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 9%��:�� ��/ �5)��; 1)� � ,� <4�= �%" $ 5�.�� 	� &%��  
��� �� '() ���>� ��? $�. 1@. �" A4 ,� %" 8�B�� C62 �� $���� %" $�%D%� � ���E� 

�%" 86? $BF�� 3%G� &%�� $ 5�� �	��. ����� ����2 N 	� 1G�G� -�. 8D%� 
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�� �%" �H�I�  
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Motion Equilibrium F 
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����� $G��P  �# �� A4 J��� �	�� ��? $� 	� 
��5�� M2%� 1#�� *
 ��? $��. �4� ��� �� N�) 

��.� ����� J%6(D� F 1)� �# %�  P 	� 
7�%B� 1)�. 
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O4�:�� ��%4 $� %� �� A4 	��G� ��4:#%� Fm 
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µs  N4�F J%6(D� $6��%5)� � µk N4�F J%6(D�  
$���. 1)�. �4� N4��F �� 1B��= � R4��? '() &%�� $ 5��  

��	��.   

Fm = µs N           Fk = µk N 

Motion Equilibrium 
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����2 N  � ����� J%6(D� F �	  

%� *%?��4
��R  �4: 4%. ���#. %�  
O4�:�� ����� J%6(D� � *��)	 ��  

	��G� ��4:#%� *
 Fm =µsN 
�4��,φ  �# R %� ���2 �� '()  

P�,%) $� O4�:�� ��%4 $� � �� 	��G�  
��4:#%� φs �)	 $� �# �� *
 �4��,  
J%6(D� $6��%5)� ��4�
 $�.    

F = R sin φ 
N = R cos φ 

����� � �	�
��
 :��������� ��������  



12/2/2025 

5 

8 - 9 
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R N 
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�
� 1#�� Q��? P��? 	��G�  
F O"%# �5�%4 � �� Fk  

�)	 $�. �� 	�= ��%�� �4��, φ 

O"%# �5�%4 � �� 	��G� φk 

�)	 $� �# �� *
 �4��,  
J%6(D� $���. ��4�
 $�.  

N4�F J%6(D� � �4��,  
J%6(D� %� R���	 �4, �� �"  

3���� ���? $�. 

tan φs = µs             

 tan φk = µk 

F = R sin φ 
N = R cos φ 
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Frequired 

	��G� ����� J%6(D�F  ����� 1)� %� Fm = µsN �
� � %@�� �
� ��.  
	� ��%5)
 S:E� �?%�. �
� ��%5)
 1#�� P�?%�� F � N TU�@K�  

$�G5�� ��5�" �# �4%� ,� TU�%B� 7�%B� �� 1)� ��4
. 	��G�F  �#  
M2%� 7�%B� ��? $� �	 �4%� $)	�� ��# �# ,� Fm �5��� �?%��. 
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Fm = µsN 

�
� ��%5)
 1#�� P���F  �� 	��G� O��4:#%�Fm = µsN  �)	 $�  
� 	� TU�%B� 7�%B� *��� $� �� �%. F �4� �(��	 �	 �4: 4%. ��#.   
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V�5W� �%" 1�%� ���� µs �4�%G�

N4��F

&%�� 	� X�() '�%Y� μs $6��%5)� J%6(D�

Z4 ��	 :�� 0.03 - 0.05

[�\ ��	 [�\ 0.30 - 0.70

[�\ ��	 ]�\ 0.20 - 0.50

:�� ��	 ]�\ 0.30 - 0.60

������
 ��	 ������
 1.1 - 1.7

�U�� ��	 �U�� 0.15- 0.3

µs   ,� 8G5��1�%��  &%�� '() � ��. *,��  S:E� 12�) �� � 1)�  C�.
R��� PX�() ���, P&%�� X�() 1)� �5���� � 4� 8���2 � . 9U��B�µk=0.75µs 
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Relations between roughness, temperature and dry 

sliding friction at the atomic scale 
P Spijker, G Anciaux, JF Molinari - Tribology International, 2013 

- Elsevier 

 

The influence of the temperature in the investigated 

range (0–400 K) appears to be minimal for the specific 

cases of limited adhesion and non-commensurate(not 

equivalent) lattice alignments. Interestingly, for low 

roughness or atomically flat surfaces, an increase in 

temperature seems to cause a minor increase in friction. 

When the adhesion is increased and the lattices are more 

commensurate, temperature becomes a dominant factor 

and increasing it reduces friction considerably, which is 

in accordance with reduced order models like the 

Prandtl–Tomlinson model. 
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�4%� 	��G� � 1@. ����� J%6(D� �	  
,� TU�%B� 7�%B� �� 1)� �4	�
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              �
�                            %4
 �5��) 7�%B� 7%� 	� ����� $���?%�. 

         � 
  1#�� %� J%6(D� �����

��# $� 1H�%W� $���.  

J%6(D� ����� $�%4,	� 

ss µθ >tan
s

f Nµ>

Nf kµ=
kk µθ =tan � 

  1#�� %� J%6(D� �����
��# $� 1H�%W� $���.  

Nf sµ= ss µθ =tan

�	
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1)� ����� 7�%B� TU�%B� %� TU�@K� ���B�  . 

����	
 $%�&� '
(�
- *���� 

6  7�@K� (FA , NA , FC , NC ,Bx and By )   �6 7�%B� ���%B� 

1)� L�%5H�� b%H�� 1#�� ��?%� �c�(�  �# ���? $)	�� 9��B� �4%� J%6(D� �%"����. 

$5d� FA , NA , FC � NC  	� $�	�D 	� %" ���� L% �
 P����
 1)� ��
�# ��5�" 7�%B�: 0.3 and 0.5

A A C C
F N F N≤ ≤
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��
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1)� ����� J%6(D� � 7�%B� TU�%B� Q��K� %� TU�@K� ���B� .  

����	
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- +�,� -�.� �� ��
� ������   

5  7�@K�(NA , FA , NB , FB , θ)P 3 � 7�%B� ���%B�2  J%6(D� ���%B� 

0.3 and 0.4A A B BF N F N= =
����� � �	�
��
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 TU�%B� %4 J%6(D� � 7�%B� TU�%B� Q��K� ,� 1)� �5�# TU�@K� ���B�
$��
e�� R4��?  . 

����	
 $%�&� '
(�
- +�,�  �/�0 �� ��
� ������  

7   7�@K�(NA, FA, NC , FC , Bx , By , P)P 6 � 7�%B� ���%B�2   J%6(D� ���%B�) 	%� �"
��?%� �5?�� �� ��% 4 [��. %� ]��# A4(. 

�5�� $� b%H�� ����, 1#�� ]��# ������ %� ���# $� $)	�� �	 J%6(D� �%"����.  

 O4�:�� %�PP  	� S:E� ��5�� �
�A  � �5H�� b%H��C  �4	�� P�?%�� 1#�� ��%5)
 	� ,��": 

0.3 and 0.5A A C CF N F N= ≤
�
� S:E� ��5�� 	� C b%H�� �5H�� � A ,��" 	� ��%5)
 

1#�� �?%��: 
0.3 and 0.5A A C CF N F N≤ =
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 �:E� $� '() ���5�� 	� %4 ��B. ��%4 O4�:�� *��� 8" ����� �
�)S:E�  (
(slipping)   ��# $� *�	�� �� Q��? %4)$��
e�� ((tipping). 

S:E� �(G� A4 7�� *�	�� � $��
e�� ��%5)
 
����� � �	�
��
 :��������� ��������  



12/2/2025 

11 

�6�%�!�" P O4�:�� ���; P��# $� ��# %4 	� ��%5)
 S:E� 	��d ���
 $� � %4 �
� 
'()  ��, �?%� )µs f	:�( L% �
 ��4
�� ����� ����2 �� �?�
 1#�� L��# �  

x = b/2  � ��# *�	�� ��# $�.   
8 - 21 

�
� P A\�# 
P�?%� ��# 	�  
7%� 7�%B�  
$d%� �"��+  
��%�.   

����	
 $%�&� '
(�
- +�,� �/�0 �� ��
� ������   

MF6

8 - 22 

��d : 1@.F 1)� 1#�� ��%5)
 %4 1#�� 1@. V�%W� ����". 
 

 ��# g�� 1#�� ��%5)
 1@. A4 O�; ,� �4%� PJ%6(D� 8h%�� 8� ]% �"
��# �)	 �	 ��,
 ���)�� � . �4%� �	 L�? ]%K�� g�� P��c�� 8���� ,� C;

��# $4%�,
 $5)�	   . 

F N

�56�:  
 

-µs N ≤ F ≤ µs N 

����	
 $%�&� '
(�
- �&�� 12�� ��
� ������ �34.  
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7%i� 1: 
 

L����� ����� F �	 �# J��� 
�:E� $�� �� 1)� �4	�
. 

  
�.�� ���# �# �
� F f	:� 
P�?%� S:E� �� k�= U%� 

�"��+ ���. �
� F A\�# 
P�?%� S:E� �� k�= ��4%; 

�"��+ ���. 3

4

100 lb
F

µ = 0.4

����� � �	�
��
 :��������� ��������  

8 - 24 

∑ Fn = 0 

   = -100 lb (3/5) + N 

   ⇒   N = 60 lb 
 

∑ Ft = 0 

   = -100 lb (4/5) - µN +F 
 

   ⇒   F = 104 lb 

∑ Fn = 0 

   ... same ... 

   ⇒   N = 60 lb 
 

∑ Ft = 0 

   = -100 lb (4/5) + µN +F 
 

   ⇒   F = 56 lb 

100 lb
F

N

µN

tn

If sliding is 

up 
the surface

100 lb
F

N

µN

tn

If sliding is 

down 
the surface
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���� $5+���64 �� *,�30 lb  � 7�=  26 ft <�%(� 86? �� $�%D	��4� ��6� L��� L�?.  
��4:#%� ��D%�d  �# ���� ,� 	��4� k%D ����� $� *��� *�4:E� �5?�� �?%� �� 1)�  

�4	�
. N4�F J%6(D� ��� ���, � ���� ����� 1)� %�: µs=0.3 

Given: W, l, µs  

Find:     dmax 

Solution: 

����� � �	�
��
 :��������� ��������  

8 - 26 

FA 

NA 

θ

NB 

W 

d 

4 unknowns, 3 equilibrium equations and 1 friction equations 

����� � �	�
��
 :��������� ��������  



12/2/2025 

14 

8 - 27 

( )
( )

lb 9F

.3(30)FF

NFF

lb 30N

030N

:0F

A

maxAA

AsmaxAA

A

A

y

=

==

==

=

=−

=∑

µ

FA 

NA 

θ

NB W 

d 

Equilibrium Problem 

����� � �	�
��
 :��������� ��������  
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lb 9N

09N

:0F

B

B

x

=

=−

=∑

FA 

NA 

θ

NB W 

d 
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( ) ( )

ft 13.426cosθd

59.04θ

026sinθ913cosθ30

:0M

0

A

==

=

=−

=∑

FA 

NA 

θ

NB W 

d 
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 $6��%6� L�@� A4 *�	�
 ��.�� ���� N�/� �# ��5�" $�4%)� %" L�

���? $� L�%H5)� .7%i�: 

 A\�# ����� A4F  ��.�� �	 $
	:� ����2 ����� A4 ����� $� L�G�%�
��# A�# ��+ �U%� ��. *�? ���� �� � �	�
 .  ]%�.� Q%H�	� ����� ����

��# L�%H5)� %" L�
 ,� *��� $� :�� �� �).  
 l�; A4(screw) 1)� L�
 A4 -d�� 	�! 

F 

����� � �	�
��
 :��������� ��������  

8 - 32 

 8���� 	�%" L�
 *
 1@. � J%6(D� ����� �" *��� *%�� ���� P
��? $� L�%H5)� ��,
 ���)�� ��\ %4 �� ,� 9U��B�  . 

A B 

C 
D 

P 

����� � �	�
��
 :��������� ��������  
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8 - 34 

 C62�� $G�� �����P ���%�� 1)� ,%�� L�
 *���# *���� ���� �# �	 .
 ��� J%6(D� N4�FA  �C  ��� �B  �D  %� �����µs=0.2   ��� �A  �B 

 %� �����µ’s=0.1 1)� .���# �����D %" L�
 *,� ,�. 

����� � �	�
��
 :��������� ��������  
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P 

NBD 

3000 lb 

NAC 

NAB NAB 

FBD 

FAB 

FAB 

FAC 

150 

B 

A 

NBD 

����� � �	�
��
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lb 475.2N

lb 2929N

Solving

03000Nμ                     

cos15Nμ'sin15N

0Fsin15Fcos15N

:0F

0Ncos15Nμ'sin15N

0Ncos15Fsin15N

:0F

Block B

BD

AB

BDs

0

ABs

0

AB

BD

0

AB

0

AB

y

BD

0

ABs

0

AB

BD

0

AB

0

AB

x

=

=

=−−

+

=−+

=

=−−

=−−

=

∑

∑

NBD 

P 

3000 lb 

NAC 

NAB NAB 

FBD 

FAB 

FAB 

FAC 

150 

B 

A 

P 

NBD 

cos15 sin15 3000 0AB AB BDN F F+ + − =� �

cos15 sin15

3000 0

AB S AB

BD

N N

N

µ

µ

′+ +

− =

� �

����� � �	�
��
 :��������� ��������  



12/2/2025 

19 

8 - 37 

lb 106P

Solving

0Psin15N                      

cos15Nμ'Nμ

0Psin15Ncos15FF

:0F

lb 2905N

0cos15Nsin15Nμ'N

0cos15Nsin15FN

:0F

ABlock 

0

AB

0

ABsACs

0

AB

0

ABAC

x

AC

0

AB

0

ABsAC

0

AB

0

ABAC

y

=

=−−

+

=−−+

=

=

=−−

=−−

=

∑

∑

3000 lb 

NAC 

NAB 

NAB 

FBD 

FAB 

FAB 

FAC 

150 

B 

A 

NBD 

P 

����� � �	�
��
 :��������� ��������  

8 - 38 

$#%6(D� 8���� 

����� � �	�
��
 :��������� ��������  
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60
� ��
��� 7�8 

tan
2

l

r
θ

π
=

9�: 9��;�8 ��
(��
 � � �� ��
�<�: �=>	 

-�? 

-�? �� 
# 

$#%6(D� 8���� 

����� � �	�
��
 :��������� ��������  

8 - 40 

�4 �� 7�8 �@�0 A
B �0 ��
� 

�
�M   L�4:E� �4%; 1�%n L�@� ��	 l�; �%" ������ P�?%� $�%# l�; *��%+�\ ����
��	 $� U%� �. 
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tan
F N

N N

µ
ϕ µ= = =

x 

y 

�4 �� 7�8 �@�0 A
B �0 ��
� 

( )

( )

0:

-  sin 0

0:

 cos  - 0

x

y

F

S R

F

R W

θ ϕ

θ ϕ

=

+ =

=

+ =

∑

∑

*���� �@���� 

����� � �	�
��
 :��������� ��������  

M  1)� U%� k�= �� 1#�� ��%5)
 ���� ,%�� �	�� *%��. 
 
 
 
 
 
 
 

$6��%5)� J%6(D� �4��, 

 
$���. J%6(D� �4��, 

8 - 42 

�4 �� 7�8 �@�0 A
B �0 ��
� 

����� � �	�
��
 :��������� ��������  
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�
� '() l�; L��:E� �?%� � *%�� :�� �� M’<M O"%# P��%4 l�; �� k�= 
��4%; �:E� $�. 

7�8 C���8 A
B �0 ��
� 

����� � �	�
��
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7�8 C���8 A
B �0 ��
� 
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9��(: $>D �(� ��E 7�8 $5d� '() l�; �� L,���� $�%# J%6(D� 
�5?�� P�?%� l�; �� k�= ��4%; �4
 $��. 

	� Pg�2 1@. *%�� 7%�2� L�? M” �4%� 
C62�� ��? %� M2%� 1#�� ��?.  

�
� *%��M  �5?���� P��? l�; 
��+ 8Hd L���? o1)� $�B4 	%�W 

�	 %@�� %� ����� J%6(D� 8��� 
��# $� �� $=�? �#: θϕ ≥

8 - 46 

∆θ 
θ 

β 
P1 

P2 

P P’ 

T1 
T2 

O 

�
� ���� $5W� ��	 �� ����5)� 	��d �5��
 P�?%� �� 1)� *�	�
 1@. S:E� 
%4 ��%5)
 S:E� ���� �@� 1)�. �
� ����5)� *�	�� P��# 1#�� %4 84%�� �� 

1#�� ���� 1��� �� ����5)� �4%� $)	�� ��?. 
R���	 �4� OW� ���� $�h%�� �# ���� 	� ��%5)
 S:E� 1)� %� 	� ��� �5��
  
μ=μs � ���� $�h%�� �# ���� �:E� $� %� μ=μK ��5B� 1)�.  

����� � �	�
��
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T1T2
β θ

∆θ

�� ����5)� '() A4 ��	 $#%6(D� ���� 

 �
�T2 >T1,   1@. 	� ���� L% �
T2�:E� $�. 
 

 O�# P1)� �5)��; ���� �\�
T2 � T1  ��5��� �����. 

����� � �	�
��
 :��������� ��������  

8 - 48 

x

y

∆θ

∆θ
2

∆θ
2

TT+²T

²N ²F = µ ²N

∑ Fx = 0 =  −(T+∆T) cos(∆θ/2) + T cos(∆θ/2) + µ∆N 
 

∑ Fy = 0 =  − (T+∆T) sin(∆θ/2) − T sin(∆θ/2) + ∆N 
 

 ���� �# ���# 1d�∆θ )*%4��	 N�� ��  (sin(∆θ) ≈ ∆θ   �cos(∆θ) ≈ 1 
 �� ���G� %�∆θ,   �� �5��
 �∆θ → 0, �4	�� TU�%B� N�#�� �: 

    
  

dT

dθ
− µT = 0   

Δ 

Δ 

Δ Δ 
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2

1 0

2 1

2 2
2 1

1 1

  0  

   multiply by dθ/T and integrate both sides for   

1
 

ln ln

ln     or           

T

T

dT
T

d

dT d
T

T T

T T
e T T

T T

β

µβ

µ
θ

µ θ

µβ

µβ

− =

=

− =

= = >

∫ ∫

µ= $���. %4 $6��%5)� J%6(D� N4�F 
β  = &%�� '() �4��,)*%4��	( 

8 - 50 

T1T2
β θ

∆θ

T2 = T1 e
µβ        T2 > T1

µ= $���. %4 $6��%5)� J%6(D� N4�F 
β  = &%�� '() �4��,)*%4��	( 

�� ����5)� '() A4 ��	 $#%6(D� ���� 
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�� L��
 %� l�; ������ -��� �� �(d R)�5� 14 mm � L,���� ]%
 6mm J��� 
�	 �	%�� $�. �
�µs=0.2  P�?%� � 	�%5�
 7%�2� L�? �� �5)� 1.5 N. m 

P�?%� ����� �	%�� F �	�� L�? �� J��� �	 �� 1)� �4	�
. 

Given: Dmin, L, μs, M 

Find: F 

Solution: 

l�; 	� ��%5)
 1#�� �� k�=  
U%� �4�5��� ����� �	%�� �	  

�	�� ��# $�. 

����� � �	�
��
 :��������� ��������  
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( )
( )

( )

( ) ( )
 NF

...

.
F

φθr

M
F

φθFrM

φθWrM

Then

.φ

.μφ

FW

.θ

ππr

l
θ

620

311777tan007

51

tan

tan

tan

311

2tan

777

72

6

2
tan

00

0

0

=

+
=

+
=

+=

+=

=

==

=

=

==

Φ>θ � l�; 	� ��%5)
 
1#�� �� U%� 1)�. 

����� � �	�
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The jacking mechanism consists of a link that has a square-threaded screw 

with a mean diameter of 0.5 in. and a lead of 0.20 in., and the coefficient of 

static friction is  µs=0.4. Determine the torque M that should be applied to 

the screw to start lifting the 6000 lb load acting at the end of member ABC. 

Given: Dmin, L, μs, F 

Find: M 

Solution: 

����� � �	�
��
 :��������� ��������  
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FBD 

Ay 

α 

Ax 

FB 

Ay 

����� � �	�
��
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12/2/2025 

28 

8 - 55 

( ) ( )
( )

( )
( )( ) ( )

ft  lbM

...M

φθWrM

Then

  lbF

                  

αFαF

M from Find F

BD

BDBD

ABD

−=

+=

+=

=

=−

+

=∑

1745

8212567tan2512565

tan

12565

0356000

20sin10cos

0

00

( )
0

0

0

2567

252

2

2
tan

821

4tan

821

4
25

10
tan

.θ

.π

.

πr

l
θ

.φ

.μφ

and

.α

.α

s

ss

=

==

=

==

=

==

FBD 

Ax 

Ay 

α 

α 

8 - 56 

The rod has a weight W and rests against the floor and wall for which the 

coefficients of static friction are µA and µB, respectively. Determine the 

smallest value of θ for which the rod will not move. 

Given: W, L, µA, µB 

Find:     θmin 

Solution: 

����� � �	�
��
 :��������� ��������  
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NA 

NB 
W 

L sin θ 

FA 

FB 

5 unknowns, 3 equilibrium equations and 2 friction equations 

����� � �	�
��
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FA 

NA 

NB 
W 

L sin θ 

FA 

FB 

Impending Motion at All Points 

����� � �	�
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FA 

NA 

NB 
W 

L sin θ 

FA 

FB 

( ) ( ) 0FN

:0M

NF

:0F

NF

:0F

BB

A

AB

y

BA

x

=







θ−θ+θ

=

=−+

=

=−

=

∑

∑

∑

cos
2

L
WcosLsinL

0W

0

Equilibrium Eqs. 

����� � �	�
��
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FA 

NA 

NB 
W 

L sin θ 

FA 

FB 

slipping must  

occur at A & B 

A

BA

BA

A
B

BA

A

BBB

AAA

μ2

μμ1
tan

μμ1

Wμ
N

μμ1

W
N

ngsubstituti and

NμF

NμF

−
=

+
=

+
=

=

=

θ
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The block C has a mass of 50 kg and is confined between two walls by 

smooth rollers. If the block rests on top of the 40 kg spool, determine the 

minimum cable force P needed to move the spool. The cable is wrapped 

around the spool’s inner core. The coefficient of static friction at A and B 

are µA=0.3 and µA=0.6. 

Given: WC, WS, µA, µB 

Find:     P 

Solution: 

����� � �	�
��
 :��������� ��������  

MF1

8 - 62 

NB 
FB 

WSpool 

FA 

WBlock 

FA 

WBlock 

NA 

4 unknowns, 3 equilibrium 

equations and 2 friction 

equations 

Find where slipping occurs 

first 

Note that the spool will move 

(translate) to the right and the 

friction forces are opposed to that. 
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NB 

FB 

WSpool 

FA 

WBlock 

Impending Motion at Some Points 

����� � �	�
��
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NB 

FB 

WSpool 

FA 

WBlock 

0PFF-

:0F

0P(0.2)(0.4)F(0.4)F

:0M

882.9NN

050(9.81)40(9.81)N

:0F

BA

x

BA

o

B

B

y

=+−

=

=+−

=

=

=−−

=

∑

∑

∑

����� � �	�
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NB 

FB 

WSpool 

FA 

WBlock 

correct. is assumption original the

then441.4N, nlarger tha  thisSince

529.N.6(882.9)NμF

thenat B, slipping Assume

589NP

441.4NF

Solving

147.2NF

.81)(.3)(50)(9F

NμF

 thenA,at  slips spool Assume

BBB

B

A

A

AAA

===

=

=

=

=

=

����� � �	�
��
 :��������� ��������  

8 - 66 

The three bars have a weight of WA = 20 lb, WB = 40 lb and WC = 60 lb, 

respectively. If the coefficients of static friction at the surfaces are as 

shown, determine the smallest horizontal force P needed to move block A. 

Given: WA, WB, WC ,µAD, µAB, µCD 

Find:     Pmin to move A 

Solution: 

We should consider one 

of the following 

conditions:  

1- If blocks A & B move 

first 

2- If blocks A move first 
����� � �	�
��
 :��������� ��������  
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NAD 

FAD 

T 

WABC 

Entire series of boxes 

����� � �	�
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NAD 

FAD 

WAB 

FBC 

NCB=WC+Tsinθ 
NCB 

FCB 

T 

WC 

If blocks A & B move first 

����� � �	�
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T 

If blocks A move first 

NAD FAB 

T 

NAB 

NAD 

FAD 

WA 

FAB 

NAB 

WCB 

����� � �	�
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NAD 

FAD 

T 

WABC 

����� � �	�
��
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NAD 

FAD 

WAB 

FBC 

NCB=WC+Tsinθ 

NCB 

FCB 

T 

WC 

If blocks A & B move first 

( )

lb 81.82N and lb 46.36T

0
17

15
TN.5

0
17

15
TNμ

0
17

15
TF

:0F

060
17

8
TN

:0F

CB

CB

CBCB

CB

x

CB

y

==

=






−

=






−

=






−

=

=−






−

=

∑

∑

����� � �	�
��
 :��������� ��������  
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NAD 

FAD 

WAB 

FBC 

NCB=WC+Tsinθ 

NCB 

FCB 

T 

WC 

If blocks A & B move first 

lb 69.27P

.2N.5NP

0NμNμP

:0F

lb 141.82N

060NN

060NN

:0F

ADCB

ADADCBCB

x

AD

CBAD

CBAD

y

=

+=

=−−

=

=

=+=

=−−

=

∑

∑
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FAB 

T 

T 

If blocks A move first 

0
17

15
T.3N

0
17

15
TNμ

:0F

0001
17

8
TN

:0F

AB

ABAB

x

AB

y

=−

=−

=

=−






−

=

∑

∑

NAB 

NAD 

NAD 

FAD 

WA 

FAB 

NAB 

WCB 

0NμNμ-P

:0F

020N-N

:0F

ADADABAB

x

ABAD

y

=−

=

=−

=

∑

∑

lb 63.52P

lb 139.05N

lb 119.05N

lb 40.48T

AD

AB

=

=

=

=

Therefore block A moves first 

����� � �	�
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The crate has a weight W and the coefficient of static friction at the surface 

is µs=0.3. Determine the orientation of the cord and the smallest possible 

force P that has to be applied to the cord so that the crate is on the verge of 

moving. 

Given: 

Find: 

Solution: 

����� � �	�
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N 

W 

F 

����� � �	�
��
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0FPcosθ

:0F

0WPsinθN

:0F

 EquationsmEquilibriu

x

y

=−

=

=−+

=

∑

∑

N 

W 

F 
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8 - 77 

N 

W 

F cosθ

.3N
P

0.3NPcosθ

equations mequilibriu  theinto ngsubstituti

.3(N)μNF

 EquationsFriction

=

=−

==
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N 

W 

F 

( )

( )

( ).3sinθcosθ

.3W
P

.3sinθcosθ

Wcosθ
N

Wcosθ.3sinθcosθN

0Wsinθ
cosθ

.3N
N

0WPsinθN

and

+
=

+
=

=+

=−






+

=−+
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( )

0

2

16.7θ

and

0.3cosθsinθ

or

0
.3sinθcosθ

.3cosθsinθ
.3W

dθ

dP

0
dθ

dP
    P,minimumfor 

=

=−

=








+

−
=

= ( ) ( )
( )

( ) ( )
.287WP

.3sin16.7cos16.7

.3W
P

.3sinθcosθ

.3W
P

minimuma  is Pe,  therefor0.2873W
dθ

Pd

16.7θat  

.3sinθcosθ

.3cosθsinθ2.3sinθcosθ
.3W

dθ

Pd

00

2

2

0

2

22

2

2

=

+
==

+
=

>=

=










+

−++
=
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8 - 80 

The uniform 60 kg crate C rests uniformly on a 10 kg dolly D. If the front 

casters of the dolly at A are locked to prevent rolling while the casters at B 

are free to roll, determine the maximum force P that may be applied 

without causing motion of the crate. The coefficient of static friction 

between the casters and the floor is µf=0.35 and between the dolly and the 

crate, µd=0.6. 

Given: 

Find: 

Solution: 
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8 - 81 

ND 

FD 

W 

x 

NA 

FA 

W 

NB 
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ND 

FD 

W 

x 

NA 

FA 

W 

x 

NB 
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ND 

FD 

W 

x 

( )

( ) ( ) 0.8Px588.6

:0M

0FP

:0F

588.6NN

09.8160N

:0F

A

D

x

D

D

y

=−

=

=−

=

=

=−

=

∑

∑

∑

Equilibrium For Tipping 
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( ) ( )

( ) ( )
( )( ) ( )( ) 075.9.811095.9.8160      

05.1P5.1N

:0M

0FP

:0F

09.81109.8160NN

:0F

A

B

A

x

AB

y

=−−

+

=

=−

=

=−−+

=

∑

∑

∑

Equations for Sliding at A 

NA 

FA 

W 

x 

NB 
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ND 

FD 

W 

x 

( )

N 220.7F

N 220.7P

.3m.Thenx  whenoccurs

 tippingand  tipscrate  the.3x since

.4mx

294.3NP

ngSubstituti

294.3NF

588.6.5NμF

dolly on slips crate Assume

D

D

DDD

=

=

=

>

=

=

=

==

Friction at D 
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( ) ( )( )
( )( ) ( )( )

( ) ( )

N 159.2P

N 231.9N

N 454.8N

solving

09.81109.8160NN

and

0.759.8110.759.8160      

1.05.35N1.5N

ngsubstituti

.35NP

0FP

and

.35NNμF

dolly on slips crate Assume

B

A

AB

AB

A

A

AAAA

=

=

=

=−−+

=−−

+

=

=−

==

Sliding at A 

NA 

FA 

W 

x 

NB 
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Nrough surface

scale 
(reads force F)d

displacement,  d

force,  F

Fslip typical 
response

p

N 

F

F

  Coulomb (“Dry”) friction 

Consider a simple experiment where we slowly pull point p: 

MF9

8 - 88 

Remarkably, the force that produces slipping is reasonably 

accurately given by 
 

Fslip = µ N 
 

coefficient of friction contact normal force 
 

µ depends on: •  the contacting materials   

   •  surface roughness &/or preparation 

   •  environment 

   •  many other factors ... 

 

µ is assumed to be independent of: 

   •  area of contact 

   •  sliding velocity 
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Closer look at the behavior when slipping initiates: 

displacement,  d

force,  F

Fs

Fk

for: 

initiation of slip  (impending slip) Fs = µs N 
 

for subsequent slip  (sliding)  Fk = µk N 
 

 µs = coefficient of static friction 

 µk = coefficient of kinetic friction 

8 - 90 

In some fields of engineering (e.g., geomechanics), it is 

customary to use the  angle of friction  rather than the 

coefficient of friction to characterize frictional resistance. 

The angle of friction is defined to be 
 

θs= tan-1 µs 
 

θs defines the maximum angle of the resultant reaction force 

with respect to the normal direction: 

Angle of friction 

θs θs 

N  
F 

R ≤ θs 

N  
F 

R ≤ θs 
R 
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Theory of Dry Friction 

The location x of N 

coincides with the 

centroid of the loading 

diagram (3 forces should 

pass through one point) 

and is necessary in order 

to balance  the tipping 

effect caused by P.  

Equilibrium - Tipping 

P 

In particular, the block will be on the verge of 

tipping if N acts at the right corner of the 

block, x =a/2 

Impending Motion: In cases where h 

is small or the surfaces of contact are 

rather slippery, the friction force F 

may not be great enough to balance P, 

and consequently the block will tend 

to slip before it can tip. 

8 - 92 

θ 

Q 

W 

θ 
φs 

R 
L 

2πr 

The analysis of square- 

threaded screws 
(frequently used in jacks, 

presses and other 

mechanisms) is  

reduced to the analysis of 

a block sliding on an 

incline by unwrapping the 

thread of the screw 

and showing it as a 

straight line.  

In doing this, r denotes the mean radius of the thread, L is the 

lead of  the screw (the distance through which the screw 

advances in one turn), W is the load, and or  is the torque 

exerted on the screw. 
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8 - 93 

 The most difficult lesson 
to learn is: 

  Which bridge in life to 
use or which one 

to break off  


