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Introduction
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• Task 3.6: Development of a traceability chain for multicomponent 
forces and moments

• The aim of this task is to extend the previous tasks into the 
development of a traceability chain for static and continuous 
multicomponent force and moment measurements at an uncertainty 
level suitable with classifications given in standardization



Types of multicomponent transducers

Strain-gauged Build-up systemsPiezoelectric
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Multicomponent testing machines

Tenaris Dalmine S.p.A.

Fondazione EUCENTRE
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Need

A specific traceability chain for multicomponent transducers, at 
international level, is still missing together with standardized 
calibration methods for such transducers and testing machines
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Multicomponent calibration systems

PTB Hexapod-

structured 6-axis

INRIM dead-weight 6-axis 

calibration system

3-axis calibration system at Kistler
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Multicomponent calibration systems

Primary standards integrated with tilted plates (Fz in compression only)

1 MN deadweight FSM at INRiM
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Forces and moments generation using tilted plates

A multicomponent force and moment 
transducer (MCFMT) during calibration

𝐹𝑥 = 𝐹 ∙ 𝑠𝑖𝑛 𝛼 ∙ 𝑐𝑜𝑠 𝜔
𝐹𝑦 = 𝐹 ∙ 𝑠𝑖𝑛 𝛼 ∙ 𝑠𝑖𝑛 𝜔

𝐹𝑧 = 𝐹 ∙ 𝑐𝑜𝑠 𝛼

𝑀𝑥 = 𝐹 ∙ 𝑐𝑜𝑠 𝛼 ∙ 𝑑𝑥
2 + 𝑑𝑦

2 ∙ 𝑠𝑖𝑛 𝜔 + 𝛳 +
𝐹 ∙ 𝑠𝑖𝑛 𝛼 ∙ 𝑠𝑖𝑛 𝜔 ∙ ℎ

2

𝑀𝑦 = −𝑖𝐹 ∙ 𝑐𝑜𝑠 𝛼 ∙ 𝑑𝑥
2 + 𝑑𝑦

2 ∙ 𝑐𝑜𝑠 𝜔 + 𝛳 −
𝐹 ∙ 𝑠𝑖𝑛 𝛼 ∙ 𝑐𝑜𝑠 𝜔 ∙ ℎ

2
𝑀𝑧 = 𝐹 ∙ 𝑠𝑖𝑛 𝛼 ∙ 𝑑𝑦

• F = applied force
• α = a tilt angle of the plates 
• h = MCFMT of height, 
• ω = anticlockwise (from the top) rotation angle
• dx and dy = misalignments along x- and y-axis

• 𝛳 = 𝑡𝑎𝑛−1
𝑑𝑦

𝑑𝑥
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Forces and moments generation using tilted plates

A multicomponent force and moment 
transducer (MCFMT) during calibration

Component Max. Value  Rel. exp. unc. 

Fx 5233.6 N  3.8×10-2  

Fy 5233.6 N  3.8×10-2 

Fz 100 kN  2.0×10-5 

Mx 2402.1 N∙m  4.8×10-2 

My 2402.1 N∙m  4.8×10-2 

Mz 83.7 N∙m  8.2×10-2 

 

Component Max. Value  Rel. exp. unc. 

Fx 5233.6 N  3.8×10-2  

Fy 5233.6 N  3.8×10-2 

Fz 100 kN  2.0×10-5 

Mx 2402.1 N∙m  4.8×10-2 

My 2402.1 N∙m  4.8×10-2 

Mz 83.7 N∙m  8.2×10-2 

 
Variable xk 

u²(xk) ck uk²(My) Rank 
Symbol Value  

F 100 kN  1.0E+00 2.4E-02 5.8E-04 6 

α 3°  3.3E-03 4.5E+01 6.9E+00 4 

ω 135°  1.3E+00 2.5E+00 8.2E+00 3 

dx 0.016 m  3.3E-07 7.1E+04 1.7E+03 1 

dy 0.016 m  3.3E-07 7.1E+04 1.7E+03 2 

h 0.100 m  3.3E-07 3.7E+03 4.6E+00 5 

My 2402.1 N∙m  Std. uncert. u(Mx) 57.8 N∙m  

   Exp. uncert. U(Mx) 115.7 N∙m  
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Traceability chain
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Calibration of multicomponent transducers

Each component Fk (k=1, n) can be expressed, in first analysis, as a
linear combination of the transducer outputs di (i=1, n), considering
the second-order interactions negligible

𝐹𝑥 = 𝑑1𝐴11 + 𝑑2𝐴21 + 𝑑3𝐴31 + 𝑑4𝐴41 + 𝑑5𝐴51 + 𝑑6𝐴61
𝐹𝑦 = 𝑑1𝐴12 + 𝑑2𝐴22 + 𝑑3𝐴32 + 𝑑4𝐴42 + 𝑑5𝐴52 + 𝑑6𝐴62
𝐹𝑧 = 𝑑1𝐴13 + 𝑑2𝐴23 + 𝑑3𝐴33 + 𝑑4𝐴43 + 𝑑5𝐴53 + 𝑑6𝐴63
𝑀𝑥 = 𝑑1𝐴14 + 𝑑2𝐴24 + 𝑑3𝐴34 + 𝑑4𝐴44 + 𝑑5𝐴54 + 𝑑6𝐴64
𝑀𝑦 = 𝑑1𝐴15 + 𝑑2𝐴25 + 𝑑3𝐴35 + 𝑑4𝐴45 + 𝑑5𝐴55 + 𝑑6𝐴65
𝑀𝑧 = 𝑑1𝐴16 + 𝑑2𝐴26 + 𝑑3𝐴36 + 𝑑4𝐴46 + 𝑑5𝐴56 + 𝑑6𝐴66

𝑭 = 𝒅 𝑨 A is the n×n coefficients matrix, also called 
exploitation matrix: 
• Diagonal terms = main sensitivities
• Out-of-diagonal terms = transverse

sensitivities or cross-talk terms

Analytical form

Matrix form
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Calibration of multicomponent transducers

• Exploitation matrix A and its Ai,j coefficients can be evaluated
through a linear regression

𝑨 = 𝒅𝑻𝒅 −1𝒅𝑻𝑭

• Sensitivity matrix S is obtained by inverting matrix A: 

𝑺 = 𝑨−𝟏 = 𝑭𝑻𝑭 −1𝑭𝑻𝒅
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𝐮2 𝑨 =
𝑢2 𝐴11 ⋯ 𝑢2 𝐴1𝑘

⋮ ⋱ ⋮
𝑢2 𝐴𝑖1 ⋯ 𝑢2 𝐴𝑖𝑘

=
𝑢2 𝐴11 ′ ⋯ 𝑢2 𝐴1𝑘 ′

⋮ ⋱ ⋮
𝑢2 𝐴𝑖1 ′ ⋯ 𝑢2 𝐴𝑖𝑘 ′

+

𝑢2 𝑆11
𝐴11

2

𝑆11
2 ⋯ 𝑢2 𝑆1𝑖

𝐴𝑖1
2

𝑆1𝑖
2

⋮ ⋱ ⋮

𝑢2 𝑆𝑘1
𝐴1𝑘

2

𝑆𝑘1
2 ⋯ 𝑢2 𝑆𝑘𝑖

𝐴𝑖𝑘
2

𝑆𝑘𝑖
2

𝑇

𝑢2 𝐴11 ′ ⋯ 𝑢2 𝐴1𝑘 ′
⋮ ⋱ ⋮

𝑢2 𝐴𝑖1 ′ ⋯ 𝑢2 𝐴𝑖𝑘 ′
= 𝒄 𝒖2 𝑭 c, which is the matrix of the squared

terms of [dTd]-1dT matrix

where

𝑢2 𝑆11 ⋯ 𝑢2 𝑆1𝑖
⋮ ⋱ ⋮

𝑢2 𝑆𝑘1 ⋯ 𝑢2 𝑆𝑘𝑖

= 𝒉 𝒖𝟐 𝒅 h, which is the matrix of the squared
terms of [FTF]-1FT matrix

Uncertainty of exploitation matrix A, in terms of combined variance, is given by

Calibration of multicomponent transducers
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• Calibration is performed 
with different 
combinations of 
components which 
represents the 
experimental plan

• The experimental plan
has a huge influence on
the calibration
sensitivities and
associated uncertainties
(Ronald Fisher, 1926) 

Calibration of multicomponent transducers
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• If the lowest level of 
uncertainty is requested, 
a full factorial 
experimental plan, with a 
large number of applied 
loads combinations 

• If higher uncertainties are 
tolerated, a lower number
of measurements can be 
performed

Calibration of multicomponent transducers
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Prato, A., Borgiattino, D., Mazzoleni, F., Facello, A., Germak, A., Calibration of multicomponent force and moment 
transducers using force standard machines integrated with tilted plates, 2022, Meas. Sci. Technol. 33 095023.

Calibration of multicomponent transducers
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Example

HBM MCS10-100-6C

Capacity

Strain-guaged tranasducer
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Experimental plan

Quantity Parameter Values

Tilt angle α 0°, 1°, 2°, 3°

Rotation ω
0°, 45°, 90°, 135°, 180°, 270°, 

360°
Displacement x-

axis
x 0 mm, 8 mm, 16 mm 

Displacement y-

axis
y 0 mm, 8 mm, 16 mm 

Applied load in 

compression
F (10 - 50 – 80 - 100 ) kN

• 480 measurement

conditions

• Correlation between

each couple of 

components is

close to 0
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• 480 measurement

conditions

• Correlation between

each couple of 

components is

close to 0

Experimental plan
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Calibration results

A=

Relative expanded uncertianty / %

Exploitation Matrix A / kN/(mV/V)  and kN∙m/(mV/V)] 
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Calibration of multicomponent force and 
moment testing machines
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Tested machines

Tenaris Dalmine S.p.A.

Fondazione EUCENTRE
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Multicomponent force and moment transfer standard 
in the testing machine
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Calibration guideline
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Experimental plan

Measurements shall be taken in order that at least n=4 levels (possibly at -100 %, -20 %, 

20 % and 100 % of the maximum capacity of the machine) for each kth (k=1…m) 

force/moment component of the machine should be generated in all possible combinations.

The number of force/moment components combinations to be generated is given by:

𝑁 = 𝑛𝑚

where n is the number of levels and m is the number of force and moment components 

of the machine
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Accuracy error

For each kth force or moment component (k=1…m) at each ith level (i=1…n), calculate 

the mean relative accuracy error from the nm-1 measurements as follows (similarly to 

ISO 7500-1):

𝑞𝑘,𝑖 =
σ𝑙=1
𝑛𝑚−1

𝑞𝑘,𝑖,𝑙
𝑛𝑚−1

=

σ𝑙=1
𝑛𝑚−1 𝐹𝑘,𝑚𝑎𝑐ℎ𝑖𝑛𝑒,𝑖,𝑙 − 𝐹𝑘,𝑠𝑡𝑑,𝑖,𝑙

𝐹𝑘,𝑠𝑡𝑑,𝑖,𝑙
𝑛𝑚−1
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Uncertainty budget

• Reproducibility

• Zero error

• Resolution

• Transfer standard
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Experimental plan

Level i Fz / kN

Level 1 (-100 %) -80 

Level 2 (-20 %) -16

Level 3 (+20 %) +16

Level 4 (+100 %) +80 • negative Fz = tension

• negative Mz = clockwise (from the top)
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Experimental plan

The number of force/moment

components combinations to be

generated is given by:

𝑁 = 42 = 16

• 2 components (Fz and Mz)

• 4 levels
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Results

Fz,machine / kN q urep uzero uris ustd U(q)

-80 2.6% 1.6% 0.1% 0.0% 0.6% 3.4%

-16 2.4% 7.7% 0.1% 0.0% 0.6% 15.4%

16 0.4% 7.2% 0.1% 0.0% 0.6% 14.4%

80 -0.5% 1.5% 0.1% 0.0% 0.6% 3.2%

Mz,machine / N m q urep uzero uris ustd U(q)

-600 11.4% 1.7% 0.6% 0.0% 5.5% 11.6%

-120 6.6% 6.8% 0.6% 0.0% 5.5% 17.6%

120 19.5% 6.4% 0.6% 0.0% 5.5% 17.0%

600 13.8% 1.7% 0.6% 0.0% 5.5% 11.6%

Final Workshop of ComTraForce project, 24/02/2023



Uncertainty of multicomponent forces and moments in 
industrial applications

𝑈 𝐹𝑘 = 2  
𝑈𝑐𝑎𝑙  𝐹𝑘 

2
 

2

+ 𝑢𝑑𝑟𝑖𝑓𝑡
2  𝐹𝑘 + 𝑢𝑟𝑒𝑣

2  𝐹𝑘 + 𝑢𝑇𝐶0

2  𝐹𝑘 + 𝑢𝑇𝐶𝑆
2  𝐹𝑘 + 𝑢𝑑𝑦𝑛

2  𝐹𝑘 + 𝑢𝑟𝑒𝑠
2  𝐹𝑘 …  

• Contribution due to reversibility 

• Drift in sensitivity since calibration 

• Effect of being used at a different temperature 

• Effect of being used with different end-loading conditions 

• Effect of being used with a different time-loading profile 

• Effect of being used in dynamic conditions 

• If applicable, effect of replacement indicator 
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THANK YOU FOR THE 
KIND ATTENTION
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