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AP® Physics C: Mechanics 2024 Scoring Guidelines

Question 3: Free-Response Question

15 points

(@

For drawing and appropriately labeling the downward forces that are exerted on the rod at
points P and C

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

this point.

1 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
exerted on the rod at the pivot, and no extraneous forces are present

1 point

Example Response

Q

T, string

FT= block

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

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),,

29 <6

Fivor » Fr» Fn» N, “normal force,” “pivot force.”
Scoring Note: Examples of appropriate labels for the tension force include F;, Fy, T,

Fiysing » 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

27=0

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

1 point

Example Response

Imgsin 9(%)

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

1 point

Example Response

mgsin@ (%)

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

1 point

Example Responses

Fpsin(90° — 9)(%) OR F; cos@(%)

Example Solution

2t =0

3mg sinﬁ(%) + mg sine(%) ~ Fysin(90° - 9)(%) )
8 8

3mg sin 0( 3L )

+ mgsin@(%) - F; cosH(6L) =0
9 : 4 . 6

(g)mg sind + (g)mgsmﬁ = (g)FT cos@

13mgsin@ = 6F; cos@

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
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(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 Fy .., 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:Jdm

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 =144kg

Example Solution
M = Idm
M = J‘l dx

M = [ (6 +10x)d
= 0 X )dx
B 10x?

M—(6x+ > J

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

1.2m

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

Example Response

1.2m
I = .[ (A + Bx)x*dx
0

For a correct integration 1 point
Example Response
1.2m
I = (A)c3 + Bx4j
3 4 )
For a correct numeric answer with correct units 1 point

Example Response

I = 8.64kg - m*

Example Solution

Izjrzdm dm = Adr and r = x

12
I =J m/lxzdx
0

1.2m 2
1= _[0 (A + Bx)x“dx

I = AL_FBL
3 4

0

1

3
I = 8.64kg - m?

_ (60kg/m)(12m)° (10.0kg/m?)(1.2m)*

4

Total for part (d) 6 points

Total for question 3 15 points
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PCM Sample 3A pg 1 of 3

Question 3 L

Begin your response to QUESTION 3 on this page.

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 & 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.

Unauthorized copying or reuse of this page is illegal. Page 10 GO ON TO THE NEXT PAGE.
Use a pendll or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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Question 3

Continue your response to QUESTION 3 on this page.

"%L from the pivot. Derive an

equation for the tension Fr in the horizontal string in terms of L, m, 6, and physical constants, as appropriate.

47 © c o
-~ . "~ - ;,.‘ a_e -0
‘é- L(Sr’ﬁ);mﬁ* }énm,&nﬂ 'i."L Es
4

(b)lnFimn’el,PoimPislocamd-:-L from the pivot and Point Q is located

3 tmguing + & poind ~Sp Fecoso < o
4

|3 mgi"“ﬁ""ﬁr“‘a 0O

=3 T g
f:t"-"\"‘"”‘r ri

String

TCU] &= B ﬁal‘r

Pivot

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 & remains the same. How does the new tension Fr, ., compare with
the original tension Fy from part (b) ? Justify your reasoning. -

Ay R omle When Frond @ e,
0= rRsing e Soria -':Aw&;'irﬂ-bf-’:k tome Yo

betoen L
kece W siglon ot b, Trthory FOO

Ummw.mdﬂh Page 11 GOONTOTH!NEXTPAGE
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Question 3

Continue your response to QUESTION 3 on this page.

0 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/m’.

i. Calculate the mass of the rod. 4
yo oA e s Mz xdw’fampoxd*
=M oo .
% -

ii. Calculate the rotational inertia of the rod about the pivot.

I=Jcdm= jx’(me,)b :jldx?’+6z‘d-n
o

I pfed et |

Unauthorized copying or reuse of this page Is illegal. Page 12 GO ON TO THE NEXT PAGE.
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Question 3 ®

Begin your response to QUESTION 3 on this page.

#
-

Pivot

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 & 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.

Unauthorized copying or reuse of this page is illegal. Page 10 GO ON TO THE NEXT PAGE.
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Question 3

Continue your response to QUESTION 3 on this page.

(b)!nﬁgurel,l‘uintPislocated%L from the pivot and Point Q islocmd%f. from the pivot. Derive an

equation for the tension Fy in the horizontal string in terms of L, m, 6, and physical constants, as appropriate.
= Er
’1:1-» ol 7% ‘e * O

£ (41) o - mg (1) - Bmay (ALY 520
@ Fem Hlmy - JLwa=O

%.ZF'I': %w

Ca F'-l;'-"- rb'“‘]
\F-- ‘5_"_"3 !

M [

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 & remains the same. How does the new tension Fr, ey, compare with
the original tension Fy. from part (b) ? Justify your reasoning.

MmO qle.ﬁ.h.f M T etawn "'C"F'f’;““.@'
sine. Ve anqle oetwes~r Vi ree cnd A (on
almn  deciehesd | Mo borie- Waas iinsensed
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N
Question 3 ¢
Continue your response to QUESTION 3 on this page.
Pivot
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 = 6.0 kg/m, and B = 10.0 kg/m’.
i. Calculate the mass of the rod.
A ZAYBX=Lr\Dx
M
AT
S}dl__sw
I't
M-.-.gmioxdxs‘ll-l,qa !
o
i, Calculate the rotational inertia of the rod about the pivot.
AdL =d~
'I::-S{!"ﬁﬂ‘
24 dAv -~
=\¢*) L
; g RE] v (_y.\
. 9, et (o
5
I =\X M we ~
l't‘ . ‘\.l I‘
1'-‘-§g_7~(ur'lbx\ Ax ={9. v wm\
I —
Unauthorized copying or reuse of this page s illegal. Page 12 GO ON TO THE NEXT PAGE.
Use a pencil or a pen with black or dark biue ink. Do NOT write your name. Do NOT write outside the box.
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Question 8

qunwurmwdumamﬁhp;ga.

Figure 1
Note: Figure not drawn to scale.

t@uaﬁmhedtnapivotmavutcal pole, as shown in Figure 1. There is

3. A uniform rod
negligible friction™betwee ﬂ:cmdmdﬂwpwotAbonzantnlmmumonn&nmdwthepnlem
rod makes an angle 8 with the pole. A block of mass 3m hangs IfGi 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.

s

um\

dn
(-' iV d

Unauthorized copying or reuse of this page is illegal. Page 10 GO ON TO THE NEXT PAGE.
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Question 3

Continue your response to QUESTION 3 on this page.

%L from the pivot and Point Q isibcamdg-l_.&omthepivmnerlwm

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

Sy on 6§ L & o Cuck -0 1Tk
! r"(' FP'O

(1 - Pp .
. (i (g lyss |

(b) In Figure 1, Point P is located

String

Pivot 3m

Figure 2

Note: Figure not drawn to scale.

(¢) The original string is replaced with a longer string that a higher location on the vertical
as shown in Figure 2. 'Ihemgle_alwdum}hw mmﬁmﬁmmmwith
mﬁmf‘:ﬁumpm(b)?wzour

Pi'l‘\* LA 5\"5 ‘“W‘r-ml Mt Ne W Hsim w5
j/rffr P, sioal s bk Pt oL
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Question 8

Continue your response to QUESTION 3 on this page.

Pivot

Nonuniform Rod

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 len 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/m”. - \ *—\‘JK
i, Calculate the mass of the rod. —_ M+ b=

g;\" b0 I50.25 | 2.8 ’ﬂ;\

"%&x* S kyx e

R SY - KKy
ii. Calculate the rotational inertia of the rod about the pivot.

(S

1 ﬁ“mj)rl)x
B s s 5
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Question 3

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

Overview

The responses were expected to demonstrate the ability to:

Draw and label force vectors on a rigid body diagram.

Determine the magnitude of a torque associated with a force exerted on a rigid body.

Determine the magnitude of torque exerted on a rigid body due to the gravitational force.

Derive an unknown force exerted on a rigid body that is in a state of translational and rotational
equilibrium.

Demonstrate a conceptual understanding of the relationship between the torque provided by a force and
the angle at which the force is exerted.

Calculate the mass of a thin rod of nonuniform density based on the linear mass density of the rod.
Calculate the moment of inertia of a thin rod of nonuniform density.

Determine the differential mass dm in terms of x from the linear mass density of the rod.

Sample: 3A
Score: 15

Part (a) earned 3 points. The first point was earned for including appropriately labeled downward forces at points
P and C. The second point was earned for including an appropriately labeled leftward force at Point Q . The third

point was earned for including an appropriately labeled force at the pivot that is directed up and to the right. Part (b)
earned 4 points. The first point was earned for indicating that net torque is zero. The second point was earned for
including a correct expression for torque due to the hanging mass. The third point was earned for including a correct
expression for the torque due to the force of gravity exerted on the rod. The fourth point was earned for including a
correct expression for torque due to the string. Part (¢) earned 2 points. The first point was earned for indicating that
the torque provided by the string is always the same. The second point was earned for stating that the larger angle
between the string and rod leads to a decreased tension force. Part (d) earned 6 points. The first point was earned for
attempting to integrate, indicating that total mass is the sum of differential masses. The second point was earned for
correctly writing dm in terms of x. The third point was earned for including a correct numeric answer with correct
units. The fourth point was earned for correctly substituting A into an integral expression for moment of inertia. The
fifth point was earned for correctly integrating the expression. The sixth point was earned for including a correct
numeric answer with correct units.

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

Sample: 3B
Score: 11

Part (a) earned 3 points. The first point was earned for including appropriately labeled downward forces at points P
and C, where “ F3” is acceptable for the force due to the block. The second point was earned for including an

appropriately labeled leftward force at Point Q . The third point was earned for including an appropriately labeled

force at the pivot that is directed up and to the right. Part (b) earned 2 points. The first point was earned for
indicating that net torque is zero. The second point was not earned because the response’s expression for torque due
to the hanging mass is incorrect, due to “cosé.” The third point was not earned because the response’s expression
for torque due to gravity on the rod is incorrect, due to ““cosé .” The fourth point was earned for including a correct
expression for the torque due to the string. Notice that trig functions are not reversed on ALL torque terms. Part (c)
did not earn any points. The first point was not earned because the response does not indicate that the torque
provided by the string is always the same. The second point was not earned because the response does not state that
a larger angle between the string and rod leads to a decreased tension force. Part (d) earned 6 points. The first point
was earned for attempting to integrate, indicating that the total mass is the sum of differential masses. The second
point was earned for correctly writing dm in terms of x. The third point was earned for including a correct numeric
answer with correct units. The fourth point was earned for correctly substituting A into an integral expression for
moment of inertia. The fifth point was earned for correctly integrating the expression. The sixth point was earned for
including a correct numeric answer with correct units.

Sample: 3C
Score: 4

Part (a) earned 2 points. The first point was earned for including appropriately labeled downward forces at points P
and C. The second point was earned for including an appropriately labeled leftward force at Point Q . The third

point was not earned because the response does not include an appropriately labeled force at the pivot that is directed
up and to the right. Part (b) earned 1 point for indicating that net torque is zero. The second point was not earned
because the response does not include a correct expression for torque due to the hanging mass. The third point was
not earned because the response does not include a correct expression for torque due to the force of gravity exerted
on the rod. The fourth point was not earned because the response does not include a correct expression for torque
due to the string. Part (c) did not earn any points. The first point was not earned because the response does not
indicate that the torque provided by the string is always the same. The second point was not earned because the
response does not discuss the angle between the string and rod. Part (d) earned 1 point for attempting to integrate,
indicating that total mass is the sum of differential masses. The second point was not earned because the response
does not write dm in terms of x. The third point was not earned because the response does not include a correct
numeric answer with correct units. The fourth point was not earned because the response has no correct substitution
into an integral expression. The fifth point was not earned because the response does not integrate the expression.
The sixth point was not earned because the response does not include a correct numeric answer with correct units.
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