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553 2022 Set 1 Q1 (a)

Motor

1. A block of mass m is pulled across a rough horizontal table by a string connected to a motor that is attached to the
floor. The string passes over a pulley with negligible friction that is vertically aligned with the left edge of the
table as shown. The string and pulley both have negligible mass. The pulley is at height H above the table. The
motor exerts a constant force of tension Fy on the string, and the block remains in contact with the table at all
times as the block slides across the table from x = L to x = 0. The coefficient of kinetic friction between the table
and the block is u . Express all algebraic answers in terms of m, H, Fy, x, u o L, and physical constants as

appropriate.
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(a) On the dot below that represents the block, draw and label the forces (not components) that act on the block
when the block is at x = L. Each force must be represented by a distinct arrow starting on, and pointing away
from, the dot.

fi#:
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BA¥5

(a) For correctly drawing and labeling the force of gravity and the normal force on the block of 1 point
mass m
For correctly drawing and labeling the force of friction on the block of mass m 1 point
For correctly drawing and labeling the force of tension on the block of mass m 1 point

Example Response

Scoring Notes:
* Examples of appropriate labels for the force due to gravity include: F, F,, F,

grav >’
W, mg, Mg, “grav force,” “F Earth on block,” “F on block by Earth” Fg, . o1 block »

F Block - The labels G and g are not appropriate labels for the force due to gravity.

EENT3

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

99

normal force. F.

. e
string > tension force,” or similar

Fy, Fr, Frension» I > “string force,

labels may be used for the tension force exerted by the string.
e A response with extraneous forces or vectors can earn a maximum of two points.

Total for part (a) 3 points
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#:>] 2022 Set 2 Q1 (a)

+y

+X

Device Device

Figure 1 Figure 2
Note: Figures not drawn to scale.

1. A small sled slides across a rough horizontal table with an initial velocity v,. The coefficient of kinetic friction
between the sled and the table is 4, . A string connects the sled to a device on the ground. The device maintains
constant tension Fr in the string by unwinding the string as the sled slides to the right. The total mass of the sled
is m. The string is attached to the device at x = O and at a height of y, as shown in Figure 1. The horizontal
position of the sled is represented by x, as shown in Figure 2. Express all algebraic answers in terms of m, u,,
Fr, x, y, and physical constants, as appropriate.

(a) On the dot below that represents the sled, draw and label the forces (not components) that are exerted on the
sled a short time after # = 0 but before the sled has come to rest. Each force must be represented by a distinct
arrow starting on, and pointing away from, the dot.




AP Physics C + 1% UMY 2022 Set2 Q1 (a)
fi&:

SkAA8, BEERL, S@FERALATNERSHENEE, 8KNEAET. XFHRE. EOE
T

Fy
Iy
Fg
FlY

2022 Set 2 Question 1(a): KAMTE, ZHFIEA,



AP Physics C + 1% UMY 2022 Set2 Q1 (a)

BA¥5

(a) For correctly drawing and labeling the force of gravity and the normal force on the sled 1 point
For correctly drawing and labeling the force of friction on the on the sled 1 point
For correctly drawing and labeling the force of tension on the on the sled 1 point

Example Response

Scoring Notes:

 Examples of appropriate labels for the force due to gravity include: Fg, £y, Fyray,
W, mg, Mg, “grav force,” “F Earth on block,” “F on block by Earth,”

Farth on block » TE.Block - The labels G and g are not appropriate labels for the force due

EENT3

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

EL?3

used for the normal force. Fyying, Fy, Frs Frension» I » “string force,” “tension

force,” or similar labels may be used for the tension force exerted by the string.
e A response with extraneous forces or vectors can earn a maximum of two points.

Total for part (a) 3 points
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x , Spring P
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Figure 1

1. A block sitting on a horizontal surface is pushed against a spring, Spring P, that is attached to a wall, compressing
the spring a distance x, as shown in Figure 1. The block is then released from rest. The block slides along the
horizontal surface and up a ramp, reaching a maximum height A, p. Frictional forces between the block and all

surfaces are negligible.

A student compares /i, p for Spring P with the maximum height A,,,, o achieved with a different spring,
Spring Q. Each spring exerts a force of magnitude F' on the block that varies as a function of the distance x that
the spring is compressed, as shown in Figure 2. For Spring P, Fp(x) = kx, where k = 100.0 N/m, and for
Spring Q, Fo(x) = Cx'?, where C = 20.0N/m'"2.
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Trial 1
(Spring P)
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Trial 1
(Spring P)
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(a) For the experiment, the block is pushed against one of the springs, compressing the spring a
distance x = 0.010 m. The block is then released from rest. In Trial 1, Spring P is used, and in Trial 2,
Spring Q is used. On the following dots, representing the block in Trials 1 and 2, draw and label the forces
(not components) that are exerted on the block at the instant the block is released. Each force must be
represented by a distinct arrow starting on, and pointing away from, the dot. The lengths of the horizontal
vectors should represent the relative magnitude of the horizontal forces and the lengths of the vertical vectors

[£480.010KRY, P3#EFIM14, Q3

Trial 2
(Spring Q)
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BA¥5

(@)

For correctly drawing and labeling the force of gravity and the normal force on both dots 1 point

For drawing and labeling the spring force to the left on both dots, where the force for 1 point
Spring Q (Trial 2) is twice as long as the force for Spring P (Trial 1)
Example Solution

Trial 1 Trial 2
(Spring P) (Spring Q)

Scoring Note: Examples of appropriate labels for the force due to gravity include: Fg, F,,
F, W, mg, Mg, “grav force”, “F Earth on block”, “F on block by Earth”, Fi,. on block »

grav »

FE Block - The labels G and g are not appropriate labels for the force due to gravity.

CLINTS

E,, 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.
Total for part (a) 2 points
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{5 2024 Set 1 Q3 (a)

String

3m

Figure 1
Note: Figure not drawn to scale.
3. A uniform rod of length L and mass m is attached to a pivot on a vertical pole, as shown in Figure 1. There is

negligible friction between the rod and the pivot. A horizontal string connects Point Q on the rod to the pole. The
rod makes an angle 6 with the pole. A block of mass 3m hangs from the rod at Point P. The center of mass of the

rod is located at Point C.

(a) On the following representation of the rod, draw and label the forces (not components) that are exerted on the
rod. 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 rod.

fi#:
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BA¥5

(a) For drawing and appropriately labeling the downward forces that are exerted on the rod at 1 point
points P and C

Scoring Note: Labeling the downward force of tension as Fy,, , 3mg , or similar, may earn

this point.
For drawing and appropriately labeling a leftward force that is exerted on the rod at Point Q 1 point
For drawing and appropriately labeling a force that is directed up and to the right that is 1 point

exerted on the rod at the pivot, and no extraneous forces are present

Example Response

FT, string Q

FT, block
Scoring Note: Examples of appropriate labels for the force due to gravity include: Fg, F,

Foay» W, mg, Mg, “grav force,” “F Earth on block,” “F on block by Earth,” Fg, . on biock »

Fg Block - The labels G and g are not appropriate labels for the force due to gravity.

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

F

pivot >

2

F,, Fy, N, “normal force,” “pivot force.”

Scoring Note: Examples of appropriate labels for the tension force include £, Fy, T,

F,

string » and “Force from string.”

Total for part (a) 3 points
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#:>] 2022 Set 2 Q3 (a)

Board

Ax [ [ 1
______________________ 1 5 o
Unstretched—» &, " [~ [~~~ T k
Spring Stretched
Spring I L |
Figure 1 Figure 2

Note: Figures not drawn to scale.

3. A uniform board of length L and mass m is attached to a pivot % from the left end of the board. The left end of
the board is attached to an ideal spring of spring constant k that is attached to the ground. The right end of the
board is initially held by a student so that the spring is unstretched, as shown in Figure 1. The student slowly
lowers and then releases the board. The board remains at rest in the horizontal position, with the spring stretched,

as shown in Figure 2. The rotational inertia of the board about the pivot is /.

(a) On the rectangle below, which represents the board, draw and label the forces (not components) that act on the
board while the board-spring system is in equilibrium. Each force should be represented by an arrow that starts
on, and points away from, the board, and should represent the location at which that force acts.

fi#d:
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(a) For correct location and label of the force exerted on the board by the spring 1 point
For correct location and label of the force exerted on the board by gravity 1 point
For correct location and label of the force exerted on the board by the pivot 1 point

Example Response

Fpivot

>
F, spring

|
|
|
|
|
'

T

v

Scoring Notes:

e Examples of appropriate labels for the force due to gravity include: Fg, Fy, Fyyy,

W, mg, Mg, “grav force,” “F Earth on block,” “F on block by Earth,” Fp,. on block »
F: Biock - The labels G and g are not appropriate labels for the force due to gravity.

99 ¢

F,, Fy, N, “normal force,” “ground force,” or similar labels may be used for the
normal force, which can be used instead of Flyo( - Fepring» Fs» “spring force,” or

similar labels may be used for the force exerted by the spring.
e A response with extraneous forces or vectors can earn a maximum of two points.

Total for part (a) 3 points
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f55% 2024 Set 2 Q3 (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 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.

16
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BAES

(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,,

Foay» W, mg, Mg, “grav force,” “ ' Earth on disk,” “ F" on disk by Earth,” Fg,., on pisk »

FE pisk» and Fpc - 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),,

Fe» N, “normal force,” and “axle force.”

Scoring Note: Examples of appropriate labels for the tension force include F;, F;, T,

F,

string » and “Force from string.”

Total for part (a) 3 points

18



AP Physics C + 1% HUMHX 2022 Set 1 Q3 (b)
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I

|

'p

| Disk

IR
String N

Block
Unstretched S oc
Spring  f---q [---------—-----——-
Stretched Spring
Figure 1 Figure 2

Note: Figures not drawn to scale.

3. A solid uniform disk is supported by a vertical stand. The disk is able to rotate with negligible friction about an
axle that passes through the center of the disk. The mass and radius of the disk are given by M, and R,
respectively. The rotational inertia of the disk is I; = %Md R%ZA string of negligible mass is draped over the disk
and attached to the top of the disk at point P. One end of the string is connected to an unstretched ideal spring of

spring constant k, which is fixed to the ground as shown in Figure 1.

A block of mass mpg is then attached to the string on the right side of the disk. The block is slowly lowered until
the spring-disk-block system reaches equilibrium, as shown in Figure 2. In this equilibrium position, the disk has
rotated clockwise through a small angle 6.

Give all algebraic answers in terms of My, R, k, 6, and physical constants, as appropriate.

(b) At time ¢ = 0, the string on the right side of the disk is cut and the block falls to the ground. On the circle
below, which represents the disk, draw and label the forces (not components) that act on the disk immediately
after the string is cut and the block is falling to the ground. Each force should be represented by an arrow that
starts on and is directed away from the point of application.

19
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BAIFS
(b) For drawing and labeling the force of the tension exerted on the disk anywhere between 1 point
point P and the left edge of the disk, including point P and the left edge of the disk, tangent to
the disk
For correct location and label of the force due to gravity exerted on the disk, directed straight 1 point
down
For correct location and label of the force exerted on the disk by the axle, directed such that 1 point

the disk remains in translational equilibrium (i.e., ZF = 0)

20
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Example Response

A

Scoring Notes:
e Examples of appropriate labels for the force due to gravity include: Fg, Fy, Fyy,
W, mg, Mg, “grav force,” “F Earth on block,” “F on block by Earth,” Fy, 4 on biock »
FE Block - The labels G and g are not appropriate labels for the force due to gravity.

9 <

F,, Fy, N, “normal force,” “ground force,” or similar labels may be used for the
normal force, which can be used instead of Fyye . Fiprings Fy» Lipring» 7> “spring

force,” or similar labels may be used for the tension force exerted by the spring.
e A response with extraneous forces or vectors can earn a maximum of two points.

Total for part (b) 3 points

BEEK: ERETEMR

KO REEHERARFIAEEE, FRSBENERLE, BEERLEG, EHEREKRD, XD
MERERERIPEML; XIEZEREBRN I FohMEmNERE,

21



AP Physics C + 1% M X

2023 Set 1 Q3 (c)
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-
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T T

B A

Note: Figure not drawn to scale.

Figure 1

stopped, and the ball initially slides without rotating to the left across the horizontal surface.

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 of the rod about the pivot is %M % and the rotational inertia of the sphere about its center is % mR>. After

the rod is released, the rod swings down and strikes the sphere head-on. As a result of this collision, the rod is

After sliding a short distance, at time ¢ = O the sphere encounters a region of the horizontal surface with a

coefficient of kinetic friction y, 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.

(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.

O

fi#:

KaABE, ERABRLE, sHEREG. EAOMKOR T XEIMNRER L. ERMEERA,
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BA¥5

(c) 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

Fy

VFg

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

F, F, F,

Earth on sphere > FE.sphere > Fsphere.s - 111€ 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

24
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Motor
I

1. A block of mass m is pulled across a rough horizontal table by a string connected to a motor that is attached to the
floor. The string passes over a pulley with negligible friction that is vertically aligned with the left edge of the
table as shown. The string and pulley both have negligible mass. The pulley is at height H above the table. The
motor exerts a constant force of tension Fy on the string, and the block remains in contact with the table at all
times as the block slides across the table from x = L to x = 0. The coefficient of kinetic friction between the table
and the block is My Express all algebraic answers in terms of m, H, Fr, x, Hys L, and physical constants as
appropriate.

(b) Derive an expression for the angle 8 that the string makes with the horizontal as a function of x.

fi#:
BF. KEEEXNSEHEREA=AT,, FENAMKEER, FAIHAZEH. $RiEX.

tanezg, o—tan 'L,
X xr
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BA¥5

(b) For a trigonometric expression relating the angle to the horizontal distance of the block from 1 point
the left corner of the table, x.

For any correct trigonometric expression for & in terms of the given quantities 1 point

Example Responses

First Point Second Point
: H .1 H
sin = ———— @ =sin (—J
H? +x° VH? + 2
COSH = ; 0 = COS_l (;j
H? +x* VH? +x?
tané = E 0 = tan_l (E)
X X
Total for part (b) 2 points
$:>] 2022 Set 2 Q1 (b)
+y
x= 0 x=L o
| :
S | )
— - —>
— .
| | | |
y
Device \S\@ Device

Figure 1 Figure 2
Note: Figures not drawn to scale.

1. A small sled slides across a rough horizontal table with an initial velocity v,. The coefficient of kinetic friction
between the sled and the table is 4, . A string connects the sled to a device on the ground. The device maintains
constant tension Fr in the string by unwinding the string as the sled slides to the right. The total mass of the sled
is m. The string is attached to the device at x = 0 and at a height of y, as shown in Figure 1. The horizontal

position of the sled is represented by x, as shown in Figure 2. Express all algebraic answers in terms of m, u,,

Fr, x, y, and physical constants, as appropriate.

(b) Determine an expression for the angle € that the string makes with the vertical when the sled has traveled a
horizontal distance x.

26
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fi&:
XRAMNRESI, FEERREIFENEZ. Ri%X. BRA=ZATNKEOENE, BEBYEBH,.

T 1T
tand=>, H=tan 'Z.
) Y
BANR
(b) For any correct trigonometric expression for € in terms of the given quantities 1 point
. X . X
sinf = .. 6 =sin
Vr? 4 (x/yz + 2 J
OR
cosd = 2y > 5.0 =cos™! 2y >
yo+x y o +x
OR
tan@ = = nO=tan' X
y y

Total for part (b) 1 point

FTRENMEE: REFRZHN
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58 2022 Set 1 Q1 (c)(i)
Z=a)7&4%E 2022 Set 1 Q1 (b)s

Motor

1. A block of mass m is pulled across a rough horizontal table by a string connected to a motor that is attached to the
floor. The string passes over a pulley with negligible friction that is vertically aligned with the left edge of the
table as shown. The string and pulley both have negligible mass. The pulley is at height H above the table. The
motor exerts a constant force of tension Fy on the string, and the block remains in contact with the table at all
times as the block slides across the table from x = L to x = 0. The coefficient of kinetic friction between the table
and the block is Hy- Express all algebraic answers in terms of m, H, Fp, x, Hys L, and physical constants as
appropriate.

(c)

i. Derive an expression for the normal force Fy, exerted on the block by the table as a function of the
block’s position x.

fi#:
MIREE REMEE, VAt RhE, IBREtNROREEN; BKEEA=ATNREL,

Y F,=0,  Fy+Fpsind—mg=0.
FrH
VH? + 22
KB ESEHITHEYIR, PRUERNTFEN, BIRRLEMEE, NNZFIRERARAE,

Fy =mg—

28
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BA¥5

(c)(i For using Newton’s second law to sum the forces in the vertical direction and write an 1 point
equation that is consistent with part (a)

ZFy = ma

Fnet,y :FN +FT,y _Fg =0

Fy=F;, - Fp,

For correctly substituting the vertical component of the tension in terms of the given variables 1 point

consistent with part (b)

Fy = mg — Frsin@

Foemo—p.|
NI T 2

#:3] 2022 Set 2 Q1 (c)(i)
Zsa)7&4%E 2022 Set 2 Q1 (b)s

Ty

+X

Device Device

Figure 1 Figure 2
Note: Figures not drawn to scale.

1. A small sled slides across a rough horizontal table with an initial velocity v,. The coefficient of kinetic friction
between the sled and the table is y, . A string connects the sled to a device on the ground. The device maintains
constant tension Fy in the string by unwinding the string as the sled slides to the right. The total mass of the sled
is m. The string is attached to the device at x = 0 and at a height of y, as shown in Figure 1. The horizontal
position of the sled is represented by x, as shown in Figure 2. Express all algebraic answers in terms of m, u,,

Fr, x, y, and physical constants, as appropriate.

(©)
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AP Physics C + 1% HUMHX 2022 Set 2 Q1 (c)(i)

i. Derive an expression for the normal force Fj, exerted on the sled by the table as a function of the
position x.

fi#:
B EAIE, REREMEE, A THKOPESEHESTAZIEIKHE,

> F,=0, Fy—mg—Fpcosf=0.

F
Fy=mg+ %
Ve ty
= e
=Paliws)
(c)(i For beginning the derivation with Newton’s second law to write an equation that is consistent 1 point
with part (a).
XF = ma
Fy-Fr,—F, =0
Fy =F, +F,
Scoring Note: Derivation must start with a statement of Newton’s second law to earn this
point.
For correctly substituting the vertical component of the tension in terms of the given variables 1 point

consistent with part (b)

Fy = mg + Frcos@

FN =mg+FT(%J
y + X

KEEN: KEMNS, BRNLIRER

R AR, mR X R R E BB ERIRSS, SHERNAKNEXNRBELRZFN. XFHHE
ZRBER ARG, BAKFAREKDKRENEREM. MAREEEMN, RAZEE; k2N
By, SREENH S RESRIENE,

Je = i Fn, Fnet:‘ZFz"
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AP Physics C + 1% UMYX 2022 Set 1 Q1 (c)(ii)

583 2022 Set 1 Q1 (c)(ii)

Zsja)7&dE 2022 Set 1 Q1 (b). 2022 Set 1 Q1 (c)(i)o

Motor

1. A block of mass m is pulled across a rough horizontal table by a string connected to a motor that is attached to the
floor. The string passes over a pulley with negligible friction that is vertically aligned with the left edge of the
table as shown. The string and pulley both have negligible mass. The pulley is at height H above the table. The
motor exerts a constant force of tension Fy on the string, and the block remains in contact with the table at all
times as the block slides across the table from x = L to x = 0. The coefficient of kinetic friction between the table
and the block is Hy- Express all algebraic answers in terms of m, H, Fp, x, Hys L, and physical constants as
appropriate.

(c)

ii. Derive an expression for the magnitude of the net horizontal force F,.; exerted on the block as a
function of the position x.

fi#:
BRI AEBAENIE, KAOKFEDENIE, BEBAT. BEILMRE, FARA/NBIEE,

EFrz FrH
Fleft_\/m_lu’k( 9—m>7 Fnet—\Fleft‘-
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MY 2022 Set 1 Q1 (c)(ii)

BA¥5

(c)(ii) For using Newton’s second law to sum the forces in the horizontal direction and write an 1 point
equation that is consistent with part (a)
Ezet,x = FT,)c - Ff
For correctly substituting the horizontal component of the force of tension in terms of the 1 point
given variables consistent with part (b)
Fex = Frcost — F
(x)
Fpp o = Fr [— - F,
For correctly substituting the expression for the normal force from part (c)(i) into the 1 point
expression for the force of friction
(x)
F;let,x = FT [T - :ukFN
VH” +x
X) H
Fnet,x = FT [%j - Hi [mg - FT (ﬁjj
VH” + x H +x
Total for part (c) 5 points
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AP Physics C + 1% UMYX 2022 Set 2 Q1 (c)(ii)
#:>] 2022 Set 2 Q1 (c)(ii)

Zsja)7&dE 2022 Set 2 Q1 (b). 2022 Set 2 Q1 (¢)(i)o

Ty

+X

_ Vo o
— —_ —
| 1 :

Device Device

Figure 1 Figure 2
Note: Figures not drawn to scale.

1. A small sled slides across a rough horizontal table with an initial velocity v,. The coefficient of kinetic friction
between the sled and the table is 4, . A string connects the sled to a device on the ground. The device maintains
constant tension Fy in the string by unwinding the string as the sled slides to the right. The total mass of the sled
is m. The string is attached to the device at x = O and at a height of y, as shown in Figure 1. The horizontal
position of the sled is represented by x, as shown in Figure 2. Express all algebraic answers in terms of m, u,,
Fr, x, y, and physical constants, as appropriate.

(©)

ii. Derive an expression for the magnitude of the net horizontal force F,.; exerted on the sled as a function
of the position x.

fi#:
RNKEHESAE, AtEHXNZENBM, RS2 R

EWMEAERNE, FHRNKFEARULFEANRAE,
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AP Physics C + 1% UMYX 2022 Set 2 Q1 (c)(ii)
BAIFS

(¢)(ii)) For summing the forces in the horizontal direction, consistent with parts (a) and (b) 1 point

F;zet =_FT,x_Ff

For correctly substituting the horizontal component of the force of tension in terms of the 1 point
given variables

Fry = ~Fysind - F,

X
Fnet :_FT[ﬁJ_Ff
y o +x

For correctly substituting the expression for the normal force from part (c)(i) into the 1 point
expression for the force of friction

F

=-F al e F
T T T T3 5 | HMYN
net y2+x2

F X

S i R

Total for part (c) 5 points

BENERIEE: RACZEIRIKES

MeTEFREE ERY/MRK B REEHMEY, M ERNERIREES, KFRERENZERT, EIREFMARZE
BIME—RRY, B/INRIRERKFEIER.

ZFI =ma,.
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AP Physics C + 1% UMYX 2026 Q1 (A)(i)
Fll& 2026 Q1 (A)(i)

1. A box of mass M slides to the right on a horizontal surface. A small cube, also of mass M, is
inside the box. The cube is against the right wall of the box and above the bottom of the box, as
shown in Figure 1. The coefficients of static and kinetic friction between the cube and the wall
of the box are 4, and 4,, respectively, where i, > u,.

Figure 1

Box, M

The speed of the box is decreasing as a result of a resistive force that is exerted on the box. The
resistive force F; is modeled by F = —bv, where b is a positive constant and v is the velocity of
the box. Friction between the box and horizontal surface is negligible.

Consider the motion of the box and cube for the following times.

» Attime ¢ = 0, the box-cube system slides to the right with speed v,.

* For 0 <t < ¢, the cube remains in contact with the wall of the box at a constant height
above the bottom of the box.

* Att=1,, the cube begins to slide downward along the wall of the box.

Part A

The magnitude of the normal force exerted on the cube by the wall of the box is F).

i. Determine an expression for the magnitude of the acceleration of the cube. Express your
answer in terms of M, F), and physical constants, as appropriate.

fi#:
EtEAIRMSER, BANE. X FER/EEREMERE, KEABREENEEIREE, &0
MMEE AN, FRUARBEUEE,

Iy

ZFx:Ma’x:_FN7 |ax‘:M
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MY 2026 Q1 (A)(i)

BA¥5

A (i) For determining a correct expression for the magnitude of the horizontal acceleration of ~ Point Al

the cube

Example Response

F
Aeube = "
M

TBEIIE: SREEER, BRDEE

KIBIEBEEY, ShERA/NAHERIENRE., MARENEEEERHNS,; BFWE _ERSIEEM

B, R AR, VIR Ry, 44
t
t) = v(0) + dt.
o(t) = v(0) /

BT 2023 Set 1 Q3 (d)(i)

.’
L ! ==

T T

B A

Note: Figure not drawn to scale.

Figure 1

stopped, and the ball initially slides without rotating to the left across the horizontal surface.

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 of the rod about the pivot is %M ¢% and the rotational inertia of the sphere about its center is % mR>. After

the rod is released, the rod swings down and strikes the sphere head-on. As a result of this collision, the rod is

After sliding a short distance, at time ¢ = O the sphere encounters a region of the horizontal surface with a

coefficient of kinetic friction x, 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.
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AP Physics C + 1% UMYX 2023 Set 1 Q3 (d)(i)

(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 ¢

fiRé:
BAAERFENERE, BERAR;, XFHEFESN, FRUGIERIERE,

ma = —pmg,  a=-—pg,  v(t)=1vy— ugt.
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AP Physics C + 1% UMYX 2023 Set 1 Q3 (d)(i)

BA¥5

(@)@

For using Newton’s second law in the horizontal direction 1 point

Example Response

>F =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

LV=v,—ugt

Example Solution
2F =ma
—umg = ma

a=-ug
v=y,+at

SV=v, —ugt

Scoring Note: Only the final expression for velocity must have correct signs.
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AP Physics C + 1% UMYX 2023 Set 1 Q1 (b)(i)
THHhSEFNEEE

H—UBE: BAERRTRME

BEE D AR NRER, SERNIAFTAUBHENARBERER. RS/NEEM, MARATT—UBE
THYER. AIFEREAZE, FREERNERNAIBREER,

W:/Fwdx.

557 2023 Set 1 Q1 (b)(i)

x , Spring P

x=0

Figure 1

1. A block sitting on a horizontal surface is pushed against a spring, Spring P, that is attached to a wall, compressing
the spring a distance x, as shown in Figure 1. The block is then released from rest. The block slides along the
horizontal surface and up a ramp, reaching a maximum height A, p. Frictional forces between the block and all

surfaces are negligible.

A student compares /i,y p for Spring P with the maximum height A ,, o achieved with a different spring,
Spring Q. Each spring exerts a force of magnitude F' on the block that varies as a function of the distance x that
the spring is compressed, as shown in Figure 2. For Spring P, Fp(x) = kx, where k = 100.0 N/m, and for
Spring Q, Fo(x) = Cx''?, where C = 20.0N/m'/%.

F (N)

10.0 , |

— Spring P
---Spring Q
6.0 =T

8.01

-
-
-
-

-
-
-

4.0

2.04—=

4

(m)

0.0 X
0.000 0.020 0.040 0.060 0.080 0.100

Figure 2

i. What feature(s) of the graph in Figure 2 could be used to estimate the work done on the block by each
spring as each spring is compressed?
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AP Physics C + 1% UMYX 2023 Set 1 Q1 (b)(i)
fi&:
H—EHEEERSEMEHNEREHEEE, WilERNET MBI,

BEAHS

(b)(i) For a statement that the work is equal to the area under the curve 1 point

TAEIKS: BIULHH R

YIRKFRZE), FRABRIEEDEFHY. #ixmANEN, MENKNDEFRS; BEIMLEIO,
RANERNZRUATIEI N EEE, RZUMRDE, FmBRONALE, FHFINKIE,

5% 2022 Set 1 Q1 (d)
Zsja)&#E 2022 Set 1 Q1 (b)s

gy g +y

H +x

S ONm | =

[ |
xl=0 x=L
Motor
I

1. A block of mass m is pulled across a rough horizontal table by a string connected to a motor that is attached to the
floor. The string passes over a pulley with negligible friction that is vertically aligned with the left edge of the
table as shown. The string and pulley both have negligible mass. The pulley is at height H above the table. The
motor exerts a constant force of tension Fy on the string, and the block remains in contact with the table at all
times as the block slides across the table from x = L to x = 0. The coefficient of kinetic friction between the table

and the block is u " Express all algebraic answers in terms of m, H, Fr, x, y o L, and physical constants as

appropriate.

(d) Write, but do not solve, an integral expression that could be used to solve for the work W done by the string
on the block as the block moves from x = L to x = 0.
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AP Physics C « 7% MY 2022 Set1Q1 (d)
fi#:

WINFR D AR B S 45k, SAFIEREAG, RItRAZENKIKFDEFHS, BT LRI
F R, MEEINALE, BEERREILRD, FKIE,

0
Frx
W= | ———E—dx
ué VH? + 22

BAFS
(d) For any indication that the work done on the block by the string is due only to the horizontal 1 point
component of the tension in the string
W= [ Fpdx
For using the horizontal component of the force of tension consistent with part (c) 1 point
For indicating that work is the integral of the force with respect to x, including limits or a 1 point

constant of integration

_ x=0 x
V= '['“=L _FT(\/HZ +x? jdx

Total for part (d) 3 points

RDE: HEIRRHEERLTR

FXKTEDEBERURS (2+EH?), RAASNSHREF=EXMLE, FREXNSH, BIEEE
DRERDI; RERDHERE RRREREHUREERRIRE,

d T
&2 2 _
dx v +y /w2+y2.
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MY 2022 Set2 Q1 (d)

523 2022 Set 2 Q1 (d)
Z=a)7&4%E 2022 Set 2 Q1 (b)s

Ty

+X

_ Vo o
— —_ —
| 1 :

Device

Device

Figure 1

1. A small sled slides across a rough horizontal table with an initial velocity v,. The coefficient of kinetic friction
between the sled and the table is 4, . A string connects the sled to a device on the ground. The device maintains
constant tension Fy in the string by unwinding the string as the sled slides to the right. The total mass of the sled
is m. The string is attached to the device at x = O and at a height of y, as shown in Figure 1. The horizontal

position of the sled is represented by x, as shown in Figure 2. Express all algebraic answers in terms of m, u,,

Note: Figures not drawn to scale.

Fr, x, y, and physical constants, as appropriate.

(d) Derive an expression for the work W done by the string on the sled as the sled moves from x =0 to x = L.

fi#:

SREBZRA, KIKTFDERAL, #KAMAT, RANSHIGERDFRILLE,

L
W:/ __ Frz
o Vaity?

42
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AP Physics C + 1% HUMHNXY 2022 Set 2 Q1 (d)
BAIFS

(d) For using the integral definition of work to derive an expression for the work done by the 1 point
force of tension

W=IF-w

For any indication that the work done on the sled by the string is due only to the horizontal 1 point
component of the tension in the string

W = [ Fp

For using the horizontal component of the force of tension consistent with part (b) or (c) 1 point

x=L X
W= —Fp| —2—u
x=0 T[Jy2+x2]x
For correct limits of integration, x= 0 to x= L, and indicating that the work done is negative 1 point

letu = y2 + x%, then du = 2x dx
x=L1(1

W=l g b

W =-F; (ylyz +x° )x:(i
x=

W= —F(fy?+ 7 =?)

Total for part (d) 4 points

MERFIES: WRE—RNMIIDE

MERBIZRKEMRR, TAKMINER, EEEAUBSENAREER. BEEKRE, EEKIKFE
DER; BLBRNEERME, CEERAEMELMXIFNERAE. HHERSEE
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AP Physics C « 7% MY 2022 Set1Q1 (e)

583 2022 Set 1 Q1 (e)
Z=a)7&4%E 2022 Set 1 Q1 (b)s

Motor

1. A block of mass m is pulled across a rough horizontal table by a string connected to a motor that is attached to the
floor. The string passes over a pulley with negligible friction that is vertically aligned with the left edge of the
table as shown. The string and pulley both have negligible mass. The pulley is at height H above the table. The
motor exerts a constant force of tension Fy on the string, and the block remains in contact with the table at all
times as the block slides across the table from x = L to x = 0. The coefficient of kinetic friction between the table
and the block is Hy- Express all algebraic answers in terms of m, H, Fp, x, Hys L, and physical constants as
appropriate.

(e) Does the string do more, less, or the same amount of work on the block as the block moves from x = L to

L L
X = ) compared to when the block moves from x = ) tox=07?

More work when the block moves from x = L to x =

0|

Less work when the block moves from x = L to x = %

The same amount of work when the block moves from x = L to x = %

Justify your answer.

fi#:

EMore work. FFBIBENEREMER. KAOKIVER, EFREBENEFER, HKFABHERKS
DEEN. F—FNE—/EBEHRAKNKESEMT), FIUE—FNEHES,
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AP Physics C « 7% MY 2022 Set1Q1 (e)
BAES

(e) For selecting “More work ...” with an attempt at a relevant justification 1 point

For a correct justification relating the smaller angle to a larger component of the force of 1 point
tension, thus resulting in greater work.

Example Response

Fp stays the same for both halves, the displacement is the same in both halves, but from

x =1L to x = L/2 the angle is smaller, resulting in a larger component of the tension force

that aligns with the displacement.

Total for part (e) 2 points

Total for question 1 15 points

5831 2022 Set 2 Q1 (e)
Zxja)E&dE 2022 Set 2 Q1 (c)(i)o

Ty

+X

Device Device

Figure 1 Figure 2
Note: Figures not drawn to scale.

1. A small sled slides across a rough horizontal table with an initial velocity v,. The coefficient of kinetic friction
between the sled and the table is y, . A string connects the sled to a device on the ground. The device maintains
constant tension Fy in the string by unwinding the string as the sled slides to the right. The total mass of the sled
is m. The string is attached to the device at x = 0 and at a height of y, as shown in Figure 1. The horizontal
position of the sled is represented by x, as shown in Figure 2. Express all algebraic answers in terms of m, u,,
Fr, x, y, and physical constants, as appropriate.
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AP Physics C + 1% HMHN 2022 Set 2 Q1 (e)

(e) The sled comes to rest after traveling a horizontal distance x = 2L. As the system slides from x =0 to x = L,
the energy dissipated by friction is E;. As the sled slides from x = L to x = 2L, the energy dissipated by
friction is E,. Is E; greater than, less than, or equal to E, ?

—El > E2 —El < E2 . El = E2

Justify your answer.

fi#d:

EE RIS, x), BFHNRATIEHEX, IFHMDERBER. MERHKEER, $—&
B—(UBENERERK, WERETNEEES,

E, > E,.
BAED
(e) For selecting “ E; > E, ” with an attempt at a relevant justification 1 point

For a justification that correctly relates the force of friction to the normal force, and the normal 1 point
force to the position or the angle

Example Response
The vertical component of the string force is the largest when the string is more vertical

(0 < x < L). A larger vertical component of the string tension leads to a larger normal force
and, hence, a larger friction force.

Total for part (¢) 2 points

Total for question 1 15 points

1BFAERE: tERELER, AR
E—4YREEERRSMUE, FEMEENPBEE, MUFTERMEERIEREE, RENTHARTRR

KTAB—TEREELNNEE; FEEERMNZENZERENERER. BN—MBNBEYSE, 7 A6
EFIET,

46



AP Physics C « 7% MY 2023 Set 1 Q1 (b)(ii)

583 2023 Set 1 Q1 (b)(ii)
ZsiB)&#E 2023 Set 1 Q1 (b)(i)o

x , Spring P

=
In4---
(e}

Figure 1

1. A block sitting on a horizontal surface is pushed against a spring, Spring P, that is attached to a wall, compressing
the spring a distance x, as shown in Figure 1. The block is then released from rest. The block slides along the
horizontal surface and up a ramp, reaching a maximum height A, p. Frictional forces between the block and all

surfaces are negligible.

A student compares /i,y p for Spring P with the maximum height A ,, o achieved with a different spring,
Spring Q. Each spring exerts a force of magnitude F' on the block that varies as a function of the distance x that
the spring is compressed, as shown in Figure 2. For Spring P, Fp(x) = kx, where k = 100.0 N/m, and for
Spring Q, Fo(x) = Cx''?, where C = 20.0 N/m'/%.

F (N)

10.0 | ,

— Spring P
---Spring Q
6.0 =

-
-
-
-

8.01

-
-
z

4.0

2.04—=

4
4

0.0 X
0.000 0.020 0.040 0.060 0.080 0.100

m)

Figure 2

ii. There is one compression distance x( for which the maximum height 4,,,, reached by the block is the
same regardless of which spring, Spring P or Spring Q, is used. Predict whether the value of x; is greater
than, less than, or equal to 0.040 m. Use the graph in Figure 2 to justify your answer.

fi#d:

7£0.040K Z HIQBRARIEFRIRA; 0.040KREBMENIEF, HAARTHERESF. BIABEE—EK,
IEPIENIRYETRIE EQ, FRUFEEMNES EEAXT0.040K,
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AP Physics C « 7% MY 2023 Set 1 Q1 (b)(ii)

BA¥5

(b)(ii) For stating the spring compression will be greater than 0.040 m with an attempt at a relevant 1 point
justification

For a justification that indicates that the heights are equal when the area between each 1 point
function and the horizontal axis are equal, which happens after x = 0.040 m

Scoring Note: While a mathematical solution is not required to earn credit for this point,
students may reference a mathematical solution.
Example Solution

The work done by each spring is equal to the area under their respective curves. This work is
converted to the change in potential energy and therefore relates to the maximum height
reached by the block. At x = 0.040 m, the area under the curve for Spring Q is greater than
that of Spring P. Therefore, it is not until a compression greater than x = 0.040 m that the
areas under the two curves are equal, have the same work, and convert to the same
maximum height.

EtuE: MO NRIEEME
RE—MEAELLFERE, FS—MELLTFEREENTHR. LEZENNINBEREIXRIARIERE,
BLEeFTYIRESRHIMmgh,

MO BRIRET, LIEHMN—, BERLUBMNERIER. HIIFAIREXBI1/2RT5, RIAN(2/3)xB93/27%
o MEBEERMNEASR, MERINNBEFRSHERXRE,

z xn+1
"ds = —1).

5% 2023 Set 1 Q1 (b)(iii)
Z5)R) &4 2023 Set 1 Q1 (b)(i)o

X Spring P

Figure 1

1. A block sitting on a horizontal surface is pushed against a spring, Spring P, that is attached to a wall, compressing
the spring a distance x, as shown in Figure 1. The block is then released from rest. The block slides along the
horizontal surface and up a ramp, reaching a maximum height A,y p. Frictional forces between the block and all

surfaces are negligible.
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AP Physics C « 7% M X 2023 Set 1 Q1 (b)(iii)

A student compares /i, p for Spring P with the maximum height A ,,, o achieved with a different spring,
Spring Q. Each spring exerts a force of magnitude F on the block that varies as a function of the distance x that
the spring is compressed, as shown in Figure 2. For Spring P, Fp(x) = kx, where k = 100.0 N/m, and for
Spring Q, Fo(x) = Cx''?, where C = 20.0 N/m'/%.

F(N)

10.0 I I
— Spring P
---Spring Q
6.0 =———==7

-
-
-
-

8.01

-
-
-
z

4.0

2.04—=

0.0 x (m)
0.000 0.020 0.040 0.060 0.080 0.100

Figure 2

iii. On the axes provided, for both Spring P and Spring Q, sketch a graph of the maximum height 7,
reached by the block as a function of the distance each spring is compressed for values of x ranging from 0
to 0.100 m. Clearly label the curve for Spring P and Spring Q.

hmax (m)

x (m)

0.000 0.020 0.040 0.060 0.080 0.100

fi#:
DFRTMS], BOFBEEFTRSUENEHEEE

Up = kudu = ~kx?, U, = Cu'/? du = =Cz3/2.
S A 2 @ 3

B kx? b 20.’1)3/2‘

- 2mg’ 3mg

MEBEHLEHR LM, FHQER, FERXRALUGPES. RERMEFSEIL0.0711K,
2 40\?
ka2 = Zoad? Ty = ( ) ~ 0.0711 m.

3k
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By (M)

-

0.000

0020 0.040 0060 0.080 0.100
B3 SR B A, AW,
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AP Physics C « 7% M X 2023 Set 1 Q1 (b)(iii)

BA¥5

(b)(iii) For drawing smooth concave upward curves for both springs P and Q 1 point
For showing that the curves intersect after x = 0.05 m, but before x = 0.10 m 1 point
For showing the curve for Spring P below Spring Q before an intersection and the curve for 1 point

Spring P above Spring Q after this intersection
Example Solution

iy (M)

L ]

Spring P/ ~” Spring Q

0.000 0020 0040 0060 0080 0.100

x{m)

Total for part (b) 6 points

SR HBfEREKEEERER

VIR MBELEREI. ZERICIBRY, WERBREETNYIREIEE. KX EEEMUSITENES, <
IR B REF T RhEE. MBNRER, FIRFEEE,

1 1
—kx? = —mo?
2 2
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AP Physics C « 7% MY 2024 Set 1 Q1 (a)(i)

BT 2024 Set 1 Q1 (a)(i)

14
Block A Block B

3m

=

(=)

= -
<)

=1 H-——

1 X2 A3

Note: Figure not drawn to scale.

Figure 1

1. Block A and Block B of masses m and 3m, respectively, are arranged in a setup consisting of an ideal spring
with spring constant k£ and a horizontal surface. Friction between the surface and the blocks is negligible except in
aregion of length D, where the coefficient of kinetic friction between Block A and the surface is u. Block B is
attached to a string of length ¢ and negligible mass, as shown in Figure 1. Block A is held against the spring,
compressing the spring a distance x,.

At time ¢ = 0, Block A is located at position x = x( and is released from rest. After the block is released, the
following occurs.

e Attime f = £}, Block A is at x = x; after traveling a distance x.. Block A moves with speed v,
and the spring is at its equilibrium position.

* Attime = t,, the left side of Block A is at x = x, after passing through a distance D across
the region with nonnegligible friction.

* At time t = 3, Block A is at x = x3 and Block A collides with and sticks to Block B.

(a) For parts (a)(i) and (a)(ii), express your answer in terms of m, k, D, u, x., and physical constants, as
appropriate.

i. Derive an expression for the speed v of Block A at time 4.

fi#:
BNz SERE RKNRERNE, VIREERET HANTIAE,
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AP Physics C « 7% MY 2024 Set 1 Q1 (a)(i)
BEAFS

(a)(i) For a multi-step derivation with an application of the conservation of mechanical energy that 1 point
indicates that all of the energy of the system is initially U,

Example Response

Einitial = Efinal

1 2 1 2

—kx,” =—-mv

27°¢ 2
For a correct solution for v 1 point

Example Response

v—x,k
= Xey|—
m

Example Solution

Einitial = Efinal
U, =K

1
2

kxcz = %mv2

ka

o

HERE: SESXFNIUIRE

BAREKEDAFTFTESE. ANKFEER, BESEEEDsInG; REEEMRANINEE, XEFH
RENHEEH D EmMECos0, BENBRFRERMEERIELE, T THIZEEE,

h = Dsing, N = mgcos¥, Eloss = pND.
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583 2024 Set 2 Q1 (a)(i)

Note: Figure not drawn to scale.

1. Blocks A and B of masses 2m and m, respectively, are arranged in a setup consisting of a ramp that makes an
angle 6 with a smooth horizontal table and an ideal spring of spring constant k fixed to a wall, as shown.
Block A is held at rest a distance D up the ramp, and Block B is at rest on the horizontal table. The coefficient of
kinetic friction between Block A and the rough ramp is u in the region of length D, and there is negligible
friction between the blocks and the smooth table.

Attime ¢t = 0, Block A is located at horizontal position x = 0 and is released from rest. After the block is
released, the following occurs.

e Attime ¢ = £}, Block A has traveled a distance D down the ramp, has transitioned to the table,
and is moving with speed v at x = x;.

* Attime f = fp, Block A is at x = x, when it collides with and sticks to Block B.

* At time 7 = f3, the combined blocks A and B are at x = x3 when they collide with and stick to
the spring in its equilibrium position.

* At time ¢ = t,, the combined blocks A and B are instantaneously at rest and the spring is
compressed a distance x, from its equilibrium position.

(a) For parts (a)(1) and (a)(ii), express your answer in terms of m, 6, D, u, x., and physical constants,
as appropriate.

i. Derive an expression for the speed v of Block A at time #,.

fi#e:
AREN2M, TREEANEKERIEZ. XIFHAEONEADE, BREENERRMNEKE,

. 1
2mgDsin® — 2umgD cosf = 5(2m)02.

v = \/2gD(sin 6 — 11 €OS0).
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AP Physics C + 1% HMHN 2024 Set 2 Q1 (a)(i)
BAIFS

(a)(i) For a multi-step derivation that includes one of the following: 1 point

e An application of conservation of energy that indicates that the initial mechanical energy
of the system is U,

e An application of Newton’s second law that includes the frictional force, including sign

For one of the following that is consistent with the previous point: 1 point

e An expression for the energy dissipated by friction, including the correct sign
e A substitution of acceleration in a kinematics equation

Example Responses

F, —-F
2 2 » S
AEg;ion = —F;D  OR V=g + 2[5’”7]&
For a correct expression for v 1 point
Example Response
v = 2gD(sin@ — g1cos )
Example Solutions
a = Fnet
m
Einitial = Efinal 2ma =F,, - F;
Ug = ABgicion = K 2ma = 2mgsin@ — pu(2m)gcosd
mAgDsinQ—ymAgDCOSH:%msz OR a = gsing — ugcosd

gDsin@ — ugDcosf = %vz Vo= vg + 2aAx

v =2gD(sin@ — pcos0) v? = 0% +2(gsin6 — ugcosd)D
v = 2gD(sinf — pcosH)

BEER: AAHERIHEESFHEYR

MIRBETZA/MER, BEERRE, EEERSBREEEEMIL, YIRERTGFLE, AT, F
REEEETL FEMIIFEHEL, TEEEK,
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IR 2025 Q2 (A)

2. In Scenario 1, a system composed of two springs, A and B, and a block of mass m is at rest on
a horizontal surface. Friction between the block and the surface is negligible. Each spring is
attached to a fixed wall and the block, as shown in Figure 1. Spring A has a spring constant &
and Spring B has a spring constant 24. Each spring is at its relaxed length when the block is at
position x = 0, as shown.

Spring
A

Spring
B

x=0

Figure 1

The block is moved to x = x; and held at rest, as shown in Figure 2.

+y
Spring ! Spring
A | B
+x

56



AP Physics C + 1% MmN 2025Q2 (A)

A. An energy bar chart can be used to represent the elastic potential energy U, of Spring A,
the elastic potential energy Uy of Spring B, and the kinetic energy Ky, of the block. On the

energy bar chart in Figure 3, draw shaded bars to represent the energy of the system for
when the block is at x = x;.

» The height of the shaded bars should be proportional to the relative values of U,, Ug,

and Kpjock-
* Any energy that is equal to zero should be represented by a distinct line on the zero-
energy line.
Energy
Ua U Kplock
0 8 I

Figure 3

fi#:
MEETREA/NERE, BEENANKE; IRBFRFEL, BHEENS, EEXMHLGI - IS,
EEhREZ 4 B AEA.

1
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AP Physics C + 1% MmN 2025Q2 (A)
Energy
[ ]
U.-'\ UB K block
0+ -- - —— -
Figure 3
BiEREANARIR(E, BHRENZ.
BEANS
A For indicating that K, is zero Point A1
For drawing bars with positive heights for U, and Uy Point A2
For drawing a bar for U with a height that is twice the height of the bar drawn for U,  Point A3

Scoring Note: This point may be earned regardless of the signs of either bar.

Example Response

Energy

Figure 3
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AP Physics C + 1% MmN 2025 Q2 (B)
FHELFLE: EEEFTrEE

YIRREFEAER, MIREEHREHIERTEUENDES, EREEM. BRERREZIERE
UERNETRIMERE, R THImMERNEE; UBRA—F, FHXRAREBERNEDZ—

583 2025 Q2 (B)
Z=|a)7&4E 2025 Q2 (A)o

2. In Scenario 1, a system composed of two springs, A and B, and a block of mass m is at rest on
a horizontal surface. Friction between the block and the surface is negligible. Each spring is
attached to a fixed wall and the block, as shown in Figure 1. Spring A has a spring constant £
and Spring B has a spring constant 2k. Each spring is at its relaxed length when the block is at
position x = 0, as shown.

Spring Spring
A B

=

Figure 1

The block is moved to x = x; and held at rest, as shown in Figure 2.

+y

| i Spring
A | t B
|
T

Figure 2

B. The block is released from rest at x = x; and begins to oscillate. Derive an expression for the
speed v of the block as the block passes through x = 1§x1. Express your answer in terms of m,

k, x,, and physical constants, as appropriate. Begin your derivation by writing a fundamental
physics principle or an equation from the reference information.

F—RELEMERNREE, BREKER, FRLUSIEE
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AP Physics C + 1% MmN 2025 Q2 (B)

BA¥5

B For a multistep derivation that includes energy conservation or simple harmonic motion ~ Point B1
For relating the presence of both springs to the behavior of the system Point B2
. o — Point B3
For relating positions x = x; and x = %xl to the oscillation of the block
For a correct expression for v in terms of given quantities Point B4

Example Responses

X = Xy COS(O + @)
Eio = Up(xq) + Ug(x) + Kpjoek (1)

1 1 1 =
Eigy =Uy (Exl) +Ug (Exl) + Kook (3951) x(#) = x cos fut
v(t) = —xosin ot

Ego = (k)(xl) t5 (2k)(x1) +0 OR kegp =k + 2k =3k
2 o = %
tot,f (k)( xl) + 5(2k)(§x1) + Kblock, %Xl m
X _ x cosar
Eo = Eio, f 2 %xl
1, 2 2 1,2 1,7
p R i = gl gk +Kblock,lxl cosof ==
2 5)(1
Sk =2k +K ho-E
2 8 block, 1 4 3o
9 k? v, = -—xyosinwt
1. = g™ 1. =M 1
block, bR 8 2% 4
1 2 9., f3k T
zmv = gkxl V%xl =X Wsm?
NNy -
2 m V= Vl = —xl —_
Exl 2 m
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AP Physics C + 1% UMY 2024 Set2 Q2 (a)
fHA. RESFEEREEENZE
T&FRA: BIURENRS HIE

ENEMEBTINE, SSENRNTE. WA THE, SENRBEAFTREFRINEE; MEEMLS
REXMERIS. SRNEBLHEbVIERD?, FERMEIREER,

dv
meos = mg— Fyrag-
5% 2024 Set 2 Q2 (a)
‘ ' ‘ Fy.
Sphere 1
Figure 1
2. A student drops a sphere of mass m from rest. The air exerts a drag force of magnitude Fj,, on the sphere, as
shown in Figure 1. The student models the magnitude of the drag force as Fy,o = bv, where v is the speed of the
sphere and b is a positive constant with appropriate units.

(a) Derive, but do NOT solve, a differential equation that could be used to determine the speed v of the sphere as
a function of time ¢. Express your answer in terms of given quantities and physical constants, as appropriate.

fi#:

KMERLERTiEE), EART. E[EARLE. BRETHAE, BINEESRERMENEINELE, &5
FE_ER, BRNTRLEEETT.

ZF:ma, mg—bv:m%, v(0) = 0.
FRRARERBIUMDT5TE, FEIRKRLEERL,
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AP Physics C + 1% UMY 2024 Set2 Q2 (a)
BAIFS

(a) For a multi-step derivation that includes Newton’s second law of motion 1 point

For indicating that the net force exerted on the sphere includes only the gravitational force and 1 point
a drag force

Example Response

Fret :Fg_Fdrag

For a correct differential equation that is in terms of the given variables 1 point

Scoring Note: Variables do not have to be separated for this point to be earned.

Example Response

dv _ _
m- = mg bv

Example Solution

XF = ma
Fy = Fypg = ma

mg —bv = ma

dv _ _
m— = mg bv
Total for part (a) 3 points
#:>] 2024 Set 1 Q2 (a)

Cylinder

Figure 1

2. A student drops a cylinder of mass m from rest. The air exerts a drag force of magnitude Fiag on the cylinder, as

shown in Figure 1. The student models the magnitude of the drag force as Fy,, = bv?, where v is the speed of the

cylinder and b is a positive constant with appropriate units.

(a) Derive, but do NOT solve, a differential equation that could be used to determine the speed v of the cylinder
as a function of time ¢. Express your answer in terms of given quantities and physical constants, as appropriate.
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AP Physics C « 7% MY 2024 Set 1 Q2 (a)
fi#:
BREABALE. REENMELFESE;, INREREREXITENS .

d
ZF:ma, mg — bv? —md—: v(0) = 0.

TEREREITHTR. XEbREMINKkg/m, S4BT RE,
BAES

(a) For a multi-step derivation that includes Newton’s second law of motion 1 point

For indicating that the net force exerted on the cylinder includes only the gravitational force 1 point
and a drag force

Example Response

Foet :Fg_Fdrag

For a correct differential equation that is in terms of the given variables 1 point

Scoring Note: Variables do not have to be separated for this point to be earned.

Example Response

Example Solution

2F = ma

Fy = Fyg = ma,

mg — 0 = ma,
dv 2
av _ -b

m--=mg = by

Total for part (a) 3 points

FANERNFE: HEREREEMAEZ
ZEPRNSEERLIELL, FEA—BYEBIZR KT FEE, HARBRE, ERXBRAERT, EREFF

ISEIMNE TR ER L, HIRRBENEM AR, ESRBEAIUZFMEHILE, RETFERRE
PTG (R,
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AP Physics C + 1% UMYX 2024 Set 2 Q2 (b)(i)

BT 2024 Set 2 Q2 (b)(i)

Sphere o

Figure 1

2. A student drops a sphere of mass m from rest. The air exerts a drag force of magnitude Fy,, on the sphere, as
shown in Figure 1. The student models the magnitude of the drag force as Fy,, = bv, where v is the speed of the

sphere and b is a positive constant with appropriate units.

Figure 2

(b) The student sketches the drag force Fy,, exerted on the sphere as a function of time 7, as shown in Figure 2.

i. Draw a vertical line on the sketch in Figure 2 to indicate the earliest time at which Fy,, is equal to the
magnitude of the weight of the sphere, which occurs when the sphere reaches terminal speed. Label this

time as ¢y on the time axis.

fi#:
TEPR SRR FF A AN BR /K LRI B 1R 4%, 7R )4 _EARERERESZ,
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AP Physics C + 1% UMYX 2024 Set 2 Q2 (b)(i)

drag

0 -

0 r

FANERTFES5REEZ]; RaWERTE], PRI,

BEAHS

(b)(i) For a vertical line labeled #; at the approximate location at which the line becomes horizontal 1 point

Example Response

'

drag

REENFE: EEBMERFA

BRE - EERMRENEE, MMM AKTETEER, SRAZ, GHONT, RLREDIGFHH
B/, ERENLEAKIE, WK FE,.
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AP Physics C + 1% UMYX 2024 Set 1 Q2 (b)(i)

BT 2024 Set 1 Q2 (b)(i)

Cylinder

Figure 1

2. A student drops a cylinder of mass m from rest. The air exerts a drag force of magnitude Fj,, on the cylinder, as
shown in Figure 1. The student models the magnitude of the drag force as Fy,, = bvz, where v is the speed of the

cylinder and b is a positive constant with appropriate units.

max |

Figure 2

(b) The student correctly sketches the speed v of the cylinder as a function of time ¢, as shown in Figure 2.

i. Draw a vertical line on the sketch in Figure 2 to indicate the earliest time at which Fj,, on the cylinder
is equal to the magnitude of the weight of the cylinder. Label this time as # on the time axis.

fi#:
EREEHRATFIROMWRATENUEE RS, IFHERARZ, TEERNEWERAST.
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AP Physics C + 1% UMYX 2024 Set 1 Q2 (b)(i)

v
]
l'mu.\; T
|
|
1
1
1
I
1
I
|
|
|
|
|
|
I
|
1 -
- [
0 f
Figure 2
REERKFERTINREAS,
EAFS
(b)(i) For a vertical line labeled ¢ at the approximate location at which the line becomes horizontal 1 point

Example Response

v

max |

QS

Figure 2
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AP Physics C + 1% UMY 2024 Set 1 Q2 (b)(ii)

#:>] 2024 Set 1 Q2 (b)(ii)
Zxia)&4E 2024 Set 1 Q2 (b)(i)o

Cylinder

Figure 1

2. A student drops a cylinder of mass m from rest. The air exerts a drag force of magnitude Fy,, on the cylinder, as
shown in Figure 1. The student models the magnitude of the drag force as Firag = bvz, where v is the speed of the

cylinder and b is a positive constant with appropriate units.

%
Vmax
0 t
Figure 2
(b) The student correctly sketches the speed v of the cylinder as a function of time ¢, as shown in Figure 2.

ii. Justify the location of 7. Explicitly reference appropriate features of the sketch in Figure 2.

fi#:

REENMERZNEE; FERNEAE, RUGHNZE, ALNBEHFTEN. FTaZrERELH,
B7NEAT, BN FES,
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AP Physics C + 1% UMY 2024 Set 1 Q2 (b)(ii)

BA¥5

(b)(ii) For relating # to the time at which the velocity versus time graph is constant or the slope of 1 point

the line is zero

For indicating that a constant velocity indicates that the net force is zero 1 point

Example Response

Because the sketched line is horizontal after t,, the velocity is constant. If the velocity is
constant, then the acceleration is zero. Therefore, the net force is zero, which means that the
gravitational and drag forces are equal in magnitude.

Total for part (b) 3 points

BENTFaRELTE

BESER, AFdrag=bviL[ANRERRHRMEREENE, BHEREEHERFMEENS, &
RQARERKFHREREMABIFRNEHAZT;, EANBAHZENEE, RREEF .

%% 2024 Set 2 Q2 (b)(ii)
Z5[5) 7&4E 2024 Set 2 Q2 (b)(i)o

Figure 1

2. A student drops a sphere of mass m from rest. The air exerts a drag force of magnitude Fj,, on the sphere, as

shown in Figure 1. The student models the magnitude of the drag force as Fy,o = bv, where v is the speed of the

sphere and b is a positive constant with appropriate units.



AP Physics C + 1% UMY 2024 Set 2 Q2 (b)(ii)

Figure 2

(b) The student sketches the drag force Fy,, exerted on the sphere as a function of time 7, as shown in Figure 2.

ii. Justify the location of 1. Explicitly reference appropriate features of the sketch in Figure 2.

fi#:

FEZAHARERNIE, BAMEXR; RABRDELLTERR, FRBONIEX, FEEEARBE, &RX
18%E, EMmNEEMSIEBAZ,

Fyrag = bv, a=0 = Fy,e =mg.

ERMO RN IR, RENTERTE DI IMRLELIE,

BEANS

(b)(ii) For a response that references the slope of the graph or the rate at which the slope changes 1 point

For correctly relating a feature of the graph to the forces exerted on the sphere as the sphere 1 point
reaches terminal speed

Example Response

For the times leading up to t, the slope of the graph is positive which means that the
magnitude of the drag force is still increasing. After ty, the slope of the graph is zero which

means that the magnitude of the drag force is constant and equal to the downward
gravitational force, which indicates that the net force is zero and that the sphere has reached
a constant terminal velocity.

Total for part (b) 3 points
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AP Physics C + 1% UMYX 2024 Set2 Q2 (c)

REMRE: ZERRLTERE

E—" 1. E—MEDRBERZLEN, HREENFTEN. YiaR MRSk L, ReREE
RELERITE, HIRRALERLRBSN, AEERE. KNVERNESEERISFE.

mg =bvy T mg = bvk.

% 2024 Set 2 Q2 (c)

Sphere

Figure 1

2. A student drops a sphere of mass m from rest. The air exerts a drag force of magnitude Fy,, on the sphere, as
shown in Figure 1. The student models the magnitude of the drag force as Fy,, = bv, where v is the speed of the

sphere and b is a positive constant with appropriate units.

Figure 2

(b) The student sketches the drag force Fy,, exerted on the sphere as a function of time 7, as shown in Figure 2.

(c) Suppose the student throws the same sphere downward with a nonzero initial speed. The magnitude of the new
drag force at terminal speed after being thrown downward is F ..

Indicate whether F

new Would be greater than, less than, or equal to the magnitude of Fy,, at terminal speed

represented in Figure 2.
Greater than Less than Equal to

Briefly justify your answer.
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AP Physics C + 1% UMYX 2024 Set2 Q2 (c)

fi#:
#Equal to, KENFATHE; B— I HKNRELKEE, FRULEEIBEZSTE—EN. BYRE
BT, RARTRRZRESHETE.

BEANS

(c) For selecting “Equal to” with an attempt at a relevant justification 1 point

For a correct justification 1 point

Example Response

The magnitude of the drag force at terminal speed does not change since the mass of the
sphere is not changed and the drag force at terminal speed does not depend on the initial
speed of the sphere.

Total for part (c) 2 points

#:5] 2024 Set 1 Q2 (c)

Cylinder

Figure 1

2. A student drops a cylinder of mass m from rest. The air exerts a drag force of magnitude Fj,, on the cylinder, as

shown in Figure 1. The student models the magnitude of the drag force as Fy,, = bv?, where v is the speed of the

cylinder and b is a positive constant with appropriate units.

T2



AP Physics C + 1% UMYX 2024 Set 1 Q2 (c)

max |

Figure 2

(b) The student correctly sketches the speed v of the cylinder as a function of time ¢, as shown in Figure 2.

(c) Rather than dropping the cylinder from rest, the student throws the cylinder upward with a nonzero initial
speed. The cylinder is in the same orientation as when the cylinder was previously dropped. The student allows
the cylinder to fall toward the ground.

Indicate whether the magnitude of the cylinder’s maximum downward speed after being thrown upward would be
greater than, less than, or equal to the maximum speed v, in Figure 2.

Greater than Less than Equal to

Briefly justify your answer.

fi#:

EEqualto, M EHEREIRER, BTE; A—EENRENBENMRAE, BIRATFARLR

ERAM NEEAE—FEIRE,

m
mg = bva, vp = Tg
BEANS
(c) For selecting “Equal to” with an attempt at a relevant justification 1 point
For a correct justification 1 point

Example Response

At its peak, the cylinder will have a speed of 0 m/s. Therefore, the cylinder would reach the

same vy, as if the student had dropped the cylinder from rest at that height. Because the

X

cylinder reached v, from the initial drop, the two max speeds are equal.

max

Total for part (c) 2 points
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AP Physics C + 1% UMYX 2026 Q1 (A)(ii)
EEFRA: FoRkBMEFEE), BEEISE MR

AMREK TR EERIER, B-FEEREERLUHCERABEGEET. SRERMWHREREM; 60K
-bv, FRUBEERERRSIRE, o BRENE, BRGEERDTIIEERR. &EE/IREK
5, BERBEXZEB,

v(t) t
dv__ b g / d”__b/ dt.
v 2M 8 v 2 A

0

EiAZIn(v/vy), BANBEIEHRRBHREE; EBRIABIEHENEERERE,

58 2026 Q1 (A)(ii)
7134 2026 Q1 (A)(i)o

1. A box of mass M slides to the right on a horizontal surface. A small cube, also of mass M, is
inside the box. The cube is against the right wall of the box and above the bottom of the box, as
shown in Figure 1. The coefficients of static and kinetic friction between the cube and the wall
of the box are 4, and k,, respectively, where i, > u,.

Figure 1

Box, M

The speed of the box is decreasing as a result of a resistive force that is exerted on the box. The
resistive force F; is modeled by F; = —bv, where b is a positive constant and v is the velocity of
the box. Friction between the box and horizontal surface is negligible.

Consider the motion of the box and cube for the following times.

+ Attime ¢ = 0, the box-cube system slides to the right with speed v,.

* For 0 <t < ¢, the cube remains in contact with the wall of the box at a constant height
above the bottom of the box.

*  Att=t,, the cube begins to slide downward along the wall of the box.
Part A

The magnitude of the normal force exerted on the cube by the wall of the box is F),.

ii. Derive an expression for Fj, as a function of ¢t from 7 = 0 until immediately before the
cube reaches the bottom of the box. Express your answer in terms of M, b, v,, t, and
physical constants, as appropriate. Begin your derivation with a fundamental physics
principle or an equation from the reference information.
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AP Physics C + 1% UMYX 2026 Q1 (A)(ii)
fi&:

NNRIGEGEE, FBAREVKFIMREMRRE. IBZEFARE, RMERIHHE, INIKFEHRFIERERE
1, BRER2M,

dv
2M — = —bw.
di v

THEAEMEELARN, RAABHEEREZN, ERERE—A. HERES—E, HHPIERD.

d b v(t) t
@ _ ———dt, / CLU = —i ds.
2M v U 2M J,
t bt
n 1)150) = =5 v(t) = vye vt M),

BEEVNRBREVKFER S, ZRADEHEER;, FEBENRERENBEHERI(FER.

dv
dt

= 91)7 Fy(t) = bﬂe—bt/(ZM)_

Fy=M
N 2 2
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AP Physics C + 1% UMYX 2026 Q1 (A)(ii)

BA¥5

(ii) For a multistep derivation that includes Newton’s second law Point A2
C e . L Point A3
For indicating that the magnitude of the acceleration is Zb_l\vl
For separating dv and dt variables Point A4
For an exponential expression for F, that evaluates to zero at infinite time Point AS

Example Response

dv bv = —bv
Aeype = Apox = 4 a=r= o0 FN:MGZM(W)
PR U A T N . b
Myotal M v 2M FN = _EVOQ M
__bv 1, __ b b
Y Vi LO Y Iod’ Fy = |Fy| = %voe‘m
bt
ln(v) — 1Il(V0) = _W

Inl 2= __ bt
Vo 2M

bt

S
Y e 2M
Yo

_bt
v =ve M

BEREAMER. BRESWE

RARTEN, BERREFRLETEES, LHRERAERMg; KRRFBERA BusN. AR IZHE
N, RENGFRERTE, BEENIUkN. RNEIRBENF B AT IIE; URIRMEAM IS
R
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AP Physics C + 3% HUMHS 2026 Q1 (A)(iii)
IR% 2026 Q1 (A)(iii)

Zsa) 73 2026 Q1 (A)(ii)o

1. A box of mass M slides to the right on a horizontal surface. A small cube, also of mass M, is
inside the box. The cube is against the right wall of the box and above the bottom of the box, as
shown in Figure 1. The coefficients of static and kinetic friction between the cube and the wall
of the box are (4, and y,, respectively, where u, > u,.

Figure 1

Box, M

The speed of the box is decreasing as a result of a resistive force that is exerted on the box. The
resistive force Fy is modeled by Fy = —bv, where b is a positive constant and v is the velocity of
the box. Friction between the box and horizontal surface is negligible.

Consider the motion of the box and cube for the following times.

« Attime ¢ = 0, the box-cube system slides to the right with speed v,.

* For 0 <t < ¢, the cube remains in contact with the wall of the box at a constant height
above the bottom of the box.

* At t=t,, the cube begins to slide downward along the wall of the box.

Part A

The magnitude of the normal force exerted on the cube by the wall of the box is F),.

7



AP Physics C + 1% HMHN 2026 Q1 (A)(iii)

iii. On the axes shown in Figure 2, sketch a graph of the magnitude F, of the frictional force
exerted on the cube by the wall of the box as a function of ¢ from ¢ = 0 until immediately
before the cube reaches the bottom of the box.

Figure 2

Fy
A

crit

fi#:

R TIBRYSEFTRRERIR A M EIUBE S, FRUBIRK TS, FR—EFTHER LR TBEMERN
FEBNFRENEIRFR

Mg, 0§t<tcrit7
Fy(t) = bV _ptj2m)
/J/k7€ 5 t>t

crit-

a5z EEERNER LM, RARERARB)N, RERFHIEHE LI THE, BREE/RE
ARERZ Ao

F,

|
|
|
|
|
|
|
|
|
[
I
|
|
|
]
T

0 f

crit

BERARFENK/N, HEHERREERIIRI
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AP Physics C + 1% HMHN 2026 Q1 (A)(iii)

BA¥5

(ili) For sketching a horizontal line from ¢t = 0 to ¢ = ¢, Point A6

crit

For sketching a concave up curve that never increases for ¢ > ¢ Point A7

crit
Scoring Note: This point can be earned regardless of the discontinuity at ¢ = ¢, .
Example Response

Fy

FaBEhNEZ: BERLIRETEN

NREBERBESE, FERLNBERIVEE. SRAHEREEIMg, BT TRSS455HE, &
EXMEAFN, KABERFBUERIIRL, BABANKICHEMIEEEERE,

N (terr) = Mg.
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AP Physics C + 1% MmN 2026 Q1 (B)
fll& 2026 Q1 (B)
Z=[a)7&4E 2026 Q1 (A)(ii)o

1. A box of mass M slides to the right on a horizontal surface. A small cube, also of mass M, is
inside the box. The cube is against the right wall of the box and above the bottom of the box, as
shown in Figure 1. The coefficients of static and kinetic friction between the cube and the wall
of the box are (4, and y,, respectively, where u, > u,.

Figure 1

Box, M

The speed of the box is decreasing as a result of a resistive force that is exerted on the box. The
resistive force Fy is modeled by Fy = —bv, where b is a positive constant and v is the velocity of
the box. Friction between the box and horizontal surface is negligible.

Consider the motion of the box and cube for the following times.

« Attime ¢ = 0, the box-cube system slides to the right with speed v,.

* For 0 <t < ¢, the cube remains in contact with the wall of the box at a constant height
above the bottom of the box.

* At t=t,, the cube begins to slide downward along the wall of the box.
PartB
Derive an expression for ¢ ; in terms of M, b, 1, vy, and physical constants, as appropriate.

Begin your derivation with a fundamental physics principle or an equation from the reference
information.

fi#:
IR520Y, REMSIRMEMBRARBIEBATETEN. KABELKREIERS, BEBEAITE.

:usFN<tcrit) = Mgv MST%eibtcrit/@M) = Mg
_2M psbvg
tepit = Tln< 2Mg> :
AR IERS B ER LN ERB KRNI RRER LIRATES], SMWNRMFFEMZ B, IERTRIETLTEN, Al
ERY2M/bB B jB] 1L,
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AP Physics C + 1% MmN 2026 Q1 (B)

BA¥5

B For a multistep derivation that includes Newton’s second law Point B1

For indicating that the sum of the frictional force and gravitational force exerted on the Point B2
cube is zero at £,
For substituting the expression for Fj, derived in part A into the expression for static Point B3
friction

Scoring Note: Responses that omit the subscript on z, may earn this point.

Example Response

F

Ei: net :0
m
Fy =1F,

/usFN,cube = Fg

b _bteit
H [EVOB M J = Mg

bt

,usb Vo
_btcrit —In ZMg
2M Hbv
__2M 2Mg
ferit = b h{ Hsbvy )

_ 2_M ﬂsbvo
tcrit - b hl( ZMg

ERERE: RFFEH, BkE

BRERBGH T BSNZINEN. ARSFBEMNEE, BRREFIEH; AEKK/), FLEMEEHN
S, REAXNNRHE, BRENFHNE, HASXEMKLLER, WINARBER&RAE,

I 2023 Set 2 Q1 (b) (i)

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 ¢ = O 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.
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AP Physics C + 1% UMYX 2023 Set 2 Q1 (b)(i)

(b) For 0 < ¢ < 0.50 s, the velocity v of Cart A can be described by the function v(r) = 641 — 4812 + 5.

v (m/s)
5 mmrmr—r—n
| | | | |
[ T
4- —dododobod
——————— fopottd
3K IS
Ll 1 1 IN_1_1_1_1
] [l | ] | ] ]
2ttt N
L L L LN
| | | | | | | | |
| e e e e S S
TR ST TR T
PN N Y U R R (s)
Ol 01 02 03 04 05
(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. Calculate the magnitude of the maximum net force acting on Cart A during this interval.

fi&:
EXMRERSEBINRE, BERRE, LXENMZEREIEE, RAOKNNERAS,
_dvuy

ap == 192t> — 96t,  |F 4| = 96000t — 192000¢2.

XEFOB TR RER. BELNEAT, XERGEANE, FMUARRKELRAE,

d| |
dt

= 96000 — 384000t = 0, t=0.25s.

|F 5| max = 12000 N.
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AP Physics C + 1% UMYX 2023 Set 2 Q1 (b)(i)
BAIFS

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

Example Response
_dv
a(t) = r

d(64r° — 48 +5)
dt
~a(t) = 1921 - 96¢

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

- a(t) =

Example Response

d _
Zran =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
vl = 0.25

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

Example Solution
_dv
a(t) = 7

d(64r° — 4812 +5)
dt
- a(f) = 19262 — 96t

—a(t) =

d _
Zran =0

d(l92t2 - 96t)
dt

5 0 = 384t — 96

ot =025s

max

=0

F(t) = ma(t)
F_.. =ma(0.25s)

max

Frng = (1000 kg)(192(0.255)* — 96(0.255))
o |Foax | = 12,000 N

ax
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AP Physics C + 1% UMYX 2023 Set 2 Q1 (b)(i)

Alternate Solution

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

d
Fy =57

F(t) = %(64000z3 — 48000¢% + 5000)

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

d _
SFD =0

d 2 _
5(1920001 - 960001) =0

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

Alternate Example Response

0 = 384000z — 96000
Sotmax = 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

Fo =L p)

d
Fmax = Ep(ozs S)

Alternate Example Solution

p(t) = mv(t)

- p(t) = (1000 kg)(641> — 48> + 5)
. p(t) = 64000 — 48000¢2 + 5000

4
F =<7

> F(t) = %(64000;3 — 480007> + 5000)

. F(f) = 1920007% — 960007

d _
SFn =0

d 2 _
Z(192000z - 96000t> =0

— 0 = 3840007 — 96000
vl = 0255

_d
Fiy =4 p)
Fo =4 50255
max dt

F... =192000(0.255)> — 96000(0.25 s)
v |Fp] = 12,000 N
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AP Physics C + 1% UMY 2023 Set 2 Q1 (b)(ii)
H—EEE: wma. BESMEERZ

1B_E—RIRIGHI DA/ NRER B R B X8, —/REEHFACIREMMA; STiammet ASMARE
KB, BERMITEHLZ. TREBERRERSAKEERRAN I,

523 2023 Set 2 Q1 (b)(ii)
Zxia)&dE 2023 Set 2 Q1 (b)(i)o

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 ¢ = O 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.

(b) For 0 < ¢ < 0.50 s, the velocity v of Cart A can be described by the function v(r) = 641> — 4817 + 5.

v (m/s)
g R —— S
| | | | |
—d b — 4
N
NGt
3N bttt
____________ L_l_L_1_1
IR N
2—__T_T_T_T_ -T -TT1
N
| | | | | | | | |
I4+-t-t—t—t—t—t—t—1-71
TR T T R
A S T T S T | 1(s)
Ol 01 02 03 04 05
(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.
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MEX 2023 Set 2 Q1 (b)(ii)

F (N)

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.

AP Physics C + 1%

—
S
—
—
S — —— —— - — - - —— - I.RJ.
| | | -
T|+|+|f| ek ak s
I |
e B B |LiL11HA
@ | ' -
= ?|+ - - -
eI I |
T S S = .- .- Ly
e e T L B e e e e e I -
R R R b o I I
G ] L.- -
F—t—d—dA——d——l—-——F—+—+— ~ | | I |
N O O R 1 o L o
I T T R T I R B S =) — ] s g s i
bt dm A mdm b — — b — — 4 — i< I | l I | o
S T T A A A O A O K % L
o S R O = t-~ ot gt ol Sl
F—4—d4—dA——d——l——F—F—+—+— Y | | I | I
e = E | —
Fmt—d—A—A—————F—f—+— ke ke B R b B Bt KB Bl S
T T T T T T R R I u_n_u I o
O e e o e e At | | I | |
RN L R Tt Tk ok o o ik T STy R
© W Nw _ i E ] I
F I - “ . “

ERmAE. 1B T MEHY)

fi#:

I#{E7£0.25%); HHBAIZHIA.
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AP Physics C + 1% ESQINEING

2023 Set 2 Q1 (b)(ii)

BA¥5

(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 valuesof ON at # =0s and 7 =0.5s 1 point

Example Solution

e s s ks et St T

i el et ST SIS SR S SR S TR
—4—4—4—4—J—+—4—4- -
"—F—F—F—F-L—F—P—F e —-
—+—+-+-+—i-+—+—+ +-
——F—F—F—P-L—F- C——

1(s)

ol 01 02 03 04 05

Total for part (b) 7 points
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AP Physics C + 1%

MY 2022 Set1Q2 (a)

g, HESR

FELLR: BRBERTIEEN

MERNENRE NIRRT, FTZYENHERL. MYFER—XMEFHEEFER, THE=E®iL

B-HZINAFKRR, FEHREHERE, BUPEX/MEE,

BERNZRBBEED. FE5S—RE, HOLRR N TEIENNERL, FaeERR—/KRE

ERFHRELLIL,

J:/th:Ap.

5531 2022 Set 1 Q2 (a)

Motion Detector

1

1

2. Cart 1 of mass my is held at rest above the bottom of an incline. Cart 2 has mass m,, where m, > mjy, and is at
rest at the bottom of the incline. At time ¢t = 0, Cart 1 is released and then travels down the incline and smoothly
transitions to the horizontal section. The center of mass of Cart 1 moves a vertical distance of H, as shown. At
time #¢, Cart 1 reaches the bottom of the incline and immediately collides with and sticks to Cart 2. After the
collision, the two-cart system moves with constant speed v. Frictional and rotational effects are negligible.

(a) During the collision, is the impulse on Cart 1 from Cart 2 greater than, less than, or equal to the magnitude of

the impulse on Cart 2 from Cart 1 ?
__ Greater than _ Less than ___Equalto

Justify your answer.

fi#:

EEqual to, RIERMENMEEERNE—RZA/IMEEF. FE8k, BFEEEIHER. MNRE—ER

ABRXWN, HEXNWHEF.
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AP Physics C + 1% UMY 2022 Set 1 Q2 (a)

BA¥5

(a)  For selecting “Equal to” with an attempt at a relevant justification 1 point

For a correct justification 1 point

Example Response

Newton’s third law says equal/opposite forces, time intervals are same during same collision, so
magnitudes of impulse must be equal.

Total for part (a) 2 points

187 2022 Set 2 Q2 (a)
=0
! i Motion Detector
—Ax—]
x= 0

hmm-:ﬁ L

2. Block 1 of mass my is held at rest while compressing an ideal spring an amount Ax. The spring constant of the
spring is k. Block 2 has mass m,, where m, < m;. Attime ¢ = 0, Block 1 is released. At time #, the spring is no
longer compressed and Block 1 immediately collides with and sticks to Block 2. The blocks stick together and the
two-block system moves with constant speed v, as shown. Frictional effects are negligible.

(a) The impulse on Block 1 from the spring during the time interval 0 < ¢ < #¢ is Jq. The impulse on Block 1
from Block 2 during the collision is J,. Which of the following expressions correctly compares the
magnitudes of Jg and J, ?

—JS > ]2 —JS < ]2 . JS = .12

Justify your answer.

fi#:
MELIPRIMBREIRBERE,; MEREEET—IS, RAARGERINEEIEE. Eit#EEHEKX
INKTFREFEER 13RS I Bh &,

Jg > Jo.
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AP Physics C + 1% UMY 2022 Set2 Q2 (a)

BA¥5

(a) For selecting “Jg > J,” with an attempt at a relevant justification 1 point

For a correct justification 1 point

Example Response

The impulse between the two blocks is the same, so because Block 1 is moving at the end, the
impulse given by the spring must be greater than the impulse given to Block 2 by Block 1.

Total for part (a) 2 points

HE—BEE: ETRGHAE

BRERTEUBHZVER, B8/ \REIEREFRIBKRIE, S8, MEhLStEMmZBERT
SHEHR. REERE2MNIE, REXBEMMUEEESTE FREDR,

Az :/vdt.

I 2023 Set 2 Q1 (a)(i)

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 ¢ = O 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.

v (m/s)
[ S— S
| | | | | |
[ { T
4 NG
BN
A ERNEEEE
Ll 1 1 IN_Ll_1_1_1
| 1 | ] | ] ] |
2-tototodo b N
N
| | | | | | | | |
I=t-t-t-t—t—t—1t—1-7
TN SR T R T
| 1 | I | I | I | I 1(5)
Ol 01 02 03 04 05
(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.

90



AP Physics C + 1% #HMHN 2023 Set 2 Q1 (a)(i)

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

R

ERE—NEETHENSERZMAS; XERENIE, FItEEILS M2 ER.

BA¥5

(a)(i) For stating that the area bounded by the curve is the displacement 1 point

BETIE: H—FERERZ—FERE

RitEs AR AR, RFUKTINGERZE, MIMENSKFHERE., TRRERREANTREE,
BIERNNZEBREERER—NEEEF. EBEAIFRL, SHVIEENS,

MV g9 +MpBUpy = MyVy + MpUR.

{523 2023 Set 2 Q1 (a)(ii)

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 ¢ = O 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.

v (m/s)

Sd~g—T—T—T— T —T—n
| | | | | | |
bt -+
| | | | | | |

4_ N R R I M
| | | | | | |

| L _ 1 _ 1 N1l _1_1_1_1_1

| | | | | | | |

3___J._J__J._J._ _1l_1_1_1_1

| | | | | | | |

| _ L _ 1 _ 1 _ 1T _IN_1_t_1_1
| | | | | | |

24— T-T-T-T- TN T

| | | | | | | | |
[T T T-T-T-T~T hl
| | | | | | | | |
1“—T—T—T—T—T—T—T—T—
| | | | | | | | | |
[—t—t—ft—t—t—t—F+—t+—t—1
| | | | | | | | | |
e £ (5)
ol 01 02 03 04 05

(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.
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AP Physics C + 1% UMYX 2023 Set 2 Q1 (a)(ii)

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

fi#:
KN ERZRR, RAETIE. HRE, EARRMSREILREM,

1000(5) + 2000(0) = 1000(1) + 2000v,,  vp = 2m/s.

BEAHS

(a)(ii) For indicating momentum is conserved 1 point

Example Response

Ipy = Zp;
MAVAQ T MgV = MpVAs + MVpe

MpAVAQ — MAVar = MV

For the correct answer for speed with units (2 m/s) 1 point

Example Solution
MAVAQ T MBVgy = MAVar + MpVps
MAVAQ — MpAVAr = MBVBf
mu
vpr = ——(Vag — Var)
Bf g A0~ VAL
1000 kg
-1

- VBr = 2000 k (5 / m/s)

S Vae =2m/s

S—RZITE: B—FHAES—FH%

BEEFEARLRNERN G, WEATERPNES—NZ, FARLSLEhE, EBMIEMEZ LD, &
HBvBERVARIREL, BXFBLERERHERAMRER. KRMME; HERFLE.
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HMEX 2023 Set 2 Q1 (a)(iii)

5% 2023 Set 2 Q1 (a)(iii)
71874 2023 Set 2 Q1 (a)(ii)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 ¢ = O 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.

Cart B are in contact.

—_—

Foam

v (m/s)
[ 1 N e —rmn
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R R R ST N S N |
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4— N R R I M |
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| | | | ) | | | |
|l 1 1 1IN _Ll_1_1_1
| | | | | | |
2t N
| | | | | | | |
[T T T-T-T-T~T hl
| | | | | | | |
1+-+-+-t-1t-t-t—t—-1—F
| | | | | | | | | |
F=t—t—t—t—t—t—t—t—+—1
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T .
Ol 01 02 03 04 05
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T 1
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| | r 1
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TTTYTTTIT 771
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t(s)

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

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

t(s)




HMEX 2023 Set 2 Q1 (a)(iii)

AP Physics C + 1%

fi#:

RANGTEZEA]

RDBIThE.

\
/)

MNE—HZEAMETIE, EBEMNHESFTEA

£

24t% — 32t3.

[5—v,(t)]

1000
2000

=1 (S)

|
T

02 03 04 05

|

0.
%BSEH EME

» TEO.5FPENE2AK ST,

CRt
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AP Physics C + 1% HUMHX 2023 Set 2 Q1 (a)(iii)
BAIFS

(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)
TR T
PN{EAT
i B _al‘_'__\ IR
S It N il i
_J__T_J._ _.J._T__L_.r._L_1
£ I IO IO\ O O O
N et N : I : l
| |
‘T‘T‘T‘T‘*“‘T‘T‘T‘1
2“Tﬁrﬁ%ffu.
|

TR AT N T
| | | ) |

14-r-b-rpr-b-r-p

| | | | |
—_ -4 —_t L]

R AR R R
t t t T t t(s

ol 01 02 03 04 05

Total for part (a) 5 points

F—rE: ZMEERK, 97780

E—ZRAEHEEYREE, REWLHER, sHEZUMER. FIHINFTHERLUZRMEYE, FhMRlT
KiZfEdiE, EE—THERUITEERNEAR; XAEFHYT, FHRELHE,

|Ap|
Fan — T‘t
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AP Physics C + 1% UMYX 2023 Set2 Q1 (c)

583 2023 Set 2 Q1 (c)

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 ¢ = O 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.

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 F5.

(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?

F1>F2 F]<F2 ﬂze

Justify your answer.

fi#:
WE AR YR, mIMERNIAREREER, MBHNHET W HEEE; F—HENHIEK
BiEl, FHFHE N

_ Ap
F:E, F1<F2.
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AP Physics C + 1% UMYX 2023 Set2 Q1 (c)

BA¥5

() 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, F,,,

is larger.

Total for part (c) 3 points

Total for question 1 15 points

FRGEEBE: RESHHEDHER

MATESCBERESEE FRSEE, TRAVMEETIE, MBEERE, EMMENERR, RTFELSD
8, IBHHERERFEIC AU, foku, BRHEFREE; FEELIMETEEREIEEIRE,

myu = (my + my)v.

f5%% 2022 Set 1 Q2 (c)

Motion Detector

VY —

O\ 1

2. Cart 1 of mass my is held at rest above the bottom of an incline. Cart 2 has mass m,, where m, > my, and is at
rest at the bottom of the incline. At time ¢ = 0, Cart 1 is released and then travels down the incline and smoothly
transitions to the horizontal section. The center of mass of Cart 1 moves a vertical distance of H, as shown. At
time f¢, Cart 1 reaches the bottom of the incline and immediately collides with and sticks to Cart 2. After the
collision, the two-cart system moves with constant speed v. Frictional and rotational effects are negligible.

(c) Show that the velocity v of the two-cart system after the collision is given by the equation

m
ml + m2

v= 2% JH.
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AP Physics C + 1% UMYX 2022 Set 1 Q2 (c)

fi#:
SAME T, BAIERGE, TREEIREFERNMAETTIE, BEIRANERIZ AU,

1
mygH = §m1u2, u=+/2gH.

RURLTING S

mqu + mq(0) = (my +moy)v, v =
v+ my(0) = (my -+ m) P

BA#5

(¢)  For using conservation of energy to find the speed of Cart 1 at the bottom of the incline 1 point
OR
For a correct substitution of acceleration and displacement in a kinematics equation to find the
speed of Cart 1 at the bottom of the incline
For using conservation of momentum to find the speed of the two-cart system after the collision 1 point
For combining correct equations from above 1 point

Example Response

Conservation of energy:

mgH = %mlvl2

v, = y2gH
OR
v} = vl-2 + 2gsin(0)L
H = Lsin(6)

2 _ 2 . H
Ve =V + 2gsm(0)(sin9)
vjzc =2gH

Conservation of momentum:

mpy = (my + mz)Vf

m
Vp=———M
- my + m,

Combining:

Total for part (¢) 3 points
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AP Physics C + 1% UMYX 2022 Set2 Q2 (c)

£:3] 2022 Set2 Q2 (c)

=]

Motion Detector

H

oo =l 1

2. Block 1 of mass m is held at rest while compressing an ideal spring an amount Ax. The spring constant of the

spring is k. Block 2 has mass m,, where m, < my. At time ¢ = 0, Block 1 is released. At time f, the spring is no
longer compressed and Block 1 immediately collides with and sticks to Block 2. The blocks stick together and the
two-block system moves with constant speed v, as shown. Frictional effects are negligible.

1/kl’nl Ax

m1+m2

(c) Show that the velocity v of the two-block system after the collision is given by the equation v =

fi#:
RPN ERSTIENAE, FhEMERSFIEKFRIE,

1 1 k
—k(Ar)? = —myu?, u=Axy | —.
2 2 my
kmy
mqu = (mq + my)v, v=—"S——"Auz.
1 (my 2) my + m,
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AP Physics C + 1% UMYX 2022 Set2 Q2 (c)

BA¥5

(¢)  For using conservation of energy to find the speed of Block 1 at x = 0 1 point
For using conservation of momentum to find the speed of the two-block system after the 1 point
collision

For combining correct equations from above 1 point

Example Response

1 2 1
§k(AX) = 5’”1"12

Vl = mile

myvy = (my +my)v
mw

nmy +m2

my + my

Sy =

Total for part (c) 3 points

#:5] 2023 Set 1 Q1 (c)(i)

1. A block sitting on a horizontal surface is pushed against a spring, Spring P, that is attached to a wall, compressing
the spring a distance x, as shown in Figure 1. The block is then released from rest. The block slides along the

horizontal surface and up a ramp, reaching a maximum height A, p. Frictional forces between the block and all
surfaces are negligible.

x , Spring P

Figure 1
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AP Physics C + 1%

FMFEX 2023 Set 1 Q1 (c)(i)

A student compares /i, p for Spring P with the maximum height A ,,, o achieved with a different spring,
Spring Q. Each spring exerts a force of magnitude F on the block that varies as a function of the distance x that
the spring is compressed, as shown in Figure 2. For Spring P, Fp(x) = kx, where k = 100.0 N/m, and for

Spring Q, Fo(x) = Cx''?, where C = 20.0 N/m'/%.

(c) Spring Q is attached to the wall and is at equilibrium, as shown in Figure 3. Block A has a mass of 0.120 kg
and Block B has a mass of 0.070 kg. Block A is held at rest at the top of the ramp and Block B is at rest on
the horizontal surface. The student releases Block A, and it moves down the ramp and collides with Block B.
The change in vertical height of Block A is H = 0.75 m. After the collision, the blocks stick together and
move to the right, compressing the spring. Frictional forces between the blocks and all surfaces are negligible.

F(N)

10.0 I I
— Spring P
---Spring Q
6.0 =T

-
-
-
-

8.01

-
-
-
z

4.0

2.04—=

0.0 x (m)
0.000 0.020 0.040 0.060 0.080 0.100

Figure 2

Block

Block

H
l Spring Q

Figure 3

i. Calculate the velocity of the two-block system immediately after the collision between Blocks A and B.

fi#:

TSR REE SKARE AR

XE, MIEBAMERMREFRE, NAANIE.

1
ma gH = §mAu2, u=+/2gH =3.83m/s.

0.120

= = 2.42 .
mu = (my + mpg)v, v = 0190(3 .83) m/s
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AP Physics C + 1% UMY 2023 Set 1 Q1 (c)(i)
BAIFS

(¢)(i) For correctly applying conservation of energy to solve for the velocity of Block A just before 1 point
it collides with Block B

Example Response

mygH = %m Avi

vy =2gH

v, = \/2(9.8 22)(0.75 m)

vy =38 m; s

For substituting the calculated value for v, into a correct conservation of linear momentum 1 point

expression and solving for v,

Example Response

myvy =(my + mB)vf
Mm4va
(my +mp)
b (0.120 kg) (3.8 m/s)
77 (0.120 kg + 0.070 kg
Svp =24mfs

vy =

Example Solution

1
_mAVfl

magH ==

2gH

:j z\/2(9.8 sﬂz)(ons m)

vy =38m/s

myvy =(my + mB)Vf
myvy

(my +my)

_— (0.120 kg)(3.8 m/s)

77 (0.120 kg + 0.070 kg)

LV, =24mfs

v =

REE T EIRIbR: B IERLEE

*H*Lﬂ@lzﬁxﬁj‘, FTeMIRFKEFREEPHIEumgD; RIERIR TRIBIEREARNRR, BRASMHEST
IEE*?lﬁiR,\ o REENEFTENIE, ERFETHLEIAMIEUERNFMS .
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AP Physics C + 1% UMYX 2024 Set 1 Q1 (a)(ii)

58 2024 Set 1 Q1 (a)(ii)
Z5(R) 7&4E 2024 Set 1 Q1 (a)(i)o

Stringl
(
Block A Block B
. ¥ . D .
M : e
m : H : 3m |
| i ]

[ : : : : X
0 X0 Xy X2 A3

Note: Figure not drawn to scale.

Figure 1

1. Block A and Block B of masses m and 3m, respectively, are arranged in a setup consisting of an ideal spring
with spring constant k and a horizontal surface. Friction between the surface and the blocks is negligible except in
aregion of length D, where the coefficient of kinetic friction between Block A and the surface is ¢. Block B is
attached to a string of length ¢ and negligible mass, as shown in Figure 1. Block A is held against the spring,
compressing the spring a distance x,.

Attime 7 = 0, Block A is located at position x = x( and is released from rest. After the block is released, the
following occurs.

* Attime f = f;, Block A is at x = x; after traveling a distance x.. Block A moves with speed v,
and the spring is at its equilibrium position.

e At time ¢ = t,, the left side of Block A is at x = x, after passing through a distance D across
the region with nonnegligible friction.

e Attime f = f3, Block A is at x = x5 and Block A collides with and sticks to Block B.

(a) For parts (a)(i) and (a)(ii), express your answer in terms of m, k, D, i, x., and physical constants, as
appropriate.

ii. Derive an expression for the speed vy g of the two-block system immediately after the collision at
time f3.

fi#:
TR X AN PREEEAERE, BN IBALERIIE, EARIETIEZRIZ u,

1 1 ka2
imu2 = ikxz — umgD, u = Te _ 2ugD.
m
1 [ka?
mu + 3m(0) = 4mv, g, VAB = :10 —2ugD.

RINFENE, WNEEBESEEIEEX AL EME; iERERIEHRTIE,
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AP Physics C + 1% UMYX 2024 Set 1 Q1 (a)(ii)

BA¥5

(a)(ii) For a derivation to solve for the speed at x, that includes one of the following: 1 point

e An appropriate application of the conservation of energy
e An appropriate kinematics equation

Example Responses

2 _ .2
Kinitial = AEfiction = Kpnat ~ OR Vi =y + 2alx
For one of the following that is consistent with the previous point in the response for 1 point
part (a)(ii):

e A correct expression for the energy dissipated by friction
e A correct expression for the acceleration of the block in the region with nonnegligible
friction

Example Responses

AB%iction = umgD OR a=-ug

For attempting to derive an expression for v, 5 by using the conservation of momentum 1 point

Example Response

Minitial Vinitial — "ABYA,B

For substituting the expression for the speed at x, that is consistent with the first point of 1 point

the response in part (a)(ii) and substituting the correct masses into an expression for
conservation of momentum

Example Response

2
c

m —2ugD

VAB = 4m
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MmN 2024 Set 1 Q1 (a)(ii)

Example Solutions

= Epefore collision

E M
le - AEfriction = Kbefore collision

2
L[k’ 1
m p” — umgD = 37V

2
v, = ,/kf; - 2ugD

Z:pbefore collision — z:pafter collision

MpVy) = MpBVAB
Mmavy = (m+3m)vs g

[
m p —2ugD

VAB = 4m

2

OR

v22 =v? + 2aAx
2
2 k
V" = (xc %) + 2aD
2
vy = ”kxc +2aD
m
LF, =—-Fy =ma
—umg = ma

a=—Hg
2
vy :1’% - 2ugD

Zp before collision — 2pafter collision

MpVy) = MpABVARB
Mmpvy = (m+3m)vyp

2
my hx” 2ugD
_ m
YAB = 4m
Es
VAB = g\, ~ 2HeD

Total for part (a) 6 points

MELUSERE: thERLAER, EEBRLTR

FEBBAMETE, ZEMMRENLRYIE, EXBRRIBHRNER NHEEIMEEE AMEHE
Rka?/2; ERBLANEFTHIRY, MEAMEELEKRENNIRDERE. (REBRX, REREBREAE

BENHEEE,
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AP Physics C « 7% WX 2023 Set 1 Q1 (c)(ii)

583 2023 Set 1 Q1 (c)(ii)

Zsa)7&4% 2023 Set 1 Q1 (c)(i)« 2023 Set 1 Q1 (b)(iii)o

x , Spring P

=
In4---
(e}

Figure 1

1. A block sitting on a horizontal surface is pushed against a spring, Spring P, that is attached to a wall, compressing
the spring a distance x, as shown in Figure 1. The block is then released from rest. The block slides along the
horizontal surface and up a ramp, reaching a maximum height A, p. Frictional forces between the block and all

surfaces are negligible.

A student compares /i,y p for Spring P with the maximum height A ,, o achieved with a different spring,
Spring Q. Each spring exerts a force of magnitude F' on the block that varies as a function of the distance x that
the spring is compressed, as shown in Figure 2. For Spring P, Fp(x) = kx, where k = 100.0 N/m, and for
Spring Q, Fo(x) = Cx''?, where C = 20.0 N/m'/%.

F (N)

10.0 | ,

— Spring P
---Spring Q
6.0 =

-
-
-
-

8.01

-
-
z

4.0

2.04—=

4
4

0.0 X
0.000 0.020 0.040 0.060 0.080 0.100

m)

Figure 2
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AP Physics C « 7% WX 2023 Set 1 Q1 (c)(ii)

Block

Block

H
4 [

Spring Q
=0
Figure 3

(c) Spring Q is attached to the wall and is at equilibrium, as shown in Figure 3. Block A has a mass of 0.120 kg
and Block B has a mass of 0.070 kg. Block A is held at rest at the top of the ramp and Block B is at rest on
the horizontal surface. The student releases Block A, and it moves down the ramp and collides with Block B.
The change in vertical height of Block A is H = 0.75 m. After the collision, the blocks stick together and
move to the right, compressing the spring. Frictional forces between the blocks and all surfaces are negligible.

ii. Calculate the maximum compression of the spring.

fi#:
WEERAKEEMECSEIER, BRSIEESETQMEREEE,

2/3

3(0.190)v?
Ty = (<40>”) ~ 0.120 m.

1 2, 32
—(0.190)v2% = =C
5 (0190)v" =3

Lmax»
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MY 2023 Set 1 Q1 (c)(ii)

BA¥5

(c)(ii) For equating kinetic energy of the two-block system and elastic potential energy of the spring 1 point

Example Response

1 2
Fmv = J.F(x) dx

For correctly integrating to determine the elastic potential energy at the spring’s maximum 1 point

compression

Example Response

Xmax
%mv2 = .(l; Cxl/zdx
I o _ 2 3/2

Emv = ngmax
For substituting the value for v, from part (c)(i) into the integrated equation and solving 1 point
for x

max

Example Response

2/3
v = gmv2 /
max 4 C

o _[3(0190kg)(2.4 /sy’ ”
™4 200 N/m'?

Example Solution

K =U,
1 2
Fmv = JF(x) dx

Xmax
%mv2 = ‘([ Cxl/zdx

3(0.190 kg)(2.4 m/s)* ”
4 200 N/m"?
0.12m

Total for part (¢) 5 points
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AP Physics C + 1% UMY 2024 Set 2 Q1 (a)(ii)

58 2024 Set 2 Q1 (a)(ii)
2[R EdE 2024 Set 2 Q1 (a)(i)o

Block A

Note: Figure not drawn to scale.

1. Blocks A and B of masses 2m and m, respectively, are arranged in a setup consisting of a ramp that makes an
angle 6 with a smooth horizontal table and an ideal spring of spring constant k fixed to a wall, as shown.
Block A is held at rest a distance D up the ramp, and Block B is at rest on the horizontal table. The coefficient of
kinetic friction between Block A and the rough ramp is u in the region of length D, and there is negligible
friction between the blocks and the smooth table.

Attime # = 0, Block A is located at horizontal position x = 0 and is released from rest. After the block is
released, the following occurs.

* Attime f = f;, Block A has traveled a distance D down the ramp, has transitioned to the table,
and is moving with speed v at x = x;.

* Attime t = 1, Block A is at x = x, when it collides with and sticks to Block B.

At time f = f3, the combined blocks A and B are at x = x3 when they collide with and stick to
the spring in its equilibrium position.

At time ¢ = t4, the combined blocks A and B are instantaneously at rest and the spring is
compressed a distance x, from its equilibrium position.

(a) For parts (a)(i) and (a)(ii), express your answer in terms of m, 8, D, i, x., and physical constants,
as appropriate.

ii. Derive an expression for the spring constant k of the spring.

fi#:
IKFHBENREARD, MELBAEREERE, FHEBHEERBETS,

2
2mv = 3mu, u=gv.
1(3m)u2 _ Ly b 8mgD(sinf — 11 COs 0)
2 3a2 '
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AP Physics C + 1% UMY 2024 Set 2 Q1 (a)(ii)

BA¥5

(a)(ii) For using the conservation of momentum to find v AB 1 point

For equating the kinetic energy after the collision between the blocks to the maximum elastic 1 point
potential energy of the compressed spring

Example Response

K =U,

after collision s, max

For indicating v before the collision between the blocks and the spring is equal to v, g 1 point

Example Solution

Phefore collision — Pafter collision
2mv = (2m + m)vA’B
_ 2m\2gD(sin @ — pcos0)
AB — (3m)

VAR = %J2gD(sin€ — ucosh)

E,

after collision

K

=E

max compression of spring

U

after collision — “s, max

1 2 1
E(Zm + m)(vA’B) = Eloc2

2 . 2 )
(3m)(§\/2gD(sm6 - ,ucosH)) = kx,

2
k:%%%%ﬁgmme—ymwﬁ

C

_ 8 mgD(sin6 — pcos )

3 2
Xe

k

Total for part (a) 6 points

FRMARE: FRESERERHRKE/

M RERIEL I EE R WABRTNRE, FIERAIEFHERRERE, R—8XNNEEF, fEseEtbT 7
¥, LEERELAR. FEEEFESAF MEREEN—IREE, HAREBU).

110



AP Physics C + 1% HUMHNX 2023 Set 1 Q1 (d)

fBI= 2023 Set 1 Q1 (d)
Zx(a)7&dE 2023 Set 1 Q1 (c)(ii)o

x , Spring P

=
In4---
(e}

Figure 1

1. A block sitting on a horizontal surface is pushed against a spring, Spring P, that is attached to a wall, compressing
the spring a distance x, as shown in Figure 1. The block is then released from rest. The block slides along the
horizontal surface and up a ramp, reaching a maximum height A, p. Frictional forces between the block and all

surfaces are negligible.

A student compares /i,y p for Spring P with the maximum height A ,, o achieved with a different spring,
Spring Q. Each spring exerts a force of magnitude F' on the block that varies as a function of the distance x that
the spring is compressed, as shown in Figure 2. For Spring P, Fp(x) = kx, where k = 100.0 N/m, and for
Spring Q, Fo(x) = Cx''?, where C = 20.0 N/m'/%.

F (N)

10.0 | ,

— Spring P
---Spring Q
6.0 =

-
-
-
-

8.01

-
-
z

4.0

2.04—=

4
4

0.0 X
0.000 0.020 0.040 0.060 0.080 0.100

m)

Figure 2
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AP Physics C + 1% HUMHNX 2023 Set 1 Q1 (d)

Block

Block

H
4 [

Spring Q
=0
Figure 3

(c) Spring Q is attached to the wall and is at equilibrium, as shown in Figure 3. Block A has a mass of 0.120 kg
and Block B has a mass of 0.070 kg. Block A is held at rest at the top of the ramp and Block B is at rest on
the horizontal surface. The student releases Block A, and it moves down the ramp and collides with Block B.
The change in vertical height of Block A is H = 0.75 m. After the collision, the blocks stick together and
move to the right, compressing the spring. Frictional forces between the blocks and all surfaces are negligible.

(d) Spring Q where FQ(x) =cx?is replaced by a different nonlinear spring, Spring R, and the procedure

172

described in part (c) is repeated. For Spring R, Fg(x) = Dx '“. The maximum compression of Spring R is

greater than the maximum compression of Spring Q. Which of the following correctly compares the

constants C and D ?
C<D C>D C=D

Briefly justify your answer.

fi#:
ECATFD, FAHENEERNTIAEIERE, REiEEER; REEAEHBEN A EFREELEE, XBERMN
VAES: ¢

2 .32 2 3p
ngQ/ :§DxR/, Tp>zo = C>D.
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AP Physics C + 1% HUMHNX 2023 Set 1 Q1 (d)

BA¥5

(d) For selecting C > D with an attempt at a relevant justification 1 point

For one of the following: 1 point
e astatement that correctly relates the total energy of the system, the maximum
compression distance of the springs, and the spring constant
e astatement that correctly relates the force exerted on the blocks by the spring, the
maximum compression distance of the springs, and the spring constant
Example Solutions

The energy of the two-block-spring system before the blocks compress the spring is the same
in both procedures, so the total potential energy of both springs must be the same when each
spring is at its maximum compression. Since Spring Q is compressed less than Spring R, C
must be greater than D.

OR

The blocks are traveling at the same speed before colliding with the spring in each
procedure. The maximum compression of Spring Q is less than Spring R, so the average
force exerted on the blocks by Spring Q to stop the blocks must be greater than that of
Spring R. Therefore, C must be greater than D.

Total for part (d) 2 points

Total for question 1 15 points

HNEE M. JRE/ARE

ERpRT, HRERREE; HENNENMRZVMEREING I, EEAREGNLES; BESN
BB NG T MBY EFERLL; SOBRRERAAIK T L, REIERTRAYIE AT BREREY, TEREIERZIEBEEE, HE
MR EIEZNEFARR R,

dp
a = LIhet-
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AP Physics C + 1% HUMHX 2022 Set 1 Q2 (b)

fBI= 2022 Set 1 Q2 (b)

m; Cartl

Motion Detector

fffffff ai 1

YV —

— e 1

2. Cart 1 of mass my is held at rest above the bottom of an incline. Cart 2 has mass m,, where m, > m;y, and is at
rest at the bottom of the incline. At time ¢ = 0, Cart 1 is released and then travels down the incline and smoothly
transitions to the horizontal section. The center of mass of Cart 1 moves a vertical distance of H, as shown. At
time f¢, Cart 1 reaches the bottom of the incline and immediately collides with and sticks to Cart 2. After the

collision, the two-cart system moves with constant speed v. Frictional and rotational effects are negligible.

(b) On the following axes, draw graphs of the magnitude of the momentum of each cart as a function of time ¢,
before and after 7. The collision occurs in a negligible amount of time. The grid lines on each graph are
drawn to the same scale.

Momentum Momentum

1 I
,,,,,,,,,, |,,,,,,,,,_ ,,,,,,,,,4,,,,,,,,_

I I

| I
,,,,,,,,,, R S

I I
,,,,,,,,,, [ [

I i

I I
,,,,,,,,, [ .

| |

I I

- Time - Time

fe te

Cart 1 Cart 2

fi#:
REBRTZE LERIEIEMRE, shEaA/NEMIEM; F251t, shEANS, MEMERLRE, RENE2HER
X; EBRE, BHKEL, FEURENSHES FEULMMEIE,

4/
Momesym " Riisnis N

L / (kems) | -

. y
| > Time 7 Time
ol ® s ©
Cartl Cart?

MEMNERR—NERE; HMEFEEFEHNEMNFIRBLE,
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AP Physics C + 1% HUMHX 2022 Set 1 Q2 (b)

BA¥5

(b)  For correctly drawing the momentum for carts 1 and 2 for the time interval 0 < ¢ < #: 1 point

Linear increasing momentum for Cart 1 and zero for Cart 2

For drawing a horizontal line for Cart 1 when ¢ > ¢, that is smaller in magnitude than the 1 point

momentum of Cart 1 at time ¢ = #,

For drawing a horizontal line for Cart 2 when ¢ > ¢ that is greater in magnitude than the 1 point

momentum of Cart 1 after time ¢ = ¢,

For carts 1 and 2 having a change in momentum that is equal in magnitude, such that Cart 1 1 point
loses momentum and Cart 2 gains momentum or a response with changes in momentum
consistent with the response in part (a)

Example Response

M"m"j’?“’m Jf __________________________ Momentum i
(kgm’s) (kem's) [T

I S .

| - 'I‘nne > Time

i © ®)

Cart1 Cart2
Total for part (b) 4 points
%% 2022 Set 2 Q2 (b)
x=0

Motion Detector

(2] I |

e S 1

2. Block 1 of mass m is held at rest while compressing an ideal spring an amount Ax. The spring constant of the

spring is k. Block 2 has mass m,, where m, < m;. At time ¢ = 0, Block 1 is released. At time ¢, the spring is no
longer compressed and Block 1 immediately collides with and sticks to Block 2. The blocks stick together and the
two-block system moves with constant speed v, as shown. Frictional effects are negligible.

115



AP Physics C + 1% HUMHNX 2022 Set2 Q2 (b)

(b) On the following axes, draw graphs of the magnitude of the momentum of each block as a function of time,
before and after 7. The collision occurs in a negligible amount of time. The grid lines on each graph are
drawn to the same scale.

Momentum Momentum
| |
,,,,,,,,,, e e ———
I I
,,,,,,,,,, [ [ R
| |
I I
,,,,,,,,,, I e
| |
| |
,,,,,,,,, e mmm—m e S
I I
| Time | Time
Ic Ic
Block 1 Block 2

fi#:

S DRERIATRY], FRLURIBHESIEM, ERRZFHEES, Em TM; R2MNAT, WEMHRE
RMRIEE, BIRUKFFERS. RERIEZERA/IER. HRER.

Momentum Momentum
/ A

»Time ] > Time

Block 1 Block 2
HERBINERIRRER; MEERIBERK,
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AP Physics C + 1% HUMHNX 2022 Set2 Q2 (b)

BA¥5

(b) For correctly drawing the momentum for blocks 1 and 2 for the time interval 0 < ¢ < #,: 1 point
Block 1 shows an increasing curve with a decreasing slope (concave down) to highest value
(technically a cosine curve) and Block 2 shows zero momentum up to £ (a horizontal line

along the time axis).

For drawing a horizontal line for Block 1 when ¢ > ¢ that is smaller in magnitude than the 1 point

momentum of Block 1 at time ¢ = 7,

For drawing a horizontal line for Block 2 when ¢ > ¢ that is smaller in magnitude than the 1 point

momentum of Block 1 after time ¢ = ¢,

For blocks 1 and 2 having a change in momentum that is equal in magnitude such that 1 point
Block 1 loses momentum and Block 2 gains momentum

Example Response

Momentum Momentum

I
Time ul Time

Block 1 Block 2

Total for part (b) 4 points

ROTIEFIK: FIRBRENTS R

ERREFRTHMIERE. —Tmu,A—, RATIXNIE, MENR; REHESHYFNETR
Sl RGUKFINGTERZRE, HRIFRISEHRSRTKER, BMERYIEELE,
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AP Physics C + 1% UMYX 2025 Q1 (A)(i)
BT 2025 Q1 (A)(i)

1. Two blocks, 1 and 2, slide toward each other on a horizontal surface. Block 1 has mass m
and slides in the +x-direction with constant speed 2v,. Block 2 has mass 6m and slides in the
—x-direction with constant speed v, as shown in Figure 1. The blocks then collide and stick
together. The collision occurs from time ¢ = 0 to ¢ = ¢,. After the collision, where ¢ > ¢, the blocks
move together with the same constant speed.

+Xx
Block 2
Block 1

2V0

— | m | ——

!
1]

Figure 1

A. The diagrams in Figure 2 can be used to represent the momentum of blocks 1 and 2 before
and after the collision. The momentum vector diagram for Block 1 before the collision is
shown.

i. Draw arrows on the grids to represent the momentum vectors of Block 2 before the
collision and the two-block system before and after the collision.

* Arrows should start at the zero-momentum line.

* The length of the arrows should be proportional to the relative magnitudes of the
vectors.

* Represent an arrow of zero length by drawing a dot at zero.

Momentum Momentum
Before Collision After Collision

P b+ 4 A=+ 4
bt o=l b o o — et o+ b o
Block 1 e e e el i o

RSN N S NS N
FA—— 4+ Ao
Block 2 e o A o o

Ft—d—++4+-d——F++4——F+4 | F4d—+++d——F++4——+4
Two-Block [ e i L e e o e e e L e I B B o e o e B et S o e e e
F4A—FF+4+d4--F++44—F+4 | F4A-FF++d4-—F++ 44— +A
System T T T T T T O S S T S S T O (N T O S T S S Y S T S S B R R B B

0 0

Figure 2
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fi#:

U—Tmu, A—1&, RIRBEEARE, RFERAL . RASHERREZNN; MEFKERALS
oheE, FE RIS RSELMEE,

Momentum Momentum
Before Collision After Collision
| i R | i
o S N ok A o ;
Block | | [~f==rritiTi i
I I I I I 1 ]
0
I ; ] | ; | ; I ]
r : r I ! 1 1 T T T I 1 1 T :
Block2 | =T err——t-foronoo i
AR A !
0
I I i I I I i I ; I I I I ; I I |
r—-r—-r—-rr=I/— - T1T- T r-r--r/aamaTTm1 r-r—-r— I/~ aa- 7T T rr-r|/aTmaTt T
Two-Block | |tf=f =i et = £ = b == o= = f =1 =] P =l ——— - e e =
Sysem | i -Ep [
0 0
Figure 2
BIkMELH %A ; EHRThEREEFTEREA/ BB,
BAITS
A (i) For drawing only one arrow for the momentum of Block 2 before the collision that Point A1

points leftward and is 6 units long

For drawing only identical arrows for the momentum of the two-block system before Point A2
and after the collision that are equal to the sum of the momentums drawn for blocks 1
and 2 before the collision

Example Response

Momentum Momentum
Before Collision After Collision
| i i I i
T r 1 T T ;
bedefolatedaded = junlpnd = e == 4~
Block 1 O T l
I I I I ! 1
0
i | | i i i
T I 1 T 1 T r 1 1 1
b= el = | = | = = = = |
B]l)Ckz L 1 L L 1 ') 1 1 L : 1 d 1 :
I I I } ! 1
0
| ; ; ; i ; ; | | | 1 1 1 ; | } 1
r—-r—r—r—/TaT T T T T r-r—rrrraTaT T T T T aT T T T
B B [ L L 0 0 A
System pobeiereiedsdsdstobobobdodadod | obobobobdcdodotatob b d e
0 0
Figure 2
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IESZRE ST HERS RRIEE

FRASHETERIHERREE, BRER2NIER . FLIAFmaxsin(At), HEZEM0TR EE
BRI, EZNRRBANHRZ; RARBEAL, EEFUREA. REHHANIEE,

t. .
/ Sin(At) dt = M.
A A

IR 2025 Q1 (A)(ii)
Zsin) 3% 2025 Q1 (A)(i)o

1. Two blocks, 1 and 2, slide toward each other on a horizontal surface. Block 1 has mass m
and slides in the +x-direction with constant speed 2v,. Block 2 has mass 6m and slides in the
—x-direction with constant speed v, as shown in Figure 1. The blocks then collide and stick
together. The collision occurs from time ¢ = 0 to ¢ = ¢,. After the collision, where ¢ > ¢, the blocks
move together with the same constant speed.

+Xx
Block 2
Block 1

ZVO

— ' m | ———

|
il

Figure 1

A. The diagrams in Figure 2 can be used to represent the momentum of blocks 1 and 2 before
and after the collision. The momentum vector diagram for Block 1 before the collision is
shown.

ii. During the time interval 0 < ¢ < ¢,, a force F is exerted on Block 2 by Block 1 along the
x-direction as a function of ¢ that is modeled by F( t) = Floax sin(At), where A is a positive
constant and Fj,,, is the magnitude of the maximum force exerted on Block 2 by Block 1
during the collision.

Derive an expression for F,,,. Express your answer in terms of m, vy, A4, ¢., and physical
constants, as appropriate. Begin your derivation by writing a fundamental physics
principle or an equation from the reference information.

fi#:
SRARSEREFREE, BREMRIHHNET K. BNEANIE,

4
m(2vy) + 6m(—vy) = Tmuy, vf =~ V-

4 1
Ap, = 6m (—?vo — (—UO)> = 78mvo.

HFEREZE, HFETNMRBMIEREN . EZNRREHFRRZ, HEABRUEEA
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tC
Ap, = / Frax SIN(At) dt = anx[l — cos(At,)].
0

P 18 Amu,
M 7[1 — cos(At,)]

BEANS

(ii) For a multistep derivation that includes the integral form of impulse or the differential
form of Newton’s second law

For indicating one of the following:

e The final speed of Block 1 or Block 2 is ;VO .
e The change in the momentum of Block 2 is +%mv0 .

e The change in the momentum of Block 1 is —gmvo .

e The change in the velocity of Block 2 is +%v0 .

o The change in the velocity of Block 1 is _g"o .
For substituting the given expression for F(¢) into an expression for the impulse
exerted on either block or the differential form of Newton’s second law
For an integral with appropriate limits or a constant of integration

For a correct expression for F,

« in terms of given quantities
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AP Physics C -

H%¥

MY 2025 Q1 (A)(ii)

Example Responses

net

J.Fnet dt =

eoT]
M%

H o -
J= jtl Fo(t)ydt=Ap  OR

2130 = 215 ¥a
(m)(2vg) + (6m)(=vy) = (m + 6m)(v )

Ve =77%

7

4
APgiock 2 = ~APBlock 1 = 6’"(—7"0 - (—Vo))

ApBlock 2 j max Sln(At) dt

18 P
—my, = [—cos(A1)]
7 A .

%mvo = %[1 —cos(A4t,)]

Foo_ 180 Amvy
max 7 (1 —cos(4t,)

MRER: FHKRAR, BRRE

BEIFKN,

REXEAME. MiEEEERGERRE, H30E

HR S REIRIEH S RF BN, 4 EREVE,

5% 2025 Q1 (B)
Zia)&dE 2025 Q1 (A)(i)o

ERRPREBER LRI AVEE;

1. Two blocks, 1 and 2, slide toward each other on a horizontal surface. Block 1 has mass m
and slides in the +x-direction with constant speed 2v,. Block 2 has mass 6m and slides in the
—x-direction with constant speed v, as shown in Figure 1. The blocks then collide and stick
together. The collision occurs from time ¢ = 0 to z = ¢,. After the collision, where ¢ > ¢,, the blocks
move together with the same constant speed.

Block 1

21)0

— | m |—

+Xx

Vo

Block 2

6m

1]

Figure 1
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B. Consider a new scenario where Block 1 initially slides in the +x-direction with a new
constant speed v; and Block 2 again initially slides in the —x-direction with constant speed v.

The blocks collide and stick together. In this new scenario, the two-block system has constant
speed v, after the collision.

Derive an expression for v; in terms of v,. Begin your derivation by writing a fundamental
physics principle or an equation from the reference information.

fi#:

BBELRERMASTIEERAM. EREEDAREN v, HETEZERINVEELRE, 58
PR, PR REREERA.

mv, — 6mvy = Tmu, vy = 13v,.
= ~
BAED
B For a multistep derivation that includes conservation of momentum Point B1
For indicating that the magnitude of the final momentum of the two-block system is Point B2
Tmv,
For a correct expression for v; in terms of v, Point B3

Example Response

2B = 2By

mv, + 6m(—vy) = Tm(vy)
mv, = 13mv,

V= 13V0

TARIRIE: KFCHESFHTE
NAENRBEEREANT, MABERKTER, KNIREBHEEET 2 EANEE. Q&RAME

AN, BEKTPEERSENKFRESARR; BRAKTHETERS—HNEIE, BEHIERN
=, BLNERHEZEL,
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AP Physics C + 1%

IR 2026 Q2 (A)

2. A projectile of total mass 4M is launched from the ground at position x = 0 and time ¢ = 0. The
projectile is launched with an initial speed v, at an angle 6 above the horizontal. When the
projectile is at the highest point in its trajectory, it breaks into Pieces Q and R of masses M and

3M , respectively.
The motion of the projectile is described for the following times.

* Atr=1,immediately after the projectile breaks apart, the two pieces are moving away

from each other horizontally.
At t = t,, Piece Q reaches the ground at x = 0 and Piece R reaches the ground at x = x,, as

shown in Figure 1.

Figure 1
t=0 t=t t=t,
ty
Piece QM __ . Piece R, 3M
+Xx /7
/
’I
] ! (] A
x=0 x=0 X = x2

Note: Figure not drawn to scale.

124



AP Physics C + 1%

HMEX 2026 Q2 (A)

Part A

The horizontal and vertical components of a momentum vector are represented by p, and p,,
respectively. The shaded bars in Figure 2 represent p, and p, of the projectile immediately

after r = 0.

Figure 2
t=0

Momentum

A

Complete Projectile

Figure 3
=t
Momentum Momentum
) u
Or=—==========- Ofr===========-
Px py Px py
Piece Q Piece R

On Figure 3, draw shaded bars to represent p, and p, of Pieces Qand Rat 7 = 7.

fi#:

Start the shaded bars at the dashed line that represents zero momentum.

Represent the magnitudes of the components of the momentum by using the heights of
the shaded bars, consistent with the scale used in Figure 2.

Represent any momentum component that is equal to zero by drawing a distinct line on

the zero-momentum line.

FEEA. BLEAE, BASRENKFDESFIZAU, BE EAZITNSRRIBENE N LFHE, BIFR
FARENR, MAREHREKFRE, Fiti/E T EEEEET EFAES,

u = v, COSH, t

up

_ yysing

9

QRAMEIRR, EMNRERRBKFAUSSIBIFRBKFUBEFR KR, HEWEAER, FUQESE
BIKFERE AU, BIFRIKTFINGERIBE, RFKFEHETE,

UMuf—it&, QKEsHENA—K, RALERN; RANBEHELNTE,

5

AMu = M(—u) + 3Mug,
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’UR = —U.
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2026 Q2 (A)

I=£]

Momentum Momentum

Py Py Px Py
Piece Q Piece R

KFEEHEMRMNEENE, BEEHINE,
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BA¥5

A

For drawing bars for p, of Pieces Q and R that have heights which add to 4 units Point A1
For drawing lines on the zero-momentum line for p,, of Pieces Q and R Point A2
For drawing one of the following: Point A3

e Abarfor p, of Piece Q with a height of -1 unit
e Abarfor p, of Piece R with a height of 5 units

Example Response
=14

Momentum Momentum

Py Py Py Py
Piece Q Piece R

BIEEER . HERERZK IS4

BIERRBAEITR KR, SBIFERIKFUBZESAITE, RERHREMER, EXKFRERE. 5
REEIEIR LA E, BME—RINKFHERIREE, &AM LEREER,
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{5 2026 Q2 (B)
Zsa)7&4E 2026 Q2 (A)o

2. A projectile of total mass 4M is launched from the ground at position x = 0 and time ¢ = 0. The
projectile is launched with an initial speed v, at an angle 6 above the horizontal. When the
projectile is at the highest point in its trajectory, it breaks into Pieces Q and R of masses M and
3M , respectively.

The motion of the projectile is described for the following times.

At t =1, immediately after the projectile breaks apart, the two pieces are moving away

from each other horizontally.
At t =t,, Piece Q reaches the ground at x = 0 and Piece R reaches the ground at x = x,, as

shown in Figure 1.

Figure 1
t=0 t=t t=t,
Ty
l Piece Q, M __ . Piece R, 3M
+Xx ///
/
!
Vo f\e ’[I
1= ! [l =
x=0 x=0 x=0 X=X,
Note: Figure not drawn to scale.
PartB

Derive an expression for x, in terms of v,, 6, and physical constants, as appropriate. Begin
your derivation by writing a fundamental physics principle or an equation from the reference

information.

i
RITPERMMAZNIATA R, BLUEREYSEMEA, MEREEER, BREKFEABZEM,
5 8va sinf cos
1'2 = Utup —+ gu up = T
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HMiEX 2026 Q2 (B)

BA¥5

B

For a multistep derivation that includes one of the following:

Point B1

e Any kinematics equation relevant to constant acceleration

e (Conservation of momentum

For indicating one of the following:

Point B2

o That the vertical component of the velocity of the projectile is zero at ¢ = ¢

e That the vertical displacement of the projectile is zero at ¢ = ¢,

For one of the following:

Point B3

e Correctly using conservation of momentum to determine the horizontal
component of the velocity of Piece R immediately after the projectile breaks

apart

e Correctly indicating the position of Piece R relative to the position of the center

of mass of the projectile at ¢ = ¢,

For a correct expression for x, in terms of given quantities

Example Responses

Solution 1
1 2
Ay = vt + Eat

Vyo = Vpsind

0 =v,sinér, + %(—g)tz2
_ 2vysind
? g

Zﬁox = Zﬁfx

Pox = Pox + Pre

4Mv, cos 8 = —Mv, cos + 3Mvg,
5Mv, cos6 = 3Mvy,

VR = %vo cosé

Xy = X

proj + Xr

Xy = Vthup + Vthdown
Vv, sin @ 5 v, Sin @
- o[ Yo N (_ 9) Yosin&
x, = (vycos )( 2 j 3 Vo cos 2

2 2
Xy = 0 cos@sing + ivLcostinH
g 3¢

8y’ ,
X, = ;—zcosﬁsmﬁ

Point B4

Solution 2

vy =V tayt
0 =vysin® + (-g)ty,
_ Vgsind
=

g

2v, sin @
ty =2t =2~

v, = V,cosf

YoM = Vila

2\/02 cosfsind
Xem =—

g
F— M(0) +3M (x,)
M7 M+3M

3
Yem = 40
ix _ 2\/02 cos@sind
472 g

2

8 .
Xy = %cos fsind
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FiEE: A0 BARERGHKTIZED

BIERRBKFEIN, QNREBERIKFEEERE; RFARCKIKFEEBRFRIFRINKFRE. B
E—RREINMA REER BEIKTL, TRl A EEEEMROERE.,

53 2026 Q2 (C)
Zia) ¢ 2026 Q2 (A)o

2. A projectile of total mass 4M is launched from the ground at position x = 0 and time ¢t = 0. The
projectile is launched with an initial speed v, at an angle 6 above the horizontal. When the
projectile is at the highest point in its trajectory, it breaks into Pieces Q and R of masses M and

3M , respectively.
The motion of the projectile is described for the following times.

* Atr=1,immediately after the projectile breaks apart, the two pieces are moving away
from each other horizontally.

* Att=1t,, Piece Q reaches the ground at x = 0 and Piece R reaches the ground at x = x,, as
shown in Figure 1.

Figure 1
t=0 t=1t t=t,
ty
Piece Q. M __ . Piece R, 3M
+Xx /7
/
II
i ! (] A
x=0 x=0 x=0 X=X,

Note: Figure not drawn to scale.
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Part C

The horizontal component of a velocity vector is represented by v,. Figure 4 shows the
horizontal component v, ., of the velocity of the center of mass of the projectile as a function of
t during the time interval 0 < ¢ < .

Figure 4
Vx
A
| |
I I
I I
I I
I I
I I
I I
Vx.cm : ——————————— JI
I I
I I
o l -t

I I
I I
Vrem - e 1
I I
I I
I I
I I
I I
I I
I I
I I

4 t

On Figure 4, sketch a line or curve to represent v, as a function of ¢ for the time interval
t, < t < t, for each of the following.

* PieceQ
* PieceR
* The center of mass of the two-piece system

Clearly label all lines or curves.

fi#:
IBIELUSRBKTING, Q. RMARLROHKERELRIERE, 23E=FHZMAIKTL,
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V.
|

| |
| |
| |
| |
| |

I | v.\ R
| |
Vv | |

x.em y —) V. cm
| |
| |
| |
0 : -1

I |
| |
—y | |
raxom4+———————-——-—-——— E ——

| REXe
| |
| |
| |
| |
| |
| |
| |
| |
[ I

g )
IRIERTEARE, RAERONKEREESZART,
BEF TS
C For sketching a labeled horizontal line for the center of mass that has a value equal to Point C1
Vx,cm

Scoring Note: Any clearly defined labels may earn this point.

For sketching a labeled horizontal line for Piece R that has a value greater than v, ., Point C2
For sketching a labeled horizontal line for Piece Q that has a value equal to —v, ., Point C3

Example Response

vy

]
".l‘. cm

-V
AT N ———

132



AP Physics C + 1% HMHN 2026 Q2 (D)

BE—RAMR: AREHME—FER

BOHIKTFRERMBANANZE, ERKFEIEENM. RASKFHENER, FHLERFSENEEHER
Do REREMTENEIARE, FrURAREZEMKTUERR ). HIEERLLRE, ERGERE

M XITRYIEL,

{52 2026 Q2 (D)
Z5jR)7&3E 2026 Q2 (A). 2026 Q2 (B). 2026 Q2 (C)o

2. A projectile of total mass 4M is launched from the ground at position x = 0 and time ¢t = 0. The
projectile is launched with an initial speed v, at an angle 6 above the horizontal. When the
projectile is at the highest point in its trajectory, it breaks into Pieces Q and R of masses M and

3M , respectively.
The motion of the projectile is described for the following times.
* Attt =1, immediately after the projectile breaks apart, the two pieces are moving away
from each other horizontally.
* Att=1t, Piece Q reaches the ground at x = 0 and Piece R reaches the ground at x = x,, as
shown in Figure 1.

Figure 1
t=0 t=t t=t,
1y
l Piece Q, M __ . Piece R, 3M
+Xx ///
/
!
Vo f\e ’,’
i) | 7 [
x=0 x=0 x=0 X=X,
Note: Figure not drawn to scale.
PartD

Consider a case in which the projectile is launched at the same angle and initial speed as
initially described. When the projectile breaks into Pieces Q and R, Piece Q falls straight down.

In this case, Piece Rreaches the ground at x = x,,,.

Indicate whether x,,, is greater than, less than, or equal to x, by writing one of the following.

¢ Xnew > %)

¢ Xnew < %)

Xnew — X2

Briefly justify your answer either by referencing a feature of the representations you drew in
part A or C or by using conceptual reasoning beyond algebraic solutions.
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fi&:

TR R, HQEE, HAKFHEMERRNAERANE; RASKFEENER, RSEIMIENE
FLLERRD. REBREAE, RAERARESE/), M MEEER, g BT,

Lnew < Lo-
BATS
D For indicating x,,,, < X, Point D1
For a correct justification, such as: Point D2

e Comparing the change in momentum of either piece in the two cases, the speed
of the corresponding piece after the projectile breaks apart, and the distance
traveled before reaching the ground

e Relating the motion of the center of mass of the projectile to the mass of the
pieces and the distance each piece lands from the center of mass

Example Responses

In the case where Piece Q falls straight to the ground, it has zero momentum, as
opposed to a negative momentum when it moved backwards. Because momentum is
conserved when the pieces break apart, Piece R must have less positive momentum in
the new case. Because Piece R has less momentum it has a lower speed. It takes the
same time to fall to the ground in both cases, so Piece R travels a shorter distance
before landing in the new case.

OR

In the case where Piece Q falls straight to the ground, Piece Q lands closer to the
center of mass of the system than when it moved backward. Because the smaller mass
piece lands closer to the CM, the larger mass piece also must land closer to the CM
than it did before. This means Piece R travels a shorter distance before landing in the
second case.
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AP Physics C + 1% HUMHNX 2024 Set 1 Q3 (b)
ST PR, IRESATIE
SR TE: EEEEARNE

FFERE, EENESHNEREDE, EXR/NRM, XRNNNBAZT, FJLUREEXNERMN.
BIMNERHFEMZHIERALANELRES, ANBESEMMKTERN, EZ. REZENHNUII
i, TEERMNILEHA BN IERS.

T=Fr,, ZT:

5 2024 Set 1 Q3 (b)

Strﬁl\g (/

3m

Figure 1

Note: Figure not drawn to scale.

3. A uniform rod of length L and mass m is attached to a pivot on a vertical pole, as shown in Figure 1. There is
negligible friction between the rod and the pivot. A horizontal string connects Point Q on the rod to the pole. The
rod makes an angle 8 with the pole. A block of mass 3m hangs from the rod at Point P. The center of mass of the
rod is located at Point C.

3 6
(b) In Figure 1, Point P is located 3 L from the pivot and Point Q is located 3 L from the pivot. Derive an

equation for the tension Frp in the horizontal string in terms of L, m, 8, and physical constants, as appropriate.

fi#e:

EZRANERD, ZRNADERAT. BNEEEER, MIMENNNERER, KFEHNNERAR
o TEIBIIRASE. PEIEFIRENRF,

> r=0, 3myg <38L> sinf + mg <§> sing = F,, (68L> cos 6.

1
Fr = gmg tané.
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BA¥5

(b) For indicating that the net torque exerted on the rod is equal to zero 1 point

Example Response

=0

For a correct expression for the torque exerted on the rod by the hanging mass 1 point

Example Response

3mgsin@ (3?[‘)

For a correct expression for the torque exerted on the rod by the gravitational force 1 point

Example Response

mg sin 0(%)

For a correct expression for the torque exerted on the rod by the string 1 point

Example Responses

Frsin(90° — 0)(%) OR Fjcos 9(%)

Example Solution

Xr=0
3L
8

~

L

3mgsin 6’( <

) + mgsine( ) ~ Fysin(90° - 9)(%) ~0

3mgsin6’(£) + mgsin 9(£) - Fr cos@(ﬁ) =0
8 8 8

9 . 4 (6
(g)mgsme + (g)mgsmﬁ = (S)FT cos@
13mgsin@ = 6F; cosd

Fr = %mgtan@

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

Total for part (b) 4 points
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#:>] 2024 Set 2 Q3 (b)

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 € with

the line between Point A and the axle, as shown in Figure 1.

(b) Derive an expression for the tension Fr 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.

fi#:
XFHRNME, BESHAEIH, THE; RRBEETEHESKNE, BRARRAZKSKFEEZIE
)=z 8

> 7=0, Rm.gcost = RFpsind,  Fp=m,.gcoto.
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BA¥5

(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 1 point
system about the axle

Example Response

T

net = Tclay ~ 7.

string

For a correct expression for the torque exerted on the system by the weight of the clay 1 point

Example Response

Telay = Rmggcos@

For a correct expression for the torque exerted on the system by the tension in the string 1 point

Example Response

z-string

= RF;sind

Example Solution

27 =0
Telay — Tstring — 0
Fy clayRC0s0 — RFpsinf = 0

Rm_gcos@ = RF;sin@

, clay

Foo Rm,g cos@
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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AP Physics C + 1% HUMHX 2022 Set2 Q3 (b)

#:>] 2022 Set 2 Q3 (b)
s8] &4E 2022 Set 2 Q3 (a)s

Board

Ax [ ° 1
___________________________________ k
Stretched
Spring | L |
Figure 1 Figure 2

Note: Figures not drawn to scale.

3. A uniform board of length L and mass m is attached to a pivot % from the left end of the board. The left end of
the board is attached to an ideal spring of spring constant k that is attached to the ground. The right end of the
board is initially held by a student so that the spring is unstretched, as shown in Figure 1. The student slowly
lowers and then releases the board. The board remains at rest in the horizontal position, with the spring stretched,

as shown in Figure 2. The rotational inertia of the board about the pivot is /.

(b) Derive an expression for the distance the spring stretches, Ax, when the board is in equilibrium. Express your
answer in terms of k, L, m, and physical constants, as appropriate.

fi#:
*FXERNE, BESTHNABERNES Z—RK, AEER.

L
T A==t

L
ZTZO, kAxZ:mg
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BAIFS

(b) For indicating that the sum of the torques equals zero 1 point
YXr=0
For substituting mg for the force of gravity and kAx for the spring force into a torque 1 point
equation
L L
—kAx—-=—mg =0
4 4"
For a correct expression for Ax 1 point
mg
Ax = =&
k

Example Response

2r=0
Fspringdspring - F weightdweight =0
L L
ZkAx - ng =0
mg
Ax = —=
k

Scoring Note: This point can be earned regardless of whether a negative sign is present.

Total for part (b) 3 points

BEIHNAEOLENE TS, 250IIKERS, EREESMEEBRILMHKRO; BXMAKERN
RER, BLRmMEKIRE,

Az =R, F, kRO.

pring —
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AP Physics C « 7% MY 2022 Set1Q3 (a)

filRT 2022 Set 1 Q3 (a)

I

|

'p

| Disk

IR
String N

Block
Unstretched S oc
Spring  f---q [---------—-----——-
Stretched Spring
Figure 1 Figure 2

Note: Figures not drawn to scale.

3. A solid uniform disk is supported by a vertical stand. The disk is able to rotate with negligible friction about an
axle that passes through the center of the disk. The mass and radius of the disk are given by M, and R,
respectively. The rotational inertia of the disk is I; = %Md R%ZA string of negligible mass is draped over the disk
and attached to the top of the disk at point P. One end of the string is connected to an unstretched ideal spring of

spring constant k, which is fixed to the ground as shown in Figure 1.

A block of mass mpg is then attached to the string on the right side of the disk. The block is slowly lowered until
the spring-disk-block system reaches equilibrium, as shown in Figure 2. In this equilibrium position, the disk has
rotated clockwise through a small angle 6.

Give all algebraic answers in terms of My, R, k, 6, and physical constants, as appropriate.

(a) Derive an expression for the mass mp of the block.

fiRé:
IR SN AE, BEIREEHIIKRO, 58 1ERXTHMAMmMIKDETE; MNHELHIR, HEEE
RASETFERES,

kRO

Az = R0, mpgR = k(RO)R, mp p
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AP Physics C + 1%

MY 2022 Set1Q3 (a)

BA¥5

(@

For indicating that the sum of the torques on the disk equals zero 1 point
Zz-on disk = 0

T, =T

OR

For indicating that the sum of the forces equals zero
XF =0
F, = F

For correctly substituting the expressions for the forces
F,R = F,R

mggR = kAxR

mpg = kAx

OR

F, =F,

mpg = kAx

1 point

For correctly substituting for Ax

mpg = kRO
I kRO
Pog

1 point

HMEERZEFAR: tERBUANAE
FARFBEHHNENERERN, BNRAKIEFEEANAE, FIFEKAMEN. RIK, HENE

AEMENAEEKR, FFKIMILR, S —RZ,
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Total for part (a) 3 points
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AP Physics C « 7% MY 2024 Set 1 Q3 (c)

IR 2024 Set 1 Q3 (¢)
Z(a)7A&3E 2024 Set 1 Q3 (b)s

Str{iiig (/

3m

Figure 1

Note: Figure not drawn to scale.

3. A uniform rod of length L and mass m is attached to a pivot on a vertical pole, as shown in Figure 1. There is
negligible friction between the rod and the pivot. A horizontal string connects Point Q on the rod to the pole. The
rod makes an angle 8 with the pole. A block of mass 3m hangs from the rod at Point P. The center of mass of the

rod is located at Point C.

Figure 2

Note: Figure not drawn to scale.

(c) The original string is replaced with a longer string that connects Point Q to a higher location on the vertical
pole, as shown in Figure 2. The angle 6 remains the same. How does the new tension Fr ., compare with

the original tension F from part (b) ? Justify your reasoning.
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AP Physics C « 7% MY 2024 Set 1 Q3 (c)
fi#:

HHRE. MAENRFARTE, FHREIRENIEER. REGESHEREIER, BAUKITE
BAIREEKR, FREFREKAIBN.

BEANS

(¢) For indicating that the torque exerted on the rod by the string is always the same 1 point

For stating that as the angle between the string and the rod increases, the force exerted on the 1 point
rod by the string decreases

Example Response

Because the torque exerted on the rod by the string is always the same, as the angle between
the string and the rod increases, the tension Fr ., must decrease.

Total for part (c) 2 points

553 2024 Set 2 Q3 (c)
Zxia)&$E 2024 Set 2 Q3 (b)o

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 6 with
the line between Point A and the axle, as shown in Figure 1.
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AP Physics C « 7% WX 2024 Set2 Q3 (c)

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 o, compare with

tension Fp from part (b)? Justify your reasoning.

fi#:

BNTEA, BHEALR, MIBI5HMFSHIBRE, ENNABEEIER, LHEFRK, NMHEEARENLE,
K IE Ko
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AP Physics C « 7% WX 2024 Set2 Q3 (c)
BAES

() For indicating a direct relationship between the torque exerted by the clay and the tension in 1 point
the string
For correctly relating a greater torque exerted by the clay from at least one of the following: 1 point

e Anincrease 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

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

Bope . BTN ERBEEENE

LA R TR DIER, SN AEMBMBTNIERLSHMER, EEMRRIWMTNTIH, =4
MHBESE;, AMNEEERNAE, MERANDMAHMRER, EXNHMASIHIIEIIBENZ,
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AP Physics C « 7% MY 2022 Set1Q3 (e)

{2022 Set 1 Q3 (e)
Zx(a)7&dE 2022 Set 1 Q3 (b)s

P

| Disk
IR

Block
Unstretched S
Spring  |---q [--—-------------—-
Stretched Spring
Figure 1 Figure 2

Note: Figures not drawn to scale.

3. A solid uniform disk is supported by a vertical stand. The disk is able to rotate with negligible friction about an
axle that passes through the center of the disk. The mass and radius of the disk are given by My and R,
respectively. The rotational inertia of the disk is Ij = %Md R%A string of negligible mass is draped over the disk
and attached to the top of the disk at point P. One end of the string is connected to an unstretched ideal spring of

spring constant k, which is fixed to the ground as shown in Figure 1.

A block of mass mp is then attached to the string on the right side of the disk. The block is slowly lowered until
the spring-disk-block system reaches equilibrium, as shown in Figure 2. In this equilibrium position, the disk has
rotated clockwise through a small angle 6.

Give all algebraic answers in terms of My, R, k, 6, and physical constants, as appropriate.
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AP Physics C « 7% MY 2022 Set1Q3 (e)

Block
S5

Stretched Spring

Il 1

Figure 3
Note: Figure not drawn to scale.

(e) The disk is adjusted on the support so that the axle does not pass through the center of mass of the disk. The
block is again hung on the right side of the disk and the spring-disk-block system comes to equilibrium, as
shown in Figure 3. The axle does not exert a torque on the disk. For each force on the disk, indicate whether
the magnitude of the torque about the axle caused by that force increases, decreases, or stays the same relative
to part (b).

fi#:

Rb)UEZEIH. NENT; BHERENEEST, HABER, HiTEUEGREEREL, €N
HEEK, FISHENEER, AERTE, AMEEKDEBLILER, WOESIEBXERTEH L, HNRE
EPSE
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AP Physics C « 7% MY 2022 Set1Q3 (e)

B

B

(e) For indicating that the torque exerted by the force due to gravity on the disk increased 1 point

Example Response

The force due to gravity on the disk now has a non-zero lever arm and hence it exerts a larger
torque on the disk.

For indicating that the torque exerted by the tension caused by the force due to gravity on the 1 point
block increased

Example Response

The force exerted by the right side of the string (from the block) on the disk has a longer lever
arm, hence the torque it exerts is larger.

For indicating that the torque exerted by the tension increased 1 point
Example Response

The counterclockwise torque due to the tension caused by the spring must increase to
counteract the increase in clockwise torques due to the force due to gravity of the disk and
tension caused by the force of gravity due to block to keep the disk in equilibrium.

Scoring Notes:
e A response that references the torque due to the force at the axle staying the same can
earn all 3 points.
e A response that references the torque due to the force on the axle changing, or any
additional torques can earn a maximum of 2 points.

Total for part (¢) 3 points

Total for auestion 3 15 points

SEETW: NEHREBRM
M )ERREZ 2 SRUKENRE, dnRT—/NERNRE, FEE—XEZVREMUENRE, &

4\

e
=
==)

BHSFATN. BEXRxBI—NERKEdX, BEZAMx)dX; EBMOEIFKLNZ/NERERNME SHR
o AXRIR—PIRERKE, ROEXE/NERTIER,

dm = \(z) dz, m = /OL AMz) dx.
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AP Physics C + 1% UMYX 2024 Set 1 Q3 (d)(i)

583 2024 Set 1 Q3 (d)(i)

String

3m

Figure 1
Note: Figure not drawn to scale.
3. A uniform rod of length L and mass m is attached to a pivot on a vertical pole, as shown in Figure 1. There is

negligible friction between the rod and the pivot. A horizontal string connects Point Q on the rod to the pole. The
rod makes an angle 6 with the pole. A block of mass 3m hangs from the rod at Point P. The center of mass of the

rod is located at Point C.

Pivot 5 = x(m)
1
%\ Nonuniform Rod 1.2

Figure 3

Note: Figure not drawn to scale.

(d) A nonuniform rod is now attached to the pivot, as shown in Figure 3. There is negligible friction between the

nonuniform rod and the pivot. The rod has a length of 1.2 m and a linear mass density A(x) = A + Bx,

where x is the distance from the pivot, A = 6.0kg/m, and B = 10.0 kg/mz.

i. Calculate the mass of the rod.
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AP Physics C + 1% UMYX 2024 Set 1 Q3 (d)(i)
fi&:

I FRERAITNREATN. BXRxA—/NEKEdX, ERERATERXBKE, RNE
Ao

1.2
dm = (A+ Bx)de, M= / (6 + 10z) dz = [62 + 527],° = 14.4 kg.
0

BA ¥

(d)(i) For indicating the total mass is the sum of differentiable masses along the length of the rod 1 point

Example Response

M:Idm

For correctly writing dm in terms of x 1 point

Example Response

1.2
M = jo (6 +10x) dx

For a correct numeric answer with correct units 1 point

Example Response

M =14.4kg

Example Solution
= Idm
= [2ax

1.2
M = jo (6 +10x)dx

B 10x?
—(6x+ 5 j

M =6kg/m(1.2m)+
M =144 kg

1.2m

0
10 kg/m* (1.2 m)?
2

RERD . FA—/NEREREFTS

ERRERIRT, HAREEMTENZMNTM. FA—NEBMER X, EREks2dm; ERIKE
ERMNdMSLSMER, BRI RENRENROTRE, FESZFRTEETS,

- /OL 22)\(z) da.
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AP Physics C + 1% HUMHX 2024 Set 1 Q3 (d)(ii)

583 2024 Set 1 Q3 (d)(ii)
2[R EdE 2024 Set 1 Q3 (d)(i)o

Str{iiig (/

3m

Figure 1

Note: Figure not drawn to scale.

3. A uniform rod of length L and mass m is attached to a pivot on a vertical pole, as shown in Figure 1. There is
negligible friction between the rod and the pivot. A horizontal string connects Point Q on the rod to the pole. The
rod makes an angle 8 with the pole. A block of mass 3m hangs from the rod at Point P. The center of mass of the

rod is located at Point C.

Pivot

x (m)

N\ Nonuniform Rod 1 !2

Figure 3

Note: Figure not drawn to scale.

(d) A nonuniform rod is now attached to the pivot, as shown in Figure 3. There is negligible friction between the
nonuniform rod and the pivot. The rod has a length of 1.2 m and a linear mass density A(x) = A + Bx,

where x is the distance from the pivot, A = 6.0kg/m, and B = 10.0 kg/mz.

ii. Calculate the rotational inertia of the rod about the pivot.
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AP Physics C + 1% HUMHX 2024 Set 1 Q3 (d)(ii)

fi#:
FERTANEDIRERRERES TS, NERR—/NEHRE,

1.2
I= / 22(6 + 10z) da = [22° + 2.50] | = 8.64 kg m?.
0
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AP Physics C + 1% HUMHX 2024 Set 1 Q3 (d)(ii)
BAIFS

(d)(ii) For a correct substitution of A4 into an integral expression of rotational inertia 1 point

Example Response

1.2m
1= J. (A4 + Bx)xzdx
0

For a correct integration 1 point

Example Response

(4 Bx*
I—[3 + 4J

For a correct numeric answer with correct units 1 point

1.2m

0

Example Response

I =8.64kg - m?

Example Solution

I = Jrzdm dm = Adr and r = x
12

I =‘[ mxlxzdx
0

1.2m >
I= .[0 (4 + Bx)x“dx

/= Ax® 4 Bx*
L3 4
2 4
(6.0kg/m)(12m)’  (10.0kg/m*)(1.2m)
I = +
3 4
I =8.64kg-m’

1.2m

0

Total for part (d) 6 points

Total for question 3 15 points

HEZEETW: BERFEILIGER

BNBREREFTHKNRE, p(NRTFREAASRUERNRE, W¥Er. BEIRSERR, ERY
EBERK2NEEEdr; SZEEEERZRERFEdm, BRAGSIFNRE, FaelfRBEEER,
B=ER DR E Ko

R
dm = p(r) 2wrdr, I= / r? dm.
0
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AP Physics C + 1% UMYX 2024 Set 2 Q3 (d)(i)

583 2024 Set 2 Q3 (d)(i)

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 € with

the line between Point A and the axle, as shown in Figure 1.

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 = 4.0 kg/m’.
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AP Physics C + 1% UMYX 2024 Set 2 Q3 (d)(i)

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

fi#:

BNEREMERTK, RERr RAriERRF: BREEAKERE, B2
ZEBRERdr,

dA = 2nrdr, dm = p(r)dA = (Br)(2nrdr).

=
=

FERE

R R
27 BR°
Id_/ r2dm—/ 2mBri dr = Wg = 0.0122 kg m?.
0 0
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AP Physics C + 1% UMYX 2024 Set 2 Q3 (d)(i)
BAIFS

(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

03m ,
I= ‘[0 r p(2zr)dr

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

Example Response

I=0.012kg - m?

Example Solution

1= jrzdm dm = pdA and dA =2zrdr
R 5

I_Lrpm

0.3m 4
I = J.o 2xfr”dr

5 0.3m
27pR
I =
5
0
s 27(4.0kg/m>)(0.3 m)’
5

[ =0.012kg - m?

BHROMRE: 7%, BAEmM

AEAHAXTFRONGRE, BRFREEMTERR. il LRERMFITHEETT, BERHHIIR
SR EIKFRM; = H—iEE¥sh, REEM, MERFLROIGERNER, F—EEFHKE,

Iaxis =dem + Md>.
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AP Physics C + 1% UMY 2023 Set2 Q3 (a)

&R 2023 Set 2 Q3 (a)

Three-Blade System

Single Blade
. . Axis of Rotation
/Ax1s of Rotation | I3 | /
Center of Mass L
3
Figure 1 Figure 2

3. A wind turbine includes a three-blade system that rotates about an axis through the end of each blade, as shown in
L
Figure 1. Each blade has a length L and mass M, with a center of mass located at a distance 3 from the axis of

rotation, as shown in Figure 2.

(a) Derive an expression for the rotational inertia of the three-blade system. Express your answer in terms of M,
L, and physical constants, as appropriate. The rotational inertia of each blade about an axis through its center

L . 1
of mass is given by the equation I, = 18 ML,

fi#:

REBEXTERHARD, EMFMAUTFRS, HMEBEAL/3. ZAFTHEERSH, BE=ZRHHE
il

L 2 1 9 1 ) 1 )
Ibladc:ICM+M(§> :EML +§ML :EML'

1
IyS — SIblade — §ML2

S
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AP Physics C + 1% UMY 2023 Set2 Q3 (a)
BAIFS

(a) For stating the parallel axis theorem 1 point

Example Response

Lijage = Lem +Md*

For using correct substitutions of the rotational inertia of one blade about its center of mass 1 point
and substituting the distance from the center of mass
Example Response

1 LY
QMe:——Aﬂ?+A4(—J
18 3
For multiplying the rotational inertia of one blade by 3 1 point

Example Response

1
[rotor = 3[b]ade = EMLZ

Example Solution
Loage = Lem + Md*

2
1y e :—1 ML +M L
18 3

1
Ljge = g mr

1o =3 e = %ML2

rotor

Total for part (a) 3 points

SI4RBHIE] . FIRERRLUEIRE

AMEEcRTRARESHWREZ D, SERIREIC(R. HNERERS, BEHMTUBENTE
BRERNRE. RBNEFE. BARSHBIDITATE; ENTHMAIHIYNEANS, BRLHERYE, 3
THRELERE, TRIAEAENRE,

ZT:IQ.
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AP Physics C + 1% M X

2022 Set 1 Q3 (c)

583 2022 Set 1 Q3 (c)
Zsja)7&d% 2022 Set 1 Q3 (b). 2022 Set 1 Q3 (a)o

P

| Disk
IR

Block
Unstretched S
Spring  |---q [--—-------------—-
Stretched Spring
Figure 1 Figure 2

Note: Figures not drawn to scale.

3. A solid uniform disk is supported by a vertical stand. The disk is able to rotate with negligible friction about an

axle that passes through the center of the disk. The mass and radius of the disk are given by My and R,

1
respectively. The rotational inertia of the disk is Ij = 5 My R%A string of negligible mass is draped over the disk

and attached to the top of the disk at point P. One end of the string is connected to an unstretched ideal spring of

spring constant k, which is fixed to the ground as shown in Figure 1.

A block of mass mp is then attached to the string on the right side of the disk. The block is slowly lowered until
the spring-disk-block system reaches equilibrium, as shown in Figure 2. In this equilibrium position, the disk has

rotated clockwise through a small angle 6.

Give all algebraic answers in terms of My, R, k, 6, and physical constants, as appropriate.

(c) Derive an expression for the angular acceleration o of the disk immediately after the string is cut.

fi#:

ERIRAS ST NIE, Bi4EBRiE B NRFRERKE, RAEMRONMA~ERTIE, S8 S5HIERS o

Y r=Ia,  —k(ROR= %MdR%y, o=—"".
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AP Physics C « 7% UMYX 2022 Set 1 Q3 (c)
BAES

(©) For indicating that the net torque is due only to the force exerted on the disk by the tension in 1 point
the rotational form of Newton’s second law
Ty = Ida

For correctly expressing the torque on the disk by the tension in terms of the spring force, 1 point
which is equal to the tension, and the lever (moment) arm
F.R = La

For correctly substituting for F, 1 point
—kAXR = Ijo

For correctly substituting /; and Ax, or an expression for Ax consistent with part (a) 1 point

_k(RO)R = %MdRza

Scoring Note: The negative sign is not necessary to earn this point.

Total for part (c) 4 points
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AP Physics C + 1% HUMHX 2024 Set 2 Q3 (d)(ii)

583 2024 Set 2 Q3 (d)(ii)
2[R EdE 2024 Set 2 Q3 (d)(i)o

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 8 with
the line between Point A and the axle, as shown in Figure 1.
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AP Physics C + 1% HUMHX 2024 Set 2 Q3 (d)(ii)

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 = 4.0 kg/m’.

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

R

BRERAMIENWNMTENE, ARt MEBMEERED, BINMANERNIRE,

Iy = I+ m.R?* = 0.0122 + 0.60(0.30)* = 0.0662 kg m?.

R
ZT = I, la] = mlcig ~ 26.6 rad/s?.

sys
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AP Physics C + 1% HUMHX 2024 Set 2 Q3 (d)(ii)
BAIFS

(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-1’161 = RmC g

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

[system = Lgig + [clay

Example Solution

Xt =1a
— Tnet
“ 7
_ Rm.g
Idisk + Iclay
(0.3m)(0.60 kg)(9.8 ms”)

((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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AP Physics C + 1% M X

2022 Set 2 Q3 (c)(ii)

#:>] 2022 Set 2 Q3 (c)(ii)
Zxia)&4E 2022 Set 2 Q3 (b)o

Board

Ax [ ° 1
___________________________________ k
Stretched
Spring | L |
Figure 1 Figure 2

Note: Figures not drawn to scale.

L
3. A uniform board of length L and mass m is attached to a pivot 1 from the left end of the board. The left end of
the board is attached to an ideal spring of spring constant k that is attached to the ground. The right end of the
board is initially held by a student so that the spring is unstretched, as shown in Figure 1. The student slowly

lowers and then releases the board. The board remains at rest in the horizontal position, with the spring stretched,

as shown in Figure 2. The rotational inertia of the board about the pivot is /.

Note: Figure not drawn to scale.

(c) A student pushes the board down on the right side, stretching the spring a new distance Ax, from the
unstretched position. The board is held at a small angle 6, with the horizontal, as shown. The student then

releases the board from rest.

ii. Derive an expression for the angular acceleration ¢ of the board immediately after the board is
released. Express your answer in terms of k, L, m, I, Ax,, 6, and physical constants, as appropriate.

fi#:

HEIRSRIERE#E], BN SRR EANARAE, EAERRA; HREREENNDEERRRZ,

L L
Iay = kAmzZ cosf, — mg cos 6.

_ Lcosb,

Qg = —7 (kAz, —mg).
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AP Physics C + 1% UMYX 2022 Set 2 Q3 (c)(ii)
BAIFS

(c)(ii) For indicating that the torques are in opposite directions in the rotational form of Newton’s 1 point
second law
Tspring — Tg = la
For including sin (90 — 6,), sin(90 + 6, ), or cosd, in an expression for the net torque 1 point

exerted on the rod

Fpring @ spring (€08 0) — Fod g (cosO) = Ipa,

For substituting mg for the force due to gravity and substituting kAx, for the spring force in 1 point
an expression for the net torque exerted on the rod

dpringk Ay (08 6)) — d mg(cos6y) = I

For substituting correct lever arms in an expression for the net torque exerted on the rod 1 point

%(cos Oy)kAx, — %(cos Oy)mg = Iz

Example Response

Tspring ~ Tg = la
Evpringdspring (COS 00) - ngg (COSHO) = [Ba0

lxpring (COSHO)kAx2 - lg (COS go)mg = 13050
%(cos&o)kmz - %(cos Oy)mg = Iz

L

“ =31,

(kAx, cos 6y — mgcosby)

Total for part (c) 6 points

EINMMRE: HEFZREREEX

MRKXTFXRNMRE, EMNEADBEERE, BENRSHLRENRE, FURENERE, ERR
BRHABEERES, KEMENRE, BRENEFRTERRE, BMEREXNEN.
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AP Physics C + 1% HUMHNX 2022 Set 2 Q3 (d)

fBI=A 2022 Set 2 Q3 (d)
Zs(a)7&dE 2022 Set 2 Q3 (c)(ii)o

Board

4 AXx I ° .
—————————————————————— 7 S
Unstretched» &= ——"t-t+—7""7"7"7"7-"7"7"""""""-F-——- ‘
Spring Stretched
Spring | 2 |
Figure 2

Note: Figures not drawn to scale.

3. A uniform board of length L and mass m is attached to a pivot % from the left end of the board. The left end of
the board is attached to an ideal spring of spring constant k that is attached to the ground. The right end of the
board is initially held by a student so that the spring is unstretched, as shown in Figure 1. The student slowly
lowers and then releases the board. The board remains at rest in the horizontal position, with the spring stretched,

as shown in Figure 2. The rotational inertia of the board about the pivot is /.

Note: Figure not drawn to scale.

(d) Two blocks of equal mass m are attached to the board equal distances from the pivot point, as shown. The
board is again pushed down on the right side so that the spring stretches the same distance Ax, as in part (c).
The board is then released. How does the new angular acceleration @’ when the blocks are attached compare
to the angular acceleration ¢, from part (c) ?

_d >0 _od <o __d =0

Justify your answer.

fi#:

RN FIIRIFRIRK T3 2378, IEMNENEERIUE, RESMTINRNDERE; B HEEM
ERVETNIRE, E—FNEDLEKRRE, AMEEE).

T, T,
O/ — net < net — aO'
Inew I
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AP Physics C + 1% HUMHNX 2022 Set 2 Q3 (d)

BA¥5

(d) For selecting “a’ < a,” with an attempt at a relevant justification 1 point
For indicating that the net torque does not change 1 point
For indicating the rotational inertia increases 1 point

Example Response

The net torque on the system is the same (the spring and the person exert the same force and
the additional torques from the gravitational forces on the masses cancel) but the rotational
inertia of the system is now larger. This means that the angular acceleration of the system is
now smaller than it was before.

Total for part (d) 3 points

Total for question 3 15 points

AREE: RRRTANEE

EAHwR AR, HANKRTAMEE, EMFREFIRRR, AERMNSEM, BEFHRER
K, WehHESHMEEAR/NERRY; FrAAERKE EAH BT, @mTM, #E02RKEZ,
WEhHENE, ERIILEKT,
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AP Physics C + 1% HUMHNX 2022 Set 1 Q3 (d)

fBI=A 2022 Set 1 Q3 (d)
Z(a)7&3E 2022 Set 1 Q3 (¢)o

P

| Disk
IR

Block
Unstretched S
Spring  |---q [--—-------------—-
Stretched Spring
Figure 1 Figure 2

Note: Figures not drawn to scale.

3. A solid uniform disk is supported by a vertical stand. The disk is able to rotate with negligible friction about an
axle that passes through the center of the disk. The mass and radius of the disk are given by My and R,
respectively. The rotational inertia of the disk is Ij = %Md R%A string of negligible mass is draped over the disk
and attached to the top of the disk at point P. One end of the string is connected to an unstretched ideal spring of

spring constant k, which is fixed to the ground as shown in Figure 1.

A block of mass mp is then attached to the string on the right side of the disk. The block is slowly lowered until
the spring-disk-block system reaches equilibrium, as shown in Figure 2. In this equilibrium position, the disk has
rotated clockwise through a small angle 6.

Give all algebraic answers in terms of My, R, k, 6, and physical constants, as appropriate.
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AP Physics C + 1% HUMHNX 2022 Set 1 Q3 (d)

(d) At t = 1, the disk has rotated and point P is again directly above the axle. Sketch a graph of the magnitude of
the angular velocity @ of the disk as a function of time ¢ from t = 0 to t = #;.

fi#:

BMERLEREISE, AERRANDMZIEM; WEFKESGE), IXRIBYEFINEE R/ B R, PR
ARRHAHEKME TME, LBERKEHEAZT,

w
A

» [

f)

REMNEREIERE R RKHXIE,
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AP Physics C + 1% HUMHNX 2022 Set 1 Q3 (d)

BA¥5

(d) For a sketch that starts at zero and monotonically increases until time ¢ = ¢ 1 point

For a sketch that is concave down between time ¢ = 0 and ¢ = ¢, 1 point

Example Response
w

f

Scoring Note: Any part of the graph beyond ¢ is not considered in scoring.

Total for part (d) 2 points

SfER. —ENNEREARER

—EBER2lE. AERREEN, SVWEIHERAE, FMU—EBREMInfRUELAEER; AT
SHF R RE—EFTRE,
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AP Physics C + 1% HUMHX 2023 Set2Q3 (b)

il 2023 Set 2 Q3 (b)

Three-Blade System

Single Blade
. . Axis of Rotation
/Ax1s of Rotation | I3 | /
Center of Mass L
3
Figure 1 Figure 2

3. A wind turbine includes a three-blade system that rotates about an axis through the end of each blade, as shown in
L
Figure 1. Each blade has a length L and mass M, with a center of mass located at a distance 3 from the axis of

rotation, as shown in Figure 2.

(b) While the wind blows, the three-blade system operates at a constant angular speed o = 2.6 rad/s. The length
of one blade is L = 36 m. The numerical value of the rotational inertia of the system is
Liyg=6.7x% 10° kg-mz. Calculate the time T it takes the outer edge of a single blade to complete one

revolution.

fi#:
—BiERAn, AEKRETE; BiZARAKRARERE,
_ 21 2 _

= — =242s.
wg 2.6

T
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AP Physics C + 1% HUMHX 2023 Set2Q3 (b)
BAIFS

(b) For calculating the correct answer with correct units (2.4 s) 1 point

Example Solution

vV=rw
v=Lw,
%zLa}O
d 2zl 2m
Lo, Lo, @
2z
(2.6 rad/s)

St=24s

Total for part (b) 1 point

FEFIE: YRR EhThRERLE AR E

MIARLFRLE, RIETHRIBENT. YIRIRERIwS/2, BEIFEHEMREXNEE; E5RANEIEE
b, Z7@XMENRE. RENVARRRXAZBREESLLTENRE,

%% 2023 Set 2 Q3 (c)(i)

Three-Blade System

Single Blade

/Axis of Rotation I L |

L

Center of Mass

/Axis of Rotation

W]

Figure 1 Figure 2

3. A wind turbine includes a three-blade system that rotates about an axis through the end of each blade, as shown in

L
Figure 1. Each blade has a length L and mass M, with a center of mass located at a distance 3 from the axis of

rotation, as shown in Figure 2.
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AP Physics C + 1% MmN 2023 Set 2 Q3 (c)(i)

(c) When the wind stops blowing, the angular speed of the system decreases. The angular speed @ of the system
while slowing down is given as a function of time ¢ by the equation & = @ ¢ Po’ where By is a constant with
appropriate units, as shown on the graph in Figure 3.

o (rad/s)
3.0+
1
|
[}
2.04
1
1
T
' N
1.0+
! N
! ~
o+LUd LU LU L LI P TTr e o £ (s)
0O 5 10 15 20 25 30 35
Figure 3

While the wind blows, the three-blade system operates at a constant angular speed @ = 2.6 rad/s. The length

of one blade is L = 36 m. The numerical value of the rotational inertia of the system is

Iys = 6.7 x 10°kg:m®

i. Calculate the amount of energy dissipated from ¢ = 0, when the wind stops blowing, until the system
comes to rest.

fi#:
RESERLE, SXVREIEIEEER. BFENRE, REEMNEEXR]); RARETHNEREAE,

1 1
By = 51 Wi = 5(6.7 x 109)(2.6)% = 2.26 x 107 J.

sys
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AP Physics C + 1% MmN 2023 Set 2 Q3 (c)(i)

BA¥5

(©)@)

For indicating that the total initial rotational kinetic energy is dissipated 1 point

Example Response

AK t =Edis

IO

1
O_Ela)oz =Eg,

For substituting correct values for the rotational inertia and initial angular speed of the system 1 point

Example Response

E, (6.7><106 kg-mz)(2.6 rad/s)’

_ 1
is 2

For an answer consistent with substitutions above and with correct units 1 point

Example Response

E, =-2.3x10"]

dis

Example Solution

AK,, = Eg,

IO

1
0—516002 = Edis

E, = —%(6.7x106 kg-m”)(2.6 rad/s)’

Scoring Note: A response may earn full credit for positive or negative values of dissipated
energy.

LBEREE. XSFRRNE

AMEEEAEEMNENSH, TMERRBARBKRT, BRXTE—HRMNRE, HSRAIER
MR SR ARRNEBRITICHEMICARERSS EE I,

o= — T=1a.
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AP Physics C + 1%

MY 2023 Set 2 Q3 (c)(ii)

%R 2023 Set 2 Q3 (c)(ii)

Zxjn) 73 2023 Set 2 Q3 (a)o

Blade

3. A wind turbine includes a three-blade system that rotates about an axis through the end of each blade, as shown in
L
Figure 1. Each blade has a length L and mass M, with a center of mass located at a distance — from the axis of

rotation, as shown in Figure 2.

Three-Blade System

(c) When the wind stops blowing, the angular speed of the system decreases. The angular speed @ of the system
while slowing down is given as a function of time ¢ by the equation & = @ ¢ Po’ where By is a constant with
appropriate units, as shown on the graph in Figure 3.

 (rad/s)
3.0+
[}
|
1
2.04
1
1
T
VTN
1.0+
i ™
: R
04+LEH L LU L L L L LT T e 1 (s)
0O 5 10 15 20 25 30 35
Figure 3

Single Blade

/Axis of Rotation

/Axis of Rotation I L |

\%

Center of Mass L
3

Figure 1 Figure 2

ii. Derive an expression for the net torque exerted on the system as a function of ¢ as the system slows down.
Express your answers in terms of f,, @y, M, L, I, and physical constants, as appropriate.

sys?
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AP Physics C + 1% UMYX 2023 Set 2 Q3 (c)(ii)

fi#:
AMNARERS, BRIERF/IENE. ASKRTNERNRENS .

_dw
Cdt

— —Bot _ _ —Bot
Q - ﬁowoe o5 Thet = Isysa - IBOIsySwOe o
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AP Physics C + 1% UMYX 2023 Set 2 Q3 (c)(ii)
BAIFS

(c)(ii) For using Newton’s second law in rotational form

1 point
For attempting to differentiate the equation for @ 1 point
Example Response
d
— el —Pot
=1 ” (a)oe ’ )
For a correct expression for the torque on the system 1 point

Example Response

r=-p,1 e

sys

Example Solution

r=1a
_, do
sys dt
— d —Bot
z-_]sys E(a)()e )

. — =Bt
nT==pl oe

LNEREE: MORFRRMUE

ARRGSFEVRIZLVAE, BEMFHEEZRRZI, SRR, HRRBNRDHERUEERRN
BHElRE, HOBt=-0REARINT

t
Af = / w(t') dt!
0
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AP Physics C + 1%

MY 2023 Set 2 Q3 (c)(iii)

B8 2023 Set 2 Q3 (c)(iii)

Zjr) 3% 2023 Set 2 Q3 (c)(ii)o

Blade

3. A wind turbine includes a three-blade system that rotates about an axis through the end of each blade, as shown in
L
Figure 1. Each blade has a length L and mass M, with a center of mass located at a distance — from the axis of

rotation, as shown in Figure 2.

Three-Blade System

(c) When the wind stops blowing, the angular speed of the system decreases. The angular speed @ of the system
while slowing down is given as a function of time ¢ by the equation & = @ ¢ Po’ where By is a constant with
appropriate units, as shown on the graph in Figure 3.

 (rad/s)
3.0+
[}
|
1
2.04
1
1
T
VTN
1.0+
i ™
: R
04+LEH L LU L L L L LT T e 1 (s)
0O 5 10 15 20 25 30 35
Figure 3

Single Blade

/Axis of Rotation

/Axis of Rotation I L |

\%

Center of Mass L
3

Figure 1 Figure 2

iii. Derive an expression for the angular displacement of the system A6 as a function of ¢. Express your
answer in terms of S, @y, M, L, Iy, and physical constants, as appropriate.
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AP Physics C + 1% UMY 2023 Set 2 Q3 (c)(iii)

fi#:
BN AERAREE % THER, 39 MBI ZIZIFrRESZl,

¢ t
Af = / woe Pot du = [—woeﬁou] = @(1 — e Pot),
0 ﬁ() 0 BO
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AP Physics C + 1% UMY 2023 Set 2 Q3 (c)(iii)
BAIFS

(c)(iii) For attempting to integrate the expression for angular speed 1 point

Example Response

AO=[o(t)dt

For using the correct limits of integration 1 point

Example Response

t
A0 = [wedt

0

For a correct expression for angular displacement 1 point

Example Response

0="2(1-c"
r=g )

Example Solution

AO=[o(t)dt

t
A0 = [wedt
0

t

so-(-e ] oo
2 By

:.A@:%(l—e‘ﬂo’)

0

Total for part (c) 9 points

FAEEA: RIFME, HBERREE

MASGYAERER, EREt=0EREE. EHPHNRAEEEKX, EENENENAERRE/);
ZANAIE. BREBN RLEMAETE. FEiLERRBEMREIE
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AP Physics C + 1% HMHNX 2023 Set 2 Q3 (d)

il 2023 Set 2 Q3 (d)

Three-Blade System

Single Blade
. . Axis of Rotation
/Ax1s of Rotation | I3 | /
i —
Center of Mass L
3
Figure 1 Figure 2

3. A wind turbine includes a three-blade system that rotates about an axis through the end of each blade, as shown in
L
Figure 1. Each blade has a length L and mass M, with a center of mass located at a distance 3 from the axis of

rotation, as shown in Figure 2.

The three-blade system is now replaced with a second three-blade system identical to the first, except that the
second three-blade system slows down according to the equation @ = @ e_ﬂl, where @y = 2.6 rad/s and § > j,

The original angular speed function is shown as a dashed line in Figure 4.

a)(rz‘id/s)
3.0+
A
[}
[I\Y
2.041
s
I
1.0+ AE
[} hy
; hL
O4+LU L LU LI LI PAITpEA R r e o g ()
0O S5 10 15 20 25 30 35
Figure 4

(d) On the graph in Figure 4, sketch the angular speed of the second three-blade system as a function of time 7.

fi#:

MFHMEEM2GRESVH%; MEREEEX, FIUESENBRMAERRE /N, MEMNES. 8
W, mLEM, BEMETFSE,
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AP Physics C + 1% HMHNX 2023 Set 2 Q3 (d)

o (rad/s)

|y

-
™ - — el

5 10 15 20 25 30
TUNRBAERERE, ELARERTM

35
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AP Physics C + 1% HMHNX 2023 Set 2 Q3 (d)

BA¥5

(d) For drawing a continuous curve showing an exponential decay 1 point

For starting at @ = 2.6 rad/s and drawing a curve below the original curve 1 point

Example Solution

o (rad/s)
3.0:
)
1
[
2.04
AR
1 Ay
T \|
1 \‘
1.04 8
1 N
: Rl
H FNY- L
o+LU LU L LTI Rt pemetenma o (5)
0 5 10 15 20 25 30 35

Total for part (d) 2 points

Total for question 3 15 points
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AP Physics C « 7% MY 2023 Set1Q3 (a)
HT3%&: RO TENBETMERIEEE

BIESR R&BEUE, XRATE. FMKFEREEEN, ROTEFRTK, AXREHEERRE
FTRTF X ABEENEIEE. REBQTI NS R 5o

5% 2023 Set 1 Q3 (a)

R
! ! ==

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
inertia of the rod about the pivot is éM ¢% and the rotational inertia of the sphere about its center is % mR>. After
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.

fi#:
FFROEKFEME FREREFK, TaRMMh, FNEHBETMEES S EhEhEE,

¢ 1 /1. /39
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AP Physics C + 1%

MY 2023 Set1Q3 (a)

BAIFS

(a) For using a correct expression for conservation of energy of the rod-Earth system 1 point
Example Response
AU+AK =0

1
(O—MghCM)+(51w_§. —oj =0
1.

Mghcm = Ela)f
For correctly substituting 4 and / into the correct energy expression 1 point

Example Response

011
Mgt lme o
€3 2(3 ) r

Example Solution
AU +AK =0
1
(o-MghCM)+[51@,% -oJ ~0
1, 5
Mgh_, =Ela)f

011 L),

Mg—==|-M?7* |a*

£ 2(3 jf
3g

LW, =
N
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AP Physics C « 7% MY 2023 Set1Q3 (a)

Alternate Solution 1 point

For using a correct expression of Newton’s second law in rotational form

Alternate Example Response

T, =la

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

Alternate Example Response

ﬁMgcosH— Mla
2 3

Alternate Example Solution

. =la
d_a) da) dt9 da)
dt dQ dt d:9

ﬁMg cosf = lMézoz

2 3

fzd—a)a)
do

gMg cos0d6 = 3 L vrodo

£Mg cosf = lM
2 3

PéMg cos 0d6 = Iw/ L vrwdo
02 03

£Mg sinZ —sin0 | =~ M2 loofz.—O
2 2 3 2

Scoring Note: The full integration is not needed to earn points but is presented for clarity.

Total for part (a) 2 points

WX RE: FEXTIXRNAE

RS, RAARPINTE, RALCIEFRERTIE, EXMNINERLIRR, WXRNENE; i
EiRE, ENAPERRE, TRAUTEXTXRNAME, KNFiAtE EE’JEbE%@JS‘ZME’J
BEHIER,

Lyefore = Lafters Lparticle = mur, .
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AP Physics C + 1% AN 2023 Set 1 Q3 (b)

fBI= 2023 Set 1 Q3 (b)
Zx(a)7&dE 2023 Set 1 Q3 (a)o

’
.
-
I ! ==

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
inertia of the rod about the pivot is %M ¢% and the rotational inertia of the sphere about its center is % mR>. After

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.

(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.

fi#:

HEPZ R BINPE, FRTERFLDE; EXRNINZANNENZE, BitiEEE, ENONATE
BB, PRUTIEXTXRNAHE, OB REMAFK, MEFEFL.

1
Tw = muyl, §(2m)52\ / 3?9 = mugl.

4gl
UO == ?
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AP Physics C + 1% AN 2023 Set 1 Q3 (b)
BAIFS

(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

%m€21/3—g =mv, !
3 !

Example Solution

L=L

o =mvr

gmfz‘/g)—g =mv,l
3 4

4
SV, = ggf

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

Total for part (b) 2 points

BEREENE—E: NEMIIEATIEE
DKL EEHW, NEXNZNFEMAK, BNIERTAE. NEFRZALEND; R—BNEA
E2m. MERLEFHIR, XEINEIBRAIEHIARTIENEE,

1
W = /Td@ =7(27) = §Iw2.

189



AP Physics C + 1% HMHN 2026 Q4 (B)

5= 2026 Q4 (B)

4. A unicycle is placed on a stand such that the wheel does not touch the ground. The rotational
inertia of the wheel about the axle is /y;. One end of a crank arm can be attached to the wheel,
as shown in the side view.

Wheel

Side View

In Scenarios 1 and 2, crank arms of different lengths are connected to the wheel. In each
scenario, the wheel is initially at rest. A force of magnitude F is then exerted at the end of each
crank arm. The direction of the force remains perpendicular to each crank arm at all times. The
mass of each crank arm is negligible. The scenarios differ as described.

* Scenario 1: The length of the crank arm is ¢,. The angular speed of the wheel
immediately after the crank arm has been turned through one rotation is w, .

» Scenario 2: The length of the crank arm is ¢,, where ¢, > {,. The angular speed of the
wheel immediately after the longer crank arm has been turned through one rotation is
.

PartB

Derive an expression for the angular speed @, of the wheel in Scenario 1 immediately after
the crank arm has been turned through one rotation. Express your answer in terms of Iy, F, ¢,
and physical constants, as appropriate. Begin your derivation by writing a fundamental physics
principle or an equation from the reference information.

fi#:
MIh—BEEIEFIR. EEHNOMAEIEE, —BERAR2N, TBTEENS,

W =AK

rot»

A Fl,
Wy = ?

1
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AP Physics C + 1% HMHN 2026 Q4 (B)
BAIFS

B For a multistep derivation that includes one of the following: Point B1

e Conservation of energy that indicates work is done on the wheel
e The work-energy theorem
e Newton’s second law in rotational form

For indicating one of the following: Point B2
e The work done by F on the crank arm is 27F/; .

. . . Ft
e The magnitude of the angular acceleration of the wheel is o = —L .
w

For a correct expression for @ in terms of given quantities Point B3

Example Responses

Solution 1 Solution 2
W = AK T
AO = AK, Psys = —;
rot sys
(Fe,)(2r) = 2 1o? oo Fr_Fl
1 1
4rF 1, ) w
[— = a)l
w 2 2
B 4ﬂ'Fﬁ] [0} :a)o +2a(9_90)
ATy o = 2a(27)
0)12 = 4ra
a)lz = 47r&
Iy

(01 = ?
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AP Physics C + 1% HMHNX 2026 Q4 (A)

#:] 2026 Q4 (A)
Z[a)dE 2026 Q4 (B)o

4. A unicycle is placed on a stand such that the wheel does not touch the ground. The rotational
inertia of the wheel about the axle is /y;. One end of a crank arm can be attached to the wheel,
as shown in the side view.

Wheel

Side View

In Scenarios 1 and 2, crank arms of different lengths are connected to the wheel. In each
scenario, the wheel is initially at rest. A force of magnitude F is then exerted at the end of each
crank arm. The direction of the force remains perpendicular to each crank arm at all times. The
mass of each crank arm is negligible. The scenarios differ as described.

* Scenario 1: The length of the crank arm is ¢,. The angular speed of the wheel
immediately after the crank arm has been turned through one rotation is w, .

* Scenario 2: The length of the crank arm is ¢,, where ¢, > {,. The angular speed of the
wheel immediately after the longer crank arm has been turned through one rotation is
w,.

Part A

Indicate whether @, is greater than, less than, or equal to @, by writing one of the following.

s w,<wm
. a)zzwl

Justify your answer. Your justification may reference equations but must include conceptual
reasoning beyond algebraic solutions.

ERHFFSER. FEFANNHRLEFME, KEWNERK; #%—8, BRRXNOEEIEZ,
WL THIREAEE, FRIGHETChEDRERLZ, RAERFEA,

Wy > Wy.
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AP Physics C + 1% HMHNX 2026 Q4 (A)

BA¥5

A For indicating @, > o Point A1

For a justification that correctly relates force and crank arm length to the torque exerted Point A2
on the crank arm

For a justification that correctly relates torque exerted over a single rotation to one of Point A3
the following:
e The rotational kinetic energy of the wheel
e The angular acceleration
Example Response
®, > . The torque exerted on the crank arm will be greater at the end of the crank

arm with a greater length, and a greater torque exerted over one rotation means a
greater change in rotational kinetic energy of the wheel. A greater rotational kinetic
energy for the same wheel with the same rotational inertia means the wheel has a
greater angular speed.

IR FFEERED LMD

WEEER LY, WMAEERIENEITIEE; MEH EANRREY, TRIEMAR A FaIthEE. ZF
FRANDSE—RNIRET, TRTERIMDIUR, RKEERE/,
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AP Physics C + 1% HIMHNX 2026 Q4 (C)

BT 2026 Q4 (C)
Zsa] A#% 2026 Q4 (B)

4. A unicycle is placed on a stand such that the wheel does not touch the ground. The rotational
inertia of the wheel about the axle is /. One end of a crank arm can be attached to the wheel,
as shown in the side view.

Wheel

Side View

In Scenarios 1 and 2, crank arms of different lengths are connected to the wheel. In each
scenario, the wheel is initially at rest. A force of magnitude F is then exerted at the end of each
crank arm. The direction of the force remains perpendicular to each crank arm at all times. The
mass of each crank arm is negligible. The scenarios differ as described.

* Scenario 1: The length of the crank arm is ¢,. The angular speed of the wheel
immediately after the crank arm has been turned through one rotation is w, .

» Scenario 2: The length of the crank arm is ¢,, where ¢, > ¢,. The angular speed of the
wheel immediately after the longer crank arm has been turned through one rotation is
0)2 .

Part C

In Scenario 3, the unicycle is placed on the ground such that the unicycle can move forward
without the wheel slipping on the ground. A force of the same magnitude F is exerted at the end
of the crank arm of length ¢,, as in Scenario 1. The direction of the force remains perpendicular
to the crank arm at all times. The resulting angular speed of the wheel immediately after the
crank arm has been turned through one rotation is wj5.

Indicate whether @, is greater than, less than, or equal to @, by writing one of the following.

Wy >
¢« W<
(] a)3=a)l

Briefly justify your answer. Your justification may reference equations but must include
conceptual reasoning beyond algebraic solutions.

fi#:
R EIM EERHNARERRR, #E—MA—BFE AN EM TR~ B Amp N FEhEhEe, i=4E
WHEREHEhEE, RFEEIEEE LA RIEINETITIRE, FRILBEDLAETIIDEURL , RAEFRK/.

Wy < Wy.
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AP Physics C + 1% HIMHNX 2026 Q4 (C)

BA¥5

C For indicating o; < @ Point C1

For a justification that indicates one of the following: Point C2
e The work done to turn the crank arm is converted into translational and
rotational kinetic energies.
e The torque exerted on the wheel by friction changes the net torque on the
wheel.

Example Response

@y < w,. When the unicycle is stationary, the work done by the force of magnitude F to

turn the crank arm one rotation is converted into only rotational kinetic energy. When
the unicycle can move forward, the same amount of work done is converted into
translational and rotational kinetic energies. This means the wheel has to turn more
slowly when the unicycle can move forward.
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AP Physics C + 1% HUMHX 2023 Set 1 Q3 (d)(ii)
BENEREhSHRED
BRI AE: AREMNSIEK

BEEMIKERA, KTFIOFEZNHIE, KX NMEHHBRAE, BERARFIFENE, B
UBKMRERZAMERE. KPR, AERENMNESFHBRER,

¢
T = fi.R = Ia, w(t) :w(O)—I-/ adt.
0

%5 2023 Set 1 Q3 (d)(ii)
73 ¢ 2023 Set 1 Q3 (C)o

-
R
! ! ==

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
inertia of the rod about the pivot is éM ¢% and the rotational inertia of the sphere about its center is % mR>. After
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.

After sliding a short distance, at time ¢ = O 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.

(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.
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AP Physics C + 1% HUMHX 2023 Set 1 Q3 (d)(ii)

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

fi#:
EGER St N AEIEAR. BERXTOMNIEANLE, RNTARENS,

) 5}
— ﬂ w(t) — ﬂt

2 2
umgR = <ng )a, a = R = SRt
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AP Physics C + 1% HUMHX 2023 Set 1 Q3 (d)(ii)
BAIFS

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

Example Response

r=Ila

@R:Emﬁa
5

For correctly substituting for friction and solving for « 1 point

Example Response

Fy = pmg

o= M8
2R

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

Example Response

w=w,+at

w8,

2R

Example Solution
r=1a

2
F,R=— mR’a

5

Fy = umg
5
o =M
2R
0=w,+at
5
2R

Total for part (d) 6 points

FR4ER0): FMSENEREAT
BEIIER, BUDERRTR/, DESHETIRRALM, FRRISF AEEXNEESIRBEE, MR

ANNEFE, Blv=Rw, FTEBERIMRBANZNFAEKEE, BABKB—ZINLERE; TIEITEE
RAERARIMEIR,
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AP Physics C + 1% M

2023 Set 1 Q3 (e)(i)

BT 2023 Set 1 Q3 (e)(i)
Z=a)7&4% 2023 Set 1 Q3 (d)(i) 2023 Set 1 Q3 (d)(ii)o

Note: Figure not drawn to scale.

Figure 1

stopped, and the ball initially slides without rotating to the left across the horizontal surface.

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 of the rod about the pivot is %M ¢% and the rotational inertia of the sphere about its center is % mR>. After

the rod is released, the rod swings down and strikes the sphere head-on. As a result of this collision, the rod is

After sliding a short distance, at time ¢ = O 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.

i. Derive an expression for the time it takes the sphere to travel from Point A to Point B in terms of v, u,

and physical constants as appropriate.

fi#:

BEIEREY, FRSAENHERENE, BROERRETUSEMERER, ILAIFEERAERMRX

zJNo

5
v = Rw, Uo—ugtziugt, tg=—.
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AP Physics C « 7% MY 2023 Set 1 Q3 (e)(i)

Vo T -_— Vv
— Rw
0 .
0 ts
t
BB R\ IASEEEIRFIEK; KRN ZIZFnauRehRIE 2 50
BEAWNS
(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)(ii) 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

Sug
v, — gt = R="5¢
0o —HE R

Example Solution

v=Rw
ot = ROME
V, — UGt = R t
= 2V,
Tug
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AP Physics C + 1% HMHX 2023 Set 1 Q3 (e)(ii)

#:>] 2023 Set 1 Q3 (e)(ii)
Z=a)7&4% 2023 Set 1 Q3 (e)(i). 2023 Set 1 Q3 (d)(i)o

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 of the rod about the pivot is %M ¢% and the rotational inertia of the sphere about its center is % mR>. After

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.

After sliding a short distance, at time ¢ = O 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.

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

fi#:
BN ZIAEIFahERE,

Up =V~ Hg5— = V-
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AP Physics C + 1% HMHX 2023 Set 1 Q3 (e)(ii)

1 1 vivg
= Rwlvg
S 5/7 A
)
O
©
(0]
(0]
o
(Vp]
0 .
0 207

ugth

FEpRER TR, ASHERER L, KR FHIETERR.

BA ¥

(e)(ii) For correctly substituting the expression for time from (e)(i) into the expression for velocity in 1 point
(d)(@)

Example Solution

V=V, —Hgl
2v,
Tug

V=V, T HE

5

LV==v,

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

Total for part (e) 3 points

Total for question 3 15 points

AREY B P SEARE—EREER

SRTHEY, EEIREER BT OVRR, WIRMEARER/ NN, R ERAFHESR. ERAERARE
EAME, mMIRELAGA. 95FFE _ERMENER, BHa=ROBEEMRE; LPrsEEER
BRFRMERE, AL FETFUsSN.

f—Mgsinf = Ma, —fR = Ia, a = Ra.
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AP Physics C + 1% HMHNX 2025 Q4 (B)

{2025 Q4 (B)

4. A uniform disk and ring, each of mass M and radius R, roll without slipping along a horizontal
surface, as shown in Figure 1. The outer edges of the disk and ring are made of the same
material. The center of mass of the disk and the center of mass of the ring each initially move
with the same constant speed v.

The disk and the ring then smoothly transition to a ramp that is inclined at an angle 6 above
the horizontal. Both the disk and the ring continue to roll without slipping as they move up the
ramp, as shown in Figure 2.

The ring travels a greater distance along the ramp than the disk travels before each
momentarily comes to rest.

Disk Ring

®-0 _.

Figure 1

A

Figure 2

B. A cylinder has mass M, radius R, and rotational inertia I about its central axis. The cylinder
rolls without slipping up a ramp that is inclined at an angle 6 above the horizontal.

Derive an expression for the magnitude of the static frictional force fexerted on the
cylinder by the ramp. Express your answer in terms of M, R, I, 6, and physical constants,
as appropriate. Begin your derivation by writing a fundamental physics principle or an
equation from the reference information.

fi#:

BUafEm _ EAFEIES R, BRI ARANBEESR. DRIEERE, Tih5BMEERN
fa; MERERRMERAEE, EARERKEN. MNAREHBRESR.
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AP Physics C + 1% HMHNX 2025 Q4 (B)

\ 4
Mg
FRBTEoN, EBEREEARERE L,

f—Mgsinf = Ma, —fR = Ia, a = Ra.
HE _AMRBAREEINERE, BRELEERER.

fR? . MfR?
a 7 / g 7
_ IMgsin@
I+ MR?’
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AP Physics C + 1% HMHNX 2025 Q4 (B)

BA¥5

B For a multistep derivation that includes Newton’s second law in both translational and Point B1
rotational forms

For indicating opposite signs for the gravitational force and frictional force in an Point B2
expression for Newton’s second law

For using the relationship ¢ = ra in an attempt to solve a system of equations Point B3
Scoring Note: Responses that include conservation of energy may earn full credit.

Example Response

_2r
s ]

Oy,
Sys
(1) _R
R I
2
a7
D F
asys = m
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AP Physics C + 1% HMHNX 2025 Q4 (A)

#2025 Q4 (A)
Zsja) &#% 2025 Q4 (B).

4. A uniform disk and ring, each of mass M and radius R, roll without slipping along a horizontal
surface, as shown in Figure 1. The outer edges of the disk and ring are made of the same
material. The center of mass of the disk and the center of mass of the ring each initially move
with the same constant speed v.

The disk and the ring then smoothly transition to a ramp that is inclined at an angle 6 above
the horizontal. Both the disk and the ring continue to roll without slipping as they move up the
ramp, as shown in Figure 2.

The ring travels a greater distance along the ramp than the disk travels before each
momentarily comes to rest.

Disk Ring

-0 _.

Figure 1

W

Figure 2

A. While the disk and the ring are rolling on the ramp without slipping, the magnitudes of
the static frictional force exerted on the disk and on the ring by the ramp are f, and fg,
respectively.

Indicate whether fj is greater than, less than, or equal to fz by writing one of the following.
* >k
* /<R
* =k

Justify your answer using qualitative reasoning beyond referencing equations.

fi:

EENFERR). MYENERE. ENAREDERR; FHNREEREI, BRRERAK, FLER
—BORE TEEZREIEE, BERRFER, M FRURRER/). BilERARTENBTENNETE
711, MEEEKRIME LFEE,

Ip < fr-
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AP Physics C + 1% HMHNX 2025 Q4 (A)

BA¥5

A For indicating fj, < fx Point A1

For a justification that compares one of the following: Point A2
e The motions of the disk and the ring using translational kinematics
e The motions of the disk and the ring using rotational kinematics
e The rotational inertias of the disk and the ring

For a justification that includes one of the following: Point A3

e Reasoning that attempts Newton’s second law in translational form
e Reasoning that attempts Newton’s second law in rotational form
e Reasoning that attempts conservation of energy

Example Response

The ring has a greater rotational inertia because it has more mass distributed towards
the edge. So the ring travels farther and has less acceleration down the ramp. Because
the ring and the disk have the same mass, the gravitational forces exerted on the shapes
are the same. From Newton's second law, the ring must have less net force down the
ramp and more friction up the ramp.

BEXETHE: RRERMHBITIER

TR ERf=UKN, S4UREIRRELFRFERNSERE. MYERE. NEAEMZEMMEEE, o
BB Z BN LIRZFAEER, FrUBERANMERE; RRENERTHIMEXFERERE,
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AP Physics C + 1% HIMHNX 2025 Q4 (C)
BT 2025 Q4 (C)

4. A uniform disk and ring, each of mass M and radius R, roll without slipping along a horizontal
surface, as shown in Figure 1. The outer edges of the disk and ring are made of the same
material. The center of mass of the disk and the center of mass of the ring each initially move
with the same constant speed v.

The disk and the ring then smoothly transition to a ramp that is inclined at an angle 6 above
the horizontal. Both the disk and the ring continue to roll without slipping as they move up the
ramp, as shown in Figure 2.

The ring travels a greater distance along the ramp than the disk travels before each
momentarily comes to rest.

Disk Ring

®-0 _.

Figure 1

A

Figure 2

C. In a different scenario, the centers of mass of the original disk and ring each have the same
initial speed v as they did in the original scenario. The ramp is replaced by a new ramp on
which the disk and the ring initially slip as they roll up the new ramp.

Indicate whether the magnitude of the kinetic frictional force exerted on the disk by the
new ramp is greater than, less than, or equal to the magnitude of the kinetic frictional force
exerted on the ring by the new ramp while both are slipping.

Briefly justify your answer.

fi#d:
EEqual to, BENAIEREIERIRE, MEDSMEERE, SHERREER; RE. fEAEHAER,
SHEAER, FshERANER. ARTHI SRR EIRRIEEIREIRTE, THEBRXNEL,
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AP Physics C + 1% HIMHNX 2025 Q4 (C)

BA¥5

C For indicating “Equal to” Point C1

For a justification that includes that kinetic friction is only dependent on the surfaces (or ~ Point C2
equivalently, the coefficient of kinetic friction between those surfaces) and normal force

Example Response

The forces of kinetic friction are equal. If slipping, the friction is kinetic, and the force
of kinetic friction on the hoop and the disk are the same because the coefficient of
kinetic friction is only dependent on the surfaces, and the normal forces on both are
the same.

HEXHE . EBROE 48

JURABCEERFREFNES, SERMHOEN, SEENEM. NIREREENFUNEEENK; &
BTN, FRRRESFHOEFEZLNTHIRRE, ENRNEEEFEUE, FAZERESRIZL
BMRIEEE,
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AP Physics C + 1% UMY 2023 Set2 Q2 (a)

&R 2023 Set 2 Q2 (a)

1.00 m 1.00 m

Motion Motion
Detector | | Detector | |

Figure 1 Figure 2

2. A student conducts an investigation to determine the relationship between the period of oscillation T of a system
consisting of a block and N attached springs. The student starts with a block of mass m attached to a single ideal
spring of spring constant k, as shown in Figure 1. The student holds the block so that the spring is neither
stretched nor compressed at a vertical height 1.00 m above a motion detector. The student releases the block from
rest and records the period of oscillation for the system consisting of the single spring and block. An additional
identical spring is attached in parallel, as shown in Figure 2, and the procedure is repeated for N = 2 springs.
This procedure is repeated through N = 10 springs.

(a) Derive an expression for 7' as a function of N. Express your answer in terms of m, k, N, and physical
constants as appropriate.

fi#:
FECEERMAKE IR, SRLESEEM, FFUSFHEEE R SRR,

[ m
keq:Nk, T =27 m
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AP Physics C + 1% UMY 2023 Set2 Q2 (a)
BAIFS

(a) For indicating the equivalent spring constant k., is the sum of the spring constants of all the 1 point

springs arranged in parallel
Example Response

keg = Nk

For a correct expression for period consistent with & above 1 point

Example Response

T =27 |2
"\ NK

Example Solution

N
keq = Zkz’
i=1

keq = Nk

T =27
"Nk

Total for part (a) 2 points

FEIRAREIREN . FBRFITHhL

FEEELLTFRENAZ—DZ2—RAG, BEEZS, B, EEZ—RERBNEZHE/N, FRUE
BIETRE. mEM, RIBIEHERELE, AIUBXERBUENSR, FEMFEZIN=0,
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AP Physics C + 1% HMHX 2023 Set2 Q2 (b)

il 2023 Set 2 Q2 (b)

1.00 m 1.00 m

Motion Motion
Detector | | Detector | |

Figure 1 Figure 2

2. A student conducts an investigation to determine the relationship between the period of oscillation T of a system
consisting of a block and N attached springs. The student starts with a block of mass m attached to a single ideal
spring of spring constant k, as shown in Figure 1. The student holds the block so that the spring is neither
stretched nor compressed at a vertical height 1.00 m above a motion detector. The student releases the block from
rest and records the period of oscillation for the system consisting of the single spring and block. An additional
identical spring is attached in parallel, as shown in Figure 2, and the procedure is repeated for N = 2 springs.
This procedure is repeated through N = 10 springs.
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AP Physics C + 1%

MY 2023 Set2 Q2 (b)

fi#:

(b) On the following axes, sketch a graph of T as a function of N for N > 1.

T

REUEM, BAERRTARNOELUR/ N, BiES, BUEIE, mim M. NEERER, BrllEs

ZERERFTIRI B B

—vq...s

FEIHAREARER )N, Bk 1M,
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AP Physics C + 1% HMHX 2023 Set2 Q2 (b)

BA¥5

(b) For a graph that increases or decreases with N consistent with the expression derived in 1 point
part (a)
For a concavity that is consistent with the expression derived in part (a) 1 point

Example Solution

N

Scoring Note: The student is not required to label N = 1 on the horizontal axis, so the curve
can start at the vertical axis, implying that N =1 is at the origin.

Scoring Note: Discrete points following the appropriate curve will earn this point.

Total for part (b) 2 points

HRiRED: RERM, NEEEFE

FEiE—iEcitn), MEBREHEN; F—REBLNHEREEFEZEHNE. AL FARXRE2NFEMR
E5HREEZIENTAR, ENTENERERANZFZXR. HEEEERRUKASESDOED
. AMAUBRAINEITE, E5NIIKFTHERKA.
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AP Physics C + 1% UMY 2023 Set 1Q2 (a)

5831 2023 Set 1 Q2 (a)

Figure 1 Figure 2

2. A student makes a torsional pendulum by suspending a uniform disk of mass M and radius R from a light wire
with torsion constant x that is attached to the center of the disk as shown in Figure 1. The rotational inertia of the
disk is given by [ = %MR% The student conducts an investigation to determine the relationship between the
period of oscillation T of the torsional pendulum and the number N of identical disks that are suspended from

the wire.

The student starts with a single disk. Holding the disk at a small initial angular displacement 8, from the
untwisted position, the student releases the disk from rest and the pendulum oscillates. The student records the
period of oscillation for a single disk. An additional identical disk is attached, as shown in Figure 2, and the
procedure is repeated for N = 2 disks. This procedure is repeated through N = 10 identical disks. Assume the
disks move together as one system.

. 1 . . . .
(a) Using T = 2z,| —, derive an expression for T as a function of N. Express your answer in terms
K

of M, R, k, N, and physical constants, as appropriate.

fi#:
LN —EET), 1REMAM; HEEERHEEHRTK,

1 | NM R?
ISyS:fNMRQ, T =2m\| ——.
2 2K
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AP Physics C + 1% UMY 2023 Set 1Q2 (a)
BAIFS

(a) For indicating the rotational inertia is the sum of the rotational inertia for all the stacked disks 1 point

Example Response

N
qu = zli
i=1

I = N(%MRZ)

For an expression for the period consistent with the previous rotational inertia expression 1 point

Example Response

N(%MRz)
T=om|—2
K

Example Solution

1 2
Iy = N(EMR )
T = 27z\/Z
K
N(MRZ)
T=2rx
2K

Total for part (a) 2 points

RN fEREER, RATIERE

MAMUBNEREENRRE, HitttaeaE. 2 TEUERN, SEffEeRniae; BN ENTAEREK
5@, FHRETXMEE. ALEAEIEEBNAENEE, BFESE,
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AP Physics C + 1% HUMHX 2023 Set 1 Q2 (b)

fBI= 2023 Set 1 Q2 (b)

Figure 1 Figure 2

2. A student makes a torsional pendulum by suspending a uniform disk of mass M and radius R from a light wire
with torsion constant x that is attached to the center of the disk as shown in Figure 1. The rotational inertia of the
disk is given by [ = %MR% The student conducts an investigation to determine the relationship between the
period of oscillation T of the torsional pendulum and the number N of identical disks that are suspended from

the wire.

The student starts with a single disk. Holding the disk at a small initial angular displacement 8, from the
untwisted position, the student releases the disk from rest and the pendulum oscillates. The student records the
period of oscillation for a single disk. An additional identical disk is attached, as shown in Figure 2, and the
procedure is repeated for N = 2 disks. This procedure is repeated through N = 10 identical disks. Assume the
disks move together as one system.
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AP Physics C + 1% HUMHX 2023 Set 1 Q2 (b)

1
(b) The potential energy stored in the torsional pendulum when the disks are displaced is U = 5 K(Ae)z. On the
following axes, sketch a graph of the maximum kinetic energy K, of the torsional pendulum as a function

of N for N > 1.

max

fi#:
HEVAMB T, SRBLVBHEIEEER, S TEUBERST AL, FEIRAENEBESERT
*x, BEIEEKFEL,

1
Kmax = 5:‘4}08

max

= N
R EINMEE e A T RIfERE.
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AP Physics C + 1% HUMHX 2023 Set 1 Q2 (b)

BA¥5

(b) For a sketch that begins at a non-zero value 1 point

For a sketch that is constant with slope equal to zero 1 point

Example Solution

K

max

Total for part (b) 2 points

FRERSNIH: BEEM, EETRE

FEHFEREMFRET, BEZRENHELNS, SHONEBTHEKR, RERLRK, A—HEEERN
FEIERFEIR EF S IRIE AR, FFEREZREHAERT, IRBMAFTENAERERR 23#%H B R E LR =T

TRAMERRLHEIL,
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AP Physics C + 1% UMYX 2023 Set 1 Q2 (d)(i)

BT 2023 Set 1 Q2 (d)(i)
Zxa) &dE 2023 Set 1 Q2 (a)o

Figure 1 Figure 2

2. A student makes a torsional pendulum by suspending a uniform disk of mass M and radius R from a light wire
with torsion constant x that is attached to the center of the disk as shown in Figure 1. The rotational inertia of the
disk is given by I = 1EMRz. The student conducts an investigation to determine the relationship between the
period of oscillation T of the torsional pendulum and the number N of identical disks that are suspended from

the wire.

The student starts with a single disk. Holding the disk at a small initial angular displacement 8, from the
untwisted position, the student releases the disk from rest and the pendulum oscillates. The student records the
period of oscillation for a single disk. An additional identical disk is attached, as shown in Figure 2, and the
procedure is repeated for N = 2 disks. This procedure is repeated through N = 10 identical disks. Assume the
disks move together as one system.

(d) The student repeats the experiment, but now the disks have a density that varies as a function of the radius of
the disk according to p = 0.3r.

1. Would the slope of the best-fit line for this new data be greater than, less than, or the same as the slope of
the best-fit line in part (c)(i) ?

greater than less than the same as

Justify your answer.

fi#:

FE+ZE. RRENLRT, ZEFUSIEACESRETERM, RELHIRER. FHEMNEHTS
ROMRELLTFRRFRENTHR, EHEREREKX,
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AP Physics C + 1% UMYX 2023 Set 1 Q2 (d)(i)

BA¥5

(@)@

For indicating that the slope would be greater with an attempt at a relevant justification 1 point
For indicating that using disks with densities that increase with » will increase the rotational 1 point
inertia

For indicating the functional relationship between slope and rotational inertia: vI oc slope 1 point

Example Solution

The disks with a density that increases towards the edge of the disk will have a greater
proportion of their mass farther from the axis of rotation, so their rotational inertia will be
larger than that of a uniform disk. Therefore, the slope of the line will be greater because

the slope is proportional to \/7 .

#:3] 2023 Set 1 Q2 (d)(ii)
Zs|a] ##E 2023 Set 1 Q2 (b)s

2. A student makes a torsional pendulum by suspending a uniform disk of mass M and radius R from a light wire
with torsion constant x that is attached to the center of the disk as shown in Figure 1. The rotational inertia of the

disk is given by I = 5 MR®. The student conducts an investigation to determine the relationship between the

Figure 1 Figure 2

period of oscillation T of the torsional pendulum and the number N of identical disks that are suspended from

the wire.

The student starts with a single disk. Holding the disk at a small initial angular displacement 8, from the
untwisted position, the student releases the disk from rest and the pendulum oscillates. The student records the
period of oscillation for a single disk. An additional identical disk is attached, as shown in Figure 2, and the
procedure is repeated for N = 2 disks. This procedure is repeated through N = 10 identical disks. Assume the
disks move together as one system.

(d) The student repeats the experiment, but now the disks have a density that varies as a function of the radius of
the disk according to p = 0.3r.
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AP Physics C + 1% HUMHX 2023 Set 1 Q2 (d)(ii)

ii. When N = 1, the maximum angular speed of the torsional pendulum with a uniform disk is found to
be wy. When N = 1, the maximum angular speed of the torsional pendulum with a nonuniform disk is
®0n-u- Which of the following correctly compares @y and @,y ?
— Oy > Oyon-u — 0y < Onon-u — 0y = Opon-u
Briefly justify your answer.

fi#:
E—HEE. EA—VBAUBHEEERES, FIYRIRETA, KEXMEEFENRERERERR/.
1 1

ilw?nax = 5%93, wy > w

non—U*
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AP Physics C + 1% HUMHX 2023 Set 1 Q2 (d)(ii)

BA¥5

(d)(ii) For selecting @y > @,,,y With an attempt at a relevant justification, or a selection 1 point

consistent with part (d)(i)
For using energy conservation to justify the relationship 1 point

Example Solution

Energy in a torsion pendulum is conserved, %I @° = %Kﬁz, where %KQZ is a constant.

Therefore, since Iy < 1,01y, @y > Openy 0 keep energy conserved.

Total for part (d) 5 points

Total for question 2 15 points

PEIRIEEHER S . FARERESEEXR

BRI RENERRIRATRNGENREEE, NEREAIZERAMN. BRE#MENRKT, HiF
TEEHHTEE, ERENESTEHUBENREEERENE, AtSFHXRBENELRE
B,

% 2024 Set 2 Q1 (c)

Block A

Note: Figure not drawn to scale.

1. Blocks A and B of masses 2m and m, respectively, are arranged in a setup consisting of a ramp that makes an
angle 6 with a smooth horizontal table and an ideal spring of spring constant k fixed to a wall, as shown.
Block A is held at rest a distance D up the ramp, and Block B is at rest on the horizontal table. The coefficient of
kinetic friction between Block A and the rough ramp is ¢ in the region of length D, and there is negligible
friction between the blocks and the smooth table.
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Attime # = 0, Block A is located at horizontal position x = 0 and is released from rest. After the block is
released, the following occurs.

 Attime f = f;, Block A has traveled a distance D down the ramp, has transitioned to the table,
and is moving with speed v at x = x;.

* Attime t = 1, Block A is at x = x, when it collides with and sticks to Block B.

* At time f = f3, the combined blocks A and B are at x = x3 when they collide with and stick to
the spring in its equilibrium position.

At time ¢ = ¢4, the combined blocks A and B are instantaneously at rest and the spring is
compressed a distance x, from its equilibrium position.

For times t > t,, the two-block-spring system oscillates with period Ti,. The procedure is then repeated using a
new ramp, where there is negligible friction between Block A and the ramp.

(c) Indicate how the new period of oscillation 7y in the procedure that uses the new ramp compares with the
period of oscillation 7, from the original procedure.

TN > TO TN < To TN = TO

Briefly justify your answer.

fi#:

EEHAEE. BEMEERIIEMENEENFRENRE; RFRENE3m, BEEREDAR—
ko IERRLMSEER AR REIRIEE,
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BA¥5

c or selectin, = with an attempt at a relevant justification poin
(¢)  Forselecting Ty, = T, with an attempt at a relevant justificat 1 t

For a correct justification that includes one of the following: 1 point

e The period of a spring-block oscillator is only dependent on the mass on the spring and
spring constant, which do not change.

e The period of a spring-block oscillator is not dependent on increasing amplitude, velocity,
or compression distance.

Example Response

Repeating the experiment on a smooth ramp will only affect the compression distance of the
spring. The period of oscillation of a spring-block system depends only on mass and the spring
constant, therefore the period of oscillation will not change.

Total for part (c) 2 points

Total for question 1 15 points

#:5] 2023 Set 2 Q2 (d)(i)
73 &4 2023 Set 2 Q2 (a)o

1.00 m 1.00 m

Motion Motion
Detector | | Detector | |

Figure 1 Figure 2

2. A student conducts an investigation to determine the relationship between the period of oscillation T of a system
consisting of a block and N attached springs. The student starts with a block of mass m attached to a single ideal
spring of spring constant k, as shown in Figure 1. The student holds the block so that the spring is neither
stretched nor compressed at a vertical height 1.00 m above a motion detector. The student releases the block from
rest and records the period of oscillation for the system consisting of the single spring and block. An additional
identical spring is attached in parallel, as shown in Figure 2, and the procedure is repeated for N = 2 springs.
This procedure is repeated through N = 10 springs.
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N=2
00000}
m
100000}
Figure 3

(d) The student conducts a similar investigation to determine the relationship between the period of oscillation 7’
of a system consisting of a block and a number N of identical springs but arranges the block-spring system
horizontally on a table, as shown in Figure 3. Frictional forces between the table and the block are negligible.

In each trial, the block is displaced the same horizontal distance from equilibrium and released from rest.

i. The student plots T? as a function of N~ ! for this new data. Would the slope of the best-fit line from this
new investigation be greater than, less than, or the same as the slope of the best-fit line in part (c)(i) ?

greater than less than the same as

Briefly justify your answer.

fi#:

Ethe same, HBUKFRHEFFEUEBNENMUE, FTHERRFEHUENEDEEENRIERE, Fr
LA R L B R AR
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BA¥5

(d)@i) For indicating that the slope would not change with an attempt at a relevant justification 1 point
For a justification that the period depends on the mass and spring constant which remain 1 point
unchanged
OR

For a justification that indicates that the period is independent of gravitational force
Example Solution

The period of oscillation of the spring-block system depends on the mass and the effective

spring constant, T = 27[,/% . The slope is equal to the square of the period over the

2
inverse number of identical springs, Slope = % This means that the slope is proportional

to the mass divided by the spring constant. Since neither the mass nor the spring constant
change, the slope will remain unchanged.

OR

The period of oscillation of the spring-block system depends on the mass and the effective

spring constant, T = 27[,/% . The slope is equal to the square of the period over the

2
inverse number of identical springs, Slope = % Since the period is independent of the

gravitational force, and the only change was arranging the block-spring system horizontally
instead of vertically, the period is not affected by the change in the orientation of the system.
Therefore, the slope will remain unchanged.

FEXSEEN: AERIRIEGERERE N

BRMEOTIARSEER, NIEHESESHMEEFNLA2 288, ITEHANBERKE. RERK, 28
VIRERE B AR —IRAENEE. REARE, ERERNIEIIERAEREMEIRET HIRIEM,
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5% 2023 Set 2 Q2 (d)(ii)
713 4 2023 Set 2 Q2 (a)o

1.00 m 1.00 m

Motion Motion
Detector | | Detector | |

Figure 1 Figure 2

2. A student conducts an investigation to determine the relationship between the period of oscillation T of a system
consisting of a block and N attached springs. The student starts with a block of mass m attached to a single ideal
spring of spring constant k, as shown in Figure 1. The student holds the block so that the spring is neither
stretched nor compressed at a vertical height 1.00 m above a motion detector. The student releases the block from
rest and records the period of oscillation for the system consisting of the single spring and block. An additional
identical spring is attached in parallel, as shown in Figure 2, and the procedure is repeated for N = 2 springs.
This procedure is repeated through N = 10 springs.

N=2
000004
m
00000
Figure 3

(d) The student conducts a similar investigation to determine the relationship between the period of oscillation T
of a system consisting of a block and a number N of identical springs but arranges the block-spring system
horizontally on a table, as shown in Figure 3. Frictional forces between the table and the block are negligible.

In each trial, the block is displaced the same horizontal distance from equilibrium and released from rest.

ii. When N = 1, the maximum speed of the block is found to be v,,,,. When N increases, will v,
increase, decrease, or stay the same?

ax

increase decrease stay the same

Justify your answer.
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fi&:
ERIE N, BRKFEASIRIEHERE, BESHXBEMEFELSVRHIEDEERE, TEHRNEEAR—RN
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1 1 Nk
5NkA2 = im’l)ﬁqax, Umax — A H
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(d)(ii) For a relationship between v,,, and N that is consistent with the expression from part (a) 1 point
with an attempt at relevant justification
For using energy conservation to justify the relationship 1 point
OR

For using the relationship between v,,, and @ to justify the relationship

For indicating that the effective spring constant changes the elastic potential energy of the 1 point
spring block system U therefore changing v,,,, in a manner consistent with the expression
from part (a)

OR

For an inverse relationship between @ and period, indicating a change in v,,,, consistent

with the expression from part (a)
Example Solution

An increase in the number of identical springs attached in parallel to each other causes the
N
effective spring constant to increase, kyy = Zkl» . Since the effective spring constant is
i=1
. . . 1 . .
proportional to potential energy of the block-spring system, U, = Ekcffxz , an increase in
the effective spring constant causes the potential energy of the block-spring system to
increase for a given displacement. Therefore, based on conservation of energy,
1 kox? = L >
5 eff X = Emvmax’
energy, resulting in a greater maximum velocity. Therefore, the maximum velocity will
increase with an increase in the number of springs added.

an increase in the potential energy will cause an increase in the kinetic

OR

An increase in the number of identical springs attached in parallel to each other causes the
N

effective spring constant to increase, k. = Zki . Since the effective spring constant is
i=1

m

inversely proportional to the period of oscillation of the block-spring system, T = 2x o
eff

an increase in the effective spring constant causes the period to decrease. Since the period is

inversely proportional to the angular frequency of the block-spring system, @ = 27 , the

angular frequency increases. Since the maximum velocity is proportional to the angular
frequency, vy, = Xo®, this results in an increase in the maximum velocity. Therefore, the
maximum velocity will increase with an increase in the number of springs added.

Total for part (d) 5 points

Total for question 2 15 points
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INARE: BRATAHSITE

NAENRIESEHMBKEX, BAFEAN2N/ (U/g), MEEREMWERE IR, FTEIHHNEK.
BRME, FAELAY 26F, MRFHAFEKNL/Y 2; REM/IMRIBERHNZ KR,

%% 2024 Set 1 Q1 (c)
Stringl
(
Block A . . . Block B
M N : e
m : H : 3m |
i — ]
[ : : : : X
0 R0 X X X3

Note: Figure not drawn to scale.

Figure 1

1. Block A and Block B of masses m and 3m, respectively, are arranged in a setup consisting of an ideal spring
with spring constant £ and a horizontal surface. Friction between the surface and the blocks is negligible except in
a region of length D, where the coefficient of kinetic friction between Block A and the surface is ¢. Block B is
attached to a string of length ¢ and negligible mass, as shown in Figure 1. Block A is held against the spring,
compressing the spring a distance x,.

Attime ¢ = 0, Block A is located at position x = x( and is released from rest. After the block is released, the
following occurs.

» Attime f = f;, Block A is at x = x; after traveling a distance x.. Block A moves with speed v,
and the spring is at its equilibrium position.

e At time ¢ = t,, the left side of Block A is at x = x, after passing through a distance D across
the region with nonnegligible friction.

* Attime t = t3, Block A is at x = x3 and Block A collides with and sticks to Block B.
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N
N
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\\
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N
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[RER P A —— ]
m | 3m Iy
I3

Note: Figure not drawn to scale.

Figure 2

After the collision, the two-block system instantaneously comes to rest at time 74, which occurs when the string
makes a small angle 6, with the vertical, as shown in Figure 2. For times ¢ > 14, the system oscillates with
frequency f,. The support holding the string is raised, and the procedure is then repeated using a new string of
length 2 ¢.

(c) Indicate how the new frequency of oscillation f,, of the system on the new string of length 2 ¢ will compare

to the frequency of oscillation f, from the original procedure.

YRS

Briefly justify your answer.

VYR — L=

fi#:
INBEERSRERRB KN ENINRE RE, BENE, BEREAIRS ZE, FRLURERR/); REEMVE

RERZD X ANERE/ A B ER,
14 fe
T=2 -, == < f,.
7T\/; f2£ \/E fé
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BA¥5

(c) For selecting f,, < f, with an attempt at a relevant justification 1 point

For correctly applying an equation that relates the length of a pendulum to the period or 1 point
frequency of the pendulum

Example Response

The period of a pendulum is calculated by using T = 27 \/g . Therefore, as the length is

increased, the period will also increase. Because frequency and period are inversely related,
an increase in period will result in a decrease in frequency.

Total for part (c) 2 points

Total for question 1 15 points

NALE: MEEEBMEKERES

REFEUEMIRNAZSLREIENE, AMEEXNSREFEUENAREAR/NKIEL. M&EAI
BEERR, HERITEUE, BRZBLANFIEDZ—&: FRRA. 14KT, MEEm Lt

BEIZE,

IR 2022 Set 2 Q3 (c)(i)

Board

Ax [ [ ] 1
______________________ 7 5 o
___________________________________ K
Stretched

Spring | L |

Figure 1 Figure 2

Note: Figures not drawn to scale.

3. A uniform board of length L and mass m is attached to a pivot % from the left end of the board. The left end of
the board is attached to an ideal spring of spring constant k that is attached to the ground. The right end of the
board is initially held by a student so that the spring is unstretched, as shown in Figure 1. The student slowly
lowers and then releases the board. The board remains at rest in the horizontal position, with the spring stretched,

as shown in Figure 2. The rotational inertia of the board about the pivot is /.
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Note: Figure not drawn to scale.

(c) A student pushes the board down on the right side, stretching the spring a new distance Ax, from the
unstretched position. The board is held at a small angle 6, with the horizontal, as shown. The student then
releases the board from rest.

i. At time ¢ = 0, the board is released. At ¢ = f;, the board first crosses the horizontal. Sketch a graph of the
magnitude of the angular acceleration ¢ of the board as a function of time ¢ from ¢t = 0 to t = 4.

fi#:

WEREMERLERR, BREAEX/NMIGREA; BEKFEFEEUENEDZ, NARMDBUIBMERIR
RIZBN, MEREANSUBANEL, SELBETE. @M, PEI%KE,
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AIEREAR/N: MEXER FHEEIZ.,
BAIFS
(c)(i) For a sketch that begins at a maximum value and monotonically decreases to a minimum of 1 point
zeroat t = ¢
For a sketch that is concave down between ¢ = 0 and ¢ = ¢ 1 point

Example Response

o

!
I

Scoring Note: Any part of the graph beyond ¢ is not considered in scoring.

EHREE DR MAOMIETHERBEEE
HERBME, BEEIEM; STEMSVIRTHEREE, EVEES. REENE, MiEFREREN

2, FERRNIE, HERIEEEREERELMNE TR, REREETS, M LEMME/); JBERThEEN
EEH,
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(
Block A Block B
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} } t t } X
0 R X1 X2 X3

Note: Figure not drawn to scale.

Figure 1

1. Block A and Block B of masses m and 3m, respectively, are arranged in a setup consisting of an ideal spring
with spring constant k and a horizontal surface. Friction between the surface and the blocks is negligible except in
aregion of length D, where the coefficient of kinetic friction between Block A and the surface is . Block B is
attached to a string of length ¢ and negligible mass, as shown in Figure 1. Block A is held against the spring,

compressing the spring a distance x.

Attime 7 = 0, Block A is located at position x = x( and is released from rest. After the block is released, the
following occurs.

* Attime f = f;, Block A is at x = x; after traveling a distance x.. Block A moves with speed v,
and the spring is at its equilibrium position.

e At time ¢ = t,, the left side of Block A is at x = x, after passing through a distance D across
the region with nonnegligible friction.

* Attime f = f3, Block A is at x = x5 and Block A collides with and sticks to Block B.
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Note: Figure not drawn to scale.
Figure 1
(b)

i. On the following axes, sketch a graph of the kinetic energy K of Block A as a function of time ¢ from
time ¢ = 0 to time #3.
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BA¥5

(b)(i) For a nonlinear sketch that begins at zero and increases for the entire time interval 0 < ¢ < 1 point
For a sketch that decreases for the entire time interval # < ¢ < #, but does not go to zero 1 point
For a sketch that is concave up for the time interval #; <t <t, 1 point
For a continuous function for the time interval # < ¢ < ¢; that has a horizontal line that is 1 point

greater than zero for the time interval ¢, <t < #;

Example Response

K
A
I
]
1
1
1
1
1
]
1
1
1
1
1
1
I
1
1
1
1

$:>] 2024 Set 1 Q1 (b)(ii)
Zia)&d$E 2024 Set 1 Q1 (b)(i)o

Stringl
C‘
Block A Block B
. ¥ 3 D .
M : e
m : H : 3m I
i i ]

} } } } } X
0 R X1 X2 X3

Note: Figure not drawn to scale.

Figure 1

1. Block A and Block B of masses m and 3m, respectively, are arranged in a setup consisting of an ideal spring
with spring constant k and a horizontal surface. Friction between the surface and the blocks is negligible except in
aregion of length D, where the coefficient of kinetic friction between Block A and the surface is u. Block B is
attached to a string of length ¢ and negligible mass, as shown in Figure 1. Block A is held against the spring,

compressing the spring a distance x.
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fi#:

At time ¢ = 0, Block A is located at position x = x( and is released from rest. After the block is released, the
following occurs.

e Attime 1 = £}, Block A is at x = x; after traveling a distance x.. Block A moves with speed v,
and the spring is at its equilibrium position.

* At time f = t,, the left side of Block A is at x = x, after passing through a distance D across
the region with nonnegligible friction.

e At time t = 3, Block A is at x = x3 and Block A collides with and sticks to Block B.

ii. Use principles of work and energy to justify the graph drawn in part (b)(i) for the time interval t = 0 to
t = 1;. Explicitly reference features of the shape of the graph you drew in part (b)(i).

7 —EMIEY), FIGHAEHENI; {ESRES DTEAEUATRE, TERERNN I HE M EET

K1

AK
R o,
a8

i

1
A

/R

FREAE, ohREEMRRE; PENS5EEHIFE, FRE; BEIRKNENNE, REXAF,

BEANSR

(b)(ii) For a statement about the change in kinetic energy that is consistent with the graph drawn in 1 point
the response for part (b)(i)

For a correct explanation for why the kinetic energy is increasing, such as one of the 1 point
following:

e An increasing graph means positive work is being done on the block.

e An external force is exerted on Block A, causing the velocity of the block to increase
and the kinetic energy of the block to increase.

e Mechanical energy is conserved and/or there is no work done for the block-spring
system, and the potential energy decreases.

For a correct explanation for why the graph is nonlinear, such as one of the following: 1 point
e The rate at which the slope of the graph changes is related to the rate at which work is

being done on the block.
e The external force exerted on Block A is changing, which causes a nonuniform change

in the velocity of Block A , which results in a nonuniform change in kinetic energy.

Example Response

From 0 <t < t,, the kinetic energy of Block A increases. The force exerted on the block by
the compressed spring transfers the elastic potential energy in the block-spring system to the
kinetic energy of the block. Because the force exerted by the spring is not applied at a
constant rate, the kinetic energy of the block does not increase at a constant rate.

Total for part (b) 7 points
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PIREHEE: MERETSHEE MM

TN BEENEARBNELEMRETIE, PRIENGLESL, HBRGAKTL, MEFEABSHE
BT, #ANRER, EEELNERMEIIEE, sHENARREIEREIEK, R TM.

5RH 2024 Set 2 Q1 (b)(i)
Zsja) A3 2024 Set 2 Q1 (a)(i). 2024 Set 2 Q1 (a)(ii)o

Block A

Note: Figure not drawn to scale.

1. Blocks A and B of masses 2m and m, respectively, are arranged in a setup consisting of a ramp that makes an
angle 6 with a smooth horizontal table and an ideal spring of spring constant k fixed to a wall, as shown.
Block A is held at rest a distance D up the ramp, and Block B is at rest on the horizontal table. The coefficient of
kinetic friction between Block A and the rough ramp is u in the region of length D, and there is negligible
friction between the blocks and the smooth table.

Attime ¢t = 0, Block A is located at horizontal position x = 0 and is released from rest. After the block is
released, the following occurs.

e Attime t = £}, Block A has traveled a distance D down the ramp, has transitioned to the table,
and is moving with speed v at x = x;.

* Attime f = fp, Block A is at x = x, when it collides with and sticks to Block B.

* At time t = f3, the combined blocks A and B are at x = x3 when they collide with and stick to
the spring in its equilibrium position.

* At time ¢ = t,, the combined blocks A and B are instantaneously at rest and the spring is
compressed a distance x, from its equilibrium position.
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Block A

Block B f—X—]
N ‘

m

0 X Xy X3
Note: Figure not drawn to scale.

(b)
i. On the following axes, sketch a graph of the magnitude of the momentum p, of Block A as a function
of time ¢ from ¢ = 0 to #,.
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BA¥5

(b)(i) For a sketch that increases linearly during the time interval 0 < ¢ < 1 point

Scoring Note: A sketch that only increases linearly from ¢ = 0 to ¢ = ¢, earns this point.

For a horizontal line for the time interval #; < ¢ < ¢, that is continuous at f 1 point

For a horizontal line for the time interval ¢, < ¢ < ¢; that has a smaller magnitude than the 1 point
previous time interval

For drawing a concave down curve, continuous at #;, in the interval #; < ¢ < ¢, that reaches 1 point
zero at 1y

Example Response

~
S ~ |
>

£:3] 2024 Set 2 Q1 (b)(ii)
Zsa) 3% 2024 Set 2 Q1 (b)(i)o

Block A

Note: Figure not drawn to scale.

1. Blocks A and B of masses 2m and m, respectively, are arranged in a setup consisting of a ramp that makes an
angle 6 with a smooth horizontal table and an ideal spring of spring constant k fixed to a wall, as shown.
Block A is held at rest a distance D up the ramp, and Block B is at rest on the horizontal table. The coefficient of
kinetic friction between Block A and the rough ramp is u in the region of length D, and there is negligible
friction between the blocks and the smooth table.
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Attime ¢t = 0, Block A is located at horizontal position x = 0 and is released from rest. After the block is
released, the following occurs.

 Attime f = f;, Block A has traveled a distance D down the ramp, has transitioned to the table,
and is moving with speed v at x = x;.

* Attime t = 1, Block A is at x = x, when it collides with and sticks to Block B.

* At time f = f3, the combined blocks A and B are at x = x3 when they collide with and stick to
the spring in its equilibrium position.

At time ¢ = ¢4, the combined blocks A and B are instantaneously at rest and the spring is
compressed a distance x, from its equilibrium position.

ii. Use principles of forces to justify the graph drawn in part (b)(i) for the time interval 7 = 3 to t = .
Explicitly reference features of the shape of the graph you drew in part (b)(i).

fi#d:

WERMIRGEHR N3m, ERFESE, RABOEK, FETRESEHR. ANENZURHACHIRERHE
[EINEE L Ho

d 2
% = 2ma = —gk‘az.

WA R K ENRNERANT, EROPREMELA, FttHZETM,

3ma = —kx,

BA ¥

(b)(ii) For a statement about the change in momentum that is consistent with the graph drawn in the 1 point
response for part (b)(i)

For indicating that a decreasing graph means that the force exerted on Block A isina 1 point
direction opposite to the motion of Block A

Scoring Note: A response that indicates that an increasing graph means that the force exerted
on Block A is in the same direction as the motion of Block A also earns this point.

For relating the change in momentum to the magnitude of the force exerted on Block A 1 point

Example Response

The momentum of Block A decreases between t, and t, because the spring exerts a force on
the blocks in the opposite direction of the velocity of the blocks, causing the blocks to slow to
a stop. The spring force increases the more the spring compresses, so the momentum of Block

A decreases at an increasing rate, which is shown in the slope of the curve becoming steeper
with time.

Total for part (b) 7 points
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2. In Scenario 1, a system composed of two springs, A and B, and a block of mass m is at rest on
a horizontal surface. Friction between the block and the surface is negligible. Each spring is
attached to a fixed wall and the block, as shown in Figure 1. Spring A has a spring constant £
and Spring B has a spring constant 2. Each spring is at its relaxed length when the block is at
position x = 0, as shown.

Spring Spring
A B

x=0

Figure 1

The block is moved to x = x; and held at rest, as shown in Figure 2.
+y

Spring
| -
+x

Spring !

Figure 2
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C. In Scenario 1, the block oscillates with period 7. The position x of the block in Scenario 1 as a
function of time ¢ is shown in Figure 4.

X
1
+X1 1
0 f f f I I I t
1 T 3 2T S5 3T
2 T 2 T 2 T
_xl A1
Scenario 1
Figure 4

In Scenario 2, the block-springs system is placed on a new surface. There is friction between
the block and the new surface. The block is again moved to the same position x = x; and
released from rest. The block completes multiple oscillations with the same period as in
Scenario 1 before coming to rest.

On the axes shown in Figure 5, sketch a graph of the kinetic energy K of the block as a
function of ¢ for Scenario 2.

K
J

N =
N
[\

Scenario 2

Fionra S
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fi&:

HEER=AR; SE—MEAREEANE, KEFMIERAMER—IER. EETEFEBINEE,
BIRENBEIEERR T

K

Scenario 2

Figure 5

ERERFMIBERR; NaLIEn, BEER,
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BA¥5

C For sketching a curve that starts at zero and is always positive or zero Point C1
. L . . Point C2

For sketching a periodic curve with zeros that have a period of %T oint C
For sketching a periodic curve with a decreasing amplitude Point C3

Example Response

K
o) Y Y Y ¥ ' ' t
1 T 3 2T 5 3T
2T 2T X
Scenario 2
Figure 5

FREEK: fkepFEIREEK

F—HARENLSEEERE, MEEAERRRGETARIER, BMEEEE, BUkHRAZRIRNHY
1RE; EAREhREEIR— N EIPHARM, PILOEAEIPIEZE RAvRdEEfRE R, HiRRMRIEEARRIRE,
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= 2025 Q2 (D)
Zsa)&3E 2025 Q2 (C)s

2. In Scenario 1, a system composed of two springs, A and B, and a block of mass m is at rest on
a horizontal surface. Friction between the block and the surface is negligible. Each spring is
attached to a fixed wall and the block, as shown in Figure 1. Spring A has a spring constant &
and Spring B has a spring constant 2k. Each spring is at its relaxed length when the block is at
position x = 0, as shown.

Spring Spring
A B

x=0

Figure 1

The block is moved to x = x; and held at rest, as shown in Figure 2.
+y

Spring
L —
+x

Spring !
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C. In Scenario 1, the block oscillates with period 7. The position x of the block in Scenario 1 as a
function of time ¢ is shown in Figure 4.

X
1
+X1 1
0 f f I I I ' t
1 T 3 2T S5 3T
2 T 2 T 2 T
_xl A1
Scenario 1
Figure 4

In Scenario 2, the block-springs system is placed on a new surface. There is friction between
the block and the new surface. The block is again moved to the same position x = x; and
released from rest. The block completes multiple oscillations with the same period as in

Scenario 1 before coming to rest.

D. In Scenario 3, the block is replaced with a new block of larger mass. The coefficient of kinetic
friction between the new block and the surface in Scenario 3 is the same as the coefficient of
kinetic friction between the original block and the surface in Scenario 2.

The new block is moved to position x = x; and released from rest. The kinetic energy of the
new block is plotted as a function of time.

Describe how one feature of the graph of K as a function of ¢ in Scenario 3 would differ
from the graph you drew in Figure 5 for Scenario 2.

Briefly justify your answer.

fi#é:
TR A, MEENTEERET, MARKRERK; B AEESXTREIE, FrLEhEEEE
SRIEFNZT S [E)FRE A

m

T=2 .
™\ 3k

XERAIGKANZ RIRIRE, NMERERNEEAIRE MR FRIEZ.
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BA¥5

D For indicating one of the following: Point D1

e The period increases.
e The rate at which the graph approaches zero increases.
e The maximum value of K over each period is less than the graph drawn.

For a correct justification relevant to the feature indicated Point D2
Example Responses

The period of the graph increases. The period of a simple harmonic oscillator increases
with increasing mass.

OR

The rate at which the graph approaches zero amplitude increases. Because the mass of
the block is larger, the force of friction is greater, which causes the block to lose energy
at a greater rate.

250



AP Physics C + 1% BMHX  2025Q3 (A)

KIR: WE, KMEESSHRRKR

RNSEMER: KITEENE

BERELKRENNEE, SHERRUEEANKRERNROEEE, URSHELEIKEFER, ¥ZT
BEWE—ARKE, A—REEE, BREMBIEE. SRAMBLEER, ®RIHE—EE, NMEBEINE
EREIfFRULBEE.

fHIR% 2025 Q3 (A)

3. A box is connected to one end of a rigid rod. Both the box and the rod have negligible mass. The

other end of the rod is connected to a pivot. The box is open on one side, and a block is placed
inside the box.

The center of mass of the block is displaced a vertical distance h, as shown in Figure 1. The
block-box system is then released from rest and swings downward. There is negligible friction
about the pivot. When the system is at the lowest point of its swing, the rod collides with a rigid
stopper, as shown in Figure 2. The box comes to rest, and the block is launched horizontally out
of the box. The block moves across a horizontal surface toward a motion sensor that measures
the speed of the block. All frictional forces are negligible.

Pivot

Stopper ':|

Block
Rod
Box jl_
Figure 1 Figure 2

A. Students are asked to experimentally determine the acceleration due to gravity g using a

linear graph. To determine g, the students are permitted to use measurements from only a
meterstick and the motion sensor.

Describe an experimental procedure using the described setup to collect data that would
allow the students to determine an experimental value of g using a linear graph. Include any
steps necessary to reduce experimental uncertainty.

fi#:

FARRWYBREOEN &R U BNRREED, FERR, BEhiRlas R K T HREERY,
MNE—SEEENEHNTY, BAZIMTESEEELN, MUROEEE, MARHRERELING
o
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BA¥5

A For describing a procedure that includes measuring /4 and the speed of the block as the Point A1
block moves across the surface
For a procedure that indicates a reasonable method of reducing experimental Point A2
uncertainty

Examples of acceptable responses may include the following:

e Repeating the experiment multiple times for the same value of 7
e Repeating the experiment for multiple values of 4

Example Response

Measure the height h at which the block-box system is released. Measure the speed of
the block as the block slides across the horizontal surface. Repeat the measurement of
the speed of the block for varying release heights.

SRR EREESHERESESH

RKREEMKE, FILUEFRREEREREESYIRTEEEXNELER, SHECIERERKNMUE,; E4
WENRCBRIETN B T ERERRER, NEEER—FR. R—AE#HT.

= 2026 Q3 (A)(i)

The following information applies to parts A and B.

3. A horizontal spring of known spring constant k is attached to a wall. A block of known mass m
is placed on a horizontal surface next to but not attached to the spring. The spring is at its
relaxed length when the block is at position x = 0, as shown in Figure 1. There is friction
between the block and the surface only for positions x > 0.

Figure 1

k — {5‘1{

x=0

+x

A student is asked to experimentally determine the coefficient of kinetic friction 4, between
the block and the surface using a graph. The student is permitted to use only measurements
from a meterstick.

i. Indicate quantities that could be measured by the student that would allow them to
determine 4, using a graph.

fi:

M Z RN RKHEREC, URMRKAEX=-0EREREREEERd, FEILICRRHERNRIE
INERGEREE S
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BAIFS

A (i) Forindicating both of the following quantities: Point A1

e The spring compression, x
e The distance the block slides to the right of x = 0, d

Scoring Note: The variables given are chosen only for illustrating algebraic
relationships in parts A and B. Responses may earn this point by using any clearly
defined quantities or variables.

BNVERHEE . EEF—FEBIRTY

BT EEEFEERRHCRIFLLER, RFYLURREIIRE; S#—KRELMRBSEATLURLD
F—HHARRE. AREFHHEERBESE, BUEELEERETRBIER, MMHEERIETRRE,

5% 2026 Q3 (A)(ii)

The following information applies to parts A and B.

3. A horizontal spring of known spring constant k is attached to a wall. A block of known mass m
is placed on a horizontal surface next to but not attached to the spring. The spring is at its
relaxed length when the block is at position x = 0, as shown in Figure 1. There is friction
between the block and the surface only for positions x > 0.

Figure 1
+Xx
k i Mk
moooe
x=0

A student is asked to experimentally determine the coefficient of kinetic friction 4, between
the block and the surface using a graph. The student is permitted to use only measurements
from a meterstick.

ii. Briefly describe a method to reduce experimental uncertainty for the measured
quantities.

fi#:
HENEEEEERKHEITY, BEAZIMNEFZWELRE, BEERNER5REE.
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BA¥5

(ii) For describing a reasonable method of reducing experimental uncertainty Point A2
Examples of acceptable responses include the following:

o Completing multiple trials using different values for the spring compression
e Repeat measurements for each trial
e Improved measurement technology to measure length more precisely

Example Response

Measure the distance the spring has been compressed from equilibrium. Release the
block and measure the distance the block traveled from the point at which the block
loses contact with the spring. Perform multiple trials using different initial spring
compressions.

RIERSEMm: BERE, RegBRY

BHMERAKERSSHMAE, EREEARMRIFTRN—AYE, RERZZIFANNEES, £F
MEIDEE—S. AEmRNRIESMARNEETS, BRERENME. RITENEM,

553 2024 Set 2 Q2 (e)(i)

F
Sphere 1

Figure 1

2. A student drops a sphere of mass m from rest. The air exerts a drag force of magnitude Fy,, on the sphere, as
shown in Figure 1. The student models the magnitude of the drag force as Fy,o = bv, where v is the speed of the

sphere and b is a positive constant with appropriate units.

A student claims that the terminal speed vy of the sphere depends on the diameter D of the sphere. The student
designs an experiment to collect data that can be used to provide evidence to support the claim.

(e) The student has access to but does not have to use all of the following equipment.

* Sphere Set 1: spheres of the same known mass with different known diameters
* Sphere Set 2: spheres of the same known diameter with different known masses

* A motion detector that can measure velocity as a function of time

i. Indicate two quantities that when graphed could be used to determine whether the diameter of the
sphere affects the terminal speed.

Vertical axis: Horizontal axis:
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fi&:
YA\HNENRIR, MEHEIKERR. EIKAL: IKBNREERMERAE.

BEAHS

(e)(i) For indicating the diameter of the sphere should be graphed 1 point

For indicating the terminal velocity of the sphere should be graphed 1 point

#:>] 2024 Set 1 Q2 (e)(i)

Cylinder

Figure 1

2. A student drops a cylinder of mass m from rest. The air exerts a drag force of magnitude Firag 0N the cylinder, as
shown in Figure 1. The student models the magnitude of the drag force as Fy,, = bv?, where v is the speed of the

cylinder and b is a positive constant with appropriate units.

RN RN

Cylinder

| Length |

Figure 3

A student claims that the magnitude of the maximum speed of a cylinder dropped from rest depends on the length
of the cylinder. The student designs an experiment to collect data that can be used to provide evidence to support
the claim. The student drops cylinders with the orientation shown in Figure 3.

(e) The student has access to but does not have to use all of the following equipment.

e Cylinder Set 1: cylinders of the same known length with different known masses
* Cylinder Set 2: cylinders of the same known mass with different known lengths

* A motion detector that can measure velocity as a function of time

255



AP Physics C + 1% AN 2024 Set 1 Q2 (e)(i)

i. Indicate two quantities that when graphed could be used to determine whether the length of the cylinder
affects the maximum speed.

Vertical axis: Horizontal axis:
fi&:
YPHERA T ERR, EHNEFKE, EREMERE. KEARNEMEH2,
BEAES

(e)(i) For indicating that the length of the cylinder should be graphed 1 point

For indicating that the maximum velocity of the cylinder should be graphed 1 point

RIENEEEHMXR: TUBFBEIHE

BTIRIEERR. NKREHNTY, FERSRIFE: EXREEIEENERENTL, HEX
BRYPEMAE; SEMAE, BERETREME. RISHREMBFRESHERE, 7 EREHMRT,

IR 2024 Set 2 Q2 (e)(ii)

Sphere

Figure 1

2. A student drops a sphere of mass m from rest. The air exerts a drag force of magnitude Fy,, on the sphere, as
shown in Figure 1. The student models the magnitude of the drag force as Firag = bv, where v is the speed of the

sphere and b is a positive constant with appropriate units.

A student claims that the terminal speed vt of the sphere depends on the diameter D of the sphere. The student
designs an experiment to collect data that can be used to provide evidence to support the claim.

(e) The student has access to but does not have to use all of the following equipment.

¢ Sphere Set 1: spheres of the same known mass with different known diameters
* Sphere Set 2: spheres of the same known diameter with different known masses
* A motion detector that can measure velocity as a function of time

ii. Briefly describe how the quantities graphed could be used to determine the relationship between sphere
diameter and terminal speed.
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fi#:

MENERMEBIEER, BEahiRlRcREEREIERIMHL, RENFERE, HEENE, BLER
ERFE, FLRHIBEINEFENZN, KEIFFERFMAE; SEMAE, HERETRX—
Mo RIFMEFLERN T BRIEENERIRIAFERMN,

BA¥5

(e)(ii) For describing how the quantities graphed are related to the conclusion of the experiment 1 point

Example Response

The slope of the diameter vs terminal velocity graph can be used to determine if sphere
diameter affects terminal velocity.

Total for part (¢) 3 points

Total for question 2 15 points

#:>] 2024 Set 1 Q2 (e)(ii)

‘ ‘ ’ F drag

Cylinder

Figure 1

2. A student drops a cylinder of mass m from rest. The air exerts a drag force of magnitude Firag on the cylinder, as
shown in Figure 1. The student models the magnitude of the drag force as Fy,y = bv?, where v is the speed of the

cylinder and b is a positive constant with appropriate units.
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Cylinder

| Length |

Figure 3

A student claims that the magnitude of the maximum speed of a cylinder dropped from rest depends on the length
of the cylinder. The student designs an experiment to collect data that can be used to provide evidence to support
the claim. The student drops cylinders with the orientation shown in Figure 3.

(e) The student has access to but does not have to use all of the following equipment.

e Cylinder Set 1: cylinders of the same known length with different known masses
e Cylinder Set 2: cylinders of the same known mass with different known lengths

* A motion detector that can measure velocity as a function of time

ii. Briefly describe how the quantities graphed could be used to determine the relationship between
cylinder length and maximum speed.

fi#:

BTREFREEESER, BRNSHEETS, EEHNTY, BLENKEFE, BdEBEEEE
SEENEMHREFIMIKENREN, FERNNEREBICARERILKE,
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BAIFS

(e)(ii) For describing how the quantities graphed are related to the conclusions of the experiment 1 point

Example Response

The slope of the length vs. maximum velocity graph can be used to determine if length affects
terminal velocity.

Total for part (¢) 3 points

Total for question 2 15 points

EN¥nEE: THRENRESE

THRERREY, mghFEFmv?/2, REANAEEFI =g(2h), XERHESTREREENELTR. Nid
o HEEhE2h, RIEEESAG, TREBVThIE/XREEREZ.

v? = g(2h).

5= 2025 Q3 (B)
ZN[R)73E 2025 Q3 (A)o

3. Abox is connected to one end of a rigid rod. Both the box and the rod have negligible mass. The
other end of the rod is connected to a pivot. The box is open on one side, and a block is placed
inside the box.

The center of mass of the block is displaced a vertical distance h, as shown in Figure 1. The
block-box system is then released from rest and swings downward. There is negligible friction
about the pivot. When the system is at the lowest point of its swing, the rod collides with a rigid
stopper, as shown in Figure 2. The box comes to rest, and the block is launched horizontally out
of the box. The block moves across a horizontal surface toward a motion sensor that measures
the speed of the block. All frictional forces are negligible.

Pivot

Stopper .:|

Block
Rod
Box jl_
Figure 1 Figure 2

259



AP Physics C + 1% HMHN 2025 Q3 (B)

B. Describe how the data collected in part A could be graphed and how that graph would be
analyzed to determine the value of g.

fi#:
WHIEEE, T SHRREUNSBTIERE T 2R, BRTHEHFBEDT IRAIEHEE,
2

1
mgh = 5 MY, v? = g(2h).

EHERh, WHENEE TS, MGELANERRENMRE, XFEFAFENRE, BNOE/AERR
—BEESHFEL.

BEAHS

B For describing a graph that has linear trend that can be used to find g Point B1
Examples of acceptable responses include the following:

o Vs 2h

° %vz vs. h

o Vs h
e vvs. Vi

Scoring Notes:
e Reponses that include the reciprocals of the preceding examples, in addition to

other equivalent graphs, also earn this point.
e This point may be earned independently of the response in part A.

For correctly relating the slope of the best-fit line to g Point B2
Examples of acceptable responses include the following:
Graph Analysis
V2 vs. 2h slope = g
1 » -
FV Vs, h slope = g
v ovs. h slope = 2¢
v vs. Vi slope = |2g

Example Response

Plot v* on the vertical axis and 2h on the horizontal axis. The slope of the best-fit line
isequalto g .
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BERERENDEE: SEMELEER

YIRRZET, YEmgheBE AEEEERIEFREUMgxmax, 9Emg, FEh=uxmax, FFLEEN
FIEUENEERENEREIRRA N, TAXRRATH, BLIERPHIE.

h = pamax.
iR 2025 Q3 (C)(i)

3. Abox is connected to one end of a rigid rod. Both the box and the rod have negligible mass. The
other end of the rod is connected to a pivot. The box is open on one side, and a block is placed
inside the box.

The center of mass of the block is displaced a vertical distance h, as shown in Figure 1. The
block-box system is then released from rest and swings downward. There is negligible friction
about the pivot. When the system is at the lowest point of its swing, the rod collides with a rigid
stopper, as shown in Figure 2. The box comes to rest, and the block is launched horizontally out
of the box. The block moves across a horizontal surface toward a motion sensor that measures
the speed of the block. All frictional forces are negligible.

Pivot

Stopper ':|

Block
Rod
Box jl_
Figure 1 Figure 2
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C. The experiment is repeated, but the horizontal surface on which the block slides is replaced
with a new rough surface, as shown in Figure 3. The coefficient of kinetic friction between
the block and the new surface is 4.

Figure 3

The block-box system is pulled aside so that the center of mass of the block is displaced
various vertical distances h and then released from rest. For each vertical distance, students
measure the position x = x,,,, at which the block comes to rest.

The students’ measurements of h and x,,,,, are shown in Table 1.

Table 1
h(m) | xpax(m)
0.30 0.76
0.45 1.10
0.60 1.40
0.75 1.90
0.90 2.30

i. Indicate two quantities, either measured quantities from Table 1 or additional calculated
quantities, that could be graphed to produce a straight line that could be used to
determine /4.

Vertical axis: Horizontal axis:

fi#:
MREEEYIRREET. EVENBERZXESTHAERES, ZFHAZEHK.

mgh = Wmgamay. h = pmay.

BUEHEE LI E. HHEERSE, WP AmM,
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BAIFS

C (i) Forindicating appropriate quantities that could be plotted to produce a linear graph that ~ Point C1

can be used to determine g, suchas & vs. x,.

Scoring Note: Reponses that include the reciprocal of the preceding example, in
addition to other equivalent graphs, also earn this point.

SRR EIRMER . EENESEETS

VIR ERE R kc? 2RAWMERG R ERuMgdHER, BIEMIMNAHES, MEERRRRKERRZY. £
FEEFLERJIMERKE, BEFEFS, MR UBEZERm

k 2
= c”.
2pmy

d

5= 2026 Q3 (B)(i)

The following information applies to parts A and B.

3. A horizontal spring of known spring constant k is attached to a wall. A block of known mass m
is placed on a horizontal surface next to but not attached to the spring. The spring is at its
relaxed length when the block is at position x = 0, as shown in Figure 1. There is friction
between the block and the surface only for positions x > 0.

Figure 1

k — {/jk

x=0

+x

A student is asked to experimentally determine the coefficient of kinetic friction 4, between
the block and the surface using a graph. The student is permitted to use only measurements
from a meterstick.

i. Indicate what quantities the student could graph on the horizontal and vertical axes to
create a graph that can be used to determine .

fi#e:
I R RER 2 2P ERE R AV EEIRFER. BBV BENT . NHEUSLEEES,

ko
= c”.
2pmyg

1
ik‘CQ = pupmgd, d
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BA¥5

B (i) For indicating quantities that produce a graph that has a linear trend that can be used to Point B1
determine g,

Examples of acceptable responses include the following:

e das a function of x°
e Jd asa function of x

Scoring Notes:

e Responses that include the reciprocals of the preceding examples, in addition to
other equivalent graphs also earn this point.
e This point may be earned independently of the response in part A.

#:3] 2026 Q3 (B)(ii)
Zsjm) 3% 2026 Q3 (B)(i)o

The following information applies to parts A and B.

3. A horizontal spring of known spring constant k is attached to a wall. A block of known mass m
is placed on a horizontal surface next to but not attached to the spring. The spring is at its
relaxed length when the block is at position x = 0, as shown in Figure 1. There is friction
between the block and the surface only for positions x > 0.

Figure 1
+x
k M
L\WMMMF' il T A
x=0

A student is asked to experimentally determine the coefficient of kinetic friction 4, between
the block and the surface using a graph. The student is permitted to use only measurements
from a meterstick.

ii. Briefly describe the relationship between y, and a feature of the graph from part B
(1). Your answer may include an equation that relates (£, and the chosen feature of the
graph.

fi#:
HEINEELRIRICAS, EMNELRE, BREEERK,

_k _k
- 2umg’ B = 2mgS’

S
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BA¥5

(ii) For correctly describing the relationship of the slope of the best-fit line to Point B2

Examples of acceptable responses include the following:

Graph Analysis

. 2 slope =
d as a function of x 2u,mg

k
2ymg

Jd as a function of x slope =

Example Response

Plotting sliding distance on the vertical axis and the square of the compression distance
on the horizontal axis will yield a linear graph. The slope of the graph will be equal to
k

o He = 2mg (slope)

—s
2y mg

HEMEEAS. SENEREETS

BRWKEER, SERETHURSRNENEE, BENh=(knew/2mg)s?, HHZBE. HHZ
EBEFTT. NEIEYIRIEIEN2.0kg,

— knew 52‘
2mg
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5 2026 Q3 (C)(i)

The following information applies to parts C and D.

In a different experiment, the student is asked to determine the spring constant k,.,, of a new
spring that is attached to a wall. A block of mass 2.0 kg is placed next to the spring on a surface
where frictional forces are negligible. The surface is horizontal near the spring and slopes

upward into a ramp to the right of the initial position of the block, as shown in Figure 2.

Figure 2

2.0kg

kn ew

The student pushes the block, compressing the spring a distance s, as shown in Figure 3. The
block is released from rest.

Figure 3

P i B

—s—]

The student uses a meterstick to measure the maximum height h of the block on the ramp. The
experiment is repeated several times with different compression distances s. The student’s
measurements of s and h are shown in Table 1.

Table 1
s (m) h (m)
0.020 0.02
0.040 0.04
0.060 0.13
0.080 0.18
0.100 0.33

266



MmN 2026 Q3 (C)(i)

AP Physics C + 1%

Quantity (units, if appropriate)

Eh,
Point C1

—_
=]
=]

knew 82.
2mg

Quantity (units, if appropriate)
h

FREHRE, AT, YAHEX

267

iy
>Z

2

B
1

2
Scoring Note: Responses that include the reciprocals of the preceding examples, in

addition to other equivalent graphs, also earn this point.

i
k...s>=mgh
new - g 9

=
2

=
Bx

mgh as a function of

h as a function of s>
VI as a function of s

units, as appropriate. The graphed quantities should yield a linear graph that can be used
[ ]

to determine k.
to produce a linear graph that can be used to determine £, , such as:

BER, HEMERETE

i. Label the axes of the grid provided with measured or calculated quantities. Include

(i) For labeling the axes with appropriate quantities (including units) that could be plotted

~
~

A
0y

g

C

PN
I~3<

BEANS

fi#:
E]
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SMES: SEELR, BISZIESHR(

IR, WETREEELNNE. U85, FEFANEEZITES; EHEAYYERFZIE, 5
BERREM, BIEFEREEREL, #zIERENESRTMERMEILE,

%% 2025 Q3 (C)(ii)
Zia)&dE 2025 Q3 (C)(i)o

3. A box is connected to one end of a rigid rod. Both the box and the rod have negligible mass. The
other end of the rod is connected to a pivot. The box is open on one side, and a block is placed
inside the box.

The center of mass of the block is displaced a vertical distance h, as shown in Figure 1. The
block-box system is then released from rest and swings downward. There is negligible friction
about the pivot. When the system is at the lowest point of its swing, the rod collides with a rigid
stopper, as shown in Figure 2. The box comes to rest, and the block is launched horizontally out
of the box. The block moves across a horizontal surface toward a motion sensor that measures
the speed of the block. All frictional forces are negligible.

Pivot

Stopper ':|

Block
Rod
Box jl_
Figure 1 Figure 2
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C. The experiment is repeated, but the horizontal surface on which the block slides is replaced
with a new rough surface, as shown in Figure 3. The coefficient of kinetic friction between
the block and the new surface is 4.

Figure 3

The block-box system is pulled aside so that the center of mass of the block is displaced
various vertical distances h and then released from rest. For each vertical distance, students
measure the position x = x,,,, at which the block comes to rest.

The students’ measurements of h and x,,,,, are shown in Table 1.

Table 1
h(m) | xpax(m)
0.30 0.76
0.45 1.10
0.60 1.40
0.75 1.90
0.90 2.30
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ii. On the grid provided, create a graph of the quantities indicated in part C (i).
» Use Table 2 to record the measured or calculated quantities that you will plot.
* Clearly label the axes, including units as appropriate.

* Plot the points you recorded in Table 2.

fi#:
HERRPHVAASESEIEMNESIPHEMLIT. HMhBIRMAImM, BEifixmaxBIEBMAmM; HiMASEE
fRAMZIE, B2RE SRt

1.0

0.8

0.6 X

h (m)

0.4 4

0.2 4

0-0 T T T T
0.0 0.5 1.0 1.5 2.0 2.5

Xmax (M)

Cii): 2BMAEMER; FRAIRFTHRLITSHER.
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BA¥5

(ii) For labeling the axes (including units) with a linear scale

For plotting data points consistent with one of the following:

e The quantities indicated in part C (i)
e The quantities provided in Table 2
e The axes indicated on the grid
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#:>] 2026 Q3 (C)(ii)
Zsa)7&4E 2026 Q3 (C)(i)o

The following information applies to parts C and D.

In a different experiment, the student is asked to determine the spring constant k., of a new

spring that is attached to a wall. A block of mass 2.0 kg is placed next to the spring on a surface
where frictional forces are negligible. The surface is horizontal near the spring and slopes
upward into a ramp to the right of the initial position of the block, as shown in Figure 2.

Figure 2

2.0kg

knew

0000000000090000 4

The student pushes the block, compressing the spring a distance s, as shown in Figure 3. The
block is released from rest.

Figure 3

T i B

—s—

The student uses a meterstick to measure the maximum height h of the block on the ramp. The
experiment is repeated several times with different compression distances s. The student’s
measurements of s and h are shown in Table 1.

Table 1
s (m) h (m)
0.020 0.02
0.040 0.04
0.060 0.13
0.080 0.18
0.100 0.33
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AP Physics C + 1%

ii. On the grid provided, create a graph of the quantities indicated in part C (i).

Clearly label the vertical and horizontal axes with numerical scales.

Plot the corresponding data points on the grid.

Table 2 is provided in your booklet for scratch work and will not be scored.

Quantity (units, if appropriate)

Quantity (units, if appropriate)

fi#e:

(o)

xS
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AR EZIEH 2

FE; PN
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I\

FRREIETE L MEdt

52 =0.0004, 0.0016, 0.0036, 0.0064, 0.0100 m?.

X

0.35

0.30 -
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< 0.15 1

0.10 A

0.05 A

0.00

0.004 0.006 0.008 0.010
52 (m2)

0.002

0.000

SENEEHETHER.

EEEFHS
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BA¥5

(ii) For labeling both axes with a linear scale Point C2

For plotting data points consistent with the quantities labeled in part C (i) Point C3
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% 2024 Set 2 Q2 (d)(i)

Figure 1

2. A student drops a sphere of mass m from rest. The air exerts a drag force of magnitude Fy,, on the sphere, as
shown in Figure 1. The student models the magnitude of the drag force as Fy,, = bv, where v is the speed of the

sphere and b is a positive constant with appropriate units.

(d) The student conducts an experiment to better understand the relationship between Fy,, and v. The student

makes measurements to calculate and graph the magnitude of Fj,, as a function of v for the falling sphere.
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i. Draw the best-fit line for the data.
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Example Response

(d)(i) For drawing an appropriate line of best fit that approximates the data

AP Physics C + 1%

BA¥5

2

20

v (m/s)
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Figure 1
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shown in Figure 1. The student models the magnitude of the drag force as Fy,, = bv™, where v is the speed of the

2. A student drops a cylinder of mass m from rest. The air exerts a drag force of magnitude Firag 0N the cylinder, as
cylinder and b is a positive constant with appropriate units.
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AP Physics C + 1%

(d) The student conducts an experiment to better understand the relationship between maximum speed v, and

mass. The student collects data to determine the maximum speed for cylinders dropped from rest, each with

the same physical size and shape but a different mass m. The student then graphs vr%lax as a function of mass.
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i. Draw the best-fit line for the data.
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BA¥5

(d)(i) For drawing an appropriate line of best fit that approximates the data 1 point
Example Response
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2. Cart 1 of mass m is held at rest above the bottom of an incline. Cart 2 has mass m,, where m, > m, and is at
rest at the bottom of the incline. At time ¢ = 0, Cart 1 is released and then travels down the incline and smoothly
transitions to the horizontal section. The center of mass of Cart 1 moves a vertical distance of H, as shown. At
time 7, Cart 1 reaches the bottom of the incline and immediately collides with and sticks to Cart 2. After the
collision, the two-cart system moves with constant speed v. Frictional and rotational effects are negligible.
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(d) A group of students use the setup to perform an experiment. They measure the mass of Cart 1 to be
my = 0.250 kg. The mass of Cart 2 is unknown. The students perform several trials and in each trial, Cart 1 is
released from a different height A and the final velocity of the two-cart system is measured. The students

graph v as a function of \/H, as shown below.
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i. Draw a line that represents the best fit to the data points shown.
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BA¥5

(d)(i) For drawing an appropriate best-fit line including approximately the same number of points 1 point
above and below the line

Example Response
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5] 2022 Set 2 Q2 (d)(i)
x=0 .
| Motion Detector
B e i
—Ax—]
x=0 v

my [y 1

2. Block 1 of mass m is held at rest while compressing an ideal spring an amount Ax. The spring constant of the
spring is k. Block 2 has mass m,, where m, < m;. At time ¢ = 0, Block 1 is released. At time ¢, the spring is no
longer compressed and Block 1 immediately collides with and sticks to Block 2. The blocks stick together and the
two-block system moves with constant speed v, as shown. Frictional effects are negligible.
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(d) A group of students use the setup to perform an experiment. They measure the mass of Block 1 to be
my = 0.500 kg, and the spring constant k of the spring to be 150 N/m. The mass of Block 2 is unknown. They
perform several trials and in each trial the spring is compressed a different distance Ax and the final velocity v
of the two-block system is measured. They graph v as a function of Ax, as shown below.
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i. Draw a line that represents the best fit to the data points shown.
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(d)(i) For drawing an appropriate best-fit line including approximately the same number of points 1 point

above and below the line

Example Response
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1.00 m 1.00 m

Motion Motion
Detector | | Detector | |

Figure 1 Figure 2

2. A student conducts an investigation to determine the relationship between the period of oscillation T of a system
consisting of a block and N attached springs. The student starts with a block of mass m attached to a single ideal
spring of spring constant k, as shown in Figure 1. The student holds the block so that the spring is neither
stretched nor compressed at a vertical height 1.00 m above a motion detector. The student releases the block from
rest and records the period of oscillation for the system consisting of the single spring and block. An additional
identical spring is attached in parallel, as shown in Figure 2, and the procedure is repeated for N = 2 springs.
This procedure is repeated through N = 10 springs.

(c) The student plots the data for T2 as a function of N~ 1, as shown.
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i. Draw the best-fit line for the data.

RENHAERTT, WHAREEL, BIEXANEL.
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BA¥5

1 point

For drawing an appropriate line of best fit that approximates the data

Example Solution
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Figure 1 Figure 2

2. A student makes a torsional pendulum by suspending a uniform disk of mass M and radius R from a light wire
with torsion constant x that is attached to the center of the disk as shown in Figure 1. The rotational inertia of the
disk is given by [ = %MR% The student conducts an investigation to determine the relationship between the
period of oscillation T of the torsional pendulum and the number N of identical disks that are suspended from

the wire.

The student starts with a single disk. Holding the disk at a small initial angular displacement 8, from the
untwisted position, the student releases the disk from rest and the pendulum oscillates. The student records the
period of oscillation for a single disk. An additional identical disk is attached, as shown in Figure 2, and the
procedure is repeated for N = 2 disks. This procedure is repeated through N = 10 identical disks. Assume the
disks move together as one system.

(c) The student plots the data for 7 as a function of JN, as shown.
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i. Draw the best-fit line for the data.
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FMFX 2023 Set 1 Q2 (c)(i)

AP Physics C + 1%

BA¥5

1 point

(c)(i) For drawing an appropriate line or curve of best fit that approximates the data

Example Solution

T (s)

i ke Rt Sk phnd i i iy B Sy i et et s
N N N AN T O RN (Y Y Y M N
(i T 1T T
— — - —
1o R o R
F=ra=N—T—t—r—F———t—t=T—F - -1
L N U | N Y Ny N N A U o it A B
TN T 1T (]
Lo a N® gL
o L [ o
FolmA—4—4N\t—t+—F—-A4—4—+—1—+—+—1—
[ N [ [
T T o T T T T T T
NN RN DU A 0. N U T RN (Y Y Y N N
0 I ] [ T
R N T N W S W S O R R Y U S S
o A o o
For st TN T T T o
N Y T T O N Y I I Y N
T T i i 7
Il 1 1 “ 1 1 J l “ 1 “ 1 l
R IR S o0
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AP Physics C + 1% UMYX 2025 Q3 (C)(iii)
#:>] 2025 Q3 (C)(iii)

Z=a)7&4E 2025 Q3 (C)(ii)o

3. A box is connected to one end of a rigid rod. Both the box and the rod have negligible mass. The

other end of the rod is connected to a pivot. The box is open on one side, and a block is placed
inside the box.

The center of mass of the block is displaced a vertical distance h, as shown in Figure 1. The
block-box system is then released from rest and swings downward. There is negligible friction
about the pivot. When the system is at the lowest point of its swing, the rod collides with a rigid
stopper, as shown in Figure 2. The box comes to rest, and the block is launched horizontally out
of the box. The block moves across a horizontal surface toward a motion sensor that measures
the speed of the block. All frictional forces are negligible.

Pivot

Stopper ':|

Block
Rod
Box jl_
Figure 1 Figure 2
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AP Physics C + 1% UMYX 2025 Q3 (C)(iii)

C. The experiment is repeated, but the horizontal surface on which the block slides is replaced
with a new rough surface, as shown in Figure 3. The coefficient of kinetic friction between
the block and the new surface is 4.

Figure 3

The block-box system is pulled aside so that the center of mass of the block is displaced
various vertical distances h and then released from rest. For each vertical distance, students
measure the position x = x,,,, at which the block comes to rest.

The students’ measurements of h and x,,,,, are shown in Table 1.

Table 1
h(m) | xpax(m)
0.30 0.76
0.45 1.10
0.60 1.40
0.75 1.90
0.90 2.30
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AP Physics C + 1% UMYX 2025 Q3 (C)(iii)

iii. Draw a best-fit line to the data graphed in part C (ii).

fi#d:

PWEZNFIRERR, ittt THNBRABUIE, FRIFEKREENE S, EF5% FAEER
Eﬂgﬁzﬁ“: @?T—I\ﬂﬁgﬂgﬁo

1.041 @ Measured data
— Best-fit line

0-0 I I I I I
0.0 0.5 1.0 1.5 2.0 2.5

Xmax (m)

A TRBIERSELNE; MEDINELIESERSE,
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AP Physics C + 1% UMYX 2025 Q3 (C)(iii)

BA¥5

(iii) For drawing a line or curve that approximates the trend of the plotted data Point C4

Example Response

L.5

hN

h

h(m)

N,
AN

0 0.5 1 1.5 2 2.5 3

Xmax (111)
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AP Physics C + 1% UMYX 2026 Q3 (C)(iii)

#:>] 2026 Q3 (C)(iii)
Zsa)7&4E 2026 Q3 (C)(ii)o

The following information applies to parts C and D.

In a different experiment, the student is asked to determine the spring constant k., of a new

spring that is attached to a wall. A block of mass 2.0 kg is placed next to the spring on a surface
where frictional forces are negligible. The surface is horizontal near the spring and slopes
upward into a ramp to the right of the initial position of the block, as shown in Figure 2.

Figure 2

2.0kg

knew

0000000000090000 4

The student pushes the block, compressing the spring a distance s, as shown in Figure 3. The
block is released from rest.

Figure 3

T i B

—s—

The student uses a meterstick to measure the maximum height h of the block on the ramp. The
experiment is repeated several times with different compression distances s. The student’s
measurements of s and h are shown in Table 1.

Table 1
s (m) h (m)
0.020 0.02
0.040 0.04
0.060 0.13
0.080 0.18
0.100 0.33
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M X

AP Physics C + 1%

Quantity (units, if appropriate)

Quantity (units, if appropriate)

iii. Draw a best-fit line for the data graphed in part C (ii).

LHeHAR, BEESIRBEPRINMEE,

fi#d:
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AP Physics C + 1%

BA¥5

Point C4

(iii) For drawing a line or curve that approximates the trend of the plotted data

Example Response

0.6

(units, if appropriate)

Quantity

(m)

'0.000

0.5
0.4
0.3

0.010 0.012

0.004 0.006 0.008

0.002

(units, if appropriate)

Quantity

(m?)

s2

LEL M R

-
7

=

BRAIFER:

i

BIPR, FAAAEE

=bvRMbEREARIE, T4 FEEERT

WM. BEHENER, EIEXFRFdrag

EFREELE

o

5
VINY

Z MR, FRECIMERERNRNE

=, EE

T

_ AFdrag

Av
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583 2024 Set 2 Q2 (d)(ii)
2[R E$E 2024 Set 2 Q2 (d)(i)o

',

drag

Sphere

Figure 1

2. A student drops a sphere of mass m from rest. The air exerts a drag force of magnitude Fy,, on the sphere, as
shown in Figure 1. The student models the magnitude of the drag force as Firag = bv, where v is the speed of the

sphere and b is a positive constant with appropriate units.

(d) The student conducts an experiment to better understand the relationship between Fy,, and v. The student

makes measurements to calculate and graph the magnitude of Fj,, as a function of v for the falling sphere.

L1 L RN IR R

ot e e ke et s s el s el sl e el e el i
Y T N T T N ) I A O S
R R B IR e

L B e e Bl e e e e e e B ] e B e e Bl i B e
O Y Y O T N A ) A O O
5 [ T T 1TTT (R
1 L1 IR IR R
T T T T T T T T T T T
N Y T T T N ) N S O
R R B 1 I Cr

L B e e B e e B e e e e B ] e B . S B e e e
b
F, (N ———t ———+ ———t ——— —
dr“g( ) 10 L L | e I I R
ot e e e ke et s s e s el s el e el e el i
S T T T T N T ) I A O S
R R T BRI C

L B e e B ol i e s e e e B ] e B e el Bl e e e B
O I O TN N A ) A N O
[ T TTrT 1TTT (R

5 +———— ———+ — ———+ ———t

L O I I O A S A N S S B B

[l T T T =TT T

VN U Y T Y T N T N ) I O O O
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Bl B e e B e e e e B e e T ] e B e e Bl e e e o
Y Y T T NN A ) N A O O
[ T TTrT 1TTT (R

0 L n n L n n n 1 L n n L n

0 5 10 15 20 25
v (m/s)

ii. Use the best-fit line to calculate an experimental value for b.

fi#:
EEE ENE S, FERFmaRENERm, ItEEHmEER. IHMIrE, REMREDb,

. AF1d1r3ug; o 15—-5

b Av  21—5

= 0.625 kg/s.
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AP Physics C + 1% HUMHX 2024 Set 2 Q2 (d)(ii)
BAIFS

(d)(ii) For calculating a value for the slope of the line using two points on the best-fit line 1 point

Scoring Note: Using data points that fall on the best-fit line earns this point.

Example Response

slope = ISN-5N
21 m/s — 5 m/s
For using the correct relationship between the slope of the best-fit line and the value of b 1 point

Example Response

Fy

1 — | rag

slope >

slope = b

For a calculated value of b thatis 0.6 kg/s < b < 0.8kg/s 1 point

Example Response

b =0.625kg/s

Example Solution
|Fdrag| =bv

|Fdrag| - b
v
slope = b
ISN-5N
21m/s —5m/s
b =0.625kg/s

b=

Total for part (d) 4 points

LETHNRE: RIRZRUBNRE

FRBEANLEXFZmg=wT?, BEMT*=(g/b)m., BEHRE. NHMBZEFT, FRLIFIERS=g/b, M
b FTMINELKS, BRiEb=g/S, ZXBL,

_9 _9
s=%  b=%
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AP Physics C + 1% HUMHX 2024 Set 1 Q2 (d)(ii)

583 2024 Set 1 Q2 (d)(ii)
2[R EdE 2024 Set 1 Q2 (d)(i)o

‘ ‘ Farag

Cylinder

Figure 1

2. A student drops a cylinder of mass m from rest. The air exerts a drag force of magnitude Fy,, on the cylinder, as
shown in Figure 1. The student models the magnitude of the drag force as Firag = bv2, where v is the speed of the

cylinder and b is a positive constant with appropriate units.

(d) The student conducts an experiment to better understand the relationship between maximum speed v, and
mass. The student collects data to determine the maximum speed for cylinders dropped from rest, each with

the same physical size and shape but a different mass m. The student then graphs vr%lax as a function of mass.
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R e oo e S B B e A B s s Lk Tt oY SIS SR P
Q1L I 1 L1 L1 L1 L1 L1
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2 Onysa YT Y T YT T N I T N T A
max R I [RREREE R RN [
STTrTr T Tt T T T I T T T T
—t—b—bF A=A =4t —t—b b~ A=t — T~ — b~~~ ==+ —
4411 L1 L1 L1 L1 L
[ [ 0 [ [
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R TR S O N Sy p
N o [ Ay Ny g A My Iy ) S SR U
) R B T 1T T 1~
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R TR T I Ay S S N RN U I AP SOy MY N O FH S B
L U I P NSO S [ A S IO SO A DU BN
T i [ 1T T T il B
—f—bF—F—|—A—d—t—t—t -~ A—d—t -t -t~ = —+—
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
m (kg)

ii. Use the best-fit line to calculate an experimental value for b.

fi#d:
fNEKZReg/b, T2b, HNESEXMNFHMEERIZTNSEHTRIEAN18, BRREHDREH
9.8

~ — = 0.544 kg/m.

~ 2 /(a2 _9
S ~ 18 m*/(s* kg), b <~ 13
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AP Physics C + 1% HUMHX 2024 Set 1 Q2 (d)(ii)

BA¥5

(d)(ii) For calculating a value for the slope of the line using two points on the best-fit line 1 point

Scoring Note: Using data points that fall on the best-fit line is acceptable.

Example Response

9 mz/s2 -4.5 mz/s2
0.5kg — 0.25kg

slope =

For using the correct relationship between the slope of the best-fit line and the value of b 1 point

Example Response

g
lope = &
slope
For a calculated value of bthatis 0.45kg/m < b < 0.75kg/m 1 point

Example Response

b =0.544kg/m

Example Solution

mg — =0
n? = mg
v_8
m b
g
lope = =
slope = &
__8
slope
b= 9.8 m/s2
9 mz/s2 -4.5 mz/s2
0.5kg — 0.25kg
b =0.544 kg/m

Total for part (d) 4 points

i f5ERE: HERPERNRE

LB ZHWESHNHARKREES MBELIER— R, EEWMESETEHIR, &HEml/(ml+m2); &
BHEEEE, 2HEY/ (kml)/(ml+m2), HPEEARNEXE, BIEXENERHEDINEREXN, &
fEm2,
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AP Physics C + 1% HUMHX 2022 Set 1 Q2 (d)(ii)

58 2022 Set 1 Q2 (d)(ii)
Zia)&$E 2022 Set 1 Q2 (). 2022 Set 1 Q2 (d)(i)o

my Cart 1l

Motion Detector

I
_— mi 1

Y —

— = 1

2. Cart 1 of mass my is held at rest above the bottom of an incline. Cart 2 has mass m,, where m, > my, and is at
rest at the bottom of the incline. At time ¢ = 0, Cart 1 is released and then travels down the incline and smoothly
transitions to the horizontal section. The center of mass of Cart 1 moves a vertical distance of H, as shown. At
time 7, Cart 1 reaches the bottom of the incline and immediately collides with and sticks to Cart 2. After the
collision, the two-cart system moves with constant speed v. Frictional and rotational effects are negligible.

(d) A group of students use the setup to perform an experiment. They measure the mass of Cart 1 to be
my = 0.250 kg. The mass of Cart 2 is unknown. The students perform several trials and in each trial, Cart 1 is
released from a different height H and the final velocity of the two-cart system is measured. The students

graph v as a function of /H, as shown below.

1.8
1.6 .
14
1.2
1.0
v(m/s) g
0.6
0.4
0.2

0.0
0.0 0.2 04 0.6 0.8 1.0 1.2

Vi (m)

ii. Use the best-fit line to calculate the mass of Cart 2.

fi#:
BHESENTAR, & LR SERE, B5 EXPFEAREINREIT,

1.20 — 0.60
_ ~ 1.72 1/2
S =070 035~ L2
Wor Wor
S =V mz—m1<g—>~039kg
my + My S
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AP Physics C + 1% HUMHX 2022 Set 1 Q2 (d)(ii)
BAIFS

(d)(ii) For calculating the slope using two points on the best-fit line 1 point
For correctly relating the slope of the best-fit line to the mass of Cart 2 1 point
For a correct mass of Cart 2 1 point

Example Response

_ (120~ 0.60)m/s _ |, Jm

Jope = <2 — UOU) VS
P =10.70 — 0.35) ym s

slope = L«/Zg

ny +m2

_ml\/g_

27 slope ™
(0.25 kg) 2(9.8 22)
S
m, = ~(0.25kg)
~omy =0.39kg

Scoring Note: Acceptable responses for mass are 0.30 to 0.60 kg

Total for part (d) 4 points

553 2022 Set 2 Q2 (d)(ii)

Z|a) FdE 2022 Set 2 Q2 (c). 2022 Set 2 Q2 (d)(i)s

x=0
| Motion Detector
|
|
|
w0 o
—Ax—|
x=0

szsmm-:ﬁ 1

2. Block 1 of mass my is held at rest while compressing an ideal spring an amount Ax. The spring constant of the
spring is k. Block 2 has mass m,, where m, < m;. At time ¢ = 0, Block 1 is released. At time #, the spring is no
longer compressed and Block 1 immediately collides with and sticks to Block 2. The blocks stick together and the
two-block system moves with constant speed v, as shown. Frictional effects are negligible.
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AP Physics C + 1% HUMHX 2022 Set 2 Q2 (d)(ii)

(d) A group of students use the setup to perform an experiment. They measure the mass of Block 1 to be
my = 0.500 kg, and the spring constant k of the spring to be 150 N/m. The mass of Block 2 is unknown. They
perform several trials and in each trial the spring is compressed a different distance Ax and the final velocity v
of the two-block system is measured. They graph v as a function of Ax, as shown below.

0.7
0.6
0.5
0.4
0.3
0.2
0.1

0.0
00 0.01 002 003 0.04 005 006 0.07

Ax (m)

v (m/s)

ii. Use the best-fit line to calculate the mass of Block 2.

fi#:
BT R ERE, RERBRMUAEH, UEFRGMESITE,

_ 0607020 )67 my = YR VIS0(0500) 0519 kg
0.055 — 0.0175 ' ’ 2 S ! 10.67 ‘ ' '

I=Valiwa)
#EZN: RiEoRGIFrEINE X M9 F M 90.60-0.20, BEIF=Z10.67 s 1; BRI 0.20i%
EN790.02, FRERIREHRRIERK, “N70.31kg; iF9E=0.27-0.37 kgo
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AP Physics C + 1% HUMHX 2022 Set 2 Q2 (d)(ii)

(d)(ii) For calculating the slope using two points on the line 1 point
For correctly relating the slope of the best-fit line to the mass of Block 2 1 point
For a correct mass of Block 2 1 point

Example Response

(0.60 — 0.02) m/s

lope = =10.67s"
$10P¢ = 70055 —0.0175)m L0678
slope = _kmy

ml + m2
my = o, -m

slope

(150 %)(0.50 kg)

m, = ~0.50k
? 10675’ .

m, = 0.31kg

Scoring Note: Acceptable responses for mass are 0.27 kg — 0.37 kg.

Total for part (d) 4 points

FIEEESE: MRAERAY

[REhXIxmaxfXk R FAh=pxmax. & L= RKAh/Axmax, FEITREMANERAI. HatneIp
ZBaEL L, BR—FINE&ESR, SROUGSEIEERER,

Ah

AZmax

7
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AP Physics C + 1% HMHN  2025Q3 (D)
57 2025 Q3 (D)

Zsa)7&4E 2025 Q3 (C)(iii)o

3. A box is connected to one end of a rigid rod. Both the box and the rod have negligible mass. The

other end of the rod is connected to a pivot. The box is open on one side, and a block is placed
inside the box.

The center of mass of the block is displaced a vertical distance h, as shown in Figure 1. The
block-box system is then released from rest and swings downward. There is negligible friction
about the pivot. When the system is at the lowest point of its swing, the rod collides with a rigid
stopper, as shown in Figure 2. The box comes to rest, and the block is launched horizontally out
of the box. The block moves across a horizontal surface toward a motion sensor that measures
the speed of the block. All frictional forces are negligible.

Pivot

Stopper ':|

Block
Rod
Box jl_
Figure 1 Figure 2
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AP Physics C + 1% HMHN  2025Q3 (D)

C. The experiment is repeated, but the horizontal surface on which the block slides is replaced
with a new rough surface, as shown in Figure 3. The coefficient of kinetic friction between
the block and the new surface is 4.

Figure 3

The block-box system is pulled aside so that the center of mass of the block is displaced
various vertical distances h and then released from rest. For each vertical distance, students
measure the position x = x,,,, at which the block comes to rest.

The students’ measurements of h and x,,,,, are shown in Table 1.

Table 1
h(m) | xpax(m)
0.30 0.76
0.45 1.10
0.60 1.40
0.75 1.90
0.90 2.30

D. Using the best-fit line that you drew in part C (iii), calculate an experimental value for u.

fi#:

Lk LR R KRR, REMEEREZY. FERR/NFRLATE, #%FLN0.384, BEMGATUS
R (E,

=S5~ 0.384.
RELRN, A—SETELEREHE, WNEEHRE,
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AP Physics C + 1% HMHN  2025Q3 (D)
BAIFS

D For correctly relating the slope of the best-fit line to the value of x Point D1
Examples of acceptable responses includes the following:
Graph Analysis
h VS, Xy slope = 1
For a value of x within a range of 0.30 to 0.50 Point D2

Example Response

mgh — FpXp. =0

mgh = HMZXnax

h= HXmax

y=mx+b

h= HXmax

slope = u

slope = 0.95m —0.30 m
P S 4m-070m

slope = 0.38

1 = slope = 0.38

ASRE: BRXMEHEEE
JREIh3Ys?, #ZS=knew/(2mg)o FEMIUAELEITES, BR2mgREIRETEE, FRXNRAUREXK, #
EFXENRURFTIEK, “EFER—E.

knew = 2mgS.
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AP Physics C + 1% HMHN 2026 Q3 (D)

=% 2026 Q3 (D)
Zsa)7&4E 2026 Q3 (C)(iii)o

The following information applies to parts C and D.

In a different experiment, the student is asked to determine the spring constant k., of a new

spring that is attached to a wall. A block of mass 2.0 kg is placed next to the spring on a surface
where frictional forces are negligible. The surface is horizontal near the spring and slopes
upward into a ramp to the right of the initial position of the block, as shown in Figure 2.

Figure 2

2.0kg

knew

0000000000090000 4

The student pushes the block, compressing the spring a distance s, as shown in Figure 3. The
block is released from rest.

Figure 3

T i B

—s—

The student uses a meterstick to measure the maximum height h of the block on the ramp. The
experiment is repeated several times with different compression distances s. The student’s
measurements of s and h are shown in Table 1.

Table 1
s (m) h (m)
0.020 0.02
0.040 0.04
0.060 0.13
0.080 0.18
0.100 0.33

PartD

Using the best-fit line that you drew in part C (iii), calculate an experimental value for k., .
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HIMEFNX 2026 Q3 (D)

fi#:
FEHERER2.0 kg, BEIMINERIERL31.968:K, KORRSHEEENXR,

kpew = 2mgS ~ 2(2.0)(9.8)(31.96) = 1.25 x 103 N/m.

XENEHEARFRLREE; TEENEAGHEEZEISFRERE,
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AP Physics C + 1% HMHN 2026 Q3 (D)
BAIFS

D For correctly relating the slope of the best-fit line to the value of £, Point D1
Examples of acceptable responses include the following:
Graph Analysis
k,
slope = 2%
h as a function of s* P 2m
. 1 — new
Jh as a function of s S1ope 2mg
mgh as a function of %sz slope = Kyew
For calculating an experimental value of k., within a range of 1150 N/m to Point D2

1400 N/m

Example Response

1
mgh = Eknews2
1 — new
S10pe 2mg

kpew = 2mg(slope)
0.30m —0.024 m -1

slope = -32m
0.0094 m? — 0.0008 m?>

kpew = 2mg (slope)

Ko = 2(2.0 kg)(9.8 m/sz)(32 m’l)

k.. =1254 N/m

new

FHIEATSE. fERKREEEE

HECRERHRTHBRET>=(Ar’m/KN 1o ERMNHET?, N, BRE4rim/k, FREHNFER, B
BEEKBIFAS—1I; PREKE, EEHAKE.
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AP Physics C + 1% UMYX 2023 Set 2 Q2 (c)(ii)

BT 2023 Set 2 Q2 (c)(ii)
Zsja) A3 2023 Set 2 Q2 (a). 2023 Set 2 Q2 (c)(i)o

N=1

1.00 m 1.00 m

Motion Motion
Detector | | Detector | |

Figure 1 Figure 2

2. A student conducts an investigation to determine the relationship between the period of oscillation T of a system
consisting of a block and N attached springs. The student starts with a block of mass m attached to a single ideal
spring of spring constant k, as shown in Figure 1. The student holds the block so that the spring is neither
stretched nor compressed at a vertical height 1.00 m above a motion detector. The student releases the block from
rest and records the period of oscillation for the system consisting of the single spring and block. An additional
identical spring is attached in parallel, as shown in Figure 2, and the procedure is repeated for N = 2 springs.
This procedure is repeated through N = 10 springs.
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(c) The student plots the data for T2 as a function of N~ 1, as shown.
T2 (s%)
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ii. The mass of the block is measured to be m = 1.5 kg. Using the graph, calculate an experimental value for
the spring constant k for a single spring.

fi#:
HAINE& EMERAE, BUNAEK.

9.5—-3.5 4m?m  4n%(1.5)
§=0T00 192 = - — 4.93 N/m.
08—0.3 > S 12 /m
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BA¥5

(c)(ii) For using two points from the best-fit line to calculate slope 1 point

Scoring Note: Using data points that fall on the best-fit line is acceptable.
Example Response

A(T?)

A(N’l)
(9.5s* —3.55%)
(0.8-0.3)

- slope=12s>

slope =

slope =

For relating the slope of the line of the T 2ys. N7 graph consistent with the expression 1 point

derived in part (a)
Example Response

2 _ g2
T° =4r K

slope = T°N

lope = 47> 2
slope T A

For a calculated answer that has units of N/m 1 point

Example Response

k =4.93 N/m
Example Solution

72 = 472
" Nk
— 42 m
slope = 47 i

2
4r°m

slope
_ 4z°(1.5kg)
(9.552 —3.552)
(0.8-0.3)
477 (1.5 kg)
1282
k = 4.93 N/m

—>k

HEEE: RERTSAERE

HEZENTHY NEREZ. FRPERRRENTAR, FUANEREENBIIENETT, Tie
—REMERN. AERARATNHNARL, BREMAZNRPAHREENUE,
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AP Physics C + 1% UMYX 2023 Set 1 Q2 (c)(ii)

583 2023 Set 1 Q2 (c)(ii)

Zsja)7A3E 2023 Set 1 Q2 (a). 2023 Set 1 Q2 (c)(i)o

Figure 1 Figure 2

2. A student makes a torsional pendulum by suspending a uniform disk of mass M and radius R from a light wire
with torsion constant x that is attached to the center of the disk as shown in Figure 1. The rotational inertia of the
disk is given by I = 1EMRz. The student conducts an investigation to determine the relationship between the
period of oscillation T of the torsional pendulum and the number N of identical disks that are suspended from

the wire.

The student starts with a single disk. Holding the disk at a small initial angular displacement 8, from the
untwisted position, the student releases the disk from rest and the pendulum oscillates. The student records the
period of oscillation for a single disk. An additional identical disk is attached, as shown in Figure 2, and the
procedure is repeated for N = 2 disks. This procedure is repeated through N = 10 identical disks. Assume the
disks move together as one system.

(c) The student plots the data for 7' as a function of W , as shown.

T (s)
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AP Physics C + 1% UMYX 2023 Set 1 Q2 (c)(ii)

ii. The student previously determined that the radius of a disk is R = 0.2 m and found that x = 1.6 N-m.
Using the graph, calculate the mass M of a single disk.

fi#:
LRIRELAT, RERSEBHRENTHIR; EERENNIUERIERE S,

MR?2 kS?
T=12 v N M=——.
< T 2K ) ’ 2m2R?

04-02

_1.6(0.286)
T 1.5-0.8

5 — 0.286 M~ 222000
> 272(0.20)2

= 0.166 kg.
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BA¥5

(c)(ii)) For using two points on the line to calculate the slope 1 point
Example Response

N, - N,
04s-0.2s
slope = W =0.29s

Scoring Note: Slope values may range from .22 s to .33 s.

For correctly relating the slope to the period of the torsional pendulum consistent with 1 point
part (a)

Example Response

T =22 M

K

_ oL
— slope = 27 p

For substituting the slope into the equation to determine the mass of the disk 1 point
Example Response

«(slope)®
27°R?
Example Solution

T =27
K
— slope = 27:,/L
p K

2 _ 421
(slope)” =4z p”

> M =

i (%MRZ)
_ 2
(slope)” = 4x e
2
M= i (slope)
27°R?
0.4s-02s)?
1.6N -
M_( 6 m)( 15-08 j
27%(0.2m)?
M =0.17kg
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AP Physics C + 1% HMHN 2022 Set 1 Q2 (e)
F—EZKXEFRRE: BERNKEERSHK

BE2ERNNELE, EMNSNR[EHE, IEELRRERRFAT, ER—IRIXEEXBBERRMFR
ES5MASE: SELEmM2IELEFml; BELIEMAEAEEBKIE A, HAEXEWM—TLTEZ 2K

T, FaeRRNEREEIR.

5% 2022 Set 1 Q2 (e)
ZiB)AIE 2022 Set 1 Q2 (d)(ii)o

Motion Detector

" 1

Y —

— Cel5e 1

2. Cart 1 of mass m is held at rest above the bottom of an incline. Cart 2 has mass m,, where m, > m, and is at
rest at the bottom of the incline. At time ¢ = 0, Cart 1 is released and then travels down the incline and smoothly
transitions to the horizontal section. The center of mass of Cart 1 moves a vertical distance of H, as shown. At
time #¢, Cart 1 reaches the bottom of the incline and immediately collides with and sticks to Cart 2. After the
collision, the two-cart system moves with constant speed v. Frictional and rotational effects are negligible.

(e) After the experiment, the students use a balance to measure the mass of Cart 2 and find it to be less than what
was determined in part (d). To explain this discrepancy, one of the students proposes that the mass of Cart 1
was incorrectly measured at the beginning of the experiment. The students measure the mass of Cart 1 again
and record a new value, my’.

Should the students expect that m;" will be greater than 0.250 kg, less than 0.250 kg, or equal to 0.250kg ?

my’ > 0.250kg my’ < 0.250kg my’ = 0.250 kg

Justify your answer.

fi#:

EEFNSHNEIRER). HEBSRREESHIEHERE; BNFRIFXAR, F20HERREIEL
FEIFRARE, BEHEFNE2RERR, F1INBARERSIER.
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BA¥5

(e)  Forselecting “m,' < 0.250 kg ” with an attempt at a relevant justification 1 point

For a correct justification 1 point

Example Response

A smaller m, indicates that the initial energy and momentum was smaller. With identical slope

and height H this means that the mass m;' must be smaller.

Total for part (e) 2 points

Total for question 2 15 points

BT 2022 Set 2 Q2 (e)
Zsja) AdE 2022 Set 2 Q2 (d)(ii)o

x=0
| Motion Detector
|
|
|

1LY E 1
o Ax—]

x=0 v

i —_—

Jaaan EEn 1

2. Block 1 of mass my is held at rest while compressing an ideal spring an amount Ax. The spring constant of the
spring is k. Block 2 has mass m,, where m, < m;. At time ¢ = 0, Block 1 is released. At time #, the spring is no
longer compressed and Block 1 immediately collides with and sticks to Block 2. The blocks stick together and the
two-block system moves with constant speed v, as shown. Frictional effects are negligible.

(e) After the experiment, the students use a balance to measure the mass of Block 2 and find it to be greater than
what was determined in part (d). To explain this discrepancy, one of the students proposes that the spring
constant was incorrectly measured at the beginning of the experiment. The students measure the spring
constant again and record a new value, k’.

Should the students expect that k' be greater than 150 N / m, less than 150 N/ m, or equal to 150N/ m ?

k" > 150N /m k' < 150N/m k' =150N/m

Justify your answer.

fi#e:
WIS EEEEF A, BEARNEMRIFEETE, E2ERMFHREBBRAESBRA; BEREFER—RE,
DFHHEE RS HNIE A,

2 2
pe UM ET 50N/,

my
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AP Physics C + 1% HMHN 2022 Set 2 Q2 (e)

BANR
TRXFZN: EWERSHNEHNEEERERA RIEBLARRSRIGEFE, JREEK, 40N
EREFEERK;, RIUNMIRE—ANRNEILSITIERRINOFE, NUXERRXRNMKIE.

(¢)  For selecting “k’ > 150 N/m > with an attempt at relevant justification 1 point

For a correct justification 1 point

Example Response

A greater m, indicates the spring constant k' should be greater than 150 N/m . The slope of

the graph is the same so as m, increases k must be smaller.

Total for part (e) 2 points

Total for question 2 15 points

FRRARMENAK: REHZRABRSSEEE

RE— 1M EEFEERMRENRKIRE, HEANEBEREAE. FIRNAEELRERTR; FTEEKS
MR, kiR/)y; HEEEMSRRTHERIEL, MER. BFNITHIMREERERRAATERE
#R,
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AP Physics C + 1% UMYX 2023 Set 2 Q2 (c)(iii)

5 2023 Set 2 Q2 (c)(iii)
71874 2023 Set 2 Q2 (¢)(ii)o

N=1

1.00 m 1.00 m

Motion Motion
Detector | | Detector | |

Figure 1 Figure 2

2. A student conducts an investigation to determine the relationship between the period of oscillation T of a system
consisting of a block and N attached springs. The student starts with a block of mass m attached to a single ideal
spring of spring constant k, as shown in Figure 1. The student holds the block so that the spring is neither
stretched nor compressed at a vertical height 1.00 m above a motion detector. The student releases the block from
rest and records the period of oscillation for the system consisting of the single spring and block. An additional
identical spring is attached in parallel, as shown in Figure 2, and the procedure is repeated for N = 2 springs.
This procedure is repeated through N = 10 springs.

319



AP Physics C + 1% UMYX 2023 Set 2 Q2 (c)(iii)

(c) The student plots the data for T2 as a function of N~ 1, as shown.
T2 (s%)
| L (I |
— R i —
il — N — R
- A i . -
——— AP - =
10 I I I I
——— [N Y —— J———— e ———d
| | | |
I I ST [l e
——— Fo—m—f———— J————f———
8 I I I I I I
—— - ot H————f——— Fo——f——— j————f ===
SN N IR I S [F I I o1
| | | | | il
6l [ N B B R R
S R - I — TR — T —
R D S ) R Y I J R I_________:
S R - R - TR R —
44— ] : |
e e e - === ————F—-—-A
RN R NN, ) R R P DR S I R R | I |
| o | | | |
Sy Y A i — N — S —
2 : | | | | |
i bk | ity B i e TTTT T (e
———d e - — ) R R N P R [ —— e ]
S R R — [N — I
0 : : : : : N
00 01 02 03 04 05 06 07 08 09 1.0 1.1

iii. The student finds that the value given by the manufacturer for the spring constant is larger than the value
determined experimentally in part (c)(ii). Determine a single source of experimental error that could result
in the observed difference in the value for k. Briefly justify your answer.

fi#:

—PMNETIREESRNSREEAPRARENR, BPTHENRERRR, MEEEE5NEMRL,
ﬂ?ﬁ%ﬁ’\]kﬁd\ a5 R —E,

BA ¥

(c)(iii) For indicating a source of error that could result in the observed difference with an attempt at 1 point
a relevant justification

Examples include:

e Experimental uncertainties in the mass of the system

e Motion detector miscalibration

e Timing error due to reaction time
For a correct justification that links the source of experimental error to the smaller 1 point
experimental value of &

Examples include:
e Experimental uncertainties in the mass of the system (e.g., mass of block is too
small, not accounting for the mass of the spring)
e (Calibration of the motion sensor produces a graph from which too large a period is
measured
e A larger period due to measurement error will result in a smaller value of &

Total for part (c) 6 points
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B8 2023 Set 1 Q2 (c)(iii)
2B &dE 2023 Set 1 Q2 (c)(ii)o

Figure 1 Figure 2

2. A student makes a torsional pendulum by suspending a uniform disk of mass M and radius R from a light wire
with torsion constant x that is attached to the center of the disk as shown in Figure 1. The rotational inertia of the
disk is given by I = 1EMRz. The student conducts an investigation to determine the relationship between the
period of oscillation T of the torsional pendulum and the number N of identical disks that are suspended from

the wire.

The student starts with a single disk. Holding the disk at a small initial angular displacement 8, from the
untwisted position, the student releases the disk from rest and the pendulum oscillates. The student records the
period of oscillation for a single disk. An additional identical disk is attached, as shown in Figure 2, and the
procedure is repeated for N = 2 disks. This procedure is repeated through N = 10 identical disks. Assume the
disks move together as one system.

(c) The student plots the data for 7' as a function of W , as shown.
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iii. The student finds that the value given by the manufacturer for the mass of the disk is less than the value
determined experimentally in part (c)(ii). Determine a single source of experimental error that could result
in the observed difference in the value of M. Justify your answer.

fiRe:
BHEEZENASEREANERRA; RESRETHMEL, FRIULKERERK, TadrER,

BEANS

(c)(iii) For indicating a source of error that could correctly explain the observed difference with an 1 point
attempt at a relevant justification
For a correct justification that links the source of experimental error to the larger 1 point

experimental value for M . Accept one of the following:
e Experimental uncertainties for the period, for example the period is measured to be
larger
e The mass is more concentrated to the edge, or some other distribution that results in
a larger rotational inertia

Scoring Note: Responses that indicate the given x is too large or the given radius is too
small may earn the second point.
Example Solution

The experimental value of the mass could be too large because the period measured by the
student is too large.

OR

The experimental value of the mass could be too large because the mass of the disk is
concentrated at the edge of the disk, causing the rotational inertia of the disk to be larger
than that used to determine the experimental value of mass.

Total for part (¢) 6 points
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