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Abstract

Traceability of multicomponent force and moment transducers is a metrological priority as stated within the document of
future strategy 2017 to 2027 of the Consultative Committee of Mass and Related Quantities of BIPM. In this paper, a calibration
system using force standard machines integrated with tilted plates is described. The main advantage of this method is the
possibility to apply forces and moments using existing force standard machines without the necessity to modify them or to
develop specific ones. On the other hand, forces and moments cannot be independently applied. Expanded uncertainties of the
applied side forces and moments are in the order of around 5 %. A procedure for the calibration and the uncertainty assessment
of multicomponent force and moment transducers is also provided. Calibration results, in terms of main and cross-talk
sensitivities, of a six-components transducer are shown. This method is easily implementable and can be adopted to improve

the current standard.
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1. Introduction

The demand of multicomponent force and moment
transducers (MCFMTSs) has hugely increased in the last
decades. Such devices are typically used in the field of
automating industrial plants, through, for example, the use of
anthropomorphic robots or robot cells [1-3], in civil and
aerospace engineering for wind tunnel balances [4-5], and in
quality and production engineering for machine operations
and applications [6-7].

Currently, few national metrology institutes have
developed specific calibration systems for this kind of
transducers. At PTB (Physikalisch Technische Bundesanstalt)
a hexapod-structured calibration machine equipped with six
servo motors able to generate forces up to 10 kN and moments
up to 1 kN-m [8,9] and a deadweight force and torque machine
equipped with additional weights able to generate a vertical

force up to 1 MN and a torque up to 2 kN-m [10] have been
developed. The first is the only available machine that can
generate any combination of forces and moments and is
declared with an uncertainty level of 2x10*. The second is an
adaptation of a deadweight machine and is addressed to two-
components transducers. In Korea, two multicomponent
forces and moments calibration machines have been devised
using deadweights and a system of stainless steel wires, ball
screws and step motors, generating forces up to 500 N and
moments up to 50 N-m [11] and continuous forces up to 2 kN
and moments up to 0.4 kN-m [12], at an uncertainty level of
few parts in 10“. At INRiIM (Istituto Nazionale di Ricerca
Metrologica) deadweight force standard machines (FSMs)
have been equipped with a system of pulleys and bell crank
levers [13,14] in order to generate vertical forces up to 105
kN, side forces up to 6 kN and moments up to 2 kN-m, at an
uncertainty level of 3x10*. However, this is system has the
disadvantage of occupying a large area of 50 m? and some
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parts of the FSMs have to be rearranged each time before
starting the calibration. Another calibration system using two
graduated rotating tables with a mass has been developed for
forces up to 200 N and moments up to 15 N-m but it is
addressed only to particular low-capacity transducers used in
robotics [15].

At present, an international traceability chain for
multicomponent forces and moments, as well as a defined
calibration method for such transducers and testing machines,
is still lacking. For this reason, as reported by the BIPM
strategy document 2017-2027 by the Consultative Committee
for Mass and Related Quantities, «the working group will
consider  multicomponent  force  measurement and
comparisons under consideration of parasitical components»
[16]. The main problems related to the calibration of these
transducers are the simultaneous generation of different force
and moment components necessary to represent the typical use
of these transducers, the costs in developing ad-hoc calibration
machines, the large number of tests to get a suitable
experimental plan to reach the lowest required uncertainty
level and the lack of suitable calibration and uncertainty
assessment procedures.

In this paper, a calibration system for multicomponent force
and moment transducers based on the use of existing FSMs
integrated with tilted plates is investigated to find a
compromise to all these issues. A proper calibration
procedure, which allows to simultaneously evaluate the main
and cross-talk sensitivities of the six force and moment
components, is also proposed. A preliminary version of the
method was previously investigated for the characterization of
a high capacity MCFMT, however without any evaluation of
the efficacy of the experimental plan and any assessment of
the uncertainty budget [17].

The calibration system with the uncertainty assessment of
the applied reference force or moment components is
presented in Section 2. The calibration method and procedure,
together with two uncertainty assessment methods according
to GUM [18] in matrix form and in analogy to I1SO 376 [19],
are described in Section 3. Calibration measurements are then
performed and applied to a MCFMT with a vertical force
capacity of 100 kN. The main sensitivities and the related
cross-talk terms with the associated uncertainties are
determined and shown in Section 4.

2. FSMs integrated with tilted plates

2.1 The equations of the reference forces and moments

The system adopted for the generation of the different force
and moment components involves the use of existing FSMs
integrated with a couple of hardened steel tilted plates,
between which the MCFMT under calibration is placed as
depicted in figure 1. Modulating the angle of tilt, rotating the
transducer around its axis and misaligning it with respect to

the machine loading axis, it is possible to decompose the
reference force F generated by the FSM with the result of
generating vertical and side forces and bending and torsion
moments. The relevant equation can be easily obtained from
elementary trigonometrical laws. Naming xyz and x’y’z’ the
tilted plates and the transducer reference systems,
respectively, both centred at the centre of the transducer and
considering a tilt angle « of the plates, a MCFMT of height h,
an anticlockwise (from the top) rotation angle w, dyx and dy
misalignments along x- and y-axis, respectively, it is possible
to get the equations of the six reference forces and moments
generated with the tilted plates and acting on the MCFMT
under calibration, according to equation 1 and figures 2 and 3.

Figure 1. Scheme of a MCFMT between the 2° tilted plates
under the load of the FSM.

Figure 2. 3-D scheme of the forces and moments generated
with the tilted plates on the MCFMT.



Where 6 = |tan‘1 (%) and i=+1, j=+1, k=+1 for d,>0 and
dy>0; i=-1, j=+1, k=-1 for dx<0 and dy>0; i=+1, j=-1, k=-1 for

d>0 and dy<0; i=-1, j=-1, k=+1 for dy<0 and dy<O0.
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Figure 3. Top view scheme of the side forces and bending
moments generated with the tilted plates on the MCFMT

2.2 Reference forces and moments and uncertainty
assessment

In the previous Section, it is shown that applied forces and
moments depend on the geometrical boundary conditions.
From equation (1), generated side forces and moments
increase at increasing height of the transducer, tilt angles, and
misalignments. However, geometrical boundary conditions
have to be cautiously chosen in order to guarantee the stability
of the whole structure during load, which, in turn, depends on
the friction between the tilted plates and transducer surfaces.
For this reason, four couples of hardened steel (34CrNiMo6)
tilted plates with angles of 0°, 1°, 2° and 3° are designed and
manufactured to be installed in the deadweight FSMs at
INRiIM. Each plate is 200x200x70 mm? and weighs around
30 kg. The dimensions and tilt angles of the plates are
cautiously chosen in order to fit the load platform of the
machines and to guarantee the stability of the system under
high loads, considering steel-to-steel friction between the
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M,=F-sina-d,

tilted plate and a typical transducer. An example representing
the 1 MN deadweight FSM integrated with tilted plates is
shown in figure 4. A double-knife joint is interposed between
the loading frame of the machine and the upper plate in order
to avoid the generation of spurious components.

Figure 4. The 1 MN deadweight FSM integrated with 3°
tilted plates at INRiM.

By way of example, in the 100 kN deadweight FSM
integrated with the above-mentioned four couples of tilted
plates, considering a transducer height of 77 mm and
misalignements dy and dy along x- and y-axis up to 16 mm, the
maximum applied forces and moments can be calculated
according to equation (1) and summarized in table 1.

These values cannot be independently generated since
each component depends on the chosen boundary condition.
For example, the highest positive force along x-axis,
F«=5233.6 N, is obtained with F=100 kN, ¢=3° and »=0°,
while the highest positive bending moment along y-axis,
My=2402.1 N-m, is obtained with F=100 kN, a=3°, »=135°,



dx=16 mm and d,=16 mm. To increase these values, larger tilt
angles and misalignments are needed, compatibly with the
stability of the structure. This could be obtained by increasing
the friction between the tilted plate/transducer contact surface.

Table 1. Maximum positive or negative applied forces and
moments with the associated relative expanded uncertainty in
the 100 kN deadweight FSM with the above-mentioned
boundary conditions.

Component Max. Value Rel. exp. unc.
Fx 52336 N 3.8x107
Ey 5233.6 N 3.8x102
F. 100 kN 2.0x10°
My 2402.1 N'm 4.8x107
My 2402.1 N'm 4.8x10?
M, 83.7 N'‘m 8.2x102

Uncertainties associated with the highest applied reference
forces (Fx, Fy, F7) and moments (Myx, My, M,) are evaluated
according to GUM [18] by propagating the individual
uncertainty contributions of the input parameters, shown in
equation (1): the reference force F generated by the FSM, the
tilt angle a, the rotation angle w, the MCFMT height h, and
the dy and dy misalignments along x- and y-axis, respectively.
Standard uncertainty u(F) associated with the reference force
F generated by the FSM derives from the Calibration and
Measurement Capabilities (CMC) declared by INRIM [25],
which is 2x10® in terms of relative expanded uncertainty.
Standard uncertainties associated with the tilted plate angle
u(c) and to the rotation angle u(w) are considered as type B
uncertainty contributions with half-widths of 0.1° and 2°,
respectively, and uniform rectangular distribution. These
values are given by the fact that tilted plates are realised with
numerical control machines (tolerance of +0.1°), whereas the
rotation of the MEMS is manually performed following the
centring lines drawn on the tilted plates. Standard
uncertainties associated with the MCFMT height u(h) and to
the misalignments u(dy) and u(dy) are considered as type B
uncertainty contributions with half-widths of £1 mm. This is
a cautious esteem of the random errors occurring during the
alignment of the MCFMT and the tilted plates with respect to
the axis of the machine. Alignments are rigorously performed
before each measurement by means of levellers, callipers and
reference blocks, as described below in Section 3.2. As
expected, uncertainty associated with the vertical force F; is
much lower than the other components which, on average, are
between 4 % and 8 %. This is due to the higher number of
input parameters involved.

By way of example, the detailed uncertainty budget for the
highest reference bending moment My=2402.1 N-m is shown
in table 2. It is obtained that the relative expanded uncertainty
(at a confidence level of 95 %, i.e. coverage factor equal to 2)

is 4.8 %. The major individual contributions to the combined
standard uncertainty are due to the misalignments dyx and dj.
The third uncertainty contribution is due to the rotation angle
, while the fourth and fifth uncertainty contributions are due
to the angle of tilt « and to the MCFMT height h. Uncertainty
contribution due to the reference force F generated by the
FSM is negligible compared to the other terms. Similar
behaviour is found for the other components.

Table 2. Uncertainty table (according to GUM) for the
reference bending moment M,.

\S/;rrrllzt())lle . Value U . ué(M,) - Rank
F 100 kN 1.0E+00 2.4E-02 5.8E-04 6
a 3° 3.3E-03 4.5E+01 6.9E+00 4
1) 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(M,) 57.8 N'm

Exp. uncert. U(My) 115.7 N'm

3. Calibration procedure and uncertainty assessment
of a MCFMT

Similarly to uniaxial force transducers, most of MCFMTs
are composed of different strain-gauge bridges, each
dedicated to a specific component to be measured. The
intrinsic influence between the different components,
however, cannot be ignored, and cross-talk signals for
combined axial forces and moments must be examined in
calibration  operations [20]. Therefore, calibration
measurements with various combinations of applied forces
and moments are essential for accurately evaluating sensitivity
or exploitation matrix terms. According to Ronald Fisher's
seminal work from 1926 [21], the calibration experimental
plan has a huge impact on the measured sensitivities and
related uncertainties. A calibration experimental plan
composed of a set of applied forces and moments with high
correlations between these components results in a poorly
conditioned matrix, which, when inverted, produces poorly
defined outcomes with increased uncertainty. As a result, in
calibration operations, a suitable experimental strategy
connected to the needed level of accuracy and uncertainty
must be established. If the lowest level of uncertainty is
desired, a full factorial experimental plan with a large number
of applied loads should be used, resulting in longer times and
higher costs. If higher uncertainties are tolerable, however,
fewer measurements can be carried out. This premise is
necessary to understand the development of the calibration
procedure here proposed. Such procedure is applied to a
MCFMT (HBM MCS10-100-6C) with nominal capacities of
Fxc=Fyc=20 KN, Fzc=100 kN, M;c=My,=2000 N-m and



M,,=1500 N-m. The MCFMT, shown in figure 5, has six
independent outputs each one dedicated to a single
component. The height and diameter are 77 mm and 86 mm,
respectively. The transducer is connected to an HBM
MGCPIus amplifier (resolution of 0.00001 mV/V).
Measurements are performed in the INRIM 1 MN deadweight
FSM (instead of the 100 kN machine in order to guarantee
faster operation) integrated with tilted plates previously
described and shown in figure 4. An experimental plan with
n=520 calibration conditions is applied. The main sensitivities
and the related cross-talk terms are determined in matrix form,
as well as the exploitation matrix, whose terms are the ones
used by end-users. The detailed uncertainty budget is
evaluated according to GUM [18] in two ways: in matrix form
and in analogy to 1SO 376 [19].

FX-FY-F2MX-
#23191301
Foncy

3.1 The calibration experimental plan

As previously stated, it is of fundamental importance to
use an experimental plan capable of covering all possible
combinations of forces and moments in order to obtain
matrices not subjected to poor conditioning. Avoiding
correlations between variables is also important to satisfy
some assumptions behind the calculation and propagation of
uncertainty. Since a full factorial experimental plan is not
applicable with this calibration system since each component
cannot be independently applied, the starting point is the
definition of the values for each independent parameter in
order to have, at the same time, a feasible number of
measurements to be performed and a wide number of
combinations to minimize the correlation between the applied
components [22]. The idea of the proposed experimental plan
is to locate the transducer into 4 positions, given by different

dx and dy misalignment combinations (d,=0 mm dy=0 mm;
dx=8 mm dy=0 mm; dx=0 mm dy=16 mm; dx=16 mm dy=8 mm)
and at 4 different tilt angles o (0°, 1°, 2° and 3°) and 7 rotations
w (0°, 45°, 90°, 135° 180°, 270°, 360°), and to apply 4
different load levels F (10 %, 50 %, 80 % and 100 % of the
maximum applied force). The number of these measurements
is 448 (4 positions x 4 tilt angles x 7 rotations x 4 loads).
These misalignments and tilt angles are cautiously chosen in
order to guarantee the stability of the whole system and to
avoid any overloads of the MCFMT outputs. To these
combinations, 72 more calibration conditions including
negative misalignments (up to dy=-16 mm and dy=-16 mm) are
added in order to apply positive torsion moments and to
evaluate the uncertainty in analogy to 1ISO 376 also for this
component (see Section 3.5). Therefore, a total of 520
measurements are performed. Maximum applied loads
(positive or negative) for each component are summarized in
table 3. If on one hand, applied reference vertical force and
bending moments are applied up to around 100 % of the
maximum capacity of the MCFMT, on the other hand, side
forces and torque are much lower. However, at this stage of
the research, mainly focused on the method rather than on the
magnitude of the applied forces and moments, this condition
is accepted in order to avoid possible problems of stability and
safety of the structure. Extensions of these parameters will be
evaluated in the future through appropriate simulations and
experimental measurements.

The whole experimental plan for each couple of
components is shown in figure 6. Correlation values between
each couple of generated forces and moments range from
-0.37 t0 0.32, thus should guarantee minimized uncertainty
levels. It is also worth noting that, since a high but unavoidable
number of combinations have side forces and torsion moments
close to zero, the uncertainties associated with their cross-talk
effects are expected to be higher compared to the others, as
detailed in Section 4.2.

Table 3. Maximum positive or negative applied reference
forces and moments.

Max. applied  Max. values / MCFMT

component capacity ratio
Fx 5233.6 N 26 %
Fy 52336 N 26 %
F. 100000 N 100 %
My | 1837.2 N-m 92 %
My | 1837.2N'm 92 %
M, 83.7 N'm 6%
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Figure 6. The calibration experimental plan with the 520 measurement conditions for each couple of components.

3.2 Alignment procedure and data acquisition

Alignment of the tilted plates and the MCFT is one of the
crucial aspects to get accurate results. This operation includes
the centring of the frame in relation to the joint, the centring
of the joint in relation to the plate, the control of the correct
position and orientation of the transducer and the tilted plates.
Such procedure is performed by means of soft head rubber
mallets to move the plates or for large displacements of the
transducer, an aluminium rod used like a chisel to make more
precise shifts (moving the transducer directly with the hammer
would make it difficult to follow a straight path because of the
difficulty of striking in the same point), a calliper set to length
for centring the transducer and for centring the double-knife
joint relative to the machine frame, calibrated blocks for
centring operations and another hammer for small shifts and
finishing touches. For this reason, a type B uncertainty
contribution of 1 mm is assigned to misalignments, as shown
in Section 2.2.

MCFMT outputs are acquired by the 6-channels amplifier
powered at 10 V and 600 Hz. The output signals are filtered
with a Bessel filter at 0.05 Hz. To optimize the calibration
process, the transducer is firstly placed in the correct position
and the indicator is zeroed, then increasing loads are applied.
Data are acquired 30 s after the application of each load. The
return-to-zero acquisition is performed after the application of
the maximum load.

3.3 Evaluation of the exploitation and sensitivity
matrices

Every output of an ideal MCFMT is only dependent on the
relevant force or moment component. Actually, this is not true
because transducer outputs interact with one another, and
cross-talk sensitivities may be important. In first analysis,
each force and moment component Fy (k=1, 6) can be
expressed as a linear combination of the MCFMT outputs d;
(i=1, 6) with second-order interactions ignored, as shown in
equation (2) e equation (3) in general matrix form.

( Fe = d1Ay; + daAgy + d3Azg + dyAys + dsAsy + deler
F, = diAi3 + dyAys + d3Azs + dydyz + dsAsz + deAes

2
My = dyA1s + dyAzy + d3Aszy + dyAss + dsAss + deAea )
My = d1A15 + d2A25 + d3A35 + d4A45 + d5A55 + d6A65
F=dA ?3)

where F is the row 1xk reference forces and moments matrix,
d is the 1xi matrix of the MCFMT outputs, and A is the ixk
coefficients matrix, also called exploitation matrix, which is
the matrix actually used by end-users. In this specific case,
matrix A is a 6x6 squared matrix. Aix are the coefficients of



the the MCFMT outputs di used to calculate the force and
moment components Fy.

Considering the n=520 linearly independent sets of
calibration values deriving from the experimental plan, F and
d, in equation (3), become a nxk and a nxi matrix,
respectively. From simple calculation applied to equation (3),
matrix A and its A;x coefficients can be evaluated according to
equation (4) [23].

A= [d"d]"'d"F (4)

In the same way, to evaluate sensitivity matrix, considering
n=520 linearly independent sets of values, each MCFMT
output di (i=1, 6) can be expressed as a linear combination of
the force and moment components Fy (k=1, 6), according to
equation (5),

d=FAl'=FS (5)

where S is the kxi (6x6) sensitivity matrix, in which the
diagonal terms are the main sensitivities, and the out-of-
diagonal terms are the cross-talk sensitivities. The sensitivity
matrix is the inverse of the exploitation matrix, S=A"1, if i=k.

3.4 Uncertainty assessment in matrix form

A comprehensive uncertainty evaluation of A;j terms can be
performed according to GUM [18,22]. The ixk (6x6) matrix
of the variances referred to the single terms of the exploitation
matrix, u?(A), is given by the general rule of uncertainty
propagation, according to equation (6),
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u? (41k)'
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where,
uz(An)’ uz(Alk)’
: : = cu?*(F) (7

u?(Ay)' u?(Ag)’
is the ixk (6x6) matrix given by multiplying c, which is a ixn
(6x520) matrix of the squared terms of [dTd]**d™ matrix, and
u?(F), which is the nxk (520x6) matrix representing the
variances of the reference applied forces and moments at each
calibration condition, as described in Section 2.2. u?(Sx) are
the terms deriving from,

u2(511)

u? (:gkl)

uz(su) b Z(d)
: =hu
u?(Ski) ®)
which is the kxi (6x6) matrix given by multiplying h, a kxn
(6%x520) matrix composed of the squared terms of [FTF]*FT
matrix, and u?(d), which is the nxi (520x6) matrix
representing the variances of the MCFMT outputs containing,
for each component, type B uncertainty contributions due to
repeatability at rotations 0° and 360°, uZep(di), zero drift,
U%o(di), and resolution of the indicator, u%es(d)). These
contributions are combined, for each force and moment

component, according to:

W (dy) = ufe(dy) + ufo (dy) + ufes(dy) (9)

where ure(d;) is the maximum difference between the MCFMT
outputs at rotations of 0° and 360° divided by V3, in analogy
with ISO 376, usp(di) is the maximum zero error, and Ures(di) is
the resolution of the MCFMT output divided by V3, similarly
to I1ISO 376. Unlike ISO 376, the contributions due to
reproducibility and reversibility cannot be evaluated since
cross-talk terms are unknown a priori and loads and unloads
for a single component of the of MCFMTs cannot be
implemented in the calibration experimental plan. The
contribution due to the interpolation error is included in the
matrix operations.

These operations with matrices and the assumption that
u?(Ai)= U?(Ai)’+ U%(Sk)Ai?/Si?, are due to the impossibility
to directly propagate [dd]*d™ matrix terms of equation (4).
Expanded uncertainties matrix (at a confidence level of 95%
with k=2) associated to the exploitation matrix, U(A), is
calculated from the matrices of the variances, u?(A), by
applying the classical formula to every element of the matrix,
i.e. U(Ai)=2V(u2(Ai)).

3.5 Uncertainty assessment in analogy to ISO 376

Uncertainties described in the previous Section do not
directly refer to the force and moment values but to the
exploitation or sensitivity matrix terms. To get an uncertainty
directly related to the measured forces and moments, in
analogy to ISO 376 for uniaxial force transducers, the matrix
A can be seen as the analogue of the interpolating polynomial
in uniaxial force transducer calibrations, the link between the
transducer output values (in mV/V) and the force and moment
values (in N or N-m). Hence, multiplying the transducer output
data d; by the exploitation matrix A, forces and moments F
(I=k=1, 6) are obtained. These can be treated separately for the
calculation of the uncertainty, as if they were six independent
transducers, thus taking also into account the cross-talk terms.
In this way, it is possible to calculate the uncertainty, one
component at a time, similarly to the prescriptions of ISO 376
[19]. From the 520 tests, 8 load levels (j=1...8), 4 positive and



4 negative for each component (except for F, for which only
compression forces are applied), repeated 3 times (m=1...3),
in different conditions, are found. In this way, the combined
standard uncertainty of the I™ component at a particular j™ load
level u¢(Fi;) can be calculated as

uc(F,) = \/”E(Fz.j) +ui(Fy) +ui(Fy) +ui(Fy) + AR, (10)

where ui?(Fij) is the variance associated with the applied
calibration force or moment, u2?(F;) is the variance associated
with the reproducibility of the calibration results, us?(Fi)) is
the variance associated with the drift in zero output, us?(Fi)) is
the variance associated with the resolution of the indicator,
and 4(F;) is the mean deviation from the reference load. This
last term can be seen as a systematic error and is treated
according to the GUM [18] (note to 6.3.1).

Since for a particular I'" component, the j™ load is obtained
with m=3 repetitions from three different combinations of the
input parameters, uncertainty associated with the applied
calibration force u:2(F;) is calculated as the highest ui?(Fijm),
among the three repetitions, evaluated as in Section 2.2.

For reproducibility, 1SO 376 prescribes three tests, at 0°,
120° and 240°, for different load levels and is expressed as the
standard deviation of these measurements. In the case of
MCFMTs, reproducibility shall be investigated one
component at a time and can be seen as the ability of the
transducer to provide the same results, for that specific
component, in three repeated tests, following different load
combinations of the other components. Therefore, u?(Fi)) is
evaluated, in analogy to 1SO 376, as

— 2
27371=1(Fl,j,m - Fl,j )

ui(Fy) = 6 (11)

where F, ; is the mean value from the three (m=1...3) repeated
measurements in the different conditions F; ; .

The variance associated with the drift in zero output us?(F;)
is the maximum zero error (converted in N or N-m) obtained
from the calibration measurements (similarly to uw(di), seen in
the previous Section), and the variance associated with the
resolution of the indicator us%(Fij) is the square of the
resolution of the indicator (converted in N or N-m) divided by
12. A(F) is calculated as the mean deviation of the three
repetitions Fi;m from the reference applied load Fy;:

Yiei(Fujm — Fr))

A(F,) = : (12)

Iterating this process for all components and all levels, the
combined standard uncertainty uc(Fij) and the expanded
uncertainty (at a confidence level of 95 % with a coverage
factor equal to 2) U(F;)=2uc(F;), associated with the I force

and moment component for each j™ level, are found. In this
way, for each force or moment component, the expanded
uncertainties U(Fi;) associated with positive-only, negative-
only, or both, data are interpolated with a second-order
polynomial function as a function of the applied load Fi. In
this way, an expanded uncertainty function associated with
each component U(F)) and used by end-users for subsequent
operative measurements is found according to:

U(F) = aF* + bF,+c (13)

4. Calibration results

4.1 Exploitation and sensitivity matrices

For the evaluation of the exploitation matrix A of the
MCFMT under test, 520 measurements are performed, as
described in Section 3.1. Each measurement represents a set
of the six applied reference forces and moments (Fy, Fy, F,
My, My, Mz) and MCFMT outputs (dl, d,, ds, ds, ds, ds)
Combining all the experimental measurements, the reference
forces and moments matrix F and the MCFMT matrix d, both
with a dimension of 520x6, are obtained. In this way, using
equations (1)-(4), exploitation matrix A, in N/(mV/V) from
column 1 to 3, or in N-m/(mV/V) from column 4 to 6, with the
expanded uncertainties (at a confidence level of 95%), are
evaluated. Results are reported in equation (14).

14971.5 -44.4 30.6 110.0 -463.3 0.6
-135 14922.0 -255.6 376.2 192.8 -1.5
- 2.9 106.7 80476.4 16.3 327 -14.0
A= -11.2 -16.5 177.0 1101.1 -10.0 -1.7 (14)
313 517 -245.0 -10.2 1065.4 18
14 -38.4 1756.8 -168.7 -213.5 1330.8

Diagonal terms are the main ones since each MCFMT
output is nominally sensitive to a particular component. Out-
of-diagonal terms range between 0.02 % and 43.49 %, (mean
value of around 5 %) of the relevant diagonal term. This is
even more visible if the exploitation matrix is normalized by
dividing the absolute value of each column term by its
associated diagonal component. In this way, normalized
exploitation matrix, A*, is obtained, as shon in equation (15).

1.00 000 000 010 043 0.00

000 100 000 034 018 0.00

%— | 000 001 100 001 0.03 001
A 000 0.00 000 100 0.0 0.00 (15)

000 0.00 000 001 100 0.00

000 0.00 002 015 020 1.00

Out-of-diagonal terms are very low except for Ais, Az, Ass,
Azs, Asa and Ags terms, which are related to the sensitivity of
di, d» and ds outputs to My and My components. Such
behaviour was also observed in other strain-gauged MCFMTSs
[10,17] and is due to the interaction of the relevant Wheatstone
bridges of the MCFMTs with the other components.



4.2 Calibration uncertainties in matrix form

Uncertainty assessment in matrix form is carried out
according to Section 3.4. The uncertainty matrix u?(F) of the
variances of the reference applied forces and moments at each
calibration condition is evaluated according to Sections 2.2.
Uncertainty matrix representing the variances of the MCFMT
outputs u?(d), described in Section 3.4, derives from the
uncertainty contributions due to reproducibility at rotations of
0° and 360° urep(di), zero drift usp(d;), and resolution of the
indicator urs(di), for each component, summarized in table 4.
It is worth noting that reproducibility is the major uncertainty
contribution, whereas resolution is negligible.

Table 4. Uncertainty contributions associated with the
reproducibility urep(di), zero error us(d;) and resolution Ures(di)
of the MCFM outputs d;.

previously found (Section 4.1). With this experimental plan,
for each component, 8 load levels (4 positive and 4 negative),
except for F, where only 4 positive load levels can be applied,
repeated three times with different combinations, are found.

These values are summarized in table 5.

Table 5. The 8 load levels j for each component used for
the uncertainty assessment in analogy to 1SO 376.

Urep(di) / mMVIV  uro(di) / mVIV  Ures(di) / mVIV
Fx 7.13x10°3 1.26x10°3 2.89x10
Fy 7.32x1073 2.74x107 2.89x10
F, 7.04x1073 3.60x10* 2.89x10
My 8.09x107? 7.68x10°° 2.89x10°®
My 8.48x107? 3.66x10® 2.89x10°®
M, 6.18x10°° 1.13x10° 2.89x10°

In this way, the expanded uncertainty matrix U(A) of the
exploitation matrix can be calculated according to equations
(6)-(9). Results are shown in equation (16). Relative expanded
uncertainties associated with the diagonal terms range
between 0.01 % (U(As3) related to F;) and 4.09 % (U(Acs)
related to M,). In general terms, uncertainties associated with
the side forces and bending and torsion moments are higher
mainly due to higher uncertainties associated with the applied
relevant reference components as shown in Section 2.2.

1270 1866 3551 1024 1179 3.0
1075 133.0 4471 1018 1379 114
_| 217 168 717 165 129 11
U(A)= 237 239 1020 192 179 15 (16)
228 258 1163 189 190 1.3
5255 557.3 2059.6 6744 987.3 545

Out-of-diagonal uncertainties reflect the behaviour of the
MCFMT under test and the chosen experimental plan. In
particular, it is found that uncertainties associated with the
first, second and sixth rows, which represent the cross-talks
related to the side forces and the torsion moment, respectively,
are higher compared to the others. This is due to the fact that,
in a higher number of combinations, side forces and torsion
moments are very low, as described in Section 3.1.

4.3 Calibration uncertainties in analogy to I1SO 376

Uncertainties are also evaluated according to Section 3.5
in analogy to ISO 376, by converting MCFMT output values
in mV/V into N or N-m using the exploitation matrix A

i FN Fy/N  F/N ,':I"n; ,':l"ynﬁ ,':I" n/]
1 -5233.6 -5233.6 / -1600.0 -1600.0 -83.7
2 -4186.9  -4186.9 / -1280.0 -1280.0 -67.0
3 -2616.8 -2616.8 / -800.0 -800.0 -419
4 -5234 -523.4 / -160.0 -160.0 -84
5 5234 523.4 9986 160.0 160.0 8.4
6 2616.8 2616.8 49931 800.0 800.0 41.9
7 4186.9 4186.9 79890  1280.0 1280.0 67.0
8 5233.6 5233.6 99863 1600.0 1600.0 83.7
In this way, uncertainties associated with the applied
calibration force or moment, reproducibility, drift in zero

output, resolution and the mean deviation from the reference
load are evaluated according to equations (10)-(12).

By way of example, the uncertainty assessment of Fy is
presented in the following tables. In table 6, the individual
uncertainty contributions, evaluated at load level #1,
i.e. -5233.6 N, are shown. Uncertainty contribution due to the
applied reference force or moment is, in general terms, the
major uncertainty contribution, except for F, whose main one
is due to reproducibility. Systematic component A(Fx1) is
rather low compared to the random ones.

Table 6. Uncertainty contribution associated with Fy at
load level #1, -5233.6 N.

us(Fy1) /N | 100.7
Uz(val) /' N 234
us(Fx1) /N | 18.8
U4(Fx,1) /' N 0.1

U(Fx1) /N | 214.8

In table 7, the expanded uncertainties associated with F
for each load level are reported. Expanded uncertainties
increase at increasing positive or negative levels. It is worth
noting that the lowest load level represents the 2.6 % of the
nominal capacity of the MCFMT declared by the
manufacturer, thus higher uncertainties are expected. It is
possible to perform a linear regression of data (positive-only,
negative-only, or both) with a second-order polynomial
function and get the expanded uncertainty as a function of the
applied load. For example, second-order polynomial equation
terms of the eight data for side force Fx are reported in
equation (17) and figure 7. Absolute and relative expanded
uncertainties of all force and moment components are shown
in tables (8)-(12). Relative expanded uncertainties are referred



to the nominal MCFMT capacity. Absolute uncertainties
increase at increasing loads, while relative ones are almost
constant within the considered range.

Table 10. Expanded uncertainties associated with My at
each j™ load level.

My, /N-m U(Mx,j) /N-m U(Mx,j)/Mx,c

-1600.0 162.8 8.14x102
Table 7. Expanded uncertainties associated with Fx at each -1280.0 129.8 6.49%x1072
j™ load level. -800.0 81.7 4.08x107?
Fxj/N  U(Fy) /N  U(Fy)/Fxc -160.0 40.8 2.04x1072
-5233.6 214.8 1.07x102 160.0 43.7 2.18x1072
-4186.9 180.7 9.04x103 800.0 89.1 4.45%x107
-2616.8 118.6 5.93x10°3 1280.0 130.5 6.53x1072
-523.4 50.5 2.52x10°3 1600.0 157.0 7.85%1072
523.4 55.8 2.79x10°®
2616.8 1155 5.78x1073 Table 11. Expanded uncertainties associated with My at
4186.9 174.4 8.72x103 each j™ load level.
5233.6 213.9 1.07x107?

UKE)=6-10"%-F,2—0.0004-F, + 64.839

[ ]

150

U(F,)/ N

100

0

-6000 -4000

Figure 7. Expanded uncertainties associated with Fyx as a

-2000 0
F. /N

function of the applied load.

2000

4000

My,j / N-m U(My,j) / N-m U(My,j)/My,c

6000

-1600 222.1 1.11x107

(17) -1280 175.9 8.79x102
-800 107.3 5.37x10°2

-160 27.0 1.35x1072

160 273 1.37x1072

800 70.3 3.51x10°2

1280 118.0 5.90x10°2

1600 146.7 7.33x10°2

Table 12. Expanded uncertainties associated with My at
each j™ load level.

Mz,j / Nm U(Mz,]) / Nm U(Mz'j)/szc

-83.7 9.4 6.29x10°°
-67.0 8.0 5.33x1073
-41.9 59 3.96x1073
-8.4 3.6 2.42x1073
8.4 4.5 2.98x1073
41.9 9.7 6.46x1073
67.0 12.7 8.48x1073
83.7 18.4 1.22x1072

Table 8. Expanded uncertainties associated with Fy ateach ~ 4-4 Comparison between the two methods for

j™ load level.
Fvi/ N UF)IN  UFR)/Fye
-5233.6 237.6 1.19x102
-4186.9 195.7 9.79x1073
-2616.8 136.4 6.82x1073
-523.4 95.5 4.78x10°°
523.4 95.5 4.78x103
2616.8 137.3 6.87x10°°
4186.9 198.8 9.94x10°®
5233.6 241.1 1.21x1072
Table 9. Expanded uncertainties associated with F, at each
j™ load level.
FojiIN  U(Fz) /N U(Fj)/Fac
9986 224.2 2.24x107
49931 305.6 3.06x10®
79890 327.8 3.28x10°®
99863 299.8 3.00x10°®

10

uncertainty assessment

It is intuitive that the two methods of uncertainty
propagation developed so far, if applied to the same data set,
should provide consistent results and shall be verified. For the
end-user who has the uncertainties expressed in matrix form,
associated with the exploitation matrix, i.e. U(A), the
evaluation of the uncertainties associated with the measured
forces and moments is relatively simple. Once converted the
di outputs into forces or moments F; using equation (2), the
uncertainty associated with forces or moments is found by
propagating the uncertainties of the exploitation matrix terms
Ai; found in Section 4.2, according to equation (18).

(18)

6
U(Fl) = 2 ZHZ(AH) diz
i=1



On the other hand, end-users who get the expanded
uncertainty equations, as seen in Section 4.3, converts the di
outputs into forces or moments F; using equation (2), then use
the relevant uncertainty equations, e.g. equation (17), to get
the associated expanded uncertainty.

Two numerical examples are proposed in order to check the
differences between the two methods. The first represents the
application of a pure bending moment M, the second is the
application of all components to their maximum calibration
capacity. Values are represented in tables 13 and 14.

Table 13. Expanded uncertainties associated with the
application of a pure bending moment My evaluated with the
two uncertainty methods.

d/ F/N U(F))/ N or U(F)/ N or
i m\l//V or N-m N-m N-m
(matrix form) (I1SO 376)
1 0.00000 -16.0 33.8 64.8
2 0.00000 -23.7 34.1 98.1
3 0.00000 253.1 145.8 189.3
4 143000 1574.6 275 161.8
5 0.00000 -14.4 25.6 384
6 0.00000 -2.4 2.2 4.5

Table 14. Expanded uncertainties associated with the
application of all components evaluated with the two
uncertainty methods.

_ di/ F/Nor U(F))/ N or U(F)/ N or

' mvv Nm N-m N-m
(Matrix form) (1SO 376)

1 0.30000 45175 80.2 182.0

2 0.30000 4640.0 93.8 214.1

3 1.25000 100561.8 315.0 301.8

4 131000 15834 76.0 163.1

5 1.31000 1327.2 95.7 114.3

6 0.07000 75.5 6.0 15.7

Both methods show increasing uncertainties at increasing
loads, in accordance with the relevant equations. The
uncertainty assessment method in analogy to I1SO 376
provides higher uncertainties than the matrix method. This is
due to the fact that in matrix form the reproducibility,
evaluated only in the second method, cannot be univocally
determined for different forces and moments combination,
thus a lower uncertainty is expected since only repeatability is
assessed. However, although method 2, in analogy to 1SO 376,
provides higher uncertainties, it seems more feasible and more
practical for end-users and subsequent applications.

Conclusions and future works

In this work, a relatively inexpensive and accessible
calibration system, together with a suitable calibration
procedure for MCFMTs, based on the use of FSMs equipped
with tilted plates is described. The vertical force acting on the
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MCFMT under calibration is decoupled among the three force
components and bending and torsion moments are applied by
misaligning the transducer placed between the tilted plates.
The advantage of the method is that it is not necessary to
devise and develop ad-hoc calibration systems. On the other
hand, the main limit is the inability to independently apply
forces and moments, which depend on the input variables of
the system, as shown in equation (1), that are, the applied
vertical force, the angles of tilt and rotation and the
misalignments.

This method is applied at INRiM by equipping force
standard machines with tilted plates with angles up to 3°. This
value is cautiously chosen in order to guarantee the stability
of the whole structure during load, which, in turn, depends on
the steel-to-steel friction between the tilted plates and
transducer surfaces. To increase this value, and consequently
to increase the maximum applied side forces and torque which
linearly depend on the tilt angle value, the friction between the
tilted plate/transducer contact surfaces shall be increased.
Uncertainty assessment associated with the applied reference
force and moment components is performed. Relative
expanded uncertainties associated with side forces and
moments are in the order of around 5 % at maximum capacity,
while that associated with the vertical force is given by the
FSM’s CMC, as shown in Section 2.2. By analysing the
individual uncertainty contributions, it is found that the major
uncertainty contribution in the generation of side forces is due
to the rotation and tilt angles, while the misalignment is the
major contribution for bending and torsion moments.
Decreasing them by an order of magnitude would lower the
relative expanded uncertainties down to around 0.5 %. This
could be reached by improving the alignment processes, in
terms of rotation angle and misalignments, and by increasing
the tilt angle.

A calibration procedure for MCFMTs is also proposed and
applied to a six-components transducer with a vertical force
capacity of 100 kN. Each MCFMT output is nominally related
to a single component. An experimental plan with 520
measurement conditions, based on the different input values
combinations, is tested in order to get low correlation values
between the applied components to reach a low uncertainty
level, according to Fisher’s theory. Calibration results, in
terms of main and cross-talk sensitivities, are shown and
obtained from matrix calculations. Two different uncertainty
assessment methods, according to GUM, are also described.
The first in matrix form, the second in analogy to 1SO 376 for
uniaxial force transducers.

It is shown that the 6x6 exploitation matrix is characterized
by higher values along the diagonal terms, as expected since
each output is nominally sensitive to a single component.
However, cross-talk terms, due to the interaction of each
output to the other components, are not negligible. Calibration
uncertainty is evaluated by considering contributions due to



repeatability, reproducibility, return to zero, resolution and
reference applied force and moment components. In general
terms, it is found that the major uncertainty contributions are
due to the applied reference forces and moments. By
comparing the two uncertainty assessment methods, it is found
the method in analogy to 1SO 376 seems simpler and more
usable, although it may lead to higher uncertainties.

In the future, the possibility to increase the tilt angle will be
evaluated by increasing the friction between the tilted plates
and the MCFMT. Preliminary tests on the stability of the
whole structure will be performed with numerical simulations
and applied to a deadweight machine with lower capacity.
Furthermore, an optimized experimental plan will be
investigated to further decrease the number of measurements
and at the same time to get low correlation values between the
applied reference forces and moments. In the end, an
improved alignment method with the aid of machines and
automatic processes will be investigated and developed in
order to decrease the uncertainties associated with the
misalignment and rotation angle of the reference applied force
and moment components. The method presented in this work
is easily implementable by National Metrology Institutes or
calibration laboratories and can be adopted to improve the
current standard.
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