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Question 1: Version J

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

Figure 1

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

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

•	 At time t 0= , the box-cube system slides to the right with speed v0 .
•	 For t t0 < crit# , the cube remains in contact with the wall of the box at a constant height 

above the bottom of the box.
•	 At t tcrit

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

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

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

ii.	 Derive an expression for FN  as a function of t from t 0=  until immediately before the 
cube reaches the bottom of the box. Express your answer in terms of M, b, v0 , t, and 
physical constants, as appropriate. Begin your derivation with a fundamental physics 
principle or an equation from the reference information.

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

Figure 2

Part B

Derive an expression for tcrit  in terms of M, b, sn , v0 , and physical constants, as appropriate. 
Begin your derivation with a fundamental physics principle or an equation from the reference 
information.
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Question 3

The following information applies to parts A and B.

3.	A horizontal spring of known spring constant k is attached to a wall. A block of known mass m 
is placed on a horizontal surface next to but not attached to the spring. The spring is at its 
relaxed length when the block is at position x 0= , as shown in Figure 1. There is friction 
between the block and the surface only for positions x 0> .

Figure 1

A student is asked to experimentally determine the coefficient of kinetic friction kn  between 
the block and the surface using a graph. The student is permitted to use only measurements 
from a meterstick.

Part A

i.	 Indicate quantities that could be measured by the student that would allow them to 
determine kn  using a graph.

ii.	 Briefly describe a method to reduce experimental uncertainty for the measured 
quantities.

Part B

i.	 Indicate what quantities the student could graph on the horizontal and vertical axes to 
create a graph that can be used to determine kn .

ii.	 Briefly describe the relationship between kn  and a feature of the graph from part B 
(i). Your answer may include an equation that relates kn  and the chosen feature of the 
graph.
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The following information applies to parts C and D.

In a different experiment, the student is asked to determine the spring constant knew  of a new 
spring that is attached to a wall. A block of mass .2 0 kg is placed next to the spring on a surface 
where frictional forces are negligible. The surface is horizontal near the spring and slopes 
upward into a ramp to the right of the initial position of the block, as shown in Figure 2.

Figure 2

The student pushes the block, compressing the spring a distance s, as shown in Figure 3. The 
block is released from rest.

Figure 3

The student uses a meterstick to measure the maximum height h of the block on the ramp. The 
experiment is repeated several times with different compression distances s. The student’s 
measurements of s and h are shown in Table 1.

Table 1

s (m) h (m)

0.020 0.02

0.040 0.04

0.060 0.13

0.080 0.18

0.100 0.33
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Part C

i.	 Label the axes of the grid provided with measured or calculated quantities. Include 
units, as appropriate. The graphed quantities should yield a linear graph that can be used 
to determine knew .

ii.	 On the grid provided, create a graph of the quantities indicated in part C (i).
•	 Clearly label the vertical and horizontal axes with numerical scales.
•	 Plot the corresponding data points on the grid.
•	 Table 2 is provided in your booklet for scratch work and will not be scored.

iii.	 Draw a best-fit line for the data graphed in part C (ii).

Part D

Using the best-fit line that you drew in part C (iii), calculate an experimental value for knew .
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Question 2: Version J

2.	In Scenario 1, a system composed of two springs, A and B, and a block of mass m is at rest on 
a horizontal surface. Friction between the block and the surface is negligible. Each spring is 
attached to a fixed wall and the block, as shown in Figure 1. Spring A has a spring constant k  
and Spring B has a spring constant k2 . Each spring is at its relaxed length when the block is at 
position x 0= , as shown.

The block is moved to x x1=  and held at rest, as shown in Figure 2.
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A.	An energy bar chart can be used to represent the elastic potential energy UA  of Spring A, 
the elastic potential energy UB  of Spring B, and the kinetic energy Kblock  of the block. On the 
energy bar chart in Figure 3, draw shaded bars to represent the energy of the system for 
when the block is at x x1= .
•	 The height of the shaded bars should be proportional to the relative values of UA , UB , 

and Kblock .
•	 Any energy that is equal to zero should be represented by a distinct line on the zero-

energy line.

B.	 The block is released from rest at x x1=  and begins to oscillate. Derive an expression for the 

speed v of the block as the block passes through x x
2

1
1= . Express your answer in terms of m, 

k , x1 , and physical constants, as appropriate. Begin your derivation by writing a fundamental 
physics principle or an equation from the reference information.
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C.	 In Scenario 1, the block oscillates with period T . The position x of the block in Scenario 1 as a 
function of time t  is shown in Figure 4.
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In Scenario 2, the block-springs system is placed on a new surface. There is friction between 
the block and the new surface. The block is again moved to the same position x x1=  and 
released from rest. The block completes multiple oscillations with the same period as in 
Scenario 1 before coming to rest.
On the axes shown in Figure 5, sketch a graph of the kinetic energy K  of the block as a 
function of t  for Scenario 2.

D.	In Scenario 3, the block is replaced with a new block of larger mass. The coefficient of kinetic 
friction between the new block and the surface in Scenario 3 is the same as the coefficient of 
kinetic friction between the original block and the surface in Scenario 2.
The new block is moved to position x x1=  and released from rest. The kinetic energy of the 
new block is plotted as a function of time.
Describe how one feature of the graph of K  as a function of t  in Scenario 3 would differ 
from the graph you drew in Figure 5 for Scenario 2.
Briefly justify your answer.
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Question 3

3.	A box is connected to one end of a rigid rod. Both the box and the rod have negligible mass. The 
other end of the rod is connected to a pivot. The box is open on one side, and a block is placed 
inside the box.

The center of mass of the block is displaced a vertical distance h, as shown in Figure 1. The 
block-box system is then released from rest and swings downward. There is negligible friction 
about the pivot. When the system is at the lowest point of its swing, the rod collides with a rigid 
stopper, as shown in Figure 2. The box comes to rest, and the block is launched horizontally out 
of the box. The block moves across a horizontal surface toward a motion sensor that measures 
the speed of the block. All frictional forces are negligible.

A.	Students are asked to experimentally determine the acceleration due to gravity g using a 
linear graph. To determine g, the students are permitted to use measurements from only a 
meterstick and the motion sensor.
Describe an experimental procedure using the described setup to collect data that would 
allow the students to determine an experimental value of g using a linear graph. Include any 
steps necessary to reduce experimental uncertainty.

B.	 Describe how the data collected in part A could be graphed and how that graph would be 
analyzed to determine the value of g.
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C.	 The experiment is repeated, but the horizontal surface on which the block slides is replaced 
with a new rough surface, as shown in Figure 3. The coefficient of kinetic friction between 
the block and the new surface is n.

The block-box system is pulled aside so that the center of mass of the block is displaced 
various vertical distances h and then released from rest. For each vertical distance, students 
measure the position x xmax=  at which the block comes to rest.
The students’ measurements of h and xmax  are shown in Table 1.

Table 1

h (m) xmax(m)

0.30 0.76

0.45 1.10

0.60 1.40

0.75 1.90

0.90 2.30

i.	 Indicate two quantities, either measured quantities from Table 1 or additional calculated 
quantities, that could be graphed to produce a straight line that could be used to 
determine n.
Vertical axis: ______ 	 Horizontal axis: ______
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ii.	 On the grid provided, create a graph of the quantities indicated in part C (i).
•	 Use Table 2 to record the measured or calculated quantities that you will plot.
•	 Clearly label the axes, including units as appropriate.
•	 Plot the points you recorded in Table 2.

iii.	 Draw a best-fit line to the data graphed in part C (ii).
D.	Using the best-fit line that you drew in part C (iii), calculate an experimental value for n.
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Question 4

4.	A uniform disk and ring, each of mass M and radius R, roll without slipping along a horizontal 
surface, as shown in Figure 1. The outer edges of the disk and ring are made of the same 
material. The center of mass of the disk and the center of mass of the ring each initially move 
with the same constant speed v.

The disk and the ring then smoothly transition to a ramp that is inclined at an angle i  above 
the horizontal. Both the disk and the ring continue to roll without slipping as they move up the 
ramp, as shown in Figure 2.

The ring travels a greater distance along the ramp than the disk travels before each 
momentarily comes to rest.

A.	While the disk and the ring are rolling on the ramp without slipping, the magnitudes of 
the static frictional force exerted on the disk and on the ring by the ramp are fD  and fR , 
respectively.
Indicate whether fD  is greater than, less than, or equal to fR  by writing one of the following.
•	 f f>D R

•	 f f<D R

•	 f fD R=

Justify your answer using qualitative reasoning beyond referencing equations.
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B.	 A cylinder has mass M, radius R, and rotational inertia I about its central axis. The cylinder 
rolls without slipping up a ramp that is inclined at an angle i  above the horizontal.
Derive an expression for the magnitude of the static frictional force f exerted on the 
cylinder by the ramp. Express your answer in terms of M, R, I, i , and physical constants, 
as appropriate. Begin your derivation by writing a fundamental physics principle or an 
equation from the reference information.

C.	 In a different scenario, the centers of mass of the original disk and ring each have the same 
initial speed v as they did in the original scenario. The ramp is replaced by a new ramp on 
which the disk and the ring initially slip as they roll up the new ramp.
Indicate whether the magnitude of the kinetic frictional force exerted on the disk by the 
new ramp is greater than, less than, or equal to the magnitude of the kinetic frictional force 
exerted on the ring by the new ramp while both are slipping.
Briefly justify your answer.

STOP
END OF EXAM
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3. A system consists of a small sphere of mass m and radius R at rest on a horizontal surface and a uniform rod of 

mass M = 2m and length � attached at one end to a pivot with negligible friction, where R � �. There is 

negligible friction between the surface and the sphere to the right of Point A and nonnegligible friction to the left 

of Point A. The rod is held horizontally as shown in Figure 1, then is released from rest. The total rotational 

inertia of the rod about the pivot is 
1 2M � 
3

and the rotational inertia of the sphere about its center is 
2
mR2

5 
. After 

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

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

(a) Derive an expression for the angular speed of the rod just before striking the sphere in terms of the length � 
and physical constants as appropriate. 

AP® Physics C: Mechanics 2023 Free-Response Questions 

Begin your response to QUESTION 3 on this page. 

GO ON TO THE NEXT PAGE. 

© 2023 College Board. 
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Continue your response to QUESTION 3 on this page. 

(b) Derive an expression for the linear speed v0 of the sphere immediately after colliding with the rod in terms of 
the length � and physical constants as appropriate. 

After sliding a short distance, at time t = 0 the sphere encounters a region of the horizontal surface with a 
coefficient of kinetic friction m, beginning at Point A as indicated in Figure 1. The sphere begins rotating while 
sliding and eventually begins rolling without sliding at Point B, also as indicated. 

(c) In the following diagram, which represents the sphere while the sphere is traveling between Points A and B, 
draw and label the forces (not components) that act on the sphere. Each force must be represented by a distinct 
arrow starting on, and pointing away from, the point of application on the sphere. 

(d) Derive an expression for each of the following as the sphere is rotating and sliding between points A and B in 
terms of v0, m, R, t, and physical constants as appropriate. 

i. The linear velocity v of the center of mass of the sphere as a function of time t 

ii. The angular velocity w of the sphere as a function of time t 

GO ON TO THE NEXT PAGE. 

© 2023 College Board. 
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Continue your response to QUESTION 3 on this page. 

(e) 

i. Derive an expression for the time it takes the sphere to travel from Point A to Point B in terms of v0, m, 
and physical constants as appropriate. 

ii. Derive an expression for the linear velocity of the sphere upon reaching Point B in terms of v0. 

GO ON TO THE NEXT PAGE. 

© 2023 College Board. 
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STOP 

END OF EXAM 

© 2023 College Board. 
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AP® Physics C: Mechanics 2022 Free-Response Questions

Begin your response to QUESTION 1 on this page. 

PHYSICS C: MECHANICS 

SECTION II 

Time—45 minutes 

3 Questions 

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions, 
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this 
booklet in the spaces provided after each part. 

1. A block of mass m is pulled across a rough horizontal table by a string connected to a motor that is attached to the 

floor. The string passes over a pulley with negligible friction that is vertically aligned with the left edge of the 

table as shown. The string and pulley both have negligible mass. The pulley is at height H above the table. The 

motor exerts a constant force of tension FT on the string, and the block remains in contact with the table at all 

times as the block slides across the table from x = L to x = 0. The coefficient of kinetic friction between the table 

and the block is m 
k
. Express all algebraic answers in terms of m, H, FT , x, m 

k
,  L , and physical constants as

appropriate. 

GO ON TO THE NEXT PAGE. 

© 2022 College Board.  
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Continue your response to QUESTION 1 on this page. 

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

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

GO ON TO THE NEXT PAGE. 

© 2022 College Board.  
Visit College Board on the web: collegeboard.org. 

6

20



AP Physics C: Mechanics: 2022 Set 1Name: 

AP® Physics C: Mechanics 2022 Free-Response Questions

Continue your response to QUESTION 1 on this page. 

(c) 

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

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

GO ON TO THE NEXT PAGE. 

© 2022 College Board.  
Visit College Board on the web: collegeboard.org. 
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Continue your response to QUESTION 1 on this page. 

(d) Write, but do not solve, an integral expression that could be used to solve for the work W done by the string 
on the block as the block moves from x = L to x = 0. 

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

L
x = 

2
compared to when the block moves from 

L 
x = 

2 
to x = 0 ? 

______ 

______ 

______ 

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

x = 
2 

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

x = 
2 

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

x = 
2 

Justify your answer. 

GO ON TO THE NEXT PAGE. 

© 2022 College Board.  
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Begin your response to QUESTION 1 on this page. 

PHYSICS C: MECHANICS 

SECTION II 

Time—45 minutes 

3 Questions 

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions, 
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this 
booklet in the spaces provided after each part. 

1. A small sled slides across a rough horizontal table with an initial velocity v0. The coefficient of kinetic friction 

between the sled and the table is m 
k
. A string connects the sled to a device on the ground. The device maintains  

constant tension FT in the string by unwinding the string as the sled slides to the right. The total mass of the sled 

is m. The string is attached to the device at x = 0 and at a height of y , as shown in Figure 1. The horizontal 

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

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

GO ON TO THE NEXT PAGE. 

© 2022 College Board.  
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Continue your response to QUESTION 1 on this page. 

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

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

GO ON TO THE NEXT PAGE. 

© 2022 College Board.  
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Continue your response to QUESTION 1 on this page. 

(c) 

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

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

GO ON TO THE NEXT PAGE. 

© 2022 College Board.  
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Continue your response to QUESTION 1 on this page. 

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

(e) The sled comes to rest after traveling a horizontal distance x = 2L . As the system slides from x = 0 to x = L, 
the energy dissipated by friction is E1. As the sled slides from x = L to x = 2L , the energy dissipated by 
friction is E2. Is E1 greater than, less than, or equal to E2 ? 

___E > E 1 2 ___E < E 1 2 ___ E = E1 2 

Justify your answer. 

GO ON TO THE NEXT PAGE. 

© 2022 College Board.  
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AP® Physics C: Mechanics 2021 Free-Response Questions

Begin your response to QUESTION 1 on this page. 

PHYSICS C: MECHANICS 

SECTION II 

Time—45 minutes 

3 Questions 

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions, 
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this 
booklet in the spaces provided after each part. 

1.Students design an experiment using blocks of adjustable mass to investigate friction using the setup shown. Block 1 of 
initial mass 0.44 kg is placed on a rough horizontal surface and connected by a string to block 2 of initial mass 0.20 kg. 
The string extends over a pulley that has negligible mass and friction. 

(a) Calculate the minimum value of the coefficient of static friction  ms that would keep the two-block system at  
rest. 

GO ON TO THE NEXT PAGE. 

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

© 2021 College Board.  
Visit College Board on the web: collegeboard.org. 
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a
t

AP® Physics C: Mechanics 2021 Free-Response Questions

Continue your response to QUESTION 1 on this page. 

The coefficient of friction is such that when block 2 is released from rest, block 1 travels across the surface. 
The acceleration  of each block is recorded with motion detectors 1 and 2, as shown in the figure. The data 
for the motion detectors as functions of time  are shown on the graphs. For each motion detector, the positive 
direction is away from the detector. 

(b) On the dots below, which represent the blocks, draw and label the forces (not components) that act on each
block.  Each force must be represented by a distinct arrow starting on, and pointing away from, the dot.

(c) Calculate the coefficient of kinetic friction

mk

between block 1 and the table. 

GO ON TO THE NEXT PAGE. 

Use a pencil or pen with black or dark blue ink only. Do NOT write your name. Do NOT write outside the box. 
© 2021 College Board.  

Visit College Board on the web: collegeboard.org. 
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AP® Physics C: Mechanics 2021 Free-Response Questions

Continue your response to QUESTION 1 on this page. 

(d) Careful measurements determine that the coefficient of kinetic friction is larger than the value calculated in

part ( )c . Does the following explanation sufficiently account for the observed discrepancy?

“The horizontal table was not perfectly level before the experiment was conducted. The observed difference in 
the angle accounts for the difference in the expected and calculated values of 

_____

mk .” 

Yes              _____ No 

Justify your answer. 

The experiment is moved to a surface with negligible friction and run for eight trials.  In each trial, the students 

vary the masses  and  m1 m2 of blocks 1 and 2, respectively, while keeping the total mass (m m 0.64 kg1 2+ =)

constant.  The data for the acceleration a of block 1 as a function of  m2 are shown on the graph below. 

(

(e) 

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

ii. Using the straight line, calculate an experimental value for the acceleration due to gravity g.

GO ON TO THE NEXT PAGE. 

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

© 2021 College Board.  
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Continue your response to QUESTION 1 on this page. 

(f) The students lift the left end of the surface so that the surface is inclined at an angle to the horizontal, and 
the experiment for m 0.20 kg2 = is repeated.  Would the acceleration of the system be greater than, less 
than, or equal to the acceleration of the system in the original experiment? 

_____ Greater than _____ Less than _____ Equal to 

Justify your claim.  

GO ON TO THE NEXT PAGE. 

Use a pencil or pen with black or dark blue ink only. Do NOT write your name. Do NOT write outside the box. 
© 2021 College Board.  

Visit College Board on the web: collegeboard.org. 
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2019 AP® PHYSICS C: MECHANICS FREE-RESPONSE QUESTIONS 

PHYSICS C:  MECHANICS  
SECTION II 

Time—45 minutes  
3 Questions 

Directions:  Answer all three questions. The suggested time is about 15 minutes for answering each of the questions, 
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this 
booklet in the spaces provided after each part. 

 1. Blocks of mass m and 2m are connected by a light string and placed on a frictionless inclined plane that makes
an angle q  with the horizontal, as shown in Figure 1 above. Another light string connecting the block of mass m 
to a hanging sphere of mass M passes over a pulley of negligible mass and negligible friction. The entire system
is initially at rest and in equilibrium.  

(a) On the dots below that represent the block of mass m and the sphere of mass M, draw and label the forces
(not components) that act on each of the objects shown. Each force must be represented by a distinct arrow
starting on and pointing away from the dot. 
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(b) Derive expressions for the magnitude of each of the following. If you need to draw anything other than what 
you have shown in part (a) to assist in your solution, use the space below. Do NOT add anything to the 
figures in part (a).   

 i. The force T2  exerted on the block of mass m by the string. Express your answers in terms of m, θ , and 
physical constants, as appropriate.  

 ii. The mass M for which the system can remain in equilibrium. Express your answers in terms of  m, θ , 
and physical constants, as appropriate. 

(c) Now suppose that mass M  is large enough to descend and that the sphere reaches the floor before the blocks 
reach the pulley. Answer the following for the moment immediately after the sphere reaches the floor.   

i. Does the tension T1  increase, decrease to a nonzero value, decrease to zero, or stay the same?  

____ Increase ____ 

Decrease to zero 

Decrease to a nonzero value 

____ ____ Stay the same 

ii. Is the velocity of the block of mass m up the ramp, down the ramp, or zero? 

_____ Up the ramp  _____ Down the ramp          _____ Zero  

iii. Is the acceleration of the block of mass m up the ramp, down the ramp, or zero? 

_____ Up the ramp  _____ Down the ramp          _____ Zero  

(d) Consider the initial setup in Figure 1. Now suppose the surface of the incline is rough and the coefficient  
of static friction between the blocks and the inclined plane is μs  . Derive an expression for the minimum 
possible value of M that will keep the blocks from moving down the incline. Express your answer in terms 
of m, μs  , θ , and fundamental constants, as appropriate.  

(e) The string connecting block m and the sphere of mass M then breaks, and the blocks begin to move from rest 
down the incline. The lower block starts a distance d from the bottom of the incline, as shown in Figure 1. 
The coefficient of kinetic friction between the blocks and the inclined plane is μk . Derive an expression for 
the speed of the blocks when the lower block reaches the bottom of the incline. Express your answer in 
terms of m, d, μk , θ , and fundamental constants, as appropriate.  
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3. A triangular rod, shown above, has length L, mass M, and a nonuniform linear mass density given by the 

equation 
2Mλ = x 

2L 
, where x is the distance from one end of the rod. 

(a) Using integral calculus, show that the rotational inertia of the rod about its left end is ML2 2.   

 

The thin hoop shown above in Figure 1 has a mass M, radius L, and a rotational inertia around its center of ML2 . 
Three rods identical to the rod from part (a) are now fastened to the thin hoop, as shown in Figure 2 above.  

(b) Derive an expression for the rotational inertia Itot  of the hoop-rods system about the center of the hoop.  

Express your answer in terms of M, L, and physical constants, as appropriate. 

The hoop-rods system is initially at rest and held in place but is free to rotate around its center. A constant force 
F is exerted tangent to the hoop for a time Δt . 

(c) Derive an expression for the final angular speed ω  of the hoop-rods system. Express your answer in terms 
of M, L, F, Δt , and physical constants, as appropriate. 
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The hoop-rods system is rolling without slipping along a level horizontal surface with the angular speed 
found in part (c). At time t = 0 , the system begins rolling without slipping up a ramp, as shown in the figure 
above. 

(d) 

i. On the figure of the hoop-rods system below, draw and label the forces (not components) that act on
the system. Each force must be represented by a distinct arrow starting at, and pointing away from, the
point at which the force is exerted on the system.

ii. Justify your choice for the direction of each of the forces drawn in part (d)i.

(e) Derive an expression for the change in height of the center of the hoop from the moment it reaches the
bottom of the ramp until the moment it reaches its ma ximum height. Express your answer in terms of M, L,
I , ωtot  , and physical constants, as appropriate.

STOP  

END OF EXAM 
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PHYSICS C:  MECHANICS 
SECTION II 

Time—45 minutes 
3 Questions 

 
Directions:  Answer all three questions. The suggested time is about 15 minutes for answering each of the questions, 
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this 
booklet in the spaces provided after each part. 
 
 
 

 

 1. An Atwood’s machine consists of two blocks connected by a light string that passes over a frictionless pulley of 
negligible mass, as shown in the figure above. The masses of the two blocks, 1M  and 2M , can be varied. 2M  is 
always greater than 1M . 

(a) On the dots below, which represent the blocks, draw and label the forces (not components) that act on the 
blocks. Each force must be represented by a distinct arrow starting on and pointing away from the 
appropriate dot. The relative lengths of the arrows should show the relative magnitudes of the forces. 

 

(b) Using the forces in your diagrams above, write an equation applying Newton’s second law to each block and 
use these two equations to derive the magnitude of the acceleration of the blocks and show that it is given by 

the equation: ( )
( )

2 1

1 2

M M
a g

M M
-

=
+
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  The magnitude of the acceleration a was measured for different values of 1M  and 2M , and the data are  
shown below. 

1M  (kg) 1.0 2.0 5.0 6.0 10.0

2M  (kg) 2.0 3.0 12.0 8.0 14.0
a (m/s2) 3.02 1.82 4.21 1.15 1.71

     
     

 
 
 

 
 

(c) Indicate below which quantities should be graphed to yield a straight line whose slope could be used to 
calculate a numerical value for the acceleration due to gravity g.  

 Vertical axis:      

 Horizontal axis:      

 Use the remaining rows in the table above, as needed, to record any quantities that you indicated that are not 
given. 

(d) Plot the data points for the quantities indicated in part (c) on the graph below. Clearly scale and label all axes 
including units, if appropriate. Draw a straight line that best represents the data. 

 

 

 

 

(e) Using your straight line, determine an experimental value for g. 
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The experiment is now repeated with a modification. The Atwood’s machine is now set up so that the block  
of mass 1M  is on a smooth, horizontal table and the block of mass 2M  is hanging over the side of the table,  
as shown in the figure above.   

(f) For the same values of 1M  and 2M ,  is the magnitude of the tension in the string when the blocks are 
moving higher, lower, or equal to the magnitude of the tension in the string when the blocks are moving in 
the first experiment?  

 ____ Higher        ____ Lower        ____ Equal to 

 Justify your answer. 

(g) The value determined for the acceleration due to gravity g is lower than in the first experiment. Give one 
physical factor that could account for this lower value and explain how this factor affected the experiment. 
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