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ABSTRACT

Within the framework of the European Metrology Research Programme (EMRP), tools for the calculation of measurement
uncertainties have been developed. The Joint Research Project (JRP) 63 of the “SI Broader Scope II” (SIB) call of the EMRP is entitled:
“Force traceability within the meganewton range”. The project was started in July 2013 and had a duration of 36 months. The aim of
the SIB63 project was to improve the traceability of the force measurement especially in the meganewton range. This paper presents
the results of work package 4 “Improved dissemination of the SI unit of force”. The tools developed by the partners are available from

the website of the project.

Section: RESEARCH PAPER

Keywords: EMRP SIB 63; uncertainty; force measurement; calculation tools

Citation: Dirk Roske, Jussi Ala-Hiiro, Andy Knott, Nieves Medina, Petr Kaspar, Mikotaj Wozniak, Tools for uncertainty calculations in force measurement, Acta
IMEKO, vol. 6, no. 1, article 9, April 2017, identifier: IMEKO-ACTA-06 (2017)-01-09

Section Editor: Paul Regtien, The Netherlands

Received September 9, 2016; In final form February 13, 2017; Published April 2017

Copyright: © 2017 IMEKO. This is an open-access article distributed under the terms of the Creative Commons Attribution 3.0 License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited

Funding: The research leading to these results has received funding from the European Union on the basis of Decision No 912/2009/EC. The EMRP is jointly
funded by the EMRP participating countries within EURAMET and the European Union

Corresponding author: Dirk Roske, e-mail: dirk.roeske@ptb.de

1. INTRODUCTION

The main objective of the research project “Force
traceability within the meganewton range” (SIB63) in the
European Metrology Research Programme (EMRP) was to
improve the traceability of force measurement from primary
standards to calibration services and testing laboratories
especially in the meganewton range. The project was started in
July 2013 and had a duration of 36 months.

The aim of the project was to develop new methods that
could be applied by users of measurement devices for large
forces in industrial calibration laboratories and applications as
well as in testing laboratories. Different work packages (WP)
had been defined dealing with build-up systems of force
transducers and extrapolation methods of measurement results
(WP1), with multi-component measurements (WP2) and with
time-dependent effects like creep and hysteresis (WP3).

The present paper describes the work that was undertaken
within work package 4 Improved dissemination of the ST unit of force

(WP4) during the project’s lifetime.

The key idea of WP4 was to improve traceability by taking
various influencing effects into account. This is done by
applying corrections to the measurement results based on
mathematical models and known parameter values. For the
corrected results, measurement uncertainties can be calculated
using the tools provided to the users from the project’s website.

The procedure of WP4 was as follows. First, the application
conditions and requirements for the calibration depending on
the further use of the force measuring instrument were
compiled based on an on-line questionnaire. Second, the
corresponding technical parameters and coefficients describing
the effects of application conditions on the measurement result
were collected or defined. Third, for nine of the parameters and
coefficients, detailed models and elaborated uncertainty
calculation examples were provided. They are publicly available
from the website [1]. Fourth, for at least six of the models,
online calculations tools were developed. For offline use, a
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spreadsheet file, including the same models, was programmed
and is also publicly available from the website of the project.

2. APPLICATION CONDITIONS

Force transducers are often calibrated under laboratory
conditions. In the later use of these instruments the application
conditions must be taken into account if they differ from the
calibration conditions to an extent that affects the measurement
result. In order to receive feedback from the stakeholders about
their application conditions, an online form was generated
(Figure 1). It is still publicly available from the web address
http://www.ptb.de/emrp/forcemetrology.html [1]. All graphics
are screenshots taken from the project’s website. If the figures
are difficult to read, please open — if available - the website.

As the next step, a survey was undertaken and 66
stakeholders were asked to take part by submitting the filled-in
form to the project team. 24 users replied and all the data
received was entered into the database and can be found under
“Work Packages/WP4.1 Application conditions” on the
website.

The intention of the survey was to find out under which
conditions and in what ranges (for example, temperatures up to
1100 °C) force transducers are sometimes used. It was not
intended to develop methods covering all these ranges so users
should be aware that, for example, a temperature coefficient
that was measured in the range up to 30 °C may not be useful
in the range of 100 °C or above.

3. TECHNICAL PARAMETERS AND COEFFICIENTS

Several parameters or coefficients are already defined in
written standards, for example in [2], or in scientific papers. The
available information was compiled into one list together with
references under “Work Packages/WP4.2 Parameters and
coefficients” on the website (Figure 2). All parameters are given
with their name, symbol and unit, as well as a description. In
some cases, it was necessary to adapt the definition given in the

Questions

We assume that you use force (changa the unit, if necessary, replace "..." by values, multiple ranges
and/or torque measuring devices. o0 po given)

Over what ranges are these ro cocin MN: from ... to
devices used?

Torques in kN-m: from ... to ...

What are the magnitudes of any i1 Forces in MN: from ... to ...
additional forces/torques ¢ qc forces in MIN: from ... to ..
J/moments that occur during your Torques in kN-m: from ... to
measurements?

Bending moments in kN-m: from ... to ...

What geometrical changes, which Displacement:
may need to be taken into ) displacement in mm: ...

account, occur  during  your | o) displacement in mm: ...
measurements? Inclination:

[T DU O

K10

P

What are the temporal details of pjo;qe describe typical measurement procedures, for example:

the measurement? - Short-term measurement of 1 min duration with 2 hours of
waiting time without the load being applied to the measuring
device

(3

L

Wha? _are the environmental tomperature range in °c: from ... to
conditions for the measurement? Humidity range in %rh: from ... to ...

Other quantities and ranges if necessary: ...

What are  the  required (oot uncertainty in %:

uncertainties in these

measurements? absolute uncertainty in force units:
(expanded uncertainties with k = 2)

Figure 1. Questions from the on-line questionnaire about application
conditions.

Part 1 - Parameter and coefficient definitions

Geometrical
Symbol _—
Parameter and Unit Description
D, Qutput signal of the force transducer at rated force due to a defined
. CE displacement of the force action line parallel to the measurement axis.
Eccentricity effect  jn P 0 ] g
U The greatest eccentricity effect in the plane vertical to the measurement
/mm  ayis is to be stated.
Geometrical effects
in build-up see Mechanical effects in build-up systems
systems
Mechanical
Symbaol -
Parameter and Unit Description
D v
Torque effect in Deviation of the output signal of the force transducer due to a torgue
que llad {1} / around the measurement axis. The torque is to be stated.
(N-m)
Dc, Deviation of the cutput signal of the force transducer due to a lateral
Lateral force i force. The lateral force shall be applied perpendicular to the
effect n measurement axis in the point of force introduction. The greatest
/N lateral force effect and its direction is to be stated.
D mg Deviation of the output signal of the force transducer due to a bending
Bending moment  in moment. The bending moment shall be applied around an axis
effect (1] / perpendicular to the measurement axis. The greatest bending moment
N-m effect and its direction is to be stated.
ffect and its direction is to be stated
Mechanical a Relative deviation of the s f the forces indicated by the singl
effects In bulld-up  in elative deviation of the sum of the forces indicated by the single
systems % transducers from the introduced calibration force

Multi-component

effects to be delivered by WP2

Figure 2. Parameter and coefficient definitions (part of the table).

guidelines for a better uniformity. This may also serve as a
proposal for a future revision of the guidelines.

The parameters and coefficients were grouped into
Geometrical,  Mechanical, = Temporal,  Electrical  and
Environmental effects.

For some of the parameters, exact values are given as well.
Unfortunately, this list is very short and it does not cover most
of the parameters due to a lack of corresponding measurement
results. If a user needs to know the exact value of a parameter,
then it might be necessary to carry out corresponding
measurements. On the other hand, depending on the target
uncertainty, it may be sufficient to work with parameter ranges
in the form of upper limits of their absolute values from data
sheets. For example, the temperature effect on the characteristic
value (“sensitivity”’) of a C4 force transducer from HBM [3] is
not higher than 0.01 % per 10 K temperature change (see
Figure 3).

Parameter ranges (upper limits of absolute value) from data sheets

Parameter Symbol Range
Charbctariate otes per 10K | TKe | ITKel <0.01% / (101)
UL oG e Ty ITKo| < 0.015 % / (10 K)
amblen pressUOSOc on oy Ik < 0015 % (1 kP
Relative eccentricity effect [ ldee]l < 0.01 % / mm
ﬁ‘:lllilrl‘:l': nlifgra; [f:?;fﬁ{e.:::,t} doyr |da,cl < 0.03 % / (0.1 - From)
Eﬁil&:ﬁfﬂ;ﬁ]t\iﬂﬁfﬁed on dcy ldc,ul <= 0.1 % in the excitation voltage range
E:fét:%?:‘ul\”o'tage effect on dsp,u |dgg,ul < 0.5 % in the excitation voltage range
Tmeme e o o The 1Tl <001%/(1010
;;gl’s‘;g:_l';'l';:r"l"g'}(‘"' TKo ITKol < 0.015 % / (10 K)
Relative eccentricity effect dee |de,] < 0.005 % / mm
teral forca 109 of Fresy  Gar  1dqul < 0.03%/ (0.1 - Foam)

Figure 3. Parameter ranges from data sheets.
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4, DETAILED MODELS AND EXAMPLES
4.1. Models

The uncertainty contributions were then evaluated for some
of the parameters and their related influencing quantities. In [4]
it was shown that the uncertainty calculation can be performed
with quite simple software tools.

The various influencing effects are given under “Work
Packages/WP4.3 Uncertainty contributions” on the website
(Figure 4), arranged in categories. The intention is that the user
applies corrections to the measurement results based on the
knowledge of the effect, the mathematical model describing the
influence and the values of the parameters including their
uncertainties.

The models follow directly from the above given definitions
of the parameters and coefficients. If new influencing quantities
or effects other than those in the list of models have to be
considered, the related models can be developed on the basis of
the models on the page.

4.2, Calculation examples

For some of the influencing effects from the list in Figure 4,
elaborated example calculations are given in the lower part of
the WP4.3 page, see Figure 5.

These examples are organized using an accordion element in
the graphical user interface of the page. It consists of a
vertically stacked list of alternately expandable header items,
meaning a maximum of one item can be expanded at a time.

Usually [5], for uncertainty calculations only linearized
models are applied and the underlying formula is given in (1):
u2) = 2 () w2 0

dx;

In the case of our form, an enhanced formula (2) is used

2= (L) e
o,

i=

1( 9%f 2
+Z§V:125y:1 ‘( ) +

2 axiax]-

af d3f

a_xl-axiasz-

u?(x;)u? (xj) ) @)

WP4 Improved traceability

WP4 has four tasks. Here we publish the results of these tasks.

Task 4.3 - Determination of the uncertainty of measurement results
in the application of force transducers under real conditions

On this page we provide mathematical models with description and
numerical examples for the calculation of uncertainties.

Geometrical effects in build-up systems -> to be delivered by WP1

Geometrical o .
Eccentricity effect on characteristic value O¢ g -> see example below
Torque effect on characteristic value Dgyr
Lateral force effect on characteristic value D¢ r -> see example below
Mechanical Bending moment effect on characteristic value De g
Mechanical effects in build-up systems -> to be delivered by WP1
Multi-compenent effects -> to be delivered by WP2
Creep effects -> to be delivered by WP3
Temporal Storage effect on characteristic value D¢, -> see example below
Storage effect on zero signal Dz ¢ -> see example below
Excitation voltage effect on zero signal Dz, u
Electrical Excitation voltage effect on characteristic value Dy -> see example
below
Temperature effect on zero signal TKy
Temperature effect on characteristic value TKe -> see example below
Environmental Humidity effect on zero signal HKkp

Humidity effect on characteristic value HKc -> see example below

Amblent pressure effect on zero signal PKy

Figure 4. List of categories and influencing effects.

Detalled models and elaborated examples

Terminology and abbreviations:

Indication - Value indicated by the measuring instrument, also: Output

Zero indication - Indication of the unloaded transducer

Deflection - Difference between the indication at acting lead and the zero indication in mounted
state

Neminal force - Force the measuring instrument is designed for

Characteristic value - Deflection at nominal force

Sensitivity - Deflection to force ratio, also: Characteristic value to nominal force ratio (in
(MV/VI/N, Hz/N, ...}

IU = indicated unit, for example, N, mv/V, kHz

+ Eccentricity effect on characteristic value

* Lateral force effect on characteristic value

+ Storage effect on characteristic value

+ Storage effect on zero signal

+ Excitation voltage effect on characteristic value
+ Excitation voltage effect on zero signal

o {

effect on char: value

* Humidity effect on characteristic value

+ Pressure effect on zero signal

Figure 5. Collection of detailed models and example calculations.

One of the advantages of this enhanced calculation method
is that additional contributions to uncertainty are taken into
account. If, for example, the user works at the same
temperature as the calibration laboratory (20 °C, see above), the
correction due to the temperature coefficient is zero, but due to
a supposed higher uncertainty of the temperatute measurement
(for example, 0.5 K instead of 0.1 K) the result should also have
a higher uncertainty.

In the case of the example shown in Figure 6, the effect of
temperature on the characteristic value is calculated when the
transducer is used at 35 °C after it was calibrated in an air-
conditioned laboratory at 20 °C. The standard uncertainty of
measurement is 0.25%. Due to the known temperature

* Temperature effect on characteristic value

Temperature effect on characteristic value

aAC =C( Tapo,] = C(Tea)

AC = (Tapp = Teal) * TKe * Cl(Teal)

with

Teal - reference temperature in °C during calibration

Tapp - real temperature in °C during application

C - characteristic value in IU

AC - change of C In IU due to temperature change AT in K.

The corrected force F(T,y,) can be found from the calibration result C = C(F)
(characteristic value as function of the applied force) and its reverse function F =
FC).

Example

Calibration with:

force Fey = 1 MN, standard uncertainty: u(F.,) = 0.001 MN

temperature T, = 20 °C, standard uncertainty: u{T.y) = 0.1 K

- Model:

C=cClFRT ..)

- Calibration result:

ClFealr Teal) = Cea = 2.000 mV/V, standard uncertainty: u(Ccy) = 0.005 mv/V

i.e. Fapp(Tea) = 1 MN, standard uncertainty: u(F,,,) = 0.0025 MN
Application with:

temperature T, = 35 °C, standard uncertainty: u(Tyy,) = 0.1 K

parameter TKe = 0.01 % / K, standard uncertainty: u(TK-)=0.002 % / K

- Model:

C(F, Tapp) = (Tapp = Teal) * TKe * C(F, Teal) + C(F, Teal)

- Calculation:

C(F, Tapn) = (35 °C - 20 °C) - 0.0001 - (2,000 mV/V) / K + 2.000 mV/V

C(F, Tapp) = 15 K- 0.0001 - (2.000 mV/V) / K + 2,000 mV/V

C(F, Typp) = 15 - 0.0001 - 2,000 mV/V + 2.000 mV/V

C(F, Tapp) = 0.0015 - 2.000 mV/V + 2,000 mV/V

C(F, Tapg) = 2.003 mV/V, standard uncertainty (see page bottom): 0,005 mV/V

i.e. in the case of linear regression:

Fapp(2.003 mV/V, T,;5) = 1 MN, standard uncertainty: 0.00252 MN
Fapp(Cealr Tapp) = 0.9985 MN, standard uncertainty: 0.00251 MN

Rule

A positive value of TK: means: a higher temperature results in a larger
characteristic value.

For the same force, a higher value is indicated. For the same indication, a lower
force is acting.

Figure 6. Example of a fully elaborated uncertainty calculation including a
corrected result.
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coefficient of 0.01 % per 10K, the characteristic values
changed from 2.000 mV/V at 1 MN to 2.003 mV/V.

The uncorrected result has an additional error of 0.15 %.
Depending on the application requirements, this can be either
low enough to be ignored or it needs to be considered. If the
effect is taken into account by applying a correction to the
measurement result — which is the preferred way according to
the GUM [5], the corrected value has an uncertainty of 0.252 %
which is slightly higher than the uncertainty of the calibration
result (0.25 %). The increase is mainly caused by the uncertainty
in the knowledge of the temperature coefficient Tkc.

The example calculations are also used for the test of
correctness and validation of the online and offline tools that
are described in the following section.

5. ONLINE AND OFFLINE CALCULATIONS TOOLS

The developed online tools can be found under “Work
Packages/WP4.4 Software tool” on the website (Figure 7). The
user should enter corresponding values into all white input text
boxes of the form. After this is done, a click on the
“Evaluation” button calculates the results and shows them in
the grey text boxes together with a list of contributions and an
explanation below the form (Figure 8).

The calculations are performed in the internet browser on
the user’s local computer. For this purpose, JavaScript must be
supported by the browser and enabled. The use of this tool is
free but without any warranty. The source code is accessible
and can be checked.

The “Reset” button can be used to delete the current results;
the values in the white boxes are not affected. This allows the
user to obtain a form without any results but it is not necessary
to use this reset function, as any input value can be changed at
any time and, by pressing the “Evaluation” button, the results
can be re-calculated using these new values. The user should be
aware that the indicated results will not correspond to the input
values if the latter have been changed without starting a re-
calculation using the “Evaluation” button.

The table below the form shows the contributing variances
in descending order. In the example of Figure 8 it can be seen
that the main contributions come from the uncertainty of the
transducer calibration and the uncertainty of the temperature
coefficient.

In addition to the online tools, an Excel file is available for

offline use. The first sheet in this file contains a short

= Temperature effect on characteristic value

Calibration Quantity Value Std. uncertainty Unit
Input Teal | | °C (K)
Feal | | F.U.
Model C=ClF, T ..)
Result CFea Tea) = Cear | [ 1.U.
Fappl Teat) [ [ F.U.
Application Quantity Value Std. uncertainty Unit
Input Tapp | | oC (K)
Parameter TKe | | % K
Model CF, Tagg) = (Tagg = Teal) * TR + C(F, Tea)) + CUF, Tem) = Capp
Result ClFeal: Tapp) = Cagp | | I.u.
FapplClTopp)) [ [ F.U.,
Fapp(C(Tea)) [ [ F.U.
_Reset | _Evaluation |

Figure 7. Example of an online tool form.

- Temperature effect on characteristic value

Calibration Quantity Value Std. uncertainty Unit
Input Teal [ 20 | 01 *C(K)
Feat [ 1 0002 Fu.
Model C=C(F, T, ...
Result ClFea Tea) = Cea | 2000 | 0005 LU
Fagpl Teal) [ 1| 00025  F.U.
Application  Quantity Value Std. uncertainty Unit
Input Tagp [ 35 01 *C(K)
Parameter T®, [ 001 | 0005 %/ K
Model C(F, Tapg) = (Topp - Te) - TR - CIF, Teg) + CUF, Tog) = Cygp
Result ClFeat Taps) = Cage | 2003 | 000523 LU
Fagpl ClTagpl) [ 1 000261 F.U.
Faop(ClTeal)) | 05385 | 000261  F.u.
Reset | [[Evaluation |
Contributing uncertainty Variance Explanation
2 0.0000250751
u){ cal) 0.00000225 Working at a temperature of 35 °C with a
u?{TKc) T aeqp  “tenderd uncertainty of 0.1 °C (instead of 20
U¥{Tagg) °C and a standard uncertalnty of 0.1 °C)
uH(Teal) 4e-10  leads - if not corrected - to an error of -0.15
u¥(Tew) w(TKe) le-10 %,
U Tyee) U2(THE) 1e-10 The standard uncertainty of the uncorrected
(Ceat) U2 Teal) P{THL) indicated force is 0.00261 F.U., that of the
”;[[_.M_] w3 r”‘ ) U3 ”:c] 1e-15 corrected force Is 0.00261 F.U.
= P 1e-15

Figure 8. The filled-in form of Figure 7 with calculated results and
explanation.

description together with internal links to the other sheets and
some settings for the units in which the values are given. The
second sheet offers some explanation of technical terms
including their units. Each following sheet contains one model
and its structure is similar to that on the website. The sheets
contain the model and descriptions, input fields (cells) for data,
results fields (cells) for the calculation results as well as the
“Reset” and “Evaluation” buttons and the contributing
variances, and the explanation.

The calculations in this spreadsheet file are based on macros.
For the full functionality of the files macros must therefore be
allowed. Depending on the settings of the local programme, the
user may be asked to allow macros to be executed by the
programme.

The last sheet of the file offers a graphical representation of
the different contributing uncertainties (Figure 9).

The user can select which effects and influences should be

4 Uncertainty budgets

Influence: Effect: Effect selection: Influence selection:
Electrical Effect of voltage value =
effect on value = a
y effect on value =
~ 1 effect on ch walue = 2
Lateral force effect on characteristic value [
Temporal Storage effect on characteristic value (5] 2
Storage effect on zero value =
Effects Influences
 Effest of excitation voktage value ® Tempe £ value » Electrical
» Hurnicity ablect on chasacteristic valus ® Ecoentricity effect on chasacteristic value w Emviromental
« Lateral Farce elffect an charactedstic value o Storage dfect on charactedutic value = Mechanical
= Storage effect on zero value "

Figure 9. Pie charts of the contributing effects and influences (Source: Excel
file [6]).
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taken into account by checking or unchecking the
corresponding checkbox in the table above the charts. The
graphics will be updated accordingly.

6. CONCLUSIONS

The methods and tools developed within this work package
should help the users of calibrated force transducers to better
estimate the measurement uncertainty with less effort, thus
improving the traceability of force measurement. It should be
noted that the methods and tools described in this paper are
limited neither to the meganewton force measuring range nor
indeed to the quantity force, so they can equally be applied to
torque or pressure measurements.
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