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AP® Physics C: Mechanics 2021 Scoring Guidelines

Question 2: Free-Response Question 15 points
(a) For integrating using the correct limits or constant of integration 1 point
r=2L }"3 r=2L 2 5
_ 2= 21 -4 -
I= J’/irdr—}{3} 3((2L) 0)
r=0 r=
For correctly relating Ato M and L 1 point
_m M (1Y (M g3y - A
A== ..I—(3)(2L)(8L)— TML

Total for part (a) 2 points

(b) i. For correctly substituting into an equation for the center of mass of an object in the 1 point
horizontal direction

v [ (o] ()

X - = = = —
CM Z m, ( M N M ) M 4
2 2
ii. For correctly substituting into an equation for the center of mass of an object in the vertical 1 point
direction
M M\(L ML ML
— W(L)Y+ == /4, =
y Zme:[(z)( ) (2)(2)}2( 2 4 )ZQL
cM Z m ( M . M ) M 4
2 2
Total for part (b) 2 points
() For selecting “Less than” and attempting a relevant justification 1 point
For a correct justification 1 point

Example response for part (c)
Because object B has more of its mass closer to the pivot than object A, the rotational
inertia of object B must be less than that of object A.

Total for part (c) 2 points
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(d) For an acceleration graph that is concave down and begins horizontally 1 point
For an angular speed graph that is concave down and ends horizontally 1 point
For consistency between the angular acceleration and angular speed graphs 1 point
Example responses for part (d)

a @
r &
» [ > |
Total for part (d) 3 points

(e) For selecting “Decreasing” and attempting a relevant justification 1 point
For a justification that indicates the lever arm for the torque is decreasing 1 point
Example response for part (e)

Because the horizontal position of the center of mass for the object is moving closer to the
pivot, the lever arm for the force of gravity is decreasing so the angular acceleration
decreases.
Total for part (e) 2 points
® For using conservation of energy 1 point
Ugl = Kz
For correctly relating the change in rotational kinetic energy to the change in gravitational 1 point
potential energy
| )
h=—1
mgh = S 1o
For correctly substituting for 4 into the equation above 1 point
Ly 1,5
mg( > ) =5 low
For an expression for @ that uses only the allowed symbols and is algebraically consistent 1 point
with the previous steps
\/2mgh 2Mg(L/2)
w = =
I Iy
o = MgL
Iy
Total for part (f) 4 points

Total for question 2 15 points
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Begin your response to QUESTION 2 on this page.
Object A
Pimt—e_r M

L
I

2L . -

2. Object A is a long, thin, uniform rod of mass M and length 2L that is free to rotate about a pivot of negligibl;
friction at its left end, as shown above.

(a) Using integral calculus, derive an expression to show that the rotational inertia I, of object A about the

- mit = e
Ol= dMmet

pivot is given by %M’L2 .
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Object B of total mass M is formed by attaching two thin, uniform, identical rods of length L at a right angle
to each other. Object B is held in place, as shown above, Express your answers in part (b) in terms of L .

(b) Determine the following for the gwen coordinate system shown in the figure.
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Continue your response to QUESTION 2 on this page.
Object B has a rotational inertia of I about its pivot.
(c)lstheulueoffngtuterﬂn‘yleuﬂlm,orequﬂmlh?
—___ Greater than _“ Lessthan _____Equalto

Justify your answer.
bhl‘v{' /Fs VWU s d,;j’fnhvucl 'PUY‘“-L(' Ui -f f
PN:A ugé-to dixton e 2(, awile OW Q MV,:?: Ll:ﬂ? 1
mnuumﬂﬁmim%lmm ifnﬁa\mj"‘ pwt.

(d) On the axes below, sketch graphs of the magnitude of the angular acceleration @ and the angular speed @
of object B as functions of time ¢ from the time it is released to the time its center of mass reaches its lowest
point,

AN :
a o
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Continue your response to QUESTION 2 on this page.

(e) While object B rotates from the horizontal position down through the angle @ shown above, is the
magnitude of its angular accelefation increasing, decreasing, or not changing?

Increasing Decreasing Not changing

Justify your answer.
bett wintes towards  eyuilipdumw, Ao omjoent o Qrawty
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Object B rotates through the position shown above.

(f) Derive an expression for the angular speed of object B when it is in the position shown above. Express your
answer in terms of M, L , Iy , and physical constants, as appropriate.
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Begin your response to QUESTION 2 on this page.

Object A
Pivot -2.. M
X 2L "

2. Object A is a long, thin, uniform rod of mass M and lengih 2L that is free to rotate about a pivot of negligible
friction at its left end, as shown above.
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Object B of total mass M is formed by attaching two thin, uniform, identical rods of length L at a right angle
to each other. Object B is held in place, as shown above. Express your answers in part (b) in terms of L .

(b) Determine the following for the given coordinate system shown in the figure.

i. The x-coordinate of the center of mass of object B

7™M
ii. The y-coordinate of the center of mass of object B
M+ L
,l:_.._-—lkf- 2 EAN =
™ PA
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Object B has a rotational inertia of /g about its pivot.
(c) Is the value of I greater than, less than, or equal to I ?
—___Greater than _ X Less than ___ Equalto

Jusufyyo.t;‘rhansvﬁ:.“”u Fom 4+ o - oF  mest of object B o ‘ot of

r B s Less frcad tHe oishna Q.. P @ndo OF gy of
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Object B is réidbbéd fromrest and begins to fotate about its pivot.

lhembe[ow.sketchgmphsofﬂnma;nimdeofﬂ:emsularmlemimaandtluangulanpeedu
of object B as functions of time ¢ from the time it is released to the time its center of mass reaches its lowest
point.
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Continue your response to QUESTION 2 on this page.

(e) While object B rotates from the horizontal position down through the angle @ shown above, is the
magnitude of its angular acceleration increasing, decreasing, or not changing?

Increasing X Decreasing Not changing

Justify your answer. e
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Object B rotates through the position shown above.

ive an expression for the angular speed of object B when it is in the position shown above. Express your
swer in terms of M, L , Iy , and physical constants, as appropriate.
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Begin your response to QUESTION 2 on this page.

Object A
Pivot M
2 .
- 2L |

2. Object A is a long, thin, uniform rod of mass M and length 2L that is free to rotate about a pivot of negligible
friction at its left end, as shown above,

(a) Using integral calculus, derive an expression to show that the rotational inertia [, of object A about the

L vdm = J(aDdm = § 4tdmz 451%m

=3

4
pivot is given by -3-ML2 .

F5Cdm = Aok mtw St
vy ObjectB
Pivot [} L -J'

0

Object B of total mass M is formed by attaching two thin, uniform, identical rods of length L at a right angle
to each other. Object B is held in place, as shown above. Express your answers in part (b) in terms of L .

(b) Determine the following for the given coordinate system shown in the figure.

i ﬂwmdﬂwmnmdmofﬂhjwﬂ
. VML
xco _ LM SL)E O 5 )= ATMet amL I5IMe

m = ” T — T:[JS-L_F

ii. The y-coordinate of the center of mass of object B
5 . L-SM- se)rLome=) -7%:.‘1 =
o = M - m -] - f‘r
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Continue your response to QUESTION 2 on this page.

- ! L + b z f3 “
Object B has a rotational inertia of /5 about its pivot. B> -t 2 e
(c) Is the value of Iy greater than, less than, or equal to I, ? .[4 - ,‘LM.fzﬂ-j .~

_Y __ Greater than ﬂl.m than _Equalto

Justify your answer. . ,
_ : | 3 Crorw Wnge one red of [h

S o et b i I
Object B is rel from rest and gesms é rotate abom mf pivot.

(d) On the axes below, sketch graphs of the magnitude of the angular acceleration @ and the angular speed @
of object B as functions of time 7 from the time it is released to the time its center of mass reaches its lowest
point.




MQ2C3of3

Continue your response to QUESTION 2 on this page.

(e) While object B rotates from the horizontal position down through the angle & shown above, is the
magnitude of its angular acceleration increasing, decreasing, or not changing?

_ VY Increasing Decreasing —_Not changing

Justify your answer.

Tle (oM of The e~ prdewes o forae $PH -

L

Object B rotates through the position shown above.

(f) Derive an expression for the angular speed of object B when it is in the position shown above. Express your
answer in terms of M, L , I , and physical constants, as appropriate.
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Question 2
Note: Student samples are quoted verbatim and may contain spelling and grammatical errors.
Overview

The responses to this question were expected to demonstrate the following:

e Use integral calculus to derive the rotational inertia of a long, thin rod. This required that the response
correctly determine the density of the object, M/2L, and to set up a correct integral with correct limits.

e Determine the center of mass of a compound object made from two rods attached at a right angle, using
the center of mass equation for discrete objects.

¢ Compare the rotational inertia of two objects, from part (a) and part (b), and justify the choice using
conceptual understanding of rotational inertia.

e Sketch graphs to represent the rotational acceleration and velocity as a function of time for the object
from part (b) as it swings down. Answering correctly required applying understanding of torque OR
recognizing that the motion is analogous to a physical pendulum and that a and w are related by calculus.

e Determine whether the angular acceleration would increase, decrease, or remain constant as the object
rotates downwards, pulled by gravity. The response required understanding that angular acceleration is
caused by torque and that the torque depends on the angle of rotation, and therefore would decrease as
the object rotates downward.

e Derive an expression for the angular velocity of the object after it rotates 90° from its initial position. This
required conservation of energy, equating the change in gravitational energy to the change in rotational
kinetic energy.

Sample: MQ2 A
Score: 13

Part (a) earned 2 points for proper dm substitution and proper limits with a good integrand. Part (b) earned

2 points. Both points were earned with good algebra and correct answers. Part (c) earned 2 points. Both points
were earned with a correct choice of “Less than” and a statement of mass being distributed closer to the pivot
point. Part (d) earned 1 point as the decreasing value of alpha matches a decreasing slope of omega. No points
were earned as this graph does not start horizontal and is not concave down, and it is not clear that omega
ends horizontal. Part (e) earned 2 points. Both points were earned with the choice of “decreasing” and with a
good discussion of the component of gravity causing torque decreases. Part (f) earned 4 points: 2 points were
earned with correct use of conservation of energy relating gravitational potential energy change to change in
rotational kinetic energy. One point was earned as the substitution of 10 as a value of g is acceptable, and 1
point was earned because the final answer is consistent with their algebra, containing Is and only containing
allowable variables.

© 2021 College Board.
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Question 2 (continued)

Sample: M Q2B
Score: 9

Part (a) earned 1 point for applying the correct limits of integration to a correct integral. It did not earn the
second point because M/2L is not present. Part (b) earned 2 points for stating the correct values. Part (c)
earned 1 point for a correct choice and attempt at relevant justification. The second point was not earned for
the justification because the distance from the center of mass to the pivot is not, by itself, sufficient to justify
that Ip is less than I4. Part (d) earned 3 points. Two points were earned because the alpha and omega graphs
are the correct shapes, even though they go beyond the lowest point of the object's motion. One point was
earned because the graphs are self-consistent; the derivative of omega would look like alpha. The response
shows a strong understanding of the physics, even though it exceeds the time frame of the prompt. Part (e)
earned 2 points for a correct choice and relevant justification and for a justification that connects the change of
torque to the changing angle. Part (f) earned no points.

Sample: M Q2 C
Score: 4

Part (a) earned no points. The response did not earn the first point because there are not the correct limits
applied and did not earn the second point because the density M/2L is not written or used. Part (b) earned

2 points for arriving at the correct CoM values. Part (c) earned no points because the wrong choice is selected,;
therefore, the justification cannot earn the second point. Part (d) earned 2 points. One point was earned
because the omega graph is concave down and ends nearly horizontal. The dashed line indicates that response
is intended to be approaching horizontal. One point was earned because the derivative of the omega graph
could look like the alpha graph: the first derivative is always positive, and the second derivative is negative. In
the alpha graph, alpha is always positive and always decreasing. The response did not earn the first point
because the alpha graph is the wrong shape. Part (e) earned no points because the wrong choice is marked.
Part (f) earned no points because there is no response.
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