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Analysis of loading profile effect on testing machine calibration results  
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A B S T R A C T   

The paper presents an evaluation of the loading profile effect on the testing machine calibration. First, a 20 kN 
force transducer was calibrated in a force calibration machine. This transducer was then used for a number of 
calibration runs in a 600 kN material testing machine where the time step interval of the same loading profile 
was varied from 120 s to 0 s. Results show good agreement for most of the range but highlight an increasing error 
due to synchronization and filtering issues in measured signals when approaching very short step intervals and 
continuous loading.   

1. Introduction 

Force calibration procedures are defined in international standards 
such as ISO 376 standard [1] for static calibration of transfer transducers 
used for static calibration of uniaxial material testing machines (MTMs) 
according to ISO 7500–1 [2], and are based on quasi-static loading 
procedures. 

ISO 376 standard defines basically a stepwise loading with at least 30 
s between the measured force step values. While a continuous loading 
with force rate assuring a 30 seconds time interval between discrete 
values would technically also be compliant, the main reason for a 
stepwise loading in practical calibrations is linked to the majority of 
high precision force calibration machines for force transducer calibra-
tion being direct loading dead-weight force calibration machines. Only 
some force calibration machine types allow continuous loading, e.g. 
jockey weight machines [3]. Dead weight machines on the other hand 
offer a limited number of discrete force steps and relatively slow loading 
procedure, making it difficult to reliably realize short loading times [4]. 

When transfer standard transducers are used to calibrate a material 
testing machine following the ISO 7500-1 standard procedure for the 
testing machine calibration, there is no step time requirement, the 
standard allows even “slowly” increasing/decreasing force during cali-
bration, but stepwise loading is typically performed nonetheless. The 
main reason for this might be the requirement in ISO 376 standard that 
requires transfer standard transducers to be used under loading condi-
tions they were first calibrated under – statically. The performance of 
these transducers is not evaluated for short time intervals or continuous 
loading, and they are therefore sometimes considered as not having 
adequate traceability for continuous measurements (some guidelines on 
continuous calibration of force transducers is described in a German 
DKD-R 3–9 document [5]). 

However, the applications of material testing machines almost never 
require a pure static force but measure test results in all parts of a 
continuous test curve. This should be taken into account during cali-
bration of the testing machine and such machines should be evaluated 
for force loading profiles applied during testing. 

The aim of the presented paper was to investigate the influence on 
different loading profiles on a calibration result of a testing machine’s 
force-measuring system which could potentially affect subsequent re-
sults of a tensile test performed, e.g. tensile test according to ISO 6892–1 
[6]. In this analysis a transfer standard, calibrated according to ISO 376 
in a deadweight force calibration machine was used to calibrate a ma-
terial testing machine with several different loading profiles to establish 
any effect of the loading profile on the calibration result of the testing 
machine. 

2. Equipment 

2.1. Material testing machine 

The measurements were performed on a material testing machine of 
nominal capacity 600 kN of type Z600E manufactured by Zwick/Roell, 
Germany, built in 2012, Fig. 1. This is an electromechanical testing 
machine using electromotor and spindle drive to move the crosshead 
and generate loading forces. The machine is using standard control 
electronic system and standard control software and a single load cell for 
the whole force range up to 600 kN. To acquire the signal from the 
external strain-gauge bridge amplifier, the testing machine control 
software was set-up to simultaneously record the values from its force 
measuring system and from the external amplifier and save all measured 
values in its database. 

2.2. Transfer standard 

Reference equipment for investigation was selected as a typical 
equipment for the calibration of material testing machines. A measuring 
chain under investigation consisted of:  

- HBM Z4A 20 kN force transducer  
- HBM MGCplus system with HBM ML38B bridge amplifier module 

During this evaluation, the transducer and the amplifier were 

Contents lists available at ScienceDirect 

Measurement: Sensors 

journal homepage: www.sciencedirect.com/journal/measurement-sensors 

https://doi.org/10.1016/j.measen.2021.100131    

www.sciencedirect.com/science/journal/26659174
https://www.sciencedirect.com/journal/measurement-sensors
https://doi.org/10.1016/j.measen.2021.100131
https://doi.org/10.1016/j.measen.2021.100131
https://doi.org/10.1016/j.measen.2021.100131
http://creativecommons.org/licenses/by-nc-nd/4.0/


Measurement: Sensors 18 (2021) 100131

2

regarded as one single measuring system. Transducer and amplifier are 
shown in Fig. 2. 

2.3. Force calibration machine 

Calibrations of the transfer standard were performed on a 20 kN 
direct loading deadweight force calibration machine located at ZAG – 
Laboratory for metrology, Fig. 3. The accredited CMC of the machine is 
0.01% with reproducibility of the generated force below 0.005%. The 
force calibration machine provides independent traceability to SI units 
via mass and gravitational acceleration. 

3. Procedure 

The procedure for evaluation of the loading profile effect was divided 
in three parts: 

3.1. Part A 

Calibration of the force transducer in the force calibration machine 
to establish the traceability to the unit of force under static conditions. 

Fig. 1. Material testing machine Zwick/Roell Z600E.  

Fig. 2. HBM 20 kN Z4A force strain-gauge bridge force transducer (top) and 
HBM MGCplus system with HBM ML38B strain-gauge bridge amplifier mod-
ule (bottom). 

Fig. 3. ZAG 20 kN deadweight force calibration machine.  
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The calibration procedure follows ISO 376 standard procedure. 

3.2. Part B 

Calibration of the material testing machine with the transfer stan-
dard using a typical time interval for the calibration and static condi-
tions following ISO 7500–1. The transfer standard was positioned in the 
testing machine before the tests and its position and orientation was not 
changed during tests to exclude any mechanical influences arising from 
the loading the transducer. The calibration of the material testing ma-
chine was then repeated with different loading profiles. The step hold 
interval at each calibration step was changed between the measurement 
series. 

3.3. Part C 

Calibration of the material testing machine with the transfer stan-
dard under continuous loading profile conditions. 

4. Results 

4.1. Part A 

The 20 kN transfer standard transducer was calibrated in the 20 kN 
dead-weight force calibration machine according to the ISO 376 pro-
cedure to establish its reference values under the static conditions and 
assure the metrological traceability to the unit of force. The time interval 
between the steps was 60 seconds. The filter setting on the amplifier was 
0.5 Hz low pass Bessel filter. The calibrated range was from 0.5 kN to 20 
kN for compressive loading. Results are shown in Table 1. 

4.2. Part B 

The machine’s force measuring system was calibrated by the 20 kN 
transfer standard in a single rotational position with one preload fol-
lowed by three increasing force series with force steps from 1 kN to 20 
kN. The loading rate between the force steps was set to 200 N/s for all 
tests. The step interval was changed between the tests from 120 s down 
to 2 s (120 s, 60 s, 30 s, 15 s, 10 s, 5 s, 2 s) with all other parameters kept 
constant (temperature, transfer standard position, force step values, 
amplifier filter settings, loading rate, etc.). The filter setting on the 
amplifier was set to 0.5 Hz low pass Bessel filter for all measurements. 

The average value was calculated from three increasing force series 
for each force step for each step interval measurement to determine the 
deviation of the results. Fig. 4 shows the results of the calibration. The 
testing machine nominal range is 600 kN and the values at the bottom of 
the evaluated range (below 2 kN) include some larger dispersion. The 
standard deviation of the three series exceeded 1% in some cases at these 
values, and while the results are displayed on the graphs, they should be 
viewed as informative only. Range from 2 kN to 20 kN is to be regarded 
as representative. 

The results of the calibration were very similar and within the 
measurement uncertainty (expected 0.1% or more) for force step in-
tervals from 120 s down to 5 s, but there was a clear deviation in the 
resulting error observed for the 2 s step interval. Investigation of the 
recorded signals from the machine and the external calibration system 
showed a phase shift of the signals, Fig. 5. 

It can be seen that the phase shift (delay) affected both cases (all 
cases), but the 5 second step waiting time was sufficiently greater than 
the phase shift and the values from both signal were acquired under 
stable conditions. This was not the case anymore for the 2 s time step, 
where the delay combined with transient response of the signals caused 

Table 1 
Result of calibration of the transfer standard according to ISO 376 in a dead- 
weight force calibration machine.  

Force in kN Average value in mV/V Rel. Meas. Uncertainty 

0.5 0.04999 2.4E-04 
1 0.09998 2.1E-04 
2 0.19996 1.5E-04 
4 0.39997 1.3E-04 
6 0.60000 1.3E-04 
8 0.80006 1.3E-04 
10 1.00017 1.3E-04 
12 1.20032 1.3E-04 
16 1.60075 1.3E-04 
20 2.00133 1.3E-04  

Fig. 4. The effect of the step time interval on the machine calibration 
error result. 

Fig. 5. Comparison of 5 second interval (top) and 2 second step inter-
val (bottom). 
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the external signal value to be acquired before it reached the stable step 
value. The phase shift of the signals is caused by the filtering effects of 
the external amplifier (0.5 Hz Bessel filter), acquisition delay due to the 
asynchronous data acquisition over serial communication from the 
amplifier and also other possible effects. The 2 s step loading profile is 
shown in Fig. 6. 

4.3. Part C 

The transfer standard was then used to calibrate the machine with a 
continuously increasing force, with a constant loading rate of 200 N/s 
(zero to maximum loading in about 100 seconds), without any calibra-
tion steps between zero and maximum value during the increasing se-
ries, Fig. 7. 

The filter setting remained set to 0.5 Hz Bessel low pass filter, same 
as for the stepwise loading. The results of the continuous calibration are 
compared to the 2 s and 30 s step loading results in Fig. 8. Due to the 
inappropriate filter setting for continuous loading, the results of the 
continuous calibration show large errors from 2% to above 30%. 

As the filter setting introduces a delay into the data acquisition, it 
significantly affects the error result and the reference signal is not syn-
chronized (it is delayed) with the testing machine load cell signal. 

Fig. 6. Loading profile with 2 second step interval.  

Fig. 7. Loading profile for continuous loading with a rate of 200 N/s (one preload and three increasing series).  

Fig. 8. Continuous calibration with 200 N/s (0.5 Hz Bessel filter), and static 
calibration with 2 s and 60 s step intervals. 

Fig. 9. Static calibration with 30 s step interval, 2 s step interval (both 0.5 Hz 
Bessel filter) and continuous calibration with 200 N/s loading rate for 0.5 Hz 
Bessel filter, 1.5 Hz Bessel filter and 5 Hz Butterworth filter. 
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Changing the filter setting to 1.5 Hz Bessel low pass filter and further to 
the 5 Hz Butterworth filter setting resulted in a reduced delay and 
improved results. When the same measurement was repeated with the 5 
Hz Butterworth filter setting, the results improved significantly, Fig. 9, 
and agreed well with the reference static curve, to within 0.5% above 2 
kN. 

As the creep of the 600 kN testing machine’s load cell is low in the 
bottom range, the results suggest that the transfer standard transducer 
produces comparable results from static to continuous loading [7] and 
the results could give an approximation of necessary additional mea-
surement uncertainty contribution, validating the transfer transducer at 
the same time. 

5. Conclusion 

The presented results of the loading profile analysis suggest, that a 
transducer statically calibrated in a force calibration machine according 
to ISO 376 procedure, can provide comparable testing machine cali-
bration results for various loading profiles. The results are comparable 
even for a continuous loading profile, but an additional uncertainty is 
necessary to accommodate the loading profile effect. With such addi-
tional contribution, the calibration of testing machines would provide 
traceability and appropriate calibration uncertainty for static and 
continuous loading. The testing machine itself could serve as a 
comparator to evaluate loading profile effect (when the testing machine 
load cell exhibits low creep), even if the transfer standard is not previ-
ously calibrated with continuous forces. Care needs to be taken to ensure 
appropriate amplifier filter settings and synchronize the data acquisition 
when using short step intervals or continuous profiles. 
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