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Abstract: This paper illustrates a comparison of spring 

constant measurements between Technische Universität  

Ilmenau (TU Ilmenau)  and Physikalisch-Technische 

Bundesanstalt (PTB). For the traceable comparison, an 

atomic force microscope (AFM) cantilever with a nominal 

stiffness of 40 N/m was chosen as the transfer artefact. The 

determined spring constants differ less than 1 %. The 

measurement uncertainty was ≤ 4 % (k = 2) and hence 

conforms to the state of the art of AFM cantilever spring 

constant measurements. The main common uncertainty 

contribution of TU Ilmenau and PTB is due to the 

adjustment of the cantilever towards the calibration force. 

Keywords: spring constant, force, deformation, 
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1. INTRODUCTION 

The application of special micro force sensors for the 

measurement of forces in the subnano- and nanonewton 

range is strongly growing in different fields of science, such 

as biology, biophysics, medical- or materials science: 

Measurements of force interactions between living cells [1- 

6] or nanomechanical investigations of cancer cells [7, 8] are 

impressive examples of those applications. A further 

instance is nanoindentation, where surface and layer 

properties, such as Young’s modulus or hardness, are 

determined in the nanonewton scale [9-12]. 

Beside other sensor principles, AFM cantilevers are often 

used for those force measurements. If the cantilever spring 

constant cCanti is calibrated, a force F can be determined 

based on a measured deflection z, cf. equation (1).  

Furthermore, cantilevers equipped with strain gauges wired 

to a Wheatstone bridge are available. In this case, forces can 

be detected by measuring the bridge voltage. 

 𝐹 = 𝑐𝐶𝑎𝑛𝑡𝑖 ∙ 𝑧 (1) 

Due to the growing application of micro force sensors for 

force measurements in the nano newton range, the national 

metrology institutes NIST, NPL, PTB and KRISS have 

developed force facilities to supply a traceable calibration of 

those kind of force sensors [13-19]. A first international 

comparison of micro force sensor calibrations was carried 

out by NIST, NPL PTB and KRISS [19]. 

 

The calibration of the spring constant is performed by 

pushing the cantilever or the micro force sensor on a 

reference force sensor. Thereby, the acting force F and the 

deformation z are measured simultaneously. Based on 

equation (1) the spring constant cCanti is determined. 

The force facilities of PTB and KRISS apply commercial 

electromagnetic force compensated load cells (EMFC) for 

force measurement and piezo actuators to push the 

cantilever on the load cell. The deflection z is assumed to be 

the displacement that is set by the piezo. Currently a 

measurement uncertainty of approximately 2 % (k = 2) for 

cCanti can be achieved [18].  

NIST developed their own electrostatic force compensated 

load cell whereas the cantilever to be calibrated can be 

probed (deflected) with the load cell itself by moving the 

“weighing pan” of the load cell with the internal 

electrostatic actuator [15, 16]. The highest force resolution 

is achieved by the NIST system. A repeatability of the 

measured force of 0.7 nN was proven [16]. As 

disadvantages of the NIST system high nonlinearities as 

well as creeping and hysteresis are reported [15, 16, 19]. 

Beside the work of the national metrology institutes, a 

nano newton force facility was developed at TU Ilmenau. It 

is used for research and development in small force 

metrology at the Institute of Process Measurement and 

Sensor Technology. Furthermore, it is applied for 

investigations in the field of microelectromechanical 

systems such as AFM cantilevers at the TU Ilmenau. 

The TU Ilmenau force facility works based on the principle 

described above and uses a commercial EMFC load cell 

with a self-developed digital control loop [20, 21]. 

Additional to the systems of PTB and KRISS, an 

Interferometer is applied for a traceable deflection 

measurement. Former studies showed that the TU Ilmenau 

facility is suitable for traceable calibrations of AFM 

cantilevers with uncertainties of spring constants in the 

range of 2 - 3% (k = 2) [20, 21].  

The aim of the spring constant measurements presented in 

this paper is the comparison of the TU Ilmenau results with 

those of the PTB and thus a verification of the performance 

of the TU Ilmenau system. We are aware that an AFM 

cantilever with its simple bending beam geometry is not the 

best available transfer artefact for this kind of comparison. 

Nevertheless, we used an AFM cantilever to link our results 

to the results of the international comparison between the 

NMIs [19]. AFM Cantilevers were used here as transfer 

artefacts as well. The deviation between the spring constants 

determined by KRISS, NIST and PTB was 3.2 % (2 ) for 

artefact #5 (cCanti ~ 78 N/m). 
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2.  TRANSFER ARTEFACT (AFM CANTILEVER) 

As transfer artefact for the spring constant measurements a 

Nanosensors™ PPP-NCLR50 non-contact and tapping mode 

AFM cantilever was used. Its nominal length, width and 

thickness is listed with 225 µm, 38 µm and 7 µm 

respectively. From these dimensions a nominal spring 

constant of 48 N/m results. Due to the fabrication tolerances 

the specified range of the spring constant is indicated with 

21-98 N/m. 

For a better handling, the cantilever was glued on an 

aluminium carrier. The carrier can be fixed in the force 

facilities by two M 2.5 screws. 

3. FORCE FACILITIES OF TU ILMENAU AND PTB 

The PTB force facility is described in detail elsewhere [19]. 

A Mettler SAG 245 compensation balance is used for the 

precise force measurements. A stylus with a 200 µm ruby 

sphere is fixed on the weighing pan. It can be replaced by a 

conical-shaped diamond stylus, where the tip of the cone 

was grinded off to a flat with 200 µm diameter. The 

cantilever to calibrate is fixed on a piezo actuator (PI Pifoc 

with 100 µm travel) and can be pushed on the stylus by the 

piezo. The deflection of the piezo is measured with the 

internal capacitive deflection sensor. When the cantilever 

probes the stylus, this deflection is assumed to be the 

deformation of the cantilever. Simultaneously the force is 

measured. 

The TU Ilmenau facility has been published earlier 

[20, 21]. It mainly consists of a Sartorius WZ2P 

compensation balance [22], a SIOS SP TR 2000 Triple 

beam interferometer [23] and a piezo actuator (PI Hera P-

621.1CL with 100 µm travel [24]). The balance is driven 

with a self-developed digital control loop. It offers the 

possibility to move (deflect) the weighing pan with the 

balance internal voice coil and probe the fixed cantilever 

with the balance itself. Thus, the deflection is generated and 

the force is measured with the balance simultaneously. The 

physical weighing pan is removed from the monolithic 

balance mechanism. Instead of the weighing pan a stylus 

with a 300 µm ruby sphere (load button) is fixed on the 

movable part of the balance to probe the cantilever. The 

piezo actuator is held in a static position. This procedure is 

called “Measurement Mode 1” (MM1). The deflection of the 

weighing pan and possible deviations of the piezo actuator 

null position are detected with the interferometer. The 

difference of both deflections is assumed to be the deflection 

of the cantilever.  Deviations of the piezo actuator null 

position can be due to thermal expansion or elastic 

deformations due to the applied force of the measurement 

loop (including the frame). 

Additionally to MM1, the TU Ilmenau facility can be 

operated in „Measurement Mode 2“ (MM2) which conforms 

to the measurement principle of PTB and KRISS. Here, the 

weighing pan (the load button) is kept in a static position 

and the cantilever is moved by the piezo actuator. The 

deflection of the cantilever is assumed to be the difference 

of the deviations of the null-deflection of the weighing pan 

and the movement of the piezo. Deviations of the null-

deflection of the weighing pan can be due to thermal 

expansion or elastic deformations as well. 

PTB and TU Ilmenau adjust the cantilever with respect 

to the load button by the help of a microscope camera with 

micrometer resolution. 

4. MEASUREMENTS 

The cantilever was first measured in January 2015 at TU 

Ilmenau with MM1 and MM2 probing it with the ruby 

sphere. Then it was sent to PTB and measured in September 

2015 by probing it with the ruby sphere and the diamond flat. 

Afterwards it was brought back to TU Ilmenau and 

measured there again in June 2016 with MM1 and MM2. 

 

4.1. Measurement procedure 

 

TU Ilmenau MM2 and PTB 

The cantilever is pushed on the load button (weighing pan) 

and is deflected by a stepwise increase of the piezo actuators 

deflection. After the maximum deflection was reached and 

measured, the deflection is decreased in the same way. Each 

step is held for 15 s (TU Ilmenau). The force and the 

deformation of each step is determined as the mean value of 

the signals between 10 .. 15 s after each deformation change. 

The cantilever spring constant is determined by linear 

regression of the force-deflection curves for increasing and 

decreasing deflections. In the first measurement series TU 

Ilmenau applied four steps with 700 nm step-size resulting 

in a maximum force of ~ 118 µN. In the second 

measurement series eight 160 nm steps with a resulting 

maximum measurement force of ~54 µN were chosen. 

PTB uses a waiting time of 6 s and then took one balance 

value and applied 30 steps with a maximum force of 250 µN.   

This loading and unloading procedure was repeated N = 4 

times (first measurement series at TU Ilmenau) or N = 140 

times respectively (at PTB and second measurement series 

at TU Ilmenau). Afterwards the mean values of the spring 

constants were computed for the increasing (loading) as well 

as the decreasing (unloading) curves. 

  

TU Ilmenau MM1 

In measurement mode 1 (MM1) the cantilever is probed by 

setting defined deflections of the weighing pan. This is done 

by moving the mechanical lever mechanism of the balance 

with the internal electromechanical actuator. Due to the 

internal spring constant cEMFC of the mechanical mechanism, 

the sum cSum of this spring constant and the spring constant 

of the cantilever cCanti is measured when the cantilever is 

probed.  

 𝑐𝑆𝑢𝑚 = 𝑐𝐶𝑎𝑛𝑡𝑖+𝑐𝐸𝑀𝐹𝐶  (2) 

 

To determine the spring constant cCanti, cEMFC is measured 

before and after each probing of the cantilever and 

subtracted from cSum. This procedure has already been 

described in detail [20, 21]. 



 

 

Table 1: Parameters and results of the spring constant measurements 

 TU Ilmenau 

first measurement series 
PTB TU Ilmenau 

second measurement series 

  MM1 MM2 sphere flat MM1 MM2 

 
Measurement parameters 

N (Number of load 

cycles) 
4 4 10 150 140 150 

Deflection steps 4 4 30 30 8 8 

mean temperature in °C 22.37 22.38 22.46 22,30 23,47 23,37 

mean humidity in % r.H. 28.52 28.70 49.9 41.1 38,61 36,63 

Fmax in µN 118 118 250 250 54 54 

 Spring constant c ± standard uncertainty Typ A in N/m 

cloading in N/m 
42,344  

± 0,030 

42,431 

± 0,036 

42,6  

± 0.048 

41,976  

± 0.0011 

42,6097 

± 0,0016 

42,3961 

± 0,0016 

cunloading in N/m 
42,429 

± 0,035 

42,669 

± 0,039 

41,9  

± 0.048 

41,974  

± 0.0011 

42,6302 

± 0,0016 

42,4010 

± 0,0015 

cmean in N/m 
42,387 

± 0,020 

42,550 

± 0,019 

42,3  

± 0.048 

41,975  

± 0.0011 

42,6200 

± 0,0015 

42,3985 

± 0,0013 

 
Table 2: Uncertainty budget for the spring constants, given in relative values 

 TU Ilmenau PTB TU Ilmenau 

 Uncertainty source MM1 MM2 sphere flat MM1 MM2 

Repeatability cmean 4,8 · 10-4 4,8 · 10-4 1.14  10-3 2,6  10-5 3,6 · 10-5 3,1 · 10-5 

Force measurement 1.8 · 10-4 1.8 · 10-4 1.0  10-2 1.0  10-2 1.8 · 10-4 1.8 · 10-4 

Deflection measurement 1.6 · 10-6 2.3 · 10-4 1.75  10-2 1.75  10-2 1.6 · 10-6 2.3 · 10-4 

Nonlinearity of c 3.3 · 10-3 3.7 · 10-3 1.0  10-3 1.0  10-3 2.1 · 10-4 3.6 · 10-4 

Stiffness of measurement 

loop  
- - 2.5  10-4 2.5  10-4 - - 

Angular alignment 

of the cantilever 
6.0  10-4 6.0  10-4 6.0  10-4 6.0  10-4 6.0  10-4 6.0  10-4 

Lateral alignment 

of the cantilever 
5.2 · 10-3 5.2 · 10-3 6.610-3 - 5.2 · 10-3 5.2 · 10-3 

Combined rel. 

uncertainty 
6.3 · 10-3 6.5 · 10-3 21.3  10-3 20.1  10-3 5.3 · 10-3 5.3 · 10-2 

cmean with combinded 

uncertainty in N/m, k = 2 
42,39 ± 0.53 42,55 ± 0.55 42,3 ± 1.8 41.98 ± 1.70 42,62 ± 0.45 42,40 ± 0.45 

 

 

As in MM2, cSum  and cEMFC are measured with four (1. 

measurement series) or eight (2. measurement series) 

deformation steps each, which are applied for 15 s. The 

measurements are carried out for loading and unloading 

again. As in MM2, the measurements where repeated N = 4 

times (first measurement series at TU Ilmenau) up to 

N = 140 times (second measurement series at TU Ilmenau) 

as well. 

 

4.2. Measurement results 

 

The results of the comparison measurements between PTB 

and TU Ilmenau are listed in Table 1 and are depicted in 

Figure 1. Each displayed spring constant conforms to the 

mean value of the spring constants determined for loading  

and unloading.  

 

 

 
Fig. 1: Determined mean spring constant of the cantilever (red), 

mean value of all spring constants (cyan) and the twofold standard 

deviation (2 ) of those six mean values (blue), (k = 2)  
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4.3 Measurement uncertainty budget 

 

The uncertainty budget is listed in Table 2. The uncertainty 

contributions are given as relative values. Based on equation 

(1), we assume that the relative contributions of force F and 

deflection measurement z are combined as square root of the 

sums: 

 

 
𝑢𝑐
𝑐
= √(

∆𝐹

𝐹
)
2

+ (
∆𝑧

𝑧
)
2

 (3) 

 

The contributions are discussed in the following. 

 

Repeatability 

Typ A uncertainty of the mean value of N measurements. 

 

Force measurement 

 TU Ilmenau 

Uncertainty of the calibration factor of the balance. The 

balance was calibrated using E0 weights of 5 mg and 10 mg. 

Due to their tolerance (rectangular distribution) we achieve 

an uncertainty of the calibration of 1.8 · 10
-4

. 

 

PTB 

Uncertainty of the calibration factor of the balance. The 

balance was calibrated using E1 weights of 5 mg and 20 mg. 

Due to their tolerance we achieve an uncertainty of the 

calibration of 1.0 · 10
-3

. Nevertheless, for the uncertainty 

budget the PTB assumes the force measurement with 

1.0 · 10
-2 

very conservatively. 

 

Deflection measurement 

TU Ilmenau  

The deflection of the cantilever is assumed to be the 

difference of the weighing pan deflection and the piezo 

deflection (see above) which are both measured with the 

interferometer.  

 

MM1 
In MM1 the piezo deflection is quasi zero. Therefore the 

uncertainty of the piezo deflection measurement can be 

neglected. 

The deflection of the weighing pan (the load button) is 

measured without an abbe offset (the stylus axis/ load button 

and the laser beam are congruent). Furthermore we were not 

able to resolve a significant tilting of the “weighing pan” in 

former experiments when the weighing pan was deflected 

with the internal voice coil (angle was < 0.1 µrad). 

Consequently, first order abbe errors are neglected in MM1.  

The possible angle between the direction of the weighing 

pan deflection and the laser beam is estimated to be γ < 0.1° 

(rectangle distribution). This results in an second order abbe 

error of < 1.6 · 10
-6

. The small angle is due to the low 

fabrication tolerances of the monolithic balance mechanism. 

The mirror which reflects the laser beam is glued directly on 

the moving part of the monolithic balance. The 

interferometer itself would only tolerate an angle of < 0.02° 

between the mirror and the laser beam [25].  

Because contributions of the stabilized laser frequency 

and the refractive index of air are at least one magnitude 

smaller, we assume 1.6 · 10
-6 

to be the uncertainty of the 

deflection measurement in MM1.  

 

 

TU MM2 

In MM2 the weighing pan (load button) deflection is 

quasi zero. Therefore its measurement uncertainty can be 

neglected.  

The piezo deflection is measured with an abbe offset of 

12 mm. The tilting of the piezo when traveling through its 

100 µm range is given in the datasheet with ± 3 µrad 

(rectangular distribution). This results in an first order abbe 

error of 36 nm (rectangular distribution) or a relative 

uncertainty of 2.1 · 10
-4

. 

The angle between the laser beam and the direction of 

the piezo deflection must be estimated with higher 

tolerances. This is due to the tolerances of the adjustment of 

the piezo actuators direction and the adjustment of the 

mirror which is mounted on the piezo. We estimate a value 

of  γ < 1° which leads to a uncertainty contribution of the 

second order abbe error of < 0.9 · 10
-4

. 

Combining both abbe error contributions leads to a 

uncertainty of the deflection measurement in case of MM2 

of  2.3 · 10
-4

. 

To publish a smaller uncertainty of the deflection 

measurement (second order abbe error) in MM2 we have to 

determine (and adjust) the angle γ more precisely.   

 

PTB 

The uncertainty contribution of the capacitive deflection 

measurement is estimated by a standard measurement 

uncertainty of 1.75  10
-3

. 

 

Nonlinearity 

The nonlinearity is the deviation of the measured force-

deflection curve from its linear fit. 

 

TU Ilmenau  

As value for the nonlinearity the confidence interval of the 

linear regression coefficient is determined. 

 

 PTB 

The average nonlinearity was ± 0.25 µN at maximum forces 

of 250 µN. 

 

Stiffness of the measurement loop 

The balance, the piezo and the measurement frame do have 

a finite stiffness. When the cantilever probes the load 

button (weighing pan) the resulting force also deforms the 

balance as well as the piezo and the measurement frame 

where the balance and the piezo is mounted. 

 

TU Ilmenau  

As explained above, the deformation (and deflection) of the 

balance and the piezo is measured with the interferometer. 

This length measurement is done with respect to a fixed 

point in the measurement frame. Therefor those 

deformations are considered when the deflection of the 



 

 

cantilever is determined. Hence, the deformation of the 

balance, the frame and the piezo does not lead to significant 

uncertainty contributions for the TU Ilmenau facility.  

 

PTB 

The stiffness of the  complete measurement setup has been 

measured by probing against a stiff silicon sample of known 

Young’s modulus. It amounts to 166 kN/m. Based on this 

stiffness a uncertainty contribution to the spring constant 

measurements of 2.5 · 10
-4

 was derived. 

 

Angular alignment of the cantilever 

An angular misalignment α from the intended 90° between 

the beam axis of the cantilever and the introduced 

calibration force leads to a deviation of the bending force 

introduced in the cantilever. The relative deviation can be 

described with: 

 

 
𝑢𝐹𝛼
𝐹

= 1 − cos⁡(∆𝛼) (4) 

 

PTB and TU Ilmenau estimates the maximum angular 

misalignment to be α < 2°, leading to an uncertainty 

contribution of 6.1 · 10
-3

. 

 

In earlier work others [18, 19] published the hypothesis that 

friction and angle depended lateral forces cause a deviation 

of the measured spring constants. The authors later also used 

this assumption [21] for uncertainty determination. The 

lateral force was assumed to be proportional to the static 

(lateral) friction force s · FN, which is the maximum force 

before the cantilever tip starts sliding on the load button. 

Based on further theoretical investigations and 

measurements we come to the opinion, that the true lateral 

forces are much smaller. Therefore we do not consider 

friction and angle depended lateral forces in our uncertainty 

determination. Nevertheless the influence must be further 

investigated in future work.  

 

Lateral alignment of the cantilever 

A lateral misalignment of the cantilever towards the highest 

point of the spherical load button generates lateral forces 

and leads to an uncertainty contribution as well.   

 

TU Ilmenau 

With an uncertainty of the lateral alignment of 5 µm 

(rectangular distribution) we estimate this uncertainty 

contribution with 0.52 · 10
-2 

[21] when the cantilever is 

probed with the 300 µm ruby sphere. This assumption bases 

on measured values. However, the geometrical model 

describing this deviation used friction depended lateral 

forces as well and needs to be improved in future work. 

 

PTB 

With a lateral alignment uncertainty of 5 µm (rectangular 

distribution) we estimate this uncertainty contribution with 

6.6 · 10
-3 

when the cantilever is probed with the 200 µm 

ruby sphere. This assumption bases on measured values. 

When probing with the diamond flat this contribution is 

assumed to be zero.  

5. DISCUSSION 

The spring constants cmean determined with different 

measurements modes (TU Ilmenau) and different probing 

styli (PTB) are in a good agreement within 1 % (2 ). As 

described above, the international comparison achieved 

deviations of 3.2 % (2 ) between KRISS, NIST and PTB 

measurements for a cantilever with a spring constant in the 

same magnitude (78 N/m). This verifies the performance of 

the spring constant calibration device developed by TU 

Ilmenau.  

Due to the traceable deflection measurement with the triple 

beam interferometer, and the smaller uncertainty of the 

calibration force the measurement uncertainty achieved with 

the TU Ilmenau facility is lower than the uncertainty 

achieved with the PTB setup. 

 

The performance of the comparison is limited by the transfer 

artefact itself. Due to the simple bending beam shape, the 

measured cantilever spring constant is highly sensitive to the 

adjustment of the cantilever towards the load button 

(probing point). Furthermore, the simple beam shape of a 

cantilever shows a nonlinear deformation behavior.  

 

6. OUTLOOK 

A future goal is the reduction of the uncertainty of spring 

constant measurements.  

 

This requires the investigation of the angular- and lateral 

alignment contributions. Furthermore an interferometric and 

traceable deflection measurement within the PTB facility as 

well as an improved calibration of the balance would 

significantly reduce the uncertainty. A minimization of the 

Abbe offset would lead to a lower deflection measurement 

uncertainty of the TU Ilmenau measurements. 

 

Spring constant measurements at lower forces and 

deflections could lead to lower nonlinearity and would also 

reduce the deterioration of the cantilever tip.      

 

For future comparisons other transfer artefacts than AFM 

cantilevers might be used. Artefacts with a lower sensitivity 

to lateral forces, the probing point and a lower nonlinearity 

as they are described in [ 26, 27]  are potential candidates.  

7.  ACKNOWLEDGEMENTS 

The work at TU Ilmenau was done within the Project 

Innoprofile – „Neuartige Anwendungsfelder innovativer 

Kraftmess- und Wägetechnik“ (see: www.tu-

ilmenau.de/ikwi) which is funded by Bundesministerium für 

Bildung und Forschung (BMBF) and our local partners 

Sartorius Lab Instruments GmbH & Co. KG, SIOS 

Messtechnik GmbH, PAARI Waagen- und Anlagenbau 

GmbH and drivexpert GmbH. 

 

http://www.tu-ilmenau.de/ikwi
http://www.tu-ilmenau.de/ikwi


 

 

8.  REFERENCES 

 

[1]  Willemsen O H, Snel M M E, Cambi A, Greve J, De Grooth 

B G and Figdor C G: Biomolecular interactions measured by 

atomic force microscopy.  Biophys. J. 79 3267, 2000 J. 79 

3267–81 

[2]   Hinterdorfer P., Dufrêne Y. F.: Detection and localization of 

single molecular recognition events using atomic force 

microscopy, NATURE METHODS (2006), VOL.3 NO.5, 

347-355  

[3] Helenius J. et al.: Single-cell force spectroscopy, Journal of 

Cell Science (2008) 121, 1785-1791 Published by The 

Company of Biologists 

[4]  Müller D.J., Dufrêne Y. F.: Force nanoscopy of living cells 

Current Biology (2011) Vol 21 No 6,212–216 

[5] Bull M.S. et al.: Improved Single Molecule Force 

Spectroscopy Using Micromachined Cantilevers, ACS Nano 

(2014) 8 (5), pp 4984–4995 

[6] Christ, A., Dyachenko, V., Isenberg, G., Doering, P., Peiner, 

E., 2006. Cardiomyocytes: glass pipettes of calibrated 

stiffness can measure apparent elastic moduli. Acta 

Physiologica 186, PW02P–10. 

[7]  Sokolov I.: Atomic Force Microscopy in Cancer Cell 

Research [Internet] Cancer Nanotechnology. 2007. Available 

from: http://people.clarkson.edu/~isokolov/Cncr-01.pdf 

[8]  Plodinec M. et al. (2012), Nature Nanotechnology 7, 757–

765 

[9] Bhushan B and Koinkar V N: Nanoindentation hardness 

measurements using atomic force microscopy Appl. Phys. 

Lett. (1994) 64 1653–5 

[10]  Kim S-H and Boyd J G: A new technique for measuring 

Young’s modulus of electroplated nickel using AFM  Meas. 

Sci. Technol. 17 (2006) 2343 

[11]  Lee, C., Wei, X., Kysar, J.W. and Hone, J.,"Measurement of 

the elastic properties and intrinsic strength of monolayer 

graphene," Science 321, pp. 385-388, 2008. 

[12]  Stach, E., "Nanomaterials: nanotubes reveal their true 

strength," Nature Nanotechnology 3, pp. 586-587, 2008. 

[13] Hoffmann, W., Loheide, S., Kleine-Besten, T., Brand, U., 

Schlachetzki, A., n.d. Methods of characterising micro 

mechanical beams and its calibration for the application in 

micro force measurement systems, in: Proc. of the 

MICRO.tec 2000. Presented at the MICRO.tec 2000 Conf., 

Hannover, Germany, pp. 819–823. 

[14] Doering, L., Brand, U., 2001. Si-cantilevers with integrated 

piezo resistive elements as micro force transfer standards, in: 

PTB-Bericht F-44 Proceedings of the 5th Seminar on 

Quantitative Microscopy and 1st Seminar on Nanoscale 

Calibration Standards and Methods : NanoScale 2001. 

Presented at the Nanoscale 2001, pp. 185–192. 

 

 

 

 

 

 

 

 

 

 

 

 

[15] J. Pratt et al., Progress toward Syste`me International 

d’Unite´s traceable force metrology for nanomechanics, J. 

Mater. Res., Vol. 19, No. 1, Jan 2004 

[16]  J. Pratt, J. Kramar, D. Newell, D. Smith, Review of SI 

traceable force metrology for instrumented indentation and 

atomic force microscopy, Meas. Sci. Technol. 16 (11) (2005) 

2129–2137. 

[17]  L. Doering, E. Peiner, M. Balke, U. Brand, Calibration of 

low-force stylus probes, in: Proceedings of XVIII IMEKO 

World Congress, Rio de Janeiro, Brasil, 2006. 

[18]  M.-S. Kim, J.-H. Choi, J.-H. Kim, Y.-K. Park, Si-traceable 

determination of spring constants of various atomic force 

microscope cantilevers with a small uncertainty of 1%, Meas. 

Sci. Technol. 18 (2007) 3351– 3358. 

[19]  M.-S. Kim, J. Pratt, U. Brand, C. Jones, Report on the first 

international comparison of small force facilities: a pilot 

study at the micronewton level, Metrologia 49 (2012) 70–81. 

[20] C. Diethold, F. Hilbrunner, T. Fröhlich, M. Kühnel and E. 

Manske, Determination of force to displacement curves using 

a nanopositioning system based on electromagnetic force 

compensated balances, Measurement (2014), 

http://dx.doi.org/10.1016/j.measurement.2014.02.034 

[21] C. Diethold, M. Kühnel, Tzvetan Ivanov, Ivo W. Rangelow 

and T. Fröhlich, Determination of AFM-Cantilever spring 

constants using the TU Ilmenau force displacement 

measurement device Proceedings of the XXI Imeko world 

Congress, S.175-180, (2015) 

[22]  Sartorius Lab Instruments GmbH Göttingen, Germany, Die 

WZ-CW Serie, OEM-Wägezellen WZ2P-CW (2009) 

[23]  SIOS Meßtechnik GmbH, Ilmenau, Germany, 

Dreistrahlinterferometer mit Planspiegelreflektor Serie SP-

TR (2014) 

[24]  Physik Instrumente (PI) GmbH & Co. KG, PIHera Piezo 

Linear stage P-621.1 (2008) 

[25]  H. Büchner, G. Jäger, A novel plane mirror interferometer 

without using corner cube reflectors, Meas. Sci. Technol. 17 

(2006) 746–752 

[26]  G. Hamanda et al., Transferable micromachined piezo-

resistive force sensor with integrated double-meander-spring 

system, J. Sens. Sens. Syst., 6, 121–133, 2017 

[27]  B. Goj et al., Resonant probing system comprising a high 

accurate uniaxial nanoprobe and a new evaluation unit, J. 

Micromech. Microeng. 23 (2013) 095012 (9pp) 

 

 

 
 

 

Institute of Process Measurement 
and Sensor Technology 
 

http://people.clarkson.edu/~isokolov/Cncr-01.pdf
http://dx.doi.org/10.1016/j.measurement.2014.02.034

