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AP® Physics C: Mechanics 2023 Scoring Guidelines

Question 2: Free-Response Question

15 points

(@

For indicating the equivalent spring constant kg is the sum of the spring constants of all the

springs arranged in parallel

1 point

Example Response

keq = Nk

For a correct expression for period consistent with &, above

1 point

Example Response

_ /ﬂ
T =2rx Nk

Example Solution

N
keq = Z ki
i=1

keg = Nk

_ /ﬂ
T =2rx NE

Total for part (a)

2 points

(b)

For a graph that increases or decreases with N consistent with the expression derived in
part (a)

1 point

For a concavity that is consistent with the expression derived in part (a)

1 point

Example Solution

Y
<

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

© 2023 College Board



1 point
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AP® Physics C: Mechanics 2023 Scoring Guidelines

(c)(i) For drawing an appropriate line of best fit that approximates the data

Example Solution
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AP® Physics C: Mechanics 2023 Scoring Guidelines

(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

9.5 s =35 sz)
(0.8-0.3)

.. slope =12 s?

slope =

For relating the slope of the line of the T’ 2 ys. N7!

derived in part (a)

graph consistent with the expression 1 point

Example Response

2 _ g2 M
T =4r Nk

slope = T°N

lope = 472
slope L

For a calculated answer that has units of N/m

1 point

Example Response

k =4.93 N/m

Example Solution

2 _ g2 m
T 4 Nk

m

slope = 4%27
_ 47*m

slope
_ 47%(1.5kg)
(9552 —3.55?)

(0.8—-0.3)
_ 47%(1.5 kg)
1242
k = 4.93 N/m

—> k

© 2023 College Board



AP® Physics C: Mechanics 2023 Scoring Guidelines

(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 (¢) 6 points
(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 = 2711/% . The slope is equal to the square of the period over the

2
inverse number of identical springs, Slope = T—l Since the period is independent of the
N

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.

© 2023 College Board



AP® Physics C: Mechanics 2023 Scoring Guidelines

(d)(i) For a relationship between v..,. and N that is consistent with the expression from part (a) 1 point

max
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 Uj 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, k. = ) k; . Since the effective spring constant is
i=1

proportional to potential energy of the block-spring system, U, = %keffxz , 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,

lk X = lmv2
2 eff - 2 max ’
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.z = Zkl. . Since the effective spring constant is
i=1

m

keff

inversely proportional to the period of oscillation of the block-spring system, T = 2rx

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, o = 2?” , the

angular frequency increases. Since the maximum velocity is proportional to the angular
frequency, V.. = 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) S points

Total for question 2 15 points

© 2023 College Board



~ PC M Q2 Sample 2A Page 1 of 4

—_

Question 2

Begin your response to QUESTION 2 on this page.

N=1 N=2

gk Et kﬁ
T ﬂ’\

1.00 m 1.00 m

Motion Motion
Detector Detector

Figure | 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 T" as a function of N, Express your answer in terms of m, k, N, and physical
constants as appropriate.

- N=2
T = 21 %k 2k
nawber o€ s¥ies s
N
Unauthorized copying or reuse of this page is illegal. Page 6 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.




PC M Q2 Sample 2A Page 20of4

® Question 2

Continue your response to QUESTION 2 on this page.
(b) On the following axes, sketch a graph of T as a function of N for N 2 1.

T

Unauthorized copying or reuse of this page is lllegal. Page 7 GO ON TO THE NEXT PAGE.

Use a pencll or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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PC M Q2 Sample 2A Page 3 of 4

—

Question 2

Unauthorized copying or reuse of this page Is illegal. Page 8

Continue your response to QUESTION 2 on this page.

() The student plots the data for T'% as a function of N, as shown.

L=

-

debdahdebdahdaebhdaeddadadeldel debde b dabod

Fa=rFa=p1-

I M
- T -

0 ¥ ' + -
00 01 02 03 04 05 06 07 08 09 10 1.1
i. Draw the best-fit line for the data.

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.

\ hg-21 _
.I c Y44tk o-07 ~ 29, 855

M

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.
The  wasy  usedd 75 Hoo furc,eJ Ca ks by, ﬁj)l?ryd'r-(bfmﬂﬂ?
WriCh  weld redute &

SRR EER RN R R R R R R R R RO R R R R R R RN R R R R R RN RN RS RN
: ;

GO ON TO THE NEXT PAGE.

'Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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Question 2

Continue your response to QUESTION 2 on this page.
Nm2

o]
A

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.

i. The student plots 72 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 X the same as

Briefly justify your answer. .

By makin, dve syt prpendicl o grevity
h.f"fl-.‘rc-’ qhwr" + ke T (lﬂarﬁ"s "o the

f.c/'\ pqi"'! ujpoc,ru Yive lve A _')‘."-’-? MJ N kK

ii. When N = 1, the maximum speed of the block is found to be vy,,. When N increases, will vy,
increase, decrease, or stay the same?
_X_increase —. decrease ____stay the same

Justify your answer.

Thete 35 aferfar olaclic U, & wr L s 4l cumertes

ko L utr .n:JP,;y., of uﬁ(i'ku{;ﬁh} IV Viox will Bes
C’l’.'vﬂﬂ

Unauthorized copying or reuse of this page Is lllegal. Page 8 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 2

Mnyourm.mQUMEonﬂﬂapuqe.

g T
= =\

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 T as a function of N. Express your answer in terms of m, k, N, and physical
constants as appropriate.

N - w
W

Nk
e e T
Unauthorized copying or reuse of this page is illegal. Page 6

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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T. Question 2

Continue your response to QUESTION 2 on this page.
(b) On the following axes, sketch a graph of T' as a function of N for N 2 1.

Unauthorized copying or reuse of this page Is illegal. Page 7 GO ON TO THE NEXT PAGE.

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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Question 2

Continue your response to QUESTION 2 on this page.

(c) The student plots the data for T2 as a function of N, as shown.
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i. Draw the best-fit line for the data.

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. - .
— i m/ (1‘3_\ Tss 1. §
‘T: = iﬂTR I-;Eh PL - v 'rgaa‘ﬁTTi
f-‘_________,_._.--———-—

- 2 \ {F’#E-D\gl\
(3 5 )

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.
The mokiev detectoV Wan have \reaiskered o fna\ler
el exyected | Mmaking K a lavary qurahty Yo \“!Im:u i+ oot
- ¥ {4 iS ve @4 :;?Uﬂ"‘j PVO!N~
05 K deieuines Lo <oty 1S o vl BTG,

Unauthorized copying of reuse of this page Is llegal. Page 8
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Question 2

Unauthorized copying or reuse of this page Is lllegal. Page 9

Continue your response to QUESTION 2 on this page.
N=2

0004
oot |

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.

i. The student plots 72 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 A/ less than ___the same as
Briefly justify your answer.
Tve Fovee of oj“w\.h? pravides 7 toes et acct\aretveqg
- ] -
dbwuwwls- \ W\nbinaj X ?,{,\ﬁo\.ﬂ L\waﬁ'ro -_:J,'Pl,,--h,,-,,,3
lokee lc:rﬁ-,_.n.r ] umv'ut& CA @ﬁoﬁ

ii. When N = 1, the maximum speed of the block is found to be vy,,. When N increases, will vy,

l?uu.du:rule.ormythenme?
increase — decrease — stay the same

Justify your answer.
v pove SPVIVYS  you add, {Lre aS"\g_,\.‘_(,f ey

wil it 4o Yuvm acl to }3 l'_q\..\\.ti.'i’-\'““""'\-

T 22 |22 5 14 =3 !_‘_’.m.._ shovis pevied,

Fore n

GO ON TO THE NEXT PAGE,

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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Question 2 '1

Bﬂdﬁmmtﬂmﬁmzmuﬁm.

N=1 N=2

i P4
“\"ﬁf\’\ 'ﬂ‘\

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 &, 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 T' as a function of N. Express your answer in terms of m, k, N, and physical

constants as appropriate.
\T :gn_f%j |
AN |
Unauthorized copying or reuse of this page Is lllegal. Page 6 GO ON TO THE NEXT PAGE.
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Question 2

Continue your response to QUESTION 2 on this page.
(b) On the following axes, sketch a graph of T as a functionof N for N 2 1.

T
1

Unauthorized copying or reuse of this page s lllegal. Page 7 GO ON TO THE NEXT PAGE.
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Continue your response to QUESTION 2 on this page.
Bt L o e o B L o B e et
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0.0 0.1

i. Draw the best-fit line for the data.

ii. The mass of the block is measured to be m = 1.5 kg. Using the graph, calculate an experimental value for
v
copying or reuse of this page Is llegal.

the spring constant k for a single spring.
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.

(C)Theltllbn‘lplohtbdlhfmTz as a function of N~ !, as shown.

e
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Question 2

Unauthorized copying or reuse of this page Is lllegal. Page 9

Continue your response to QUESTION 2 on this page.
N=2

00099 A .
0]

Figure 3

(d) The student conducts a similar investigation to determine the relationship between the period of oscillation I’
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 than, less than, or the same as the slope of the best-fit line in part (c)() ?
- greater than less than __the same as

Briefly justify your answer,

Less e greits s ro \esge  Geby,
(KFvor of bhe ol abon

ii. When N = 1, the maximum speed of the block is found to be vy,,,. When N increases, will vy,
increase, decrease, or stay the same?
increase /" decrease —___ stay the same

me% Al be less forte of b
LJ[“CK Caw)\™g 1i(11' “'—0 CL“U/‘(.M'\

GO ON TO THE NEXT PAGE.

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.




AP® Physics C: Mechanics 2023 Scoring Commentary

Question 2
Note: Student samples are quoted verbatim and may contain spelling and grammatical errors.
Overview

The responses were expected to demonstrate the ability to:
e Determine the effective spring constant of springs in parallel.
e Derive a symbolic expression that models the experiment by relating period of the oscillator to the number
of springs using the effective spring constant.
Sketch the curve associated with a relationship.
Draw a best-fit line when given a set of plotted data points.
Calculate the slope of the best-fit line.
Relate the slope of a graph to the given equation.
Use the slope of experimental data to find a physical value.
Explain how experimental error could lead to an incorrect conclusion.
Describe the independence between the period of a simple harmonic oscillator and gravitational force.
Use the total mechanical energy to determine the effect of changing the effective spring constant on the
motion of the oscillator.

Sample: 2A
Score: 14

Part (a) earned 2 points. The first point was earned because the response correctly states that the relationship for
the equivalent spring constant for N springs is Nk . The second point was earned because the response
substitutes the equivalent spring constant into the expression for the period of a mass-spring oscillator:

“T = 27[1/% . Part (b) earned 2 points. The first point was earned because the graph in the response is

decreasing, consistent with the expression derived in part (a). The second point was earned because the graph in
the response is concave up, consistent with the expression derived in part (a). Part (c)(i) earned 1 point because
the response has a straight line that reasonably approximates the points on the graph. Note: The line of best fit
does not have to extend to the axis to earn this point. Part (c)(ii) earned 2 points. The first point was earned
because the response uses two points from the line of best fit drawn in part (c)(i) to calculate the slope. Note: This
point is not earned for the final answer but for the process of calculating the slope. The second point was not
earned because the response does not relate the slope to the model from part (a). The third point was earned
because the response calculates a value for & with units of N/m . Part (¢)(iii) earned 2 points. The first point was
earned because the response identifies an experimental error that could impact the period: “The mass used is too
large.” The second point was earned because the error identified shows the correct relationship between
experimental error and a reduced experimental value of k : “causing spring deformation which would reduce & .”
Part (d)(i) earned 2 points. The first point was earned because the response correctly selects “the same as” and
includes an attempt at a relevant justification. The second point was earned because the response correctly shows
independence between period and gravitational acceleration: “By making the system perpendicular to gravity
nothing about the 7' changes as the formula doesn’t involve g, just m, N, k.” Part (d)(ii) earned 3 points. The

first point was earned because the response correctly selects “increase” and includes an attempt at a relevant
justification. The second point was earned because the response uses conservation of energy to justify the
relationship. The third point was earned because the response indicates that increasing N increases the elastic

potential energy of the system, increasing kinetic energy at equilibrium and, therefore, increasing v, .
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AP® Physics C: Mechanics 2023 Scoring Commentary

Question 2 (continued)

Sample: 2B
Score: 8

Part (a) earned 2 points. The first point was earned because the response shows the correct substitution of
keq = Nk into the period equation. The second point was earned because the response substitutes the equivalent

spring constant into the expression for the period of a mass-spring oscillator. Part (b) earned 2 points. The first
point was earned because the graph in the response is decreasing, consistent with the expression derived in part
(a). The second point was earned because the graph in the response is concave up, consistent with the expression
derived in part (a). Part (c)(i) earned 1 point because the response has a straight line that reasonably approximates
the points on the graph. Part (c)(ii) earned 2 points. The first point was earned because the line of best fit has a y-
intercept of (0,0), a single point from the best-fit line can be used with (0,0) to implicitly calculate the slope of

the line. The second point was earned because the response consistently substitutes the implicitly calculated value
of slope into the model developed in part (a). The third point was not earned because the response calculates a
value for £ but does not include units of N/m . Part (c)(iii) earned no points. The first point was not earned
because the response identifies an experimental error that would not impact the period because the change in
displacement has no effect on the period, so it will not affect the measured spring constant. The second point was
not earned because the error identified does not indicate a correct relationship between experimental error and a
reduced experimental value of & . Part (d)(i) earned no points. The first point was not earned because the response
selects “less than.” The second point was not earned because the response indicates that the period T is
dependent on the gravitational force. Part (d)(ii) earned 1 point. The first point was earned because the response
correctly selects “increase” and includes an attempt at a relevant justification. The second point was not earned
because the response does not use physics principles to justify the relationship between N and v,,, . The third

point was not earned because the response does not connect the increased spring constant to the maximum
velocity, consistent with the model developed in part (a).

Sample: 2C
Score: 1

Part (a) earned no points. The first point was not earned because the response does not include a relationship
between N and the equivalent spring constant. The second point was not earned because the response does not
include a correct relationship between N and period. Part (b) earned 1 point. The first point was earned because
the graph in the response is decreasing, consistent with the expression in part (a). The second point was not earned
because the concavity of the graph drawn in the response is inconsistent with the expression derived from part (a).
Part (¢)(i) earned no points because the response does not include a line of best fit. Part (¢)(ii) earned no points.
The first point was not earned because the response does not identify or calculate features from the graph. The
second point was not earned because the response does not relate the period to a feature of the graph. The third
point was not earned because the response calculates a value for £ but does not include units of N/m . Part
(c)(iii) earned no points. The first point was not earned because the response does not relate the experiment to the
value of k . The second point was not earned because the response does not relate experimental error to the value
of k . Part (d)(i) earned no points. The first point was not earned because the response selects “less than.” The
second point was not earned because the response does not indicate independence between period and
gravitational acceleration. Part (d)(ii) earned no points. The first point was not earned because the response selects
“decrease.” The second point was not earned because the response does not use physics principles to justify the
relationship between N and v,,, .The third point was not earned because the response does not connect the

increased spring constant to the maximum velocity, consistent with the expression for part (a).
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