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ABSTRACT 
 

This paper presents a method for using a calibrated 

microelectromechanical system (MEMS) device to calibrate 

an atomic force microscope (AFM) cantilever. Measure- 
ments of stiffness and deflection can be made with 

quantifiable uncertainty. The popular AFM is responsible for 

initiating the field of nanotechnology; however, the AFM has 

been quite inaccurate, with measurements yielding only 

about one significant digit. Traditional AFM calibration 

methods are about 10% uncertain with unknown accuracy. 

The present calibration method appears to have superior 

accuracy, precision, repeatability, and reliability. Accuracy 

is from using electro-micro metrology (EMM), precision is 

based on eliminating unknown or coarsely-known 

dependencies, repeatability is through well-defined gap-
stops, and reliability is achieved through the method’s 

independence of parasitics. In this paper we present a 

packageable, practical, stiffness and deflection calibration 

method for microscale cantilevers.  

 

Keywords: atomic force microscope, afm, calibration, electro 
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1 INTRODUCTION 
 

“Without precise measurements - and our ability to 

record them accurately - no reliable form of science or 

engineering would be possible” [1]. Precision is a measure 

of how tightly-spaced a cluster of data points are to each 

other, where tighter clusters imply better precision; and 

accuracy is a measure of distance between the average and 

true value, where smaller distances imply better accuracy.   

Since the late 1980s, the atomic force microscope (AFM) 
has been a widely used tool in nanoscience and 

nanoengineering for nanoscale exploration, character- 

ization, discovery, and innovation. The AFM’s piconewton 

level of precision has been used to measure a large variety of 

nanoscale phenomena ranging from the Casimir force [2] to 

the hydrogen bonds between DNA strands [3].  

The sensitivity of the AFM is quite apparent, but 

determining the accuracy of an AFM has been quite a 

challenge. One problem comes from process variations. No 

two AFM cantilevers have the same stiffness. Many AFM  

 

 

 Table 1: AFM cantilever calibration methods 

 
 

cantilevers are calibrated in the factory to about 1 significant 

digit. Mounting the cantilever in an AFM machine can affect 

stiffness due to differences in boundary conditions, induced 

stresses, and temperatures. Some AFM machines have the 

ability to calibrate a mounted cantilever using the thermal 

method. This is where temperature T and the mean square 

average displacement due to thermally-induced vibration is 

used to measure AFM cantilever stiffness K by the 

equipartition theorem 
 

21 1

2 2
0.971BK x k T           (1) 

 
where 0.971 correction is from [4]. This method yields about 

10% to 20% error [5], [6]. One issue is that the temperature 

of the thermometer is likely not equal to the temperature of 

the cantilever because the cantilever experiences a 

temperature gradient caused by laser that is used to measure 

deflection. Heat transfer by the laser has a measurable effect 

on stiffness [7]. Another issue is the location of the probe tip, 

which affects the effective stiffness at the location of the tip. 

A review of AFM cantilever stiffness measurement methods 

is provided in [6] and briefly summarized in Table 1. A 

review of related mechanical biosensors is given in [8]. It 

appears that the laser Doppler vibrometry method achieves 
one of the smallest uncertainties of 5% [9]. 
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Due to a lack of micro/nano-scale ASTM measurement 

standards, traditional AFM calibration methods have 

involved the use of quantities that have large uncertainties, 

that are untraceable to a standard, or that use material 

properties found in a lookup table. These errors propagate 

into the overall measurement. In addition to cantilever 
stiffness, the AFM machine’s laser-beam deflection must 

also be calibrated. This is commonly done by using the AFM 

to profile a calibrated surface that has layers of well-defined 

step-heights [6]. Recalibration of displacement may need to 

be done if the distance between the AFM probe tip and the 

laser spot differs between cantilevers. 

The novelty of the present calibration method is that it 

eliminates most of the quantities that are either inaccurate or 

have large uncertainties through arithmetic cancelation; and 

the accuracy of the mechanical measurements depend on the 

precision, and not the accuracy, of the electrical measurands. 

This enables the method to be repeatable between 
measurements using the same equipment and reliable 

between measurements using different equipment. That is, 

this method should enable different researchers using 

different AFMs developed by different manufacturers to 

obtain the same results when measuring the same 

phenomenon.  

Section 2 discusses how a MEMS device can be 

calibrated to accurately measure its displacement, force, 

nonlinear stiffness, and respective uncertainties. Section 3 

discusses how a packaged MEMS device can practically 

measure the stiffness and displacement of an AFM cantilever 
mounted in an AFM machine.  

 

2 MEMS CALIBRATION 
 

This section describes how MEMS, which are fabricated 

using similar micromachining technology as AFM 

cantilevers and are victims of similar process variations 
where no two MEMS behave identically, can be accurately 

and precisely calibrated.  

Due to process variations and fabrication nonidealities, a 

MEMS device will likely have material properties and 

geometries that do not match initial modeling predictions, 

which significantly affect performance. For example, if the 

overcut Δw/2 on a 2μm-width of a folded-flexure is off by 

the diffraction limit of visible light (200nm), then its 

predicted stiffness will be off by 3Δw/w = 60%. As another 

example, fillets that form at vertices during fabrication affect 

stiffness. As Figure 1 shows, a pair of cantilevers that differ 
in the addition of fillets show a deflection that differs in the 

second most significant digit. The compliance of the anchor 

is also affects the second significant digit. That is, fillets 

increase stiffness while anchor-compliance decreases 

stiffness. Another geometric issue is sidewall coarseness. 

While analytical and numerical models usually represent the 

sidewalls as being flat, they can be non-smooth. Figure 2 

shows a scanning electron microscopy image of a flexure is 

 
Figure 1: The effect of fillets and anchor compliance on overall 
stiffness. When identical forces are applied to cantilevers that differ 
in fillet or anchor compliance, a change in deflection shows in the 
second most significant digit. 

 

 
Figure 2: Measurements of the width of a flexure that has very 
coarse sidewalls [10]. Sidewall etching of the silicon-on-insulator 

(SOI) structure was done by deep reactive ion etch (DRIE).   
 

given, where width measurements along its length are taken. 

It is important to note that such surface roughness also occurs 

along the depth as well as along the length. Depending on the 
level of surface roughness, as little as 1% of the surfaces 

touch when gaps close. In regard to stiffness, the average 

width from Figure 2 cannot be used to represent the width in 

the model of the flexure’s stiffness because stiffness is cubic 

in width (instead of being linear in width).  

To minimize or eliminate the abovementioned MEMS-

related issues, the proposed method measures the overall 

stiffness of the structure, which includes the variations in 

material properties, geometries, and nonidealities, instead of 

relying on the original design parameters of the flexure. That 

is, the geometric design of flexure is irrelevant when 
determining stiffness. As for coarse sidewalls, (1) if the gap 

between comb fingers are much larger than the variation in 

surface roughness, then the effect of surface roughness on 

the linearity of the comb sensor is negligible; and (2) since 

the effect of surface roughness is absorbed into a measure of 

overcut, which is assumed to be the same between the two 

asymmetric gaps, then the effect of surface roughness during 

gap-stop closure is inconsequential.  

While there can be many variations of the following basic 

MEMS design, the necessary parts include a comb sensor 

and actuator, a guided flexure, and a pair of asymmetric gaps. 

The gap stops provide a well-defined stopping point for 
relating deflection to capacitance change; the guided flexures 
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Figure 3: MEMS structure + AFM cantilever. The purple movable 
part of the structure is electrically grounded and anchored at the far 
ends of the flexures. The grounded asymmetric gaps provide 
calibration and also protect the combs by limiting their movement. 
Upon calibration of flexures and combs, the MEMS device can 
prescribe forces and measure displacements when interacting with 
a AFM cantilever.  

 

are needed to sustain comb drive linearity; and the comb 

sensors and actuators provide the force-displacement-

capacitance relationship needed to determine force. Once 

comb drive force and comb drive deflection are calibrated, 

then their ratio determines the stiffness of the structure. One 

design for a MEMS AFM-cantilever calibrator is shown in 

Figure 3. The figure identifies the comb sensor and actuator, 

flexures, and asymmetric gaps.  

The asymmetric gaps are used to calibrate displacement. 

Due to process variations in geometry, the geometry that is 

fabricated does not match the geometry of the original 
design. Assuming that the two gaps experience the same 

etching conditions since they are within close proximity to 

each other, then they are likely to produce the same amount 

of overcut Δgap. Measuring overcut is done by measuring 

the amount of change in capacitance required to close the two 

asymmetric gaps: gap1 and gap2. The gaps may be closed by 

either applying an electrostatic force through the comb drives 

or applying a mechanical force through the MEMS probe 

applicator (Figure 3). The relationship between the two gaps 

are gap2,layout = n gap1,layout , where n ≠ 1 is a layout 

parameter. Upon fabrication, the gaps experience an overcut 
Δgap. So the fabricated gaps are gap1 = gap1,layout + Δgap and 

gap2 = n gap1,layout + Δgap. Due to linearity between the 

measured change in capacitance to gap closure, their 

relationship is 

 

    (2) 

 

where ψ is the comb constant. Solving (2) for overcut:  

 

       (3) 

 

This measurement includes the exactly-known quantities of 

n and gap1,layout, and precise electrical measurands ΔC. Note 

that the change in capacitance cancels out parasitic 

capacitance, ΔC = [C(gap) + Cparasitic] - [C(0) + Cparasitic]. It 

can be seen that this method is both reliable and repeatable 

because: (1) although parasitic capacitance is different 

between each test setup or between different capacitance 

meters in different facilities, the change in capacitance 

required to close the gap will be the same; and (2) the gap-
stops are well-defined repeatable displacement markers.  

From (3), any intermediate comb displacement can be 

measured as 

 

             (4) 

 

and from the definition of capacitive force, since the comb 
actuator is linear, comb force can be prescribed as  

 

           (5) 

 

Last, the ratio of force to displacement provides the nonlinear 

stiffness of the MEMS device, 

 

         (6) 

 

Fortunately, capacitance is the most precise method of 

measurement. For instance, it was shown in [11] that a 

change in comb capacitance of a zeptofarad corresponded to 

a change in deflection of 100 femtometers. The totality of 

noise sources (thermal, electrical, mechanical, etc.) can be 

estimated as the most significant changing digit in the 

capacitance meter. Let’s define the order of that digit as δC. 
If such uncertainty is added to the capacitive quantities in (4) 

and (5), a multivariate Taylor expansion leads to the 

following expressions for the uncertainties in x and F due to 

the uncertainties δC and δV as: 
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       (7) 

 

where curly-bracketed expressions are sensitivities corresp- 

onding to the ratios of {change in displacement to change in 
capacitance} = O(105) m/F, {change in force to change in 

capacitance} = O(108) N/F, and {change in force to change 

in voltage} = O(10-6) N/V, based on the MEMS design given 

in Figure 3. Depending on meter precision and the 

suppression of noise, uncertainties in capacitance can range 

from δC ~ O(10-14)F to O(10-21)F, and in voltage from δV ~ 

O(10-3)V to O(10-9)V. These ranges of electrical 

uncertainties result in mechanical uncertainties of δx from 

1nm to 100fm, and of δF from 1μm to 0.1pN. These ranges 

of uncertainty are expected to result in an uncertainty in 

stiffness from 10-2 % to 10-6 % (compare with Table 1).  
 

3 EXAMPLE 
 

A packaged version of the calibratable MEMS device 

from Figure 3 is shown in Figure 4. Although the 

electronics are not shown, the calibrator should be small 

enough to be placed on the sample stage of an AFM and 
probed by the cantilever under test. 

To calibrate the AFM cantilever, the AFM cantilever 

must first make contact with the MEMS probe applicator. 

There will likely be an initial deflection of the MEMS x0 (4) 

and AFM cantilever xAFM due to contact. Force balance is 

 

              (8) 

 
where KAFM and xAFM are the unknown AFM cantilever 

stiffness and deflection that are to be determined. Next, apply 

an electrostatic comb force F (5) to deflect the cantilever by 

Δx (4). Force balance is 

 

           (9) 

 
where the coupled MEMS + AFM cantilever move again by 

amount Δx. Substituting (8) into (9), we measure KAFM as 

 

    (10) 

 

where Δx, F, K, and uncertainties are measurable by (4)-(7). 

 

4 CONCLUSION 
 

We proposed a method for calibrating the stiffness and 

deflection of an AFM cantilever by having it press against a 

calibratable MEMS device. During contact, the AFM probe 

tip is not damaged. Uncertainty is also measurable. 

 

       
Figure 4: Illustration of a packed SOI MEMS for dust protection. 
Largest dimension is 1.5mm. Interfacing electronics not shown.  
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