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AP® Physics 1 2023 Free-Response Questions

Begin your response to QUESTION 1 on this page.

PHYSICS 1
SECTION 11
Time—1 hour and 30 minutes

5 Questions

Directions: Questions 1, 4, and 5 are short free-response questions that require about 13 minutes each to answer and
are worth 7 points each. Questions 2 and 3 are long free-response questions that require about 25 minutes each to
answer and are worth 12 points each. Show your work for each part in the space provided after that part.

1. (7 points, suggested time 13 minutes)

A cart on a horizontal surface is attached to a spring. The other end of the spring is attached to a wall. The cart is
initially held at rest, as shown in Figure 1. When the cart is released, the system consisting of the cart and spring
oscillates between the positions x = + L and x = —L. Figure 2 shows the kinetic energy of the cart-spring
system as a function of the system’s potential energy. Frictional forces are negligible.

(a) On the graph of kinetic energy K versus potential energy U shown in Figure 2, the values for the x-intercept
and y-intercept are the same. Briefly explain why this is true, using physics principles.

GO ON TO THE NEXT PAGE.
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AP® Physics 1 2023 Free-Response Questions

Continue your response to QUESTION 1 on this page.

When the cart is at +L and momentarily at rest, a block is dropped onto the cart, as shown in Figure 3. The block
sticks to the cart, and the block-cart-spring system continues to oscillate between —L and +L. The masses of the
cart and the block are m and 3m, respectively.

(b) The frequency of oscillation before the block is dropped onto the cart is f;. The frequency of oscillation after

f;
the block is dropped onto the cart is f,. Calculate the numerical value of the ratio 2

1

GO ON TO THE NEXT PAGE.
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AP® Physics 1 2023 Free-Response Questions

Continue your response to QUESTION 1 on this page.

(c) The dashed line in Figure 4 shows the kinetic energy K versus potential energy U of the block-cart-spring
system after the block is dropped onto the cart. This graph is identical to the graph shown in Figure 2 for the
cart-spring system before the block is dropped onto the cart.

i. Briefly explain why the two graphs must be the same, using physics principles.

ii. After the block is dropped onto the cart, consider a system that consists only of the cart and the spring. On

Figure 4, sketch a solid line that shows the kinetic energy of the system that consists of the cart and the
spring but not the block after the block is dropped onto the cart.

GO ON TO THE NEXT PAGE.
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AP® Physics 1: Algebra-Based 2023 Scoring Guidelines Version 1.0

Question 1: Short Answer 7 points

(@)

For an explanation that indicates that the maximum kinetic energy and maximum potential 1 point
energy are the same due to energy conservation

Scoring Note: This point may be earned for only stating “conservation of energy.”

Example Response

The maximum kinetic energy and maximum potential energy of the car-spring system are
both 4 J, because energy is conserved in this system.

Total for part (a) 1 point

(b)

For using the equation for frequency or period in a ratio 1 point

Example Responses

=5 _f_ =2

Scoring Note: Simplified versions of the above ratios also earn this point.

- f, T 1 point
For substituting the total mass 4m, into the correct ratio: f— or T_ P
1 2

Example Response

T :27z\/%

1 |k
t=orim

1 k
f, 1 [k

S
f, 1
T2

Total for part (b) 2 points
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AP® Physics 1: Algebra-Based 2023 Scoring Guidelines Version 1.0

©0)

(c)(ii)

For a valid explanation in terms of work or energy for why the systems’ energies should 1 point
be the same

Accept one of the following:

e No work is done on the system

e The maximum spring potential energy is the same

e The force exerted on the system is perpendicular to the direction of motion

Example Response

The maximum potential energy of the system does not depend upon the mass of the system,
therefore there will be no change when the block is added.

For drawing a single straight line with a horizontal intercept that is the same as the 1 point
horizontal intercept of the original graph of 4J

For drawing a line with a vertical intercept that is less than the vertical intercept in the 1 point
original graph

For drawing a line with the correct vertical intercept of 1 J 1 point

Example Response

K )
[
6
5
4 N
31
2 N
I ~
-h""‘"--...__ Y

= U (J
: &)

Total for part (c) 4 points

Total for question 1 7 points
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AP® Physics 1 2023 Scoring Commentary

Question 1

Sample Identifier: P1 Q1 Sample A
Score: 7

a.
e 1 point was earned. The response contains an explanation that indicates that the maximum kinetic energy
and maximum potential energy are the same due to energy conservation.

e 1 point was earned. The response uses the equation for frequency or period in a ratio.

. . . . f T,
o 1 point was earned. The response substitutes the total mass 4m, into the correct ratio: —% or T—l
1 2
C..
e 1 point was earned. The response contains a valid explanation in terms of work or energy for why the
systems’ energies should be the same.
C.il.
e 1 point was earned. The response contains a straight line with a horizontal intercept that is the same as the
horizontal intercept of the original graph of 4 J.
e 1 point was earned. The response contains a vertical intercept that is less than the vertical intercept in the
original graph.
e 1 point was earned. The response contains a correct vertical intercept of 1 J.

© 2023 College Board.
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AP® Physics 1 2023 Scoring Commentary

Sample Identifier: P1 Q1 Sample B
Score: 5

a.

C.i.

C.il.

1 point was earned. The response contains an explanation that indicates that the maximum kinetic energy
and maximum potential energy are the same due to energy conservation.

1 point was earned. The response uses the equation for frequency or period in a ratio.

. . . . f
0 points were earned. The response does not substitute the total mass 4m, into the correct ratio: TZ or
1

T
T,

1 point was earned. The response contains a valid explanation in terms of work or energy for why the
systems’ energies should be the same.

0 points were earned. The response does not contain a straight line with a horizontal intercept that is the
same as the horizontal intercept of the original graph of 4 J.

1 point was earned. The response contains a vertical intercept that is less than the vertical intercept in the
original graph.

1 point was earned. The response contains a correct vertical intercept of 1 J.

© 2023 College Board.
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AP® Physics 1 2023 Scoring Commentary

Sample Identifier: P1 Q1 Sample C
Score: 4

a.

C.i.

C.il.

1 point was earned. The response contains an explanation that indicates that the maximum kinetic energy
and maximum potential energy are the same due to energy conservation.

1 point was earned. The response uses the equation for frequency or period in a ratio.

. . . . f T,
1 point was earned. The response substitutes the total mass 4m, into the correct ratio: —% or —*.
1 2

1 point was earned. The response contains a valid explanation in terms of work or energy for why the
systems’ energies should be the same.

0 points were earned. The response does not contain a straight line with a horizontal intercept that is the
same as the horizontal intercept of the original graph of 4 J.

0 points were earned. The response does not contain a vertical intercept that is less than the vertical
intercept in the original graph.

0 points were earned. The response does not contain a correct vertical intercept of 1 J.

© 2023 College Board.
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AP® Physics 1 2023 Scoring Commentary

Sample Identifier: P1 Q1 Sample D
Score: 3

a.

C.i.

C.il.

1 point was earned. The response contains an explanation that indicates that the maximum kinetic energy
and maximum potential energy are the same due to energy conservation.

1 point was earned. The response uses the equation for frequency or period in a ratio.

. . . . f T,
1 point was earned. The response substitutes the total mass 4m, into the correct ratio: —% or .
1 2

0 points were earned. The response does not contain a valid explanation in terms of work or energy for
why the systems’ energies should be the same.

0 points were earned. The response does not contain a straight line with a horizontal intercept that is the
same as the horizontal intercept of the original graph of 4 J.

0 points were earned. The response does not contain a vertical intercept that is less than the vertical
intercept in the original graph.

0 points were earned. The response does not contain a correct vertical intercept of 1 J.
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AP® Physics 1 2023 Scoring Commentary

Sample Identifier: P1 Q1 Sample E
Score: 2

a.

C.i.

C.il.

1 point was earned. The response contains an explanation that indicates that the maximum kinetic energy
and maximum potential energy are the same due to energy conservation.

0 points were earned. The response does not use the equation for frequency or period in a ratio.

. . . . f
0 points were earned. The response does not substitute the total mass 4m, into the correct ratio: TZ or
1

T
T,

0 points were earned. The response does not contain a valid explanation in terms of work or energy for
why the systems’ energies should be the same.
o Note: The response states that no energy is lost because there is no friction. The response needs to
address the fact that no work is done on the system.

1 point was earned. The response contains a straight line with a horizontal intercept that is the same as the
horizontal intercept of the original graph of 4 J.

0 points were earned. The response does not contain a vertical intercept that is less than the vertical
intercept in the original graph.

0 points were earned. The response does not contain a correct vertical intercept of 1 J.
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AP® Physics 1 2023 Scoring Commentary

Sample Identifier: P1 Q1 Sample F
Score: 1

a.

C.i.

C.il.

0 points were earned. The response does not contain an explanation that indicates that the maximum
kinetic energy and maximum potential energy are the same due to energy conservation.

0 points were earned. The response does not use the equation for frequency or period in a ratio.

. . . . f
0 points were earned. The response does not substitute the total mass 4m, into the correct ratio: TZ or
1

T
T,

0 points were earned. The response does not contain a valid explanation in terms of work or energy for
why the systems’ energies should be the same.

1 point was earned. The response has a solid line drawn on top of the dotted line. The response contains a
straight line with a horizontal intercept that is the same as the horizontal intercept of the original graph of
4].

0 points were earned. The response does not contain a vertical intercept that is less than the vertical
intercept in the original graph.

0 points were earned. The response does not contain a correct vertical intercept of 1 J.

© 2023 College Board.
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AP® Physics 1 2023 Free-Response Questions

Begin your response to QUESTION 2 on this page.

2. (12 points, suggested time 25 minutes)

(a) Students conduct an experiment to determine the acceleration a of a cart. The cart is released from rest at the
top of the ramp at time ¢t = 0 and moves down the ramp. The x-axis is defined to be parallel to the ramp with
its origin at the top, as shown in the figure. The students collect the data shown in the following table.

Position x Time ¢
(m) (s)
0.06 0.39
0.14 0.59
0.24 0.77
0.37 0.96
0.55 1.20

i. Indicate which quantities could be graphed to yield a straight line whose slope could be used to determine
the acceleration a of the cart. You may use the remaining columns in the table, as needed, to record any
quantities (including units) that are not already in the table.

Vertical axis: Horizontal axis:

GO ON TO THE NEXT PAGE.
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AP® Physics 1 2023 Free-Response Questions

Continue your response to QUESTION 2 on this page.

ii. On the following grid, plot the appropriate quantities to create a graph that can be used to determine the

acceleration a of the cart as it rolls down the ramp. Clearly scale and label all axes (including units), as

appropriate. Draw a straight line that best represents the data.
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— = —
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|
|
-——1—
— = —
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|
--T1-

L
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———1—1
N P
11
|
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iii. Using the line you drew in part (a)(ii), calculate an experimental value for the acceleration a of the cart

as it rolls down the ramp.

using their

exp

(b) The students are asked to determine an experimental value for the acceleration due to gravity g
data.

from a ?

exp

i. What additional quantities do the students need to measure in order to calculate g

in terms of a.

exp

ii. Write an expression for the value of g

GO ON TO THE NEXT PAGE.

© 2023 College Board.
Visit College Board on the web: collegeboard.org.

8



AP® Physics 1 2023 Free-Response Questions

Continue your response to QUESTION 2 on this page.

(c) The students calculate the value of Sexp to be significantly lower than the accepted value of 9.8 m/s’.

i. What is a physical reason, other than friction or air resistance, that could lead to a significant difference in
the experimentally determined value of g_ . ?

ii. Briefly explain how the physical reason you identified in part (c)(i) would lead to the decrease in the

experimentally determined value of Sexp -

The students want to confirm that the acceleration is the same whether the cart rolls up or down the ramp. The
students start the cart at the bottom and give the cart a quick push so that it rolls up the ramp and momentarily
comes to rest. The x-axis is still defined to be parallel to the ramp with the origin at the top.

(d) On the following graphs, sketch the position x and velocity v as functions of time ¢ that correspond to the
scenario shown while the cart moves up the ramp.

GO ON TO THE NEXT PAGE.
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AP® Physics 1: Algebra-Based 2023 Scoring Guidelines Version 1.0

Question 2: Experimental Design 12 points
(a)(i)  For indicating two quantities that, when graphed together, produce a straight line whose 1 point

(a)(ii)

slope can be used to determine the acceleration a

Example Response

Vertical Axis : Position Horizontal Axis :  Time squared
Position x | Timet | Time squared t?
(m) (s) ()
0.06 0.39 015
014 0.59 0.35
0.24 0.77 0.59
0.37 0.96 0.92
0.55 1.20 1.44
The axes have a linear scale and are identified (labels OR units) so that when graphed 1 point

correctly, the data will span more than half of the horizontal and vertical axes

For plotting at least 4 of the data points correctly 1 point

For drawing a best-fit line that approximates the trend of the data 1 point

Example Response
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Version 1.0

AP® Physics 1: Algebra-Based 2023 Scoring Guidelines

Alternate Example Response
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Scoring Note: The following tables represent the most common linearized graphs with the

data that were used to determine the acceleration.
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AP® Physics 1: Algebra-Based 2023 Scoring Guidelines Version 1.0

a)(iii . . i - . .. 1 point
@@ attempting to find the slope, (::J—Sr?) or (%) , of the best-fit line drawn in part (a)(ii) P
Scoring Note: An indication that a calculator was used for linear regression to determine
the value of the slope may earn this point.
For using the slope in a valid kinematic equation to calculate the acceleration 1 point

Scoring Note: This point can be earned if evidence of a kinematic equation exists in

graphed quantities (e.g., a graph of position as a function of %tz).

Example Response

slope = &Y _ Aposition _ 048m ~018M _ 375 M
AX A time 12s°-04s s
AX = vyt + %at2
Ax _ 1
2 2
slopex 2 =a
a=075"
S

Total for part (a) 6 points
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AP® Physics 1: Algebra-Based 2023 Scoring Guidelines Version 1.0

(b)(¥)

(b)(ii)

For indicating a quantity to be measured 1 point

Accept one of the following:
e Theangle @ with the horizontal
e The height h and length L of the ramp

Scoring Note: Stating only the height needs to be measured can earn this point if an
energy approach is used.

For providing a correct expression relating the acceleration of gravity to the acceleration 1 point
measured

Scoring Note: If cosé is used, the response must specify that & was measured from the
vertical.

Example Response
MQexp SINE = Ma

a
0 = Sing

OR

sin@ =

Sir s

Ja

Oexp = (
OR

MQexph = 5 MV

1
Jexph = Evz

V= Idexph

v = at

at = ,/dexph

a’t?

Jop = h

Total for part (b) 2 points
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AP® Physics 1: Algebra-Based 2023 Scoring Guidelines Version 1.0

(©)()

(c)(ii)

For identifying a physical factor that could have affected the result 1 point
Accept one of the following:
o A physical factor in the materials used (e.g., the wheels have nonnegligible rotational

inertia, the ramp was bumpy, the wheels were wobbly or not perfectly round, the base

of the ramp was not level, the floor was not level)
o A physical factor in the environment (e.g., the room was being accelerated (elevator),

the experiment was performed at high elevation or on a different planet)
e A physical error in measurement collection (e.g., time, position, or angle was measured

incorrectly)
Scoring Note: A statement of “Human error” does not earn this point.
For correctly indicating the functional dependence between the reason listed in part (c)(i) 1 point
and QGexp
Accept one of the following:
e Correctly indicating the functional dependence between the physical factor in the

materials used and g, (e.g., if the rotational inertia of the rotating wheels is

nonnegligible, the cart will have a smaller acceleration and ge,,, will be smaller.)
o Correctly indicating the functional dependence between the physical factor in the

environment and ge,, (e.g., if the experiment was performed at a high elevation, the

acceleration will be smaller and g, will be smaller.)
e Correctly indicating the functional dependence between the physical error in the

measurement collection and ge,, (e.g., if the angle of the ramp is smaller than the

measured value, the cart will have a smaller acceleration and g, will be smaller.)
Example Response
The expression | derived for the value for g, did not take into consideration that the
wheels had any rotational inertia. If the wheels have rotational inertia and are rotating,
the acceleration of the cart would be less than gsiné, so the value of ge,,, would be less
than 9.8 1.

2
s
Total for part (c) 2 points
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AP® Physics 1: Algebra-Based 2023 Scoring Guidelines Version 1.0

(d)  For sketching a concave up curve with an initially negative slope for the graph of position 1 point
as a function of time

For one of the following: 1 point
o Drawing a line with a positive slope and a negative vertical intercept for the v vs t
graph

o Drawinga v vs t graph that is consistent with the x vs t graph that shows
acceleration

Example Response

X Vv

o
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AP® Physics 1: Algebra-Based 2023 Scoring Guidelines Version 1.0

Scoring Note: Alternate example graphs with the points the response would earn.

X v
A
0 // t Earns 2 points
0o it
X V
A
0 t Earns 1 point
0o t
X Vv
A A
0 t Earns 1 point
o0 t
X Vv
A A
0 t Earns 1 point
0 t
X Vv
' A
0 t Earns 0 points
o t

Total for part (d) 2 points

Total for question 2 12 points
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AP® Physics 1 2023 Scoring Commentary

Question 2

Sample Identifier: P1 Q2 Sample A
Score: 12

a.l.

a.ii.

b.i.

b.ii.

C.1.

C.ii.

1 point was earned. The response correctly identifies two variables that will yield a straight line that could
be used to determine a value for acceleration.

1 point was earned. The response has axes that are scaled so that the data spans more than half the
horizontal and vertical axes. Both axes are appropriately identified.

1 point was earned. The response plots at least 4 points correctly.

1 point was earned. The response has a best fit line that approximates the trend of the data.

1 point was earned. The response uses two points from the best fit line to calculate the slope of the line.
1 point was earned. The response graphs variables that give evidence of the use of kinematic equations.

1 point was earned. The response correctly identifies a quantity that is needed to calculate g,,, from a.

1 point was earned. The response provides a correct expression relating the acceleration of gravity to the
acceleration measured.

1 point was earned. The response identifies a physical factor that might have affected the experimentally
determined value of g,,, .

1 point was earned. The response correctly indicates the functional dependence between the reason listed
in part (c)(i) and g, -

1 point was earned. The response shows an x vs t curve that is concave up and has an initially negative
slope. The second half of this graph does not affect this point.

1 point was earned. The response shows a v vs t line with a positive slope and a negative intercept. The
second half of this graph does not affect this point.
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AP® Physics 1 2023 Scoring Commentary

Sample Identifier: P1 Q2 Sample B
Score: 11

a.l.

a.ii.

b.i.

b.ii.

C.1.

C.ii.

1 point was earned. The response correctly identifies two variables that will yield a straight line that could
be used to determine a value for acceleration.

1 point was earned. The response has axes that are scaled so that the data spans more than half the
horizontal and vertical axes. Both axes are appropriately identified.

1 point was earned. The response plots at least 4 points correctly.

1 point was earned. The response has a best fit line that approximates the trend of the data.

1 point was earned. The response uses two points from the best fit line to calculate the slope of the line.
1 point was earned. The response uses the slope in a valid kinematic equation to calculate the
acceleration.

1 point was earned. The response correctly identifies a quantity that is needed to calculate g,,, from a.

1 point was earned. The response provides a correct expression relating the acceleration of gravity to the
acceleration measured.

1 point was earned. The response identifies a physical factor that could have affected the experimentally
determined value of g, .

1 point was earned. The response correctly indicates the functional dependence between the reason listed
in part (c)(i) and g, -

0 points were earned. The response does not show an x vs t curve that is concave up and has an initially
negative slope.

1 point was earned. The response shows a v vs t line that is consistent with the x vs t graph. The second
half of this graph does not affect this point.

© 2023 College Board.
Visit College Board on the web: collegeboard.org.



AP® Physics 1 2023 Scoring Commentary

Sample Identifier: P1 Q2 Sample C
Score: 10

a.l.

a.ii.

b.i.

b.ii.

C.1.

C.il.

1 point was earned. The response indicates two variables that will yield a straight line that could be used
to determine a value for acceleration. If there are multiple conflicting labels, in which at least one is
correct, look at the data table for clarification. If the data in the data table does not help clarify, use the
following priority, if present: quantity, variable, and lastly units. The response initially is unclear if time
or t squared was graphed, but it was verified that the response is graphing time squared by the values in
their data table.

1 point was earned. The response has axes that are scaled so that the data spans more than half the
horizontal and vertical axes. Both axes are appropriately identified.

1 point was earned. The response plots at least 4 points correctly.

1 point was earned. The response has a best fit line that approximates the trend of the data.

1 point was earned. The response uses two points from the best fit line to calculate the slope of the line.
0 points were earned. The response does not use the slope in a valid kinematic equation to calculate
acceleration.

1 point was earned. The response correctly identifies a quantity that is needed to calculate g,,, from a.

1 point was earned. The response provides a correct expression relating the acceleration of gravity to the
acceleration measured.

1 point was earned. The response identifies a physical factor that could have affected the experimentally
determined value of g, .

1 point was earned. The response correctly indicates the functional dependence between the reason listed
in part (c)(i) and g, -

0 points were earned. The response does not show an x vs t curve that is concave up and has an initially
negative slope.

1 point was earned. The response shows a v vs t line that is consistent with the x vs t graph. The second
half of this graph does not affect this point.
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AP® Physics 1 2023 Scoring Commentary

Sample Identifier: P1 Q2 Sample D
Score: 9

a.i.
e 1 point was earned. The response correctly identifies two variables that will yield a straight line that could
be used to determine a value for acceleration.

a.ii.
e 1 point was earned. The response has axes that are scaled so that the data spans more than half the
horizontal and vertical axes. Both axes are appropriately identified.
e 1 point was earned. The response plots at least 4 points correctly.
e 1 point was earned. The response has a best fit line that approximates the trend of the data.
a.iii.
e 1 point was earned. The response uses two points from the best fit line to calculate the slope of the line.
e 1 point was earned. The response graphs variables that give evidence of the use of kinematic
equations. The average velocity values were doubled in the table.
b.i.
e 1 pointwas earned. The response correctly identifies a quantity that is needed to calculate g.,, from a.
b.ii.
e 1 point was earned. The response provides a correct expression relating the acceleration of gravity to the
acceleration measured.
C.i.
e 0 points were earned. The response does not identify a physical factor that could have affected the
experimentally determined value of g, .
C.ii.
e 0 points were earned. Because the response does not provide a physical reason in part (c)(i), a functional
dependence between the reason listed in part (c)(i) and g,,, cannot be indicated.
d.

e 0 points were earned. The response does not show an x vs t curve that is concave up and has an initially
negative slope.
e 1 point was earned. The response shows a v vs t line that is consistent with the x vs t graph.
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AP® Physics 1 2023 Scoring Commentary

Sample Identifier: P1 Q2 Sample E
Score: 8

a.l.

a.ii.

b.i.

b.ii.

C.1.

C.ii.

1 point was earned. The response correctly identifies two variables that will yield a straight line that could
be used to determine a value for acceleration.

1 point was earned. The response has axes that are scaled so that the data spans more than half the
horizontal and vertical axes. Both axes are appropriately identified.

1 point was earned. The response plots at least 4 points correctly.

1 point was earned. The response has a best fit line that approximates the trend of the data.

1 point was earned. The response uses two points from the best fit line to calculate the slope of the line.
0 points were earned. The response does not use the slope in a valid kinematic equation to calculate
acceleration.

1 point was earned. The response correctly identifies a quantity that is needed to calculate g,,, from a.

1 point was earned. The response provides a correct expression relating the acceleration of gravity to the
acceleration measured.

0 points were earned. The response does not identify a physical factor that could have affected the
experimentally determined value of g, .

0 points were earned. The response does not indicate the functional dependence between the reason listed
in part (c)(i) and g, -

0 points were earned. The response does not show an x vs t curve that is concave up and has an initially
negative slope.

1 point was earned. The response shows a v vs t line that is consistent with the x vs t graph. The second
half of this graph does not affect this point.
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AP® Physics 1 2023 Scoring Commentary

Sample Identifier: P1 Q2 Sample F
Score: 7

a.l.

a.ii.

b.i.

b.ii.

C.i.

C.ii.

1 point was earned. The response correctly identifies two variables that will yield a straight line that could
be used to determine a value for acceleration.

1 point was earned. The response has axes that are scaled so that the data spans more than half the
horizontal and vertical axes. Both axes are appropriately identified.

1 point was earned. The response plots at least 4 points correctly.

1 point was earned. The response has a best fit line that approximates the trend of the data.

0 points were earned. The response does not use two points from the best fit line to calculate the slope of
the line.

0 points were earned. The response does not use the slope in a valid kinematic equation to calculate
acceleration.

1 point was earned. The response correctly identifies a quantity that is needed to calculate g, from
a. Additional listed quantities did not affect this point.

0 points were earned. The response does not provide a correct expression relating the acceleration of
gravity to the acceleration measured.

0 points were earned. The response does not identify a physical factor that could have affected the
experimentally determined value of g, .

0 points were earned. The response does not indicate the functional dependence between the reason listed
in part (c)(i) and g, -

1 point was earned. The response shows an x vs t curve that is concave up and has an initially negative
slope. The second half of this graph does not affect this point.

1 point was earned. The response shows a v vs t line with a positive slope and a negative intercept. The
second half of this graph does not affect this point.
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AP® Physics 1 2023 Scoring Commentary

Sample Identifier: P1 Q2 Sample G
Score: 6

a.l.

a.ii.

b.i.

b.ii.

C.i.

C.il.

1 point was earned. The response correctly identifies two variables that will yield a straight line that could
be used to determine a value for acceleration.

1 point was earned. The response has axes that are scaled so that the data spans more than half the
horizontal and vertical axes. Both axes are appropriately identified.

1 point was earned. The response plots at least 4 points correctly.

1 point was earned. The response has a best fit line that approximates the trend of the data.

0 points were earned. The response does not use two points from the best fit line to calculate the slope of
the line.

0 points were earned. The response does not use the slope in a valid kinematic equation to calculate
acceleration.

1 point was earned. The response correctly identifies a quantity that is needed to calculate g,,, from a.

0 points were earned. The response does not provide a correct expression relating the acceleration of
gravity to the acceleration measured.

0 points were earned. The response does not identify a physical factor that could have affected the
experimentally determined value of g, .

0 points were earned. The response does not indicate the functional dependence between the reason listed
in part (c)(i) and g, -

0 points were earned. The response does not show an x vs t curve that is concave up and has an initially
negative slope.

1 point was earned. The response shows a v vs t line that is consistent with the x vs t graph. The second
half of this graph does not affect this point.
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AP® Physics 1 2023 Scoring Commentary

Sample Identifier: P1 Q2 Sample H
Score: 5

a.i.
e 1 point was earned. The response correctly identifies two variables that will yield a straight line that could
be used to determine a value for acceleration.

a.ii.
e 1 point was earned. The response has axes that are scaled so that the data spans more than half the
horizontal and vertical axes. Both axes are appropriately identified.
e 1 point was earned. The response plots at least 4 points correctly.
e 1 point was earned. The response has a best fit line that approximates the trend of the data.
a.iii.
e 1 point was earned. The response uses the origin and another point from the best fit line to calculate the
slope of the line.
o 0 points were earned. The response does not use the slope in a valid kinematic equation to calculate
acceleration.
b.i.
0 points were earned. The response does not correctly identify a quantity that is needed to calculate g.,,
from a.
b.ii.
o 0 points were earned. The response does not provide a correct expression relating the acceleration of
gravity to the acceleration measured.
C.i.
o 0 points were earned. The response does not identify a physical factor that could have affected the
experimentally determined value of g, .
C.ii.
o 0 points were earned. Because the response does not provide a physical reason in part (¢)(i), a functional
dependence between the reason listed in part (c)(i) and g,,, cannot be indicated.
d.

e 0 points were earned. The response does not show an x vs t curve that is concave up and has an initially
negative slope.

e 0 points were earned. The response shows a v vs t graph that is neither a line with a positive slope and a
negative intercept nor a line consistent with the x vs t graph.
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AP® Physics 1 2023 Scoring Commentary

Sample Identifier: P1 Q2 Sample I
Score: 2

a.l.

a.ii.

b.i.

b.ii.

C.i.

C.il.

0 points were earned. The response does not correctly identify two variables that will yield a straight line
that could be used to determine a value for acceleration.

0 points were earned. The response has axes that are not scaled so that the data spans more than half the
horizontal and vertical axes.

1 point was earned. The response plots at least 4 points correctly.

1 point was earned. The response has a best fit line that approximates the trend of the data.

0 points were earned. The response does not use correct y values from the best fit line.
0 points were earned. The response does not use the slope in a valid kinematic equation to calculate
acceleration.

0 points were earned. The response does not correctly identify a quantity that is needed to calculate g,,,
from a.

0 points were earned. The response does not provide a correct expression relating the acceleration of
gravity to the acceleration measured.

0 points were earned. The response does not identify a physical factor that could have affected the
experimentally determined value of g, .

0 points were earned. Because the response does not provide a physical reason in part (c)(i), a functional
dependence between the reason listed in part (c)(i) and g,,, cannot be indicated.

0 points were earned. The response does not show an x vs t curve that is concave up and has an initially
negative slope.

0 points were earned. The response shows a v vs t graph that is neither a line with a positive slope and a
negative intercept nor a line consistent with the x vs t graph.
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AP® Physics 1 2023 Scoring Commentary

Sample Identifier: P1 Q2 Sample J
Score: 1

a.i.
e 1 point was earned. The response correctly identifies two variables that will yield a straight line that could
be used to determine a value for acceleration.

a.ii
e 0 points were earned. The response uses a nonlinear scaling, and one axis is unscaled.
o 0 points were earned. The response does not plot at least 4 points correctly.
e 0 points were earned. The response does not have a best fit line that approximates the trend of the data.
a.iii.
e 0 points were earned. The response does not use two points from the best fit line, and to calculate the
slope of the line.
e 0 points were earned. The response does not use the slope in a valid kinematic equation to calculate
acceleration.
b.i.
0 points were earned. The response does not correctly identify a quantity that is needed to calculate g,,,
from a.
b.ii.
o 0 points were earned. The response does not provide a correct expression relating the acceleration of
gravity to the acceleration measured.
C.i.
e 0 points were earned. The response does not identify a physical factor that could have affected the
experimentally determined value of g, .
C.il.
o 0 points were earned. The response does not indicate the functional dependence between the reason listed
in part (c)(i) and g, -
d.

e 0 points were earned. The response does not show an x vs t curve that is concave up and has an initially
negative slope.

e 0 points were earned. The response shows a v vs t graph that is neither a line with a positive slope and a
negative intercept nor a line consistent with the x vs t graph.
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AP® Physics 1 2023 Free-Response Questions

Begin your response to QUESTION 3 on this page.

3. (12 points, suggested time 25 minutes)

A small block of mass m, is attached to the end of a spring of spring constant k that is attached to a rod on a
horizontal table. The rod is attached to a motor so that the rod can rotate at various speeds about its axis. When the
rod is not rotating, the block is at rest and the spring is at its unstretched length L, as shown. All frictional forces

are negligible.

(a) At time ¢ = , the rod is spinning such that the block moves in a circular path with a constant tangential
speed v; and the spring is stretched a distance d; from the spring’s unstretched length, as shown in Figure 1.
At time t = t,, the rod is spinning such that the block moves in a circular path with a constant tangential
speed v, and the spring is stretched a distance d, from the spring’s unstretched length, where d, > d|, as
shown in Figure 2.

GO ON TO THE NEXT PAGE.
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AP® Physics 1 2023 Free-Response Questions

Continue your response to QUESTION 3 on this page.

i. On the following dots, which represent the block at the locations shown in Figure 1 and Figure 2, draw the
force that is exerted on the block by the spring at times ¢ = # and ¢ = #,. The spring force must be
represented by a distinct arrow starting on, and pointing away from, the dot.

Note: Draw the relative lengths of the vectors to reflect the relative magnitudes of the forces exerted by the
spring at both times.

ii. Referencing d; and d,, describe your reasoning for drawing the arrows the length that you did in
part (a)().

iii. Is the tangential speed v; of the block at time ¢ = #; greater than, less than, or equal to the tangential
speed v, of the block at time t = £, ?

Vi >V 1< V1=V

Justify your answer without using equations.

GO ON TO THE NEXT PAGE.
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AP® Physics 1 2023 Free-Response Questions

Continue your response to QUESTION 3 on this page.

(b) Consider a scenario where the block travels in a circular path where the spring is stretched a distance d from
its unstretched length L.

1. Determine an expression for the magnitude of the net force F;., exerted on the block. Express your answer
in terms of my, k, L, d, and fundamental constants, as appropriate.

ii. Derive an equation for the tangential speed v of the block. Express your answer in terms of m, kg, L, d,
and fundamental constants, as appropriate.

(c) Does your equation for the tangential speed v of the block from part (b)(ii) agree with your reasoning from
part (a) ?

Yes No

Explain your reasoning.

GO ON TO THE NEXT PAGE.
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AP® Physics 1: Algebra-Based 2023 Scoring Guidelines Version 1.0

Question 3: Quantitative/Qualitative Translation 12 points
(@)(i)  For drawing rightward arrows in both diagrams 1 point
For the length of the arrow at t = t, being longer than the arrow at t = t; 1 point

(a)(ii)

Scoring Notes:
o A maximum of 1 point can be earned if extraneous unlabeled arrows are drawn.
e A maximum of 1 point can be earned if incorrect labeled forces are drawn.

Example Response

| |
I I T T ] ]
| I I I 1 I 1 | 1 I I
- = B e B e e e S e o

For an explanation that refers to the difference in the stretch length and indicates that the 1 point
magnitude of the spring force is (or is not) related to the stretch length, consistent with the
force diagram drawn in part (a)(i)

Example Response

The spring force arrow drawn at t = t, is longer because the spring is stretched a greater
distance at that time and the spring force is related to the stretch distance.
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AP® Physics 1: Algebra-Based 2023 Scoring Guidelines Version 1.0

(a)(iii) For a correct selection with an attempt at a relevant justification, or a selection and 1 point
justification consistent with the response in part (a)(ii)

For indicating that the spring force is the net force 1 point

Scoring Note: Stating F = kx earns this point.

For indicating that the net force is related to the speed (or acceleration) 1 point

Scoring Note: The relationship does not need to be defined to earn this point.

Example Response

The net force is the spring force. When the spring is stretched a greater length, the spring
force is greater, so the net force is greater, and therefore the tangential speed is greater at

Total for part (a) 6 points

© 2023 College Board



AP® Physics 1: Algebra-Based 2023 Scoring Guidelines Version 1.0

(b)(¥)

(b)(ii)

For the correct answer: Fo, = kod 1 point

Scoring Notes:
e Ananswer of kx does not earn this point.
e Points for part (b)(i) may be earned if correct in (b)(ii).

Example Response

I:net =2ZF = Fs
Fnet = ZF = kod

For a multistep derivation that begins with Newton’s second law: XF = ma 1 point

For one of the following: 1 point
e Substituting kx for force into Newton’s second law

2
e  Substitutin v for acceleration into Newton’s second law
g r

e Substituting (L + d) for the radius

kod (L + d) 1 point

For the consistent answer in terms of the given variables: v = p-
o

Scoring Notes:
e Subscripts for m and k are not required to earn this point.
e Points in (b)(ii) can be earned if correct in (b)(i).

Example Response

2F = ma,
2

kx = OV
r

2

MgV

kol = T

o [Red(C+0)
ol

Total for part (b) 4 points
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AP® Physics 1: Algebra-Based 2023 Scoring Guidelines Version 1.0

(c) For an answer that attempts to use functional dependence to relate the tangential speed 1 point
with stretched distance

Scoring Note: It is not necessary to use the functional dependence correctly to earn this
point.

For a correct explanation for why the derived equation in part (b)(ii) does or does not 1 point
support the reasoning in part (a)

Example Response

My equation from part (b)(ii) agrees with my reasoning in part (a). The tangential speed
of the block as it travels in a horizontal circle is related to the distance the spring is
stretched. The greater the tangential speed of the block, the greater distance the spring is
stretched. The equation shows this because the d is in the numerator.

Total for part (c) 2 points

Total for question 3 12 points
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AP® Physics 1 2023 Scoring Commentary

Question 3

Sample Identifier: P1 Q3 Sample A
Score: 12

a..
e 1 point was earned. The response indicates two arrows drawn to the right.
« 1 point was earned. The response indicates the length of the arrow at t, as longer than the arrow at t, .

a.ii.
o 1 point was earned. The response states “the spring at t, is stretched further and applies a greater force
compared to t,.” The length relates to the spring force.
a.iii.
o 1 point was earned. The correct selection is checked, v, < v,, with an attempt to justify the selection.
e 1 point was earned. The response identifies the force as the spring force by stating “The greater force the
spring applies to the block,” and indicates the net force as the centripetal force.
e 1 point was earned. The response states “When the tangential velocity of the block is greater, the
centripetal acceleration and force will also be greater.”
b.i.
e 1 point was earned. The response correctly identifies the net force expression with the correct variables
substituted.
b.ii.
e 1 point was earned. The response attempts to use Newton's second law.
e 1 point was earned. The response correctly substitutes L +d for the radius.
e 1 point was earned. The correct equation is given.
C.

e 1 point was earned. The response attempts a functional dependance between velocity and distance by
stating “If v increases, so does d, and vice versa.”
e 1 point was earned. The response correctly relates the equation from part (b) to the reasoning in part (a).
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AP® Physics 1 2023 Scoring Commentary

Sample Identifier: P1 Q3 Sample B
Score: 11

al.

a.ii.

a.iii.

b.i.

b.ii.

1 point was earned. The response indicates two arrows drawn to the right.
1 point was earned. The response indicates the length of the arrow at t, as longer than the arrow at t, .

1 point was earned. The response states “the further the distance from equilibrium the stronger the force
of the spring.” The length is related to the spring force.

1 point was earned. The correct selection is checked, v, < v,, with an attempt to justify the selection.

1 point was earned. The response identifies the force as the centripetal force.

1 point was earned. The response states “recieving a higher centripetal force at t,, then it must be moving
at a higher speed.”

1 point was earned. The response correctly identifies the net force expression with the correct variables
substituted.

1 point was earned. The response attempts to use Newton's second law to begin the derivation.
1 point was earned. The response correctly substitutes L +d for the radius.
0 points were earned. The correct equation is not given.

1 point was earned. The response attempts a functional dependance between velocity and distance.

1 point was earned. The response correctly relates the equation from part (b) to the reasoning in part (a).
The response states “the d on the top will have a larger impact when it is increased, so the final tangential
velocity will be greater if the d value is increased.”
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AP® Physics 1 2023 Scoring Commentary

Sample Identifier: P1 Q3 Sample C
Score: 10

a..
e 1 point was earned. The response indicates two arrows pointing to the right.
o 1 point was earned. The response indicates two arrows where the arrow for t, is shorter than the arrow

drawnin t,.
a.ii.
o 1 point was earned. The response states *“ F, increased so t, also increased the stretch length of the
spring.”
a.iii.
e 1 point was earned. The response selects the correct choice and attempts a justification.
e 1 point was earned. The response identifies only one force, which is implied to be the spring force from
the context of the solution.
e 1 point was earned. The response correctly relates an increase in force to an increase in acceleration and
velocity.
b.i.
e 1 point was earned. The response gives a correct expression for the net force.
b.ii.
e 1 point was earned. The response attempts to use Newton's second law to begin the derivation.
2
e 1 point was earned. The response correctly substitutes VT for centripetal acceleration.
e 0 points were earned. The correct equation is not given in the response.
C.

o 0 points were earned. The response does not attempt a functional dependance between velocity and
stretch length. The response only relates force, acceleration, and velocity.
e 1 point was earned. The response correctly relates the equation in part (b) to support the reasoning in part

(a).
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AP® Physics 1 2023 Scoring Commentary

Sample Identifier: P1 Q3 Sample D
Score: 9

al.

a.ii.

a.iii.

b.i.

b.ii.

0 points were earned. The response did not indicate two arrows pointing to the right.
1 point was earned. The response did draw two arrows where the arrow for t, is shorter than the arrow

drawnin t,.

1 point was earned. The response states “the distance is the main factor in determining force of spring.”

1 point was earned. The response selects the correct choice and attempts to justify the choice.

1 point was earned. The response identifies the spring force as the centripetal force and only refers to that
force.

1 point was earned. The response states “the velocity has to be greater in v, than in v, because more

force is required.”
0 points were earned. The response does not give a correct expression for the net force.

1 point was earned. The response begins a multistep derivation with Newton's second law.
2

1 point was earned. The response substitutes Y~ for the centripetal acceleration.
r

0 points were earned. The equation given in the response is neither correct nor consistent.

1 point was earned. The response states “the radius/distance of the spring is the only different factor that
determines the tangential speed.”

1 point was earned. The response states “Due to the radius being a part of the numerator of the derived
equation, the greater the distance (radius) (L +d ) is, the greater the velocity.”
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AP® Physics 1 2023 Scoring Commentary

Sample Identifier: P1 Q3 Sample E
Score: 8

al.

a.ii.

a.iii.

b.i.

b.ii.

1 point was earned. The response draws arrows pointing to the right in both diagrams.
1 point was earned. The response indicates the force at t, is greater. Extraneous arrows are labeled and

correct.

1 point was earned. The response states “the more a spring is stretched the greater the force it exerts on an
object.”

1 point was earned. The response indicates a correct selection and attempts a relevant justification.
0 points were earned. The response does not identify the spring force as the net force.
0 point were earned. The response does not show a relationship between the spring force and the velocity.

0 points were earned. The response does not give a correct expression for the net force.

1 point was earned. The response attempts to use Newton's second law for a derivation (seen in part

(b)()).
1 point was earned. The response correctly substitutes for the radius.
0 points were earned. The correct equation is not given in the response.

1 point was earned. The response attempts a functional dependance between velocity and stretch length.
The response states “Since L+d, is bigger than L +d,, V, will be bigger like I said before.”

1 point was earned. The response correctly relates the equation in part (b) to support the reasoning in part
(@). The response states “My equation shows that multiplying (L +d ) will increase value of V.”
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Sample Identifier: P1 Q3 Sample F
Score: 7

a.i.

b.i.

b.ii.

1 point was earned. The response indicates two arrows drawn to the right. Extraneous arrows are labeled
and correct.
0 points were earned. The response does not indicate the length of the arrow at t, as longer than the

arrow at t, .

1 point was earned. The response states “As the distance grows between the block and L the spring force
will get weaker and weaker.” The length is related to the spring force. This is consistent with arrows
drawn in part (a)(i).

1 point was earned. The correct selection is checked, v, < v,, with an attempt to justify the selection.

0 points were earned. The response does not identify the net force as the spring force.
0 points were earned. The response does not correctly relate any relationship between force and velocity.

0 points were earned. The response does not have the net force expression with the correct variables
substituted.

1 point was earned. The response attempts to use Newton's second law to begin the equation as seen in
part (b)(i).
2
1 point was earned. The response correctly substitutes centripetal acceleration as A
r
0 points were earned. The correct equation is not given.

1 point was earned. The response attempts a functional dependance between velocity and distance by
stating “an increase in the distance would actually increase the tangential speed of the block.”

1 point was earned. The response correctly relates the equation from part (b) to the reasoning in part (a).
The response states “As L +d is in the numerator it means that an increase in the distance would actually
increase the tangential speed.”
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Sample Identifier: P1 Q3 Sample G
Score: 7

al.

a.ii.

a.iii.

b.i.

b.ii.

0 points were earned. The response does not indicate two arrows pointing to the right.
1 point was earned. The response indicates two arrows where the arrow for t, is shorter than the arrow

drawnin t,.

1 point was earned. The response states “when the length of the spring increases, the force of the spring
also increases.”

0 points were earned. The response does not select the correct choice.
0 points were earned. The response does not identify the spring force as the net force.
0 point were earned. The response does indicate a relationship between the spring force and the velocity.

0 points were earned. The response does not give a correct expression for the net force.

1 point was earned. The response uses Newton's second law to begin the multistep derivation.

1 point was earned. The response correctly substitutes (L + d ) for the radius.

1 point was earned. The response is consistent with the expression for spring force in (b)(i) and correctly
substitutes into the derived equation.

1 point was earned. The response states “making the velocity greater as the distance increases.”

1 point was earned. The response correctly relates the equation in part (b) to support the reasoning in part
(a). The response states “The distance of the block from the center is in the numerator of the equation,
making the velocity greater as the distance increases.”
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Sample Identifier: P1 Q3 Sample H
Score: 5

al.

b.i.

b.ii.

1 point was earned. The response indicates two arrows pointing to the right.
1 point was earned. The response indicates the rightward arrow at t, is greater than t, . Extraneous forces

are labeled and correct.

1 point was earned. The response states “I drew the arrow for tension at t =t, smaller than t =t, because
d, is smaller.” The force (tension) is related to the stretch.

1 point was earned. The correct response is indicated, and an attempt at a relevant justification is made.
0 points were earned. The response does not identify the spring force as the net force.

0 points were earned. The response does not show a relationship between the spring force and the
velocity.

0 points were earned. The response does not give a correct expression for the net force.

0 points were earned. The response does not attempt to use Newton's second law.
1 point was earned. The response correctly substitutes L +d for the radius.
0 points were earned. The correct equation is not given in the response.

0 points were earned. The response does not attempt a functional dependance between velocity and
stretch length.

0 points were earned. The response does not attempt to relate the equation in part (b) to support the
reasoning in part (a).
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Sample Identifier: P1 Q3 Sample I
Score: 5

al.

a.ii.

a.iii.

b.i.

b.ii.

0 points were earned. The response does not indicate two arrows pointing to the right.
1 point was earned. The response indicates two arrows where the arrow for t, is shorter than the arrow

drawnin t,.

1 point was earned. The response states “the spring is not as stretched making it so the the force exerted
by the spring on the block is less.”

1 point was earned. The response indicates the correct selection, with an attempt at a relevant
justification.

0 points were earned. The response does not identify the spring force as the net force.

0 point were earned. The response does not show a relationship between the spring force and the velocity.

0 points were earned. The response does not give a correct expression for the net force.

0 points were earned. The response does not attempt to use Newton's second law.

0 points were earned. The response does not have any correct substitutions for the spring force, centripetal
acceleration, or the radius.

0 points were earned. The correct equation is not given in the response.

1 point was earned. The response does attempt a functional dependance between velocity and stretch
length. The response states “as the distance gets farther v increases”
1 point was earned. The response correctly relates the equation in part (b) to support the reasoning in part

@).
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Sample Identifier: P1 Q3 Sample J
Score: 3

al.

b.i.

b.ii.

1 point was earned. The response indicates two arrows pointing to the right.
1 point was earned. The response indicates two arrows where the arrow for t, is shorter than the arrow

drawnin t,.

1 point was earned. The response states “T =t, has a smaller arrow because d, is a smaller distance.”
The response indicates that the force (the arrow) is related to the stretch length (d, ).

0 points were earned. The response does not select the correct choice.
0 points were earned. The response does not identify the spring force as the net force.
0 point were earned. The response does not show a relationship between the spring force and the velocity.

0 points were earned. The response does not give a correct expression for the net force.

0 points were earned. The response does not attempt to use Newton's second law.

0 points were earned. The response does not have correct substitutions for the spring force, centripetal
acceleration, or the radius.

0 points were earned. The correct equation is not given in the response.

0 points were earned. The response does not attempt a functional dependance between velocity and
stretch length.

0 points were earned. The response does not correctly relate the equation in part (b) to support the
reasoning in part (a).
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Begin your response to QUESTION 4 on this page.

4. (7 points, suggested time 13 minutes)

A block of unknown mass is attached to a long, lightweight string that is wrapped several turns around a pulley
mounted on a horizontal axis through its center, as shown. The pulley is a uniform solid disk of mass M and

1
radius R. The rotational inertia of the pulley is described by the equation I = > MR?. The pulley can rotate about

its center with negligible friction. The string does not slip on the pulley as the block falls.

When the block is released from rest and as the block travels toward the ground, the magnitude of the tension
exerted on the block by the string is Fr.

(a) Determine an expression for the magnitude of the angular acceleration o, of the disk as the block travels
downward. Express your answer in terms of M, R, Fr, and physical constants as appropriate.

GO ON TO THE NEXT PAGE.
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Continue your response to QUESTION 4 on this page.

Scenarios 1 and 2 show two different pulleys. In Scenario 1, the pulley is the same solid disk referenced in
part (a). In Scenario 2, the pulley is a hoop that has the same mass M and radius R as the disk. Each pulley
has a lightweight string wrapped around it several turns and is mounted on a horizontal axle, as shown. Each
pulley is free to rotate about its center with negligible friction.

In both scenarios, the pulleys begin at rest. Then both strings are pulled with the same constant force F, for the
same time interval At, causing the pulleys to rotate without the string slipping. After time interval At, the
change in angular momentum of the disk is equal to the change in angular momentum of the hoop, but the
change in rotational kinetic energy for the disk is greater than that of the hoop.

(b) Consider scenarios 1 and 2 at the end of time interval Atz. In a clear, coherent paragraph-length response
that may also contain equations and drawings, explain why the change in angular momentum of both
pulleys is the same but the change in rotational kinetic energy is greater for the disk.

GO ON TO THE NEXT PAGE.
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Question 4: Short Answer Paragraph Argument 7 points
(a) For a correct expression for the angular acceleration of the pulley in terms of the 1 point
appropriate quantities: ap = %
Example Response
ap = 1RFT2 OR ap :iﬂi;
5 MR

Total for part (a) 1 point

© 2023 College Board



AP® Physics 1: Algebra-Based 2023 Scoring Guidelines Version 1.0

(b)

For indicating that the torque, 7, is the same for both pulleys

1 point

For indicating that the impulse, zAt, (or change in momentum AL ) is the same for both
pulleys because z and At are the same

1 point

For indicating that the rotational inertia, | , of the disk and hoop are different

1 point

For providing reasoning that because the rotational inertia, I, are different for the disk and
hoop, the kinematic quantities (A8, o, « ) are also different for the disk and hoop

1 point

For one of the following:
e Relating I and o to reason that AK is greater for the disk
e Indicating that because A& is greater for the disk the work done on the disk is greater

1 point

For a logical, relevant, and internally consistent argument that follows the guidelines
described in the published requirements for the paragraph-length response

1 point

Example Response

The rotational inertia, |, of the hoop is larger than the rotational inertia of the disk
because the hoop’s mass is all on the outside instead of distributed throughout like the
disk. Equal forces are applied to both pulleys at the same distance, which means that the
torques exerted on the pulleys will also be equal. Since the same torque is applied to both
pulleys for the same time period, the change in angular momentum will be the same for the
disk and hoop. The magnitude of the angular velocity for the hoop will be smaller than that
of the disk since angular velocity is inversely proportional to the rotational inertia

(a) = IL) Since kinetic energy is proportional to rotational inertia and the square of

angular velocity (KR = %Ia)z) , the difference in angular velocity more greatly affects the

rotational kinetic energy. That means the disk will have a greater rotational kinetic energy
than the hoop.

Total for part (b)

6 points

Total for question 4

7 points
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AP® Physics 1 2023 Scoring Commentary

Question 4

Sample Identifier: P1 Q4 Sample A
Score: 7

a.

1 point was earned. The response correctly determines an expression for « in terms of appropriate
variables.

1 point was earned. The response correctly indicates that the torque was the same for both pulleys.

1 point was earned. The response correctly connects torque and time to the same change in angular
momentum.

1 point was earned. The response indicates that the hoop and the disk have different rotational inertias.

1 point was earned. The response relates rotational inertia to an angular kinematic quantity change.

1 point was earned. The response correctly justifies why the change in the kinetic energy of the disk is
greater than the change in kinetic energy of the hoop. The response includes an explanation that changes
in angular speed affect the kinetic energy more than changes in rotational inertia.

1 point was earned. The response includes a logical, relevant, and internally consistent argument.
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Sample Identifier: P1 Q4 Sample B
Score: 6

a.

1 point was earned. The response correctly determines an expression for « in terms of appropriate
variables.

1 point was earned. The response correctly indicates that the torque was the same for both pulleys.

1 point was earned. The response correctly connects torque and time to the same change in angular
momentum.

1 point was earned. The response indicates that the hoop and the disk have different rotational inertias.

1 point was earned. The response relates rotational inertia to an angular kinematic quantity change.

0 points were earned. The response states that the change in the kinetic energy of the disk is greater than
the change in kinetic energy of the hoop but does not include an explanation that changes in angular speed
affect the kinetic energy more than changes in rotational inertia.

1 point was earned. The response includes a logical, relevant, and internally consistent argument.
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Sample Identifier: P1 Q4 Sample C
Score: 4

a.
e 0 points were earned. While the response includes an expression for « the response also includes an
unknown quantity 4.

e 0 points were earned. The response does not include any comparison of torque for the two pulleys.

e 0 points was earned. The response does not connect either torque and time or impulse to the change in
angular momentum.

e 1 point was earned. The response indicates that the hoop and the disk have different rotational inertias.

e 1 point was earned. The response relates rotational inertia to an angular kinematic quantity change.

e 1 point was earned. The response correctly justifies why the change in the kinetic energy of the disk is
greater than the change in kinetic energy of the hoop. The response includes an explanation that changes
in angular speed affect the kinetic energy more than changes in rotational inertia.

e 1 point was earned. The response includes a logical, relevant, and internally consistent argument.
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Sample Identifier: P1 Q4 Sample D
Score: 3

o 0 points were earned. The response incorrectly determines an expression for « .

e 1 point was earned. The response correctly indicates that the torque was the same for both pulleys.

e 1 point was earned. The response correctly connects torque and time to the same change in angular
momentum.

o 0 points were earned. The response indicates that the hoop and the disk have different masses not
different rotational inertias.

e 0 points were earned. The response does not relate rotational inertia to an angular kinematic quantity
change.

o 0 points were earned. The response incorrectly justifies why the change in the kinetic energy of the disk is
greater than the change in kinetic energy of the hoop.

e 1 point was earned. The response includes a logical, relevant, and internally consistent argument.
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Sample Identifier: P1 Q4 Sample E
Score: 2

e 1 point was earned. The response correctly determines an expression for « in terms of appropriate
variables.

e 0 points were earned. The response did not include any comparison of torque for the two pulleys.

e 0 points were earned. The response states given information that the change of angular momentum of the
two scenarios are the same but did not connect it to torque and time or impulse.

e 1 point was earned. The response indicates that the hoop and the disk have different rotational inertias.

e 0 points were earned. The response does not relate rotational inertia to an angular kinematic quantity
change.

e 0 points were earned. The response mentions there is a change of kinetic energy but incorrectly justifies
why the change in the kinetic energy of the disk is greater than the change in kinetic energy of the hoop.

e 0 points were earned. The argument is not complete and does not have logically consistent statements.
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Sample Identifier: P1 Q4 Sample F

Score: 1
a.

o 0 points were earned. The response incorrectly determines an expression for « .
b.

e 0 point were earned. The response does not indicate that the torque was the same for both pulleys. There
is no mention of torque in the response.

e 0 points were earned. The response does not connect the same torque and time (angular impulse) to the
same change in angular momentum.

e 0 points were earned. The response does not indicate that the hoop and the disk have different rotational
inertias. While the response does mention that rotational inertia multiplied by the angular speed is equal
for both disk and hoop, the response does not specify that rotational inertia and angular speed are different
for both the disk and hoop.

e 0 points were earned. The response does not relate rotational inertia to an angular kinematic quantity
change. While the response does mention that rotational inertia multiplied by the angular speed is equal
for both disk and hoop, the response does not specify that an angular kinematic quantity changes due to a
change in rotational inertia.

e 0 points were earned. The response does not justify why the change in the kinetic energy of the disk is
greater than the change in kinetic energy of the hoop. While the response gives the equation for rotational
kinetic energy, the response does not explain why the changes in kinetic energy are not the same.

e 1 point was earned. Although incorrect, the response includes a relevant, and internally consistent
argument.
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Begin your response to QUESTION 5 on this page.

5. (7 points, suggested time 13 minutes)

A rod with a sphere attached to the end is connected to a horizontal mounted axle and carefully balanced so that it
rests in a position vertically upward from the axle. The center of mass of the rod-sphere system is indicated

with a ®, as shown in Figure 1. The sphere is lightly tapped, and the rod-sphere system rotates clockwise with
negligible friction about the axle due to the gravitational force.

A student takes a video of the rod rotating from the vertically upward position to the vertically downward
position. Figure 2 shows five frames (still shots) that the student selected from the video.
Note: these frames are not equally spaced apart in time.

GO ON TO THE NEXT PAGE.
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Continue your response to QUESTION 5 on this page.

(a) Use the frames of the video shown in Figure 2 to answer the following questions.

i. In which frame is the angular acceleration of the rod-sphere system the greatest? Justify your answer.

ii. In which frame is the rotational kinetic energy of the rod-sphere system the greatest? Briefly justify your
answer.

(b) The rod-sphere system has mass M and length L, and the center of mass is located a distance %L from the

axle, shown in Figure 3.

i. Derive an expression for the change in kinetic energy of the rod-sphere-Earth system from the moment
shown in Frame A to the moment shown in Frame E. Express your answer in terms of M, L, and
fundamental constants, as appropriate.

ii. Briefly explain why the rod and sphere gain kinetic energy, even if Earth is not included in the system.

GO ON TO THE NEXT PAGE.
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Question 5: Short Answer 7 points
(a)(i) For indicating “Frame C” with correct reasoning about the magnitude of the torque being 1 point

the greatest

Accept one of the following:

e This is the instant when the lever arm is greatest

e This is when the angle between radius vector and weight force vector is most
perpendicular

For correctly relating torque and angular acceleration: a « 7 1 point

Example Response

The angular acceleration is greatest in Frame C because angular acceleration is
proportional to torque, and in Frame C the gravitational force vector is directed
perpendicular to the rod (lever arm) which means this is where the torque will be the
greatest.

(a)(ii) For indicating “Frame E” with correct reasoning 1 point

Accept one of the following:

e Work or energy (e.g., this is when the maximum work has been done on the system by
gravity)

e Angular momentum (e.g., the torque due to gravity is clockwise the entire time,
causing the rod to gain angular momentum)

e Kinematics (e.g., the rod speeds up the entire time)

Example Response

The rotational kinetic energy is greatest in Frame E because this is where the rod-sphere
system has the greatest rotational speed since the torque has been in the same direction as
the motion the entire time.

Total for part (a) 3 points
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(b)(¥)

(b)(ii)

For a multistep derivation that begins with conservation of energy 1 point

Ei =Ef OR AE=0 OR Ugi+Ki =Ugf +Kf

For indicating the change in height is equal to %L 1 point
_3

Ay = > L

For an answer consistent with the height change indicated previously in the response 1 point
_3

K¢ = > MgL

Scoring Note: A correct answer of K; = %MgL with no supporting work can earn only

this point.

Example Response

Ei = Ef

AK = MgAy
_3L,3L_3

Ay = 7] + 1 -7 L
_3

AK = > MgL

For indicating that the gravitational force is the external force that does work on the 1 point

rod-sphere system

Example Response

The rod and sphere gain kinetic energy due to the positive work done by the gravitational
force, which is an external force for the rod-sphere system.

Total for part (b) 4 points

Total for question5 7 points
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Question 5

Sample Identifier: P1 Q5 Sample A
Score: 7

a.i.
e 1 point was earned. The response states Frame C and indicates that the force of gravity is perpendicular to
the radius.
e 1 point was earned. The response uses the equation for Newton's second law to relate torque and angular
acceleration.
a.ii.
e 1 point was earned. The response states Frame E and correctly relates the position to the greatest kinetic
energy.
b.i.
e 1 point was earned. The response begins with a concept of conservation of energy and has multiple steps.

e 1 point was earned. The response correctly substitutes the value %L for the height shown in the equation.

e 1 point was earned. The response has a correct answer.
b.ii.
e 1 point was earned. The response indicates that the gravitational force is now an external force on the
system and does work.
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Sample Identifier: P1 Q5 Sample B
Score: 6

a.l.

a.ii.

b.i.

b.ii.

1 point was earned. The response states Frame C and indicates that the force of gravity is perpendicular to
the rod.
1 point was earned. The response indicates a direct relationship between angular acceleration and torque.

1 point was earned. The response states Frame E and correctly relates the position to the greatest kinetic
energy.

1 point was earned. The response begins with a concept of conservation of energy and has multiple steps.
0 point was earned. The response incorrectly substitutes the value 2L for the height shown in the equation.
1 point was earned. The response has a correct answer consistent with the value of height.

1 point was earned. The response indicates that the gravitational force is now an external force on the
system and does work.
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Sample Identifier: P1 Q5 Sample C
Score: 5

a..
e 0 points were earned. The response does not indicate a relationship between torque and the position of the
rod-sphere in Frame C.
e 1 point was earned. The response indicates a proportional relationship between torque and angular
acceleration.
a.ii.
e 1 point was earned. The response states Frame E and correctly relates the position to the greatest kinetic
energy.
b.i.
e 1 point was earned. The response begins with a concept of conservation of energy and has multiple steps.

e 1 point was earned. The response correctly substitutes the value %L for the height shown in the equation.

e 1 point was earned. The response has a correct answer.
b.ii.
e 0 points were earned. The response does not indicate that the gravitational force is now an external force
on the system.
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Sample Identifier: P1 Q5 Sample D

Score: 4
a.i.
e 1 point was earned. The response states Frame C and indicates that the force of gravity is perpendicular to
the radius.
e 1 point was earned. The response implies that the angular acceleration is directly proportional to the
torque.
a.ii.
e 1 point was earned. The response states Frame E and correctly relates the position to the greatest kinetic
energy.
b.i.

e 0 points were earned. The response is not a multi-step derivation and does not begin with a concept of
conservation of energy.
o 0 points were earned. The response has no explicit indication of a height or change in height.
e 1 point was earned. The response does have the correct answer.
b.ii.
e 0 points were earned. The response does not indicate that the gravitational force is now an external force
on the system.
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Sample Identifier: P1 Q5 Sample E
Score: 3

a.l.

a.ii.

b.i.

b.ii.

1 point was earned. The response states Frame C and indicates that the force of gravity is perpendicular to
the radius.

1 point was earned. The response uses the equation for Newton's second law to relate torque and angular
acceleration.

1 point was earned. The response states Frame E and correctly relates the position to the greatest kinetic
energy.

0 points were earned. The response does not begin with a concept of conservation of energy.
0 points were earned. The response has no indication of a height or change in height.
0 points were earned. The response does not have a correct answer.

0 points were earned. The response does not indicate that the gravitational force is now an external force
on the system.
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Sample Identifier: P1 Q5 Sample F
Score: 2

a.l.

a.ii.

b.i.

b.ii.

1 point was earned. The response states Frame C and indicates that the force of gravity is perpendicular to
the lever arm.

1 point was earned. The response uses the equation for Newton's second law to relate torque and angular
acceleration.

0 points were earned. The response does indicate the correct frame.
0 points were earned. The response does not begin with a concept of conservation of energy.
0 points were earned. The response has no indication of a height or change in height.

0 points were earned. The response does not have a correct answer.

0 points were earned. The response does not indicate that the gravitational force is now an external force
on the system.
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Sample Identifier: P1 Q5 Sample G
Score: 1

a.l.

a.ii.

b.i.

b.ii.

0 points were earned. The response does not state Frame C.
0 points were earned. The response does not indicate a correct relationship between torque and angular
acceleration.

1 point was earned. The response states Frame E and correctly relates the position to the greatest kinetic
energy.

0 points were earned. The response is not a multi-step derivation and does not begin with a concept of
conservation of energy.

0 points were earned. The response has no indication of a height or change in height.

0 points were earned. The response does not have a correct answer.

0 points were earned. The response does not indicate that the gravitational force is now an external force
on the system.
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