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Validity of different models
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Cormrments on thesz tneories
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JKR predicts infinite stress at edge of contact circle.
In the limit of small adhesion JKR -> DMT

Most equations of JKR and Hertz and DMT have been
tested experimentally on molecularly smooth surfaces
and found to apply extremely well

Most practical limitation for AFM is that no tip is a
perfect smooth sphere, small asperities make a big
difference.

Hertz, DMT describe conservative interaction forces,
but in JKR, the interaction itself is hon-conservative
(why?) ..for a force to be considered conservative it
has to be describable as a gradient of potential energy.
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Effect of capillary condenstion
Capillary

adsorbed water in the
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Capillary force models range from simple to
complex

purpToNg dependence on humidity



From elementary beam theory, if E=Young’s modulus, |
=bh3/12 then

d=w(L)=F L3/(3EIl), and q=dw(L)/dx=FL2/(2EI)

Deflection and slope linearly proportional to force sense
d at the tip

k=3EI/L3 is called the bending stiffness of the cantileve
.
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Classical beam theory

Understanding internal resultants
(shear force, bending moment and

axial force in a beam
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M(x)  V(x) :Internal shear force (N)
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F(x): Internal axial force (N)
V(x) M(x): Internal bending moment (N.m)



Classical beam tnzory

Relationship between V(x) and M(x)

Key Equation

Applied Load

Derivation

wa i
M(x) M(x+Dx)
ﬂ = p(x) p(x) N/m i, L(X+Dx)
ax TW V(x)+ p(x)AX = V(X + Ax) = 0,
as Ax — 0 we get av = p(x)
dx
AX
M(x+ Ax)—M(x)—V(x)Ax — p(x)Ax(—): 0
M 2
d_ =V(x) dm
X as Ax — 0 we get — = V/(x)

adx
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veam tneory- stress/strain

R

O
(e
(G
2
O
2

l Reality
J) Neutral axis (NA) Neutral axis (NA)
— VAG — DA —
> € (X, V) =pimarsso (p=y)30-pAg S
pAO P
4 —E d’w
Y O-xx(x,y):—yN— y :
p dx Ay

E:Young's modulus (N/m’or Pa)
[ - > bending
)X

. Dx

Undeformed beam segment E:for‘med beam segme

PURDUE Key: s, varies linearly across section

) 7 T 1 E
\ B
X




“
L;L
O
(e
D—
\
D
(S
c.-\
1

h) 7
> XXxy
XD
+b/2 hl2
j J' ~(Xx)dydz)y
z=-bl/2 y=—h/2
+b/2 h/2 2 2 +b/2 h/2
or M(x)= j j Ezd dyd 7= EZ W(2X) J j y*dydz
z=—b/2 y=—h/2 dX z=—b/2 y=—h/2
2 3
or M(x)=El g w(x) Wherelzzzbh (area moment m')
3
Likewise V(x)=El 2 ng)
dx

Finally EI

d4()

= p(x) to be solved with boundary conditions at x =0, L

s
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. | | beam Theory
xamplel
P Tt T T e (m
£ diw(x)
v p, = X +C,
2
d W(ZX) :1&x +C,X+C, = aw(x) =0(x):1&x +— 1 c, X’ +C,X+C,
ax 2 El ax 6 El 2
W(x)=— 1 Py +1cx +1cx +C,X+C,
24 EI 6 2
Boundary conditions
2 3
w(0)=0(0)=0 EI° W(zL) _g/° WgL) -0
dx dx
(no point moments or force applied at x= L)
2
=c,=c¢,=0,c ——pLL,c:2 :1p°L
El 2 EI
4 3
wil)=s =Pt gyg 1Pl 0 _ 4,
8 EIl 6 El o 3
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Example?2

d*w(x)
dx’
N dw(x)

dx

1 1
w(x)=—c, x> +—C,Xx* +C,X+¢C
6 1 2 2 3 4

AN
]

El 0=

=0(x) = %qxz +C,X +C,

Boundary conditions

2 3
w(0)=00)=0 E/° WEL) _0e’? ng) - _F

dx dx
(no point moment applied at x = L)
=c,=¢,=0,c ——ic —ﬂ

T BT E
3 2
W(L):6:1i, Q(L)zezli:QZEL
3 EIl 2 El o 3

F = ko, where k = 3—6’ is the static bending stiffness of thecantilever
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The four-quadrant photodlode

Courtesy— J. Gomez—Herrero, UAM, Spainﬁ'

a) Vertical bending
Up | A+tB=UP
Down | C+D=DOWN

b)Lateral/torsion motion

left

O

Right

A+C= LEFT
B+D=Right

Commercial AFMs measure the rotation angle!!! (bending or torsion))
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AFM Block Diagram

Personal Computer

Veeco VX

SPM Signals

/; y-Z piezo tube scanner

SFM 3 dimensional image of a
tumor cell HeLa (37x37[¥)m?)
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Z-Servo Bandwidth: <1kHz
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rorce-displacement curves
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Three distinct regions

If k is known then from the static-force distance curve, F(d)
can be calculated for all d except for inaccesible range near snhap

v

-in
Pull-off force ~ F,4which can be converted to W5, (work of adhesion
between two infinitely wide planes)

Slope in IIT is good measure of repulsive forces (local elasticity)

PURDUE Animation courtesy J. Gomez—Herrero, UAM, Spain)



Flow To exitract rorce-indentation

curvzs

rrom force-distancez curves

Often AFM is used to measure the nanoscale mechanical properties
of soft materials such as polymer films, biological tissue etc

For such materials we would like to know the so called f
orce-indentation curves

With the calibrated force-distance curve, first recenter the Z=0 w
hen cantilever deflection is zero (not necessary, but often done)

kd =k(d-Z)

(0,0)p
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Data regime where local )
elasticity is calculated)

Indentation d )

Measured data: k(d-Z) vs. Z
Convert to: k(d-Z) vs. d
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Force spectroscopy - an example
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Convert deflection vs. displacement curves to force vs. distance (qap) curves

Approach Approach
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A A Usually d axis is recentered to zero where force is a minimum




Next class

" Practical aspects of force distance
curves
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