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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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If sliding is
up
the surface

X F=0
=-1001b (3/5)+ N
= N=601b

> F=0
=-100 Ib (4/5) - uN +F
= | F=1041b

If sliding is
down
the surface

S F=0
... Same ...

= N=601b
Y F=0

=-100 1b (4/5) + uN +F

= | F=561b

8-24
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Find: d,,,
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4 unknowns, 3 equilibrium equations and 1 friction equations
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Equilibrium Problem
—d Y F =0:
Ng . =
N, -30=0
o N, =301b
FA :( )max -
’ da g, F,=(F,) = 3(30)
. F.=90b
(Sl (rmdazma 1okl 5 (5515
B d
—
Ng W _
SF, -0
26 fi
N,-9=0
0 —
., [N,=91b
Ny
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ZMA =0:
30(13cos®)—9(26sin6) = 0

0 =59.04°
d =26cosb =13.4 ft
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3000 1b

3000 1b

=35

3000 Ib

(Sl (rmdazma 1okl 5 (5515

FAB
Na/  [Na
14 FAB
] 15
=
‘|‘ Fic
N AC

Block B

ZFX =0:

N,;sin15° - F,,c0s15° =N, =0

N, ,sinl5° —p' N, 4cos15° =N, =0

ZFy=O:

N, cos15° +F,, sinl5" +F,, =3000 =0

N, cosl15 + ugN , sinl5" +

UN 5, —3000=0
Solving
N,z =29291b
Ny, =47521b

12/2/2025
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3000 Ib

(Sl (rmdazma 1okl 5 (5515

Block A

Z:Fy =0:

N ¢ — Fypsinl5’ =N ;cos15° =0
N, — 1N, gsinl5’ =N ,cos15° =0
N, =29051b

D F =0:

F,. +F,,c0815" =N ;sin15° =P =0
N e + 1, N, geos15”

—N,,sinl5° —P =0
Solving
P=1061b

=37

(Sl (rmdazma 1okl 5 (5515

=38

12/2/2025
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UN
tanp=—="—"—=
® N H
Job WYoleo

S - Rsin(6+¢)=0

SF, =o0:

R cos (0+¢)-W =0

Upward screw motion

(Sl (rmdame 1ol 5 (5515

Sy En YL S,ba s>

el Yo B,k 4y o8 > asbew] gl 5L 0,90 e M
M =S5r

M =R sin(0+¢)

M =W tan(0+¢)

\ tan(qas):/us Sebiw] SElasl 4yl5

n

Upward screw motion

tan(g, )=, ez SShol al;
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T onl Sib a s >

6> ¢

M'=rW tan(0 —¢)

Downward screw motion (6 > ¢)
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Downward screw motion (0 < ¢)

0<o h=ti

Self-locking screw (8 =¢)
n
M"= rWtan((p = 9) (on the verge of rotating downward)
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Sl pmmmazen il 5 53915, 8-47

> F.=0= —(T+AT) cos(402) + Tcos(AO2) + uAN
2 F,=0= - (T+AT) sin(462) — Tsin(462) + AN

cos(A40) = 1 4sin(A0) = A0 (\bol, v DAO 1y aS oS 8o
:f“"i)") uYol.mghS).:sAH—)O, ..\D-U.J;SAQ, )JML’

AT

—(F +ATY+ P +uAN =0 —> g =——
P +ATY+ ¥ +u o=
—T +A;V)A79—T A76’+AN :0—>—TA9+£:0

Y7,

8-48
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Given: D _...L, p, M
Find: F

Solution:
J)_EA_ECASPA.;L:.“J—‘)Q &=

ly slid (g5 (m i YL
;LSL;O «b)b

S riadlypl e dazme eaaS g (55500,5

S riadlypl i dazme ealaS g (5)500,5

tanG:L:L
2ar  2a7
0=777
W=F
tang=u=.2
p=113"  abl 0 zo ¢ O>0
Then FOMNIPUIEK o

M = Wrtan(é) + (p)
M = Frtan(f) +¢)
M
L5

i T REETER)

12/2/2025
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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 p=0.4. Determine the torque M that should be applied to

the screw to start lifting the 6000 1b load acting at the end of member ABC.

Given: D, L, p, F 6000 Ib
Find: M

S riadlypl e dazme i g (55500,5

S riadlypl i dazme ealaS g (5)500,5
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6000 Ib

L W00 lSin.-§-—10in.4

tana = 10 =4
25

a=218"

and

tang, =y, =4

9, =218"

tanf = L = 2
2zr 271'(.25)

0=17256"

Find F,,, from ZMA =0
F,, cosa(10)+ F,, sina(20)
—6000(35)=0

F,, =12565 Ib

Then

M =Wrtan(0 +¢)

M =(12565)(25)tan(7.256° +218° )
| M =1745 ib— 1t |

The rod has a weight W and rests against the floor and wall for which the
coefficients of static friction are p, and pg, respectively. Determine the
smallest value of 0 for which the rod will not move.

Given: W, L, u, u
Find: emin

(Sl (rmdazma 1okl 5 (5515

12/2/2025
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5 unknowns, 3 equilibrium equations and 2 friction equations

(Sl (rmdazma 1okl 5 (5515

Impending Motion at All Points

(Sl (rmdazma 1okl 5 (5515

12/2/2025

29



Equilibrium Egs.

Zsz():

F,-N, =0

ZFy=0:

F,+N,-W =0
ZMA=0:

NB(L sin 6)+ F, (L cos 9)— W(g cos 9] =0

(Sl (rmdazma 1okl 5 (5515

slipping must

occur at A & B
F,=pn,N,
Fy =Ny
and substituting
W
AR ERTNTH
NB — “’AW
T+ g
tan¢9=—1_”A”B
2p,

(Sl (rmdazma 1okl 5 (5515

12/2/2025
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The block C has a mass of 50 kg and is confined between two walls by ~ MF1
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 p,=0.3 and p,=0.6.

Given: W¢, Wg, 1y g
Find: P

Solution:

(Sl (rmdazma 1okl 5 (5515

¥

Ny

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.

31
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MF1 confine: restrict
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Impending Motion at Some Points

WBlock
FA

(Sl (rmdazma 1okl 5 (5515

sz =0:
N, —40(9.81)-50(9.81)=0
N =882.9N

ZMO=O:

F,(0.4)— F,(0.4)+ P(0.2) =0

ZFX=0:

-F,—F,+P=0

(Sl (rmdazma 1okl 5 (5515

32
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Assume spool slips at A, then

F, =n,Ny

F, =(.3)(50)(9.81)

F, =147.2N

Solving

F, =441.4N

P =589N

Assume slipping at B, then

F, =N, =.6(882.9) =529.N
Since this larger than 441.4N,then
the original assumption is correct.

The three bars have a weight of W,=201b, W; =40 1b and W= 60 Ib,
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: W,, Wy, W 1p, Hags Hep
Find: P ; tomoveA

We should consider one
of the following
conditions:

1- If blocks A & B move
first

2- If blocks A move first

(Sl (rmdazma 1okl 5 (5515

; C kcp=0.5)
B by =0.3
A Pap=02—>P

12/2/2025
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Entire series of boxes

(Sl (rmdazma 1okl 5 (5515

If blocks A & B move first

(Sl (rmdazma 1okl 5 (5515

12/2/2025
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NAB
P
If blocks A move first Nap
(S il oo a5 5 (55919, 8-69
Syl oo a5 5 55919, 8-70

35



If blocks A & B move first

Ncg=W+Tsin0
Fyc

| B Hpa = 03&‘
> 7A (FAD=0.2>—>P
FAD I
NAD

(Sl (rmdazma 1okl 5 (5515

T=46.36lband N, =81.821b

If blocks A & B move first

szZO:

Neg=W+Tsin0
Fyc

| B Hpa = 03&‘
> 7A (FAD=0.2>—>P
FAD I
NAD

(Sl (rmdazma 1okl 5 (5515

N, —Ngy —60=0
N, =Ngy+60=0

N,, =141.821b

ZFX:O:

P—pepNeg —HapNy\p =0
P=.5N+.2N,,

P=69.271b

12/2/2025
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If blocks A move first

Z

ZFy=O:

AB_T(%J—IOOZO Nip =Ny =20=0

T =40.481b
N, =119.051b

2h=0: N, =139.051b
ZFX=0: P-u.N. —u.N.=0 AD = o
" HagNap “HapNap P=63521b
HapNp —T—=0
17
3N, — T% =0 Therefore block A moves first

(Sl (rmdazma 1okl 5 (5515

The crate has a weight W and the coefficient of static friction at the surface
is u,=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:
P
Find: = :
Solution: ‘ 9}

(Sl (rmdazma 1okl 5 (5515

12/2/2025
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Equilibrium Equations

ZFy=0:

N +Psin0—-W =0

ZFX=0:

Pcos6—F=0

S riadlypl i dazme ealaS g (5)500,5

12/2/2025
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= \AL
 m—a
O

(S il oo a5 5 (55919,

Friction Equations
F=uN=.3(N)
substituting into the equilibrium equations
Pcosf—-.3N=0
poN
cosf

P

=W,

1

and

N+ Psin6—W =0

N+ ('3—N)sin9 -W=0
cosf

N(cos6 +.3sinf) = Wcos0

Syl oo a5 5 55919,

Wcos0
(cos® +.3sind)
3W
(cose +.3sind)

12/2/2025
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for minimum P, dap =0
do

dpP { sinb —.3cos0 }

do (cosf +.3sind)’
or

sinf —.3cos0 =0

and

6=16.7"

(S gl ez iS5 (50,5

d’P _ .3W{ (cosO +.3sinf) + 2(sind —.3cos )’

de’ (cos +.3sin6)’

at 0=16.7°

3%) =.2873W >0 therefore, P is a minimum
3W 3W

P
cosf +.3sinf) (cos16.7° + 3sin16.7°)
P=.287W

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 p;=0.35 and between the dolly and the

crate, p,=0.6.
Find:

(Sl (rmdazma 1okl 5 (5515

—0.6 m— -
l’—“—b- C I.5m
0.8 m \\\\
+— L D
025 mB @4

12/2/2025
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F—06m—
W
PT c 1.5m
A\
0.8 m
AL
TE —— D

025 m@n X | @A

F—0.6 m— o

S Iyl > dazme kiS5 559105

F—0.6 m— o

S Iyl > dazme kiS5 55905

F—06m—
PT 7o I.5m
\
0.8 m \
TE ] = 1D
025 m@n [l ©x 0.25 m
r
’ ND L_.{ 0.25m
‘ 1.5m
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—0.6 m—] -

P - C 1.5m

0.8 m
]
o 1D
||
ND

(Sl (rmdazma 1okl 5 (5515

Equilibrium For Tipping

> F,=0:

N, —60(9.81)=0

N, =588.6N
ZFX=O:
P-F,=0

> M, =0:
588.6(x)—P(.8)=0

—0.6 m— -

PT» o 1.5m
0.8m \
¥y
a
L—.O Sm

N,

. 3
0.25; m@) B l
i N
B 1.5m

(Sl (rmdazma 1okl 5 (5515

Equations for Sliding at A
D> F,=0:

N, +N, -60(9.81)-10(9.81)=0

D> F, =0:

P-F, =0

> M, =0:

N, (1.5)+P(1.05)
~60(9.81).95)—10(9.81).75)=0
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Friction at D

f—0.6 m—} o
Assume crate slips on dolly
F, =u,N, =.5(588.6)
F, =2943N
P » ¢ 1>m Substituting
Gfm \ P=294.3N
\] X =.4m
> i since x > .3 the crate tips and tipping
025 m@)B K T A occurs when x =.3m.Then
P=220.7N
{ ND| L 0.25m
15 F, =220.7N
| 2 m

(Sl (rmdazma 1okl 5 (5515

Sliding at A

—0.6 m— o

(Sl (rmdazma 1okl 5 (5515

Assume crate slips on dolly

F, =u,N, =.35N,

and

P-F, =0

P=.35N,

substituting

N, (1.5)+ (35N, )(1.05)
~60(9.81).75)-10(9.81)(.75)= 0

and

N, +N, —60(9.81)-10(9.81)=0

solving

N, =4548N

N, =231.9N

P=1592N
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Coulomb (“Dry”) friction

Consider a simple experiment where we slowly pull point p:

- A

Remarkably, the force that produces slipping is reasonably
accurately given by

Fyip =H N,

coelticient of friction contact normal force

1 depends on: * the contacting materials
« surface roughness &/or preparation
 environment
* many other factors ...

4 1s assumed to be independent of:
« area of contact
* sliding velocity

il pmmmazn il 5 5915, 8-88
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Closer look at the behavior when slipping initiates:

for:
initiation of slip (impending slip)  F,=u, N

for subsequent slip (sliding) Fo=uy N

U, = coefficient of static friction
U, = coefficient of kinetic friction

Angle of friction
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

O.=tan™ p_

60, defines the maximum angle of the resultant reaction force
with respect to the normal direction:
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*a/2**m’2’|

*IN
Resultant Normal
and Frictional Forces

Impending Motion: In cases where /
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.

The location x of N
Y P coincides with the
P> centroid of the loading
h diagram (3 forces should
- F pass through one point)
\ 0 and is necessary in order
to balance the tipping

- effect caused by 2

Theory of Dry Friction |

Equilibrium - Tipping

Wx =Ph

In particular, the block will be on the verge of
tipping if Nacts at the right corner of the
block, x =a/2

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, rdenotes 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.

(gl ez iS5 5 (50,5
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