

-
Second Law equations to determine whether n is the L
same in part (b) as in part (a). ot el

Although 7 turned out to be the same in both parts P AN Y
of this problem, keep in mind that in other multi-part
problems, n may be different in different parts of the problem. Use the Newton’s Second Law equations
to determine » for each part of a multi-part problem.

Does it make sense that our result for ay is positive? The
object begins at rest in the x-component. In part (b), we v / /
assume that the object begins sliding up the incline. To /
begin moving up the incline requires that a, points up the Q
incline (the positive x-direction), so, yes, it makes sense
that our result for ay is positive. 20"

Remember that, by itself, the direction of the
acceleration vector does not indicate the object’s direction of movement. But, if the object starts from
rest, then the direction of the acceleration vector does indicate what direction the object will begin
moving.

S|

')

Additional note:

The block
slides

TA! ﬁluh
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-

|
|
|
|
I
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T !. ,\/’_}
borerling
Fopp=?
We have said that, for large values of the applied force, the block will slide up the incline; and, for
smaller values of the applied force, the block will not slide.

For the sake of completeness, I will mention that it turns out that, for this particular problem, there is
also a third possibility. For this particular problem, for small enough values of the applied force, the
block will slide down the incline.

But that possibility doesn’t play a role in the solution for the problem.
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Recap:

When part (a) asks for the minimum F,, to get the block moving, it is really asking for the
borderline F,,, at which the block is on the borderline between sliding up the incline and not sliding.
|
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Fopp=2=22.6N

When F.p, is equal to the “borderline” value, you can assume either that the block will slide, or
that the block will not slide, whichever is convenient for solving that part of the problem.

To solve a maximum or minimum problem involving whether an object will slide, such as part (a)

of this problem:
Assume that the object is on the borderline between sliding and not sliding.
Assume that, at this borderline value, the object does not slide.
Therefore, apply maximum static friction in your solution. Use the special formula “max f; = psn”™.
To determine a, and a,, use your assumption that, at the borderline value, the object does not slide.
So, for part (a), we substituted a, = 0 and a, = 0 into our Newton’s Second Law equations.

Part (b) asks for the object’s acceleration, if the F,,, equals the value determined in part (a), and if
the object does begin sliding with this applied force.

In our solution to part (b), we again assumed that the object was at the borderline between sliding
and not sliding, so for part (b) we used the value for the borderline applied force, F,,, = 22.6 N, that we
determined in our solution for part (a).

In part (b) it was convenient to assume that the object will slide at the borderline F,, so that we
could determine the object’s acceleration as it slides. Therefore, in part (b), we used kinetic friction, not
static friction; and we used the special formula “f, = uwn”; and we no longer said that a, = 0.

How can we say that the block does not begin to slide when F,,, = 22.6 N in part (a), and that the
block does begin to slide when F,, =22.6 N in part (b)? We can say both things because F,,, = 22.6 N
is the borderline applied force, at which the object is just on the borderline between beginning to slide
and not beginning to slide. Strange as it might seem, at the borderline value, it is a valid problem-
solving technique to say either that the block will slide, or that the block will not slide, whichever is
convenient for that part of the problem.

What would happen if we set F,, exactly equal to the borderline value in real life? That question
has no practical importance. Since our data for any real-life problem is always approximate, we would
never know exactly what the borderline value is for any real-life situation.
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Video (7)

step-by-step solution for Video (7)

Here is a summary of some of the key steps in the solution for part (a):
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Here is a summary of some of the key steps in the solution for part (b):
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Here is the step-by-step solution.

Part (a):
A 6.0 kg box is being pushed against a wall by a force F,,, which is applied at an angle of 35° above the
horizontal. The coefficient of static friction between the wall and the box is 0.40; the kinetic friction
coefficient is 0.25.
(a) What minimum value of F,,, is required to prevent the box from sliding down the wall?

(b) Now suppose that the value of F,,, is reduced to half this value. Determine the acceleration of the
box.

2 (V\in;/\-um Fa
(OL) {:.o pf?.-\/?.n‘{ ‘énfﬂ, by v>¢ $rom s}:di/j Jowan 'an. [,Jq_ll
= boder“"t Fq,o}a ’
ot L‘)fn-rc,f/\ the box is on Lhe borderline
betweta sl:d'ma Jown the wall and net SIEA;,-.J

As sume Fq,;p 15 at the borderiing yalue.

The problem, including the question for part (a), mentions the concepts of mass (6.0 kg), friction
force, and an applied force, all of which fit into a Newton’s Second Law framework. So we plan to use
the Newton’s Second Law problem-solving framework to solve the problem.

When possible, represent what the question is asking for with a symbol, or a combination of
words and a symbol.
(a) ? = minimum F,, to prevent the box from sliding down the wall.

The problem uses the symbol F,, to indicate what part (a) is asking for. Since the question writes
this symbol without an arrow on top, we should interpret the question as asking for the magnitude of
the applied force. (We already know the direction of the applied force, which was given in the sketch.)

Although the problem refers to the “minimum” applied force, what the problem is “really” asking
for is the borderline applied force—the value of F,,, for which the box is just on the borderline
between starting to slide down the wall and not starting to slide. So we can rewrite the question as
shown above:

(a) ? = borderline F,),
at which the box is on the borderline between sliding down the wall and not sliding

Therefore, in order to solve the problem, we will assume that F,, is at the borderline value, at

which the box is on the borderline between sliding down the wall and not sliding. We have written
down this assumption, as shown above.
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The borderline F,, is described in the problem as the minimum value required to prevent the box
from sliding down the wall. Therefore, as shown in the diagram above, if F,,, greater than the
borderline value, the box will not slide; and if F,,, is less than the minimum value, the box will slide
downward. (F,,, is what prevents the box from sliding downward, so it makes intuitive sense that, when
Fpp is small, the box will slide downward.)

At the “borderline” F,,,, we can assume either that the box will slide down the wall, or that the box
will not slide, whichever is convenient for that part of the problem.

It turns out that, for a “minimum or maximum problem involving whether an object will slide”, it is
convenient to assume that the object will not slide at the borderline value. Therefore, for part (a), we
will assume that the box will not slide at the borderline F,,.

Since we will assume for part (a) that the box does not slide, our plan for part (a) is to use static
friction, rather than kinetic friction. Since the box will be on the borderline of sliding, for part (a) we
should apply the maximum static friction. The reason that the box is on the verge of sliding is because
static friction which prevents it from sliding is “maxed out”.

Write down all the assumptions we are making for part (a), as shown below.

Since the box is not sliding, we make a note that, for part (a), the velocity is zero, as shown below.
P I pinismunn & a

— (Q) to Prgutn-{ -gf(, b sx Srom Sl-dvl’:) Jdown the UG-‘I
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V = O = bordtrl'lnt anfl

Q'{ L\)L‘l;c_lﬂ éh{- box i5 on 'eh(. bﬂfalf“ﬁ'-
between shding Jowa Ehe wall and Not sliding

Assume Fapp Is at the bordesliae value.
__________ A ssume that at the borderline Fcnpr_,
*3 £ he box will not slide.

Compare part (a) for this problem with part (a) for the problem from the previous video. In this
problem, the question asks for the minimum to prevent the box from moving. In the problem from the
previous video, the question asks for the minimum to make the block start moving. But, although the
questions are worded differently, both problems are solved using the same assumptions: Assume the
applied force is at the borderline value; and assume that, at the borderline value, the object does not
slide.
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The problem mentions the mass of the box. This is a clue that RS (W, W . SR
we should draw a Free-body Diagram showing all the forces being ¥ ; > _’b CL_"-\' ", '
exerted on the box. P R b

General two-step process for identifying the forces for your B ShE SR
Free-body Diagram: -
(1) Draw a downward vector for the object’s weight. maXx $S
(2) Draw a force vector for each thing that is touching the object.

the [orceg

—>

In this case, the box is being touched by the surface of the wall, <
which exerts both a “normal force” and a “friction force”.
We know that static friction applies for part (a), because for
part (a) we are assuming that the box is not sliding. We apply e
maximum static friction, because the box is on the verge of sliding. }’;
There is also an applied force, F ap - We know that this
applied force exists—even though we don’t know who is touching v
the box in order to exerted the applied force—because the applied
force is mentioned in the problem.

35°1

&l

The weight force always points straight down.

The normal force points perpendicular to, and away from, the surface that is touching the object.
So, on this problem, the normal force points perpendicular to, and away from, the surface of the
wall. Therefore, on this problem, the normal force points “left”.

Here is the rule for determining the direction of the maximum static friction force:
1. Ask, in what direction are we imagining the object to be on the verge of sliding?
2. The direction of the max f ., is parallel to the surface, and opposite to the direction determined in
step 1.
pIn part (a), the box is on the verge of sliding down the wall. Therefore, to the prevent the box from
beginning to slide down the wall, the the max f . will point parallel to, and up, the wall.
(Friction opposes sliding.)

This is the first problem in this series in which the normal force is horizontal and the frictional force
is vertical.

Did you correctly determine the directions for the normal force and friction force for this problem?
Remember, the normal force points perpendicular to the surface,
and the frictional force points parallel to the surface.

The direction of applied force F ap Was given in the sketch provided with the problem.

P
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For part (a) we are applying “maximum static friction”, because we are assuming that the box is on

the verge of sliding. There is a special formula for the magnitude of maximum static friction. We apply
this special formula to represent max f; in the first row of our Force Table

We are not given a value for the magnitude of the applied force, F,,,. [After all, F,,, is what part (a)

is asking for.] And there is no special formula for the magnitude of an “applied” force such as F awp

So, in our Force Table, we simply represent the unknown magnitude of the upward force by a symbol
«p (this 1s the symbol that was given in the problem to represent magnitude of the applied force)

It’s usually best to choose the direction of motion as the positive direction. In part (a) the box is on
the borderline of sliding down the wall, and in part (b) the box does slide down the wall, so it’s
probably best for a beginner to choose “down” as the positive y-direction for this problem

Write down your axes!

Some professors might choose “up” as the positive direction when solving this problem. If you
chose “up” iti irecti

p” as the positive direction for your own solution, then remember that some of the details of
your solution will differ from the details of the solution in this document

We can use this rule to break the weight force, normal force, and maximum static friction force into
components: If a vector is parallel or anti-parallel to one of the axes, then the component for that axis
has the same magnitude and direction as the overall vector, and the other component is zero

The weight force points “down”, the positive y-direction, so w, is positive

The normal force points “left”, the negative x-direction, so n, is negative
The maximum static friction force points “up”,

the negative y-direction, so max f;, is negative
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The applied force is neither parallel nor anti-parallel to either axis. Therefore, in order to break the
applied force into components we must draw a right triangle and use the SOH CAH TOA equations.
Draw a right triangle whose legs are parallel (or anti-parallel) to the axes. For this problem our axes are
horizontal and vertical, so draw a right triangle with horizontal and vertical legs. The overall applied
force vector points up and right, so the y-component points up, and the x-component points right.

a3

Fapp,x™

¥ 35

Opp x
B hyP ‘

appsy S y
FGPP

SodH CAH T0OA

Pt LT X 35“11‘}3
hvp TF
o3r'e Bk 1 cos3r™s Fa

FﬁPF Fup{l‘

} 's'm35°: %‘;}Pf FGPP‘COS35°:%'M
app

# o
12,579 Ep|  [Feppx | ™ 2 819 Fepp

=+, 817 Fapp

IF"‘P{’JY
-- 3K
}:Of)o,y . PP

We use absolute value symbols in our SOH CAH TOA equations to indicate that the SOH CAH
TOA equations can only tell us the magnitudes of the components. We determine the signs of the
components in a separate step, based on the directions of the component arrows in our right triangle.

It is crucial to include the negative sign on F,,!

Notice that we can break the applied force into components, even though we don’t have a value for
the magnitude of the overall force. We simply represent the unknown magnitude of the overall applied
force with the symbol F,,,. We use the symbol F,,, to represent the length of the hypotenuse.

In this problem, we used sine to find the y-component, and cosine to find the x-component. In
contrast, in the previous video, we used sine to find the x-component, and cosine to find the y-
component. Moral: Don’t assume that you will use sine for the y-component and cosine for the x-
component on other problems. Use the SOH CAH TOA process, as illustrated above, to determine the
correct way to apply sine and cosine for each individual problem.

| Fapp
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Add your results for F,,, and F,,,, to your Force Table, as shown below.

FOfcz O‘b} ]’—)x

Y
-588\V | n lm‘”‘ f=4n

5 ma o-if\.t;tj ofF th e
overall vecters

Wﬁ X P ﬂrx ol | \fv] aX st: O Fo.”’.,(: ¥ull] F“f’f Componeats
Wy : +588 N D\; ~ D p—. ‘Fsy:"q n F.‘PP":—,STH Fopp

For purposes of filling out your Force Table, do not try to determine how the forces will interact
with each other. (Aside from including “n” in your formula for max f..) Let the Newton’s Second Law
equations figure out the interactions for you.

Remember that, if you chose different axes for this problem, then you would obtain a different
pattern of “+” and “-” signs for your components.

Based on the axes we have chosen, it is crucial to include “-” signs for n,, max f, and F,,.
Include “+” signs for positive components (like w, and F,,), since that you will help you to notice to
include negative signs in front of negative components.

\

For part (a), we are assuming that the box is not moving.
So, for part (a), the box will be motionless in both the x- and the y-components.
So, for part (a), we can substitute a, = 0 and a, = 0 into our Newton’s Second Law equations, as

shown below.
e O
AR £F,=r

.+ F -moxtu*4”+”WXF‘ 0
il ¥ fip FFW s ¥ s':ﬁpilg =6/(0) 6‘8 Q+YO+( ) +( o r“/) (o)
g ) O TERAT e - 47 5T Fan =0

+.819 Fapp-0
_r,\i/\ /NMJ ‘\ 7\

QUAR/\O\A}AS ZUA}‘\AQW/)S

The Newton’s Second Law x-equation has two unknowns, and the Newton’s Second Law y-
equation also has two unknowns.

Taken together, those two equations form a system of two simultaneous equations with a total of
two unknowns (n and F,,). We can solve this system of equations by using the “Substitution Method”,
as illustrated on the next page.
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The Substitution Method for solving a system of two simultaneous equations in two unknowns:

1. Begin by solving one of the equations for one of the unknowns. Solve for the variable that is the
easiest to solve for in the two equations.

2. Substitute the algebraic expression obtained in step 1 into the other equation.

3. Solve the equation obtained in step 2 for the second unknown.

4. If you care about the remaining unknown, then substitute the value or expression obtained in step
3 into the equation obtained in step 1 to determine the remaining unknown.

£F,

fl’l: < fv‘ax { {: F hma
+ Moy Fsx t Fappu~M0x| Wy, Ny t Max f orry
%x:(f\r){ﬁ O s +9"‘P£ff‘6{°) 3. 9*O+(' 1n) +("§7qr°ﬂ/’) 6{0)

-N +,3H Fopp O 58.? (-/A ‘57‘1}:0)9/)—0

N Jo | 58,87 A8 Foy)= 57‘: c;
S-g.g = otlﬁs'q) Fop’:—.‘57 Fc‘ﬁf-)_

8l -
r—’&f/ 58'8—.32? Fgfp—.§7‘1 Fopp —O

0810 _
n PP cg.g —.902 F°H"_O

N<.%19k, + 302 F,, +-902F.,,
= _819(65.2) 53.9 = '1‘22 ﬁn,.p
= 53{'/ N __5:_?_-_?,_.: . app

n TIOZ, ~Soz

Fugu® 65.2 N

In Step 1, the easiest variable to solve for is n in the x-equation, since this is the only variable that
isn’t being multiplied by a number.

Part (a) is asking for F,, not for n, so we don’t need to know the value of n to answer part (a).
Nevertheless, I chose to carry out Step 4 and determine a value for n, since, as illustrated on the next
page, knowing the value for n will help us to evaluate whether our collection of results for part (a)
makes sense.

For clarity I have broken the algebra into many little steps. If the algebra was easy for you, it would
be fine to skip or combine some of these steps.

We arrange our math in two adjacent columns. This two column approach is especially helpful
when you use the Substitution Method, because it helps keep the algebra organized. (Of course, it may
not be possible to use this approach if there is insufficient room on your paper to fit the two columns.)

(a) What minimum value of F,,, is required to prevent the box from sliding down the wall?

A nswu_*_?__(f')j,—-—r "
= is reqwi 4 T
Now we can answer the ﬂ P f\ ARG \’Q‘ut ‘ thr 65 N Is “‘ e =]
question for part (a). penunet - Sl Toi. S0y Sonin R M}
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Do our results for part (a) make sense?

X
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The symbols n and F,, both stand for magnitudes. A magnitude can never be negative, so, yes, it
does make sense that our results for » and £, are both positive.

Notice that we have performed some extra calculations, above, in order to determine values for

Fappx> Fappy, and max f;. These values will help us to check if our collection of results for part (a) makes
sense.

Fappx 18 trying the make the box begin moving to the right. To prevent the
box from beginning to move to the right, the wall must exert a normal force that
will cancel out Fy,px. S0, yes it makes sense that: 7 =53.4 N = |Fypp4 3B

In the version of the free-body diagram above, I’ve drawn the arrow for

n equal in length to the arrow for Fy,., to reflect this relationship. E
pp

The weight force is trying to make the box begin moving downward. But, in our solution for part
(a), we assumed that the box would not begin to slide downward. So F,,,y and max fs must
cooperate to cancel W . So, yes, it makes sense that:
|Fappyl T max f;=374N+214N=588N=w

I’ve drawn the length of the arrow for W equal to the sum of the lengths of the arrows for Fyyp.y,
and max fs , to reflect this relationship.
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Part (b):

A 6.0 kg box is being pushed against a wall by a force F,,, which is applied at an angle of 35° above the
horizontal. The coefficient of static friction between the wall and the box is 0.40; the kinetic friction
coefficient is 0.25.
(a) What minimum value of F,,, is required to prevent the box from sliding down the wall?
(b) Now suppose that the value of F,,, is reduced to half this value. Determine the acceleration of the
box.

P I minimum Fa
o L prevest the bex From shding down the wall
=0 = Korde-lwe Fa

rr

ot wh-lc,f/\ the bbox i5 on the borderline
between slinl'ma Jowa the wall and net shiding

Assume FQPP is at the borderliag yalute.

=4 ‘ A ssume that ot the bordesline FOP,«,
P ‘ £ he box will nst slide.

| (/(b) ?: a. @zdirection of Fg
LW hen quﬂ is reduced 12 hal§ the borderliag value

ae hex shoes The box

|
|
dowaward I Joes nat slide
} % ¢
32.6N .~ app
borderline
F T Lor F,H, =65.2 N
QPF o
Part U-") Q—? for ,oa;—‘f (0.)

As we work on part (b), we must carefully consider which parts of our solution to part (a) can
be reused for part (b), and which parts of our solution to part (a) no longer apply to part (b).

When possible, represent what the question is asking for with a symbol, or a combination of
words and a symbol. Since acceleration is a vector, I will choose to interpret the question for part (b)
as asking for both the magnitude and direction of the acceleration vector.

?=gqa, ?=directionof a
The symbol a, written without an arrow, stands for the magnitude of the overall acceleration vector.

The wording for part (b) says that in part (b) we will apply a value of F,, that is half of the
“borderline” value that we determined in part (a). The borderline value we found in part (a) is 65.2 N,
so for part (b):  Fg, =65.2/2=32.6 N

Since 65.2 N is the minimum F,,, required to prevent the box from sliding downward, with
Fq,=32.6 N we know that, for part (b), the box will slide down the wall. Therefore, we plan to apply
kinetic friction for part (b). We draw a downward velocity vector to indicate the box’s direction of
motion (after ty) for part (b).
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Draw a Free-body Diagram showing all the forces being exerted on the box in part (b).

General two-step process for identifying the forces for your Free-body Diagram:
(1) Draw a downward vector for the object’s weight.
(2) Draw a force vector for each thing that is touching the object.

As we work on part (b), we must carefully consider which parts of our solution to part (a) can
be reused for part (b), and which parts of our solution to part (a) no longer apply to part (b).

In part (b), the box will be sliding. Therefore, for part (b), we apply kinetic friction, not maximum
static friction.

The kinetic friction force exerted by a surface on an object points:
parallel to the surface, and opposite to the direction that the object is sliding.

65.2 N was the minimum required to prevent the block from sliding down the wall. Therefore, in
part (b), we know that, with F,,, = 32.6 N, the block will slide down the wall.

Therefore, the direction of f, will be parallel to, and up, the wall. (Friction opposes sliding.)

The identity and directions of the other forces in part (b) are the same as in part (a).

. T
Freg-body Qiey7em
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As we work on part (b), we must carefully consider which parts of our solution to part (a) can
be reused for part (b), and which parts of our solution to part (a) no longer apply to part (b).

For part (b), the object is sliding, so we are applying kinetic friction, not maximum static friction.

So we use the special formula f, = pwn. For part (b), be careful to apply the coefficient of kinetic friction
(0.25), not the coefficient of static friction (0.4).

The wording for part (b) says that in part (b) we will apply a value of F,, that is half of the

“borderline” value that we determined in part (a). The borderline value we found in part (a) is 65.2 N,
so for part (b): Fq,=65.2/2=326N

We found that, in part (a), n = 53.4 N. We do not assume that we can use reuse that value in part (b)!
Instead, we represent the magnitude of the normal force by the symbol n in the Force Table, as shown
above. We will use the Newton’s Second Law equations for part (b) to determine the value for n for
part (b).

It turns out that, for this problem, the value for n in part (b) will be different from the value for n for

part (a); so, if you had tried to reuse the n=53.4 N value in part (b), you would get the wrong answer for
part (b)!

F app Das the same direction in part (b) as in part (a). Therefore, we can use the expressions we
determined for the components in part (a), F,,,= +.82 F,,, and F,,,, = +.57 F,,, to calculate the
components for F_ for part (b). The necessary calculations are shown above.
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As we work on part (b), we must carefully consider which parts of our solution to part (a) can
be reused for part (b), and which parts of our solution to part (a) no longer apply to part (b).

We have decided that, for part (b), the box is sliding down the wall.

So, for part (b), the object is still motionless in the x-component.

So, for part (b), we can still substitute a, = 0 into our Newton’s Second Law x-equation, as shown
below.

Unlike in part (a), there is no reason to substitute a, = 0 for part (b). In fact, since we are now
assuming that, from rest, the object is beginning to slide down the wall, we know that a, cannot be
zero. a, is what we need to determine in order to answer the question for part (b). So we continue to use
the symbol a, in our Newton’s Second Law y-equation.

In the previous problems in this video series, we usually substituted 0 for ay, and left ay as a symbol.
This is the first case in this series for which we substituted O for ax, and left a, as a symbol.

£'Fy = ma, {FF =m?,f,wa
. Wy ¥ Nyt Fry *Teppy ~7 5y

+ N + J':kx +F°ff’f“ =MOx y .
lgx:L(—fS i O Y28,/ =6(0) i ;39»,0( ’2’51\) Ji? 7) 6(1

k.7 T 588 — .25, — 18,7 "éoy

A

kf\ot..)/\ 'f‘b\)o u/w/inob\)/)s

.
n

On?, V.

The y-equation for Newton’s Second Law now has two unknowns (n and a,), so we are not ready
yet to solve the Newton’s Second Law y-equation.

The x-equation for Newton’s Second Law has only one unknown (n), so we can solve the Newton’s
Second Law x-equation for n.
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Solve the Newton’s Second Law x-equation for n.

gfx:max {FF :/"‘?‘:‘G
i Wy + Nyt Fry *Tappy ~7 5y

+ ﬂ <y {_kx +F°ff1* W‘Ox -
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1 1267 =O | §8.8~ 25a- 7 o
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267IN=N

In part (a), n=53.4 N. But in part (b), n=26.7 N. So, if we had tried to reuse the value of n for part
(a) in part (b), we would have gotten the wrong answer for part (b)!

Substitute the value of n that we determined from the Newton’s Second Law x-equation into the
Newton’s Second Law y-equation. The Newton’s Second Law y-equation now has only one unknown
(ay), so we are ready now to solve the Newton’s Second Law y-equation for a,.

AL £F, =M%
=mox | W, + Nyt Fry thappy =M
=6(0) | cag:0+(- 2519, 7 ) =y
SRY — 2% W/ éc:
538~ .25(26.7) -18.7 = [,a),
59.8~ 6.675 - 187 =ba,
234 :éCL),

33.4 =%ay
b ™M
ay=* 5.57%
In the previous videos in this series, we usually began by solving the Newton’s Second Law y-
equation for n, then substituted our result for n into the x-equation. This is the first video in this series

in which we had to begin by solving the Newton’s Second Law x-equation for n, then substitute our
result for n into the y-equation.

Y
Wy + Nx T Tre t F‘“rf,*

@) +( f\) + Q *+26.7
-n 12677 = O

N +A

267IN=nN

www.freelance-teacher.com


http://www.freelance-teacher.com/

NEWTON’S SECOND LAW PROBLEMS step-by-step solution for Video (7)

w PP FS_]—?’:

I interpret the question as asking for the magnitude and direction of the overall acceleration vector.

If one component of a vector is zero, then the magnitude and direction of the overall vector is the
same as the magnitude and direction of the nonzero component.

ay is zero, so the overall acceleration vector will have the same magnitude and direction as a,.

a, is positive. The positive direction is down, so the acceleration vector points down.

a, has magnitude 5.57 m/s®, so the overall acceleration vector has that same magnitude, which I will
round to two digits.

(b) Now suppose that the value of Fapp is reduced to half this value. Determine the acceleration
of the box.

ﬁngwe/“ 6 (%):
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Since a, = 0, most professors would probably consider “a, = 5.6 m/s*” as an acceptable answer to
part (b).

Additional note:

We have seen that, for small values of F,,,, the box will slide downward; while for larger values of
Fpp, the box will not slide.

For the sake of completeness, I will mention that, for this particular problem, it turns out that, for
even larger values of F,;,, the box will slide upward. But that possibility was not significant for the
solution of this problem.

The hox

The hox slides T he bex slides

| I
; I
dowaward | Jdoes not slide : u.}owcu-d
= % |
32.6N J
f. borderline
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Do our results for part (b) make sense?

N=267N , ay=*55]s

Y

o
n is a magnitude, so, yes, it makes sense that the result for n is positive. F”y
app, o
Foppsx is trying to make the box begin moving to the right. To prevent the A
block from beginning to move to the right, the wall must exert a normal —>

force that cancels F,p. n:26.7 N ]F.m,|=26.‘} N
So, yes, it does make sense that: n=26.7 N = |Fgyp,|

In the version of the Free-body Diagram on the right, I have drawn the arrow

for n the same length as the arrow for F,,,,s, to reflect this relationship.
F.ppis half as big in part (b) as in part (a), so it makes sense that n is half

as big in part (b) as in part (a).

)
1y
Does it make sense that our result for g, is positive? - TR—
In general, the direction of the acceleration vector does not indicate the object’s . -1
direction of movement. But, if an object starts from rest, then the direction of the
acceleration vector does indicate what direction the object will begin moving.

The box begins at rest in the y-component. In part (b), the box begins sliding down the
wall. To begin moving down the wall requires that a, points down, which is our positive y-direction, so,
yes, it makes sense that our result for a, is positive.

(Of course, if we had chosen “down” as our positive y-direction for this problem, then we would
have obtained a negative result for a,.)

Does our result for the magnitude of a, make sense?

On this problem, it is interesting to compare our result for the magnitude of a, to 9.8 m/s’.

9.8 m/s’ is the magnitude of the acceleration that we would obtain in freefall, due to the force of the
weight, unimpeded by any other forces.

But on this problem, the object’s downward acceleration is impeded by friction ( f « ), aswell as
by Fapp,- Therefore, on this problem, the magnitude of a, must be less than 9.8 m/s’.

So, yes, it makes sense that, on this problem:
la,| = 5.6 m/s*<9.8m/s* =g

Common sense will also tell you that the box in part (b) will slide down the wall at a slower rate than

it would descend if it were in free fall.
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Recap:

This is the first problem in this series that dealt with a vertical surface (the wall), rather than with a
horizontal surface (such as a floor) or a slanted surface (an inclined plane). Remember, for any type of
surface, the normal force will be perpendicular to the surface, and the friction force will be parallel
to the surface.

We can break F . iNto components, even when we don’t know the magnitude of F awp -

pp
For part (a) we used the Substitution Method to solve a system of two equations in two unknowns:
1. Begin by solving one of the equations for one of the unknowns. Solve for the variable that is the
easiest to solve for in the two equations.
2. Substitute the algebraic expression obtained in step 1 into the other equation.
3. Solve the equation obtained in step 2 for the second unknown.
4. If you care about the remaining unknown, then substitute the value obtained in step 3 into the
equation obtained in step 1 to determine the remaining unknown.
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To solve a maximum or minimum problem involving whether an object will slide, such as
part (a):

Assume that the object is on the borderline between sliding and not sliding. Assume that, at this
borderline value, the object does not slide. Therefore apply static friction. Since the object is on the
verge of sliding, apply maximum static friction, using the special formula: max f; = s n

To determine a, and a,, use your assumption that, at the borderline value, the object does not slide.
So, for part (a), we substituted a, = 0 and a, = 0 into our Newton’s Second Law equations.

For part (a), the object is on the borderline of sliding down the wall, so the max f, points up.

Read part (b) carefully to see that we should set the F,,, for part (b) equal to one-half the F,, we
determined in part (a). As the diagram above indicates, with a F, that is less than the borderline F,,,
we expect the box to slide down the wall. Therefore, for part (b), we applied kinetic friction, not static
friction, using the special formula f, = pwn. The object is sliding down the wall, so fk points up.

In part (b), we did not reuse the value for n that we obtained from part (a). Instead, we used the
Newton’s Second Law equations to determine a new value for n.

In part (b), a,=0 and a,#0. So we begin by solving the Newton’s Second Law x-equation, then
substitute the result into the y-equation. This reverses the pattern we saw in previous videos.

www.freelance-teacher.com


http://www.freelance-teacher.com/

