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AP® Physics C: Mechanics 2023 Scoring Guidelines

Question 1: Free-Response Question

15 points

(a)(i) For stating that the area bounded by the curve is the displacement

1 point

(a)(ii) For indicating momentum is conserved

1 point

Example Response

Xpy = Xps
MAVpQ T MBVRy = MpVar + MgV

MAVAQ — MAVAr = MV

For the correct answer for speed with units (2 m/s)

1 point

Example Solution
MpAVAQ T MBVRy = MpVar + MpVpe

MpAVAQ = MAVAs = MV

LON
VBr = —mB (Vao = var)

1000 kg

= Bt = 3000 kg mys

- 1m/s)

" vge =2m/s

(a)(iii) For a graph that starts at (0,0) and ends at (0.5,2) or value consistent with (a)(ii)

1 point

For a smooth, continuous curve that transitions from concave up to concave down

1 point

Example Solution
v (m/s)
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Total for part (a)

5 points
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AP® Physics C: Mechanics 2023 Scoring Guidelines

(b)(i) For indicating the derivative of the velocity function is the acceleration of the cart 1 point

Example Response

d
a(t) = 7‘;

d(64r° — 481% + 5)
dt
~a(f) = 1926% — 96t

For setting the derivative of the previously derived expression for acceleration equal to zero 1 point

—a(t) =

Example Response

d _
Ea(t) =0
0 =384 -96

For indicating the maximum acceleration is 12 m/ s? or maximum acceleration occurs at time 1 point

t=025s

Example Response

0 =384t -96
Sotmax = 0.25s

For substituting the time at which the acceleration is a maximum or the maximum 1 point
acceleration into an expression of Newton’s second law to calculate the value of the
maximum force

Example Response

F(t) = ma(t)
F_.. =ma(0.255s)

max

© 2023 College Board



AP® Physics C: Mechanics 2023 Scoring Guidelines

Example Solution

d

a(t) = 7;

d(64r° — 481* +5)
dt

- a(t) = 19242 - 961

- a(t) =

d _
Zran =0

d(192t2 - 96;)
dt =0

— 0 =384t - 96

St =025

F(t) = ma(t)

ma(0.25s)

(1000 kg)(192(0.25 s)? —96(0.25 s))
=12,000 N

T
([T

- |E,

ax|
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AP® Physics C: Mechanics 2023 Scoring Guidelines

Alternate Solution

For indicating the derivative of the momentum function is the force exerted on the cart 1 point
Alternate Example Response

d,
F =<2

F(t) = %(6400013 — 48000¢% + 5000)

For setting the derivative of the previously derived expression for force equal to zero 1 point
Alternate Example Response

d
L F) =
7 ®H=0

d 2 _
E(wzoom - 96000t) -0

For indicating the maximum force occurs at time t = 0.25s 1 point

Alternate Example Response

0 = 384000t — 96000
Sotnax = 0.25s
For substituting the time at which the force is at a maximum into an expression for 1 point

momentum to calculate the value of the maximum force
Alternate Example Response

Ft) =< p(oy

d
Fmax = EP(QZS s)

© 2023 College Board



AP® Physics C: Mechanics 2023 Scoring Guidelines

Alternate Example Solution

p(t) = mv(t)

— p(r) = (1000 kg)(64¢> — 48> + 5)
=~ p(t) = 64000¢° — 4800072 + 5000

d
F(t) = ?1;

— F(1) = %(64000t3 — 48000¢> + 5000)

- F(t) = 192000¢% — 960007

d _
ZF(0) =0

d 2 _
E(mzoooz - 96000t) =0

— 0 = 384000z — 96000
ot =0.25s

max

F@) =2 p()

F

max

F

max

- |E,

-4
=7 p(0.255)

=192000(0.25'5)> — 96000(0.25 s)
| = 12,000 N

ax
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AP® Physics C: Mechanics 2023 Scoring Guidelines

(b)(ii) For a curve that increases and then decreases in value that is only concave down 1 point
For a labeled maximum value consistent with the calculated value in part (b)(i) 1 point
For the graph having values of ON at # = 0s and # = 0.5s 1 point
Example Solution

F(N)
A
12000} ~ -ttt gt i i)
L T N .
7 T I
S ST N S . N
(N I
+ I TSP R A, W
[ T R T I
b
A O (O T O O
T O O
oy
Pogpedagadapadagadaga
N N O G O
oy I
- + t : —=1(S)
Ol 01 02 03 04 05
Total for part (b) 7 points

() For selecting F; < F, with an attempt at a relevant justification 1 point
For indicating that the impulse or change in momentum of each cart in both collisions is the 1 point
same
For indicating that decreasing the time of collision means the average force must be greater 1 point
Example Solution
Since the initial and final velocities are the same for both collisions, Ap is the same for both
collisions; as a result, the impulse is the same for both collisions. So, if At is smaller, Favg
is larger.

Total for part (c) 3 points
Total for question 1 15 points

© 2023 College Board



PC M Q1 Sample 1A Page 1 of 4

Question 1

Begin your response to QUESTION 1 on this page.

PHYSICS C: MECHANICS
SECTION T
Time—45 minutes

3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

Foam

1. Scientists have created a new type of lightweight foam and are performing experiments to investigate the
properties of the foam. The mass of Cart A is 1000 kg and the mass of Cart B is 2000 kg. A piece of foam with
negligible mass is attached to the front of Cart A, as shown, Cart A moves with a constant speed toward Cart B,
which is initially at rest. At time ¢t = 0 s, the foam connected to Cart A makes contact with Cart B. The foam
remains in contact with Cart B for 0.5 s, after which the carts separate and both carts move with constant
velocities. .

Unauthorized copying or reuse of this page is lllegal. Page 2 GO ON TO THE NEXT PAGE.
Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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PC M Q1 Sample 1A Page 3 of 4

Question 1 o

Continue your response to QUESTION 1 on this page.

(b) For 0 < ¢ < 0.50's, the velocity v of Cart A can be described by the function v(t) = 641 — 481% + 5.
i. Calculate the magnitude of the maximum net force acting on Cart A during this interval.

F=ma

ald= v'(£): |q 2¢€2-9G¢

Q' (=34 t- 94 =
€=0.25¢
d(G.ZS\: —|2ml51

| F:'\OCQKS (-12mis?)= —-12000N)

v
| 12000N |

ii. On the following grid, draw a smooth curve of the magnitude of the force acting on Cart A as a function
of time. Clearly indicate the value of the maximum force on the vertical axis.

-

+ + + + (5
o 01 02 03 04 05 (®)

Unauthorized copying or reuse of this page Is illegal. Page 4 GO ON TO THE NEXT PAGE.

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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PC M Q1 Sample 1A Page 4 of 4

Question 1

Continue your response to QUESTION 1 on this page.

The foam is removed from the front of Cart A and the experiment is repeated. The carts collide, with both Cart A
and Cart B having the same initial and final velocities as in the original collision. The time intervals during which

the carts are in contact are different in the collision with the foam and the collision without the foam. In the
collision without the foam, Cart A is in contact with Cart B for a shorter duration than in the original collision,
when the foam was present.

For the original collision when the foam is present, the magnitude of the average net force exerted on Cart B is F}.

For the collision without the foam, the magnitude of the average net force exerted on Cart B is F,.

(c) What is the relationship between the magnitude of the average net force F, exerted on Cart B for the collision

with the foam and the magnitude of the average net force F, exerted on Cart B for the collision without the
foam?

F>p X _FK<hR ___R=F
Justify your answer.

“The d-fmécz N roredtom betugen Nhe carts s
e Same Wndh meane e wpdse g
Hre e, The same wpU\se Que- o shorfer
amount of Mime indicates < larger torce.
Hevice, Yo shate bime Rame of Y
Sond  collision Witans a 3"69’&’—#@"

Unauthorized copying or reuse of this page is lllegal. Page 5

GO ON TO THE NEXT PAGE.

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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Question 1

Begin your response to QUESTION 1 on this page.

PHYSICS C: MECHANICS
SECTIONIT
Time—45 minutes
3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part,

o
1. Scientists have created a new type of lightweight foam and are performing experiments to investigate the
properties of the foam. The mass of Cart A is 1000 kg and the mass of Cart B is 2000 kg. A piece of foam with
negligible mass is attached to the front of Cart A, as shown. Cart A moves with a constant speed toward Cart B,
which is initially at rest. At time ¢ = 05, the foam connected to Cart A makes contact with Cart B. The foam

remains in contact with Cart B for 0.5 s, after which the carts separate and both carts move with constant
velocities.

Unauthorized copying or reuse of this page is lllegal. Page 2 GO ON TO THE NEXT PAGE.

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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Question 1

Continue your response to QUESTION 1 on this page.

ion of time ¢ for the time interval when the foam and

(a) The graph shows the velocity v of Cart A asa

Cart B are in contact.

WAy B ATLR Uy Al CorvR % Ry

i, What feature(s) of the graph could be used to estimate the displacement of Cart A during the collision?
fN O SPRATAC A OX Alag,

!

ii, Using the information shown in the graph, determine the speed of Cart B at r = 0.5s.

1 wis

iii. On the following grid, draw a smooth curve of the velocity of Cart B as a function of time.

v (mfs)

e o o e e

t(s)

02 03 04 05

1

£ | Sy

0

0

GO ON TO THE NEXT PAGE.
Use a pencll or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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Question 1

Continue your response to QUESTION 1 on this page.

(b) For 0 < t < 050, the velocity v of Cart A can be described by the function v(r) = 641 — 48¢% + 5.
i. Calculate the magnitude of the maximum net force acting on Cart A during this interval.

ik ALK ON
o\k\\:\[\lii—q\‘t =D -71=0 ;D B

A1) = VL w st

T2 A= WR (1) = VIR )

ii. On the following grid, draw a smooth curve of the magnitude of the force acting on Cart A as a function
of time. Clearly indicate the value of the maximum force on the vertical axis.

VoW -4 =oitotetoted
:
1oy .}}
O
Y Y S

r(s)

0.1 02 03 04 05

Unauthorized copying or reuse of this page is lllegal. Page 4 GO ON TO THE NEXT PAGE.

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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e Question 1

Continue your response to QUESTION 1 on this page.

The foam is removed from the front of Cart A and the experiment is repeated. The carts collide, with both Cart A
and Cart B having the same initial and final velocities as in the original collision. The time intervals during which
the carts are in contact are different in the collision with the foam and the collision without the foam. In the
collision without the foam, Cart A is in contact with Cart B for a shorter duration than in the original collision,
when the foam was present,

For the collision without the foam, the magnitude of the average net force exerted on Cart B is F,.

(c) What is the relationship between the magnitude of the average net force F exerted on Cart B for the collision
with the foam and the magnitude of the average net force F; exerted on Cart B for the collision without the
foam?

___R>K  __FR<h I<__F,=Fz
Justify your answer.

FONIL A) 0SS Ty AUGOOROW - ONA vy ving
ASRLELA VY g, Sk Tt (S sty

AW ShmG YUBLTIES, xhe Pv iR Wst vt
AR TUMAMEA TAL S,

For the original collision when the foam is present, the magnitude of the average net force exerted on Cart B is F;.

Unauthorized copying or reuse of this page Is lllegal. Page 6 GO ON TO THE NEXT PAGE.

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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I Question 1 .i

Begin your response to QUESTION 1 on this page.

PHYSICS C: MECHANICS
SECTION I
Time—45 minutes

3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

o
1. Scientists have created a new type of lightweight foam and are performing experiments to investigate the
properties of the foam. The mass of Cart A is 1000 kg and the mass of Cart B is 2000 kg. A piece of foam with
negligible mass is attached to the front of Cart A, as shown. Cart A moves with a constant speed toward Cart B,
which is initially at rest. At time ¢ = 05, the foam connected to Cart A makes contact with Cart B. The foam

remains in contact with Cart B for 0.5 s, after which the carts separate and both carts move with constant
velocities.

-

Unauthorized copying or reuse of this page Is lllegal. Page 2 GO ON TO THE NEXT PAGE.
Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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—

Question 1

e ——

Continue your response to QUESTION 1 on this page.

(a) The graph shows the velocity v of Cart A as a function of time ¢ for the time interval when the foam and

Cart B are in contact.

i. What feature(s) of the graph could be used to estimate the displacement of Cart A during the collision?

Arem Vedi— e curve (OUIA ke e g

ii. Using the information shown in the graph, determine the speed of Cart B at t = 0.5 s.

2 s

A/

= fFwnTa TR

MS

iii. On the following grid, draw a smooth curve of the velocity of Cart B as a function of time.

GO ON TO THE NEXT PAGE.

Page 3
Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
ey

0 //1 0.0 02 03 04 05

Unauthorized copying or reuse of this page Is lllegal.

—— T —

|



PC M Q1 Sample 1C Page 3 of 4

ul x
m £z i
E m mm
53 < w
oy : 0|2
: . F %
1] : t I
m 2 m \..v) ...”u R M w
r8 2 In .m.m i S e e v
-— = 8. Lt e
g m i = 0 1 e [Eo.
) o] B e title <18
w m 3 ' s .ﬂ L tr ol len
m T o © " 3 TN s
slii: ST e mm mammmnnn e LN -
m W w 4. © 2 m.m _,HW*“H;_%“H.THW.H”TH”TH*:.M w w .
W. M.m 2 m.L VM. o I.W m REEERENEENE = 1 .m ®
IR + i,
18 i S i s
- W2 < . m W o
& .m U .:_,h M «
¢ HE
i ¥ ]
: W i
-
®

—h = e




PC__M 91 .Sample 1C Page 4 of 4

® Question 1

Continue your response to QUESTION 1 on this page.

The foam is removed from the front of Cart A and the experiment is repeated. The carts collide, with both Cart A
and Cart B having the same initial and final velocities as in the original collision, The time intervals during which
the carts are in contact are different in the collision with the foam and the collision without the foam. In the
collision without the foam, Cart A is in contact with Cart B for a shorter duration than in the original collision,
when the foam was present.

For the collision without the foam, the magnitude of the average net force exerted on Cart B is F;.

(c) What is the relationship between the magnitude of the average net force F; exerted on Cart B for the collision
with the foam and the magnitude of the average net force F, exerted on Cart B for the collision without the
fou;?

2" R>KR _FRK<hH M FR=F
Justify your answer.
==
no
frce ueteh WV i
Al exer™3 e

AS A ia

For the original collision when the foam is present, the magnitude of the average net force exerted on Cart B is F,.

Unauthorized copying or reuse of this page Is illegal. Page 5 GO ON TO THE NEXT PAGE.
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AP® Physics C: Mechanics 2023 Scoring Commentary

Question 1
Note: Student samples are quoted verbatim and may contain spelling and grammatical errors.
Overview

The responses were expected to demonstrate the ability to:
o Identify properties of a graph related to kinematics.
e Use conservation of momentum to solve for the post-collision speed of an object.
e  Graph the change in speed versus time of an object during a collision.
o Use calculus to determine the time at which the maximum acceleration occurs during a collision and
calculate the maximum force during the collision.
Sketch the change in force versus time applied to an object during a collision.
e Relate change in momentum and impulse and address the functional dependence between force applied to
an object and time.

Sample: 1A
Score: 15

Part (a)(i) earned 1 point because the response clearly states that the area under the curve could be used to
estimate the displacement. Part (a)(ii) earned 2 points. The first point was earned because the response indicates
that linear momentum is conserved. The second point was earned because the response calculates the correct
answer with units (2 m/s). Part (a)(iii) earned 2 points. The first point was earned because the response includes a

graph that begins at (0,0) and ends at (0.5, 2). The second point was earned because the graph drawn in the
response is a smooth, continuous curve that transitions from concave up to concave down. Part (b)(i) earned

4 points. The first point was earned because the response correctly indicates that the derivative of the velocity
function is the acceleration function: “a(t) = v'(t) = 192¢% = 96¢ . The second point was earned because the
response clearly sets the derivative of the acceleration function equal to zero: “a'(¢) = 384¢ — 96 = 0”. The third
point was earned because the response clearly indicates the maximum acceleration occurs at ¢ = 0.25s. The
fourth point was earned because the response correctly determines the maximum acceleration and substitutes the

value into a statement of Newton’s second law: “ F' = 1000 kg (-12 m/ 52) . Part (b)(ii) earned 3 points. The first

point was earned because the graph in the response has the correct shape: the curve increases then decreases in
value and is only concave down. The second point was earned because the graph in the response includes a
labeled maximum value on the curve that is consistent with part (b)(i). The third point was earned because the
graph in the response has a value of O N at r = 0s and at # = 0.5s. Part (c) earned 3 points. The first point was
earned because the response correctly selects F; < F, and includes an attempt at a relevant justification. The
second point was earned because the response correctly states the change in momentum and the impulse of each
cart is the same: “The change in momentum between the carts is the same which means the impulse is the same.”
The third point was earned because the response correctly states that a shorter collision time means a greater
force: “The same impulse over a shorter amount of time indicates a larger force. Hence, the shorter time frame of
the second collision means a greater force.”

© 2023 College Board.
Visit College Board on the web: collegeboard.org.
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Question 1 (continued)

Sample: 1B
Score: 8

Part (a)(i) earned 1 point because the response clearly states that the area under the curve could be used to
estimate the displacement: “integral or area under the curve of velocity for a specific period of time.” Part (a)(ii)
earned 1 point. The first point was not earned because the response does not indicate that linear momentum is
conserved. The second point was earned because the response states the correct answer with units (2 m/s).

Part (a)(iii) earned 2 points. The first point was earned because the response includes a graph that begins at (0, 0)
and ends at (0.5, 2). The second point was earned because the graph drawn in the response is a smooth,

continuous curve that transitions from concave up to concave down. Part (b)(i) earned 3 points. The first point
was earned because the response correctly indicates that the derivative of the velocity function is the acceleration

function: “a(t) = 1924 — 96t . The second point was not earned because the response does not set the derivative

of the acceleration function equal to zero; the response sets the acceleration equal to zero. The third point was
carned because the response clearly indicates the maximum acceleration occurs at ¢ = 0.25s. The fourth point
was earned because the response correctly determines the maximum acceleration and substitutes the value into a
statement of Newton’s second law: “ F' = 1000(12) ™. Part (b)(ii) earned 1 point. The first point was not earned
because the graph in the response does increase then decrease in value, but the graph in the response has portions
that are not concave down. The second point was not earned because the labeled maximum value on the curve is
not consistent with the maximum value determined in part (b)(i). The third point was earned because the graph in
the response has a value of ON at r = 0s and at # = 0.5s. Part (c) earned no points. The first point was not
earned because the response does not select F| < F, . The second point was not earned because the response does

not state the change in momentum and the impulse of each cart is the same. The third point was not earned
because the response does not relate a shorter collision time with a greater force.

Sample: 1C
Score: 4

Part (a)(i) earned 1 point because the response clearly states that the area under the curve could be used to
estimate the displacement: “area under the curve could be used.” Part (a)(ii) earned 2 points. The first point was
earned because the response indicates that linear momentum is conserved by reasoning ratio of changes in mass
and changes in velocity. The second point was earned because the response calculates the correct answer with
units (2 m/s). Part (a)(iii) earned no points. The first point was not earned because the response does not include

a graph starting at (0,0) and ending at (0.5, 2). The second point was not earned because the graph drawn in the
response is a smooth, continuous curve but the curve drawn does not transition from concave up to concave down.
Part (b)(i) earned 1 point. The first point was earned because the response correctly indicates that the derivative of
the velocity function is the acceleration function: “ F o ... = 1000 x (1 92¢* — 96t). The second point was not

earned because the response does not clearly set the derivative of the acceleration function equal to zero. The third
point was not earned because the response does not indicate that the maximum acceleration occurs at ¢ = 0.25s.
The fourth point was not earned because the response does not substitute the value of maximum acceleration into
a statement of Newton’s second law. Part (b)(ii) earned no points. The first point was not earned because the
graph in the response is not concave down. The second point was not earned because the graph in the response
does not include a labeled maximum value. The third point was not earned because the graph in the response does
not have a value of O N at = 0s and at ¢ = 0.5s. Part (¢) earned no points. The first point was not earned
because the response does not select F; < F, . The second point was not earned because the response does not

state the change in momentum and the impulse of each cart is the same. The third point was not earned because
the response does not state that a shorter collision time leads to a greater force.

© 2023 College Board.
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