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AP® Physics C: Mechanics 2023 Scoring Guidelines

Question 3: Free-Response Question 15 points
(a) For using a correct expression for conservation of energy of the rod-Earth system 1 point
Example Response
AU +AK =0
1
(0—Mghe,) +(§Ia)§. —oj =0
|
Mgh = ) oy
For correctly substituting 4 and / into the correct energy expression 1 point

Example Response

o115,
Mg—=—|-M?" |w
&3 2(3 j 4

Example Solution
AU+AK =0
1
(O—MghCM)+(§Ia)f —oj ~0
[
Mg]’lcm = Ela)f

ro1(1
Mg—=—| M/’ |’
&7 2(3 J /

3g

Lo, ==
i’ /
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AP® Physics C: Mechanics 2023 Scoring Guidelines

Alternate Solution 1 point

For using a correct expression of Newton'’s second law in rotational form
Alternate Example Response

., =la

For correctly substituting expressions for net torque and rotational inertia of the rod 1 point

Alternate Example Response

ﬁMg cosf =L Ma
2 3

Alternate Example Solution

t.,.=la
do dwdf do
o==—=——=="—q@
dt do dt do
£Mg0056’=lM62a
2 3

£Mgcos¢9:lM£2d—wa)
2 3 do

£Mgcos@dé’:leza)da)

2 3
FﬁMgcosﬁd9=J.w/—M£2wda)
02 0 3

L Mg sinZ —sin0 |=Lar72| Loz —0
2 2 3 2

3%[1—0]:[@2.]

/3g
W, =,—
f /

Scoring Note: The full integration is not needed to earn points but is presented for clarity.
Total for part (a) 2 points
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AP® Physics C: Mechanics 2023 Scoring Guidelines

(b) For using a correct expression for conservation of angular momentum 1 point

Example Response

L=L

Lo =mvr

For correctly substituting the expression for wy from part (a) 1 point

Example Response

gmﬁz1 /3_g =mv,l
3 l

Example Solution

L=1L

Lo =mvr

gmﬁz‘ﬁ—g =mv,/
3 1

4
SV = Egg

Scoring Note: The last equation is not needed for scoring the item but is presented for clarity.

Total for part (b) 2 points
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AP® Physics C: Mechanics 2023 Scoring Guidelines

(©) For correctly drawing and labeling the force due to gravity and the normal force on the sphere 1 point

For drawing the frictional force horizontally to the right at the bottom of the sphere 1 point

Example Solution

A F

Fy

\4 F.E-"

Scoring note: Examples of appropriate labels for the force due to gravity include:
F, Fg, Fgmv, W,mg, Mg , “grav force”, “ F' Earth on sphere” , “ F' on sphere by Earth”,

F F, F,

Earth on sphere > T E.sphere > Fsphere.z -+ 1 1€ 1abels G or g are not appropriate labels for the force due

to gravity. F; , Fy, N, “normal force”, “ground force”, or similar labels may be used for the

normal force.

Scoring Note: A response that includes extraneous vectors can earn a maximum of 1 point.

Scoring Note: Horizontally displacing the F) and F, . vectors slightly is permitted in order to

show the distinct points at which those forces are exerted on the sphere.

Total for part (c) 2 points
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AP® Physics C: Mechanics 2023 Scoring Guidelines

(d)(i) For using Newton’s second law in the horizontal direction

1 point

Example Response

2F =ma

—umg =ma

For a correct derivation of acceleration

1 point

Example Response

a=-ug

For a correct expression for the velocity

1 point

Example Response

SVv=y,—ugt

Example Solution
2F =ma
—umg = ma

a=-ug
v=y,+at

LVv=Vy,—ugt

Scoring Note: Only the final expression for velocity must have correct signs.

© 2023 College Board



AP® Physics C: Mechanics 2023 Scoring Guidelines

(d)(ii) For using Newton’s second law in rotational form with substitutions for rotational inertia and 1 point
torque

Example Response

t=1a

5R=3mﬁa
5

For correctly substituting for friction and solving for « 1 point

Example Response

Ff = umg

Sug
2R

For correctly substituting « into a rotational kinematic equation and solving for 1 point

Example Response

w=0,+at

_dHg,
2R

Example Solution

r=1a
ER=3mMa
s
Fy = pmg
_dug
2R
0=0,+tat
_dHg,
2R

Total for part (d) 6 points
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AP® Physics C: Mechanics 2023 Scoring Guidelines

(e)(i) For indicating the linear speed is equal to Rw when slipping stops at Point B 1 point

Example Response

v=Rw

For correctly substituting v and @ from parts (d)(i) and (d)(i1) 1 point
Scoring Note: Substituting the acceleration from part (d)(i) into a valid kinematic equation

that includes time can earn this point.
Example Response

R2HE,
2R
Example Solution

Vo —HEL=

v=Rw

Sug
v, — gt =R——=¢
0o~ HE R
_ 2y
Tug
(e)(ii) For correctly substituting the expression for time from (e)(i) into the expression for velocity in

()

Example Solution

St

1 point

Scoring Note: The last equation is not needed for scoring the item but is presented for clarity.

Total for part (¢) 3 points

Total for question 3 15 points
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PC M Q3 Sample 3A Page 1 of 3

Question 3

Begin your response to QUESTION 3 on this page.

B A
Note: Figure not drawn to scale.

Figure 1

3. A system consists of a small sphere of mass m and radius R at rest on a horizontal surface and a uniform rod of
mass M = 2m and length £ attached at one end to a pivot with negligible friction, where R « £, There is
negligible friction between the surface and the sphere to the right of Point A and nonnegligible friction to the left
of Point A. The rod is held horizontally as shown in Figure 1, then is released from rest. The total rotational
inuﬁaofthemd&boutmop&mh%juz udﬂ:emuﬁmalinuﬁaoﬁhuphuubmniumwis%mﬂz.m
the rod is released, the rod swings down and strikes the sphere head-on. As a result of this collision, the rod is
stopped, and the ball initially slides without rotating to the left across the horizontal surface.

(a) Derive an expression for the angular speed of the rod just before striking the sphere in terms of the length ¢
and physical constants as appropriate.

2 L
MDDI\ = (%Mt-l)'-“i-/ d-k:"i.
L . 3 qlL T -
0 ST AaCIT o W, (W= (39,
2- - / L'l..
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.

@ s e o L ® & 00 o o




PC M Q3 Sample 3A Page 2 of 3

Question 3

Continue your response to QUESTION 3 on this page.

(b) Derive an expression for the linear speed v of the sphere immediately after colliding with the rod in terms of
the length £ and physical constants as appropriate.

ITw & mvel %Lt(.{?—.@)s mv L

- 2pm L* - o 3
v amL VDL 3 L T

After sliding a short distance, at time ¢ = 0 the sphere encounters a region of the horizontal surface with a
coefficient of kinetic friction u, beginning at Point A as indicated in Figure 1. The sphere begins rotating while
sliding and eventually begins rolling without sliding at Point B, also as indicated.

(¢) In the following diagram, which represents the sphere while the sphere is traveling between Points A and B,

draw and label the forces (not components) that act on the sphere. Each force must be represented by a distinct
mcwstmﬁngon.mdpoinﬁngmyﬁom.ﬂwpoﬂof:pzﬁuﬁmmﬂntpﬁae.

g FFH‘:J-N'\
™
(d) Derive an expression for each of the following as the sphere is rotating and sliding between points A and B in
terms of vy, 4, R, t, and physical constants as appropriate.
i. The linear velocity v of the center of mass of the sphere as a function of time ¢

&Ffﬁ;/‘fj

M~
V({’) = Vo -at = m

ii. The angular velocity @ ofthzsphuauaﬁmcﬁmofnmer

_ = R~
W(H’; I‘ld\G 'T' - mﬁ.:j 7/ (,;—MR._ ”_l"
w(.*’) T et = oMo .\.
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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PC M Q3 Sample 3A Page 3 of 3

Question 3

Continue your response to QUESTION 3 on this page.

(e)
i. Derive an expression for the time it takes the sphere to travel from Point A to Point B in terms of vy, g,

and physical constants as appropriate.
whav, 224z Vo meyt

+( 5-5—"2_-9_*/”’3) = g E +(%Mj): Ve

ii. Derive an expression for the linear velocity of the sphere upon reaching Point B in terms of vy,

V(’z‘%’i;) = Uo—/ﬁj('&v_a)

77

= Vo — 7 - -""':i—
Unauthorized copying or reuse of this page Is illegal. Page 13 GO ON TO THE NEXT PAGE.
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PC M Q3 Sample 3B Page 1 of 3

° |

Question 3

Begin your response to QUESTION 3 on this page.

Note: Figure not drawn to scale.
Figure 1

3. A system consists of a small sphere of mass m and radius R at rest on a horizontal surface and a uniform rod of
mass M = 2m and length £ attached at one end to a pivot with negligible friction, where R <« £. There is
negligible friction between the surface and the sphere to the right of Point A and nonnegligible friction to the left
of Point A. The rod is held horizontally as shown in Figure 1, then is released from rest. The total rotational

_--_‘_-__'-
inertia cfthemdlbmnﬂnpivmis—g—utznndthomuﬁmdinerﬁlofthuphﬂeubmtiumil%uﬂz.m
the rod is released, the rod swings down and strikes the sphere head-on. As a result of this collision, the rod is
stopped, and the ball initially slides without rotating to the left across the horizontal surface.

(a) Derive an expression for the angular speed of the rod just before striking the sphere in terms of the length £
mﬂphysiule;mmnuuappqrim

un)ﬁ/y(fh'r

mgh = 3 IW’

g+ 3 (505 )

7] {'i
L 2
9_'“,3 W r

Yy

Unauthorized copying or reuse of this page is illegal. Page 11 GO ON TO THE NEXT PAGE. |
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PC M Q3 Sample 3B Page 2 of 3

Question 3

Continue your response to QUESTION 3 on this page.

(b) Derive an expression for the linear speed v, of the sphere immediately after colliding with the rod in terms of
the length ¢ andphysiclleoomnu as appropriate.

MgVa + M - Mf + MgVgg | g
Y. Bl

")
Vor m——"‘:“ . 2p\9

rm

vo: 222
After sliding a short distance, at time t = 0 the sphere encounters a region of the horizontal surface with a

coefficient of kinetic friction u, beginning at Point A as indicated in Figure 1. The sphere begins rotating while
sliding and eventually begins rolling without sliding at Point B, also as indicated.

(¢) In the following diagram, which represents the sphere while the sphere is traveling between Points A and B,
draw and label the forces (not components) that act on the sphere. Each force must be represented by a distinct
arrow starting on, and pointing away from, the point cation on the sphere.

§

(d) Derive an expression for each of the following as the i is rotating and sliding between points A and B in

terms of vy, 4, R, t, and physical constants as appropriate,
i. The linear velocity v of the center of mass of the sphere as a function of time ¢
¥ &Fy=0:N-Fg
o N*Fg Vv Vorpgt
N=mg
¢ o
Ifx ma-f
ﬂa&-ym
ii. The angular velocity @ of the as a function of time ¢
w-=Wot Lt

Unauthorized copying or reuse of this page is lllegal. Page 12 GO ON TO THE NEXT PAGE.
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PC M Q3 Sample 3B Page 3 of 3

® Question 3

Continue your response to QUESTION 3 on this page.

(e)
i. Derive an expression for the time it takes the sphere to travel from Point A to Point B in terms of vy, u,
and physical constants as appropriate.

AX+ Vot t3at?

ii. Derive an expression for the linear velocity of the sphere upon reaching Point B in terms of vg.

Unauthorized copying or reuse of this page Is illegal. Page 13 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 Q3 Sample 3C Page 1 of 3

Question 3

Begin your response to QUESTION 3 on this page.

Note: Figure not drawn 1o scale.

Figure 1

3. Asynemcmsimdlummtonahuﬁmnwmfmmﬁunifwmmdof
@@Mummﬂmmmmmmﬁmmx«e There is
@mmmmmmmmmwfmm andgfonnegligible friction to the Tefi

@mﬂhwdm as shown in Figure 1, then is released from rest. The total rotati
inertia of the rod about the pivot {s and the rotational inertia of lphﬂtlboutiuoonteriq%ﬂz.

the rod is released, the rod swings down and strikes the sphere head-on. As a res ;

M&nhﬂhiﬁnﬂysﬁdeawi@utmﬂq_mdnleﬂm&hﬁmhlmﬁu.

——

(n)DuiwmupudmfmthamsMuqmdofﬂnmdjmlbefmwlﬂsﬁwmmm of the length £

and physical constants as appropriate.
1
1ML
8
See
Unauthorized copying or reuse of this page is illegal. Page 11 GO ON TO THE NEXT PAGE.
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PC M Q3 Sample 3C Page 2 of 3

|

Question 3

Continue your response to QUESTION 3 on this page.

(b) Derive an expression for the linear speed vy of the sphere immediately after colliding with the rod in terms of
the length ¢ and physical constants as appropriate. confrrv At B Hettato,,
AK,,,::( :}E‘V- m;v! = m:_v'l..

Z2m(rw) = m Vo

Vo = ¥ D

: m /sl
t = 0 the sphere encounters a region of the horizontal surface with a

begin mﬁml.rm
B, as indicated.

(c) In the following diagram, which represents the sphere while the sphere is traveling between Points A and B,
draw and label the forces (not components) that act on the sphere. Each force must be represented by a distinct
arrow starting on, and pointing away from, the point of application on the sphere.

E

M mar=n

(d) Derive an expression for each of the following as the sphere is rotating and sliding between points A and B in
terms of vg, 4, R, t, and physical constants as appropriate. _

i. The comter of e of tho spbere as  funciicn of time ¢ v WIRUYY L

AeueV A ag |

ettt ey g
W e

T W-uth

M TZe

T

ii. The angular velocity @ of the sphere as a function of time ¢

w2 \'4
F AV e
ﬁ/.‘(:l’f‘b‘l = —(:w;v*t vad /el
Unauthorized copying or reuse of this page is illegal. Page 12 GO ON TO THE NEXT PAGE.
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® Question 3 =
Continue your response to QUESTION 3 on this page. :_4

(e -

i.MmmWfa&ﬁmi{M&WW@mdmg, -

and physical constants as appropriate, =
s = Wyt + zmel =
e : i
Gree CAVItS votatrov] - |

.PV;C'f'f"'Mq -

Tev XK F =
ﬁ.MuuWh@qﬂhMmmﬁna?ﬁntma@ -|
=
o -
V= ':-L; mv. - = EUW‘I -
1 z -

l ! Jw . -

Vv = 3wy - (T wr K=zmy?® | =

! -~ =

14 » éW"’N :

cdﬂjtruﬂ ’ ot W foec -
(ongeraatda o Yhomenteve =
Pi=Ps - |

-

=
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AP® Physics C: Mechanics 2023 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:

Derive a symbolic expression for the angular speed of the rotating rod after it swings down to the vertical
position. This requires selecting either the law of conservation of mechanical energy or Newton’s second
law in rotational form as the relevant principle to describe the motion of the rod.

Derive a symbolic expression for the linear speed of the sphere after the collision with the rotating rod. This
requires selecting the law of conservation of angular momentum as the relevant principle for describing a
rotational collision.

Create a free-body diagram that appropriately depicts the relevant forces on the sphere. This requires
identifying different types of forces, such as the normal force, gravitational force, and kinetic friction force.
Derive a symbolic expression for the linear speed of the sphere as a function of time. This requires selecting
Newton’s second law as the relevant principle to describe the linear motion of the sphere between points A
and B.

Derive a symbolic expression for the angular speed of the sphere as a function of time. This requires
selecting Newton’s second law in rotational form as the relevant principle to describe the rotational motion
of the sphere between points A and B.

Derive a symbolic expression for the time it takes the sphere to move between points A and B. This requires
selecting the rolling without sliding condition as the appropriate relationship between the linear and angular
speeds of the sphere when it reaches Point B.

Combine the expressions for the linear speed and for the time to derive a symbolic expression for the linear
speed of the sphere at Point B.

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



AP® Physics C: Mechanics 2023 Scoring Commentary

Question 3 (continued)

Sample: 3A
Score: 15

Part (a) earned 2 points. The first point was earned for including a correct expression for conservation of energy for

1

2
the rod-Earth system: “mgAh = (—MLZ) D

7 The second point was earned for correctly substituting the change

3

2
in height and the rotational inertia of the rod: * mg% = % 12 %
earned for equating the angular momentum of the rod just before the collision to the angular momentum of the
sphere about the pivot after the collision. The sphere is treated as a particle. The second point was earned for

correctly substituting the expression for e, from part (a) into the angular momentum equation. Note: This point was

. Part (b) earned 2 points. The first point was

earned even though the linear speed is represented as v instead of v;,. Part (c) earned 2 points. The first point was
earned for including an upward normal force and a downward gravitational force acting on the sphere. The second
point was earned for including a horizontal frictional force applied to the bottom of the sphere. Part (d) earned

6 points. The first point was earned for using Newton’s second law in the horizontal direction. The second point was
earned for correctly deriving the acceleration. Note: This point was earned regardless of the sign on the acceleration
expression. The third point was earned for deriving a correct expression for the velocity: “v, — pgt ”. The fourth
point was earned for using Newton’s second law in rotational form. The fifth point was earned for correctly
substituting the friction force into the expression for torque to solve for angular acceleration. The sixth point was
earned for substituting the angular acceleration into a correct kinematic equation for @ . Part (e) earned

3 points. The first point was earned for indicating that the final velocity is determined by the condition for rolling
without sliding. The second point was earned for substituting the expression for v from part (d)(i) and the
expression for @ from part (d)(ii) into the expression for rolling without sliding. The third point was earned for

2
substituting the time from part (e)(1) into the expression for a decreasing velocity: “v, — mg( 7,;;(;7 j ”.

Sample: 3B
Score: 6

Part (a) earned 1 point for including a correct expression for conservation of energy for the rod-Earth system. The
second point was not earned because the response substitutes L as the change in height of the rod. Part (b) earned no
points. The first point was not earned because the response begins with conservation of linear momentum. The
second point was not earned because the response substitutes the expression for the angular speed @ of the rod from
part (a) into the linear speed vy of the rod. Part (c) earned 2 points. The first point was earned for including an
upward normal force and a downward gravitational force acting on the sphere. The second point was earned for
including a horizontal frictional force applied to the bottom of the sphere. Part (d) earned 3 points. The first point
was earned for using Newton’s second law in the horizontal direction. The second point was earned for correctly
deriving the acceleration. The third point was earned for deriving a correct expression for the velocity:

“v =v, — ugt”. Note: The sign in the response is a negative sign with an erasure mark. The fourth point was not
earned because the response does not use Newton’s second law in rotational form. The fifth point was not earned
because the response does not substitute the friction force into the expression for torque to solve for angular
acceleration. The sixth point was not earned because the response does not substitute the angular acceleration into a
correct kinematic equation for @ . Part (e) earned no points. The first point was not earned because the response does
not indicate the final velocity is determined by the condition for rolling without sliding. The second point was not
earned because the response does not substitute the expression for v from part (d)(i) and the expression for @ from
part (d)(ii) into the expression for rolling without sliding. The third point was not earned because the response does
not substitute the time from part (e)(i) into the expression for a decreasing velocity.

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



AP® Physics C: Mechanics 2023 Scoring Commentary

Question 3 (continued)

Sample: 3C
Score: 2

Part (a) earned no points. The first point was not earned because the response does not include an expression for
conservation of energy. The second point was not earned because the response does not substitute the change in
height and the rotational inertia of the rod into a conservation of energy expression. Part (b) earned no points. The
first point was not earned because the response does not equate the angular momentum of the rod just before the
collision to the angular momentum of the sphere about the pivot after the collision. The second point was not earned
because the response does not substitute the expression for @, from part (a) into the angular momentum equation.

Part (c) earned 2 points. The first point was earned for including an upward normal force and a downward
gravitational force acting on the sphere. The second point was earned for including a horizontal frictional force
applied to the bottom of the sphere. Part (d) earned no points. The first point was not earned because the response
does not use Newton’s second law in the horizontal direction. The second point was not earned because the response
does not derive an expression for the acceleration of the sphere. The third point was not earned because the response
does not derive a correct expression for the velocity. The fourth point was not earned because the response does not
use Newton’s second law in rotational form. The fifth point was not earned because the response does not substitute
the friction force into the expression for torque. The sixth point was not earned because the response does not
substitute the angular acceleration into a correct kinematic equation for @ . Part (e) earned no points. The first point
was not earned because the response does not indicate the final velocity is determined by the condition for rolling
without sliding. The second point was not earned because the response does not substitute appropriate quantities into
v = Rw or a kinematic equation that contains time. The third point was not earned because the response does not
substitute the time from part (e)(i) into an expression for velocity.

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



	ap23_apc_physics c_mech_form h_commentary_q3_final.pdf
	Question 3
	Note: Student samples are quoted verbatim and may contain spelling and grammatical errors.
	Overview

	Question 3 (continued)
	Sample: 3A
	Score: 15
	Part (a) earned 2 points. The first point was earned for including a correct expression for conservation of energy for the rod-Earth system: “”. The second point was earned for correctly substituting the change in height and the rotational inertia of ...

	Question 3 (continued)




