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Abstract 

The wedge calibration method is the most popular calibration technique in friction force 

microcopy for converting raw lateral laser deflection signals (in volt) into forces (in newton). Recent 

trends in nanotribology demand the use of the method at nanonewton (nN) force ranges, however, we 

found that this method fails at these small forces. The objective of the present work is to identify the 

reason why the conventional wedge calibration method fails at nN force ranges. We found that the 

equation used in the model in this method amplifies experimental errors by orders of magnitude only at 

small setpoints purely due to its mathematical expression. In general, signal-to-noise ratio is poor at 

small setpoints, thus this low tolerance against experimental errors in nanonewton force ranges 

completely gives an inconsistent calibration. We identified that the condition, under which the method 

operates accurately, is adhesion << setpoint. Discovery of this operation range (adhesion << setpoint) 

is important, because performing the calibration under other conditions can wrongly calibrate the system 

by orders of magnitude. Our result imposes a warning to the field that the conventional wedge calibration 

method has to be conducted at setpoints much larger than adhesion forces for the accurate calibration.    
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1. Introduction 

Lateral force microscopy (LFM) is an atomic force microscopy (AFM)-based technique used in 

studies of frictions in tribology. The fact that AFM can control very small forces at nanonewton (nN) 

scale opened the field of nanotribology1. This significantly contributed to our understanding in the 

influence of lubrication in different matterials2, which is important for selecting the right lubricants for 

extending the lifetime of machines3. Since the development of the LFM technique, the importance of 

friction studies is being recognized also in many other fields, including orientation guiding in crystals 

growth4, fundamental studies in atomic interactions5, and in the field of biomaterials science for 

characterizing the interaction between implants and surrounding body tissues6. 

In AFM, the deflection of the laser reflected on the backside of the cantilever is detected by a 

position sensitive detector (PSD). This raw signal includes two directions, “vertical deflection” that 

corresponds to the detection of vertical forces and “lateral deflection” for the cantilever torsion, hence 

the lateral forces. Both deflection signals have a unit of volt (V) due to the detection mechanism of the 

PSD. To correlate this deflection (in volt) into force (in newton) or distance (in meter), depending on the 

parameter of interest, users perform calibration procedures.  

The calibration of the vertical deflection is straightforward, commonly performed by established 

methods known as thermal calibration method7 or force-curve calibration method8. However, the 

calibration of lateral deflection is much more difficult mainly due to the fact that the measurement of 

torsional bending constant of cantilevers is more cumbersome. Two major classes of calibration 

methods have been developed for the lateral deflection9.  

The first class, known as indirect or multi-step techniques, requires an initial step that relates the 

applied lateral forces to the torsion of the cantilever, followed by a second procedure that correlates the 

torsion to the laser read out at the PSD9. These multi-step techniques include the method based on the 

direct force application on the cantilever by another AFM or optical tweezers10, the static loading 

technique11, the approach using lateral deflection of a reference beam12, direct read out of a lateral force 

on a sensor plate13 or a thermographic noise method of the torsional resonance frequency14 combined 

with the torsional Sader method15. Geometrical cantilever analysis techniques16,17, where the torsion 

spring constant is directly estimated from a high-resolution scanning electron microscopy (SEM) image 

of a cantilever and the properties of the material, are the other indirect techniques often used to calibrate 

the cantilever lateral deflection. Nevertheless, all the multi-step calibration techniques are labor-

intensive, which makes their frequent use difficult during the AFM measurements. Thus, cantilevers are 

typically calibrated only once for a certain model of a cantilever, and the same calibration is used for the 

rest of all the experiments. It could potentially induce errors, because the tip from the same model from 



3 of 23 
 

the same manufacturer can have different properties due to the nanofabrication errors18,19,20, and even 

an identical tip can alter its behavior over time due to the tip wearing21. 

The second class of torsional calibration techniques is known as direct or single-step techniques. 

The major advantage of these techniques is their simplicity to perform the single-step calibration directly 

by AFM without combining other tools such as SEM and optical tweezers. It enables the use of the 

calibration for multiple times during LFM experiments to assure the accuracy of the calibration. Among 

a number of approaches that fall into this class, the most accepted one is known as wedge calibration 

technique9. The technique was first developed by Ogletree et al. They succeeded in correlating the raw 

lateral signals (lateral deflection) to the lateral forces through a mathematical model that describes the 

force interactions between the integrated cantilever and a slope22. A single strontium titanate crystal, 

which naturally has an atomically defined grating (slopes), as a substrate and triangular integrated 

(pyramidal-shaped) tips were used in their work. Their mathematical model for processing the acquired 

scan-line data is the basis of the wedge calibration method. Other researchers23, including Khare et al., 

have expanded this technique for the application towards spherical tip probes. Varenberg et al. further 

modified these method24 for making it more intuitive and user-friendly. An important difference is that 

their model requires the measurement of a new parameter, adhesion 𝐹A, which is separately quantified 

via force curves. Their approach has an advantage for eliminating some instrumental errors due to 

thermal drifts, which demanded an extra labor-intensive step in the original calibration method22. Their 

technique is also applicable both to integrated probes and colloidal-tip probes. A commercially available 

calibration grating was employed, which avoids the necessity of growing the crystal25 used by Ogletree 

et al. A drawback of the wedge calibration method is that it heavily relies on the accuracy of the 

mathematical model. When the used models for the mechanical and physical description of the system 

are not appropriate, the technique is more prone to failure. Nevertheless, their wedge calibration method 

is among the most popular calibration technique in friction force microscopy, commonly used at the force 

range of micronewton to millinewton. However, its use at nanonewton force range has never been 

reported. In fact, we found that the method fails below several nanonewton setpoint. 

The objective of the present work is to identify the reason why the conventional wedge calibration 

method fails in nanonewton force ranges. We found that the expression of the formula used in this model 

amplifies the experimental errors in the final output by orders of magnitude only at nanonewton 

setpoints. This extremely low tolerance against errors at small setpoints is the reason for the failure in 

this model, because experimentally errors are never zero in AFM at a finite signal to noise ratio.   
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2. Materials and methods 

2.1. Atomic force microscopy 

Atomic force microscopy (AFM) was carried out with NanoWizard® 3 AFM (JPK instruments, Berlin, 

Germany) equipped with AFM controller Software version 6.0.32. All the measurements were performed 

in an acoustic enclosure (JPK instruments, Berlin, Germany). Atmosphere within the enclosure was kept 

at fixed temperature (T ≈ 25 °C) and at relative humidity under 10 %, where the effect of adsorbed water 

is negligible26,27, by a continuous flow of filtered and humidity-reduced compressed air. Imaging was 

carried out in contact mode at the acquisition speed of 1 m/s. During imaging, integral gain was kept 

at 110.0 ± 10 Hz, with a proportional gain of 0.002 ± 0.001. For each vertical stiffness, experiments were 

repeated with a few different AFM cantilevers for testing the reproducibility. For each tip, three areas 

were scanned per setpoint, yielding 606 images in total; (2 - 3 tips per one vertical cantilever stiffness) 

x (3 - 9 area) x (13 – 36 setpoints per tip). The area size was 10.0 m (fast scanning direction) x (2.0 ± 

0.1) m with a pixel number of 128 x 25 ± 5. In total, the amount of the analyzed data was over 16’000 

line scans. 

 

2.2. Tips and calibration gratings 

Table 1: Tip specifics, declared and measured. 

 
 

HQ:CSC38 - C 
(𝐾N = 0.03 N/m) 

HQ:CSC38 - A 
(𝐾N = 0.09 N/m) 

HQ:CSC37 - C 
(𝐾N = 0.3 N/m) 

D
e
c
la

re
d

 

Tip Radius28 (nm) < 30 < 30 < 35 

Length29 (m) 350 ± 5 250 ± 5 350 ± 5 

Width29 (m) 32.5 ± 3.0 32.5 ± 3.0 35.0 ± 3.0 

Thickness30 (m) 1.5 ± 0.5 1.0 ± 0.5 2.0 ± 0.5 

M
e
a
s
u
re

d
 Vertical 

Stiffness 𝐾𝑁 
(N/m) 0.028 ± 0.002 0.10 ± 0.02 0.32 ± 0.03 

Vertical 

Sensitivity 𝑆𝑁 
(nm/V) 96 ± 38 59 ± 5 49 ± 1 

 

All AFM tips used in this work were bought from Micromesh (Sofia, Bulgaria). Two specific series 

were used, each of which has three cantilevers with different stiffness. For higher stiffness cantilevers, 

the series HQ:CSC37 / Cr-Au was used. For medium and low stiffness cantilevers, the series HQ:CSC38 
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/ Cr-Au was used. As the cantilever vertical stiffness is a key aspect to estimate load and adhesion, 

each cantilever was calibrated through thermal noise calibration technique7 available to the user within 

the AFM controller software. The parameters are listed in Table 1. 

Prior to use all cantilevers were cleaned by plasma treatment (IoN 3MHz, PVATePla, California, 

USA) in argon atmosphere (PanGas, Dagmerstellen, Switzerland, Purity Grade: 5.0) for 25 minutes at 

150 W power and 0.46 mbar pressure, as it was shown that tips are often heavily contaminated by 

packing and production residue31. The variation of the tip radius and the surface roughness due to this 

cleaning process is expected to be negligible32. These tips were then left in vacuum (< 20 mbar) at least 

overnight to reverse any surface activation33. TGF11 series, trapezoidal calibration grating with the 

average measured slope angle of 54.09° ± 0.14° (MicroMash, Sofia, Bulgaria), was cleaned by 

sonication in acetone (HPLC grade, Fisher Chemical, Pittsburg, USA), isopropanol (HPLC grade, Fisher 

Chemical, Pittsburg, USA), MilliQ water (EMD Millipore, Billerica, USA) twice to get rid of any chemical 

residues, dried with nitrogen (PanGas, Dagmerstellen, Switzerland, Purity Grade: 4.5), and stored under 

vacuum. After the tip was mounted on AFM and the grating was placed on the holder, the entire AFM 

setup was left in the enclosure for an additional one night to stabilize the temperature (T ≈ 25 °C) and 

the relative humidity (< 10 %). During the experiments, the enclosure was opened for a short while only 

when the position of the grating was moved for scanning different areas. After these procedures, the 

enclosure was closed and we waited at least 20 min to re-stabilize the temperature and the humidity.  

 

2.3. Adhesive force and line scan data analysis 

Adhesion between the tip and the substrate (𝐹𝐴) was extracted from force curves (Figure 1). The tip 

was approached from height of 𝑧 = 2 m towards the surface at an approach speed of 0.5 m/s and 

was retracted at the same speed. At least nine force curves were taken per tip, per setpoint, per area, 

and their average values were used in the analysis. All force curves were handled with JPK-DP 

proprietary software version 6.0.36 (JPK instruments, Berlin, Germany). The baseline was removed 

(with an implemented software-function) and the lowest point in the retraction curve was taken to 

determine the adhesive force or pull-off force. AFM images were analyzed by a home-made program 

written with MATLAB® Software (MathWorks, Natick, USA) for processing the large amount of data. The 

actual setpoint that is read from the vertical deflection is often slightly different from the one that users 

specified. Therefore, the value directly measured by the instrument was used in the analysis to minimize 

the error34. Note that MATLAB® software digit precision is 32-bit, which is enough to process the raw 

data stored by the JPK measurement software (21-bit) accurately. Random data sets were manually 

analyzed to verify the consistency and correct functioning of the program.  
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Figure 1: A scheme, showing ideal force curves for approach (blue) and retract (red), from which adhesion (𝑭𝑨) is 
extracted. 

 

2.4. Data fitting 

Linear fitting was performed with the ‘Curve Fitting Tool’ in MATLAB®. A first order polynomial fitting 

was used according to the function: 

 

𝑦 = 𝑓(𝑥) = 𝑎𝑥 + 𝑏, Eq. 1 

 

where 𝑎 is the fixed and 𝑏, the y-intercept, is the open parameter. No robust fitting (e.g. least absolute 

residuals (LAR) or bi-square weights) was used as it would have weighted the data differently35,36. 
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3. The wedge calibration theory22, 24 

In this section, we outline the wedge calibration method developed by Ogletree et al.22 and modified 

by Varenberg et al.24 The equations only directly relevant to our work are shown, thus supplementary 

information and the original publications22, 24 should be referred to for the details. The goal of the wedge 

calibration method is to obtain the calibration factor 𝛼, with which we can convert the raw lateral 

deflection signal 𝑊 in the unit of volt (V) into lateral forces 𝐹∥ in the unit of newton (N). Once the 

calibration factor 𝛼 was obtained for a certain tip, LFM is ready to use with different substrates and even 

at different humidity.  
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Figure 2: Schemes of the tip movement on a sloped surface (grating) (A) during uphill cantilever movement (from left 
to right) and (B) downhill cantilever movement (from right to left). (C) Ideal lateral deflection signals and (D) height 
profile, while scanning a sloped surface. Color code corresponds to the schemes.  

 

The first step of the wedge calibration method is to obtain line scans of lateral deflection, while an 

AFM tip is scanning on a calibration grating with a known slope angle 𝜃 (Figure 2). These line scans 

enable the extraction of the sloped loop offset (Δslope), flat loop offset (Δflat), and the sloped half-width 

loop (𝑊slope) as indicated in Figure 2C. The second step is to measure the adhesion force between the 

tip and the substrate (𝐹A) from the force curves as described in section 2.3. The third step is to substitute 



9 of 23 
 

all the experimentally-measured parameters, 𝐿 (load), 𝐹𝐴, Δslope, Δflat, 𝑊slope and 𝜃, into Eq. 2, which is 

a second order polynomial for the sloped friction coefficient (𝜇). 

  

sin 𝜃 (𝐿 cos 𝜃 + 𝐹A)𝜇2 −
𝛥slope − 𝛥flat

𝑊slope
(𝐿 + 𝐹A cos 𝜃)𝜇 + 𝐿 cos 𝜃 sin 𝜃 = 0 . Eq. 2 

 

Eq. 2 comes from the force and momentum balancing equations around the AFM tip, where the 

momentums are linked to the measured lateral deflection values (Δslope, Δflat, 𝑊slope). Solving Eq. 2 

yields two possible , because Eq. 2 is a second order polynomial. Through an evaluation procedure 

(see supplementary information or the original publications24,22) the correct  will be selected. Finally, 

we substitute  into Eq. 3 for obtaining the calibration factor 𝛼. 

 

𝜇(𝐿 + 𝐹A cos 𝜃)

cos2 𝜃 − 𝜇2 sin2 𝜃
= 𝛼𝑊slope . Eq. 3 

 

Note that  mentioned above is a friction coefficient on the slope of the calibration grating. The friction 

coefficient at the flat part of the substrate can be estimated through the following Eq. 4. 

 

𝜇flat =
𝛼𝑊flat

𝐿 + 𝐹A
 . Eq. 4 

 

In this method, both  and 𝜇 can be obtained from a single set of line scans (trace and retrace). This 

indicates that this method enables the calibration at a single setpoint, and also predicts the friction 

coefficient of substrates at a single setpoint, which is unusual, because friction coefficient is usually 

extracted from the slope of the 𝑓 = 𝜇𝐹N curve, which requires measurements of lateral forces (𝑓) at 

several setpoints (𝐹N). 
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4. Results and Discussion 

 

Figure 3: (A-C) Rate at which 𝝁 is in real domain vs setpoint. To simplify the figure, the value is averaged by a grouped 
setpoints. (A) Low stiffness tips (𝑲𝐍 = 0.03 N/m). Grouping interval: 0.5 nN. (B) Medium stiffness tips (𝑲𝐍 = 0.09 N/m). 
Grouping interval: 1.5 nN. (C) High stiffness tips (𝑲𝐍 = 0.3 N/m). Grouping interval: 4.5 nN. (D-F) Calibration coefficients 
(𝜶) vs. setpoints. (D) Low stiffness tips (𝑲𝐍 = 0.03 N/m). (E) Medium stiffness tips (𝑲𝐍 = 0.09 N/m). (F) High stiffness 
tips (𝑲𝐍 = 0.3 N/m). (G-I) Friction coefficients vs. setpoints. (G) Low stiffness tips (𝑲𝐍 = 0.03 N/m). (H) Medium stiffness 

tips (𝑲𝐍 = 0.09 N/m). (I) High stiffness tips (𝑲𝐍 = 0.3 N/m). For all the plots, vertical dashed lines indicate the adhesion 
forces. Gray areas indicate the region, where setpoints are lower than adhesion forces (setpoint < adhesion). 
Horizontal areas with a diagonal grey pattern in (G-I) highlight friction coefficients’ range reported in literature (0.1 – 
0.37)24,37,38,39-40. 

 

Using the wedge calibration method proposed by Varenbergs et al. shown in section 3, first we 

present how the method fails at nanonewton force ranges. We selected three types of cantilevers with 

different bending modulus (𝐾N = 0.03 N/m – 𝐾N = 0.3 N/m), and performed the wedge calibration method 

at effective setpoints ranging from 0.5 nN to 80 nN (note that the actual effective setpoint applied by 

AFM, extracted from the raw data and used for the calibration, is slightly different from user-input 
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setpoint). The starting point of the wedge calibration method is to substitute all the experimentally-

determined parameters into Eq. 2 for obtaining . We noticed that the values of  determined through 

Eq. 2 frequently fell into the imaginary domain at low setpoints (Figure 3A-C). This already implies that 

the method is not working at these setpoints, because an imaginary number as a friction coefficient 

makes no sense. Especially for the lowest stiffness tip (Figure 3A) this tendency is more prominent. 

Interestingly, the switching setpoint, below which  tends to fall into imaginary domain, is close to the 

adhesion value (dotted vertical line in Figure 3A-C). This indicates that the wedge calibration method 

does not function properly when the setpoint is lower than the adhesion (gray zone in Figure 3A-C).  

Next, for the cases, where  was a real number, we substituted the obtained 𝜇 and the other 

necessary values into Eq. 3 for determining the calibration factor 𝛼. Obtaining 𝛼 is the main goal of the 

wedge calibration method. With the calibration factor 𝛼 we can convert the raw lateral deflection signal 

𝑊 in the unit of volt (V) into lateral forces 𝐹∥ in the unit of newton (N) through an equation 𝐹∥ = 𝛼𝑊. 

Figure 3D-F presents the calculated 𝛼 coefficients for cantilevers with different 𝐾N. At high setpoints 

𝛼 saturates at constant values for all the tips. This is reasonable, because the calibration factor should 

be a constant value independent of the setpoints, as it represents the torsional bending modulus of the 

tip and the capabilities of AFM to read the signal41,42,43. Indeed, other techniques such as the geometrical 

calibration technique assume a constant value over the whole range of setpoints. However, when 

setpoints are smaller than adhesion (gray zones indicated in Figure 3D-F), 𝛼 deviates from the 

saturation value, scatters, or goes to zero. This further indicates that the wedge calibration method is 

not working in this setpoint range.  

In addition, Figure 3D-F highlights an interesting tip-dependency on 𝛼 even if tips with exactly 

the same model from the same manufacturer were used. In multi-step calibration methods, typically the 

calibration is performed only once for a certain model of a tip and the calibration is used for the rest of 

the experiments. It is because the calibration procedure is so labor-intensive that it is difficult to integrate 

frequently between LFM experiments. Our results indicate the risk of approximating 𝛼 for a certain model 

of tips.  

The wedge calibration method further allows us to estimate friction coefficients between the used 

tips and the calibration grating 𝜇flat by substituting 𝛼 into Eq. 4 with the half loop width (𝑊flat) of the flat 

trace (Figure 3G-I). Friction coefficients are only dependent on the two materials that are sliding between 

each other44. This value has often been used to confirm the accuracy of the calibration technique45. For 

our tip made of gold-plated silicon and the calibration grating made of silica, the flat friction coefficient 

should be in a range of (0.1 – 0.37)24,37,38,39 (the range is indicated in Figure 3G-I), depending on the 

conditions of the surfaces24,37,38,39. Figure 3G-I shows that when the setpoints are much larger than 
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adhesions (adhesion << setpoint), the friction coefficient (𝜇flat) saturates within these reported values 

for all the cantilevers with different 𝐾N, while it deviates from the reported range when the setpoints are 

smaller than adhesive forces (setpoint < adhesion, grey areas in Figure 3G-I). It again suggests that the 

wedge calibration method is not functioning properly at setpoints below the adhesion value. The fact 

that we observed a similar trend for 𝛼 and 𝜇flat (both failing below adhesion) is reasonable, because 

𝜇flat is derived from 𝛼 through Eq. 4. 𝜇flat values obtained as an average under the condition that the 

adhesive forces are much smaller than the setpoint (adhesion << setpoint, 𝜇𝐹A< 𝐿
flat ) are summarized in 

Table 2. 

 

Table 2: Friction coefficients between the tips and the substrate obtained by averaging 𝝁𝐟𝐥𝐚𝐭 (Figure 3G-I) in the range, 

where setpoints are higher than adhesion forces (adhesion < setpoint). All the 𝝁𝐟𝐥𝐚𝐭 values are in agreement with the 
reported values in literature for gold – silica interface (0.1 – 0.37)24,37,38,39. 

 

HQ:CSC38 - C 
(𝐾N = 0.03 N/m) 

HQ:CSC38 - A 
(𝐾N= 0.09 N/m) 

HQ:CSC37 - C 
(𝐾N = 0.3 N/m) 

Tip 1 Tip 2 Tip 1 Tip 2 Tip 3 Tip 1 Tip 2 

𝜇𝐹A< 𝐿
flat  

0.15 

± 0.01 

0.24 

± 0.06 

0.27 

± 0.02 

0.26 

± 0.09 

0.18 

± 0.01 

0.23 

± 0.06 

0.20 

± 0.03 
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Figure 4: Friction forces vs. setpoints. (A) Low stiffness tips (𝑲𝐍 = 0.03 N/m). (B) Medium stiffness tips (𝑲𝐍 = 0.09 N/m). 

(C) High stiffness tips (𝑲𝐍 = 0.3 N/m). Lines indicate linear fitting with fixed friction coefficient. 
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Our results (Figure 3) strongly suggested that the both 𝛼 and 𝜇flat can be accurately extracted only 

under the condition, where the adhesion is much smaller than the setpoint (adhesion << setpoint). Using 

these accurate calibration coefficients (𝛼 averaged over the range adhesion << setpoint, 𝛼𝐹A< 𝐿), we 

converted raw lateral deflection 𝑊 (V) at different setpoints into friction force (lateral force) (N) and 

plotted them against the setpoint in Figure 4. These plots should be accurate even at low setpoints 

below adhesion forces, because the values for 𝛼 were estimated at setpoints well above adhesion force 

values. These plots in Figure 4 have non-zero y-intercepts, which are especially visible for low 𝐾N tips 

(Figure 4AB). This corresponds to the friction law used the wedge calibration method 𝑓 = 𝜇flat(𝐹N + 𝐹A), 

where 𝑓 ≠ 0 when 𝐹N = 0. These y-intercepts (𝑏) can be estimated by fitting the data with 𝑓 =

 𝜇𝐹A< 𝐿
flat  𝐹N + 𝑏, where 𝜇𝐹A< 𝐿

flat  is the value shown in Table 2 (the results shown in Table 3). First, 𝜇𝐹A< 𝐿
flat  

fits the slope of the friction force vs setpoint curves reasonably (fitting curves shown in Figure 4), 

indicating that the friction coefficient that this method provides at a single setpoint matches with the one 

estimated from the slope of the friction force vs setpoint curve. Second, the extracted y-intercepts are 

in agreement with what the model assumes (𝜇𝐹A< 𝐿
flat 𝐹A), both of which illustrate the consistency of the 

model (Table 3).  

 

Table 3: y-intercepts extracted from the linear fittings in Figure 4. 

Fit Eq. 

𝜇𝐹A< 𝐿 
flat 𝐹N + 𝑏 

HQ:CSC38 - C 
(𝐾N = 0.03 N/m) 

HQ:CSC38 - A 
(𝐾N = 0.09 N/m) 

HQ:CSC37 - C 
(𝐾N = 0.3 N/m) 

Tip 1 Tip 2 Tip 1 Tip 2 Tip 3 Tip 1 Tip 2 

𝑏 1.15 1.34 2.03 1.34 1.06 3.05 1.94 

𝜇𝐹A< 𝐿
flat 𝐹𝐴 0.84 1.39 2.01 1.43 1.95 3.13 0.24 
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Figure 5: (A) 𝝁 calculated from the experimentally determined parameters vs. load. Gray area indicate the region where 

setpoints are lower than adhesion forces (setpoint < adhesion).  (B) “Ideal 𝜰” (𝜰 =
𝜟𝐬𝐥𝐨𝐩𝐞−𝜟𝐟𝐥𝐚𝐭

𝑾𝐬𝐥𝐨𝐩𝐞 ), where 𝝁 = 0.322 (the 

“correct” high-force-end value) and the measured adhesion force (𝑭𝐀) were used, vs setpoints (in red) together with 
experimentally-measured 𝜰 (in light blue). Gray area indicate the region where setpoints are lower than adhesion 

forces (setpoint < adhesion). (C) 𝝁 for 𝜰 with different errors (0%, ± 1%) vs. setpoint. Gray area on real plain indicates 
the region where setpoints are lower than adhesion forces (setpoint < adhesion). (D) Adhesion force vs. setpoint. The 
adhesion experimentally obtained (in blue) and the “ideal 𝑭𝐀” (𝑭𝐀 for 𝝁 = 0.322, in red) that would have yielded 𝝁 = 
0.322 throughout the whole setpoint range. 

 

Our next goal is to identify the origin of the failure at small setpoints. The model used in the method 

presents reasonable consistency as discussed above, thus is unlikely to be the reason for this problem. 

To study whether the failure is attributed to the errors in the experimentally-determined parameters (𝐹A, 

𝛥slope − 𝛥flat, 𝑊slope), we investigated the propagation of these errors into the final parameters such as 

𝜇 through the equations. In following, we will explain the main finding with an example of a set of data 

from the lowest 𝐾N tip (𝐾N = 0.03 N/m). 



16 of 23 
 

In the wedge calibration method, our first task is to solve the second order polynomial equation for 

𝜇 (Eq. 2) by substituting experimentally obtained parameters. The result yields 𝜇 as a function of load 

(setpoint, 𝐿) as plotted in Figure 5A, which highlights how the method fails at small setpoints as 

mentioned previously. Now we assume that this failure originates from the errors in the experimentally 

determined parameters (𝐹A, 𝛥slope − 𝛥flat, 𝑊slope) that were substituted into Eq. 2.  

First, we supposed that the error is in 𝛶 =
𝛥slope−𝛥flat

𝑊slope , while the adhesion force (𝐹A) is correct. To 

evaluate this possible error in the parameter, we solved the Eq. 2 for 𝛶 and substituted measured 𝐹A 

and 𝜇 = 0.322 (the “correct” high-force-end value for 𝜇). The goal of this analysis is to simulate an “ideal 

𝛶” that would have produced a constant 𝜇 = 0.322 throughout the whole range of the used 𝐿 . The result 

is plotted in Figure 5B in red together with the experimentally measured 𝛶 (in light blue) against load (𝐿). 

At large loads, the “ideal 𝛶” and the actual experimental results match very well, which explains why 

obtained 𝜇 was accurate in this force range. At the lower setpoints, however, they are noticeably 

different. In other words, this deviation of the experimental values from the ideal ones can be attributed 

to the reason for the error in 𝜇 at small setpoints.  

Nevertheless, this deviation is not more than 86% at around 0 nN, while the final error in 𝜇 at these 

small setpoints is over 10,000%. It is surprising that such a moderate experimental error completely 

alters the orders of magnitude of 𝜇 (and thus 𝛼). Therefore, to understand the reason for this error 

amplification, next we evaluated how this error in 𝛶 propagates into 𝜇 through the Eq. 2. Figure 5C 

illustrates the obtained 𝜇 in the cases, where 𝛶 has ±1% deviation compared to the “ideal 𝛶”. First, the 

“ideal 𝛶” (1.00 𝛶 in red) yields 𝜇 = 0.322 throughout the whole range of the load, because this is how 

we defined it. Surprisingly, inducing ±1% error in 𝛶 completely alters 𝜇 by orders of magnitudes at low 

setpoints, where already in the case with −1% error (0.99 𝛶) it even fell into the imaginary domain. 

These behaviors of 𝜇, where 𝜇 either goes to imaginary domain, zero or scatters at setpoints below 

adhesion, well resembles what we observed in Figure 3. This suggests that Eq. 2 is extremely sensitive 

to the error in 𝛶 at small setpoints. The threshold load (𝐿Th), under which 𝜇 starts to deviate from the 

high end value (𝜇 = 0.322) more than 2%, was derived as 𝐿Th= 0.73𝐹A (see SI for the detail). This 

explains why the method systematically failed at around setpoints below adhesion (𝐿Th  ≈ 𝐹A). 

Experimentally, a certain amount of error is unavoidable under a limited signal-to-noise ratio, which 

becomes much worse at lower setpoints due to the small signals. Therefore the model’s extremely low 

tolerance against the error at setpoints below adhesion and the decreased signal-to-noise ratio in these 

setpoints are the main origin of the failure. 

Next, we investigated whether the failure at small setpoints can be attributed to the experimental 

errors in adhesion, 𝐹A. In this case, we assumed that the experimentally-obtained 𝛶 is accurate. We 
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solve the Eq. 2 for 𝐹A by substituting 𝜇 = 0.322 (saturation value at high force) and the experimentally-

obtained 𝛶. Similarly to the previous case, the purpose of this analysis is to see how adhesion 𝐹A should 

look like if we want to have the correct constant 𝜇 = 0.322 throughout the whole range of the measured 

loads. These calculated adhesion values are plotted in Figure 5D in red together with the adhesion we 

measured from the pull-off force in light blue. These results suggest that the adhesion, 𝐹A, has to be 

nearly of 0 nN at 𝐿  = 0 nN for obtaining the correct 𝜇. However, this is not reasonable, because friction 

force vs load plot in Figure 4 implicates that the adhesion is non-zero (𝐹A = 6.32 nN) at 𝐿  = 0 nN.  This 

result suggests that the final error in 𝜇 and 𝛼 cannot be explained just with the error in 𝐹A. 

To conclude, although we expect unavoidable experimental errors in all the measured values 𝐹A, 

𝛥slope − 𝛥flat, 𝑊slope, the major contribution to the problem we faced at small setpoints is due to 𝛶 =

𝛥slope−𝛥flat

𝑊slope , because in case of 𝛶 the error is amplified by orders of magnitude into the final value of 𝜇 

due to the shape of Eq. 2. The error in 𝐹A probably also exists as the pull-off force is not an ideal 

estimator for the adhesive force in a sliding contact, which could be an additional factor for the error. 

 

 

Figure 6:  𝜶𝑭𝐀< 𝑳 vs. vertical calibration factors with linear fitting. Color code corresponds to the one used for the tips 

from Figure 3D-I. 

 

Finally, these 𝛼𝐹A< 𝐿 (the correct alpha estimated well above the adhesion) are plotted against 

vertical calibration factors (VCF) in Figure 6, where the vertical calibration factors are the multiplication 

of the vertical sensitivity (𝑆N) and vertical stiffness (𝐾N), both of which represent the properties of tips in 

vertical direction and can be measured by the standard procedure integrated in the AFM software. The 
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linear relationship between 𝛼 and VCF implies that the torsional bending modulus (𝛼) and the vertical 

bending modulus are linked. The torsional bending modulus is defined by the mechanical properties of 

the material, technological and the geometrical characteristics of the tips. The same parameters also 

define the VCF. Therefore, theoretically these two coefficients (𝛼 and VCF) are linked through tip and 

instrumental parameters and should present a well-known relationship46,47 expressed as  

 

 

Note that the 𝑆N in the numerator and the denominator can be canceled out, yet we left as they are to 

explicitly show the parameter VCF (𝑆N ∗ 𝐾N). Indeed Figure 6 shows a linear relationship between 𝛼 and 

VCF, where a linear fitting yields a slope coefficient of 14.74. This relationship is convenient, because it 

implies that 𝛼 can be roughly estimated as 𝛼 = 14.74 (𝑆N ∗ 𝐾N) even without performing the lateral 

calibration, as long as the same type of tips (material, coating, shape) and AFM are used.   

 

Conclusion 

We identified that the model’s low tolerance against errors combined with decreased signal-to-noise 

ratio at low setpoints are the reason why the original Varenberg method fails at nanoscale. We clarified 

that this failure occurs when setpoints are chosen either at the same orders of magnitude or below 

adhesion. Discovery of this operation range (adhesion << setpoint) is extremely important, because 

performing the calibration under other conditions can wrongly calibrate the system by orders of 

magnitude. As long as it is conducted at setpoints well above the adhesion, the exact procedure 

described by Varenberg yields accurate calibration. It is curious to see how the model fails only at small 

setpoints even if we assumed a constant error throughout the whole range of setpoints in our analysis. 

This is because the problem purely comes from the shape of Eq. 2, which amplifies the experimental 

errors in the final results only under a certain condition. Our result imposes a warning to the field that 

the conventional wedge calibration method has to be conducted at setpoints much larger than adhesion 

forces for extracting an accurate 𝛼.  
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