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Abstract 

This contribution describes new methods to characterize and determine both, the drift and 

the non-linearity of piezoelectric force measuring devices. The influence of the drift and dif-

ferent procedures for the drift calculation are presented. In addition the influence of different 

load regimes and evaluation procedures is discussed. The measurements carried out reveal 

that not the drift, but in particular the non-linearity is the criterion crucial for a classification 

of piezoelectric force transducers according to standards commonly applied to strain gauge 

force transducers. The results of this contribution are necessary and important for the devel-

opment of standards required for the calibration of piezoelectric force measuring devices in 

force standard machines. 

 

1. Introduction 

Considering the drift inherent in piezoelec-

tric force measuring devices, static and qua-

sistatic measurements of high accuracy seem to 

be infeasible. Because of this, only few inves-

tigations were executed to develop procedures 

for the calibration of piezoelectric force meas-

uring devices in force standard machines        

[1, 2].  

As is shown in [3, 4, 5, 6], in the case of 

great time constants of the charge amplifier, 

piezoelectric force measuring devices show a 

linear drift behaviour which is independent of 

the load step applied.  

 

 

Knowledge of the drift and the measure-

ment of load steps at increasing and decreasing 

force according to DIN EN 10002-3 [7] at 

equidistant time intervals [8,9] enable an ana-

lytical drift compensation, which leads to a 

reduction of the measurement uncertainty of 

piezoelectric force measuring devices. 

The following discussion of the sensitivity 

and linearity of the force transducer examined 

produces surprising results.  
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2. Procedure for the Determination of 

the Drift 

Discrete load steps at increasing and de-

creasing force have been plotted. Acquisition 

of the measurement values takes place at equi-

distant time intervals t , and not, as specified 

in DIN EN 10002-3, at least 30 seconds after 

application of the respective force. Due to t , 

load changes at different time intervals do not 

influence the measurement results. The charge 

amplifier‘s output signal of the ith load step is: 

Figure 1. shows the load-time dependence diagram 

of force transducers in force standard machines 

according to DIN EN 10002-3.  

 


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Where 


U
i

a
 is the measurement value af-

fected by drift and U
i

a
 the measured value 

without drift. D  is the linear drift coefficient.  

 

Offset voltages and currents in the input 

circuit of the charge amplifier cause the drift. 

In addition, the connecting leads and plugs 

expert a strong influence on the drift, which is 

not reproducible. 

Three different procedures for the determi-

nation of the drift are presented and discussed 

in the following. 

The simplest procedure analyses the first 

and last value of a measurement series at in-

creasing and decreasing load. The resulting 

active drift during the entire measurement time 

is determined according to  
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where n
L

 is the number of different load 

steps. However, this procedure does not allow 

the linearity of drift to be estimated.  

The second procedure determines the drift 

DH  from the absolute hysteresis 

Figure 2  The absolute hysteresis 

h

i
 of a piezo-

electric force transducers at a nominal load of  

20 kN as a function of the applied force and the 

least squares fit for drift determination 
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by means of a least square fit  
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Figure 2 shows the absolute hysteresis of a 

piezoelectric force transducer at a nominal load 

of 20 kN as a function of the applied force. 

The expected rise of 

hi  with increasing t  

can be recognized.  

Moreover, a non-linear behaviour of 

hi  is 

detected. The hysteresis of the force transducer 

as well as its non-linear behaviour are reasons 

for the non-linearity measured. Admittedly, 

neither the hysteresis nor the non-linearity can 

be explicitly calculated by the least squares fit 

equation (4) and both enter into the drift result 

for DH .  

The third procedure assumes that the hys-

teresis is negligible. It analyses only the modi-

fications of the measuring signal at within a 

specific load step.  
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Predictions concerning the hysteresis of the 

force transducer are not possible; however, the 

non-linear behaviour of the force transducer 

does not enter into the drift value found.  

In all following equations the drift is deter-

mined according to equation (5).  

3. Determination of the Sensitivity  

According to DIN EN 10002-3  

The sensitivity S
KA

 of a piezoelectric force 

transducer, taking the drift into account, is  
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is the drift-influenced sensitivity and  

L

L

1

2

1

stat

LV

W

Dr n

i

i

n

i

i

F

iF

S

tD
                    (8) 

the drift factor. Fi  is the static force of the ith 

load step, and S
LV

stat
 is the static sensitivity of 

the charge amplifier in used.  

Figure 3 shows the test results of a piezo-

electric force transducer at a nominal load of 

20 kN in the nominal and partial load range up 

to 2 kN.  

The relative modification of the sensitivity  

1
KA

DrKA
rel

S

S
S
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                               (9) 
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as a function of 
Dr

 is represented.   

 

Figure 3. Relative modification of the sen-

sitivity related to S
KA

 as a function of 
Dr

  

 

For all the twenty-two series of measure-

ments, t  ranges between 20s  and 180s . In 

the partial load range up to 2 kN the drift D
W

 

is between 19 0, V s  and 51 9, V s . The 

drift factor 
Dr

 ranges between 155, fC N  

and 13 65, fC N .  

For larger measuring ranges, a higher nega-

tive feedback capacitance C
g
 of the charge 

amplifier is used. In the nominal load range of 

the force transducer the drift is, therefore, 

smaller and amounts to between 

D
W

V s0 59,  and D
W

V s4 93, . Ac-

cordingly, for these measurements 
Dr

 is 

smaller by up to 2 05, fC N . The measure-

ment results illustrate the linear relation be-

tween 
Dr

 and 

S

KA
, which is independent of 

the maximum load and the adjusted negative 

feedback capacitance C
g
 of the charge ampli-

fier. 

The drift-affected sensitivity S
KA

 corre-

sponds to the absolute value of the ordinate of 

figure 2. However, S
KA

 strongly depends on 

the load range. The nominal load range has a 

sensitivity of . The partial load range of 2 kN 

shows a sensitivity smaller by 4 10 3
, i.e. 

NpC59281,3KAS . This points to a 

non-linear behaviour of the force transducer.  

4. Determination of the Sensitivity by 

fast Loading and Unloading of Discrete 

Load Steps 

When the hysteresis is not taken into ac-

count, application of procedures according to 

DIN EN 10002-3 with discrete increasing and 

decreasing loads is not mandatory. Fast load-

ing and unloading of each load step (see figure 

4) enable a mathematically simpler description 

of drift and sensitivity.  

Figure 4. Load-time dependence diagram and sig-

nal dependence diagram of a piezoelectric force 

measuring device upon fast loading and unloading 

 

The ith load step furnishes at the output of 

the charge amplifier:  
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U i

V  and U i

N  are measurements preformed 

before and after the load of the ith load step was 

set. In contrast to equation (1), here each load 

step is affected by the same signal shift due to 

the drift. By a least squares fit without forced 

zero SKA

F
 and DF  can be determined directly: 
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The systematic relation is represented in 

figure 5.  

Figure 5. Schematic representation of the output-

load dependency for different drift values and dif-

ferent time intervals 

Neither the drift DF  nor the time interval 

t  influences the gradient of the output force 

graph and thus the sensitivity SKA

F
. 

Table 1 shows the medial sensitivities SKA

F
 

determined in two different load ranges from a 

total of sixteen independent measurements 

carried out during fast loading and unloading, 

compared with the values obtained by the 

method of DIN-EN 10002-3 shown in figure 3.  

Table 1. Sensitivity of a piezoelectric force trans-

ducer determined by different procedures and in 

different load ranges  

 2kN 20kN 

SKA  

according to  

DIN EN 10002-3 

-3,9124(4) pC/N -3,9281(5) pC/N 

SKA

F
 

least squares fit 

with forced zero 

-3,9133(2) pC/N -3,9360(3) pC/N 

 

The relative deviation of SKA  and SKA

F
 in the 

load range up to 2 kN amounts to 3 10
4
. The 

relative standard deviation of the individual 

sensitivities SKA  and SKA

F
 as a measure for the 

reproducibility of the measurements are 

smaller by about one of magnitude. In the 

nominal load range up to 20 kN the relative 

deviation of sensitivities found amounts to 

2 10
3
 and is thus much larger. So the load 

regime and the evaluation procedures chosen 

strongly influence the sensitivity values found. 

Non-linear characteristics of the force trans-

ducer are responsible for this behaviour.  
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5. Determination of the Interpolation 

Error  

A measure of the non-linear behaviour of a 

force transducer is the interpolation error. It 

can be shown that the absolute interpolation 

error  
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 Figure 6. Relative interpolation error of the exam-

ined force transducer in two different load ranges 

 

is independent of the resulting drift if the force 

is applied at equidistant intervals F . In fig-

ure 6 the relative interpolation error  

f
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for the partial load range up to 2 kN and the 

nominal load range up to 20 kN of the force 

transducer examined is represented.  

The investigations furnish a relative inter-

polation error of f
i

C
0 02%,  in the partial 

load range up to 2 kN, which corresponds to an 

assignment to class 00 according to DIN EN 

10002-3.  

In the nominal load range the relative inter-

polation error amounts to f
i

C
0 4%,  and is 

therefore very large. A classification according 

to usually standards applied to strain gauge 

force transducers is not possible.  

It is therefore not the drift influence to which 

the sensitivity found is subject but the drift-

independent interpolation error, which is the 

reason for the impossibility of classifying pie-

zoelectric force transducers according to DIN 

EN 10002-3.  

These results are unfirmed by the examination 

of other piezoelectric force transducers and 

point to a systematic behaviour.  

6. Description of Piezoelectric Force 

Transducers by Higher Order Regres-

sion Functions  

The description of the non-linear behaviour of 

a force transducer requires regression functions 

of at least the second order 

U
Q F S F D ti i i

S
a

LV

stat

KA KA F

2

,       (15) 

or, better, of the third order  

U
K F Q F S F D ti i i i

S
a

LV

stat

KA KA KA F

3 2

.  

Q
KA

 and K
KA

 are the square and cubic coeffi-

cients, respectively, of the regression function. 

Table 2 shows the results of a cubic regression 

function of the investigations discussed in  

table 1.  

Contrary to the results given in table 1, SKA  

and QKA  here are independent of the load 

range examined. The larger standard deviation 

in the partial load range is attributed to the 
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larger drift in this measurement range. Only 

the very small coefficient KKA  shows a load 

range dependency.  

The causes of the non-linear behaviour are at 

present examined. Possible reasons are interac-

tions between the isotropic force introduction 

made of steel and the isotropic piezoelectric 

material (see figure 7), geometrical non-

linearity’s and non-linearity’s of the material. 

Table 2. Cubic regression coefficients of a piezo-

electric force transducer determined in different 

load ranges  

 2kN 20kN 

SKA  
N

C
101910,3 12

 

N

C
1069096,3 12

 

QKA  
N

C
1083,1 18  

N

C
10830,1 18  

KKA  
N

C
1025 24  

N

C
106090 24  
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Figure 7. Simulations with finite element method 

(FEM) of the direction-dependent deformation in 

the yz-layer of a piezoelectric force transducer 

under load  

7. Conclusions 

This paper demonstrates that the quasistatic 

calibration of piezoelectric force transducers 

installed in force standard machines is possible 

with high precision if the drift is taken into 

account. However, it is also shown that the 

determination of the drift lead to a loss of in-

formation. Either the linearity or the hysteresis 

of the force transducer investigated cannot be 

determined.  

A modified procedure for the calibration of 

piezoelectric force transducers according to 

DIN EN 10002-3 and a method with fast load-

ing and unloading in each load step is pre-

sented and discussed.  

A comparison of the procedures proves 

good reproducibility of the sensitivity of both 

procedures if the drift is taken into account.  

However, the two procedures produce 

strongly different results in particular in the 

nominal load range of the force transducer.  

The measurements prove that not the drift 

but the non-linearity is the criterion crucial for 

a classification of piezoelectric force transduc-

ers according to standards commonly applied 

to strain gauge force transducers.  

A substantially better characterization of 

piezoelectric force transducers results from 2nd 

and 3rd order regression functions. The reasons 

for the non-linear behaviour and the resulting 
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measurement uncertainty budget will be dis-

cussed in further publications.  
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