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�ɥ �فɬɮɸɥɰف�� ɡɶɩɰɤ ɤɡɥɢɺɤ ɧɥɫ ɠɥɤ !N ɸɹɠɫ �!fs �ɡ ɯɮɥɱɮ ɩɨɨɱ ɪɥɫɩɧ ɧɥɫ ɯɠɫ
ɧɨɹɮɤɥ ɳɥɢɤ ɭɩɩɥɹɲ ɭɤɮɹ ɭɩɸɮɥɧɡ ɷɸ ɩɥɬɺ ɸɹɠ �ɩɨɨɱ ɪɥɫɩɧ ɭɣɷɮ ɠɥɤ µs
!fs �ɥ !N ɬɹ ɭɩɰɥɥɩɫɤ �ɭɩɬɣɢɤ ɯɩɡ ɷɸ ɸɹɷ ɯɺɥɰ ɩɥɨɩɡɤ �ɡɬ ɭɩɹɬ ɹɩ ��ɡɥɸɩɷɡ�
�ɭɩɠɰɺɬ ɥɮɶɲ ɺɠ ɭɩɠɺɮ ɩɨɨɱ ɪɥɫɩɧ ɧɥɫ �ɩɨɨɱ ɡɶɮɤ ɣɥɲ ɬɫ �ɤɦɬ ɤɦ ɭɩɡɶɩɰ
ɬɹ ɧɥɺɩɰ ɪɬɤɮɡ ɭɩɮɬɲɰɤ ɸɠɹ ɭɲ ɣɧɩ ɥɺɥɠ ɠɥɶɮɬ ɹɸɣɰɥ ɹɠɸɮ ɲɥɣɩ ɥɰɩɠ ɥɬɣɥɢ
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|!fk| = µk| !N | ������

חיכוך סטטי או קינטי  

מהירות יחסית בנקודת המגע קובעת





ɯɥɨɥɩɰ ɩɷɥɧ �� ɷɸɴ ��

ɩɨɨɱ ɪɥɫɩɧ ����� ɸɥɩɠ

ɡɩɩɧ ɺɥɧɥɫɤ ɭɥɫɱ ɦɠ �ɤɶɥɠɺ ɯɩɠ� ɦɦ ɠɬ ɳɥɢɤɥ �ɪɥɫɩɧ ɠɬ� ɩɰɥɶɩɧ ɧɥɫ ɬɲɴɥɮ ɭɠ
�ɥɬ ɣɢɥɰɮɥ ɩɰɥɶɩɧɤ ɧɥɫɬ ɥɬɣɥɢɡ ɤɥɥɹ ɩɨɨɱɤ ɪɥɫɩɧɤ ɧɥɫɹ ɸɮɥɠ ɤɦ �ɱɴɠ ɺɥɩɤɬ
ɡɥɨ ɡɥɸɩɷɡ �ɩɡɸɩɮ ɩɨɨɱ ɪɥɫɩɧ ɧɥɫ ɭɩɩɷ �ɭɩɥɱɮ ɬɥɡɢ ɣɲ ɷɸ ɭɩɩɷɺɤɬ ɬɥɫɩ ɤɦ ɡɶɮ

|!fs| ! µs| !N | ������

�ɥ �فɬɮɸɥɰف�� ɡɶɩɰɤ ɤɡɥɢɺɤ ɧɥɫ ɠɥɤ !N ɸɹɠɫ �!fs �ɡ ɯɮɥɱɮ ɩɨɨɱ ɪɥɫɩɧ ɧɥɫ ɯɠɫ
ɧɨɹɮɤɥ ɳɥɢɤ ɭɩɩɥɹɲ ɭɤɮɹ ɭɩɸɮɥɧɡ ɷɸ ɩɥɬɺ ɸɹɠ �ɩɨɨɱ ɪɥɫɩɧ ɭɣɷɮ ɠɥɤ µs
!fs �ɥ !N ɬɹ ɭɩɰɥɥɩɫɤ �ɭɩɬɣɢɤ ɯɩɡ ɷɸ ɸɹɷ ɯɺɥɰ ɩɥɨɩɡɤ �ɡɬ ɭɩɹɬ ɹɩ ��ɡɥɸɩɷɡ�
�ɭɩɠɰɺɬ ɥɮɶɲ ɺɠ ɭɩɠɺɮ ɩɨɨɱ ɪɥɫɩɧ ɧɥɫ �ɩɨɨɱ ɡɶɮɤ ɣɥɲ ɬɫ �ɤɦɬ ɤɦ ɭɩɡɶɩɰ
ɬɹ ɧɥɺɩɰ ɪɬɤɮɡ ɭɩɮɬɲɰɤ ɸɠɹ ɭɲ ɣɧɩ ɥɺɥɠ ɠɥɶɮɬ ɹɸɣɰɥ ɹɠɸɮ ɲɥɣɩ ɥɰɩɠ ɥɬɣɥɢ

�ɩɬɷɩɦɩɴɤ ɡɶɮɤ
ɬɥɣɢ �ɧɨɹɮɬ ɱɧɩɡ ɤɧɥɰɮɡ ɳɥɢ ɺɠ ɸɩɠɹɤɬ ɩɣɫ ɹɸɣɰɹ �ɩɨɨɱ ɪɥɫɩɧ ɧɥɫ ɸɹɠɫ
ɹɩ ɳɥɢɬɥ ɩɨɨɱ ɡɶɮɡ ɣɥɲ ɸɠɹɩɤɬ ɬɥɫɩ ɥɰɩɠ ɳɥɢɤ �|!fs|max = µs| !N | ɩɡɸɮɤ ɧɥɫɤɮ
ɯɥɥɩɫ �ɩɨɰɩɷ ɪɥɫɩɧɬ ɪɴɥɤ ɪɥɫɩɧɤ ɤɦ ɤɸɷɮɡ �ɲɢɮɤ ɺɣɥɷɰɡ ɧɨɹɮɬ ɱɧɩɡ ɺɥɸɩɤɮ

� ɲɢɮɤ ɺɣɥɷɰɡ ɧɨɹɮɬ ɱɧɩɡ ɳɥɢɤ ɬɹ ɺɥɸɩɤɮɤ ɯɥɥɩɫɬ ɪɥɴɤ ɩɨɰɩɷ ɪɥɫɩɧ ɧɥɫ

ɩɨɰɩɷ ɪɥɫɩɧ ����� ɸɥɩɠ

�ɡɶɩɰɤ ɤɡɥɢɺɤ ɧɥɫ ɬɹ ɬɣɥɢɡ ɷɸ ɩɥɬɺ ɥɬɣɥɢɥ

|!fk| = µk| !N | ������







142 CHAPTER 6 FORCE AND MOTION—II
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Figure 6-36 Problem 32.

••30  A toy chest and its contents have a combined weight of  
180 N. The coefficient of static friction between toy chest and floor 
is 0.42. The child in Fig. 6-35 attempts to move the chest across 
the floor by pulling on an attached rope. (a) If ! is 42°, what is the 
magnitude of the force F

! that the child must exert on the rope to 
put the chest on the verge of moving? (b) Write an expression for 
the magnitude F required to put the chest on the verge of moving 
as a function of the angle !. Determine (c) the value of ! for which 
F is a minimum and (d) that minimum magnitude.

••23  When the three blocks in 
Fig.! 6-29 are released from rest, 
they accelerate with a magnitude 
of 0.500 m/s2. Block 1 has mass M, 
block 2 has 2M, and block 3 has 2M. 
What is the coefficient of kinetic 
friction between block 2 and the 
table?

••24  A 4.10 kg block is pushed 
along a floor by a constant applied 
force that is horizontal and has a 
magnitude of 40.0 N. Figure 6-30 
gives the block’s speed v versus time 
t as the block moves along an x axis 
on the floor. The scale of the figure’s 
vertical axis is set by vs = 5.0 m/s. 
What is the  coefficient of  kinetic 
friction between the block and the 
floor?

••25 SSM  WWW  Block B in Fig. 
6-31 weighs 711 N. The coefficient 
of static friction between block and 
table is 0.25; angle ! is 30°; assume 
that the cord between B and the 
knot is horizontal. Find the maxi-
mum weight of block A for which 
the system will be stationary.

••26  Figure 6-32 shows three 
crates being pushed over a con-
crete floor by a horizontal force F

! 
of magnitude 440 N. The masses 
of the crates are m1 = 30.0 kg, 
m2 = 10.0 kg, and m3 = 20.0 kg. 
The coefficient of kinetic friction 
between the floor and each of the 
crates is 0.700. (a) What is the mag-
nitude F32 of the force on crate 3 
from crate 2? (b) If the crates then slide onto a polished floor, 
where the coefficient of  kinetic friction is less than 0.700, is mag-
nitude F32 more than,! less than, or the same as it was when the 
coefficient was!0.700?

••27  Body A in Fig. 6-33 weighs 
102 N, and body B weighs 32 N. 
The coefficients of friction between 
A and the incline are "s = 0.56 and 
"k! = 0.25. Angle ! is 40°. Let the 
positive  direction of an x axis be up 
the incline. In unit-vector notation, 
what is the acceleration of A if A is 
initially (a) at rest, (b)! moving up 
the incline, and (c) moving down 
the incline?

••28  In Fig. 6-33, two blocks are connected over a pulley. The 
mass of block A is 10 kg, and the coefficient of kinetic friction 
between A and the incline is 0.20. Angle ! of the  incline is 30°. 
Block A slides down the incline at constant speed. What is the mass 
of block B? Assume the connecting rope has negligible mass. (The 
pulley’s function is only to redirect the rope.)

••29  In Fig. 6-34, blocks A and B have weights of 44 N and 
22 N, respectively. (a) Determine the minimum weight of block 
C to keep A from sliding if "s between A and the table is 0.20. 
(b)" Block C suddenly is lifted off A. What is the acceleration of 
block A if "k between A and the table is 0.15?3

2

1

Figure 6-29 Problem 23.
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Figure 6-30 Problem 24.
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Figure 6-31 Problem 25.
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Figure 6-32 Problem 26.

Frictionless,
massless pulley

A

B

!
Figure 6-33 

Problems 27 and 28.

Figure 6-34 Problem 29.

Frictionless,
massless pulley

B

C

A

Figure 6-35 Problem 30.

!

••31 SSM  Two blocks, of weights 3.6 N and 7.2 N, are connected 
by a massless string and slide down a 30° inclined plane. The coef-
ficient of kinetic friction between the lighter block and the plane is 
0.10, and the coefficient between the heavier block and the plane is 
0.20. Assuming that the lighter block leads, find (a)!the magnitude 
of the acceleration of the blocks and (b)! the tension in the taut 
string. 

••32  A block is pushed across a floor by a constant force that 
is applied at downward angle ! (Fig. 6-19). Figure 6-36 gives the 
acceleration magnitude a versus a range of values for the coeffi-
cient of kinetic friction "k between block and floor: a1 = 3.0 m/s2, 
"k2 = 0.20, and "k3 = 0.40. What is the value of!!?


ילד רוצה למשוך קופסה על רצפה מחוספסת. באיזה כיוון הוא צריך למשוך

את קופסה כדי שהוכח יהיה הקטן ביותר ? מהו כוח זה ?



F cos ✓ � fs = 0

N + F sin ✓ �mg = 0

fs  µsN

F cos ✓  µs(mg � F sin ✓)

F (✓)  µsmg

cos ✓ + µs sin ✓



✓כוח מינימלי שדרוש כדי להזיז אם מופעל בכיוון 
Fm(✓) =

µsmg

cos ✓ + µs sin ✓

מחפשים מינימום של כוח זה כפונקציה של זווית
dFm(✓)

d✓
= 0

� sin ✓c + µs cos ✓c = 0

tan ✓c = µs, cos ✓c =
1p

1 + µ2
s

, sin ✓c =
µsp
1 + µ2

s

F (✓c) =
µsmgp
1 + µ2

s

Lecture notes ראו המשך ב















145PROBLEMS

•••59 SSM  ILW  In Fig. 6-45, a 1.34 kg 
ball is connected by means of two mass-
less strings, each of length L = 1.70 m, to 
a vertical, rotating rod. The strings are tied 
to the rod with separation d!= 1.70 m and 
are taut. The tension in the upper string 
is 35! N. What are the (a) tension in the 
lower string, (b) magnitude of the net force 
F
!

net on the ball, and (c)!speed of the ball? 
(d)"What is the direction of F

!
net?

Additional Problems
60  In Fig. 6-46, a box of ant aunts 
(total mass m1 = 1.65 kg) and a box of 
ant uncles (total mass m2 = 3.30 kg) slide down an inclined plane 
while attached by a massless rod parallel to!the plane. The angle 
of incline is ! = 30.0°. The coeffi cient!of kinetic friction between 
the aunt box and the incline is "1 = 0.226; that between the uncle 
box and the incline is "2 = 0.113. Compute (a) the tension in the 
rod and (b) the magnitude of the common acceleration of the two 
boxes. (c) How would the answers to (a) and (b) change if the 
uncles trailed the aunts?

63  In Fig. 6-49, a 49 kg rock climber is climbing a “chim-
ney.” The coefficient of static friction between her shoes and the 
rock is 1.2; between her back and the rock is 0.80. She has reduced 
her push against the rock until her back and her shoes are on the 
verge of slipping. (a) Draw a free-body  diagram of her. (b) What 
is the magnitude of her push against the rock? (c) What fraction of 
her weight is supported by the frictional force on her shoes?

m1

m2

!
Figure 6-46 Problem 60.

61 SSM  A block of mass mt = 4.0 kg is put on top of a block of 
mass mb = 5.0 kg. To cause the top block to slip on the bottom one 
while the bottom one is held fixed, a horizontal force of at least 
12 N must be applied to the top block. The assembly of!blocks is 
now placed on a horizontal, frictionless table (Fig. 6-47). Find the 
magnitudes of (a) the maximum horizontal force F

! that can be 
applied to the lower block so that the blocks will move together 
and (b) the resulting acceleration of the blocks.

mt

Fmb

Figure 6-47 Problem 61.

62  A 5.00 kg stone is rubbed across the horizontal ceiling of a 
cave passageway (Fig. 6-48). If the coefficient of kinetic friction is 
0.65 and the force applied to the stone is angled at ! = 70.0°, what 
must the magnitude of the force be for the stone to move at constant 
velocity?

Stone

!
F

Figure 6-48 Problem 62.

Figure 6-49 Problem 63.

64  A high-speed railway car goes around a flat, horizontal cir-
cle of radius 470 m at a constant speed. The magnitudes of the 
horizontal and vertical components of the force of the car on a 
51.0 kg passenger are 210 N and 500 N, respectively. (a)!What is 
the magnitude of the net force (of all the forces) on the passenger? 
(b)"What is the speed of the car?

65  Continuation of Problems 8 and 37. Another explana-
tion is that the stones move only when the water dumped on the 
playa during a storm freezes into a large, thin sheet of ice. The 
stones are trapped in place in the ice. Then, as air flows across 
the! ice during a wind, the air-drag forces on the ice and stones 
move them both, with the stones gouging out the trails. The mag-
nitude of the air-drag force on this horizontal “ice sail” is given by 
Dice = 4Cice#Aicev2, where Cice is the drag coefficient (2.0 # 10$3), # 
is the air density (1.21 kg/m3), Aice is the horizontal area of the ice, 
and v is the wind speed along the ice.

Assume the following: The ice sheet measures 400 m by 500 m 
by 4.0 mm and has a coefficient of kinetic friction of 0.10 with the 
ground and a density of 917 kg/m3. Also assume that 100 stones 
identical to the one in Problem 8 are trapped in the ice. To main-
tain the motion of the sheet, what are the  required wind speeds 
(a)"near the sheet and (b) at a height of 10 m? (c) Are these reason-
able values for high-speed winds in a storm?

66  In Fig. 6-50, block 1 of mass m1 = 2.0 kg and block 2 of"mass 
m2 = 3.0 kg are connected by a string of negligible mass and are 
initially held in place. Block 2 is on a frictionless  surface tilted at 
! = 30°. The coefficient of kinetic friction  between block 1 and the 
horizontal surface is 0.25. The pulley has negligible mass and fric-
tion. Once they are released, the blocks move. What then is the 
tension in the string?

!

m1

m2

Figure 6-50 Problem 66.

d

Rotating rod

L

L

Figure 6-45 
Problem 59.


על הגוף התחתון מפעילים כוח ימינה. איזה כוח מינימלי צריך להפעיל


כדי שהוא הגוף העליון יחליק עליו ? יש חיכוך בין הגופים ובין הגוף

התחתון והמשטח.



m1

m2

µ2

µ1



m1

m2

µ2

µ1

~N1

~f1

m1~g



m1

m2

µ2

µ1�~f1

~f2
� ~N1

~N2

m2~g



לגוף העלון:

לגוף התחתון:

~F + (�~f1) + (� ~N1) + ~f2 + ~N2 +m2~g = m2~a2 URV
m2 : x : F � f1 � f2 = m2a2 UkV
m2 : y : N2 �N1 �m2g = 0 UjV

~f1 + ~N1 +m1~g = m1~a1 URV
m1 : x : f1 = m1a1 UkV
m1 : y : N1 �m1g = 0 UjV

a2 � a1

N1 = m1g, N2 = (m1 +m2)g



a1מקרה א׳ = a2 = 0

f1 = 0

f2 = F

f2  µ2N2

f2  µ2(m1 +m2)g

F  F1 = µ2(m1 +m2)g



a2מקרה ב׳ = a1 > 0

f1 = m1a1
F � f2 � f1 = m2a1
f2 = µ2(m1 +m2)g

a1 =
F

m1 +m2
� µ2g

f1 =
Fm1

m1 +m2
� µ2m1g  µ1m1g

F  F2 =
m1 +m2

m1
(µ1 + µ2)m1g



a2מקרה ג׳  > a1 > 0

f1 = µ1m1g ! a1 = µ1g

f2 = µ2(m1 +m2)g

a2 =
F � µ2(m1 +m2)g � µ1m1g

m2

F > max(F1, F2)















�� ɯɥɨɥɩɰ ɩɷɥɧ ɬɹ ɭɩɮɥɹɩ ����

ɭɹɸɩɩ ɩɰɹɤ ɷɥɧɤ ɯɫɬ �ɤɰɩɮɩ ɬɡɠ �f ɥɬɣɥɢɹ ɧɥɫ ɬɲɥɴ ɯɥɺɧɺɤ ɳɥɢɤ ɬɲ �ɯɥɨɥɩɰ ɬɹ
��ɤɬɲɮɬ ɩɫɰɠ ɯɥɥɩɫɩɡ y �ɤɰɩɮɩ ɩɷɴɥɠ ɯɥɥɩɫɡ x � ɤɠɡɤ ɤɸɥɶɡ

m : x :F ! f = ma1 ������
m : y :N !mg = 0 ������
M : x :f = Ma2 ������

a1 " a2 ������
�ɩɨɨɱ ɪɥɫɩɧ ɠɥɤ ɪɥɫɩɧɤ ɦɠ� ɣɧɩɡ ɭɩɲɰ ɭɩɴɥɢɤ ɩɰɹ ɥɠɹ ɺɸɮɥɠ ɤɰɥɸɧɠɤ ɤɠɥɥɹɮɤ

��ɩɨɰɩɷ ɪɥɫɩɧ ɠɥɤ ɪɥɫɩɧɤ ɦɠ� ɯɥɺɧɺɤ ɬɲ ɷɩɬɧɮ ɯɥɩɬɲɤɹ ɥɠ
�|f | # µ|N | ɭɢɥ a2 = a1 ɦɠ �ɩɨɨɱ ɪɥɫɩɧ ɠɥɤ ɪɥɫɩɧɤɥ ɣɧɩɡ ɭɩɲɰ ɭɩɩɰɹɤɹ ɧɩɰɰ

a1 =
F

M +m
������

f =
FM

M +m
# µmg $ ������

F # µmg(M +m)

M
������

�ɯɥɺɧɺɤ ɬɲ ɷɩɬɧɮ ɯɥɩɬɲɤ �ɣɧɩɡ ɲɥɰɬ ɭɩɬɥɫɩ ɠɬ ɭɩɴɥɢɤ F > µmg(M+m)
M ɭɠ

ɯɫɬ �f = µN = µmg �ɩɨɰɩɷ ɪɥɫɩɧ ɠɥɤ ɪɥɫɩɧɤɥ

a1 =
F ! µmg

m
������

a2 =
µmg

M
������

ɪɥɺɧ ɨɥɸɧ ɬɹ ɩɮɩɰɴ ɧɨɹɮ ɬɲ ɭɩɩɷɺɮ ɺɥɮɬɥɠɡ ɭɩɩɰɴɥɠ ɵɥɸɮ ����� ɬɩɢɸɺ
�! ɺɩɥɥɦ ɬɲɡ ɲɴɥɹɮ ɸɥɹɩɮ ɠɥɤ ɤɦ ɧɨɹɮ ɸɩɶɤ ɪɸɣ ɪɺɧɡ �ɩɫɰɠ ɥɸɩɶɹ

ɺɥɮɬɥɠɡ ɭɩɩɰɴɥɠ ɵɥɸɩɮ ����� ɸɥɩɠ

ɬɢɲɮɡ ɲɥɰɩɹ ɪɫ �ɲɥɡɷ ɤɡɥɢɡ ɲɥɡɷ ɤɬɣɥɢɹ ɺɥɸɩɤɮɡ ɲɥɰɬ ɤɶɥɸ ɭɩɩɰɴɥɠ ɡɫɥɸ
ɥɤɮ �µs ɠɥɤ ɧɨɹɮɤ ɯɩɡɬ ɭɩɩɰɴɥɠɤ ɩɬɢɬɢ ɯɩɡ ɩɨɨɱɤ ɪɥɫɩɧɤ ɭɣɷɮ �R ɱɥɩɣɸ ɬɲɡ

" ɺɥɩɸɹɴɠɤ ɺɥɩɥɸɩɤɮɤ ɧɥɥɨ


מרוציה אופניים באולמות מתקיימים עם משטח פנימי של חרוט חתוך.

מה יכול להיות גודל מהירות הרוכב במעגל בגובה מסוים ? 



mg sin ✓ � fs = m(
v2

R
) cos ✓

N �mg cos ✓ = m(
v2

R
) sin ✓

|fs|  µN

|g sin ✓ � (
v2

R
) cos ✓|  µ(mg cos ✓ + (

v2

R
) sin ✓)

(
v2

R
)(cos ✓ + µ sin ✓) � g(sin ✓ � µ cos ✓)

(
v2

R
)(cos ✓ � µ sin ✓)  g(sin ✓ + µ cos ✓)
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