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Abstract: 

This paper describes stiffness measurement of 

cantilever transfer standards used for Atomic Force 

Microscopy (AFM) tip calibration based on 

electromagnetic compensation. The transfer 

standard of cantilever is designed and manufactured 

based on the bulk fabrication of SOI wafers. The 

measure range of the transfer standard covers from 

0.04 N/m to 16 N/m. The series of transfer standard 

is designed for the calibration test of the cantilever 

used in AFM, along with the test apparatus 

specifically designed. The relative uncertainty of 

the stiffness is smaller than 2.4 % (k = 2). 
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1. INTRODUCTION 

Atomic Force Microscopy (AFM) can be utilised 

to observe the matters under very small dimension 

with high sense of the force below 10-6 N [1-2]. The 

precise measurement depends on the spring 

constant of the cantilever and the displacement of 

the tip measured by positioning detector. In order to 

obtain the spring constant of the AFM tip, high-

accuracy measurements of SI traceable small forces 

below millinewton have been realized by several 

NMIs [3-11]. Besides the small force standard, the 

standard cantilever also needs to be designed and 

manufactured so as to realize the stiffness 

measurement of AFM tip without being measured 

directly on the small force standard. 

In this paper the design and the measurement of 

series of the cantilever transfer standard were 

presented with the small force standard based on 

electromagnetic compensation. The transfer 

standard was designed with a series of lengths for 

covering a wide range of stiffness and manufactured 

based on the bulk fabrication of SOI wafers. The 

uncertainty analysis of the stiffness measurement 

was also conducted. The stiffness of the transfer 

standard can be obtained with relative extended 

uncertainty of 2.4 % (k = 2). Along with the design 

of the test apparatus, the series of transfer standard 

can be used for the AFM tip calibration by pushing 

the cantilever to the transfer standard. 

2. DESCRIPTION OF THE TEST AND THE 

RESULTS 

The measurement of the series of the transfer 

standard was carried out on the measuring system 

based on the electromagnetic compensation balance. 

The cantilever tip can be precisely loaded to the 

weighing part, driven by a piezoelectric moving 

stage with a distance of 100 μm, along with the 

observation of the contact of tip and the loading part 

in different directions. Mounting to the clamp 

specially used in AFM, the tip can be loaded very 

similar to the working condition in the AFM. The 

structure of the measuring system is shown in 

Figure 1. 

 

Figure 1: The structure of the measuring system  

In Figure 2, instead of using the electromagnetic 

compensation balance, the transfer standard 

cantilever is applied to the measuring system. It is 
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calibrated before assembly. This structure is still 

under construction. So with the help of this 

measuring system the transfer standard cantilever 

will be able to be utilised to calibrate the AFM tips 

without the complicated balance system. 

 

Figure 2: Design of the transfer standard test system 

The transfer standard of cantilever is designed 

and manufactured based on the MEMS fabrication 

of SOI wafers. The effective lengths of the transfer 

standard are L0 = 8 mm, 7 mm, 6 mm, 5 mm, 4 mm, 

3 mm, 2 mm, and 1 mm. The width of the transfer 

standard is w = 500 μm. The nominal thickness is 

t = 0.01 mm. This parameter is greatly influenced 

by the SOI wafer selected before the manufacture. 

The nominal stiffness of the transfer standard is 

(0.041 ~ 21.125) N/m. In the test all the cantilevers 

were loaded in a cycle with 11 steps of force, 

repeated at least 10 times. In each step the loading 

was maintained for 30 s to obtain the stable force. 

The temperature range is 21 ℃ to 22 ℃. 

 

 

 

Figure 3: Design of the transfer standard and loading 

zone of transfer standard on the head of the tip 

The loading part is assembled with conical 

diamond probe tip used in nano-indentation with a 

tip diameter of 1 μm and the angle of 60º. This 

structure is for the test of the transfer standard. The 

typical test procedure is shown in Figure 4. 

 

Figure 4: The test process of one loading cycle 

Comparing to the theoretical design of the 

transfer standard cantilever, the actual stiffness is 

lower. According to the comparison shown in 

Figure 5, 10 % - 20 % loss of the stiffness can be 

observed during the tests. Especially at the low 

range of the stiffness, the difference between the 

designed and the actual stiffness is more obvious, 

causing an exponential factor smaller than 1 in 

Figure 5 (bottom). 

 

 

Figure 5: Difference between designed and the measured 

value of the stiffness (Top: Fitted analysis of the stiffness, 

Bottom: Deviation from the designed stiffness) 

3. UNCERTAINTY ANALYSIS 

The uncertainty analysis for the different type of 

the cantilevers was presented in references [12] and 
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[13]. Here the uncertainty of the stiffness 

measurement for the transfer standard due to the 

repeatability 𝑢1  is estimated by the standard 

deviation of the average value of measurement 

results in 10 cycles. The worst condition for the 

transfer standard is 0.97 × 10-2 throughout the 

whole test. The other aspect regarding to uncertainty 

are originated from force and displacement 

measurements, non-linearity of calibration curves, 

orientation of the cantilevers, location accuracy of 

the measurement point and the stiffness of the 

measurement chain. The uncertainty due to the force 

measurement is estimated in [12]. The uncertainty 

originated from force 𝑢2  is attributed to the 

uncertainty at the lower limit of the force.  

The displacements of the nano-positioning stage 

were measured by a laser interferometer over 

100 μm with 20 steps of 5 μm. The standard 

uncertainty of the measurement results was 68.2 nm. 

The relative uncertainty due to the displacement 

measurement overall the whole range within the 

measurement, 𝑢3, is determined as 0.68 × 10-4.  

Derived from linear fit of force and 

corresponding displacement data, the residual of the 

linear fit is another source of the uncertainty, 𝑢4, 

which is no more than 0.5 × 10-2. 

The stiffness of the cantilever is proportional to 

Young’s modulus and the factors of cantilever 

dimensions. Therefore, the location of the contact 

point between the cantilever and the tip of the 

weighing pan should be considered. For the pin 

shown in Figure 3, the radius of the contact area is 

3.3 µm. Assuming that k = 2.58 (Gaussian 

distribution), the relative standard uncertainty due 

to location accuracy 𝑢5 can be given by: 

𝑢5 =
1

2.58

𝛿𝐿

𝐿
 (1) 

where 𝛿𝐿 is the maximum position deviation from 

the ideal location. So 𝑢5  is calculated to be 

1.28 × 10-3, where 𝛿𝐿 = 3.3 μm, 𝐿 = 1000 μm. 

The stiffness of the measurement chain 𝑘b was 

determined to be 1099.1 N/m [12]. Assuming a 

rectangular distribution, the relative standard 

uncertainty due to the stiffness of measurement 

chain 𝑢6 is given by: 

𝑢6 =
1

√3
|

𝑘m

𝑘b − 𝑘m
|

𝛿𝑘b

𝑘b
 (2) 

where 𝛿𝑘b = 120 N/m is the maximum deviation of 

the stiffness of the measurement chain 𝑘b, and 𝑘m 

is the stiffness of the cantilever in each 

measurement. 

In the process of clamping the cantilever, we 

should also ensure that the balance probe and the 

central axis of the cantilever are in exact contact. 

Thus, the torque of the cantilever is 0 and the error 

caused by the torsion of the cantilever is eliminated. 

However, in the actual operation process, it is 

difficult to ensure that the probe is just at the 

position of the central axis. It is known that the 

diameter of the probe used is 20 μm, the Young’s 

modulus is 1140 GPa, and the Poisson’s ratio is 0.07. 

The cantilever Young’s modulus 𝐸  is about 

150 GPa, its Poisson’s ratio 𝜇 is about 0.22, and its 

shear modulus 𝐺 is given by: 

𝐺 =
𝐸

2(1 + 𝜇)
 (3) 

When the probe just aligns with the image of the 

cross centre of the cantilever, the probe is now on 

the cantilever boundary line, from which it can be 

seen that its displacement from the central axis of 

the cantilever is about 240 μm. According to the 

knowledge of material mechanics, its torsion angle 

𝜙 is given by: 

𝜙 =
12𝑇𝑙

𝐺𝑤𝑡3
 (4) 

The torque 𝑇 = 𝐹𝑤/2, where 𝐹 is the force on 

the cantilever under the current position. 

Considering the maximum force 𝐹 of 200 μN in the 

test of the cantilever with lowest stiffness, along 

with the length of the cross in the loading area of the 

cantilever, the width 𝑤 cannot be larger than 15 μm, 

deflection angle 𝜙 = 0.032 rad, so the maximum 

uncertainty caused by torque angle is 0.13 × 10-3. 

The influence can be omitted. 

The combined standard uncertainty 𝑢kc  is 

determined by: 

𝑢kc = √∑ 𝑢𝑖
2

6

𝑖=1

2

 (5) 

The relative standard uncertainty is less than 

1.2 %. 

4. CONCLUSION 

The cantilever transfer standard was fabricated 

based on bulk process and its stiffness has been 

measured based on small force standard based on 

electromagnetic compensation. The relative 

uncertainty of the stiffness is smaller than 2.4 % 

(k = 2). 
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