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ADVANCED PLACEMENT PHYSICS C TABLE OF INFORMATION 

CONSTANTS AND CONVERSION FACTORS 

Proton mass, 271.67 10  kgpm

Neutron mass, 271.67 10  kgnm

Electron mass, 319.11 10  kgem

Avogadro’s number, 23 1
0 6.02 10  molN

Universal gas constant, 8.31 J (mol K)R  

Boltzmann’s constant, 231.38 10 J KBk

Electron charge magnitude, 191.60 10  Ce

1 electron volt, 191 eV 1.60 10  J

Speed of light, 83.00 10  m sc

 Universal gravitational 
constant,

11 2 26.67 10  N m kgG

  Acceleration due to gravity
at Earth’s surface,

29.8 m sg

1 unified atomic mass unit, 27 21 u 1.66 10  kg 931 MeV c

 Planck’s constant, 34 156.63 10  J s 4.14 10  eV sh
25 31.99 10  J m 1.24 10  eV nmhc

Vacuum permittivity, 12 2 2
0 8.85 10 C N me

 Coulomb’s law constant, 9 2 2
01 4 9.0 10  N m Ck pe

Vacuum permeability, 7
0 4 10  (T m) Am p

Magnetic constant,  7
0 4 1 10  (T m) Ak m p

 1 atmosphere pressure, 5 2 51 atm 1.0 10  N m 1.0 10  Pa

UNIT 
SYMBOLS 

meter, m
kilogram, kg
second, s
ampere, A
kelvin, K

mole, mol
hertz, Hz

newton, N
pascal, Pa
joule, J

watt, W
coulomb, C

volt, V
ohm,

henry, H

farad, F
tesla, T

degree Celsius,
W electron volt, eV 

PREFIXES 

Factor Prefix Symbol
910 giga G

610 mega M

310 kilo k

210 centi c
310 milli m
610 micro m
910 nano n
1210 pico p

VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES

q 0 30 37 45 53 60 90

sinq 0 1 2 3 5  2 2  4 5  3 2 1 

cosq 1 3 2 4 5  2 2  3 5  1 2  0 

tanq 0 3 3  3 4 1 4 3  3

The following assumptions are used in this exam. 
I. The frame of reference of any problem is inertial unless otherwise 

stated. 
II. The direction of current is the direction in which positive charges

would drift. 
III. The electric potential is zero at an infinite distance from an isolated

point charge. 
IV. All batteries and meters are ideal unless otherwise stated.
V. Edge effects for the electric field of a parallel plate capacitor are 

negligible unless otherwise stated.  
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MECHANICS ELECTRICITY AND MAGNETISM 
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a = acceleration 
E =   energy 
F = force 
f = frequency 
h = height 
I = rotational inertia 
J = impulse 
K = kinetic energy 
k = spring constant 
 = length
L = angular momentum 
m = mass 
P = power 
p = momentum 
r = radius or distance 
T = period 
t = time 
U = potential energy 
v = velocity or speed 
W = work done on a system 
x   =  position 
m  =  coefficient of friction 
q  =  angle 
t  =  torque 
w  =  angular speed 
a  =  angular acceleration 
f  =  phase angle 
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A = area 
B = magnetic field 
C = capacitance 
d  = distance 
E = electric field 
ε  = emf
F = force 
I  = current 
J  = current density 
L = inductance 
 = length
n  = number of loops of wire  

per unit length      
N = number of charge carriers

  per unit volume    
P = power 
Q = charge 
q  = point charge 
R = resistance 
r  = radius or distance 
t  = time 
U = potential or stored energy 
V = electric potential 
v   =  velocity or speed 
r  =  resistivity 
F  =  flux 
k  =  dielectric constant 
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ADVANCED PLACEMENT PHYSICS C EQUATIONS 

GEOMETRY AND TRIGONOMETRY CALCULUS 
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 A  = area 
 C = circumference 
 V  = volume 
 S  = surface area 
 b  = base 
 h  = height 
 = length

 w = width 
 r  = radius 
 s  = arc length 
q  = angle 
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PHYSICS C 
Section II, MECHANICS 

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 the 
pink booklet in the spaces provided after each part, NOT in this green insert. 
 
  Mech 1. 

  A crash test car of mass 1,000 kg moving at constant speed of 12 m/s collides completely inelastically with an 
object of mass M at time t = 0. The object was initially at rest. The speed u in m/s of the car-object system 
after the collision is given as a function of time t in seconds by the expression 

u � 8
1 + 5t

. 

 
(a) Calculate the mass M of the object. 

(b) Assuming an initial position of x = 0, determine an expression for the position of the car-object system after 
the collision as a function of time t. 

(c) Determine an expression for the resisting force on the car-object system after the collision as a function of 
time t. 

(d) Determine the impulse delivered to the car-object system from t = 0 to t = 2.0 s. 

[1] [1]
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  Mech 2. 

  The cart shown above is made of a block of mass m and four solid rubber tires each of mass m/4 and radius r. 

Each tire may be considered to be a disk. (A disk has rotational inertia 1
2

2ML , where M is the mass and L is 

the radius of the disk.) The cart is released from rest and rolls without slipping from the top of an inclined plane 

of height h. Express all algebraic answers in terms of the given quantities and fundamental constants. 

(a) Determine the total rotational inertia of all four tires. 

(b) Determine the speed of the cart when it reaches the bottom of the incline. 

(c) After rolling down the incline and across the horizontal surface, the cart collides with a bumper of negligible 
mass attached to an ideal spring, which has a spring constant k. Determine the distance xm the spring is 
compressed before the cart and bumper come to rest. 

(d) Now assume that the bumper has a non-neglible mass. After the collision with the bumper, the spring  
is compressed to a maximum distance of about 90% of the value of xm  in part (c). Give a reasonable 
explanation for this decrease. 

[2] [2]
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  Mech 3. 

  An object of mass 0.5 kg experiences a force that is associated with the potential energy function 

U x
x

( ) .
.

�
�

4 0
2 0

, where U is in joules and x is in meters. 

(a) On the axes below, sketch the graph of U(x) versus x. 

 

(b) Determine the force associated with the potential energy function given above. 

(c) Suppose that the object is released from rest at the origin. Determine the speed of the particle at x = 2 m. 

 
  In the laboratory, you are given a glider of mass 0.5 kg on an air track. The glider is acted on by the force 

determined in part (b). Your goal is to determine experimentally the validity of your theoretical calculation in 
part (c). 

(d) From the list below, select the additional equipment you will need from the laboratory to do your experiment 
by checking the line next to each item. If you need more than one of an item, place the number you need on 
the line. 

 ___ Meterstick ___ Stopwatch ___ Photogate timer ___ String ___ Spring 
 
 ___ Balance ___ Wood block ___ Set of objects of different masses 
 

(e) Briefly outline the procedure you will use, being explicit about what measurements you need to make  
in order to determine the speed. You may include a labeled diagram of your setup if it will clarify your 
procedure. 

 
 
 
 
 

END OF SECTION II, MECHANICS 

 

[3] [3]
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PHYSICS C 
Section II, MECHANICS 

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 the 
pink booklet in the spaces provided after each part, NOT in this green insert. 
 

 

Mech.  1. 
 
The 100 kg box shown above is being pulled along the x-axis by a student. The box slides across a rough surface, 
and its position x varies with time t according to the equation x t t� �0 5 23. , where x is in meters and t is in 
seconds. 
 
(a) Determine the speed of the box at time t = 0. 

(b) Determine the following as functions of time t. 

 i. The kinetic energy of the box 

 ii. The net force acting on the box 

 iii. The power being delivered to the box 

(c) Calculate the net work done on the box in the interval t = 0 to t = 2 s. 

(d) Indicate below whether the work done on the box by the student in the interval t = 0 to t = 2 s would be greater 
than, less than, or equal to the answer in part (c).  

       Greater than                  Less than                 Equal to 

Justify your answer. 

 

[4] [4]
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Mech. 2. 

An ideal spring is hung from the ceiling and a pan of mass M is suspended from the end of the spring, stretching 
it a distance D as shown above. A piece of clay, also of mass M, is then dropped from a height H onto the pan 
and sticks to it. Express all algebraic answers in terms of the given quantities and fundamental constants.  
 
(a) Determine the speed of the clay at the instant it hits the pan. 

(b) Determine the speed of the pan just after the clay strikes it. 

(c) Determine the period of the simple harmonic motion that ensues. 

(d) Determine the distance the spring is stretched (from its initial unstretched length) at the moment the speed of 
the pan is a maximum. Justify your answer. 

(e) The clay is now removed from the pan and the pan is returned to equilibrium at the end of the spring. A rubber 
ball, also of mass M, is dropped from the same height H onto the pan, and after the collision is caught in midair 
before hitting anything else.  
Indicate below whether the period of the resulting simple harmonic motion of the pan is greater than, less than, 
or the same as it was in part (c). 

 _____ Greater than _____ Less than _____ The same as 
 
 Justify your answer.  
 

[5] [5]
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Mech. 3.  

Some physics students build a catapult, as shown above. The supporting platform is fixed firmly to the ground.  
The projectile, of mass 10 kg, is placed in cup A at one end of the rotating arm. A counterweight bucket B that is to 
be loaded with various masses greater than 10 kg is located at the other end of the arm. The arm is released from the 
horizontal position, shown in Figure 1, and begins rotating. There is a mechanism (not shown) that stops the arm in 
the vertical position, allowing the projectile to be launched with a horizontal velocity as shown in Figure 2. 
  
(a) The students load five different masses in the counterweight bucket, release the catapult, and measure the 

resulting distance x traveled by the 10 kg projectile, recording the following data. 

Mass (kg) 100 300 500 700 900 
x (m) 18 37 45 48 51 

 
 i. The data are plotted on the axes below.  Sketch a best-fit curve for these data points. 

 

 ii. Using your best-fit curve, determine the distance x traveled by the projectile if 250 kg is placed in 
the counterweight bucket. 

[6] [6]
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(b) The students assume that the mass of the rotating arm, the cup, and the counterweight bucket can be neglected. 
With this assumption, they develop a theoretical model for x as a function of the counterweight mass using the 
relationship x tx� u , where ux  is the horizontal velocity of the projectile as it leaves the cup and t is the time 
after launch. 

 i. How many seconds after leaving the cup will the projectile strike the ground?  

 ii. Derive the equation that describes the gravitational potential energy of the system relative to the ground 
when in the position shown in Figure 1, assuming the mass in the counterweight bucket is M. 

 iii. Derive the equation for the velocity of the projectile as it leaves the cup, as shown in Figure 2. 

(c) 

 i. Complete the theoretical model by writing the relationship for x as a function of the counterweight mass 
using the results from (b)i and (b)iii. 

 ii. Compare the experimental and theoretical values of x for a counterweight bucket mass of 300 kg. Offer a 
reason for any difference. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

END OF SECTION II, MECHANICS 

 
 
 
 

[7] [7]
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PHYSICS C 
Section II, MECHANICS 

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 the 
booklet in the spaces provided after each part, NOT in this green insert. 
 

 

  Mech. 1. 

  A rope of length L is attached to a support at point C. A person of mass m1 sits on a ledge at position A holding 
the other end of the rope so that it is horizontal and taut, as shown above. The person then drops off the ledge 
and swings down on the rope toward position B on a lower ledge where an object of mass m2 is at rest. At 
position B the person grabs hold of the object and simultaneously lets go of the rope. The person and object then 
land together in the lake at point D, which is a vertical distance L below position B. Air resistance and the mass 
of the rope are negligible. Derive expressions for each of the following in terms of m1, m2, L, and g. 

(a) The speed of the person just before the collision with the object 

(b) The tension in the rope just before the collision with the object 

(c) The speed of the person and object just after the collision 

(d) The ratio of the kinetic energy of the person-object system before the collision to the kinetic energy after the 
collision 

(e) The total horizontal displacement x of the person from position A until the person and object land in the 
water at point D. 

 

[8] [8]
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Mech. 2. 

A solid disk of unknown mass and known radius R is used as a pulley in a lab experiment, as shown above.  
A small block of mass m is attached to a string, the other end of which is attached to the pulley and wrapped 
around it several times. The block of mass m is released from rest and takes a time t to fall the distance D to 
the floor. 

(a) Calculate the linear acceleration a of the falling block in terms of the given quantities.  

 

(b) The time t is measured for various heights D and the data are recorded in the following table. 

D (m) t (s) 

0.5 0.68 

1 1.02 

1.5 1.19 

2 1.38 

 
 i. What quantities should be graphed in order to best determine the acceleration of the block? Explain 

your reasoning. 

[9] [9]
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 ii. On the grid below, plot the quantities determined in (b)i., label the axes, and draw the best-fit line to 
the data. 

  

 
 iii. Use your graph to calculate the magnitude of the acceleration. 

(c) Calculate the rotational inertia of the pulley in terms of m, R, a, and fundamental constants. 

(d) The value of acceleration found in (b)iii, along with numerical values for the given quantities and your 
answer to (c), can be used to determine the rotational inertia of the pulley. The pulley is removed from its 
support and its rotational inertia is found to be greater than this value. Give one explanation for this 
discrepancy. 

 

[10] [10]
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  Mech. 3. 

  A uniform rod of mass M and length L is attached to a pivot of negligible friction as shown above. The pivot is 

located at a distance 
3
L  from the left end of the rod. Express all answers in terms of the given quantities and 

fundamental constants. 

(a) Calculate the rotational inertia of the rod about the pivot. 

(b) The rod is then released from rest from the horizontal position shown above. Calculate the linear speed of 
the bottom end of the rod when the rod passes through the vertical. 

 

(c) The rod is brought to rest in the vertical position shown above and hangs freely. It is then displaced slightly 
from this position. Calculate the period of oscillation as it swings. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

END OF SECTION II, MECHANICS 

 
 

[11] [11]
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PHYSICS C 
Section II, MECHANICS 

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 the 
pink booklet in the spaces provided after each part, NOT in this green insert. 
 
  Mech. 1.  

  A ball of mass M is thrown vertically upward with an initial speed of 0u . It experiences a force of air resistance 

given by k= -F v , where k is a positive constant. The positive direction for all vector quantities is upward. 
Express all algebraic answers in terms of M, k, 0u , and fundamental constants.  

(a) Does the magnitude of the acceleration of the ball increase, decrease, or remain the same as the ball moves 
upward? 

  ____ increases      ____ decreases      ____ remains the same 

 Justify your answer. 

(b) Write, but do NOT solve, a differential equation for the instantaneous speed u  of the ball in terms of time t 
as the ball moves upward. 

(c) Determine the terminal speed of the ball as it moves downward. 

(d) Does it take longer for the ball to rise to its maximum height or to fall from its maximum height back to the 
height from which it was thrown? 

  ____longer to rise      ____longer to fall 

 Justify your answer. 

(e) On the axes below, sketch a graph of velocity versus time for the upward and downward parts of the ball’s 
flight, where ft  is the time at which the ball returns to the height from which it was thrown. 

 

[12] [12]
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  Mech. 2.  

  A student is given the set of orbital data for some of the moons of Saturn shown below and is asked to use the 
data to determine the mass SM  of Saturn. Assume the orbits of these moons are circular. 

Orbital Period, T 
(seconds) 

Orbital Radius, R 
(meters)   

48.14 10¥  81.85 10¥    
51.18 10¥  82.38 10¥    
51.63 10¥  82.95 10¥    
52.37 10¥  83.77 10¥    

 
(a) Write an algebraic expression for the gravitational force between Saturn and one of its moons. 

(b) Use your expression from part (a) and the assumption of circular orbits to derive an equation for the orbital 
period T of a moon as a function of its orbital radius R. 

(c) Which quantities should be graphed to yield a straight line whose slope could be used to determine Saturn’s 
mass? 

(d) Complete the data table by calculating the two quantities to be graphed. Label the top of each column, 
including units. 

(e) Plot the graph on the axes below. Label the axes with the variables used and appropriate numbers to indicate  
the scale. 

 

(f) Using the graph, calculate a value for the mass of Saturn. 

[13] [13]
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TOP VIEWS 

  Mech. 3.  

  A system consists of a ball of mass 2M  and a uniform rod of mass 1M  and length d. The rod is attached to a 
horizontal frictionless table by a pivot at point P and initially rotates at an angular speed w , as shown above 

left. The rotational inertia of the rod about point P is 2
1

1
3

M d . The rod strikes the ball, which is initially at rest. 

As a result of this collision, the rod is stopped and the ball moves in the direction shown above right. Express all 

answers in terms of 1M , 2M , w , d, and fundamental constants. 

(a) Derive an expression for the angular momentum of the rod about point P before the collision. 

(b) Derive an expression for the speed u  of the ball after the collision. 

(c) Assuming that this collision is elastic, calculate the numerical value of the ratio 1 2M M . 

 

(d) A new ball with the same mass 1M  as the rod is now placed a distance x from the pivot, as shown above. 
Again assuming the collision is elastic, for what value of x will the rod stop moving after hitting the ball? 

 
 

END OF SECTION II, MECHANICS 
 
 
 
 
 
 

[14] [14]
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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 the 
pink booklet in the spaces provided after each part, NOT in this green insert. 
 

 

Mech 1. 

A small block of mass 0.50 kgBM =  is placed on a long slab of mass 3.0 kgSM =  as shown above. Initially, the 

slab is at rest and the block has a speed 0u  of 4.0 m/s to the right. The coefficient of kinetic friction between the 

block and the slab is 0.20, and there is no friction between the slab and the horizontal surface on which it moves. 
 
(a) On the dots below that represent the block and the slab, draw and label vectors to represent the forces acting on 

each as the block slides on the slab.  
 

 

 

At some moment later, before the block reaches the right end of the slab, both the block and the slab attain identical 
speeds fu . 

 
(b) Calculate fu . 

(c) Calculate the distance the slab has traveled at the moment it reaches fu . 

(d) Calculate the work done by friction on the slab from the beginning of its motion until it reaches fu . 
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Mech 2. 

A nonlinear spring is compressed various distances x, and the force F required to compress it is measured for each 
distance. The data are shown in the table below. 

 

x (m) F (N)  

0.05  4  

0.10  17  

0.15  38  

0.20  68  

0.25 106  

 

Assume that the magnitude of the force applied by the spring is of the form 2( )F x Ax= . 
 
(a) Which quantities should be graphed in order to yield a straight line whose slope could be used to calculate a 

numerical value for A ? 

(b) Calculate values for any of the quantities identified in (a) that are not given in the data, and record these values 
in the table above. Label the top of the column, including units. 

(c) On the axes below, plot the quantities you indicated in (a) . Label the axes with the variables and appropriate 
numbers to indicate the scale. 

 

 

(d) Using your graph, calculate A. 

The spring is then placed horizontally on the floor. One end of the spring is fixed to a wall. A cart of mass 0.50 kg 
moves on the floor with negligible friction and collides head-on with the free end of the spring, compressing it a 
maximum distance of 0.10 m. 

(e) Calculate the work done by the cart in compressing the spring 0.10 m from its equilibrium length.  

(f) Calculate the speed of the cart just before it strikes the spring. 
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Mech 3. 

A thin hoop of mass M, radius R, and rotational inertia 2MR  is released from rest from the top of the ramp of length 
L above. The ramp makes an angle q  with respect to a horizontal tabletop to which the ramp is fixed. The table is a 
height H above the floor. Assume that the hoop rolls without slipping down the ramp and across the table. Express 
all algebraic answers in terms of given quantities and fundamental constants. 
 
(a) Derive an expression for the acceleration of the center of mass of the hoop as it rolls down the ramp. 

(b) Derive an expression for the speed of the center of mass of the hoop when it reaches the bottom of the ramp.  

(c) Derive an expression for the horizontal distance from the edge of the table to where the hoop lands on the floor. 

(d) Suppose that the hoop is now replaced by a disk having the same mass M and radius R. How will the distance 
from the edge of the table to where the disk lands on the floor compare with the distance determined in part (c) 
for the hoop? 

 ____ Less than          ____ The same as          ____ Greater than 
 
 Briefly justify your response. 
 
 
 
 
 
 

 
 
 
 

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 the 
pink booklet in the spaces provided after each part, NOT in this green insert. 
 

 

Mech. 1.  

A block of mass m is pulled along a rough horizontal surface by a constant applied force of magnitude 1F  that acts at 

an angle q  to the horizontal, as indicated above. The acceleration of the block is 1a . Express all algebraic answers 

in terms of m, 1F , q , 1a , and fundamental constants. 

(a) On the figure below, draw and label a free-body diagram showing all the forces on the block. 

 
 

 
 

 
(b) Derive an expression for the normal force exerted by the surface on the block. 

(c) Derive an expression for the coefficient of kinetic friction m  between the block and the surface. 

(d) On the axes below, sketch graphs of the speed u  and displacement x of the block as functions of time t if the 
block started from rest at x = 0 and t = 0. 

 

 

 
(e) If the applied force is large enough, the block will lose contact with the surface. Derive an expression for the 

magnitude of the greatest acceleration maxa  that the block can have and still maintain contact with the ground. 
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Mech. 2.  

In March 1999 the Mars Global Surveyor (GS) entered its final orbit about Mars, sending data back to Earth. 

Assume a circular orbit with a period of 2 31.18 10  minutes 7.08 10  s¥ = ¥  and orbital speed of 33.40 10  m s¥ . 

The mass of the GS is 930 kg and the radius of Mars is 63.43 10  m¥ . 

(a) Calculate the radius of the GS orbit. 

(b) Calculate the mass of Mars. 

(c) Calculate the total mechanical energy of the GS in this orbit. 

(d) If the GS was to be placed in a lower circular orbit (closer to the surface of Mars), would the new orbital period 
of the GS be greater than or less than the given period? 

 _______Greater than  _________Less than 

 Justify your answer. 

(e) In fact, the orbit the GS entered was slightly elliptical with its closest approach to Mars at 53.71 10  m¥   

above the surface and its furthest distance at 54.36 10  m¥  above the surface. If the speed of the GS at  

closest approach is 33.40 10  m s¥ , calculate the speed at the furthest point of the orbit. 
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Mech. 3.  

The apparatus above is used to study conservation of mechanical energy. A spring of force constant 40 N/m is held 
horizontal over a horizontal air track, with one end attached to the air track. A light string is attached to the other  
end of the spring and connects it to a glider of mass m . The glider is pulled to stretch the spring an amount x  from 
equilibrium and then released. Before reaching the photogate, the glider attains its maximum speed and the string 
becomes slack. The photogate measures the time t  that it takes the small block on top of the glider to pass through. 
Information about the distance x and the speed u  of the glider as it passes through the photogate are given below. 

Trial # Extension of the Spring 
x (m) 

Speed of Glider 
u  (m/s) 

Extension Squared

( )2 2mx  

Speed Squared 

( )2 2 2 m su  

1 10.30 10-¥  0.47 20.09 10-¥  0.22 

2 10.60 10-¥  0.87 20.36 10-¥  0.76 

3 10.90 10-¥  1.3 20.81 10-¥  1.7 

4 11.2 10-¥  1.6 21.4 10-¥  2.6 

5 11.5 10-¥  2.2 22.3 10-¥  4.8 
 
(a) Assuming no energy is lost, write the equation for conservation of mechanical energy that would apply to this 

situation. 

(b) On the grid below, plot 2u  versus 2x .  Label the axes, including units and scale. 
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(c)  

 i. Draw a best-fit straight line through the data. 

 ii. Use the best-fit line to obtain the mass m of the glider. 

(d) The track is now tilted at an angle q  as shown below. When the spring is unstretched, the center of the glider is 
a height h above the photogate. The experiment is repeated with a variety of values of x. 

 

 i. Assuming no energy is lost, write the new equation for conservation of mechanical energy that would 
apply to this situation. 

 ii. Will the graph of 2u  versus 2x  for this new experiment be a straight line? 

  _____ Yes       _____ No 

   Justify your answer. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

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 the 
pink booklet in the spaces provided after each part, NOT in this green insert. 
 

 

  Mech. 1. 

  A skier of mass M is skiing down a frictionless hill that makes an angle θ  with the horizontal, as shown in the 
diagram. The skier starts from rest at time t = 0 and is subject to a velocity-dependent drag force due to air 
resistance of the form ,F bυ  where υ  is the velocity of the skier and b  is a positive constant. Express all 
algebraic answers in terms of ,  ,  M b θ , and fundamental constants. 

(a) On the dot below that represents the skier, draw a free-body diagram indicating and labeling all of the forces 
that act on the skier while the skier descends the hill. 

 

(b) Write a differential equation that can be used to solve for the velocity of the skier as a function of time. 

(c) Determine an expression for the terminal velocity Tu  of the skier. 

(d) Solve the differential equation in part (b) to determine the velocity of the skier as a function of time, 
showing all your steps. 
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(e) On the axes below, sketch a graph of the acceleration a of the skier as a function of time t, and indicate the 
initial value of a. Take downhill as positive. 
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  Mech. 2. 

  The horizontal uniform rod shown above has length 0.60 m and mass 2.0 kg. The left end of the rod is attached 
to a vertical support by a frictionless hinge that allows the rod to swing up or down. The right end of the rod is 
supported by a cord that makes an angle of 30  with the rod. A spring scale of negligible mass measures the 
tension in the cord. A 0.50 kg block is also attached to the right end of the rod. 

(a) On the diagram below, draw and label vectors to represent all the forces acting on the rod. Show each force 
vector originating at its point of application.  

 

 

 

(b) Calculate the reading on the spring scale. 

(c) The rotational inertia of a rod about its center is 21
12

ML , where M is the mass of the rod and L is its length. 

Calculate the rotational inertia of the rod-block system about the hinge. 

(d) If the cord that supports the rod is cut near the end of the rod, calculate the initial angular acceleration of the 
rod-block system about the hinge. 
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  Mech. 3. 

  In an experiment to determine the spring constant of an elastic cord of length 0.60 m, a student hangs the cord  
from a rod as represented above and then attaches a variety of weights to the cord. For each weight, the student 
allows the weight to hang in equilibrium and then measures the entire length of the cord. The data are recorded 
in the table below: 

Weight (N) 0 10 15 20 25 

Length (m) 0.60 0.97 1.24 1.37 1.64 

 

(a) Use the data to plot a graph of weight versus length on the axes below. Sketch a best-fit straight line through 
the data. 

 

(b) Use the best-fit line you sketched in part (a) to determine an experimental value for the spring constant k of 
the cord. 
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  The student now attaches an object of unknown mass m to the cord and holds the object adjacent to the point at 
which the top of the cord is tied to the rod, as represented above. When the object is released from rest, it falls 
1.5 m before stopping and turning around. Assume that air resistance is negligible. 

(c) Calculate the value of the unknown mass m of the object. 

(d)  i. Calculate how far down the object has fallen at the moment it attains its maximum speed. 

  ii. Explain why this is the point at which the object has its maximum speed. 

 iii. Calculate the maximum speed of the object.  

 
 
 
 
 
 
 
 
 
 
 
 

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, NOT in the green insert. 
 
  Mech.  1. 

  A 3.0 kg object is moving along the x-axis in a region where its potential energy as a function of x is given  

as ( ) 24.0 ,U x x=  where U is in joules and x is in meters. When the object passes the point 0.50 m,x = -  its 
velocity is +2.0 m/s. All forces acting on the object are conservative. 

 
(a) Calculate the total mechanical energy of the object. 

(b) Calculate the x-coordinate of any points at which the object has zero kinetic energy. 

(c) Calculate the magnitude of the momentum of the object at x = 0.60 m. 

(d) Calculate the magnitude of the acceleration of the object as it passes x = 0.60 m. 
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(e) On the axes below, sketch graphs of the object’s position x versus time t and kinetic energy K versus time t. 
Assume that 0x =  at time 0t = . The two graphs should cover the same time interval and use the same 
scale on the horizontal axes.  
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  Mech.  2. 

  You are given a long, thin, rectangular bar of known mass M and length A  with a pivot attached to one end. 
The bar has a nonuniform mass density, and the center of mass is located a known distance x from the end with 
the pivot. You are to determine the rotational inertia bI  of the bar about the pivot by suspending the bar from the 

pivot, as shown above, and allowing it to swing. Express all algebraic answers in terms of bI , the given 

quantities, and fundamental constants. 
 
(a)  

 i. By applying the appropriate equation of motion to the bar, write the differential equation for the angle q  
the bar makes with the vertical. 

 ii. By applying the small-angle approximation to your differential equation, calculate the period of the bar’s 
motion. 

(b) Describe the experimental procedure you would use to make the additional measurements needed to 
determine bI . Include how you would use your measurements to obtain bI  and how you would minimize 

experimental error. 

(c) Now suppose that you were not given the location of the center of mass of the bar. Describe an experimental 
procedure that you could use to determine it, including the equipment that you would need. 
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  Mech.  3. 

  A block of mass 2M  rests on a frictionless horizontal table, as shown above. It is connected to one end of a 

string that passes over a massless pulley and has another block of mass 2M  hanging from its other end. The 
apparatus is released from rest. 
 
(a) Derive an expression for the speed hu  of the hanging block as a function of the distance d it descends.  

  Now the block and pulley system is replaced by a uniform rope of length L and mass M, with one end of the 
rope hanging slightly over the edge of the frictionless table. The rope is released from rest, and at some time later 
there is a length y of rope hanging over the edge, as shown below. Express your answers to parts (b), (c), and (d) 
in terms of y, L, M, and fundamental constants. 

 
 

(b) Determine an expression for the force of gravity on the hanging part of the rope as a function of y. 

(c) Derive an expression for the work done by gravity on the rope as a function of y, assuming y is initially zero. 

(d) Derive an expression for the speed ru  of the rope as a function of y. 

(e) The hanging block and the right end of the rope are each allowed to fall a distance L (the length of the rope). 
The string is long enough that the sliding block does not hit the pulley. Indicate whether hu  from part (a) or 

ru  from part (d) is greater after the block and the end of the rope have traveled this distance.  

  ____ hu  is greater.      ____ ru  is greater.       ____ The speeds are equal. 

 Justify your answer. 

 
 

 
 

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 the 
pink booklet in the spaces provided after each part, NOT in this green insert. 

 
  Mech. 1.  

  Students are to conduct an experiment to investigate the relationship between the terminal speed of a stack of 
falling paper coffee filters and its mass. Their procedure involves stacking a number of coffee filters, like the  
one shown in the figure above, and dropping the stack from rest. The students change the number of filters in the 
stack to vary the mass m while keeping the shape of the stack the same. As a stack of coffee filters falls, there  
is an air resistance (drag) force acting on the filters.  

  (a) The students suspect that the drag force DF  is proportional to the square of the speed u : 2
DF Cu= , where  

  C is a constant. Using this relationship, derive an expression relating the terminal speed Tu  to the mass m. 

  The students conduct the experiment and obtain the following data. 
 

      

Mass of the stack of filters, m (kg) 31.12 10-¥  32.04 10-¥ 32.96 10-¥ 34.18 10-¥  35.10 10-¥  
Terminal speed, Tu  ( m s ) 0.51 0.62 0.82 0.92 1.06 

      

(b) 
 (i) Assuming the functional relationship for the drag force above, use the grid below to plot a linear graph  

as a function of m to verify the relationship. Use the empty boxes in the data table, as appropriate,  
to record any calculated values you are graphing. Label the vertical axis as appropriate, and place 
numbers on both axes. 
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 (ii) Use your graph to calculate C. 

  A particular stack of filters with mass m is dropped from rest and reaches a speed very close to terminal speed  
by the time it has fallen a vertical distance Y. 

(c)  
 (i) Sketch an approximate graph of speed versus time from the time the filters are released up to the time 

t T=  that the filters have fallen the distance Y. Indicate time t T=  and terminal speed Tu u=  on 
the graph. 

 

 

 
 (ii) Suppose you had a graph like the one sketched in (c)(i) that had a numerical scale on each axis. 

Describe how you could use the graph to approximate the distance Y. 

(d) Determine an expression for the approximate amount of mechanical energy dissipated, ED , due to air 
resistance during the time the stack falls a distance y, where y Y> . Express your answer in terms of y , m, 

Tu , and fundamental constants. 
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  Mech. 2.  

  A bowling ball of mass 6.0 kg is released from rest from the top of a slanted roof that is 4.0 m long and angled  
at 30∞ , as shown above. The ball rolls along the roof without slipping. The rotational inertia of a sphere of  

mass M and radius R about its center of mass is 22
5

MR . 

(a) On the figure below, draw and label the forces (not components) acting on the ball at their points of 
application as it rolls along the roof. 

 

 

 
(b) Calculate the force due to friction acting on the ball as it rolls along the roof. 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 figure in part (a). 

(c) Calculate the linear speed of the center of mass of the ball when it reaches the bottom edge of the roof. 

(d) A wagon containing a box is at rest on the ground below the roof so that the ball falls a vertical distance of 
3.0 m and lands and sticks in the center of the box. The total mass of the wagon and the box is 12 kg. 
Calculate the horizontal speed of the wagon immediately after the ball lands in it. 
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  Mech. 3. 

  A skier of mass m will be pulled up a hill by a rope, as shown above. The magnitude of the acceleration of the 
skier as a function of time t can be modeled by the equations 

max sin       (0  )

   0                          ( ),

t
a a t T

T
t T

p= < <

= ≥
 

  where maxa  and T are constants. The hill is inclined at an angle q  above the horizontal, and friction between the 

skis and the snow is negligible. Express your answers in terms of given quantities and fundamental constants. 

(a) Derive an expression for the velocity of the skier as a function of time during the acceleration. Assume the 
skier starts from rest. 

(b) Derive an expression for the work done by the net force on the skier from rest until terminal speed is reached. 

(c) Determine the magnitude of the force exerted by the rope on the skier at terminal speed. 

(d) Derive an expression for the total impulse imparted to the skier during the acceleration. 

(e) Suppose that the magnitude of the acceleration is instead modeled as 2
max

t Ta a e p-=  for all 0t > , where 

maxa  and T are the same as in the original model. On the axes below, sketch the graphs of the force exerted 

by the rope on the skier for the two models, from 0t =  to a time t T> . Label the original model 1F  and the 

new model 2F . 

 

 
 
 

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 the 
pink booklet in the spaces provided after each part, NOT in this green insert. 
 

 

Mech. 1.  

A projectile is fired horizontally from a launching device, exiting with a speed xu . While the projectile is in the 

launching device, the impulse imparted to it is pJ , and the average force on it is avgF . Assume the force becomes 

zero just as the projectile reaches the end of the launching device. Express your answers to parts (a) and (b) in terms 
of xu , pJ , avgF , and fundamental constants, as appropriate. 

 
(a) Determine an expression for the time required for the projectile to travel the length of the launching device. 
(b) Determine an expression for the mass of the projectile. 
 
The projectile is fired horizontally into a block of wood that is clamped to a tabletop so that it cannot move. The 
projectile travels a distance d into the block before it stops. Express all algebraic answers to the following in terms 
of d and the given quantities previously indicated, as appropriate. 
 
(c) Derive an expression for the work done in stopping the projectile. 
(d) Derive an expression for the average force bF  exerted on the projectile as it comes to rest in the block. 

 
Now a new projectile and block are used, identical to the first ones, but the block is not clamped to the table. The 
projectile is again fired into the block of wood and travels a new distance nd  into the block while the block slides 

across the table a short distance D. Assume the following: the projectile enters the block with speed xu , the average 

force bF  between the projectile and the block has the same value as determined in part (d), the average force of 

friction between the table and the block is Tf , and the collision is instantaneous so the frictional force is negligible 

during the collision. 
 
(e) Derive an expression for nd  in terms of d, D, Tf , and bF , as appropriate. 

(f) Derive an expression for nd  in terms of d, the mass m of the projectile, and the mass M of the block. 
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Mech. 2.  
An amusement park ride features a passenger compartment of mass M that is released from rest at point A, as 
shown in the figure above, and moves along a track to point E. The compartment is in free fall between points A  
and B, which are a distance of 3 4R  apart, then moves along the circular arc of radius R between points B and D. 
Assume the track is frictionless from point A to point D and the dimensions of the passenger compartment are 
negligible compared to R. 
 
(a) On the dot below that represents the passenger compartment, draw and label the forces (not components) that 

act on the passenger compartment when it is at point C, which is at an angle q  from point B. 
 
 

 

 
(b) In terms of q  and the magnitudes of the forces drawn in part (a), determine an expression for the magnitude of 

the centripetal force acting on the compartment at point C. If you need to draw anything besides what you have 
shown in part (a) to assist in your solution, use the space below. Do NOT add anything to the figure in part (a). 

(c) Derive an expression for the speed Du  of the passenger compartment as it reaches point D in terms of M, R, 

and fundamental constants, as appropriate. 
 
A force acts on the compartment between points D and E and brings it to rest at point E. 
 
(d) If the compartment is brought to rest by friction, calculate the numerical value of the coefficient of friction m  

between the compartment and the track. 
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(e) Now consider the case in which there is no friction between the compartment and the track, but instead the 
compartment is brought to rest by a braking force k- v , where k is a constant and v  is the velocity of the 
compartment. Express all algebraic answers to the following in terms of M, R, k, Du , and fundamental 

constants, as appropriate. 

 i. Write, but do NOT solve, the differential equation for ( )tu . 

 ii. Solve the differential equation you wrote in part i. 
 iii. On the axes below, sketch a graph of the magnitude of the acceleration of the compartment as a function of 

time. On the axes, explicitly label any intercepts, asymptotes, maxima, or minima with numerical values or 
algebraic expressions, as appropriate. 
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Mech. 3.  

The torsion pendulum shown above consists of a disk of rotational inertia I suspended by a flexible rod attached to  
a rigid support. When the disk is twisted through a small angle q , the twisted rod exerts a restoring torque t  that is 
proportional to the angular displacement:  t bq= - , where b  is a constant. The motion of a torsion pendulum is 
analogous to the motion of a mass oscillating on a spring. 
 
(a) In terms of the quantities given above, write but do NOT solve the differential equation that could be used to 

determine the angular displacement q  of the torsion pendulum as a function of time t. 
(b) Using the analogy to a mass oscillating on a spring, determine the period of the torsion pendulum in terms of the 

given quantities and fundamental constants, as appropriate. 
 
To determine the torsion constant b  of the rod, disks of different, known values of rotational inertia are attached to 
the rod, and the data below are obtained from the resulting oscillations. 

Rotational Inertia I of Disk ( )2kg mi  Average Time for Ten Oscillations (s) Period T (s) ( )2 2sT  

0.025 22.4 2.24  5.0 
0.036 26.8 2.68  7.2 
0.049 29.5 2.95  8.7 
0.064 33.3 3.33 11.1 
0.081 35.9 3.59 12.9 
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(c) On the graph below, plot the data points. Draw a straight line that best represents the data. 
 

 
 
(d) Determine the equation for your line. 

(e) Calculate the torsion constant b  of the rod from your line. 

(f) What is the physical significance of the intercept of your line with the vertical axis? 

 
 

 
 

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. 
 

 
Mech. 1.  

  Experiment 1. A block of mass 0.30 kg is placed on a frictionless table and is attached to one end of a horizontal 
spring of spring constant k, as shown above. The other end of the spring is attached to a fixed wall. The block is 
set into oscillatory motion by stretching the spring and releasing the block from rest at time t = 0. A motion 
detector is used to record the position of the block as it oscillates. The resulting graph of velocity u  versus time t 
is shown below. The positive direction for all quantities is to the right. 

 
 

(a) Determine the equation for ( )tu , including numerical values for all constants. 

(b) Given that the equilibrium position is at 0x , determine the equation for x(t), including numerical values 
for all constants.  

(c) Calculate the value of k. 
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  Experiment 2. The block and spring arrangement is now placed on a rough surface, as shown below. The block 
is displaced so that the spring is compressed a distance d and released from rest. 

 

(d) On the dots below that represent the block, draw and label the forces (not components) that act on the block 
when the spring is compressed a distance 2x d  and the block is moving in the direction indicated below 
each dot. 

 

                                                                           

            Toward          Away from  
   the equilibrium position          the equilibrium position 
 
(e) Draw a sketch of u  versus t in this case. Assume that there is a negligible change in the period and that the 

positive direction is still to the right. 
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Mech. 2.  

You are to perform an experiment investigating the conservation of mechanical energy involving a 
transformation from initial gravitational potential energy to translational kinetic energy.  

(a) You are given the equipment listed below, all the supports required to hold the equipment, and a lab table. 
On the list below, indicate each piece of equipment you would use by checking the line next to each item. 

 ____  Track ____  Meterstick ____  Set of objects of different masses 

 ____  Cart ____  Electronic balance ____  Lightweight low-friction pulley 

 ____  String ____  Stopwatch 

(b) Outline a procedure for performing the experiment. Include a diagram of your experimental setup. Label the 
equipment in your diagram. Also include a description of the measurements you would make and a symbol 
for each measurement. 

(c) Give a detailed account of the calculations of gravitational potential energy and translational kinetic energy 
both before and after the transformation, in terms of the quantities measured in part (b). 

(d) After your first trial, your calculations show that the energy increased during the experiment. Assuming you 
made no mathematical errors, give a reasonable explanation for this result. 

(e) On all other trials, your calculations show that the energy decreased during the experiment. Assuming you 
made no mathematical errors, give a reasonable physical explanation for the fact that the average energy you 
determined decreased. Include references to conservative and nonconservative forces, as appropriate. 
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Mech. 3.  

 A ring of mass M, radius R, and rotational inertia 2MR  is initially sliding on a frictionless surface at constant 
velocity 0u  to the right, as shown above. At time t = 0 it encounters a surface with coefficient of friction m and 

begins sliding and rotating. After traveling a distance L, the ring begins rolling without sliding. Express all 
answers to the following in terms of M, R, 0u , m, and fundamental constants, as appropriate. 

(a) Starting from Newton’s second law in either translational or rotational form, as appropriate, derive a 
differential equation that can be used to solve for the magnitude of the following as the ring is sliding and 
rotating. 

 i. The linear velocity u  of the ring as a function of time t 

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

(b) Derive an expression for the magnitude of the following as the ring is sliding and rotating. 

 i. The linear velocity u  of the ring as a function of time t 

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

(c) Derive an expression for the time it takes the ring to travel the distance L. 

(d) Derive an expression for the magnitude of the velocity of the ring immediately after it has traveled the 
distance L. 

(e) Derive an expression for the distance L. 

 
 
 
 
 
 

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. 
 

 

Mech 1.  

  A student places a 0.40 kg glider on an air track of negligible friction and holds it so that it touches an 
uncompressed ideal spring, as shown in Figure 1 above. The student then pushes the glider back to compress the 
spring by 0.25 m, as shown in Figure 2. At time t = 0, the student releases the glider, and a motion sensor begins 
recording the velocity of the reflector at the front of the glider as a function of time. The data points are shown in 
the table below. At time t = 0.79 s, the glider loses contact with the spring.  

 

Time (s) 0 0.25 0.50 0.75 1.00 1.50 2.00 

Velocity (m/s) 0 0.25 0.43 0.48 0.50 0.49 0.51 
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(a) On the axes below, plot the data points for velocity u  as a function of time t for the glider, and draw a 
smooth curve that best fits the data. Be sure to label an appropriate scale on the vertical axis. 

 

 

 
(b) The student wishes to use the data to plot position x as a function of time t for the glider. 

 i. Describe a method the student could use to do this. 

 ii. On the axes below, sketch the position x as a function of time t for the glider. Explicitly label any 
intercepts, asymptotes, maxima, or minima with numerical values or algebraic expressions, as 
appropriate. 

 

 

 
(c) Calculate the time at which the glider makes contact with the bumper at the far right. 

(d) Calculate the force constant of the spring. 

(e) The experiment is run again, but this time the glider is attached to the spring rather than simply being pushed 
against it.  

 i. Determine the amplitude of the resulting periodic motion. 

 ii. Calculate the period of oscillation of the resulting periodic motion. 
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  Mech 2.  

  A box of mass m initially at rest is acted upon by a constant applied force of magnitude AF , as shown in the 
figure above. The friction between the box and the horizontal surface can be assumed to be negligible, but the 
box is subject to a drag force of magnitude ku  where u  is the speed of the box and k  is a positive constant. 
Express all your answers in terms of the given quantities and fundamental constants, as appropriate. 

(a) The dot below represents the box. Draw and label the forces (not components) that act on the box. 

 

 

 

 

 

 

 

 

(b) Write, but do not solve, a differential equation that could be used to determine the speed u  of the box as a 
function of time t. 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 figure in part (a). 

(c) Determine the magnitude of the terminal velocity of the box. 

(d) Use the differential equation from part (b) to derive the equation for the speed u  of the box as a function of 
time t. Assume that u  = 0 at time t = 0. 

(e) On the axes below, sketch a graph of the speed u  of the box as a function of time t. Explicitly label any 
intercepts, asymptotes, maxima, or minima with numerical values or algebraic expressions, as appropriate. 
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  Mech 3.  

  A disk of mass M = 2.0 kg and radius R = 0.10 m is supported by a rope of negligible mass, as shown above. The 
rope is attached to the ceiling at one end and passes under the disk. The other end of the rope is pulled upward 

with a force AF . The rotational inertia of the disk around its center is 2 2MR . 

(a) Calculate the magnitude of the force AF  necessary to hold the disk at rest. 

  At time t = 0, the force AF  is increased to 12 N, causing the disk to accelerate upward. The rope does not slip on 
the disk as the disk rotates. 

(b) Calculate the linear acceleration of the disk. 

(c) Calculate the angular speed of the disk at t = 3.0 s.  

(d) Calculate the increase in total mechanical energy of the disk from t = 0 to t = 3.0 s. 

(e) The disk is replaced by a hoop of the same mass and radius. Indicate whether the linear acceleration of the 
hoop is greater than, less than, or the same as the linear acceleration of the disk. 

      Greater than           Less than           The same as 

 Justify your answer.  

 

 
 
 
 
 
 

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. 
 
 

 

Mech. 1. 

  In an experiment, a student wishes to use a spring to accelerate a cart along a horizontal, level track. The spring 
is attached to the left end of the track, as shown in the figure above, and produces a nonlinear restoring force of 

magnitude 2
sF As= + Bs,  where s is the distance the spring is compressed, in meters. A measuring tape, 

marked in centimeters, is attached to the side of the track. The student places five photogates on the track at the 
locations shown. 

(a) Derive an expression for the potential energy U as a function of the compression s. Express your answer in 
terms of A, B, s, and fundamental constants, as appropriate. 

[49] [49]



In a preliminary experiment, the student pushes the cart of mass 0.30 kg into the spring, compressing the spring 

2014 AP® PHYSICS C: MECHANICS FREE-RESPONSE QUESTIONS 
 

 
© 2014 The College Board. 

Visit the College Board on the Web: www.collegeboard.org. 
 

  GO ON TO THE NEXT PAGE. 
-6- 

  

0.040 m. For this spring, 2200 N mA =  and 150 N m.B =  The cart is released from rest. Assume friction 
and air resistance are negligible only during the short time interval when the spring is accelerating the cart. 

(b) Calculate the following: 

i. The speed of the cart immediately after it loses contact with the spring 

ii. The impulse given to the cart by the spring 

In a second experiment, the student collects data using the photogates. Each photogate measures the speed of the 
cart as it passes through the gate. The student calculates a spring compression that should give the cart a speed of
0.320 m s  after the cart loses contact with the spring. The student runs the experiment by pushing the cart into 
the spring, compressing the spring the calculated distance, and releasing the cart. The speeds are measured with 
a precision of 0.002 m s± .  The positions are measured with a precision of 0.005 m.±  

 

 

 

 
(c) On the axes below, plot the data points for the speed u  of the cart as a function of position x. Clearly scale 

and label all axes, as appropriate. 

 

 

(d) 

i. Compare the speed of the cart measured by photogate 1 to the predicted value of the speed of the cart 
just after it loses contact with the spring. List a physical source of error that could account for the 
difference. 

ii. From the measured speed values of the cart as it rolls down the track, give a physical explanation for 
any trend you observe. 

Photogate 1 2 3 4 5

Cart speed (m/s) 0.412 0.407 0.399 0.374 0.338

Photogate position (m) 0.20 0.40 0.60 0.80 1.00

[50] [50]
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Mech. 2.  

  A small block of mass m starts from rest at the top of a frictionless ramp, which is at a height h above a 
horizontal tabletop, as shown in the side view above. The block slides down the smooth ramp and reaches  
point P with a speed 0u . After the block reaches point P at the bottom of the ramp, it slides on the tabletop 

guided by a circular vertical wall with radius R, as shown in the top view. The tabletop has negligible friction, 
and the coefficient of kinetic friction between the block and the circular wall is m .  

(a) Derive an expression for the height of the ramp h. Express your answer in terms of 0u , m, and fundamental 

constants, as appropriate. 

  A short time after passing point P, the block is in contact with the wall and moves with a speed of u .  

(b)  

 i. Is the vertical component of the net force on the block upward, downward, or zero? 

 ____ Upward        ____ Downward        ____ Zero  

  Justify your answer. 

 ii. On the figure below, draw an arrow starting on the block to indicate the direction of the horizontal 
component of the net force on the moving block when it is at the position shown. 

 

  Justify your answer. 

 

  Express your answers to the following in terms of 0u , u , m, R, m , and fundamental constants, as appropriate. 

(c) Determine an expression for the magnitude of the normal force N exerted on the block by the circular wall as 
a function of u .  

(d) Derive an expression for the magnitude of the tangential acceleration of the block at the instant the block has 
attained a speed of u . 

(e) Derive an expression for ( )tu , the speed of the block as a function of time t after passing point P on the 
track. 
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Mech. 3.  

  A large circular disk of mass m  and radius R is initially stationary on a horizontal icy surface. A person of mass 
2m  stands on the edge of the disk. Without slipping on the disk, the person throws a large stone of mass 20m  

horizontally at initial speed 0u  from a height h above the ice in a radial direction, as shown in the figures above. 

The coefficient of friction between the disk and the ice is m . All velocities are measured relative to the ground. 

The time it takes to throw the stone is negligible. Express all algebraic answers in terms of m, R, 0u , h, m , and 

fundamental constants, as appropriate.  

(a) Derive an expression for the length of time it will take the stone to strike the ice. 

(b) Assuming that the disk is free to slide on the ice, derive an expression for the speed of the disk and person 
immediately after the stone is thrown. 

(c) Derive an expression for the time it will take the disk to stop sliding. 

[52] [52]
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  The person now stands on a similar disk of mass m  and radius R that has a fixed pole through its center so that it 
can only rotate on the ice. The person throws the same stone horizontally in a tangential direction at initial speed 

0u , as shown in the figure above. The rotational inertia of the disk is 2 2mR . 

(d) Derive an expression for the angular speed w of the disk immediately after the stone is thrown.  

(e) The person now stands on the disk at rest 2R  from the center of the disk. The person now throws the  

stone horizontally with a speed 0u  in the same direction as in part (d). Is the angular speed of the disk 

immediately after throwing the stone from this new position greater than, less than, or equal to the angular 
speed found in part (d) ?  

 ____ Greater than        ____ Less than        ____ Equal to  

     Justify your answer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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. 

  Mech.1. 

A block of mass m is projected up from the bottom of an inclined ramp with an initial velocity of magnitude 0v .

The ramp has negligible friction and makes an angle q  with the horizontal. A motion sensor aimed down the 
ramp is mounted at the top of the incline so that the positive direction is down the ramp. The block starts a 
distance D from the motion sensor, as shown above. The block slides partway up the ramp, stops before reaching 
the sensor, and then slides back down.  

(a) Consider the motion of the block at some time t after it has been projected up the ramp. Express your 
answers in terms of m, D, 0v , t, q  and physical constants, as appropriate.

i. Determine the acceleration a of the block.

ii. Determine an expression for the velocity v of the block.

iii. Determine an expression for the position x of the block.

(b) Derive an expression for the position minx  of the block when it is closest to the motion sensor. Express your 

answer in terms of m, D, 0v , q , and physical constants, as appropriate.
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(c) On the axes provided below, sketch graphs of position x, velocity v, and acceleration a as functions of 
time t for the motion of the block while it goes up and back down the ramp. Explicitly label any intercepts, 
asymptotes, maxima, or minima with numerical values or algebraic expressions, as appropriate. 

(d) After the block slides back down and leaves the bottom of the ramp, it slides on a horizontal surface with a 
coefficient of friction given by km . Derive an expression for the distance the block slides before stopping.

Express your answer in terms of m, D, 0v , q , km , and physical constants, as appropriate.

(e) Suppose the ramp now has friction. The same block is projected up with the same initial speed 0v  and

comes back down the ramp. On the axes provided below, sketch a graph of the velocity v as a function of 
time t for the motion of the block while it goes up and back down the ramp, arriving at the bottom of the 
ramp at time ft . Explicitly label any intercepts, asymptotes, maxima, or minima with numerical values or 

algebraic expressions, as appropriate. 
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  Mech.2. 

A small dart of mass 0.020 kg is launched at an angle of 30° above the horizontal with an initial speed of 10 m/s. 
At the moment it reaches the highest point in its path and is moving horizontally, it collides with and sticks to a 
wooden block of mass 0.10 kg that is suspended at the end of a massless string. The center of mass of the block 
is 1.2 m below the pivot point of the string. The block and dart then swing up until the string makes an angle q  
with the vertical, as shown above. Air resistance is negligible. 

(a) Determine the speed of the dart just before it strikes the block. 

(b) Calculate the horizontal distance d between the launching point of the dart and a point on the floor directly 
below the block.  

(c) Calculate the speed of the block just after the dart strikes. 

(d) Calculate the angle q  through which the dart and block on the string will rise before coming momentarily to 
rest. 

(e) The block then continues to swing as a simple pendulum. Calculate the time between when the dart collides 
with the block and when the block first returns to its original position. 

(f) In a second experiment, a dart with more mass is launched at the same speed and angle. The dart collides 
with and sticks to the same wooden block.  

i. Would the angle q  that the dart and block swing to increase, decrease, or stay the same?

_____ Increase          _____ Decrease          _____ Stay the same

Justify your answer.

ii. Would the period of oscillation after the collision increase, decrease, or stay the same?

_____ Increase          _____ Decrease          _____ Stay the same

Justify your answer.
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Mech.3. 

A uniform, thin rod of length L and mass M is allowed to pivot about its end, as shown in the figure above. 

(a) Using integral calculus, derive the rotational inertia for the rod around its end to show that it is 2 3ML . 

The rod is fixed at one end and allowed to fall from the horizontal position A through the vertical position B.

(b) Derive an expression for the velocity of the free end of the rod at position B. Express your answer in terms 
of M, L, and physical constants, as appropriate. 

An experiment is designed to test the validity of the expression found in part (b). A student uses rods of  
various lengths that all have a uniform mass distribution. The student releases each of the rods from the 
horizontal position A and uses photogates to measure the velocity of the free end at position B. The data are 
recorded below.  

Length (m) 0.25 0.50 0.75 1.00 1.25 1.50 

Velocity (m/s) 2.7 3.8 4.6 5.2 5.8 6.3 
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(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.  

 Horizontal axis:  

 Vertical axis:  

Use the remaining rows in the table above, as needed, to record any quantities that you indicated that are not 
given. Label each row you use and include units. 

(d) Plot the straight line data points on the grid below. Clearly scale and label all axes, including units as 
appropriate. Draw a straight line that best represents the data. 

(e)  

i. Using your straight line, determine an experimental value for g.

ii. Describe two ways in which the effects of air resistance could be reduced.

STOP 

END OF EXAM 

[58] [58]
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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. 

 

Mech.1.

A cart of mass m is pulled along a level dynamics track as shown above. A force sensor is attached to the cart 
with a string and used to measure the horizontal force exerted on the cart to the right. A motion sensor is used  
to measure the acceleration of the cart with the positive direction toward the right. Friction is not negligible. 

(a) On the dot below, which represents the cart, draw and label the forces (not components) that act on the cart. 
Each force must be represented by a distinct arrow starting on, and pointing away from, the dot. 

A student pulls the force sensor with a constant force, and the cart accelerates. This is repeated for several trials, 
with a different constant force used for each trial. The data are recorded in the table below. 

Trial 1 2 3 4 5

Force sensor reading (N) 0.32 0.38 0.44 0.50 0.60

Acceleration 2m s 0.12 0.22 0.33 0.50 0.70

[59] [59]
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(b)

i. On the grid below, plot data points for the acceleration of the cart as a function of the force sensor 
reading. Clearly scale all axes. Draw a straight line that best represents the data. 

ii. Using the straight line from the graph, calculate the mass of the cart.  

iii. Using the straight line from the graph, determine the magnitude of the force of friction.  

The above experiment is repeated by using a constant force sensor reading of 0.45 N. The cart starts from rest  
at time t = 0 s and is pulled for a time of 2.0 s along the dynamics track. 

(c) 

i. Determine the acceleration of the cart. 

ii. The string breaks at time t = 2.0 s. Calculate the time it takes for the cart to stop after the string breaks. 

The experiment and analysis in parts (a) and (b) are repeated with a cart that has the same mass but a greater 
force of friction.  

(d) 

i. Will the slope of your new line be greater than, less than, or equal to the slope of your line in  
part (b)i? 

Greater than Less than Equal to 

ii. Will the horizontal intercept of your new line be greater than, less than, or equal to the horizontal 
intercept of your line in part (b)i? 

Greater than Less than Equal to

____  ____     ____ 

____  ____     ____ 

[60] [60]
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Mech.2. 

A block of mass 2M rests on a horizontal, frictionless table and is attached to a relaxed spring, as shown in the 

figure above. The spring is nonlinear and exerts a force 3F x Bx ,  where B is a positive constant and x is 

the displacement from equilibrium for the spring. A block of mass 3M and initial speed 0v  is moving to the left 

as shown. 

(a) On the dots below, which represent the blocks of mass 2M and 3M, draw and label the forces (not 
components) that act on each block before they collide. Each force must be represented by a distinct arrow 
starting on, and pointing away from, the appropriate dot. 

 

 

The two blocks collide and stick to each other. The two-block system then compresses the spring a maximum 
distance D, as shown above. Express your answers to parts (b), (c), and (d) in terms of M, B, 0v ,  and physical 

constants, as appropriate. 

(b) Derive an expression for the speed of the blocks immediately after the collision. 

(c) Determine an expression for the kinetic energy of the two-block system immediately after the collision.  

(d) Derive an expression for the maximum distance D that the spring is compressed.  

[61] [61]
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2M when the spring is at maximum 
compression? 

Left Right The net force on the block of mass ____   ____       ____ 2M is zero. 

Justify your answer. 

ii. Which of the following correctly describes the magnitude of the net force on each of the two blocks 
when the spring is at maximum compression? 

The magnitude of the net force is greater on the block of mass ____ 2M. 

The magnitude of the net force is greater on the block of mass ____ 3M. 

The magnitude of the net force on each block has the same nonzero value. 

The magnitude of the net force on each block is zero.  

Justify your answer.  

____ 

____ 

(f) Do the two blocks, which remain stuck together and attached to the spring, exhibit simple harmonic motion 
after the collision? 

 Yes No ____  ____ 

Justify your answer. 

[62] [62]
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Mech.3.

A uniform rod of length d has one end fixed to the central axis of a horizontal, frictionless circular platform of 
radius 2R d . Fixed at the other end of the rod is an ideal spring of negligible mass to which a block is 
attached. The block is set in frictionless grooves so that it can only move along a radius of the platform, as 
shown in Figure 1 above. The equilibrium length of the spring is 2d . Below is a table showing the mass of the 
block and the masses and rotational inertias of the rod and platform. 

Mass Rotational Inertia
Block m   

Rod  3Rm m  
2

3
Rm d

(about the end of the rod)

Platform 5Pm m  
2

2
Pm R

(about the central axis) 

A motor begins to slowly rotate the platform counterclockwise as viewed from above until the platform reaches 
a constant angular speed ω . Under these conditions, the spring has stretched by an additional length 2d , as 
shown in Figure 2.  

Answer the following questions for the platform rotating at constant angular speed ω . Express all algebraic 
answers in terms of m, d, ω , and physical constants, as appropriate. 

(a) Derive an expression for the spring constant of the spring. 

(b) 

i. Determine an expression for the rotational inertia of the block around the axis of the platform. 

ii. Derive an expression for the rotational inertia of the entire system about the axis of the platform. 

(c) Determine an expression for the angular momentum of the entire system about the axis of the platform. 

[63] [63]
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While the system continues to rotate, a small mechanism in the pivot moves the rod slowly until the center of the 
rod is positioned on the axis, as shown in Figure 3 above. The same constant angular speed ω  is maintained by 
the motor driving the platform.  

(d) Derive an expression for the distance x that the spring is stretched when the rod reaches the position shown 
in Figure 3 above. 

For parts (e), (f), and (g), assume the center of the rod is still moving toward the axis of the platform. 

(e) Is the angular momentum of the entire system increasing, decreasing, or staying the same?  

Increasing Decreasing     Staying the same 

Justify your answer.

(f) In order to keep the system rotating with constant angular speed 

_____     _____ _____ 

ω , is the motor doing positive work, 
negative work, or no work on the rotating system? 

Positive Negative  No work 

Justify your answer. 

_____ _____         _____ 

[64] [64]
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(g) On the block in Figure 4 below, draw a single vector representing the direction of the acceleration 
of the block. Draw the vector so that it is starting on, and pointing away from, the block. 

STOP 

END OF EXAM 

[65] [65]
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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
-

=
+

 

[66] [66]
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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. 

[67] [67]
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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. 

[68] [68]
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 2. A block of mass m starts at rest at the top of an inclined plane of height h, as shown in the figure above. The 
block travels down the inclined plane and makes a smooth transition onto a horizontal surface. While traveling 
on the horizontal surface, the block collides with and attaches to an ideal spring of spring constant k. There is 
negligible friction between the block and both the inclined plane and the horizontal surface, and the spring has 
negligible mass. Express all algebraic answers for parts (a), (b), and (c) in terms of m, h, k, and physical 
constants, as appropriate. 

(a)  

 i. Derive an expression for the speed of the block just before it collides with the spring. 

 

 

 ii. Is the speed halfway down the incline greater than, less than, or equal to one-half the speed at the 
bottom of the inclined plane? 

  ____ Greater than        _____ Less than         ____ Equal to 

  Justify your answer. 

(b) Derive an expression for the maximum compression of the spring. 

(c) Determine an expression for the time from when the block collides with the spring to when the spring 
reaches its maximum compression. 

  The block is again released from rest at the top of the incline, and when it reaches the horizontal surface it is 
moving with speed 0v . Now suppose the block experiences a resistive force as it slides on the horizontal surface. 

The magnitude of the resistive force F is given as a function of speed v by 2F vb= ,  where b  is a positive 

constant with units of kg m .  

(d)  

 i. Write, but do NOT solve, a differential equation for the speed of the block on the horizontal surface as 
a function of time t before it reaches the spring. Express your answer in terms of m, h, k, ,  v, and b

physical constants, as appropriate. 

 ii. Using the differential equation from part (d)i, show that the speed of the block v(t) as a function of  

time t can be written in the form ( ) 0

1 1 t
vv t

b=
m

+ , where 0v  is the speed at t = 0.  

[69] [69]
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(e) Sketch graphs of position x as a function of time t, velocity v as a function of time t, and acceleration a as 
a function of time t for the block as it is moving on the horizontal surface before it reaches the spring. 

 

[70] [70]
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 3. A uniform solid cylinder of mass M = 0.50 kg and radius R = 0.10 m is released from rest, rolls without slipping 
down a 1.0 m long inclined plane, and is launched horizontally from a horizontal table of height 0.75 m. The 
inclined plane makes an angle of 30°  with the horizontal. The cylinder lands on the floor a distance D away 
from the edge of the table, as shown in the figure above. There is a smooth transition from the inclined plane to 
the horizontal table, and the motion occurs with no frictional energy losses. The rotational inertia of a cylinder 

around its center is 2 2MR .  

(a) Calculate the total kinetic energy of the cylinder as it reaches the horizontal table.  

(b) Calculate the angular velocity of the cylinder around its axis at the moment it reaches the floor.  

(c) Calculate the ratio of the rotational kinetic energy to the total kinetic energy for the cylinder at the moment  
it reaches the floor.  

(d) Calculate the horizontal distance D.  

  A sphere of the same mass and radius is now rolled down the same inclined plane. The rotational inertia of  

a sphere around its center is 22
5

MR . 

(e)   

 i. Is the total kinetic energy of the sphere at the moment it reaches the floor greater than, less than,  
or equal to the total kinetic energy of the cylinder at the moment it reaches the floor? 

  ____ Greater than        ____ Less than        ____ Equal to 

  Justify your answer. 

 ii. Is the rotational kinetic energy of the sphere at the moment it reaches the floor greater than, less than, 
or equal to the rotational kinetic energy of the cylinder at the moment it reaches the floor? 

  ____ Greater than        ____ Less than        ____ Equal to 

  Justify your answer. 

 iii. Is the horizontal distance the sphere travels from the table to where it hits the floor greater than, less 
than, or equal to the horizontal distance the cylinder travels from the table to where it hits the floor? 

  ____ Greater than        ____ Less than        ____ Equal to 

  Justify your answer. 

 

 

STOP 
 

END OF EXAM 

[71] [71]
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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. A student wants to determine the value of the acceleration due to gravity g  for a specific location and sets up
the following experiment. A solid sphere is held vertically a distance h above a pad by an electromagnet, as
shown in the figure above. The experimental equipment is designed to release the sphere when the electromagnet
is turned off. A timer also starts when the electromagnet is turned off, and the timer stops when the sphere lands
on the pad.

(a) While taking the first data point, the student notices that the electromagnet actually releases the sphere after
the timer begins. Would the value of g calculated from this one measurement be greater than, less than, or
equal to the actual value of g at the student’s location?

____ Greater than        ____ Less than     ____ Equal to

Justify your answer.

The electromagnet is replaced so that the timer begins when the sphere is released. The student varies the 
distance h. The student measures and records the time Δt  of the fall for each particular height, resulting in the 
following data table.  

 h (m) 0.10 0.20 0.60 0.80 1.00 

Δt  (s) 0.105 0.213 0.342 0.401 0.451 

(b) Indicate below which quantities should be graphed to  yield a straight line whose slope could be used to
calculate a numerical value for 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 in the table. Label each row you use and include units.
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(c) Plot the data points for the quantities indicated in part (b) on the graph below. Clearly scale and label all
axes, including units if appropriate. Draw a straight line that best represents the data.

(d) Using the straight line, calculate an experimental value for g.

Another student fits the data in the table to a quadratic equation. The student’s equation for the distance fallen y

as a function of time t  is y = = 2 At  +2 Bt  + C , where A 5.75 m s , B = −0.524 m s , and C = +0.080 m . 
Vertically down is the positive direction. 

(e) Using the student’s equation above, do the following.

i. Derive an expression for the velocity of the sphere as a function of time.

ii. Calculate the new experimental value for g.

iii. Using 9.81 m s2  as the accepted value for g at this location, calculate the percent error for the value 
found in part (e)ii. 

iv. Assuming the sphere is at a height of 1.40 m at t = 0, calculate the velocity of the sphere just before it
strikes the pad.

GO ON TO THE NEXT PAGE. 
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2. Two carts are on a horizontal, level track of negligible  friction. Cart 1 has a sensor that measures the force 
exerted on it during a collision with cart 2, which has a spring attached. Cart 1 is moving with a speed of 
v = 3.00  m s  0 toward cart 2, which is at rest, as shown in the figure above. The total mass of cart 1 and 

the force sensor is 0.500 kg, the mass of cart 2 is 1.05 kg, and the spring has negligible mass. The spring has 
a spring constant of  k = 130 N m. The data for the force the spring exerts on cart 1 are shown in the graph 

2 2F = (3200  N s ) t - (500  N s ) t below. A student models the data as the quadratic fit . 

(a) Using integral calculus, calculate the total impulse delivered to cart 1 during the collision. 

(b) 

i. Calculate the speed of cart 1 after the collision. 

ii. In which direction does cart 1 move after the collision? 

____ Left   ____ Right 

____ The direction is undefined, because the speed of cart 1 is zero after the collision. 

(c) 

i. Calculate the speed of cart 2 after the collision. 

ii. Show that the collision between the two carts is elastic. 

(d) 

i. Calculate the speed of the center of mass of the two-cart–spring system. 

ii. Calculate the maximum elastic potential energy stored in the spring. 

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

i. Does the speed of the object increase, decrease, or remain the same?  

____ Increase        ____ Decrease  ____ Remain the same 

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

iii. Using the graph, calculate an approximate value for the magnitude of the acceleration of the object at  
t = 0.20 s. 

The students use the equation v = A (1 − e− Bt )  to model the speed of the falling object and find the best fit 

coefficients to be A = 1.18 m s  and -B = 5 s 1 . 

(b) Use the above equation to:  

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

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

The students repeat the experiment with a taller glass cylinder that is filled with the same fluid. The cylinder is 
tall enough so that the object reaches a constant speed.  

(c)  

i. Determine the constant speed of the object.  

Justify your answer. 

ii. Determine the force exerted by the fluid on the object at this time.  

Justify your answer. 
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 2.  A pendulum of length L  consists of block 1 of mass 3M  attached to the end of a string. Block 1 is released  

 

  

 

 

 

 

from rest with the string horizontal, as shown above. At the bottom of its swing, block 1 collides with block 2 of 
mass  M, which is initially at rest at the edge of a table of height 2L. Block 1 never touches the table. As a result 
of the collision, block 2 is launched horizontally from the table, landing on the floor a distance 4L from the base 
of the table. After the collision, block 1 continues forward and swings up. At its highest point, the string makes 
an angle qMAX  to the vertical. Air resistance and friction are negligible. Express all algebraic answers in terms of  
M, L, and physical constants, as appropriate. 

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

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

GO ON TO THE NEXT PAGE. 
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(c) Derive an expression for the tension FT  in the string when the string is vertical just before block 1 makes 
contact with block 2. If you need to draw anything other than what you have shown in part (b) to assist in 
your solution, use the space below. Do NOT add anything to the figure in part (b).  

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

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

(e) Calculate the speed of block 2 as it leaves the table. 

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

(g) Calculate the angle qMAX  that the string makes with the vertical, as shown in the original figure, when 
block 1 is at its highest point after the collision. 

[79] [79]



 

    

 

 3. A horizontal circular platform with rotational inertia IP  rotates freely without friction on a vertical axis. A small 
motor-driven wheel that is used to rotate the platform is mounted under the platform and touches it. The wheel 
has radius r and touches the platform a distance D from the vertical axis of the platform, as shown above. The 
platform starts at rest, and the wheel exerts a constant horizontal force of magnitude F tangent to the wheel until 
the platform reaches an angular speed wP  after time Dt . During time Dt , the wheel stays in contact with the 
platform without slipping.  

(a) Derive an expression for the angular speed wP  of the platform. Express your answer in terms of IP , r, D, F, 
Dt , and physical constants, as appropriate. 

(b) Determine an expression for the kinetic energy of the platform at the moment it reaches angular speed wP . 

Express your answer in terms of IP , r, D, F, Dt , and physical constants, as appropriate. 

(c) Derive an expression for the angular speed of the wheel wW  when the platform has reached angular 

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

 

  

 

 

When the platform is spinning at angular speed wP , the motor-driven wheel is removed. A student holds a disk 

directly above and concentric with the platform, as shown above. The disk has the same rotational inertia IP  as 
the platform. The student releases the disk from rest, and the disk falls onto the platform. After a short time, the 
disk and platform are observed to be rotating together at angular speed w f .  

(d) Derive an expression for w f . Express your answer in terms of wP , IP , and physical constants, as 

appropriate. 

GO ON TO THE NEXT PAGE. 
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  A student now uses the rotating platform  (IP = 3.1 kgm2 )  to determine the rotational inertia IU  of an 

unknown object about a vertical axis that passes through the object’s center of mass. The platform is rotating at 
an initial angular speed wi  when the unknown object is dropped with  its center of mass directly above the center 

of the platform. The platform and object are observed to be rotating  together at angular speed w f . Trials are 

repeated for different values of wi . A graph of w f  as a function of wi  is shown on the axes below. 

 

 

  

GO ON TO THE NEXT PAGE. 
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(e)  

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

ii. Using the straight line, calculate the rotational inertia of the unknown object IU  about a vertical axis 

passing through its center of mass. 

(f) The kinetic energy of the spinning platform before the object is dropped on it is  Ki . The total kinetic energy 

of the platform-object system when it reaches angular speed w f  is K f . Which of the following  

expressions is true?  

____ ____ ____  K < K f i      K = K f i    K > K f i 

Justify your answer. 

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

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

____ Greater than ____ Less than  ____ Equal to  

Justify your answer. 

-10- 
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AP PHYSICS C TEST

SECTION I-Mechanics

Time: 45 minutes

35 Questions

Directions: Each of the questions or incomplete statements below is followed by 5 suggested answers
or completions. Select the one that is best in each case.

Note: To simplify calculations, you may use g= 10 m/ŝ  in all calculations

1. A 20-kg mass moving at 10 m/s decelerates uniformly to rest in 5 s. During this time, the mass has
traveled a distance of

(A) 2 m (B) 50 m (C) 25 m (D) 125 m (E) 12.5 m

2. A 2-kg mass is projected straight up with an initial speed of 20 m/s. In describing the velocity and
acceleration of the object, a student chooses the starting point as the origin and the positive
direction as up. At the highest point of the projectile, how will the student describe the velocity and
acceleration of the mass?

Velocity A c c e l e r a t i o n
(A) negative positive
(B) positive negative
(C) 0 0

(D) 0 positive
(E) 0 negative

A mass m is pulled along a rough surface at a constant speed by a force maintained at an angle d
wi th the ho r i zon ta l .

3. The work done by T as the mass moves a distance D is
T T(A) 0 (B) TD cos 0 (C) ^ cos 6 (D) TD sin 6 (E) ~ sin 6

4 . T h e c o e f fi c i e n t o f f r i c t i o n i s

T c o s e T c o s 6 T s m 6 T s i n 6( A ) t a n 0 ( B ) ^ ( C ) ( D ) ^ ( E ) f c o s 0 + m g

GO ON TO THE NEXT PAGE

1̂̂ Test

Mooney Practice Exam
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5. A satellite of mass M moves with speed v in a circular orbit of radius R around Earth.
Which of the following is true?

1. To place a larger mass in the same orbit would require a larger orbit speed.
II. The centripetal acceleration is independent of the mass of Earth.

III. The angular momentum of the satellite is constant.

(A) I only (B) I and III only (C) I and II only (D) III only (E) II and III only

6. A mass m falls from rest and experiences an air resistance force of the form = —bv̂ .
The terminal speed of the mass is

(A) m g (B)
•mg

(C) (D)_/l (E)|

Questions 7 and 8

A mass m moves under the influence of a potential energy function given by the graph above.

7. At the point r = 2a, the force exerted on the mass is closest to

(A) 0 (B)
f / ,

(C)
4 f / ,

(D) (E) 3 ^
2 a

8. The maximum speed of a mass released from rest at the point r — a is

( A ) ( B ) / ( C ) (D) ' 6 U , (E) 8 U ,

m m m

GO ON TO THE NEXT PAGE

Section l-Mechanics
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F ( N )

9. An object experiences the nonconstant net force shown in the figure. The change in momentum
of the object over the 4 seconds that the force acts is closest to

(B)15tS---=l (C)2oitl=l (D)25iS--_=l (E)3oi!tm
s s s s s

10. A mass Gm moving with speed -Vv across a smooth horizontal surface explodes into three pieces
of masses m, 2m, and '5m, respectively. After the explosion, the mass m is stationary, and the mass
2m is moving with velocity +2v. What is the velocity of the other mass?

(A) (B ) (C) 0 (D) (E ) y

11. Three forces act on a light stick as indicated in the figure. The net torque about the center of
the stick is

(A) 0 (B) ̂ FL (C) ̂ FL (D) FL (E) 2FL
2 4

GO ON TO THE NEXT PAGE

Test
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I

M

12. A mass m is pulled across a frictionless horizontal surface by a string attached to a descending
mass M over a light, frictionless pulley. The tension in the string is

(C)f^ (D)f^

13. A satellite of mass m moves in a circular orbit of radius R about the Earth. The angular
momentum of the satellite about the center of the Earth has a magnitude

(A) m [ma î )m — (C) m [MM (D) mVCMR (E) m /-A—V G V A f , V V G M ^

14. A physical pendulum oscillates through small angles about the vertical with the angle, measured
in radians, obeying the differential equation The period of the oscillations in
seconds is

(A) (B) 87T (C) 1 (D) (E) 4tt

CO ON TO THE NEXT PAGE

Section l-Mechanics
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V A

15. An object moves in one dimension with a velocity vs. time graph as shown above. The graph that
best represents the displacement of the object over the same time interval is which of the following?

GO ON TO THE NEXT PAGE

Test
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16. A mass m is projected with a velocity of magnitude 50 m/s, making an angle of 37° with the
horizontal, the x-axis. At the highest point, which of the following could be values for the
magnitude of the velocity components and the vertical acceleration component?

Vx '̂y 7̂

(A) 30 m/s 4 0 m / s 10 m/s^
(B) 4 0 m / s 0 10 m/s^
(C) 30 m/s 0 10 m/s^
(D) 4 0 m / s 0 0

(E) 4 0 m / s 3 0 m / s 10 m/s^

a

17. A mass with momentum is acted upon by a fotce, causing the momentum to change to pjr.
The vector that best tepresents the impulse delivered by the force during the change is

(A) \ (B) / ( C ) ( D ) \ ( E )

Questions 18 and 19
A 4 kg mass oscillates on a smooth surface at the end of a horizontal spring according to the equation
x{t) = 0.5 cos (dTtr + ̂ ), with X measured in meters.

18. The value of the spring constant is
2

(A ) 24 t t (B )
T T

(C)
t t

2
(D) 14477 (E) 3677

19. The maximum acceleration of the mass is

(A) 377 (B) 1877^ (C) (D) (E) 177^

GO ON TO THE NEXT PAGE

Section 1-Mechanics
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Questions 20-22

a a a

( D ) ( E )

20. During the first half-period of the motion, the graph that best represents the centripetal
acceleration of the mass as a function of time is

( A ) A ( B ) B ( C ) C ( D ) D ( E ) E

21. During the first half-period of the motion, the graph that best represents the magnitude of the
tangential acceleration of the mass as a function of time is

( A ) A ( B ) B ( C ) C ( D ) D ( E ) E

Test

GO ON TO THE NEXT PAGE
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22. The work done by the tension force as the object moves to its lowest point is

(A) mgL{\ — cos d) (B) mgL{\ — sin 0) (C) mgL cos 9 (D) mgL sin 6 (E) 0

23. A 2 kg mass moves in one dimension under the influence of a position-dependent force given by
F{x) = 2x — 8x̂ . The work done by this force as the object moves from A:=2mtox = Imis
closest to

(A) -6 J (B) -27 J (C) 6 J (D) 27 J (E) 8 J

24. A mass m falls from a height H onto a previously compressed spring. The mass rebounds with
twice its incoming speed. If the spring and mass are in contact for a time T, the average power
delivered to the mass by the spring is

m g h I m g H \ / 7 m g H A m g H ' i m g H
( A ) ( B ) ( C ) ^ ( D ) ( E ) ^ r -

25. A mass m moving with speed v in the Fx direction collides head-on with a mass Am moving with
speed \ v'm the —x direction. If the two masses stick together, the velocity after collision is
(A) 0 (B) ̂v, + a: direction (C) ̂v, +x direction
(D) ̂v, —X direction (E) ̂v, —x direction

26. A wheel with rotational inertia / is rotating with a constant angular velocity (Oq when a torque is
applied, slowing the wheel to ̂ COq in a time T. The magnitude of the torque applied is

( A , | & ( D , ^ ( E , ^
m m m

e — e

27. Three equal masses are connected at equal distances along a rod of length 37 and negligible mass.
The moment of inertia about the left end of the rod is

(A) 3wZ^ (B) 9mL^ (C) 14^7^ (D) 17^7^ (E) IJmL^

GO ON TO THE NEXT PAGE

Section l-Mechanics
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28. Planet X has an acceleration due to gravity at its surface that is 3 times that at Earth's surface. If
the mass of X is twice the mass of the Earth, the radius ofX in terms of R ,̂ the radius of Earth, is

29. Two identical springs with spring constant k are connected as shown in the figure, and a mass m
is attached. When the mass is displaced from equilibrium, the period of oscillation is

(A) 2-^Jf (B) 217^5 (C (D) (E)
30. The position of a 3-kg mass moving in one dimension is given in meters as a function of time by

the following equation: x{t) =t̂  — 4t̂  + 7. At t = Is, the force on the object is

( A ) 1 2 N ( B ) 1 5 N ( C ) 3 6 N ( D ) - 6 N ( E ) - 2 N

31. A toy air gun can fire a dart to a height H when fired straight up. What is the maximum height
that the projectile will reach if it's fired at an angle of 60° with the vertical?

(A) ~H (B) \h (C) \H (D) \H (E) \H
32. A 40-kg child and an 80-kg man are ice skating in tandem, with the child in front of the man.

When they're moving at 10 m/s, the man pushes the child so that she moves at 15 m/s relative to
the ice. After she separates, what will be the velocity of their center of mass?

(A) 7 .5 m/s (B) 9 m/s (C) 10 m/s (D) 12.5 m/s (E) 15 m/s

33. A circular hoop of mass M and radius R rolls down an incline without slipping, from an initial
height H. The translational kinetic energy at the bottom of the incline is

1 1 2 1(A) mgH (B) ~^mgH (C) ~:̂ mgH (D) ~^mgH (E) ~^mgH

GO ON TO THE NEXT PAGE

Test
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34. A block slides down a rough incline, experiencing a constant force of friction. At the bottom of
the incline, it encounters an uncompressed, massless spring and eventually rebounds hack up the
incline. After the mass has reached its highest point on the rebound, which of the following is
true for the work done by gravity and the work done by the spring force?

Gravity Spring
(A) positive 0

(B) negative 0

(C) 0 positive
(D) negative positive
(E) 0 0

pivot
0 * ^

m

0
M

35. A stick of mass m and length L has its mass distributed nonuniformly so that its center of mass is
^ L from the left. A mass m is attached to the left end of the stick. What mass M must he
attached to the right end of the stick so that the system won't rotate when it's pivoted about the
geometrical center of the stick?

( A ) ( B ) m ( C ) ( D ) 2 m ( E )

S T O P
E N D O F S E C T I O N I , M E C H A N I C S

IF YOU FINISH BEFORE TIME IS CALLED, YOU MAY CHECK YOUR WORK ON
S E C T I O N I , M E C H A N I C S O N LY.

D O N O T T U R N T O A N Y O T H E R T E S T M A T E R I A L S .

Section l-Mechanics 0
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A P P H Y S I C S C T E S T
SECTION i l -MECHANICS

Time: 45 minutes
3 Questions

Directions: Answer all 3 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.

m m W \ N A m

X

1. Two masses m and Am are connected by a spring on a smooth horizontal surface. The larger mass
is currently in contact with a barrier that will not move, and a third mass m moving with speed
Vq slides across the surface and strikes the smaller mass as shown in the figure. Upon impact, the
two equal masses stick together, and the spring compresses a maximum X. Answer the following
in terms of m, Vq, and X.

(a) Determine the speed of the smaller masses immediately after impact.
(b) Determine the force constant of the spring.
(c) How much mechanical energy is lost as a result of the collision?

The barrier is now removed so that the larger mass is free to move on the surface, and the
collision is repeated. The same initial conditions are reproduced so that one of the smaller masses
moving with speed Vq collides with the other, sticking to it.

(d) When the spring is at maximum compression, what will be the speed of each mass?
(e) Determine the new maximum compression of the spring.

GO ON TO THE NEXT PAGE

Section ll-Mechanics
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2. A tall glass cylinder contains a clear liquid^When a_small spherical mass m is gently placed into
the liquid, it experiences a resistive force A = — bmv proportional to the velocity of the mass as
it falls. ^ is a constant that depends on properties of the liquid.
(a) What is the initial acceleration of the mass just as it is released?
(b) Determine the terminal speed of the mass under the conditions described.
(c) Write the differential equation that could be used to find the velocity of the mass at any

time ? > 0.

(d) Determine the time it takes for the mass to reach y its terminal speed.
(e) You are given a supply of several different clear liquids. Describe an experimental procedure

for determining the Avalues for these liquids. You may use the apparatus described earlier and
any of the following.

meter stick stopwatch set of known masses
roll of string spring

GA M . m

X

3. Two masses m and Am are connected by light pins to the ends of a stick of mass m and length L.
The stick is pivoted to rotate vertically about a horizontal axis at the center of mass of the system,
located a distance X from the larger mass.
(a) Determine the value of X in terms of m and L.
(b) What is the moment of inertia of the system about its center of mass?

With the system initially at rest and the stick horizontal, another mass m is dropped onto the
smaller mass. Just before it strikes the mass, it is moving down with speed v, and just after the
collision, it is moving up with speed
(c) Describe the motion of the pivoted system after the collision.
(d) Find the angular speed of the stick after the collision.
(e) Find the force exerted on the larger mass by its connecting pin when this mass is at its

lowest position.

S T O P
E N D O F S E C T I O N I I , M E C H A N I C S

IE YOU FINISH BEFORE TIME IS CALLED, YOU MAY CHECK YOUR WORK ON
S E C T I O N I I , M E C H A N I C S O N LY.

D O N O T T U R N T O A N Y O T H E R T E S T M A T E R I A L S .

Test
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Physics	C—Mechanics	Practice	Exam	1—Multiple-
Choice	Questions

Time:	45	minutes.	You	may	refer	to	the	constants	sheet	and	the	equation	sheet,
both	of	which	are	found	in	the	appendix.	You	may	use	a	calculator.

1. A	cannon	is	mounted	on	a	truck	that	moves	forward	at	a	speed	of	5	m/s.
The	operator	wants	to	launch	a	ball	from	a	cannon	so	the	ball	goes	as	far	as
possible	before	hitting	the	level	surface.	The	muzzle	velocity	of	the	cannon
is	50	m/s.	At	what	angle	from	the	horizontal	should	the	operator	point	the
cannon?
(A)	5°
(B)	41°
(C)	45°
(D)	49°
(E)	85°

2. A	car	moving	with	speed	v	reaches	the	foot	of	an	incline	of	angle	θ.	The	car
coasts	up	the	incline	without	using	the	engine.	Neglecting	friction	and	air
resistance,	which	of	the	following	is	correct	about	the	magnitude	of	the
car’s	horizontal	acceleration	ax	and	vertical	acceleration	ay?

(A)	ax	=	0;	ay	<	g
(B)	ax	=	0;	ay	=	g
(C)	ax	<	g;	ay	<	g
(D)	ax	<	g;	ay	=	g
(E)	ax	<	g;	ay	>	g

3. A	bicycle	slows	down	with	an	acceleration	whose	magnitude	increases
linearly	with	time.	Which	of	the	following	velocity–time	graphs	could
represent	the	motion	of	the	bicycle?

5 STEPS TO A 5 Practice Exam
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(A)	

(B)	

(C)	

(D)	

(E)	

4.			A	cart	is	sliding	down	a	low	friction	incline.	A	device	on	the	cart	launches	a
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ball,	forcing	the	ball	perpendicular	to	the	incline,	as	shown	above.	Air
resistance	is	negligible.	Where	will	the	ball	land	relative	to	the	cart,	and
why?
(A)	The	ball	will	land	in	front	of	the	cart,	because	the	ball’s	acceleration

component	parallel	to	the	plane	is	greater	than	the	cart’s	acceleration
component	parallel	to	the	plane.

(B)	The	ball	will	land	in	front	of	the	cart,	because	the	ball	has	a	greater
magnitude	of	acceleration	than	the	cart.

(C)	The	ball	will	land	in	the	cart,	because	both	the	ball	and	the	cart	have	the
same	component	of	acceleration	parallel	to	the	plane.

(D)	The	ball	will	land	in	the	cart,	because	both	the	ball	and	the	cart	have	the
same	magnitude	of	acceleration.

(E)	The	ball	will	land	behind	the	cart,	because	the	ball	slows	down	in	the
horizontal	direction	after	it	leaves	the	cart.

5.			The	quantity	“jerk,”	j,	is	defined	as	the	time	derivative	of	an	object’s
acceleration,

What	is	the	physical	meaning	of	the	area	under	a	graph	of	jerk	vs.	time?
(A)	The	area	represents	the	object’s	acceleration.
(B)	The	area	represents	the	object’s	change	in	acceleration.
(C)	The	area	represents	the	object’s	change	in	velocity.
(D)	The	area	represents	the	object’s	velocity.
(E)	The	area	represents	the	object’s	change	in	position.

6.			A	particle	moves	along	the	x-axis	with	a	position	given	by	the	equation	x(t)
=	5	+	3t,	where	x	is	in	meters,	and	t	is	in	seconds.	The	positive	direction	is
east.	Which	of	the	following	statements	about	the	particle	is	FALSE.
(A)	The	particle	is	east	of	the	origin	at	t	=	0.
(B)	The	particle	is	at	rest	at	t	=	0.
(C)	The	particle’s	velocity	is	constant.
(D)	The	particle’s	acceleration	is	constant.
(E)	The	particle	will	never	be	west	of	position	x	=	0.
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7.			A	mass	hangs	from	two	ropes	at	unequal	angles,	as	shown	above.	Which	of
the	following	makes	correct	comparisons	of	the	horizontal	and	vertical
components	of	the	tension	in	each	rope?
(A)	

(B)	

(C)	

(D)	

(E)	

8.			The	force	of	air	resistance	F	on	a	mass	is	found	to	obey	the	equation	F	=
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bv2,	where	v	is	the	speed	of	the	mass,	for	the	range	of	speeds	investigated	in
an	experiment.	A	graph	of	F	vs.	v2	is	shown	above.	What	is	the	value	of	b?
(A)	0.83	kg/m
(B)	1.7	kg/m
(C)	3.0	kg/m
(D)	5.0	kg/m
(E)	1.0	kg/m

9.			A	box	sits	on	an	inclined	plane	without	sliding.	As	the	angle	of	the	plane
(measured	from	the	horizontal)	increases,	the	normal	force
(A)	increases	linearly
(B)	decreases	linearly
(C)	does	not	change
(D)	decreases	nonlinearly
(E)	increases	nonlinearly

10.			Which	of	the	following	conditions	are	necessary	for	an	object	to	be	in	static
equilibrium?

I.	The	vector	sum	of	all	torques	on	the	object	must	equal	zero.
II.	The	vector	sum	of	all	forces	on	the	object	must	equal	zero.
III.	The	sum	of	the	object’s	potential	and	kinetic	energies	must	be	zero.
(A)	I	only
(B)	II	only
(C)	III	only
(D)	I	and	II	only
(E)	I,	II,	and	III

11.			A	student	pushes	a	big	16-kg	box	across	the	floor	at	constant	speed.	He
pushes	with	a	force	of	50	N	angled	35°	from	the	horizontal,	as	shown	in	the
diagram	above.	If	the	student	pulls	rather	than	pushes	the	box	at	the	same
angle,	while	maintaining	a	constant	speed,	what	will	happen	to	the	force	of
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friction?

(A)	It	must	increase.
(B)	It	must	decrease.
(C)	It	must	remain	the	same.
(D)	It	will	increase	only	if	the	speed	is	greater	than	3.1	m/s.
(E)	It	will	increase	only	if	the	speed	is	less	than	3.1	m/s.

12.			Consider	a	system	consisting	only	of	the	Earth	and	a	bowling	ball,	which
moves	upward	in	a	parabola	above	Earth’s	surface.	The	downward	force	of
Earth’s	gravity	on	the	ball,	and	the	upward	force	of	the	ball’s	gravity	on	the
Earth,	form	a	Newton’s	third	law	force	pair.	Which	of	the	following
statements	about	the	ball	is	correct?

(A)	The	ball	must	be	in	equilibrium	since	the	upward	forces	must	cancel
downward	forces.

(B)	The	ball	accelerates	toward	the	Earth	because	the	force	of	gravity	on
the	ball	is	greater	than	the	force	of	the	ball	on	the	Earth.

(C)	The	ball	accelerates	toward	the	Earth	because	the	force	of	gravity	on
the	ball	is	the	only	force	acting	on	the	ball.

(D)	The	ball	accelerates	away	from	Earth	because	the	force	causing	the	ball
to	move	upward	is	greater	than	the	force	of	gravity	on	the	ball.

(E)	The	ball	accelerates	away	from	Earth	because	the	force	causing	the	ball
to	move	upward	plus	the	force	of	the	ball	on	the	Earth	are	together
greater	than	the	force	of	gravity	on	the	ball.

13.			A	mass	m	is	attached	to	a	mass	3m	by	a	rigid	bar	of	negligible	mass	and
length	L.	Initially,	the	smaller	mass	is	located	directly	above	the	larger
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mass,	as	shown	above.	How	much	work	is	necessary	to	flip	the	rod	180°	so
that	the	larger	mass	is	directly	above	the	smaller	mass?

(A)	4mgL
(B)	2mgL
(C)	mgL
(D)	4πmgL
(E)	2πmgL

14.			A	ball	rolls	horizontally	with	speed	v	off	of	a	table	a	height	h	above	the
ground.	Just	before	the	ball	hits	the	ground,	what	is	its	speed?

(A)	

(B)	

(C)	

(D)	v

(E)	
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15.			A	pendulum	is	launched	into	simple	harmonic	motion	in	two	different
ways,	as	shown	above,	from	a	point	that	is	a	height	h	above	its	lowest	point.
During	both	launches,	the	bob	is	given	an	initial	speed	of	3.0	m/s.	On	the
first	launch,	the	initial	velocity	of	the	bob	is	directed	upward	along	the
pendulum’s	path,	and	on	the	second	launch	it	is	directed	downward	along
the	pendulum’s	path.	Which	launch	will	cause	the	pendulum	to	swing	with
the	larger	amplitude?

(A)	the	first	launch
(B)	the	second	launch
(C)	Both	launches	produce	the	same	amplitude.
(D)	The	answer	depends	on	the	initial	height	h.
(E)	The	answer	depends	on	the	length	of	the	supporting	rope.

16.			The	mass	M	is	moving	to	the	right	with	velocity	v0	at	position	x	=	x0.
Neglect	friction.	The	spring	has	force	constant	k.	What	is	the	total
mechanical	energy	of	the	block	at	this	position?

(A)	

(B)	

(C)	

(D)	

(E)	

17.			A	sphere,	a	cube,	and	a	cylinder,	all	of	equal	mass,	are	released	from	rest
from	the	top	of	a	short	incline.	The	surface	of	the	incline	is	extremely	slick,
so	much	so	that	the	objects	do	not	rotate	when	released,	but	rather	slide
with	negligible	friction.	Which	reaches	the	base	of	the	incline	first?

(A)	the	sphere
(B)	the	cube
(C)	the	cylinder
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(D)	All	reach	the	base	at	the	same	time.
(E)	The	answer	depends	on	the	relative	sizes	of	the	objects.

18.			Block	B	is	at	rest	on	a	smooth	tabletop.	It	is	attached	to	a	long	spring,
which	is	in	turn	anchored	to	the	wall.	Block	A	slides	toward	and	collides
with	block	B.	Consider	two	possible	collisions:

Collision	I:	Block	A	bounces	back	off	of	block	B.
Collision	II:	Block	A	sticks	to	block	B.

Which	of	the	following	is	correct	about	the	speed	of	block	B	immediately	after
the	collision?

(A)	It	is	faster	in	case	II	than	in	case	I	ONLY	if	block	B	is	heavier.
(B)	It	is	faster	in	case	I	than	in	case	II	ONLY	if	block	B	is	heavier.
(C)	It	is	faster	in	case	II	than	in	case	I	regardless	of	the	mass	of	each	block.
(D)	It	is	faster	in	case	I	than	in	case	II	regardless	of	the	mass	of	each	block.
(E)	It	is	the	same	in	either	case	regardless	of	the	mass	of	each	block.

19.			A	0.30-kg	bird	is	flying	from	right	to	left	at	30	m/s.	The	bird	collides	with
and	sticks	to	a	0.50-kg	ball	that	is	moving	straight	up	with	speed	6.0	m/s.
What	is	the	magnitude	of	the	momentum	of	the	ball/bird	combination
immediately	after	collision?

(A)	12.0	N·s
(B)	9.5	N·s
(C)	9.0	N·s
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(D)	6.0	N·s
(E)	3.0	N·s

20.			The	force	F	on	a	mass	is	shown	above	as	a	function	of	time	t.	Which	of	the
following	methods	can	be	used	to	determine	the	impulse	experienced	by	the
mass?

I.	multiplying	the	average	force	by	tmax
II.	calculating	the	area	under	the	line	on	the	graph

III.	taking	the	integral	

(A)	II	only
(B)	III	only
(C)	II	and	III	only
(D)	I	and	II	only
(E)	I,	II,	and	III

21.			A	projectile	is	launched	on	level	ground	in	a	parabolic	path	so	that	its	range
would	normally	be	500	m.	When	the	projectile	is	at	the	peak	of	its	flight,
the	projectile	breaks	into	two	pieces	of	equal	mass.	One	of	these	pieces	falls
straight	down,	with	no	further	horizontal	motion.	How	far	away	from	the
launch	point	does	the	other	piece	land?

(A)	250	m
(B)	375	m
(C)	500	m
(D)	750	m
(E)	1000	m
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Questions	22	and	23

A	rigid	rod	of	length	L	and	mass	M	is	floating	at	rest	in	space	far	from	a
gravitational	field.	A	small	blob	of	putty	of	mass	m	<	M	is	moving	to	the
right,	as	shown	above.	The	putty	hits	and	sticks	to	the	rod	a	distance	2L/3
from	the	top	end.

22.			How	will	the	rod/putty	contraption	move	after	the	collision?

(A)	The	contraption	will	have	no	translational	motion,	but	will	rotate	about
the	rod’s	center	of	mass.

(B)	The	contraption	will	have	no	translational	motion,	but	will	rotate	about
the	center	of	mass	of	the	rod	and	putty	combined.

(C)	The	contraption	will	move	to	the	right	and	rotate	about	the	position	of
the	putty.

(D)	The	contraption	will	move	to	the	right	and	rotate	about	the	center	of
mass	of	the	rod	and	putty	combined.

(E)	The	contraption	will	move	to	the	right	and	rotate	about	the	rod’s	center
of	mass.

23.			What	quantities	are	conserved	in	this	collision?

(A)	linear	and	angular	momentum,	but	not	kinetic	energy
(B)	linear	momentum	only
(C)	angular	momentum	only
(D)	linear	and	angular	momentum,	and	linear	but	not	rotational	kinetic

energy
(E)	linear	and	angular	momentum,	and	linear	and	rotational	kinetic	energy
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24.			A	car	rounds	a	banked	curve	of	uniform	radius.	Three	forces	act	on	the	car:
a	friction	force	between	the	tires	and	the	road,	the	normal	force	from	the
road,	and	the	weight	of	the	car.	Which	provides	the	centripetal	force	which
keeps	the	car	in	circular	motion?

(A)	the	friction	force	alone
(B)	the	normal	force	alone
(C)	the	weight	alone
(D)	a	combination	of	the	normal	force	and	the	friction	force
(E)	a	combination	of	the	friction	force	and	the	weight

25.			A	ball	of	mass	m	anchored	to	a	string	swings	back	and	forth	to	a	maximum
position	A,	as	shown	above.	Point	C	is	partway	back	to	the	vertical	position.
What	is	the	direction	of	the	mass’s	acceleration	at	point	C?

(A)	along	the	mass’s	path	toward	point	B
(B)	toward	the	anchor
(C)	away	from	the	anchor
(D)	between	a	line	toward	the	anchor	and	a	line	along	the	mass’s	path
(E)	along	the	mass’s	path	toward	point	A
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26.			In	a	carnival	ride,	people	of	mass	m	are	whirled	in	a	horizontal	circle	by	a
floorless	cylindrical	room	of	radius	r,	as	shown	in	the	diagram	above.	If	the
coefficient	of	friction	between	the	people	and	the	tube	surface	is	μ,	what
minimum	speed	is	necessary	to	keep	the	people	from	sliding	down	the
walls?

(A)	

(B)	

(C)	

(D)	

(E)	

Questions	27	and	28

The	uniform,	rigid	rod	of	mass	m,	length	L,	and	rotational	inertia	I	shown	above
is	pivoted	at	its	left-hand	end.	The	rod	is	released	from	rest	from	a	horizontal
position.

27.			What	is	the	linear	acceleration	of	the	rod’s	center	of	mass	the	moment	after
the	rod	is	released?
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(A)	

(B)	

(C)	

(D)	

(E)	

28.			What	is	the	linear	speed	of	the	rod’s	center	of	mass	when	the	mass	passes
through	a	vertical	position?

(A)	

(B)	

(C)	

(D)	

(E)	
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29.			The	1.0-m-long	nonuniform	plank,	shown	above,	has	weight	1000	N.	It	is
to	be	supported	by	two	rods,	A	and	B,	as	shown	above.	The	center	of	mass
of	the	plank	is	30	cm	from	the	right	edge.	Each	support	bears	half	the
weight	of	the	plank.	If	support	B	is	10	cm	from	the	right-hand	edge,	how	far
from	the	left-hand	edge	should	support	A	be?

(A)	0	cm
(B)	10	cm
(C)	30	cm
(D)	50	cm
(E)	70	cm

30.			A	mass	m	on	a	spring	oscillates	on	a	horizontal	surface	with	period	T.	The
total	mechanical	energy	contained	in	this	oscillation	is	E.	Imagine	that
instead	a	new	mass	4m	oscillates	on	the	same	spring	with	the	same
amplitude.	What	is	the	new	period	and	total	mechanical	energy?

(A)	

(B)				

(C)				
(D)				
(E)				
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31.			A	mass	m	is	attached	to	a	horizontal	spring	of	spring	constant	k.	The	spring
oscillates	in	simple	harmonic	motion	with	amplitude	A.	What	is	the
maximum	speed	of	this	simple	harmonic	oscillator?

(A)	

(B)	

(C)	

(D)	

(E)	

32.			An	empty	bottle	goes	up	and	down	on	the	surface	of	the	ocean,	obeying	the
position	function	x	=	Acos(ωt).	How	much	time	does	this	bottle	take	to
travel	once	from	its	lowest	position	to	its	highest	position?

(A)	

(B)	

(C)	

(D)	

[122] [122]



(E)	

33.			The	Space	Shuttle	orbits	300	km	above	the	Earth’s	surface;	the	Earth’s
radius	is	6400	km.	What	is	the	acceleration	due	to	Earth’s	gravity
experienced	by	the	Space	Shuttle?

(A)	4.9	m/s2

(B)	8.9	m/s2

(C)	9.8	m/s2

(D)	10.8	m/s2
(E)	zero

34.			An	artificial	satellite	orbits	Earth	just	above	the	atmosphere	in	a	circle	with
constant	speed.	A	small	meteor	collides	with	the	satellite	at	point	P	in	its
orbit,	increasing	its	speed	by	1%,	but	not	changing	the	instantaneous
direction	of	the	satellite’s	velocity.	Which	of	the	following	describes	the
satellite’s	new	orbit?

(A)	The	satellite	now	orbits	in	an	ellipse,	with	P	as	the	farthest	approach	to
Earth.

(B)	The	satellite	now	orbits	in	an	ellipse,	with	P	as	the	closest	approach	to
Earth.

(C)	The	satellite	now	orbits	in	a	circle	of	larger	radius.
(D)	The	satellite	now	orbits	in	a	circle	of	smaller	radius.
(E)	The	satellite	cannot	maintain	an	orbit,	so	it	flies	off	into	space.

35.			Mercury	orbits	the	sun	in	about	one-fifth	of	an	Earth	year.	If	1	AU	is
defined	as	the	distance	from	the	Earth	to	the	sun,	what	is	the	approximate
distance	between	Mercury	and	the	sun?

(A)	(1/25)	AU
(B)	(1/9)	AU
(C)	(1/5)	AU
(D)	(1/3)	AU
(E)	(1/2)	AU
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STOP.	End	of	Physics	C—Mechanics	Practice	Exam	1—Multiple-Choice
Questions
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Physics	C—Mechanics	Practice	Exam	1—Free-
Response	Questions

Time:	45	minutes.	You	may	refer	to	the	constants	sheet	and	the	equation,	both
of	which	are	found	in	the	appendix.	You	may	use	a	calculator.

CM	1

Two	5-kg	masses	are	connected	by	a	light	string	over	two	massless,
frictionless	pulleys.	Each	block	sits	on	a	frictionless	inclined	plane,	as
shown	above.	The	blocks	are	released	from	rest.
(a)	Determine	the	magnitude	of	the	acceleration	of	the	blocks.

Now	assume	that	the	30°	incline	provides	a	resistive	force	which	depends
on	speed	v.	This	resistive	force	causes	the	entire	system’s	acceleration	to	be
given	by	the	expression

a	=	1.8	−	0.03v

where	a	speed	v	in	m/s	gives	an	acceleration	in	m/s2.	The	blocks	are	again
released	from	rest.

(b)	i.	On	the	axes	below,	sketch	a	graph	of	the	speed	of	the	5	kg	block	as	a
function	of	time.	Label	important	values,	including	any	asymptotes
and	intercepts.
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ii.	Explain	how	the	expression	for	acceleration	leads	to	the	graph	you
drew.

(c)	Explain	how	to	figure	out	the	terminal	speed	of	the	5	kg	block.
(d)	The	terminal	speed	is	60	m/s	–	that’s	a	typical	speed	in	automobile

racing.	Explain	briefly	why	this	result	is	physically	reasonable,	even
though	the	blocks	are	on	a	track	in	a	physics	laboratory.

CM	2
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A	hollow	glass	sphere	of	radius	8.0	cm	rotates	about	a	vertical	diameter
with	frequency	5	revolutions	per	second.	A	small	wooden	ball	of	mass	2.0
g	rotates	inside	the	sphere,	as	shown	in	the	diagram	above.
(a)	Draw	a	free-body	diagram	indicating	the	forces	acting	on	the	wooden

ball	when	it	is	at	the	position	shown	in	the	picture	above.
(b)	Calculate	the	angle	θ,	shown	in	the	diagram	above,	to	which	the	ball

rises.
(c)	Calculate	the	linear	speed	of	the	wooden	ball	as	it	rotates.
(d)	The	wooden	ball	is	replaced	with	a	steel	ball	of	mass	20	g.	Describe
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how	the	angle	θ	to	which	the	ball	rises	will	be	affected.	Justify	your
answer.

CM	3

A	heavy	ball	of	mass	m	is	attached	to	a	light	but	rigid	rod	of	length	L.	The
rod	is	pivoted	at	the	top	and	is	free	to	rotate	in	a	circle	in	the	plane	of	the
page,	as	shown	above.
(a)	The	mass	oscillates	to	a	maximum	angle	θ.	On	the	picture	of	the	mass	m

below,	draw	a	vector	representing	the	direction	of	the	NET	force	on	the
mass	while	it	is	at	angle	θ.	Justify	your	choice	of	direction.

(b)	Is	the	magnitude	of	the	net	force	at	the	maximum	displacement	equal	to
mg	sinθ	or	mg	cosθ?	Choose	one	and	justify	your	choice.

(c)	Derive	an	expression	for	the	ball’s	potential	energy	U	as	a	function	of
the	angle	θ.	Assume	that	a	negative	angle	represents	displacement	from
the	vertical	in	the	clockwise	direction.

(d)	On	the	axes	below,	sketch	a	graph	of	the	mass’s	potential	energy	U	as	a
function	of	the	angle	θ	for	angles	between	−90°	and	+360°.	Label
maximum	and	minimum	values	on	the	vertical	axis.

[128] [128]



(e)	The	pendulum	is	considered	a	classic	example	of	simple	harmonic
motion	when	it	undergoes	small-amplitude	oscillation.	With	specific
reference	to	the	graph	you	made	in	part	(d),	explain	why	the	assumption
of	simple	harmonic	motion	is	valid.

STOP.	End	of	Physics	C—Mechanics	Practice	Exam	1—Free-Response
Questions

[129] [129]



Barron's Practice Exam

[130] [130]



[131] [131]



[132] [132]



[133] [133]



[134] [134]



[135] [135]



[136] [136]



[137] [137]



[138] [138]



[139] [139]



[140] [140]



[141] [141]


	physics_c_m_frq_02_10381_unlocked
	ap03_frq_physics_cm_23089_unlocked
	ap04_frq_physics_cm_36191_unlocked
	_ap05_frq_physics_c_m_45648_unlocked
	_ap06_frq_physicsc_me_51785_unlocked
	ap07_physicmech_frq_unlocked
	ap08_physics_c_mech_frq_unlocked
	ap09_frq_physics_c_mech_unlocked
	ap10_frq_physics_c_mech_unlocked
	ap11_frq_physics_cm_unlocked
	2012_frq_physics_cm_unlocked
	ap13_frq_physics_c_mechanics_unlocked
	ap14_frq_Physics_C-M - unlocked
	Question 1
	Question 2
	Question 3

	ap15_frq_physics_c-m - unlocked
	Question 1
	Question 2
	Question 3

	ap16_frq_physics-c_mech-unlocked
	Question 1
	Question 2
	Question 3

	ap-physics-c-mech-frq-2017-unlocked
	Question 1
	Question 2
	Question 3

	ap18-frq-physics-c-mech-unlocked
	Directions/Question 1
	Question 2
	Question 3

	ap19-frq-physics-c-mech-set-1_unlocked


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




