AP Physics C: Mechanics: 2024 Set 1

Question 3: Free-Response Question 15 points
(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 F ., , 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

Q

T. string

FT, block

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

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

FE 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 >

99 ¢c

E , Fy, N, “normal force,” “pivot 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
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(b)

For indicating that the net torque exerted on the rod is equal to zero 1 point
Example Response
Xz =0
For a correct expression for the torque exerted on the rod by the hanging mass 1 point
Example Response
3mgsin@ (3—L)
8
For a correct expression for the torque exerted on the rod by the gravitational force 1 point
Example Response
mg sin @ (ﬂ)
8
For a correct expression for the torque exerted on the rod by the string 1 point
Example Responses
Fpsin(90° — 6’)(%) OR F; cos@(%)
Example Solution
=0
3mg sine(%) + mgsin 9(%) — F;sin(90° - 6) (%) =0
3mg sin@(%) + mgsin 9(%) - Fr cos@(%) =0
9 . 4 . 6
(§) mgsiné + (g)mg sinf = (§) Frcos@
13mgsin@ = 6F cosd
Fr = %mg tan @
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




AP Physics C: Mechanics: 2024 Set 1

(c) 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

(d)(i) For indicating the total mass is the sum of differentiable masses along the length of the rod 1 point
Example Response
M = J. dm
For correctly writing dm in terms of x 1 point
Example Response

1.2
M = .[0 (6 +10x) dx
For a correct numeric answer with correct units 1 point

Example Response

M =144kg

Example Solution
M = Idm
M = [ 4 dx

M = 1'26+10 d.
_J.o( x)d

2
M=(6x+102xJ

M =6kg/m(1.2m) +
M =l44kg

1.2m

0
10 kg/m* (1.2 m)?
2
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(d)(ii) For a correct substitution of A4 into an integral expression of rotational inertia 1 point

Example Response

1.2m
I = J. (A + Bx)xzdx
0

For a correct integration 1 point

Example Response

(A Bx*
(g

For a correct numeric answer with correct units 1 point

1.2m

0

Example Response

I = 8.64kg - m?

Example Solution

I:Irzdm dm = Adr and r = x
1.2

I = I mlxzdx
0

1.2m 2
I = _[0 (A + Bx)x“dx

/- [_ ; _j

3 4

0
2 4
(6.0kg/m)(12m)*  (10.0kg/m?)(1.2m)
I = +
3 4
I = 8.64kg - m*

Total for part (d) 6 points

Total for question 3 15 points
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Question 3: Free-Response Question 15 points

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

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

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

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

Example Responses

Scoring Note: Examples of appropriate labels for the gravitational force include Fg, F,

Fgrav , W, mg, Mg, “grav force,” “ F Earth on disk,” “ F" on disk by Earth,” Fg, .4 on Disk »

Fg pisk » and Fpigc g - The labels G or g are not appropriate labels for the gravitational force.

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

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

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

Fyyring » and “Force from string.”

Total for part (a) 3 points
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(b)

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

1 point

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

1 point

Example Response

Thet = Tclay — Tstring

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

1 point

Example Response

Telay = Rmggcosf

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

1 point

Example Response

Totring = RFpsing

Example Solution

2r=0

Telay ~ Tstring — 0
Fy cayRcos® — RFpsin€ = 0
Rm g cos@ = RF;sin@

Foo Rm_gcos@

T Rsin@

Fr = m,gcotf

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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(c)

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

1 point

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

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

1 point

Example Response

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

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

To maintain equilibrium, the net torque on the system is still zero, therefore the tension

Fr ew must be greater.

Total for part (c)

2 points

(d)(®)

For using integration to calculate rotational inertia

1 point

For one of the following:

e Substituting p(27zr)dr for dm

e Indicating the correct limits of integration

1 point

Example Response

03m ,
I = .[0 r p(2zr)dr

2

For a correct answer of / = 0.012 kg - m”~, including units

1 point

Example Response

I =0.012kg - m?

Example Solution

I = Ir2dm dm = pdA and dA = 2xrdr
R >

I= jo 2 pdA

0.3m 4
I = -[0 2xfr-dr

= 27R
- s
0
;o 27(4.0kg/m*)(0.3 m)’
B 5

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

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

Example Response

z-net = Rmcg

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

Example Response

I system — I disk T 1 clay

Example Solution

2t =1a
_ et
=T
B Rm g
Idisk + Iclay

(0.3m)(0.60 kg)(9.8 m/s” )
((0.012 kg~ m*) + (0.60 kg)(0.3m)* )

a = 26.7 rad/s®

Total for part (d) 6 points

Total for question 3 15 points
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Question 1: Free-Response Question 15 points
(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
i
|
FT w All FN
Fy
v
R
Scoring Notes:
e Examples of appropriate labels for the force due to gravity include: F, Fys Faray s
W, mg, Mg, “grav force,” “F Earth on block,” “F on block by Earth” Fg, 4 on block »
Fg plock - 1he labels G and 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. Fyyp,.» Fys Fro 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
(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 . H
sind = ——— @ =sin 1(—)
H2 + x2 \/Hz + x2
X -1 X
c0sd = ————= 0 =cos (—]
VH? + x* VH? + x*
tan @ = a 0 = tan”! (ﬁ)
X X
Total for part (b) 2 points
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(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)
XF, = ma
Fnet,y - FN + Fij _Fg = 0
For correctly substituting the vertical component of the tension in terms of the given variables 1 point
consistent with part (b)
Fy =mg ‘FT(—/%j
H” +x
(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)
Fnet,x = FT,x _Ff
For correctly substituting the horizontal component of the force of tension in terms of the 1 point
given variables consistent with part (b)
Frorx = Fpcosf — F,
(x) j
Fooir =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)
Ferx = Fr (ﬁ — iy Fy
H +x
(x) H
Boorx =11 | == |~ | Mg ~ Fr | 75—
VH" + x H” +x
Total for part (c) 5 points
(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

W ["oF, (—jdx
x=L VH? + x?

Total for part (d) 3 points
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(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

F; stays the same for both halves, the displacement is the same in both halves, but from
x =1L to x = L2 the angle is smaller, resulting in a larger component of the tension force

that aligns with the displacement.

Total for part (¢) 2 points

Total for question 1 15 points
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Question 3: Free-Response Question

15 points

(@)

For indicating that the sum of the torques on the disk equals zero
z Ton disk = 0

Ty =T

OR

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

1 point

For correctly substituting the expressions for the forces
FyR = F.R

mpgR = kAxR

mpg = kAx

OR

F, = F,

mpg = kAx

1 point

For correctly substituting for Ax
mgg = kRO
_ kRO

m
BT g

1 point

Total for part (a) 3 points

(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

down

1 point

For correct location and label of the force exerted on the disk by the axle, directed such that

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

1 point
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Example Response

A

Scoring Notes:

e Examples of appropriate labels for the force due to gravity include: F, Fg , Fgrav ,

W, mg, Mg, “grav force,” “F Earth on block,” “F on block by Earth,” Fg,.1 on block »

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

29 ¢

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

normal force, which can be used instead of Fyye . Fprings Fy» Tipring » 1 » “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
() 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
7, = lja
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
FR = I
For correctly substituting for F| 1 point
For correctly substituting 7; and Ax, or an expression for Ax consistent with part (a) 1 point
_k(RO)R = %MdRza
_ _2k0
M,
Scoring Note: The negative sign is not necessary to earn this point.
Total for part (c) 4 points
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(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
: t
t
Scoring Note: Any part of the graph beyond ¢ is not considered in scoring.
Total for part (d) 2 points

(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 (e)

mos e i ~

-

3 points

-
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Question 1: Free-Response Question 15 points
(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

A
Fy
Fy
Fg
A

Scoring Notes:

e Examples of appropriate labels for the force due to gravity include: £, F;g , Fgrav ,
W, mg, Mg, “grav force,” “F Earth on block,” “F on block by Earth,”
Fharth on block » TE.Block - The labels G and 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. Fiying, Fy» Fr,> Frensions 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

(b) For any correct trigonometric expression for € in terms of the given quantities 1 point

sinf = —X L0 =sin7| —X

\’yz + x2 yZ + XZ
OR
cosf = 4 5.0 =cos J

X2 2+ x?

OR
tan@ = = L O=tan'E

y y

Total for part (b) 1 point
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(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-F,-F,=0
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 + Fycos@
2, 2
VYT +x
(¢)(ii) For summing the forces in the horizontal direction, consistent with parts (a) and (b) 1 point
E’tet = _FT,x _Ff
For correctly substituting the horizontal component of the force of tension in terms of the 1 point
given variables
Fo = —Frsinf — F,
X
Fpo = —I7 (ﬁ} - F
Vy 4+ x
For correctly substituting the expression for the normal force from part (c)(i) into the 1 point
expression for the force of friction
X
Fnet = _FT(ﬁJ_/UkFN
VYo +x
X
Frer = _FT(ﬁ — M| mg + Fp %
VY +x y 4+ x
Total for part (c) 5 points
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(d)

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

W=jF-dx

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 = [ Frd

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

x=L X
W = _F——r
x=0 T(\/yzﬂcz]x

For correct limits of integration, x= 0 to x= L, and indicating that the work done is negative 1 point

letu = y2 + x2, then du = 2x dx

W= E ]l g b
Wz—FT(\/y +x2)
W——FT(\/y 2 - J_)

Total for part (d) 4 points

(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 (e) 2 points

Total for question 1 15 points
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15 points

(@

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

A

T

pivot

F,

T
|
|
|
|
|

pring

T

v

Scoring Notes:

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

W, mg, Mg, “grav force,” “F Earth on block,” “F on block by Earth,” Fy, 4 on block »
FE Block - 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 F

pivot -+ Lspring » Fs » “spring force,” or

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

Total for part (a)

3 points

(b)

For indicating that the sum of the torques equals zero

=0

1 point

L
4

For substituting mg for the force of gravity and kAx for the spring force into a torque

equation

L

—kAx ——mg =0

4

1 point

Ax =

For a correct expression for Ax

mg

k

1 point
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Example Response

=0
Fspringdspring - F weightdweight =0
L L
ZkAX — ng =0
mg
Ax =25
k

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

Total for part (b) 3 points
(c)(i) For a sketch that begins at a maximum value and monotonically decreases to a minimum of 1 point
zero at ¢ = f
For a sketch that is concave down between ¢ = 0 and ¢ = 1, 1 point
Example Response
o
.‘ 1
h
Scoring Note: Any part of the graph beyond ¢ is not considered in scoring.
(c)(ii) For indicating that the torques are in opposite directions in the rotational form of Newton’s 1 point
second law
Topring — Tg = la
For including sin (90 — 6,), sin(90 + §,), or cosf, in an expression for the net torque 1 point
exerted on the rod
FingAspring (€08 0) — Fod,(cos0) = Iza
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
dspringkAXZ (COS 00) - dgmg(cos 80) = 130‘0
For substituting correct lever arms in an expression for the net torque exerted on the rod 1 point

%(cos 0y))kAx, — %(cos Oy)mg = I«
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Example Response

Topring — Tg = la
Evpringdspring (COS 90) - ngg (COSHO) = IBao
Lpring (€086 )k Axy — 1, (cos6y)mg = Ipa,

%(cos Ok Ax, — %(cos Gy)mg = Iz,

ay = L(kAx2 cosf, — mgcosb)
41

Total for part (c) 6 points

(d)

For selecting “«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
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Question 1: Free-Response Question 15 points
(a) For correctly drawing and labeling all the forces on the cart on the flat surface 1 point
For correctly drawing and labeling the weight of the cart on the incline 1 point
For correctly drawing and labeling the normal force on the cart on the incline 1 point
For correctly drawing and labeling the force of the fan on the cart on the incline 1 point
Scoring note: A maximum of three points can be earned if there are any extraneous vectors.
Example responses for part (a)
Cart on Horizontal Track Cart on Incline
Fy N Py
F fan h
——————— o
mg mg R
Scoring note: Examples of appropriate labels for the force due to gravity include: F, Fy,
Fgrav , W, mg, Mg, “grav force,” “F Earth on cart,” “F on cart by Earth,” Fg, . on cart »
Fg cart » Fearp - The labels 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.
Total for part (a) 4 points
(b) For correctly applying Newton’s second law for the cart on the flat surface 1 point
K fan = Meart@
For the correct answer with units 1 point
Fiyn = (0.50 kg)(0.8 m/s*) = 0.40 N
Total for part (b) 2 points
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(c) For including the correct component of weight in a Newton’s second law equation for the 1 point
cart

Ffan + mgsin9 = ma2

For a correct Newton’s second law equation 1 point

Fe, + mgsin@ = ma,

For correct substitutions consistent with part (b) into the above equation 1 point

mgsin@ = ma, — Fg,,

0 = sin™! | 282 fan P
mg

[ (050 kg)(2.4 m/s*) - (0.50 kg)(0.8 m/s?)
g =sin [ (0.50 kg)(9.8 m/s’)
6 =94°
Total for part (¢c) 3 points
(d) For selecting “No” and an attempted justification 1 point
For a correct justification 1 point

Example response for part (d)

The mass of the cart cancels out in the equation used to find the angle of the incline.

Total for part (d) 2 points
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For drawing an appropriate best-fit line

i.

(e)

sin@
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1

1 point

1 point

3 points
1 point
15 points

Total for part (e)

0.
Total for question 1

10.52 m/s?

ma

(0.42 - 0.04)
10.52 m/s

Ay (5- 1)(m/s2)
mx + b
8

Ax

. F
" a = gsing +
m

. slope
decreases the y-intercept without changing the rest of the graph. So the new line of data is

For correctly using an expression that relates the slope to the acceleration due to gravity
predicted to be parallel to and below the original line.

The mass of the cart is in the denominator of the y-intercept, so increasing the mass

For correctly calculating slope using two points from the best-fit line

a = (slope)sin@ + ( y-intercept)
Example response for part (f)

F.o = Fyy +mgsing
For a correct explanation

slope
from y

ii.

®
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Question 1: Free-Response Question 15 points
(@ For correctly evaluating Newton’s second law equations for the system at rest 1 point

mg-f=(m+my)a=0..mg=f

For correctly substituting for static friction into above equation: 1 point

myg = f = usFy = usmg

m, (0.20 kg)
=—==———2=045
#s = m, T (044 kg)
Total for part (a) 2 points

(b) For correctly drawing and labeling the horizontal forces of friction and tension on block 1 point

of mass my

For correctly drawing and labeling the vertical forces of weight and normal force on 1 point

block of mass m;

For correctly drawing and labeling forces of weight and tension on block of mass m, 1 point

For indicating that the gravitational forces on each block are different 1 point

Example responses for part (b)

Block 1 Block 2
F 3
‘F.\' Fr
J e, 0
mg
Y mg

Scoring note: Examples of appropriate labels for the force due to gravity include: Fg,

Fy. Fgravs W, Mg, Mg, “grav force,” “F Earth on block,” “F on block by Earth,”

Fearth on block + FEBlock » Flock e - The labels 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.

Total for part (b) 4 points
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(©)

For correctly evaluating Newton’s second law equation for block 1:
T - f = mla

1 point

For correctly evaluating Newton’s second law equation for block 2:

m,g —T = mya

Combining the two equations

mg-f=(m+my)a.. f=mg-(m+m,)a

Scoring note: Both points are earned for a single correct Newton’s second law equation
for the two-block system.

1 point

For correctly substituting for Kinetic friction into above equation

m,g —(m, + my)a
f =Py =mmg =mg—(m +my)a.. g = 29 (mllg 2)

(020 kg)(9.:8 m/s?) - (0.44 kg +0.20 kg)(2.3 m/s?)
- (0.44 kg)(9.8 m/s?)

=011

Hy

1 point

Total for part (c)

3 points

(d)

For selecting “Yes” and attempting a relevant justification

1 point

For a correct justification

1 point

Example response for part (d)
If the track is not level, the angle of the track must be incorporated into the equation for
acceleration, and this could account for the larger coefficient of kinetic friction.

Total for part (d)

2 points
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(e) i. Fordrawing an appropriate best-fit line 1 point
a (m/s%)
ii. For calculating slope using two points from the best-fit line 1 point
2
_ Ay _ (6—2)(m/s) _ 2
slope = A% = (045 0.5 (kg) ~ o3 m/kges
For correctly using an expression that relates the slope to the acceleration due to gravity 1 point
Fromy =mx +b
a = (slope)m, + (y-intercept)
m,9 g
=—>==_ " slope = —————
(my +my) (my +my)
g = slope x (my + m,) = (13.3 m/kges®)(0.44 kg + 0.20 kg) = 8.5 m/s”
Total for part (e) 3 points
() For a correct justification 1 point

Example response for part (f)

The acceleration would be greater because there would be a component of the
gravitational force on block 1 along the surface, which would be in the same direction as
the tension force.

Total for question 1 15 points
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Question 3: Free-Response Question 15 points
(a) For correctly drawing and labeling the weight of the block 1 point
For correctly drawing and labeling the force exerted by the track on the block 1 point
For a correct justification consistent with the diagram 1 point
Example response for part (a)
|
|
|
|
I
¥ v
Fy
The force F,represents the weight of the block and always points downward. The force
F)y represents the force the track exerts on the block to keep it moving in a circular path
and points perpendicular to the surface of the track.
Scoring Note: Examples of appropriate labels for the force due to gravity include: £y,
Fg , Fgrav , W, mg, Mg, “grav force,” “F Earth on block,” “F on block by Earth,”
Fiarth on block » FEBlock » IBlock E -The labels 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: If extraneous forces are present, a maximum of 2 points can be earned.
Total for part (a) 3 points
(b) For using conservation of energy 1 point
For correctly relating the elastic potential energy at maximum spring compression to the 1 point
gravitational potential energy at point B
For a correct substitution into the equation above 1 point

I o 1 2
ZMVp = Ek(Ax) — mgh,

Ve = %(Ax)z ~2g(3R) . vg = \/%(Ax)z — 6gR




il
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For correctly relating the centripetal force to speed from part (b)(i) 1 point
F. = m? m_"%f

¢ r R
For an answer consistent with part (b)(i) 1 point

B e

Total for part (b) 5 points

(c) For correctly relating the net force to the diagram from part (a) and setting the normal 1 point
force equal to zero
For correctly substituting into the equation above 1 point
k(Ax)? ~ k(Ax)® . [imgR
T—6mg—mg..T—7mg..AX— %
Total for part (c) 2 points
(d) For correctly relating the height of fall to the time of fall 1 point
f 2)(4R) f
Y=Yy +V, t+2y “H=0+0+— gt )(
For correctly substituting into the equation for constant Velocr[y consistent with part (b)(i) 1 point
D=vi= (,/—(Ax) ~6 Rj( /SRJ
g
Total for part (d) 2 points
(e) i. Fora correct justification 1 point
ii. For indicating that as the maximum compression of the spring increases, the distance D 1 point
increases
For indicating that the minimum value is due to the minimum speed needed to get 1 point
through the track.

Example responses for part (e)

The block needs a minimum speed to make it through point B on the track; thus, the
horizontal line segment represents compressions of the spring for which the block does
not make it to point B.

OR

From the equation in part (d), the compression of the spring is directly proportional to
the horizontal distance traveled by the block; thus, the graph would be a straight line.
The minimum value is the distance traveled when the compression of the spring generates
the minimum speed needed to reach point B on the track.

Total for part (¢) 3 points

Total for question 3 15 points
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General Notes About 2019 AP Physics Scoring Guidelines

The solutions contain the most common method of solving the free-response questions and the allocation of
points for this solution. Some also contain a common alternate solution. Other methods of solution also
receive appropriate credit for correct work.

The requirements that have been established for the paragraph-length response in Physics 1 and Physics 2 can
be found on AP Central at
https://secure-media.collegeboard.org/digitalServices/pdf/ap/paragraph-length-response.pdf.

Generally, double penalty for errors is avoided. For example, if an incorrect answer to part (a) is correctly
substituted into an otherwise correct solution to part (b), full credit will usually be awarded. One exception to
this may be cases when the numerical answer to a later part should be easily recognized as wrong, e.g., a
speed faster than the speed of light in vacuum.

Implicit statements of concepts normally receive credit. For example, if use of the equation expressing a
particular concept is worth 1 point, and a student’s solution embeds the application of that equation to the
problem in other work, the point is still awarded. However, when students are asked to derive an expression,
it is normally expected that they will begin by writing one or more fundamental equations, such as those
given on the exam equation sheet. For a description of the use of such terms as “derive” and “calculate” on
the exams, and what is expected for each, see “The Free-Response Sections — Student Presentation” in the
AP Physics, Physics C: Mechanics, Physics C: Electricity and Magnetism Course Description or “Terms
Defined” in the AP Physics 1: Algebra-Based Course and Exam Description and the AP Physics 2: Algebra-
Based Course and Exam Description.

The scoring guidelines typically show numerical results using the value g = 9.8 m/ s, but the use of

10 m/ s? is of course also acceptable. Solutions usually show numerical answers using both values when they
are significantly different.

Strict rules regarding significant digits are usually not applied to numerical answers. However, in some cases
answers containing too many digits may be penalized. In general, two to four significant digits are acceptable.
Numerical answers that differ from the published answer due to differences in rounding throughout the
question typically receive full credit. Exceptions to these guidelines usually occur when rounding makes a
difference in obtaining a reasonable answer. For example, suppose a solution requires subtracting two
numbers that should have five significant figures and that differ starting with the fourth digit (e.g., 20.295 and
20.278). Rounding to three digits will lose the accuracy required to determine the difference in the numbers,
and some credit may be lost.
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Question 1

15 points
Object Cylinder
Mass =12 g
Fluid
Table

In an experiment, students used video analysis to track the motion of an object falling vertically through a
fluid in a glass cylinder. The object of m = 12 g is released from rest at the top of the column of fluid, as
shown above. The data for the speed v of the falling object as a function of time ¢ are graphed on the grid
below. The dashed curve represents the best fit chosen by the students for these data.

S A O R A O 0 O N O g
L7I7 I7I7 7I7I [ I I,‘ | L B | [ B | 1 I.I ] _A—ﬂ.I7J7
(U e e
L - - T
W I N
0.6 T T F T
é == *T*T*F*****‘ S it Rt el St i i i S
SN N T YPTAa A ' S
ROl SR WS - - -
T D P g Ly B - L R
ST O Y SO T O N
02 A
A e e
IS O A
OG L] 1 1 1 1 1 1 1 1 1 Il Il Il Il Il Il Il 1 Il 1 1 1 1 1 1 1 1 Il
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
t(s)
(a)
1. LO CHA-1.C,SP 7.A
1 point
Does the speed of the object increase, decrease, or remain the same?
Increase Decrease Remain the same
| For selecting “Increase” | | 1 point

ii. LOCHA-1.C,SP4.D
2 points

In a brief statement, describe the direction of the object’s acceleration and how the magnitude of this
acceleration changed as the object fell.

For a description that includes the direction of the acceleration as being “downwards” 1 point

For a description that includes the decrease in the magnitude of the acceleration 1 point

Example: Because the object is moving downwards and speeding up, the acceleration
must be downwards. Because the slope of the graph of speed as a function of time is
decreasing, the magnitude of the acceleration must be decreasing.
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Question 1 (continued)

(a) continued

Moo oo oo e
=t ==t ==t ==+ A=+ = == =
mrrr o bt e e
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[ I
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1
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1
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I =+ +=—tt——f+——++
I Il BN
S o et el et ol e i Uy o e el et Bt e
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L1l 1 1 L1 1 I L1 1 L1l _/
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— e (e () (@] e

0.10 0.15 0.20 0.25 0.30 0.35

0.05

£(s)

LO CHA-1.C,SP 4.D, 6.C
2 points

iii.

Using the graph, calculate an approximate value for the magnitude of the acceleration of the object at

t=0.20s.

1 point

1 point

For calculating the slope of a trend line at = 0.20 s

(0.8-0.6) m/s
(0.226 — 0.136) s
For a correct answer using points from a tangent line

_ Av
At

slope = a

a =222 mfs’

A(l —e B ) to model the speed of the falling object and find the best-fit

The students use the equation v

coefficients tobe 4 =1.18 m/s and B =5s".
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Question 1 (continued)

(b)  Use the above equation to:

i LO CHA-1.B, SP 6.B, 6.C
3 points

Derive an expression for the magnitude of the vertical displacement y(¢) of the falling object as a
function of time ¢.

For indicating that the vertical displacement is the integration of the velocity 1 point
Ay = J.vdt = IA(] - e_Bt)dt
For the equation for speed using appropriate limits or constant of integration 1 point
! | =t 1 1
_ _ B g I 7 1 _Br) 1 o
Ay = I'L)A(l e )dt A[t —5°¢ l‘:o A[(t +ge ) (0 +ge )}

For a correct answer 1 point

Ay = A(t + %(e*Bf - 1)) = (1.18)([ + %(e*Sf - 1))

Note: Credit given for using 4 and B or plugging in the given values

ii. LOINT-1.C.d,SP6.B, 6.C
3 points

Derive an expression for the magnitude of the net force F(z) exerted on the object as it falls through the
fluid as a function of time ¢.

For attempting the derivative of the equation for speed 1 point
_ dv _ d —Bt
===
For a correct equation for the acceleration 1 point
a = ABe™”
For multiplying the equation above by the mass of the object 1 point

F =ma = m(ABe_B’) = mABe™?!

F = (.012)(1.18)(5)e™ = 0.071e™"

Note: Credit given for using 4, B, and m or plugging in the given values
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Question 1 (continued)

The students repeat the experiment with a taller glass cylinder that is filled with the same fluid. The

cylinder is tall enough so that the object reaches a constant speed.

LO INT-1.I, SP 7.A, 7.C
2 points

Determine the constant speed of the object.
Justify your answer.

For stating the constant speed is v = 4

1 point

For indicating that the constant speed can be determined by setting the time equal to
infinity

1 point

Example: After a long time, the falling object will reach a terminal constant speed in the
fluid. This can be determined by setting the time ¢ in the equation for speed equal to
infinity. By doing this, the constant speed is determined to be v = 4.

Note: Credit given for solving mathematically

LO INT-1.H.b, SP 7.A, 7.C
2 points

Determine the force exerted by the fluid on the object at this time. Justify your answer.

For indicating that the net force is equal to zero when the object moves with constant
speed

1 point

For indicating the resistive force is equal to the weight of the object at this time

1 point

Example: When the falling object reaches a constant speed in the fluid, the net force
must be zero. Because the only vertical forces acting on the object are Earth’s

gravitational pull and the resistive force of the fluid, these two forces must be equal.

So, the resistive force must be equal to the weight of the object or 0.12 N.

Note: Credit given for solving mathematically
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Question 1 (continued)

Learning Objectives

CHA-1.B: Determine functions of position, velocity, and acceleration that are consistent with each other, for the
motion of an object with a nonuniform acceleration.

CHA-1.C: Describe the motion of an object in terms of the consistency that exists between position and time,
velocity and time, and acceleration and time.

INT-1.C.d: Derive an expression for the net force on an object in translational motion.

INT-1.H.b: Describe the acceleration, velocity, or position in relation to time for an object subject to a resistive
force (with different initial conditions, i.e., falling from rest or projected vertically).

INT-1.I: Calculate the terminal velocity of an object moving vertically under the influence of a resistive force of
a given relationship.

Science Practices

4.D: Select relevant features of a graph to describe a physical situation or solve problems.

6.B: Apply an appropriate law, definition, or mathematical relationship to solve a problem.

6.C: Calculate an unknown quantity with units from known quantities, by selecting and following a logical
computational pathway.

7.A: Make a scientific claim.

7.C: Support a claim with evidence from physical representations.
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Question 2

15 points

Block[] String . Oniax

LN Mass of Block 1 =3M
:Bl k\‘Y 7 Mass of Block 2 =M
iblock ~

o 7]

2L

Note: Figure not drawn to scale.
A pendulum of length L consists of block 1 of mass 3M attached to the end of a string. Block 1 is released
from rest with the string horizontal, as shown above. At the bottom of its swing, block 1 collides with block
2 of mass M, which is initially at rest at the edge of a table of height 2L. Block 1 never touches the table. As
a result of the collision, block 2 is launched horizontally from the table, landing on the floor a distance 4L
from the base of the table. After the collision, block 1 continues forward and swings up. At its highest point,

the string makes an angle fy;5x to the vertical. Air resistance and friction are negligible. Express all
algebraic answers in terms of M, L, and physical constants, as appropriate.

(a) LO CON-2.C.a, SP 5.E
1 point

Determine the speed of block 1 at the bottom of its swing just before it makes contact with block 2.

For correctly calculating the speed of block 1 1 point
1 1
Ug =K, . mgh = Emv2 sogl= Evz

v =.2gL

Note: Credit is earned even if no work is shown.

(b) LO INT-2.B.b, SP 3.D
2 points

On the dot below, which represents block 1, draw and label the forces (not components) that act on
block 1 just before it makes contact with block 2. Each force must be represented by a distinct arrow
starting on, and pointing away from, the dot. Forces with greater magnitude should be represented by
longer vectors.

For correctly drawing and labeling the weight of the block and the tension in the string 1 point

For drawing the tension longer than the weight of the block 1 point

Note: A maximum of one point can be earned if there are any extraneous vectors.
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Question 2 (continued)

(c) LO INT-2.B.b, SP5.A, 5.E
2 points

Derive an expression for the tension £ in the string when the string is vertical just before block 1 makes

contact with block 2. If you need to draw anything other than what you have shown in part (b) to assist in
your solution, use the space below. Do NOT add anything to the figure in part (b).

For using an appropriate equation to calculate the tension in the string 1 point
2
2 3M)(y2gL
Fr = mg + mac zmg+%=3Mg+%
For a correct answer 1 point

For parts (d)—(g), the value for the length of the pendulum is L = 75 cm.

(d) LO CHA-2.C, SP 6.A, 6.C
2 points

Calculate the time between the instant block 2 leaves the table and the instant it first contacts the floor.

For using a correct kinematic equation to calculate the time 1 point

gl Lo 28 2(2L) _ [(4)(0.75 m)
Ay—1t+2t 2t St \/a \/ 2 \](9.8m/s2)

For a correct answer 1 point

t=0.55s

(e) LO CHA-2.C,SP 6.A, 6.C
2 points

Calculate the speed of block 2 as it leaves the table.

For using a correct kinematic equation to calculate the speed 1 point
Ax=vt.‘.v=£=4—L
t t
For substituting the time from part (d) into equation above 1 point
(4)(0.75 m)
=~ 2 =545
(055 5) m/s
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Question 2 (continued)

LO CON-4.E.a, SP 6.B, 6.C
3 points

Calculate the speed of block 1 just after it collides with block 2.

For indicating the use of the correct conservation of momentum to calculate the speed 1 point
Pi =Dy My £V =mpyyipe + 1LV, ¢

For correctly substituting the mass into equation above 1 point
(BM)v,; +0 = (3M)v1f + (M)vzf

For substituting the speeds from parts (a) and (e) into equation above 1 point

_BM)v; = (M)vy, (3M)2gL — (M)v,,
e (3M) } (3M)

(3)4(2)(9-8 m/s?)(0.75 m) — (1)(5.45 m/s)
if = 3)

=2.02 m/s

(v =2.06 m/swhen using g = 10 m/s2 )

LO CON-2.C.a, SP 6.B, 6.C
3 points

Calculate the angle 6y;5x that the string makes with the vertical, as shown in the original figure, when

block 1 is at its highest point after the collision.

For using conservation of energy to calculate the angle 1 point
Kl = ng

%mv2 = mgh

For correctly substituting 4 = L(1 — cosé) into the equation above 1 point
For correctly substituting the speed from part (f) into the equation above 1 point

1 2 V2
Lon? = mgL(1- PLANNE I
Fmv" = mg (1-cos®) 5ol cosd

= cos | 1- o =cos'|1- (2.02 m/s)” = °
o= (l 2gLJ {1 (2)(9.8 m/s?)(0.75 m) 3

(0 = 44.1°when using g =10 m/sz)
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Question 2 (continued)
Learning Objectives

CHA-2.C: Calculate kinematic quantities of an object in projectile motion, such as displacement, velocity, speed,
acceleration, and time, given initial conditions of various launch angles, including a horizontal launch at some
point in its trajectory.

INT-2.B.b: Describe forces that are exerted on objects undergoing horizontal circular motion, vertical circular
motion, or horizontal circular motion on a banked curve.

CON-2.C.a: Calculate unknown quantities (e.g., speed or positions of an object) that are in a conservative system
of connected objects, such as the masses in an Atwood machine, masses connected with pulley/string
combinations, or the masses in a modified Atwood machine.

CON-4.E.a: Calculate the changes in speeds, changes in velocities, changes in kinetic energy, or changes in
momenta of objects in all types of collisions (elastic or inelastic) in one dimension, given the initial conditions of
the objects.

Science Practices

3.D: Create appropriate diagrams to represent physical situations.

5.A: Select an appropriate law, definition, or mathematical relationship or model to describe a physical situation.
5.E: Derive a symbolic expression from known quantities by selecting and following a logical algebraic pathway.
6.A: Extract quantities from narratives or mathematical relationships to solve problems.

6.B: Apply an appropriate law, definition, or mathematical relationship to solve a problem.

6.C: Calculate an unknown quantity with units from known quantities, by selecting and following a logical
computational pathway.
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Question 3

15 points

I§

D " Motor-Driven Wheel

Vertical Axis

A horizontal circular platform with rotational inertia /p rotates freely without friction on a vertical axis. A

small motor-driven wheel that is used to rotate the platform is mounted under the platform and touches it.
The wheel has radius » and touches the platform a distance D from the vertical axis of the platform, as
shown above. The platform starts at rest, and the wheel exerts a constant horizontal force of magnitude F'
tangent to the wheel until the platform reaches an angular speed @p after time Az . During time At , the

wheel stays in contact with the platform without slipping.

(a) LO INT-7.A.b, CHA-4.A.b, SP 5.A, 5.E
2 points

Derive an expression for the angular speed wp of the platform. Express your answer in terms of /p, 7, D,
F, At , and physical constants, as appropriate.

For correctly substituting into the rotational form of Newton’s second law 1 point
t=1a.. FD=Ipx
a=tD
Ip
For correctly substituting into a rotational kinematic equation to calculate the angular 1 point
speed
w, = +aAt =0 +(2jAt
Ip

o = FDAt

P IP

(b) LO INT-7.D.a, SP 5.A, 5S.E
2 points

Determine an expression for the kinetic energy of the platform at the moment it reaches angular speed
@p . Express your answer in terms of /p, r, D, F, At, and physical constants, as appropriate.

For using the equation for rotational kinetic energy 1 point
1, 5 (1 FDAt Y
K==Iwp =(=|({
2" (2)( )( I )
For an answer consistent with part (a) 1 point
o (FDAt)?
21
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Question 3 (continued)

(c) LO INT-7.C,SP 5.A, S.E
2 points

Derive an expression for the angular speed of the wheel @y, when the platform has reached angular

speed wp . Express your answer in terms of D, r, @wp, and physical constants, as appropriate.

For indicating that the linear speed of the platform is equal to the linear speed of the 1 point
wheel
vp =Vy OR (rm), = (ro),
For correctly relating the linear speeds to the angular speeds in the above equation 1 point
Dwp = ray,
_ Dap
oy

e ——

When the platform is spinning at angular speed @p, the motor-driven wheel is removed. A student holds a
disk directly above and concentric with the platform, as shown above. The disk has the same rotational
inertia [p as the platform. The student releases the disk from rest, and the disk falls onto the platform. After

a short time, the disk and platform are observed to be rotating together at angular speed @, .

(d) LO CON-5.D.c, SP5.A, 5.E
2 points

Derive an expression for @, . Express your answer in terms of @p, /p, and physical constants, as

appropriate.

For using an expression for the conservation of angular momentum 1 point

L =0 Lo =hLo

For correctly substituting into the above equation 1 point
1
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Question 3 (continued)

3.1kge mz) to determine the rotational inertia /;; of an

A student now uses the rotating platform (1 P

unknown object about a vertical axis that passes through the object’s center of mass. The platform is

rotating at an initial angular speed @, when the unknown object is dropped with its center of mass directly

above the center of the platform. The platform and object are observed to be rotating together at angular

speed @, . Trials are repeated for different values of @,. A graph of @, as a function of @, is shown on the

axes below.

(e)

LO CON-5.D.c, SP 4.C

1 points

1.

On the graph on the previous page, draw a best-fit line for the data.

_LJ_L__Lﬁ_Ll__L_

bt e e e et e el s I

Lyl 1
|

_J_%l_ 1

-t -1t

AR U I ) N
|

(s/pex) )

6

4

@; (rad/s)

| 1 point

| For an appropriate best-fit line for the graph above
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Question 3 (continued)

(e) continued
ii. ~ LO CON-5.D.c,SP4.D, 6.C
2 points

Using the straight line, calculate the rotational inertia of the unknown object /;; about a vertical axis
passing through its center of mass.

For using conservation of angular momentum to derive an expression that includes 1, 1 point

@;
o~ ]P(a’f]_lp

For substituting points from the best-fit line into the expression above 1 point

B 2\( (4.0 -1.0) rad/s ) 2\ )
Iy =(3.1kgem )((9'3_2'4) ad/s (3.1kgem?) = 4.1 kgem

Note: The point (0, 0) can be used implicitly if the best-fit line goes through the origin.

3} LO CON-5.D.c,SP7.A,7.C
2 points

The kinetic energy of the spinning platform before the object is dropped on it is K. The total kinetic
energy of the platform-object system when it reaches angular speed @ is K, . Which of the following

expressions is true?

Justify your answer.
For selecting K, < K; with an attempt at a relevant justification 1 point
For a correct justification 1 point

Example: Because the two disks will be rotating with the same final angular speed, this
is an inelastic collision, and kinetic energy will be lost during the collision.
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Question 3 (continued)

(g) LO INT-6.E, SP 7.A, 7.C
2 points

One of the students observes that the center of mass of the object is not actually aligned with the axis of
the platform. Is the experimental value of /;; obtained in part (e) greater than, less than, or equal to the

actual value of the rotational inertia of the unknown object about a vertical axis that passes through its
center of mass?

Greater than Less than Equal to

Justify your answer.

For selecting “Greater than” with an attempt at a relevant justification 1 point

For a correct justification 1 point

Example: Because the center of mass of the object is off the axis of the platform, the
parallel axis theorem would be used to calculate the total rotational inertia of the

platform-object system. Using [ = I, + Mh* | the experimental value will be
increased by Mh>.

Learning Objectives

INT-6.E: Derive the moments of inertia of an extended rigid body for different rotational axes (parallel to an axis
that goes through the object’s center of mass) if the moment of inertia is known about an axis through the object’s
center of mass.

CHA-4.A.b: Calculate unknown quantities such as angular positions, displacement, angular speeds, or angular
acceleration of a rigid body in uniformly accelerated motion, given initial conditions.

INT-7.A.b: Calculate unknown quantities such as net torque, angular acceleration, or moment of inertia for a
rigid body undergoing rotational acceleration.

INT-7.C: Derive expressions for physical systems such as Atwood Machines, pulleys with rotational inertia, or
strings connecting discs or strings connecting multiple pulleys that relate linear or translational motion
characteristics to the angular motion characteristics of rigid bodies in the system that are: (a) rolling (or rotating
on a fixed axis) without slipping. (b) rotating and sliding simultaneously.

INT-7.D.a: Calculate the rotational kinetic energy of a rotating rigid body.

CON-5.D.c: Calculate the changes of angular momentum of each disc in a rotating system of two rotating discs
that collide with each other inelastically about a common rotational axis.

Science Practices

4.C: Linearize data and/or determine a best-fit line or curve.

4.D: Select relevant features of a graph to describe a physical situation or solve problems.

5.A: Select an appropriate law, definition, or mathematical relationship or model to describe a physical situation.
5.E: Derive a symbolic expression from known quantities by selecting and following a logical algebraic pathway.
6.C: Calculate an unknown quantity with units from known quantities, by selecting and following a logical
computational pathway.

7.A: Make a scientific claim.

7.C: Support a claim with evidence from physical representations.



