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SUMMARY  

1. Contact-resonance AFM : Introduction  

2. Indirect vs direct modulation methods  

5. Calibration of the cantilever’s force constant 
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3. Modelling of the cantilever dynamics 

Analytical models 

Finite elements modelling 

7. Imaging techniques (from fixed frequency to DFRT) 

8. Some recent advances  
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Force – distance curves (1986) 

AFM nanomechanics : 2 different approaches 

1. « Vibrating » contact mode 

2. Force distance spectroscopy approaches 

Force modulation (Maivald 1991)  

Contact-resonance (Yamanaka, Arnold 1994) 

Ultrasonic force microscopy (UFM) (Kolosov 1993) 

At low frequencies 

At high frequencies 

DFRT (Dual Frequency resonance tracking) (Rodriguez 2007) 

DART (Dual AC resonance tracking) (Asylum 2011) 

Force – volume (mid 1990’s) 

Pulsed Force microscopy (van der Werf 1994) (Witec early 2000’s) 

Harmonix (Sahin 2007), Peak-Force (Bruker 2008), QI (JPK 2012) 
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Maivald Nanotechnology 1991 

THE ANCESTOR OF CR-AFM 

Force modulation microscopy 
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kc=3000 N/m 

Hertz model 

r=10 µm 

Δzm=25nm 

Ms: indentation modulus 

THE ANCESTOR OF CR-AFM 

On infinitely hard sample 

R : calibration factor Calculation very 

sensitive to the value 

chosen for as (contact 

radius)  4 



ULTRASONIC FORCE MICROSCOPY (UFM) 

Mechanical 

diode effect 

(non l 

Non linear detection 

of f(d) separation 

Kolosov 1993 

Dinelli 2000 

Cuberes 2001 

 

Piezo thin plate  

~ fult few MHz Sawtooth modulation (few volts)  

~ few kHz 

 
Averaged force 

Amplitude used 

To create elastic 

image 

Advantage: 

kc ~105 times higher 

at 3 MHz 

 

Disadvantage: 

Quantification not easy 
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• the contact area 
 

• Elastic properties of the surface (E,) 
Nk depends on : 

Cantilever-tip-sample system 

(      elastic indentation depth ) 

First approximation : 

contact = spring = normal contact stiffness 

IDEA: To probe the 

local elastic deformations 

of the tip-sample system 

by means of cantilever’s 

resonance frequency 

in contact mode 

The variation of kN according to F is predicted by Contact Mechanics Theory 

CR-AFM 
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Amplitude of vibration and resonance frequency depends 

on the contact stiffness kn 

tsinFFF excitation0 

Applied force is modulated 

if Fexcitation is small 

LINEAR REGIME 

Problem to solve : 1. Relation between resonance frequency and kN 

 

2. Relation between kN and E 

CR-AFM 
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INDIRECT MODULATION METHODS 

The cantilever is  

not directly excited 

The sensitivity to  

Hard samples is 

Better using higher  

harmonics 

Modulation via the cantilever holder 

Silicon sample Prasad et al (2002) Geophys Research Lett 29:13-1 

F. Mege, PhD thesis 2011 

U. Rabe et al Surf. Interf. Anal., 27, 1999 

K. Yamanaka et al, Jpn. J. Appl. Phys., 35,1996 
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U. Rabe and W. Arnold., Applied 

Physics Letters, 64, 1994 

U. Rabe et al, Review of Scientific 

Instruments, 67, 1996 

The cantilever is  

not directly excited 

Modulation via the sample 

holder 

AFAM (Atomic force 

Acoustic  microscopy) 

Silicon sample 
F. Mege, PhD thesis 2011 

Wide band 

Possible subsurface observation of subsurface defects 

Possible mechanical coupling effects 

INDIRECT MODULATION METHODS 
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DIRECT MODULATION METHODS 

The cantilever is  

directly excited 

Magnetic excitation 

O. Piètrement, 

PHD Thesis (2000) 
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The cantilever is  

directly excited 

Electrostatic excitation 

S. Cuenot, PhD thesis 2002 

R. Arinero, PhD Thesis 2003  20
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DIRECT MODULATION METHODS 
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The cantilever is  

directly excited 

Elastic Modulus of suspended nanotubes 

Polypyrrole 

nanotubes 

Uncertainty between 15 and 30% 

For diameter larger than 100 nm  

Uncertainty between 25 and 45% 

For diameter lower than 50 nm  

Cuenot et al, 

JAP, 93, 2003 

DIRECT MODULATION METHODS 
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Sample 

Sample 

holder 
Topography 

 

Feedback- loop 

Piezo tube 

Photodetector 

Lock’in amplifier 

Elasticity 

images 

Resonance 

spectra 

PC acquisition card 

CR-AFM 
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 Objective: to find the link between resonance frequency and contact stiffness 

~15° 

sample 
kN 

kT 

CONTACT =   

Normal and horizontal components of the tip displacement 

A normal spring kN + An horizontal spring kT  

2 situations   
kT = cte  0  

Geometry of the 

problem 

kT = 0  

« Glued contact » 

« Sliding contact » 

MODELLING OF THE CANTILEVER DYNAMICS 
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ANALYTICAL MODELS 

 Resolution of the Euler-Bernouilli beam equation with adapted limit conditons 

kT modifies the 

curve frés= f(kN) 

 The most frequently applied model 

 Analytical model allows to understand the influence of several parameters: kT, 

   heigth and position of the tip, excitation mode (direct or indirect excitation)… 

Problem:  Analytical model do not allow to take into account the exact geometry 

Of the cantilever (V-shaped…) and the distributed electrostatic excitation. 

15 



2

2

4

4

)(
t

z
Sdydy

y

z
EI









 

    tyztyz sin, 

  yiyiyy
DeCeBeAeyz

  

A, B, C, D determined from 

boundary conditions 

Harmonic solution 
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System of 4 equations  

With 4 unknowns A, B, C, D 

Bending 

Moment 

Shear 

Force 2

2

dy

zd
EIM 

3

3

dy

zd
EI

dy

dM
T 

Clamped-free  

oscillations 

Beam deformation of modes n 

MODELLING OF THE CANTILEVER DYNAMICS 
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Simple case 

Clamped beam coupled with a normal spring 
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point A :  
                                                              

  (null deflection) 
                                                          

(null slope at the  
clamped end)  
                                                        

 (null moment)  

Yamanaka et al  

point B :  
                                                              

(shear force in equilibrium 

with spring reaction) 

3l
L

EI3k 

Condition for a non trivial solution : 

with 

fn is obtained experimentally, kn is deduced from (*)  

(*) 

MODELLING OF THE CANTILEVER DYNAMICS 
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MODELLING OF THE CANTILEVER DYNAMICS 

Ratio = 4.4 
1<kN/kl<100 

10<kN/kl<500 

50<kN/kl<1000 

Sensitivity of the cantilever 

with respect to the sample rigidity 
Example: 

 
Probe : kL  3 

N/m, R  50 nm 

F0  200 nN 

Soft sample 

(Low Tg polymer) 

kN≈10 N/m 

Hard sample (Silicon) 

kN≈1000 N/m 

OK using n=0 

Not OK using n=0 

OK using n>0 
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• Kinetic energy Mass matrix 

 cantilever = N elements of 1 µm length  

4 degrees of liberty 

(slope θ and transversal displacement 

 z at extremities) 
 for each element : 

• Elastic potential energy Rigidity matrix 

 M

 K

Natural frequencies 

Forced vibrations        FqMK
2 

Tip (kinetic nrj) and contact (potential nrj) = Additional elements in the matrix 

R. Arinero, G. Lévêque  

Review of Scientific Instruments, 74 (1), 104-111, 2003 1D Model 

FINITE ELEMENT MODELLING (FEM) 
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Experimental 

verification 

of FEM model 

Increasing Fres with FApplied (or kN) 

Node of detection 

(disparition of the resonance peak 

for specific values of kN !)  

Arinero, Levêque, 

Rev. of Sc. Inst., 74, 2003 

FINITE ELEMENT MODELLING (FEM) 
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Experimental 

verification 

of FEM model 
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Sliding 

No sliding 

PU 3455 

PU 3420 

Anti-resonance 

Resonance frequency of the AFM cantilever, in two cases : 

  
 The sliding contact case (kT = 0) and the no-sliding contact (kT = 2/3 kN).  

 

Dots : experimental points corresponding to two polyurethane samples (PU3455 and PU3420). 

FINITE ELEMENT MODELLING (FEM) 

Arinero, Levêque, 

Rev. of Sc. Inst., 74, 2003 
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 Hertz (1885): 

Existing models: 

sphere-plane models for 

homogeneous et isotropric samples 

Objectives : Find the relationship between kN and E   

The oldest 

Without adhesion 

Indentation depth << R 

3
1

2

N RFE6k
Hertz









 

Sample

Sample

Tip

Tip

EEE
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E : Reduced elastic modulus  

Not frequently used in AFM, 

Adapted for high applied charges 

CONTACT MECHANICS 
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 DMT Model : 
Adhesive model 

« Offset » of Hertz model 

  3
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Adhesion force 

Adapted to hard samples, low adhesion force 

and low tip radius R 

 JKR Method : 
Adhesive model 

Adapted to soft samples, high adhesion force 

and high tip radius R 
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Evaluation of the energy of adhesion between two solids  

CONTACT MECHANICS 
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Reference cantilevers Butt et al., 2005; Gibson et al.,1996 

2
cos)1( 
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Tilt 
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Cantilever 

to calibrate kl 

Reference 

cantilever kref 

Piezo 

displacement 
Deflection 

Tilt angle 

correction 
At the extremity 

of the cantilever 

CALIBRATION OF THE CANTILEVER’S 

FORCE CONSTANT 
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Marker for displacements X=0 

Reference 

cantilevers 

Cantilever to 

calibrate + its 

holder chip 

PROTOCOL K. Bytebier PhD thesis (2009) 
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Calibrated kl=3.4±0.5 N/m 

CALIBRATION OF THE CANTILEVER’S 

FORCE CONSTANT 
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CALIBRATION OF THE CANTILEVER’S 

FORCE CONSTANT 

Thermal noise 
Acquisition of the thermal noise during a finite time interval 

+ Fourier transform  

Mean square amplitude of thermally driven cantilever can be used to 

calibrate kl 

24
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Boltzmann constant 

kB = 1.38.10-23 J/K 

Hutter 1993 

Butt 1995 

Constant relative to mode i 

α1=1.875 (first mode) 

2142
1016.3 rmsTh VA



To convert in m2  

using  

 dffAA
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CALIBRATION OF THE CANTILEVER’S 

FORCE CONSTANT 

http://www.ampc.ms.unimelb.edu.au/afm/calibration.html 



Experimental part : Measurement of fres versus Fapplied 

Theoretical part : 1. Calculation of kN using FEM 

2. kN versus Fapplied curves are fitted by a wall adapted contact  

     mechanics model 

Polymer samples 

 13MPa 

 350MPa 

 1,2MPa 

COMPLETE PROTOCOL EXAMPLE 
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MOTIVATIONS : Problems related to previous method 

• Contact models are isotropic 

IDEA : We want to directly link resonance frequency and elastic modulus 

Based on the master curve obtained with reference samples 

REFERENCE  

SAMPLES: 
1. Must cover a broad range of modulus 

    (polymers, metals, cristals, ceramics) 

2. Must be homogeneous 

3. Must be stable in the time 

• In the case of very hard materials  is indetectable 

• The data involved in the different models (R, kl…) 

  are not reliable enough  

(The apex of the tip is not exactly a sphere) 

CALIBRATION OF  CONTACT RESONANCE FREQUENCY 
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MASTER CURVE FOR A PARTICULAR CANTILEVER 

CALIBRATION OF  CONTACT RESONANCE FREQUENCY 
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Mechanical properties of heterogeneous 

nuclear fuels at the submicrometer scale 

UMo Nuclear Fuel 
Laux, Arinero, CFM (2005) 

EXAMPLE CASE STUDY 

Al 

U – 7 % Mo 
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UMo Nuclear Fuel 
Laux, Arinero, CFM (2005) 

Mechanical properties of heterogeneous 

nuclear fuels at the submicrometer scale 

EXAMPLE CASE STUDY 
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UMo Nuclear Fuel 
Laux, Arinero, CFM (2005) 

Mechanical properties of heterogeneous 

nuclear fuels at the submicrometer scale 

Reference samples 

EXAMPLE CASE STUDY 
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Wood cell-wall 

Mechanical 

Properties 

(Arinero, Arnould, 

Clair) 

ELASTIC CONTRAST AT A FIXED IMAGING FREQUENCY 
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IMAGE PROCESSING FOR RESONANCE 

FREQUENCY MAPPING 

Maps obtained on HIPS 

(high-impact polystyrene) 
Arinero et al., Rev. of Sc. Inst., 78, 2007 
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fim close to f0 

Imaging frequency 

 conditions 

To 

determine 

Ψ=200° 

Lorentzian curve 

Arinero et al., 

Rev. of Sc. Inst., 78, 2007 

IMAGE PROCESSING FOR RESONANCE 

FREQUENCY MAPPING 
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Image processing 

~ E’ 
~ E’’ 

f0 f1 

Storage 

modulus 

Loss 

modulus 

Arinero et al., 

Rev. of Sc. Inst., 78, 2007 

IMAGE PROCESSING FOR RESONANCE 

FREQUENCY MAPPING 
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Pll (phase locked loop) 

s/k=200 and Γ=0.5, 1, 2, 5, 10 

Q~Vmax 

RESONANCE TRACKING WITH PLL 

37 
Yamanaka et al. 

Appl. Phys. Lett., Vol. 78, No. 13, 26 

March 2001 



DRFT OR DART 

Dual ac resonance tracking 

(DART) 
Use of 2 lock-in amplifiers 

Oscillation = Sum of two frequencies f1 and f2 

near to resonance 

ks k’s 

Stiffness ks (before starting feedback)  

Stiffness k’s 

A1=A2=AR/2 

A’1-A’2>0 : k’s < ks 

 
A’1-A’2<0 : k’s > ks 

Resonance tracking: 

 

2
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∆f=f1-f2=constant 

Feedback loop to maintain A’1=A’2 

2

'
2

'
1' ff

fc



Q calculated by damped 

Spring harmonic oscillator 

model 

1 

2 

1 

2 

B J Rodriguez et al 2007 Nanotechnology 18 
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DFRT BY ZURICH INSTRUMENTS 

Double-sideband 

suppressed-carrier 

modulation 

f 

FFT 

f1,2= f0±fmod 

f1 f2 

39 

Typically, 

Δf≥ 2×imaging (feedback) 

bandwith 



SUMMARY OF IMAGING METHODS FOR THE CR -AFM 

From Asylum (CR-AFM application note) 
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Killgore et al, langmuir, 27, 

13983, 2011 

Polystyrene polypropylene blend 

PS regions: f2=792.1 ±31.7 kHz, Q2=37.3 ±5 

PP regions: f2=801.7 ±17.4 kHz, Q2=18.4 ±2.7 

Cantilever modelling 

+contact mechanics 

model 

Scan velocity 

effects 

V=1 µm/S 

OK ! 
Higher scan speeds 

NO ! (contact mechanics 

or instruments effects) 

Dual ac resonance 

tracking images 

Image duration ~1h 

15 µm*15 µm 

256*256 pixels 

Expected at 1MHz 

(DMA low freq and 

low T 

+ Time Temp 

superposition) 

DRFT OR DART: SOME RECENT ADVANCES 
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Hurley and Turner, JAP, 102 (2007) Measurement of Poisson's ratio with 

Contact-resonance atomic force 

microscopy Young’s modulus Shear modulus 

k and K provided by 

Flexural and torsional 

Resonance respectively 

Contact 

area 

Hertzian 

Contact m=3/2 

Flat punch m=1 

Reference sample 

«Unknown» material 

DRFT OR DART: SOME RECENT ADVANCES 
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DRFT OR DART: SOME RECENT ADVANCES 

LIQUID CR-AFM 

Sample: glass blade 

Tung JAP 2014 
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Photothermally Excited 

Contact Resonance Imaging 

in Air and Water 

amplitude cantilever oscillation is 

induced by modulating the blue laser 

power that is focused at the base of 

the cantilever 

DRFT OR DART: SOME RECENT ADVANCES 

Advantage of using photothermal 

actuation becomes clear when the 

contact resonance tunes are 

performed in water 

Kocun, Proksch, Asylum 
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CONCLUSION 

Other aspects to consider 

 

• versatility 

• ease of implementation 

• variety of materials 



THANK YOU FOR 

YOUR ATTENTION 


