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4 
The Laws of Motion 

QUICK QUIZZES 

 1. Newton’s second law says that the acceleration of an object is directly proportional to the resultant (or net) force acting on. 
Recognizing this, consider the given statements one at a time. 

 (a) True – If the resultant force on an object is zero (either because no forces are present or the vector sum of the forces 
present is zero), the object can still move with constant velocity. 

 (b) False – An object that remains at rest has zero acceleration. However, any number of external forces could be acting 
on it, provided that the vector sum of these forces is zero. 

 (c) True – When a single force acts, the resultant force cannot be zero and the object must accelerate. 

 (d) True – When an object accelerates, a set containing one or more forces with a non-zero resultant must be acting on it. 

 (e) False – Many external forces could be acting on an object with zero acceleration, provided that the vector sum of these 
forces is zero. 

 (f) False – If the net force is in the positive x-direction, the acceleration will be in the positive x-direction. However, the 
velocity of an object does not have to be in the same direction as its acceleration (consider the motion of a projectile). 

 2. Choice (b). The newton is a unit of weight, and the quantity (or mass) of gold that weighs 1 newton is . Because 
the value of g is smaller on the Moon than on the Earth, someone possessing 1 newton of gold on the Moon has more gold 
than does a person having 1 newton of gold on Earth. 

 3. (a) False – When on an orbiting space station the astronaut is farther from the center of Earth than when on the surface of 
the Earth. Thus, the astronaut experiences a reduced gravitational force, but that force is not zero. 

 (b) True – On or above the surface of Earth, the acceleration of gravity is inversely proportional to the square of the dis-
tance from the center of Earth. Therefore, when this distance is increased by a factor of 3, the acceleration of gravity 
decreases by a factor of 9. 

 (c) False – The acceleration of gravity on the surface of a planet of mass M and volume V  is , where 
. If the mass and volume are doubled (as when two identical planets coalesce), the radius becomes 

 and the surface gravity becomes 

 

 (d) False – Unlike the weight of an object, its mass is independent of the local acceleration of gravity. Thus, one kilogram 
of gold contains the same amount of gold on the Moon as it does on Earth. 

 4. Choices (c) and (d). Newton’s third law states that the car and truck will experience equal magnitude (but oppositely 
directed) forces. Newton’s second law states that acceleration is inversely proportional to mass when the force is constant. 
Thus, the lower mass vehicle (the car) will experience the greater acceleration. 

 5. Choice (c). In case (i), the scale records the tension in the rope attached to its right end. The section of rope in the man’s 
hands has zero acceleration, and hence, zero net force acting on it. This means that the tension in the rope pulling to the left 
on this section must equal the force F the man exerts toward the right on it. The scale reading in this case will then be F. In 
case (ii), the person on the left can be modeled as simply holding the rope tightly while the person on the right pulls. Thus, 
the person on the left is doing the same thing that the wall does in case (i). The resulting scale reading is the same whether 
there is a wall or a person holding the left side of the scale. 

 6. Choice (c). The tension in the rope has a vertical component that supports part of the total weight of the woman and sled. 
Thus, the upward normal force exerted by the ground is less than the total weight. 
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 7. Choice (b). Friction forces are always parallel to the surfaces in contact, which, in this case, are the wall and the cover of the 
book. This tells us that the friction force is either upward or downward. Because the tendency of the book is to fall down-
ward due to gravity, the friction force must be in the upward direction. 

 8. Choice (b). The static friction force between the bottom surface of the crate and the surface of the truck bed is the net hori-
zontal force on the crate that causes it to accelerate. It is in the same direction as the acceleration, toward the east. 

 9. Choice (b). It is easier to attach the rope and pull. In this case, there is a component of your applied force that is upward. 
This reduces the normal force between the sled and the snow. In turn, this reduces the friction force between the sled and the 
snow, making it easier to move. If you push from behind, with a force having a downward component, the normal force is 
larger, the friction force is larger, and the sled is harder to move. 

ANSWERS TO WARM-UP EXERCISES 

1. (a) Since the initial velocity, final velocity, and the distance are given, we use 2 2
0 2 .a xυ υ= + Δ  Solving for the accel-

eration, we obtain 

   
( ) ( )

( )

2 22 2
20 6.00 m/s 10.0 m/s

0.800 m/s
2 2 40.0 m

a
x

υ υ −−
= = = −

Δ
  

  The negative sign indicates a deceleration. 

 (b) To find the acceleration after 2.00 s, we use 0 :atυ υ= +  

    ( )0 10.0 m/s ( 0.800 m/s) 2.00 s 8.40 m/satυ υ= + = + − =   

 (c) We find the time required to travel 40.0 m by noting that  
6.00 m/sυ =  at the end of this interval. Then, from 0 ,atυ υ= +  

   0 6.00 m/s 10.0 m/s 5.00 s
0.800 m/s

t
a

υ υ− −= = =
−

  

2. We choose a coordinate system with the positive x direction being east and the positive y direction being north. Then the 
components of the four given forces are 

   
40 N 0

A 0 B 50 N
x x

y y

A B= + =
= = +   

   
70 N 0

C 0 90 N
x x

y y

C D
D

= − =
= = −   

 The components of the resultant (or net) force are  

   40 N 0 70 N 0 30 N
0 50 N 0 90 N 40 N

x x x x x

y y y y y

R A B C D
R A B C D

= + + + = + − + = −
= + + + = + + − = −

  

 (a) Therefore, the magnitude of the net force acting on the object is  

    ( ) ( )2 22 2 30 N 40 N 50 Nx yR R R= + = − + − =
  

 (b) The direction of the net force acting on the object is 

    1 1 40 Ntan tan 53
30 N

y

x

R
R

θ − −⎛ ⎞ −⎛ ⎞= = = °⎜ ⎟ ⎜ ⎟−⎝ ⎠⎝ ⎠
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  Since Rx < 0 and Ry < 0, the net force points in the third quadrant, and  

    
53 180 233θ = ° + ° = °

  

3. (a) We obtain the acceleration of the block from Newton’s second law. Since the force is applied in the x direction, 
the block will accelerate only in the x direction, and 

   230.0 N 3.75 m/s
8.00 kg

x
x

F
a

m
= = =   

 (b) We use 0 atυ υ= +  with 0 0υ =  to obtain 

   ( )( )2
0 0 3.75 m/s 6.00 s 22.5 m/satυ υ= + = + =   

4. The gravitational force is proportional to the mass of each object and inversely proportional to the square of the distance 
between the two objects. On a world twice Earth’s mass and twice its radius, the gravitational force would be 2/22, or 
half, its value on the surface of the Earth:  

   ( )2 20.5 9.80 m/s 4.90 m/sa = =
  

5. The tension, Fupper, in the vine at the point above the upper monkey must support the weight of both monkeys, or 

( )singleupper
monkey

2 .gF F=  However, the tension in the vine between the two monkeys supports only the weight of the lower 

monkey ( )singlelower
monkey

,gF F=  so that  

  upper

lower

2
F
F

=  

6. The block is in equilibrium, so that the sum of the forces in the x and y directions must add to zero. By symmetry, the 
tension in the two strings is equal, and each of the strings has both x and y components given by 

sin ,  and cos .x yT T T Tθ θ= =  The sum of the forces in the x and y directions is then  

   sin sin 0xF T Tθ θ= − =∑   

 and  2 cos 0yF T mgθ= − =∑   

 which gives 

   ( )( )215.0 kg 9.80 m/s
84.9 N

2cos 2cos30.0
mgT

θ
= = =

°

  

7. (a) On a level surface, the normal force is equal and oppositely directed to the weight mg of the block, so   

   ( )( )215.0 kg 9.80 m/s 147 Nn mg= = =   

 (b) From Figure 4.15b in the text, n = mg cos θ, and  

   ( )( )2cos 15.0 kg 9.80 m/s cos30.0 127 Nn mg θ= = ° =  

 (c) In an elevator accelerating upward, Newton’s second law in the y direction gives  



90 

   
yF n mg ma= − =∑   

  which gives 

   ( )
( )( )2 215.0 kg 9.80 m/s 3.00 m/s 192 N

n mg ma m g a= + = +

= + =
  

 (d) For this case, the vertical component of the external force is ( )ext ext sin ,yF F θ=  and Newton’s second law in the y 
direction gives  

   
ext sin 0yF n mg F θ= − + =∑   

  or 

   ( )( ) ( )2
ext sin 15.0 kg 9.80 m/s 125 N sin 30.0

84.5 N

n mg F θ= − = − °

=

  

8. From Newton’s second law, the net force acting on the crate is 

   
netx kF F F f ma= = − =∑   

 Solving for the force of kinetic friction gives 

   ( )( )295.0 N 60.0 kg 1.20 m/s 23.0 Nkf F ma= − = − =   

9. (a) We find the car’s acceleration from 0 atυ υ= +  with 0 0υ =  as  

   20 0 30.0 m/s 5.36 m/s
5.60 s

a
t

υ υ− −= = = −   

 (b) We find the magnitude of the force from Newton’s second law: 

   ( ) 2875 kg 5.36 m/s 4 690 NF ma= = − =   

 (c) We find the distance traveled from 2 2
0 2 ,a xυ υ= + Δ  with 0:υ =  

   
( )

( )
22 2

0
2

0 30.0 m/s
84.0 m

2 2 5.36 m/s
x

a
υ υ −−

Δ = = =
−   

10. (a) The force of kinetic friction is given by .k kf nμ= −  Since the block is on a horizontal surface, n = mg and 

    ( )( )( )20.300 12.0 kg 9.80 m/s 35.3 Nk k kf n mgμ μ= − = − = − = −    

 (b) We find the acceleration by applying Newton’s second law in the horizontal direction: 

    
netx kF F f ma= = − =∑   

  which gives 

    235.3 N 2.94 m/s
12.0 kg

kfa
m

− −= = = −   
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 (c) The distance traveled by the block before it comes to rest is found from 2 2
0 2 ,a xυ υ= + Δ  with 0:υ =  

    
( )

( )
22 2

0
2

0 8.00 m/s
10.9 m

2 2 2.94 m/s
x

a
υ υ −−

Δ = = =
−   

11. (a) If the refrigerator does not move, its acceleration is zero, and the horizontal forces acting on it must add to zero: 

    
net 0          x s sF F F f f F= = − = → =∑   

  Where fs is the force of static friction on the refrigerator. Since the refrigerator is on level ground, the force of 
static friction is given by .s s sf n mgμ μ= − = −  Then, the minimum coefficient of static friction between the re-
frigerator and the floor is 

    
( )( )2

112 N          0.272
42.0 kg 9.80 m/ss s

Fmg F
mg

μ μ= → = = =   

12. From Example 4.11, the acceleration of the blocks in an Atwood’s machine is given by 

   2 1

1 2

m m
a g

m m
⎛ ⎞−

= ⎜ ⎟+⎝ ⎠

  

 With m1 = 3.00 kg and m2 = 8.00 kg, we obtain 

( )2 22 1

1 2

8.00 kg 3.00 kg 9.80 m/s 4.45 m/s
3.00 kg 8.00 kg

m m
a g

m m
⎛ ⎞ ⎛ ⎞− −= = =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠

 

13. (a) Using a system approach, we treat the string connecting the blocks as internal to the system, and consider the two 
blocks as one mass of m1 + m2 = 16 kg + 24 kg = 40 kg. Then, the acceleration of the system is  

    
2120 N 3.0 m/s

40 kg
Fa
M

= = =
  

 (b) To find the tension in the string, we apply Newton’s second law to the mass m2: 

       xF F T ma= − =∑   

  which gives 

    ( )( )2
2 120 N 24 kg 3.0 m/s 48 NT F m a= − = − =   

  Note that the 48 N transmitted through the string to the mass m1 is exactly the force required to accelerate that 
mass to 3.0 m/s2. 

ANSWERS TO EVEN NUMBERED CONCEPTUAL QUESTIONS 

 2. If it has a large mass, it will take a large force to alter its motion even when floating in space. Thus, to avoid injuring him-
self, he should push it gently toward the storage compartment. 

 4. The coefficient of static friction is larger than that of kinetic friction. To start the box moving, you must counterbalance the 
maximum static friction force. This force exceeds the kinetic friction force that you must counterbalance to maintain con-
stant velocity of the box once it starts moving. 

 6. (a) The barbell always exerts a downward force on the lifter equal in magnitude to the upward force that she exerts on the 
barbell. Since the lifter is in equilibrium, the magnitude of the upward force exerted on her by the scale (that is, the 
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scale reading) equals the sum of her weight and the downward force exerted by the barbell. As the barbell goes 
through the bottom of the cycle and is being lifted upward, the scale reading exceeds the combined weights of the lifter 
and the barbell. At the top of the motion and as the barbell is allowed to move back downward, the scale reading is less 
than the combined weights. 

 (b) If the barbell is moving upward, the lifter can declare she has thrown it just by letting go of it for a moment. Thus, the 
case is included in the previous answer. 

 8. In order for an object to be in equilibrium, the resultant force acting on it must be zero. Thus, it is not possible for an object 
to be in equilibrium when a single force of non-zero magnitude acts on it. 

10. The net force acting on the object decreases as the resistive force increases. Eventually, the resistive force becomes equal to 
the weight of the object, and the net force goes to zero. In this condition, the object stops accelerating, and the velocity stays 
constant. The rock has reached its terminal velocity. 

12.   

 In the free-body diagrams give above,  represents a force due to air resistance,  is a force due to the thrust of the rocket 
engine,  is a normal force,  is a friction force, and the forces labeled  are gravitational forces. 

14. When a tire is rolling, the point on the tire in contact with the ground is momentarily at rest relative to the ground. Thus, 
static friction exists between the tire and the ground under these conditions. When the brakes lock, the tires begin to skid 
over the ground and kinetic friction now exists between tires and the ground. Since the kinetic friction force is less than the 
maximum static friction force ( , the friction force tending to slow the car is less with the brakes locked than while 
the tires continue to roll. 

 16. When the crate is held in equilibrium on the incline as shown in the sketch, Newton’s second law requires that . 
From , the magnitude of the friction force equals the component of gravitational force acting down the in-
cline, or choice (e) is correct. Note that  only when the crate is on the verge of starting to slide. 

  

18. An object in equilibrium has zero acceleration , so both the magnitude and direction of the object’s velocity must be 
constant. Also, Newton’s second law states that the net force acting on an object in equilibrium is zero. The only untrue 
statement among the given choices is (d), untrue because the value of the velocity’s constant magnitude need not be zero. 

20. When the truck accelerates forward, its natural tendency is to slip from beneath the crate, leaving the crate behind. However, 
friction between the crate and the bed of the truck acts in such a manner as to oppose this relative motion between truck and 
crate. Thus, the friction force acting on the crate will be in the forward horizontal direction and tend to accelerate the crate 
forward. The crate will slide only when the coefficient of static friction is inadequate to prevent slipping. The correct re-
sponse to this question is (c). 
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ANSWERS TO EVEN NUMBERED PROBLEMS 

 2. 25 N 

 4. See Solution. 

 6. 7.4 min 

 8. See Solution. 

10.  

12. (a) 798 N at 8.79° to the right of the forward direction (b)  

14. (a)  (b)  (c)  

 (d)  

16.  

18. 8.71 N 

20.  

22. (a)  

 (b) upper string breaks first (c)  

24. (a) 49.0 N (b) 49.0 N (c) 98.0 N 

 (d) 24.5 N 

26.  

28. (a)  (b) 53.7 N 

30. (a)  (b)  

32. (a) See Solution. (b)  

 (c)  (d)  

 (e)  
 

 (f)  
 

 (g)  
 

34. (a)  (b)  

 (c) Yes, by Newton’s 3rd law. 

36. (a)  (b)  
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38. (a) 36.8 N (b)  (c) 1.22 m 

40. (a)  (b)  

42. (a) See Solution. (b) static friction between blocks 

 (c)  

44. (a)  (b)  

46. (a)  (b)  

48. (a)  (b)  

50. (a) 98.6 m (b) 16.4 m 

52. (a) 15.0 lb (b) 5.00 lb (c) zero 

54. (a)  (b) 39.7 N (c) 0.235 

56. 21.4 N 

58.  

60. (a) 50.0 N (b)  (c) 25.0 N 

62. (a) See Solution. (b) 55.2° (c) 167 N 

64. (a)  (b)  

66.  

68. (a)  

 (b) ,  

 (c)  
 

70. (a) See Solution. (b)  
 

 (c) See Solution. (d)  

72. (a) See Solution. (b)  

 (c)  
 

 (d) The tension is uniform throughout a light cord. 

74. 173 lb 

76. (a)  (b)  

78. 104 N 

80. 6.00 cm 
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82.  

84. (a)  

 (b)  
 

 (c)  

 (d)  

 (e)  

 (f) Yes. If  is in near free-fall; If  is held almost stationary. 

PROBLEM SOLUTIONS 

 4.1  

 4.2 From  the acceleration given to the football is 

     

 Then, from Newton’s second law, we find 

     

 4.3 (a)  

 (b)  

 4.4 (a) Action: The hand exerts a force to the right on the spring. Reaction: The spring exerts an equal magnitude force to the 
left on the hand. Action: The wall exerts a force to the left on the spring. Reaction: The spring exerts an equal magni-
tude force to the right on the wall. Action: Earth exerts a downward gravitational force on the spring. Reaction: The 
spring exerts an equal magnitude gravitational force upward on the Earth. 

 (b) Action: The handle exerts a force upward to the right on the wagon. Reaction: The wagon exerts an equal magnitude 
force downward to the left on the handle. Action: Earth exerts an upward contact force on the wagon. Reaction: The 
wagon exerts an equal magnitude downward contact force on the Earth. Action: Earth exerts a downward gravitational 
force on the wagon. Reaction: The wagon exerts an equal magnitude gravitational force upward on the Earth. 

 (c) Action: The player exerts a force upward to the left on the ball. Reaction: The ball exerts an equal magnitude force 
downward to the right on the player. Action: Earth exerts an downward gravitational force on the ball. Reaction: The 
ball exerts an equal magnitude gravitational force upward on the Earth. 

 (d) Action: M exerts a gravitational force to the right on m. Reaction: m exerts an equal magnitude gravitational force to 
the left on M. 
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 (e) Action: The charge +Q exerts an electrostatic force to the right on the charge –q. Reaction: The charge –q exerts an 
equal magnitude electrostatic force to the left on the charge +Q. 

 (f) Action: The magnet exerts a force to the right on the iron. Reaction: The iron exerts an equal magnitude force to the 
left on the magnet. 

 4.5 The weight of the bag of sugar on Earth is 

    
 

 If  is the free-fall acceleration on the surface of the Moon, the ratio of the weight of an object on the Moon to its weight 
when on Earth is , so . Hence, the weight of the bag of sugar on the 
Moon is 

    
 

 On Jupiter, its weight would be 

    
 

 The mass is the same at all three locations, and is given by 

    
 

 4.6  

 and  gives 

    
 

 4.7 If  is the upward force exerted on the man by the scales, the upward acceleration of the man (and hence, the 
acceleration of the elevator) is 

    
 

 4.8 (a) The sphere has a larger mass than the feather. Hence, the sphere experiences a larger gravitational force  than 
does the feather. 

 (b) The time of fall is less for the sphere than for the feather. This is because air resistance affects the motion of the 
feather more than that of the sphere. 



97 

 (c) In a vacuum, the time of fall is the same for the sphere and the feather. In the absence of air resistance, both objects 
have the free-fall acceleration g. 

 (d) In a vacuum, the total force on the sphere is greater than that on the feather. In the absence of air resistance, the total 
force is just the gravitational force, and the sphere weighs more than the feather. 

 4.9 (a) From , with , we find 

      

 (b) We apply Newton’s second law to the vertical motion of the fish with F being the upward force exerted by the tail fin. 
This gives 

       

  or    

4.10 The acceleration of the bullet is given by   
 

 Then,   
 

4.11 (a) From the second law, the acceleration of the boat is 

     
 

   

 (b) The distance moved is 

      

 (c) The final velocity is    
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4.12 (a) Choose the positive y-axis in the forward direction. We resolve the forces into their components as 

Force x-component y-component 

400 N 200 N 346 N 

450 N –78.1 N 443 N 

Resultant   

   

  The magnitude and direction of the resultant force is 

     
    

 to right of y-axis 

  Thus, . 

 (b) The acceleration is in the same direction as  and has magnitude 

     
 

4.13 Taking eastward as the positive x-direction, the average horizontal acceleration of the car is 

    
 

 Thus, the average horizontal force acting on the car during this 5.00-s period is 

    
 

4.14 (a) With the wind force being horizontal, the only vertical force acting on the object is its own weight, mg. This gives the 
object a downward acceleration of 
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  The time required to undergo a vertical displacement , starting with initial vertical velocity , is found 
from  as 

     
 

 (b) The only horizontal force acting on the object is that due to the wind, so  and the horizontal acceleration will 

be   
 

 (c) With , the horizontal displacement the object undergoes while falling a vertical distance h is given by 
 as 

     
 

 (d) The total acceleration of this object while it is falling will be 

     
 

4.15 Starting with  and falling 30 m to the ground, the velocity of the ball just before it hits is 

    
 

 On the rebound, the ball has  after a displacement . Its velocity as it left the ground must have been 

    
 

 Thus, the average acceleration of the ball during the 2.0-ms contact with the ground was 

    
 

 The average resultant force acting on the ball during this time interval must have been 

      

 or  

4.16 Since the two forces are perpendicular to each other, their resultant is 

     at   
 

 Thus,  
   or   
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4.17 (a) Since the burglar is held in equilibrium, the tension in the  vertical cable equals the burglar’s weight of . 

   

  Now, consider the junction in the three cables: 

      , giving  

  or   
 

  Also, , which yields  

  or   
 

 (b) If the left end of the originally horizontal cable was attached to a point higher up the wall, the tension in this cable 
would then have an upward component. This upward component would support part of the weight of the cat burglar, 
thus 

     
 

4.18 Using the reference axis shown in the sketch at the right, we see that 

  

     

 and  

 Thus, the magnitude of the resultant force exerted on the tooth by the wire brace is 

   

 or  
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4.19 From , 
QuickTime  and a

TIFF (Uncompressed) decompressor
are needed to see this picture.  

 or   [1] 

  

 The tension in the vertical cable is the full weight of the feeder, or  

 Then  becomes 

    
 

 which gives  

 Finally, Equation [1] above gives  

4.20 If the hip exerts no force on the leg, the system must be in equilibrium with the three forces shown in the free-body diagram. 

   

 Thus  becomes 

    
 [1] 

 From , we find 

    
 [2] 

 Dividing Equation [2] by Equation [1] yields 

    
 

 Then, from either Equation [1] or [2],   
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4.21 (a) Force diagrams of the two blocks are shown at the right. Note that each block experiences a downward gravitational 
force 

     
 

   

  Also, each has the same upward acceleration as the elevator, in this case . 

  Applying Newton’s second law to the lower block: 

       

  or   
 

  Next, applying Newton’s second law to the upper block: 

       

  or   
 

 (b) As the acceleration of the system increases, we wish to find the value of  when the upper string reaches its breaking 
point (i.e., when  Making use of the general relationships derived in (a) above gives  

      
 

  or   
 

4.22 (a) Force diagrams of the two blocks are shown at  the right. Note that each block experiences a downward gravitational 
force  

   

  Also, each has the same upward acceleration as the elevator, . 

  Applying Newton’s second law to the lower block: 
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  Next, applying Newton’s second law to the upper block: 

       

  or    

 (b) Note that  as the acceleration of the system increases. 

 (c) When the upper string breaks, both blocks will be in free-fall with . Then, using the results of part (a), 
 and . 

4.23  and  

    
 

   

 Since , this requires that  giving   or   

 

4.24 In each case, the scale is measuring the tension in the cord connecting to it. This tension can be determined by applying 
Newton’s second law (with  for equilibrium) to the object attached to the end of this cord. 

   

 (a)   

  or    

 (b) The solution to part (a) is also the solution to part (b). 

 (c) Neglecting the mass of the pulley and the cord supporting the two objects of mass m, we find 
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  or    

 (d) In the figure at the right, n is the normal force exerted on the block by the frictionless incline. 

   

   

  or    

  and   

4.25 The forces on the bucket are the tension in the rope and the weight of the bucket, 
 Choose the positive direction upward and use Newton’s second law: 
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4.26 With the truck accelerating in a forward direction on a horizontal roadway, the acceleration of the crate is the same as that of 
the truck as long as the cord does not break. Applying Newton’s second law to the horizontal motion of the block gives 

    
 

   

 Thus  
 

4.27 We choose reference axes that are parallel to and perpendicular to the incline as shown in the force diagrams at the right. 
Since both blocks are in equilibrium,  for each block. Then, applying Newton’s second law to each block gives 

   

 For Block 1 (mass m):  

    
 

 or  [1] 

 For Block 2 (mass 2m):  

    
 

 or  [2] 

 (a) Substituting Equation [2] into Equation [1] gives   

 (b) From Equation [2] above, we have   
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4.28 Let , , and  

   

 (a) Applying the second law to each object gives 

   [1] 

  and   [2] 

  Adding these equations yields 

        

  so    

 (b) Then, Equation [1] yields 

      

4.29 (a) The resultant external force acting on this system, consisting of all three blocks having a total mass of 6.0 kg, is 42 N 
directed horizontally toward the right. Thus, the acceleration produced is 

    
 

 

 (b) Draw a free body diagram of the 3.0-kg block and apply Newton’s second law to the horizontal forces acting on this 
block: 

     
 and therefore  

 (c) The force accelerating the 2.0-kg block is the force exerted on it by the 1.0-kg block. Therefore, this force is given by 

    , or  
 

4.30 The figure at the right shows the forces acting on the block. The incline is tilted at  the mass of the block is 
, while the applied force pulling the block up the incline is . Since  for this block,  

    

 and the normal force is   
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 (a) Since the incline is considered frictionless for this part, we take the friction force to be  and find 

      or    

  giving    

 (b) If the coefficient of kinetic friction between the block and the incline is , then the friction force is 
, and 

         

  Thus,    

  and      

4.31 (a) Assuming frictionless pulleys, the tension is uniform through the entire length of the rope. Thus, the tension at the point 
where the rope attaches to the leg is the same as that at the 8.00 kg block. Part (a) of the sketch at the right gives a force 
diagram of the suspended block. Recognizing that the block has zero acceleration, Newton’s second law gives 

       

  or    

   

 (b) Part (b) of the sketch above gives a force diagram of the pulley near the foot. Here, F is the magnitude of the force the 
foot exerts on the pulley. By Newton’s third law, this is the same as the magnitude of the force the pulley exerts on the 
foot. Applying the second law gives 
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  or    

4.32 (a)    

 (b) Note that the blocks move on a horizontal surface with . Thus, the net vertical force acting on each block and on 
the combined system of both blocks is zero. The net horizontal force acting on the combined system consisting of both 

 is  

 (c) Looking at just ,  as explained above, while  

 (d) Looking at just , we again have , while  

 (e) For :   
 

  For :   
 

 (f) Substituting the second of the equations found in (e) above into the first gives 

     
   and   

 

  Then substituting this result into the second equation from (e), we have 

     
   or   

 

 (g) Realize that applying the force to  rather than  would have the effect of interchanging the roles of . 
We may easily find the results for that case by simply interchanging the labels  in the results found in (f) 

above. This gives  (the same result as in the first case) and  

 
 

We see that . 
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4.33 (a) First, we consider the glider, jet, and connecting rope to be a single unit having mass 

      

   

  For this system, the tension in the rope is an internal force and is not included in an application of Newton’s second 
law. Applying the second law to the horizontal motion of this combined system gives 

      

 (b) To determine the tension in the rope connecting the glider and the jet, we consider a system consisting of the glider 
alone. For this system, the rope is a external agent and the tension force it exerts on our system (glider) is included in a 
second law calculation. 

      

   

4.34 (a) First, consider a system consisting of the two blocks combined, with mass . For this system, the only external 
horizontal force is the tension in cord A pulling to the right. The tension in cord B is a force one part of our system ex-
erts on another part of our system, and is therefore an internal force. 

   

  Applying Newton’s second law to this system (including only external forces, as we should) gives 

      [1] 

  Now, consider a system consisting of only . For this system, the tension in cord B is an external force since it is a 
force exerted on block 2 by block 1 (which is not part of this system). Applying Newton’s second law to this system 
gives 

      [2] 

  Comparing Equations [1] and [2], and realizing that the acceleration is the same in both cases (see part (b) below), it is 
clear that  
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 (b) Since cord B connecting the two blocks is taut and unstretchable, the two blocks stay a fixed distance apart, and the 
velocities of the two blocks must be equal at all times. Thus, the rates at which the velocities of the two blocks change 
in time are equal, or . 

 (c)   

4.35 (a) When the acceleration is upward, the total upward force  must exceed the total downward force 
 

 (b) When the velocity is constant, the acceleration is zero. The total upward force T and the total downward force w must 
be . 

 (c) If the acceleration is directed downward, the total downward force  must exceed the total upward force T. 

 (d) 
  

 (e) 
 

 (f) 
 

4.36 Note that if the cord connecting the two blocks has a fixed length, the accelerations of the blocks must have equal magni-
tudes, even though they differ in directions. Also, observe from the diagrams, we choose the positive direction for each 
block to be in its direction of motion. 

 First consider the block moving along the  horizontal. The only force in the direction of movement is T. Thus, 

          [1] 

   

 Next consider the block which moves vertically. The forces on it are the tension T and its weight, 98.0 N. 

         [2] 

 Equations [1] and [2] can be solved simultaneously to give 

 (a)    or   
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 (b) Then, Equation [1] yields   
 

4.37    

 Choosing the +x-direction to be horizontal and forward, the +y-direction vertical and upward, the  common acceleration of 
the car and trailer has components of  and . 

 (a) The net force on the car is horizontal and given by 

      

 (b) The net force on the trailer is also horizontal and given by 

      

 (c) Consider the free-body diagrams of the car and trailer. The only horizontal force acting on the trailer is T = 645 N for-
ward, and this is exerted on the trailer by the car. Newton’s third law then states that the force the trailer exerts on the 
car is  

 (d) The road exerts two forces on the car. These are  shown in the free-body diagram of the car. 

  From part (a),    

  Also,  

  The resultant force exerted on the car by the road is then 

 

  at  above the horizontal and forward. Newton’s third law then states that the re-
sultant force exerted on the road by the car is 

 

4.38 First, consider the 3.00-kg rising mass. The forces on it are the tension, T, and its weight, 29.4 N. With the upward direction 
as positive, the second law becomes 

    [1] 
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 The forces on the falling 5.00-kg mass are its weight and T, and its acceleration has the same magnitude as that of the rising 
mass. Choosing the positive direction down for this mass, gives 

    [2] 

 (a) Solving Equation [2] for a and substituting into [1] gives 

      or   

  and the tension is   

 (b) Equation [2] then gives the acceleration as 

      

 (c) Consider the 3.00-kg mass. We have 

     

4.39 When the block is on the verge of moving, the static friction force has a magnitude . 

 Since equilibrium still exists and the applied force is 75 N, we have 

     or   

 In this case, the normal force is just the weight of the crate, or . Thus, the coefficient of static friction is 

    

 After motion exists, the friction force is that of kinetic friction,  

 Since the crate moves with constant velocity when the applied force is 60 N, we find that  or . 
Therefore, the coefficient of kinetic friction is 

    

4.40 (a) The static friction force attempting to prevent motion may reach a maximum value of 

     

  This exceeds the force attempting to move the system, . Hence, the system remains at rest and the 

acceleration is  

 (b) Once motion begins, the friction force retarding the motion is 
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  This is less than the force trying to move the system, . Hence, the system gains speed at the rate 

     

4.41 (a) Since the crate has constant velocity, . 

  Applying Newton’s second law: 

    or   

  and    or   

  The coefficient of friction is then  

 (b) In this case,  so  

  The friction force now becomes   

  Therefore,  and the acceleration is 

     

4.42 (a)  

 (b)  exerted on the upper block (mass 
m

) by the lower block causes the upper block to acceler-

ate toward the right. 

 (c) As long as slipping does not occur between the two blocks, both have acceleration 
a

 directed toward the right. Apply 
Newton’s second law to the horizontal motion of the upper block [see the leftmost diagram in part (a)] to find 

     

  Now, we make use of this result as we apply Newton’s second law to the horizontal motion of the lower block (mass 
): 

      or   

  Thus,    or   
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4.43 When the load is on the verge of sliding forward on the bed of the slowing truck, the rearward-directed static friction force 
has its maximum value 

    

 

 Since slipping is not yet occurring, this single horizontal force must give the load an acceleration equal to that the truck. 

 Thus,   or   

 (a) If slipping is to be avoided, the maximum allowable rearward acceleration of the truck is seen to be , 

and  gives the minimum stopping distance as 

     

  If , then  

 (b) Examining the calculation of part (a) shows that  

4.44 (a) The free-body diagram of the crate is shown at the right. Since the crate has no vertical acceleration , we see 

that  

     

   

  The only horizontal force present is the friction force exerted on the crate by the truck bed. Thus, 

     

  If the crate is not to slip (i.e., the static case is to prevail), it is necessary that the required friction force not exceed the 
maximum possible static friction force, . From this, we find the maximum allowable acceleration as 
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 (b) Once slipping has started, the kinetic friction case prevails and . The acceleration of the crate in this case 
will be 

     

4.45 The acceleration of the system is found from 

   , or  

 which gives  

   

 Using the force diagram of , the second law gives 

     or   

 Then applying the second law to the horizontal motion of , 

     or   

 Since , we have  

4.46 (a) Since the puck is on a horizontal surface, the normal force is vertical. With , we see that 

     

  Once the puck leaves the stick, the only horizontal force is a friction force in the negative x-direction (to oppose the 
motion of the puck). The acceleration of the puck is 

     

 (b) Then  gives the horizontal displacement of the puck before coming to rest as 
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4.47 The crate does not accelerate perpendicular to the incline. Thus, 

    

   

 The net force tending to move the crate down the incline is , where  is the force of static friction between 
the crate and the incline. If the crate is in equilibrium, then 

     so   

 But, we also know  

 Therefore, we may write   

 or   

4.48 (a) Find the normal force  on the 25.0 kg box: 

     

  or   

   

  Now find the friction force, f, as 

     

  From the second law, we have , or 

     which yields  

 (b) When the box is on the incline, 

     

  giving   
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  The friction force is  

  The net force parallel to the incline is then 

     

  Thus,   or   

4.49 (a) The object will fall so that  where the downward direction is taken as positive. 

  Equilibrium  is reached when 

     

   

 (b) If the initial velocity is less than 33 m/s, then a ≥ 0 and 33 m/s is the largest velocity attained by the object. On the 
other hand, if the initial velocity is greater than 33 m/s, then a ≤ 0 and 33 m/s is the smallest velocity attained by the 
object. Note also that if the initial velocity is 33 m/s, then a = 0 and the object continues falling with a constant speed 
of 33 m/s. 

4.50 (a) The force of friction is found as   

  Choose the positive direction of the x-axis in the direction of motion and apply Newton’s second law. We have 

      or   

  From , with , we find 

    or   [1] 
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  With , this gives  

 (b) With , Equation [1] above gives  

4.51 (a)  gives  

 (b) Considering forces parallel to the incline, Newton’s second law yields 

   

  or   

   

  Perpendicular to the plane, we have equilibrium, so 

   or  

  Then,   

 (c) From part (b) above,   

 (d) Finally, gives 

     

4.52 (a) When the block is resting in equilibrium  on a horizontal floor with only two vertical forces acting on it, the 

upward normal force exerted on the block by the floor must equal the downward gravitational force. That is, 

     

 (b) When a 10.0-lb object hangs in equilibrium on one end of the rope, the tension in the rope must be . Thus, 
the 15.0-lb block has now has three vertical forces acting on it: an upward-directed tension force, , a 
downward gravitational force of magnitude  and the upward normal force, n, exerted by the floor. Since 
the block is in equilibrium,  and we find 

      or   
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 (c) If the hanging object on the end of the rope is heavier than the 15.0-lb block, the system will not remain in equilib-
rium. Rather, the hanging object will accelerate downward, lifting the 15.0-lb block off the floor. As soon as the block 
leaves the floor, the normal force exerted on the block by the floor becomes . 

4.53 When a person walks in a forward direction on a level floor, the force propelling them is a forward reaction force equal in 
magnitude to the rearward static friction force, , their foot exerts on the floor. The normal force exerted on the person by 
the level floor is . If the person is to have maximum acceleration (in order to travel distance  in minimum 
time), the static friction force must have its maximum value, , so the maximum acceleration possible is 

    

 The minimum time required to travel distance d (starting from rest) is then given by  as 

     or   

 (a) If ,   

 (b) If ,   

4.54 (a) Both objects start from rest and have accelerations of the same magnitude, a. This magnitude can be determined by 
applying  to the motion of : 

     

 (b) Consider the free-body diagram of  and apply Newton’s second law: 

     

  or   
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 (c) Considering the free-body diagram of :  

      or   

  so  

      

  Then  

  or  

  The coefficient of kinetic friction is  

4.55  

 From the free-body diagram of the person, 

   , which gives or  

 Then,  yields  

 (a) Now consider the free-body diagram of a crutch tip. 

    , or   

    , which gives   

  For minimum coefficient of friction, the crutch tip will be on the verge of slipping, so  

     and  

 (b) As found above, the compression force in each crutch is 
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4.56 The acceleration of the ball is found from 

    

   

 From the second law, , so 

    

4.57 (a)  

 (b) Note that the suspended block on the left, m1, is heavier than that on the right, m3. Thus, if the system overcomes fric-
tion and moves, the center block will move right to left with each block’s acceleration being 

. 

  First, consider the center block, m2, which has no vertical acceleration. Then, 

      or   

  This means the friction force is:  

  Assuming the cords do not stretch, the speeds of the three blocks must always be equal. Thus, the magnitudes of the 
blocks’ accelerations must have a common value, a. 

      

  Taking the indicated direction of the acceleration as the positive direction of motion for each block, we apply New-
ton’s second law to each block as follows: 

  For m1:  or  [1] 

  For m2:  or  [2] 
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  For m3:  or  [3] 

  Substituting Equations [1] and [3] into Equation [2], and solving for a yields 

     

  so , , 

  and   

 (c) Using this result in Equations [1] and [3] gives the tensions in the two cords as 

    

  and   

 (d) From the final calculation in part (b), observe that if the friction force had a value of zero (rather than 3.53 N), the ac-
celeration of the system would increase in magnitude. Then, observe from Equations [1] and [3] that this would mean 

 while  

4.58 The sketch at the right gives an edge view of the sail (heavy line) as seen from above. The velocity of the wind, , is di-
rected to the east and the force the wind exerts on the sail is perpendicular to the sail. The magnitude of this force is 

    where  

 is the component of the wind velocity perpendicular to the sail. 

   

 When the sail is oriented at 30° from the north-south line and the wind speed is , we have 

    

 The eastward component of this force will be counterbalanced by the force of the water on the keel of the boat. Before the 
sailboat has significant speed (that is, before the drag force develops), its acceleration is provided by the northward compo-
nent of . Thus, the initial acceleration is 
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4.59 (a) The horizontal component of the resultant force exerted on the light by the cables is 

    

   

  The resultant y-component is 

     

  Hence, the resultant force is  

 (b) The forces on the traffic light are the weight, directed downward, and the 84.9 N vertically upward force exerted by 
the cables. Since the light is in equilibrium, the resultant of these forces must be zero. Thus, . 

4.60 (a) For the suspended block, , so the tension in the rope is . Then, considering the hori-
zontal forces on the 100-N block, we find 

      or   

 (b) If the system is on the verge of slipping, . Therefore, the minimum acceptable coefficient of friction 
is 

     

 (c) If , then the friction force acting on the 100-N block is 

     

  Since the system is to move with constant velocity, the net horizontal force on the 100-N block must be zero, or 
. The required tension in the rope is . Now, considering the forces acting on 

the suspended block when it moves with constant velocity, , giving the required weight of this block 

as  

4.61 On the level surface, the normal force exerted on the sled by the ice equals the total weight, or n = 600 N. Thus, the friction 
force is 

    

 Hence, Newton’s second law yields , or 
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 The distance the sled travels on the level surface before coming to rest is 

    

4.62 (a)   

 (b) Since the suitcase moves with constant velocity,  and . Applying Newton’s second law to the horizon-
tal motion of the suitcase gives 

     

  or    and   

 (c) We find the normal force the ground exerts on the suitcase by applying Newton’s second law to the vertical motion: 

     

  and   

4.63 (a) The force that accelerates the box is  between the box and truck. 

 (b) We assume the truck is on level ground. Then, the normal force exerted on the box by the truck equals the weight of 
the box, . The maximum acceleration the truck can have before the box slides is found by considering the 
maximum static friction force the truck bed can exert on the box: 

     

  Thus, from Newton’s second law, 

     

4.64 Let . Let  be the tension in the string between , and  be the ten-
sion in the string between . Note that the three objects have the same magnitude acceleration: 

, . We take the positive direction for each object to be the direction of 
its acceleration. 

 (a) We may apply Newton’s second law to each of the masses. 

  for m1:  [1] 

  for m2:  [2] 

  for m3:  [3] 
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  Adding these equations yields , so 

     

 (b) From Equation [1], , and 

  from Equation [3],  

4.65 When an object of mass m is on this frictionless incline, the only force acting parallel to the incline is the parallel component 
of weight, , directed down the incline. The acceleration is then 

    (directed down the incline)  

 (a) Taking up the incline as positive, the time for the sled projected up the incline to come to rest is given by 

     

  The distance the sled travels up the incline in this time is 

     

 (b) The time required for the first sled to return to the bottom of the incline is the same as the time needed to go up, that is, 
. In this time, the second sled must travel down the entire 10.0 m length of the incline. The needed initial 

velocity is found from  

     as 

     

  or   

4.66 Before she enters the water, the diver is in free-fall with an acceleration of  downward. Taking downward as the 
positive direction, her velocity when she reaches the water is given by 

    

 This is also her initial velocity for the 2.00 s after hitting the water. Her average acceleration during this 2.00 s interval is 

    

 Continuing to take downward as the positive direction, the average upward force by the water is found as 
 

    



126 

 or   

4.67 (a) Free-body diagrams for the two blocks are given at the right. The coefficient of kinetic friction for aluminum on steel 
is  while that for copper on steel is . Since  for each block, 

     and  

   

   

  Thus,   

  and  

  For the aluminum block: 

     

  giving   [1] 

  For the copper block: 

     

  or    [2] 

  Substituting Equation [1] into Equation [2] gives 

      or   

 (b) From Equation [1] above,   
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4.68 (a) If mass m1 moves 1 unit downward, pulley P2 must move 1 unit to the right. Also, mass m2 must get 1 unit closer to P2 
(to provide an additional unit of length in the cord between P2 and the wall). This means that during the time m1 
moved 1 unit, m2 has moved 2 units. Therefore, m2 is always moving twice as fast as m1, giving  and 

. 

 (b) Draw force diagrams of  as shown below: 

   

  Now, we apply Newton’s second law to the motion of each object, using the fact that  from part (a), and 
taking the direction of each object’s acceleration as the positive direction for that object. 

  For m1:  or  [1] 

  For m2:  or  [2] 

  For P2:  or  [3] 

  Substitute Equations [2] and [3] into Equation [1] and simplify to obtain 

    and, from Equation [3],   

 (c) From Equation [2], and the answer for T2 from part (b),    

  And, from the answer of part (a),   

4.69 Figure 1 is a free-body diagram for the system consisting of both blocks. The friction forces are  

    and  

 

FIGURE 1 

 For this system, the tension in the connecting rope is an internal force and is not included in second law calculations. The 
second law gives 
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 which reduces to           [1] 

 Figure 2 gives a free-body diagram of m1 alone. For this system, the tension is an external force and must be included in the 
second law. We find , or 

                     [2] 

 

FIGURE 2 

 (a) If the surface is frictionless, . Then, Equation [1] gives 

     

  and Equation [2] yields   

 (b) If , Equation [1] gives the acceleration as 

     

  while Equation [2] gives the tension as 

     

4.70 (a)  

 (b)  In general, the static friction force is less than the maximum value of . It is equal to this maximum 

value only when the coin is on the verge of slipping, or at the critical angle . . 

 (c) Recognize that when the y-axis is chosen perpendicular to the incline as shown above,  and we find 

      or   

  Also, when static conditions still prevail, but the coin is on the verge of slipping, we have 
. Then, Newton’s second law becomes 
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      �  

  and   

 (d) Once the coin starts to slide, kinetic conditions prevail and the friction force is 

     

  At , the coin slides with constant velocity, and  again. Under these conditions, Newton’s second law 
gives 

     

  and   

4.71 (a) When the pole exerts a force downward and toward the rear on the lake bed, the lake bed exerts an oppositely directed 
force of equal magnitude, F, on the end of the pole. 

   

  As the boat floats on the surface of the lake, its vertical acceleration is . Thus, Newton’s second law gives the 

magnitude of the buoyant force, , as 

     

  and, with ,   

  or   

 (b) Applying Newton’s second law to the horizontal motion of the boat gives 

      or   

  After an elapsed time ,  gives the velocity of the boat as 

     

 (c) If angle θ increased while the magnitude of  remained constant, the vertical component of this force would decrease. 

 to support more of the weight of the boat and its contents. At the same 

time, the horizontal component of  would increase, which would  of the boat. 
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4.72 (a)   

 (b) Applying Newton’s second law to the rope yields 

     
[1]

 

  Then, applying Newton’s second law to the block, we find 

     which gives  

 (c) Substituting the acceleration found above back into Equation [1] gives the tension at the left end of the rope as 

   or  

 (d) From the result of (c) above, we see that as approaches zero, T approaches F. Thus, 
 

4.73 Choose the positive x-axis to be down the incline and the y-axis perpendicular to this as shown in the free-body diagram of 
the toy. The acceleration of the toy then has components of 

     

  
 

 Applying the second law to the toy gives 

 (a) ,  

  and    

 (b) , or 
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4.74  The sketch at the right gives the force diagram of the person. The scale simply reads the magnitude of the normal force ex-
erted on the student by the seat. From Newton’s second law, we obtain 

   

 or  

  
 

4.75 The acceleration the car has as it is coming to a stop is 

     

 Thus, the magnitude of the total retarding force acting on the car is 

     

4.76 (a) In the vertical direction, we have 

     

  so   

  
 

 (b) Along the horizontal, Newton’s second law yields 

     

  or     
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4.77 Since the board is in equilibrium,  and we see that the normal forces must have the same magnitudes on both sides 
of the board. Also, if the minimum normal forces (compression forces) are being applied, the board is on the verge of slip-
ping and the friction force on each side is  

   

 The board is also in equilibrium in the vertical direction, so 

       

 The minimum compression force needed is then 

      

4.78 Consider the two force diagrams, one of the penguin alone and one of the combined system consisting of penguin plus sled. 

  
 

 The normal force exerted on the penguin by the sled is 

   

 and the normal force exerted on the combined system by the ground is 

    

 The penguin is accelerated forward by the static friction force exerted on it by the sled. When the penguin is on the verge of 
slipping, this acceleration is 

     

 Since the penguin does not slip on the sled, the combined system must have the same acceleration as the penguin. Applying 
Newton’s second law to this system gives 
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      or    

 which yields  

4.79 First, we will compute the needed accelerations: 

 (1) Before it starts to move:  

 (2) During the first 0.80 s:  

 (3) While moving at constant velocity:  

 (4) During the last 1.5 s:  

 The spring scale reads the normal force the scale exerts on the man. Applying Newton’s second law to the vertical motion of 
the man gives 

      or    

 (a) When ,  

 (b) When ,  

 (c) When ,  

 (d) When ,  

4.80 The friction force exerted on the mug by the moving tablecloth is the only horizontal force the mug experiences during this 
process. Thus, the horizontal acceleration of the mug will be 

   

 The cloth and the mug both start from rest ( ) at time . Then, at time , the horizontal displacements of the 
mug and cloth are given by  as 

   

 and  

 In order for the edge of the cloth to slip under the mug, it is necessary that , or 

   

 The elapsed time when this occurs is     
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 At this time, the mug has moved a distance of 

    

4.81 (a) Consider the first free-body diagram in which the child and the chair are treated as a combined system. The weight of 
this system is , and its mass is  

   

  
 

  Taking upward as positive, the acceleration of this system is found from Newton’s second law as 

     

  Thus    or 

     

 (b) The downward force that the child exerts on the chair has the same magnitude as the upward normal force exerted on 
the child by the chair. This is found from the free-body diagram of the child alone as 

       so    

  Hence,  

4.82 Let  represent the horizontal force of air resistance. Since the helicopter and bucket move at constant velocity, 
. The second law then gives 

    or   

  
 

 Also,     or   

 Thus,  



135 

4.83 (a) With the crate still in equilibrium,  and Newton’s second law gives 

        

  or  
[1]

 

  and  

  or  
[2]

 

  We now assume that the crate is on the verge of sliding and make use of Equation [1] to find 

     

  Equation [2] then becomes , and yields  

     

 (c) Note that the answer to part (a) states that the magnitude of the applied force required to start the crate moving will 
approach infinity as  approaches the value of 1. Thus, it is impossible to start the crate sliding if the angle 
equals or exceeds a critical value, , for which 

       or    

4.84 (a) Observe that if block 2 moves downward one unit, two units of cord must pass over the pulley attached to the table. 
This is true because one unit of cord must be added to each of the vertical sections of cord above block 2. Thus, block 
1 must always move at twice the speed of block 2. This means that  and  at all times. 

  
 

 (b) Applying Newton’s second law to block 1 gives 

      
[1]

 

  Taking downward as the positive direction for block 2, Newton’s second law gives 

      
[2]

 

  Substitute Equation [1] and the result of part (a) into Equation [2] to obtain 

      or   
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  If , then  and we have 

     

 (c) If , then     

 (d) As ,    

 (e) From Equation [2], if , then   

 (f)  When , block 2 is essentially a freely falling body and should have the free-fall acceleration as found in 
part (c). If , then block 2 is essentially attached to an immovable object and we should expect to find  
as in part (d). Also if , we should expect to find that , as in part (e), because two strands of cord 
would be supporting the weight of block 2 and holding it stationary. 

4.85 Note that the block of mass  M moves horizontally across the floor. Therefore, if the blocks are to be stationary relative to 
each other, m1 must have zero vertical acceleration. This means that the tension in the string must equal the weight of m1, or 

. This tension in the string accelerates m2 toward the right at a rate . If m2 is to remain station-
ary relative to M, then M must also accelerate to the right at the rate . Hence, to keep all blocks stationary rela-
tive to each other, the force F must accelerate the entire system (of mass ) toward the right at rate a. 
Newton’s second law then gives the magnitude of F as 

     or    


