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AP® Physics C: Mechanics 2024 Scoring Guidelines

Question 3: Free-Response Question 15 points

(a) For drawing and appropriately labeling separate gravitational forces that are exerted on the 1 point
disk and the lump of clay and exerted at the correct locations

Scoring Note: Drawing a downward gravitational force exerted on the clay-disk system at the
correct location can earn this point.

For drawing and appropriately labeling a leftward force exerted on the system at Point A 1 point

For drawing and appropriately labeling a force directed up and right that is exerted on the 1 point
system at the axle, and no extraneous forces are present

Example Responses

Scoring Note: Examples of appropriate labels for the gravitational force include Fg, F,,
Fyray» W, mg, Mg, “grav force,” “ F' Earth on disk,” “ F" on disk by Earth,” Fg,, on pisk »

Fgpisk» and Fpig g - The labels G or g are not appropriate labels for the gravitational force.

Scoring Note: Examples of appropriate labels for the normal force from the axle include F),

F. > N, “normal force,” and “axle force.”
Scoring Note: Examples of appropriate labels for the tension force include F;, Fy, T,

E

string » and “Force from string.”

Total for part (a) 3 points
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(b)

For a multi-step derivation that indicates the net torque is zero

1 point

For indicating only the weight of the clay and the tension in the string exert torques on the
system about the axle

1 point

Example Response

Tnet = Tclay ~ Tstring

For a correct expression for the torque exerted on the system by the weight of the clay

1 point

Example Response

Teay = Rmegcosd

For a correct expression for the torque exerted on the system by the tension in the string

1 point

Example Response

T

string = RFpsin@

Example Solution

=0
Telay ~ Tstring = 0
Fy cayRcos@ — RFpsing = 0

Rm_gcos@ = RF;sinf

, clay

F o= Rm_gcos®
T Rsin@

Fr = m.gcotd

Scoring Note: A maximum of three points can be earned if the trigonometric functions
(sin and cos) are reversed for both torque expressions.

Total for part (b)

4 points
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()

For indicating a direct relationship between the torque exerted by the clay and the tension in
the string

1 point

For correctly relating a greater torque exerted by the clay from at least one of the following:

e An increase in the angle between the radial direction and the weight of the clay
e A greater perpendicular component of the weight of the clay
e A greater lever arm

1 point

Example Response

The torque caused by the weight of the clay at Point B is greater than when the clay is at

Point A because the component of the weight that is perpendicular to the lever arm is larger.

To maintain equilibrium, the net torque on the system is still zero, therefore the tension
Fr new must be greater.

Total for part (c) 2 points
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(d)(i) For using integration to calculate rotational inertia 1 point

For one of the following: 1 point

e Substituting p(27r)dr for dm

e Indicating the correct limits of integration

Example Response

03
1= J.o mrzp(?.ﬂr)dr

For a correct answer of / = 0.012 kg - m?, including units 1 point

Example Response

I =0.012kg - m?

Example Solution

I = Jr2dm dm = pdA and dA =2zrdr
R 5

I = jo 2 pdA

0.3m 4
I = _[0 2rfrdr

27fR
I =
5
0
o 27(4.0kg/m*)(0.3 m)’
B 5

I =0.012kg - m?
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(d)(ii) For using the rotational form of Newton’s second law 1 point

For a correct expression for the net torque exerted on the clay-disk system 1 point

Example Response

z-net = Rmcg

For indicating that the rotational inertia of the clay-disk system is the sum of the rotational 1 point
inertia of the disk and the rotational inertia of the lump of clay

Example Response

I system — I disk T 1 clay

Example Solution

27 =1
= net
“ T
_ Rm. g
Liisk + Letay
(0.3m)(0.60 kg)(9.8 mis?)

((0.012 kg - m*) + (0.60 kg)(0.3m)°)

a = 26.7 rad/s®

Total for part (d) 6 points

Total for question 3 15 points
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Question 3

Begin your response to QUESTION 3 on this page.

String

A

Figure 1
Note: Figure not drawn to scale.

3. A uniform disk of radius R and mass m, is attached to a vertical pole by a horizontal axle that passes through the
center of the disk. Friction between the axle and the disk is negligible. A lump of clay of mass m, is attached to
the edge of the disk at Point A. The size of the lump of clay is small compared with the radius of the disk. A
horizontal string is connected from the pole to the edge of the disk at Point A. The string makes an angle 6 with
the line between Point A and the axle, as shown in Figure 1.

(a) On the following representation of the clay-disk system, draw and label the external forces (not components)

exerted on the system. Each force must be represented by a distinct arrow that starts on, and points away from,
the point at which the force is exerted on the system.

¥,
A

9

Unauthorized copying or reuse of this page is illegal. Page 10 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 3

Continue your response to QUESTION 3 on this page.

(b) Derive an expression for the tension Fy in the string when the clay is at Point A, as shown in Figure 1, in
terms of R, mg, m,, 6, and physical constants, as appropriate.

1 (Hhvonen cever of sk = me9 - Reos® - F Rsm8=0
Vgt
f ksind = g ECosb

FT_ = Cos B M{ 9 - M‘.ﬁ
sl yanh

Figure 2
Note: Figure not drawn to scale.

(c) The string remains connected to the edge of the disk at Point A. The clay is moved to Point B, which is
horizontally in line with the axle, as shown in Figure 2. How does the new tension Fr, ,,, compare with
tension Fy from part (b)? Justify your reasoning.

L+ ncveasts. The lewey avm GF grawnry on the cag o

qreater  ((Res3§ incrowe a) 8 decrenses) o (e terg AC
wxerted oy graviy an e clay 1 greatrr, so te

+orn e Q xevted bar pensn M tne o,:purrl-t dwectram
Mt e gremev B bajance 1, & K 15 greater (ktcaus (e

levey avm of F, odves not chang <),
Unauthorized copying or reuse of this page Is lllegal. Page 11

GO ON TO THE NEXT PAGE.

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

-




1

PCM Sample 3A pg 3 of 3

Question 3 *

g.( =5 MC’R‘ - 01‘1‘0‘0;3 = (2?'34$ M/E"?
Foot e, 0¢eE LS
Unauthorized copying or reuse of this page is illegal. Page 12 GO ON TO THE NEXT PAGE.

Continue your response to QUESTION 3 on this page.

Nonuniform Disk,

p(r)=pr

Figure 3
Note: Figure not drawn to scale.

(d) A nonuniform disk is now attached to the axle. The lump of clay is attached to the disk at Point B, as shown in
Figure 3. The clay has mass m_ = 0.60kg and the disk has a radius R = 0.30 m. The mass density of the disk
varies radially and can be modeled by p(r) = Br, where r is the radial distance from the axle
and § = 4.0kg/m’.

i, Calculate the rotational inertia of the disk about the axle.

‘C:_[)t‘dm ol“*'; 2Ax@ . 2xBX* —> dm: mBxd

L fx ZaFd" _J;E ’ ,F1145 @

ii. The string connecting the disk to the pole is cut. Calculate the magnitude of the initial angular
acceleration of the clay-disk system.

tpe_; abous cenrer ¢ dick Mca R = T-a‘f‘

Li Tase? Loy 0.0FI0S + 0 6.0.3> =0-0662F

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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Begin your response to QUESTION 3 on this page.

3. A uniform disk of radius R and mass m is attached to a vertical pole by a horizontal axle that passes through the
center of the disk. Friction between the axle and the disk is negligible. A lump of clay of mass m, is attached to
the edge of the disk at Point A. The size of the lump of clay is small compared with the radius of the disk. A
horizontal string is connected from the pole to the edge of the disk at Point A. The string makes an angle 8 with
the line between Point A and the axle, as shown in Figure 1.

(a) On the following representation of the clay-disk system, draw and label the external forces (not components)
exerted on the system. Each force must be represented by a distinct arrow that starts on, and points away from,
the point at which the force is exerted on the system.

Question 3 ®
String
A _
{
Figure 1
Note: Figure not drawn to scale.

Unauthorized copying or reuse of this page is illegal. Page 10 GO ON TO THE NEXT PAGE.

Use a pencil or a pan with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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[. Question s

Continue your response to QUESTION 3 on this page.

(b) Derive an expression for the tension Fy in the string when the clay is at Point A, as shown in Figure 1, in
terms of R, my, m,, 6, and physical constants, as appropriate. a-_—; o - ?

2T=0
o RmeA toss = TEM/R
b MefTtin) = T

~ T
s

7

e

Figure 2
Note: Figure not drawn to scale.

(c) The string remains connected to the edge of the disk at Point A. The clay is moved to Point B, which is
horizontally in line with the axle, as shown in Figure 2. How does the new tension Fr, ., compare with

tension Fr from part (b)? Justify ing.
AT Poin+ pg, ﬁw%% ComPonent 0-3;21?-
Clo] weignt @xedts a dfeate) 1ol
on tee l findef than ot Pomt A SO

frrew ) £+ to keey £V = O

Uriacthorized copying or reuss of this page ls legal. Page 11 GO ON TO THE NEXT PAGE.
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Question 3

Continue your response to QUESTION 3 on this page.

Nonuniform Disk,
p(r) = pr

..............

Figure 3
Note: Figure not drawn to scale.

(d) A nonuniform disk is now attached to the axle. The lump of clay is attached to the disk at Point B, as shown in
Figure 3. The clay has mass m, = 0.60 kg and the disk has a radius R = 0.30 m. The mass density of the disk
varies radially and can be modeled by p(r) = Sr, where r is the radial distance from the axle

and f = 4.0kg/m’,
i. Calculate the rotational inertia of the disk about the axle.

1= f]“ dm = T"BTé‘J" - %Bﬁ%
B «y = T = Btf = R :,oo@jhm?‘

o

ii. The string connecting the disk to the pole is cut. Calculate the magnitude of the initial angular
acceleration of the clay-disk system.

x=2£T - P"c"ﬁﬁ _.bo- 10
i St
Qo \oM/qe — 92278 /2

Unauthorized copying or reuse of this page Is lllegal. Page 12 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 3

Begin your response to QUESTION 3 on this page.

String

A
m.

Figure 1
Note: Figure not drawn to scale.

3. A uniform disk of radius R and mass my is attached to a vertical pole by a horizontal axle that passes through the
center of the disk. Friction between the axle and the disk is negligible. A lump of clay of mass m, is attached to
the edge of the disk at Point A. The size of the lump of clay is small compared with the radius of the disk. A
horizontal string is connected from the pole to the edge of the disk at Point A. The string makes an angle & with
the line between Point A and the axle, as shown in Figure 1.

(a) On the following representation of the clay-disk system, draw and label the external forces (not components)
exerted on the system. Each force must be represented by a distinct arrow that starts on, and points away from,
the point at which the force is exerted on the system. ¢

~

Unauthorized copying or reuse of this page s lllegal. Page 10 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.

LR ] o0 L] w w® E o o Qs270/10




PCM Sample 3C pg 2 of 3

Question 3

Continue your response to QUESTION 3 on this page.

(b) Derive an expression for the tension Fy in the string when the clay is at Point A, as shown in Figure 1, in
terms of R, my, m,, 8, and physical constants, as appropriate.

EF,:':: M~ F~¢o59 = 'P"\t("\)
FN"""‘ "Med
cose
E-F)‘: __n:\__"és\ae ""F.l.'.-. M‘_Lo') -

¢osé T-—-——_
K \.) E_—, m,_._s-h—c\n

Figure 2

Note: Figure not drawn to scale.

(c) The string remains connected to the edge of the disk at Point A. The clay is moved to Point B, which is
horizontally in line with the axle, as shown in Figure 2. How does the new tension Fr, .., compare with
tension Fp from part (b)? Justify your reasoning. )

New  Hnsiom B tnertased  beaevse

Unauthorized copying or reuse of this page is illegal. Page 11 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 3

Continue your response to QUESTION 3 on this page.

Nonuniform Disk,
p(r) = pr

Figure 3

Note: Figure not drawn to scale.

(d) A nonuniform disk is now attached to the axle. The lump of clay is attached to the disk at Point B, as shown in
Figure 3. The clay has mass m, = 0.60 kg and the disk has a radius R = 0.30 m. The mass density of the disk
varies radially and can be modeled by p(r) = fr, where r is the radial distance from the axle
and B = 4.0kg/m’.

i. Calculate the rotational inertia of the disk about the axle.
.‘P"-: E\-m- T = gf-."'.al“"‘\
. AY Jov0

38 A = dn T = S(L (H.0¢) A
Awn = MO RC

o 2.%0
I= [ 4 ‘ > |T=0.008\ | I
ii.ThestringconnecﬁngthediskmﬂwpoleiscutCﬂmhtethem&guimdgoftheinmalmgum ‘m

acceleration of the clay-disk system.
Z‘?: - 2("‘- F = T o\

ST = 0,50 (0,60 (1.8))sinA0" =
0. 00%\ o

J A= 220 ru-%u}_

Unauthorized copying or reuse of this page is illegal. Page 12 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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AP® Physics C: Mechanics 2024 Scoring Commentary

Question 3
Note: Student samples are quoted verbatim and may contain spelling and grammatical errors.
Overview

The responses were expected to demonstrate the ability to:
e Draw and label force vectors on a rigid body diagram.
e Calculate the magnitude of a torque associated with a force exerted on a rigid body.
e Calculate unknown forces exerted on an extended rigid body in translational or rotational equilibrium.
e Derive an expression using Newton’s second law in rotational form.
o Explain how a quantity changes for different scenarios using physical reasoning.
e Calculate the magnitude and direction of the torque associated with a given force exerted on a rigid body.
¢ Calculate unknown quantities such as net torque, angular acceleration, or rotational inertia of a rigid body
undergoing angular acceleration.

Sample: 3A
Score: 15

Part (a) earned 3 points. The first point was earned for correctly indicating the gravitational forces exerted on the
clay and the disk with appropriately labeled arrows starting at the correct locations and pointing downwards. The
second point was earned for correctly indicating the force due to tension with an appropriately labeled arrow starting
at the correct location and pointing leftwards. The third point was earned for correctly indicating an axle force with
an appropriately labeled arrow starting at the axle and pointing at an angle which is up and to the right. Part (b)
earned 4 points. The first point was earned for a multi-step derivation that indicates the net torque is zero. The
second point was earned for correctly indicating that only the torques applied by the weight of the clay and the
tension in the string are exerted about the axle. The third point was earned for including a correct expression for the
torque from the weight of the clay. The fourth point was earned for including a correct expression for the torque
from the tension in the string. Part (c) earned 2 points. The first point was earned for indicating the direct
relationship between the torque due to the weight of the clay and tension in the string. The second point was earned
for indicating the greater torque on the system due to an increase in the lever arm between the axle and the
gravitational force exerted on the clay. Part (d) earned 6 points. The first point was earned for using an integration to
calculate the rotational inertia. The second point was earned for indicating the correct limits of integration. The third
point was earned for a correct answer including units. The fourth point was earned for using the rotational form of
Newton’s second law. The fifth point was earned for indicating the correct expression for the torque exerted on the
clay-disk system due to the gravitational force exerted on the clay. The sixth point was earned for indicating that the
rotational inertia of the clay-disk system is the sum of the rotational inertia of the disk and the rotational inertia of
the lump of clay.

© 2024 College Board.
Visit College Board on the web: collegeboard.org.
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Question 3 (continued)

Sample: 3B
Score: 11

Part (a) earned 1 point. The first point was not earned because the response indicates only the gravitational force
exerted on the clay, with an appropriately labeled arrow starting at the correct location and pointing downwards. The

second point was earned for correctly indicating a leftward force exerted on the system at Point A . The third point
was not earned because the response does not indicate an axle or a normal force with an appropriately labeled arrow
starting on and pointing away from the axle. Part (b) earned 4 points. The first point was earned for showing a multi-
step derivation that indicates the net torque is zero. The second point was earned for correctly indicating only the
weight of the clay and the tension in the string exert torques on the system about the axle. The third point was earned
for including a correct expression for the torque by the weight of the clay. The fourth point was earned for including
a correct expression for the torque by the tension in the string. Part (c) earned 2 points. The first point was earned for
indicating the direct relationship between the torque due to the weight of the clay and the tension in the string. The
second point was earned for correctly relating a greater torque by the clay to a greater perpendicular component of
the weight of the clay. Part (d) earned 4 points. The first point was earned for using an integration to calculate
rotational inertia. The second point was earned for correctly indicating the limits of integration. The third point was
not earned because the response does not provide a correct answer. The fourth point was earned for using the
rotational form of Newton’s second law. The fifth point was earned for indicating the correct expression for the net
torque exerted on the clay-disk system. The sixth point was not earned because the response does not indicate that
the rotational inertia of the clay-disk system is the sum of the rotational inertia of the disk and the rotational inertia
of the lump of clay.

Sample: 3C
Score: 5

Part (a) earned 1 point. The first point was not earned because the response does not indicate that there are separate
gravitational forces exerted on the disk and the lump of clay at the correct locations. The second point was earned for

correctly indicating and appropriately labeling a leftward force exerted on the system at Point A . The third point
was not earned because the response does not indicate a force exerted on the system at the axle. Part (b) did not earn
any points. The first point was not earned because the response does not use a multi-step derivation that indicates the
net torque is zero. The response only uses the sum of forces. The second point was not earned because the response
does not include two torques from the weight of the clay and tension in the string on the system about the axle. The
third point was not earned because the response does not include a correct expression for the torque exerted on the
system by the weight of the clay. The fourth point was not earned because the response does not include a correct
expression for the torque exerted on the system by the tension in the string. Part (¢) did not earn any points. The first
point was not earned because the response does not show a direct relationship between the torque by the clay and the
tension in the string. The second point was not earned because the response does not correctly relate a greater torque
by the clay to a greater perpendicular component of the weight of the clay. Part (d) earned 4 points. The first point
was earned for using an integration to calculate rotational inertia. The second point was earned for correctly
indicating the limits of integration. The third point was not earned because the response does not provide a correct
answer. The fourth point was earned for using the rotational form of Newton’s second law. The fifth point was
earned for indicating the correct expression for the torque exerted on the clay-disk system. The sixth point was not
earned because the response neglects the rotational inertia of the lump of clay.

© 2024 College Board.
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